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Abstract

Many neutralizing antibodies (nAbs) elicited to ancestral SARS-CoV-2 through natural
infection and vaccination generally have reduced effectiveness to SARS-CoV-2 variants.
Here we show therapeutic antibody ADG20 is able to neutralize all SARS-CoV-2 variants
of concern (VOCs) including Omicron (B.1.1.529) as well as other SARS-related
coronaviruses. We delineate the structural basis of this relatively escape-resistant epitope
that extends from one end of the receptor binding site (RBS) into the highly conserved
CR3022 site. ADG20 can then benefit from high potency through direct competition with
ACEZ2 in the more variable RBS and interaction with the more highly conserved CR3022
site. Importantly, antibodies that are able to target this site generally neutralize all VOCs,
albeit with reduced potency against Omicron. Thus, this highly conserved and vulnerable

site can be exploited for design of universal vaccines and therapeutic antibodies.
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Introduction

SARS-CoV-2 vaccines, based on the ancestral virus strain (1, 2), confer protective
immunity and greatly decrease incidence of infection, disease severity and hospitalization
from COVID-19. Many SARS-CoV-2 variants have emerged, and the designated variants
of concern (VOCs), especially the recent B.1.1.529 (Omicron) variant, as well as some
variants of interest, are much more resistant to neutralizing antibody responses induced
by current vaccines (3-8). A vaccine that is highly protective against current SARS-CoV-2
VOCs could potentially provide broader protection against future emerging variants and
possibly other sarbecoviruses. However, neutralizing potency and breadth are often
somewhat mutually exclusive; the most highly potent nAbs target the ACE2 receptor
binding site (RBS) of the spike (S) protein, but most SARS-CoV-2 VOCs have mutations
in the RBS that reduce nAb binding and neutralization. Broad binding antibodies, such
CR3022 that bind to other epitopes on the receptor binding domain (RBD) usually lack
neutralization potency (9). Here, we identified a site of vulnerability on the receptor binding
domain (RBD) of the SARS-CoV-2 S protein that is targeted by a few diverse antibodies.
Importantly, such antibodies as exemplified by ADG20, compete with receptor binding,
exhibit high neutralizing potency, and show broad activity to all known VOCs, including
Omicron binding, to a conserved region that is present also on other SARS-related

coronaviruses including SARS-CoV-1, WIV1 and SHC014.

Results

Some of the authors previously developed mAb ADG20 as an extended half-life version
of potent-and-broad human antibody ADG-2 (10, 11). ADG20 and ADG-2 share the same
antigen-binding fragment (Fab) domain with a few amino-acid changes in the fragment
crystallizable region (Fc region) (77). ADG20 and ADG-2 neutralize a broad spectrum of

SARS-related coronaviruses including SARS-CoV-2, SARS-CoV-1, WIV-1 and SHC014
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with high potency (ICso ranging from 1 to 30 ng/ml against authentic viruses), as well as
confer outstanding protection in mice infected with SARS-CoV-1 or SARS-CoV-2 (10).
ADG20 is now in phase Il/Ill trials for COVID-19 treatment and prevention (712, 13). A low
resolution cryo-electron microscopy (cryo-EM) structure (~6 A) of ADG20 Fab was

previously reported in complex with SARS-CoV-2 S protein (70).

Here, we determined a crystal structure of ADG20 Fab in complex with the wild-type
SARS-CoV-2 RBD to 2.75 A resolution to decipher the atomic details of the antibody-
antigen interactions and the molecular features of this site of vulnerability (Tables S1 and
S2). ADG20 targets one corner of the RBD that is distant from the ridge region (Figure 1A-
C) through CDRs H1, H2, H3, L1, and L3 (Figure 1B). The buried surface areas (BSA) of
SARS-CoV-2 RBD conferred by the heavy and light chains of ADG20 are 488 and 204 A2
respectively. The epitope of ADG20 overlaps with the RBS (Figure 1A, B), and binding of
the antibody would clash with ACE2 binding to the RBD (Figure 1C). The epitope of
ADG20 is only accessible when RBD is in the “up” conformation (Figure S1). CDRs H1
and H2 of ADG20 participate in a network of interactions with the RBD (Figure 1D), where
Vu E52a forms a hydrogen bond and salt bridge with Y505 and R403, respectively. R403
is further stabilized by D405, which hydrogen bonds with Vi S56 and Vy Y33. Vi Y33 in
turn stacks with Y505. V4 Y55 interacts with R408 through a cation-1 interaction (Figure
1D). CDR H3 forms five hydrogen bonds with the RBD (Figure 1E). The light chain of
ADG20 is also involved in RBD recognition, where V. Y91, L95, and L95¢c form a
hydrophobic pocket to accommodate V503. V. Y91 and Y31 hydrogen bond with V503
and Q506, respectively (Figure 1F). G504 is also involved in interaction with ADG20
(Figure 1G). In our escape mutation study, RBD-G504D emerged in a second passage of

authentic SARS-CoV-2 in the presence of ADG20 and exhibited full escape (Figure S2),
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consistent with our previous finding where G504D abrogates binding of ADG-2 to the

SARS-CoV-2 RBD (10), illustrating the importance of this interaction.

The ADG20 epitope residues are generally conserved among SARS-CoV-2 and its
variants, as well as other SARS-related coronaviruses including SARS-CoV-1 (Figure 1G,
H). Notably, unlike some major classes of RBD-targeting neutralizing antibodies (e.g.
IGHV3-53 and IGHV1-2 antibodies), which are sensitive to mutations in Beta and Gamma
variants (74), all of the ADG20 epitope residues are conserved among VOCs Alpha, Beta,
Gamma, and Delta, except for N501Y (Figure 1H), which only minimally affects the
interaction with ADG20 (Figure S3). The SARS-CoV-2 Omicron variant fully escapes
neutralization by 14 out of 18 tested mAbs and cocktail pairs. By contrast, ADG20 retains
neutralization activity against Omicron (ICso = 1.2 pg/ml), although with approximately 100-
fold reduction compared to ancestral SARS-CoV-2 (ICso = 12 ng/ml) (Figure 2A). The
neutralization activity of ADG20 against Omicron is comparable with the Evushield cocktail
of antibodies AZD1061+AZD8895 (ICso = 1.3 pg/ml), but is much more potent against
SARS-CoV-1 and other sarbecoviruses (ICso = 2-19 ng/ml) in the panel of viruses tested
(Figure 2A). Sotrovimab (derived from S309), a clinically authorized antibody for
emergency use, is less affected by the Omicron variant, but because its starting potency
against WT is lower, its absolute ICso (0.9 pg/ml) against Omicron is similar to ADG20.
Thus, ADG20 is one of the most potent nAbs among all tested antibodies against a panel
of viruses (Figure 2A). Our observations are consistent with previously reported
neutralization results performed with pseudotyped and authentic viruses (75-17). Several
ADG20-epitope contact residues from SARS-CoV-2 differ in SARS-CoV-1, pang17, and

WIV1 (Figure 1H), but apparently can be accommodated by ADG20 (Figure S3).
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ADGZ20 is an affinity-matured progeny of ADI-55688, a broad RBD-targeting monoclonal
antibody isolated from a SARS-CoV-1-convalescent donor (10, 18). Like ADG20, ADI-
55688 cross-reacts with RBDs of SARS-CoV-2 and SARS-CoV-1 and neutralizes both
viruses (70). ADI-55688 differs from ADG20 by only five amino acids, with three located
in the heavy chain and two in the light chain (Figure S4A). These mutated residues in
ADG20 confer a nearly 200-fold improved binding affinity and a 100-fold increased
neutralizing activity against SARS-CoV-2 compared to ADI-55688 (70). We also
determined a crystal structure of ADI-55688 Fab in complex with SARS-CoV-2 RBD at
2.85 A and compared with the ADG20/RBD structure. These two antibodies target the
same epitope through a near-identical binding approach (Figure S4B). The Vy S52a
substitution by glutamic acid in ADG20 leads to a salt bridge with RBD-R403 (Figure S4C),
and the V4 W100b mutation from valine increases interaction with V. H34 and Vy F96.
These substitutions appear to stabilize the conformation of the light and heavy chain CDRs

(Figure S4C) and result in an improved off-rate (70).

RBD is the major target of neutralizing antibodies against SARS-CoV-2 (79). To
understand the differential effects of binding and neutralization by ADG20 compared to
other RBD antibodies, we first mapped all of the VOC mutations in Alpha, Beta, Gamma,
and Delta onto the RBD epitope classes. Only five mutated residues K417, L452, T478,
E484, and N501 are located in the RBD in these VOCs and are distributed throughout the
RBS and cover all four RBS epitopes (Figure 2B). In contrast, 15 residues are mutated in
Omicron RBD (G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, and Y505H), where 8 of these 15 residues are
directly involved in ACE2 binding (Figures 2C and S5). The RBS is the most variable site
among SARS-related viruses (Figure 2D), but this high variation is tolerated by the

receptor. In contrast, none of the mutations of VOCs Alpha, Beta, Gamma, and Delta are
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found in the relatively conserved CR3022 and S309 sites, although 4 of the 15 Omicron
mutations are located in either the CR3022 (371 and 375) or S309 (339 and 440) sites
(Figure 2B, C). Previously, we classified the RBD-targeting antibodies into six sites: RBS
sites RBS-A, B, C, and D, CR3022 site and S309 site (Figure 2B) (14). These antibodies
are often encoded by different germline genes with different sensitivities to VOC mutations
(74). We show here the impact of the Omicron mutations on all of these sites (Figure 2C).
Mutations in the 371-375 region (S371L, S373P, and S375F) of the Omicron variant
induce a backbone shift away from the ADG20 paratope (Figure S5A) and decrease
ADG20 neutralization (76). In addition, four mutations in Omicron reside within the ADG20
epitope (Figures 1G, H, and S5B), but single mutations of these four residues minimally

alter ADG20 neutralization (76).

To gain further insights into ADG20 protection against SARS-CoV-2 and other
sarbecoviruses, we further analyzed the binding and neutralizing activities of
representative antibodies targeting the different class of RBD epitopes, including some of
the antibodies authorized for COVID-19 therapeutic prevention and/or treatment against
SARS-CoV-2 and VOCs (Figure S3). We then compared the neutralization potency and
breadth of each antibody versus ADG20 in a potency vs. breadth plot (Figure 3A).
Although most RBS antibodies are potent against the ancestral SARS-CoV-2, they are
sensitive to VOC mutations suggesting that potency is usually associated with a tradeoff
in breadth. Most tested RBS-A, B, and C antibodies can be escaped by at least one VOC
(Figure 2A) due to the mutated residues being largely located in the RBS (Figure 2B, C).
In contrast, the CR3022 site is much more conserved than the RBS (Figure 2C) (9, 14,
19). CR3022-site antibody COVA1-16 is a broadly neutralizing antibody (20), but is less
potent than most RBS antibodies and loses neutralization capabilities against Omicron.

Other CR3022-site targeting antibodies, e.g., S304 and CR3022, have also been reported
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to have broad binding breadth, but low or no neutralization potency to SARS-CoV-2 (9,
21, 22). Binding breadth but limited neutralization potency for an antibody may seem a
paradox in many cases but may be due to insufficient affinity, relative inaccessibility of the

epitope on the spike, or inability to directly compete with the ACE2 receptor.

Notwithstanding, a particularly noteworthy epitope is targeted by a few potent-and-broad
antibodies including ADG20 (Figures 2A and 3). All three tested antibodies (ADG20,
DH1047, and S2X259) exhibited high (<20 ng/ml) to moderate (40-500 ng/ml) potency to
CoVs that include SARS-CoV-2, Alpha, Beta, Gamma, and Delta VOCs, and other SARS-
related coronaviruses including SARS-CoV-1, pang17, and WIV1, with ADG20 exhibiting
high potency to all of these CoVs (Figure 2A). DH1047 and ADI-55688, which was evolved
in vitro to produce ADG20, were both isolated from a SARS-CoV-1 convalescent donor.
This epitope seems infrequently targeted by the SARS-CoV-2 antibody repertoire,
probably explaining why mAbs directed to this site are rarely isolated and described in the
literature. Importantly, unlike most potently neutralizing antibodies targeting other
antigenic sites on the RBD, ADG20 and S2X259 also demonstrated neutralization activity
to Omicron (Figure 2A). These antibodies target a site on the RBD spanning the RBS-D
and CR3022 sites (Figure 3) and are encoded by various germline genes with distinct
CDR H3 sequences (Table S3). Some of us previously reported macaque antibody
K398.22 that targets a similar region and also neutralizes a wide range of SARS-CoV-2
VOCs and sarbecoviruses (23) (Figure 3, Table S3). DH1047 also targets the RBS-
D/CR3022 site and neutralizes most SARS-CoV-2 VOCs and SARS-CoV-1, but did not
show neutralization activity against Omicron at the highest concentration of antibody used
(5,000 ng/ml) (Figure S7). This effect may be a consequence of its relatively low
neutralization against the ancestral SARS-CoV-2 (ICso = 262 ng/ml) (Figure 2A) and slight

differences in the key contact residues. This result is consistent with a previous study
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where DH1047 exhibited low neutralization activity (ICso ~ 10,000 ng/ml) against Omicron
PSV (16). Antibodies targeting the other side of the RBS-D site (Figure S7), AZD1061 and
REGN10987, are not able to neutralize the Omicron variant or other tested SARS-related
coronaviruses such as SARS-CoV-1, pang17, and WIV1, possibly due to the relatively low
conservation of this sub-epitope (Figures 2A, C and S7A). LY-CoV1404 also binds to the
same side of RBS-D and was reported to neutralize Omicron but not bind SARS-CoV-1
(24). Thus, antibodies like ADG20 antibodies take advantage of the properties of two sites:
targeting the RBS region that confers direct competition with receptor binding and strong
potency and, on the other hand, targeting the conserved CR3022 part that imparts breadth

not only against SARS-CoV-2 VOCs but also other SARS-related coronaviruses.

Discussion

The Omicron variant is spreading globally at an unprecedented rate with the highest level
of immune evasion so far in all observed variants of concern (3-5). Omicron is resistant,
or has reduced effectiveness, to most current authorized therapeutic monoclonal
antibodies as well as cocktails, including LY-CoV555, LY-CoV016, REGN10933,
REGN10987, BRII-196, etc. However, neutralization by S309 or its derivative
Sotrovimab/VIR-7831 was only reduced by 3-10 fold against Omicron (5, 15, 16, 25-27)
compared to 40-100 fold reduction for ADG-2/ADG20 against Omicron pseudotyped virus
here (Figure 2A) and in another study (76). Importantly, using authentic viruses, only a 20-
fold reduction of ADG20 neutralization against Omicron was observed compared to Delta,
and was the most potent among all the tested therapeutic antibodies (75). Thus, the S309
site targeted by Sotrovimab/VIR-7831 is another vulnerable site for broadly neutralizing
antibodies. S309 exhibits broad neutralization against all SARS-CoV-2 VOCs as well as
other SARS-related coronaviruses (21, 28, 29). However, S309-site antibodies show no

or little neutralization in some PSV systems (29, 30), which could be due to glycoform
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differences. This finding raises another question of whether vaccine-elicited antigen
proteins possess different glycoforms from authentic viruses. Glycan profiling of authentic
virus and antigen proteins elicited by mMRNA SARS-CoV-2 or other vaccines may address

this question in future studies.

In summary, we identify a vulnerable site on the SARS-CoV-2 RBD that antibodies can
target and mitigate against the mutations found in VOCs. These relatively rare antibodies
to date extend their binding interactions from the RBS, where they can directly compete
with ACE2 binding, to the most highly conserved site on the RBD where their overall
footprint on the RBD confers both neutralization potency and breadth. We recently
reported a class of antibodies that possess long CDRs H3 with a ‘YYDRxG’ motif that
target the highly conserved CR3022 site. Such antibodies can block ACE2 without direct
binding to the RBS (37), a few of which exhibit impressive breadth and potency to a wide
range of SARS-CoV-2 VOCs and sarbecoviruses (31). The neutralization effectiveness of
antibodies generated during infection or vaccination have been substantially reduced by
emerging SARS-CoV-2 variants (3-5, 32-34). The VOC mutations until Omicron have
been largely confined to the RBS, yet these same mutations do not adversely affect
receptor binding and viral entry in host cells. Universal vaccines or antibody therapeutics
that are insensitive or less susceptible to SARS-CoV-2 mutations are urgently needed to
protect against the continuous antigenic drift of the virus (35). Several universal vaccine
designs have been proposed and tested, including mosaic nanoparticles conjugated with
various RBDs (36), chimeric spike mMRNA-based vaccines (37), etc. Notwithstanding, such
vulnerable sites in the RBD may currently be a desirable target for universal vaccine

design and for antibody therapeutics.
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MATERIALS AND METHODS

Expression and purification of IgGs and Fabs

The heavy and light chains were cloned into phCMV3. The plasmids were transiently co-
transfected into ExpiCHO cells at a ratio of 2:1 (HC:LC) using ExpiFectamine™ CHO
Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. The
supernatant was collected at 10 days post-transfection. The IgGs and Fabs were purified
with a CaptureSelect™ CH1-XL Affinity Matrix (Thermo Fisher Scientific) followed by size

exclusion chromatography.

Crystallization and structure determination

Expression and purification of the SARS-CoV-2 spike receptor-binding domain (RBD) for
crystallization were as described previously (9). Briefly, the RBD (residues 333-529) of the
SARS-CoV-2 spike (S) protein (GenBank: QHD43416.1) was cloned into a customized
pFastBac vector (38), and fused with an N-terminal gp67 signal peptide and C-terminal
Hise tag (9). A recombinant bacmid DNA was generated using the Bac-to-Bac system (Life
Technologies). Baculovirus was generated by transfecting purified bacmid DNA into Sf9
cells using FUGENE HD (Promega), and subsequently used to infect suspension cultures
of High Five cells (Life Technologies) at an MOI of 5 to 10. Infected High Five cells were
incubated at 28 °C with shaking at 110r.p.m. for 72h for protein expression. The
supernatant was then concentrated using a 10 kDa MW cutoff Centramate cassette (Pall
Corporation). The RBD protein was purified by Ni-NTA, followed by size exclusion

chromatography, and buffer exchanged into 20 mM Tris-HCI pH 7.4 and 150 mM NaCl.

ADG-20/RBD and ADI-55688/RBD complexes were formed by mixing each of the protein
components at an equimolar ratio and incubating overnight at 4°C. The protein complex

was adjusted to 12 mg/ml and screened for crystallization using the 384 conditions of the
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JCSG Core Suite (Qiagen) on our robotic CrystalMation system (Rigaku) at Scripps
Research. Crystallization trials were set-up by the vapor diffusion method in sitting drops
containing 0.1 pl of protein and 0.1 ul of reservoir solution. For the ADG-20/RBD complex,
optimized crystals were then grown in drops containing 0.1 M sodium citrate, pH 4.16 and
1.45 M ammonium sulfate at 20°C. Crystals appeared on day 7, were harvested on day
15 by soaking in reservoir solution supplemented with 15% (v/v) ethylene glycol, and then
flash cooled and stored in liquid nitrogen until data collection. Diffraction data were
collected at cryogenic temperature (100 K) at beamline 23-ID-B of the Advanced Photon
Source (APS) at Argonne National Labs. For the ADI-55688/RBD complex, optimized
crystals were then grown in drops containing 0.08 M sodium acetate, pH 3.8, 1.6 M
ammonium sulfate, and 20% (v/v) glycerol at 20°C. Crystals appeared on day 7, were
harvested on day 10 by soaking in reservoir solution supplemented with 20% (v/v)
ethylene glycol, and then flash cooled and stored in liquid nitrogen until data collection.
Diffraction data were collected at cryogenic temperature (100 K) at the Stanford
Synchrotron Radiation Lightsource (SSRL) on Scripps/Stanford beamline 12-1. Diffraction
data were processed with HKL2000 (39). Structures were solved by molecular
replacement with PHASER (40) using models of the RBD and COVA2-39 derived from
PBD 7JMP (41). Iterative model building and refinement were carried out in COOT (42)
and PHENIX (43), respectively. Epitope and paratope residues, as well as their
interactions, were identified by accessing PISA at the European Bioinformatics Institute

(http://www.ebi.ac.uk/pdbe/prot_int/pistart.html) (44).

Biolayer interferometry binding assay
RBD proteins for the biolayer interferometry (BLI) binding assay were expressed in human
cells. RBDs were cloned into phCMV3 vector and fused with a C-terminal Hiss tag. The

plasmids were transiently transfected into Expi293F cells using ExpiFectamine 293

12


http://www.ebi.ac.uk/pdbe/prot_int/pistart.html
https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. The
supernatant was collected at 7 days post-transfection. The Hise-tagged proteins were then
purified with Ni Sepharose Excel protein purification resin (Cytiva) followed by size

exclusion chromatography. Omicron RBD was purchased from ACROBIiosystems Inc.

The BLI assays were performed by using an Octet Red instrument (FortéBio) as described
previously (9). To measure the binding kinetics of anti-SARS-CoV-2 IgGs and RBDs, the
IgGs were diluted with kinetic buffer (1x PBS, pH 7.4, 0.01% BSA and 0.002% Tween 20)
into 15 pug/ml. The IgGs were then loaded onto anti-human IgG Fc (AHC) biosensors and
interacted with 5-fold gradient dilution (500 nM — 20 nM) of SARS-CoV-2 RBDs, and 500
nM of RBDs of SARS-related coronaviruses. The assay consisted of the following steps.
1) baseline: 1 min with 1x kinetic buffer; 2) loading: 90 seconds with IgGs; 3) wash: 15
seconds wash of unbound IgGs with 1x kinetic buffer; 4) baseline: 1 min with 1x kinetic
buffer; 5) association: 90 seconds with RBDs; and 6) dissociation: 90 seconds with 1x

kinetic buffer. For estimating Kp, a 1:1 binding model was used.

Pseudovirus neutralization assay

Pseudovirus (PSV) preparation and assays were performed as previously described with
minor modifications (45). Pseudovirions were generated by co-transfection of HEK293T
cells with MLV-gag/pol (Addgene #14887) and MLV-Luciferase (Addgene #170575)
plasmids and SARS-CoV-2 spike WT or variants with an 18-AA truncation at the C-
terminus. Supernatants containing pseudotyped virus were collected 48 h after
transfection and frozen at -80°C for long-term storage. PSV neutralizing assay was
carried out as follows. 25 pl serial dilution of purified antibodies in DMEM with 10% heat-

inactivated FBS, 4mM L-Glutamine and 1% P/S were incubated with 25 yl PSV at 37°C
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for 1 h in 96-well half-well plate (Corning, 3688). After incubation, 10,000 Hela-hACE2
cells were added to the mixture with 20 ug/ml Dextran (Sigma, 93556-1G) to enhance
infectivity. At 48 h post incubation, the supernatant was aspirated, and HeLa-hACE2
cells were then lysed in luciferase lysis buffer (25 mM Glegly pH 7.8, 15 mM MgS04, 4
mM EGTA, 1% Triton X-100). Bright-Glo (Promega, E2620) was added to the mixture
following the manufacturer's instruction, and luciferase expression was read using a
luminometer. Samples were tested in duplicate, and assays were repeated at least twice
for confirmation. Fifty percent maximal inhibitory concentrations (ICso), the
concentrations required to inhibit infection by 50% compared to the controls, were
calculated using the dose-response-inhibition model with 5-parameter Hill slope equation

in GraphPad Prism 7 (GraphPad Software).

SARS-CoV-2 escape assay

Escape assays in the presence of ADG20 was performed using authentic SARS-CoV-2,
as previously described (46). Briefly, 105 TCID50 of an early, Wuhan-like SARS-CoV-2
strain (2019-nCoV/ltaly/INMI1) was added to serial dilutions of ADG20 1gG ranging from
4.9 ng/mL to 10,000 ng/mL. The mixture was incubated for 1 h at 37 °C, 5% CO- before
adding to a 24-well plate coated in a subconfluent Vero E6 cell monolayer. The plate
was incubated for 5 days at 37 °C, 5% CO, and examined for signs of cytopathic effect
(CPE). Viral sample at the lowest mAb dilution exhibiting complete CPE was used as the
stock for the subsequent passage. Virus was also passaged in the absence of antibody
to control for tissue-culture adaptations that arise independent of antibody pressure. At
each passage, both the no-antibody control and virus pressured with ADG20 were
harvested, propagated in 25-cm? flasks, and aliquoted at -80°C for RNA extraction, RT-

PCR, and sequencing.
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Next-generation sequencing of virus escape variants.

NGS of the SARS-CoV-2 spike gene was performed at Science Park. Viral RNA was
reverse transcribed and prepared for NGS using the Swift Amplicon SARS-CoV-2
research panel (Swift Biosciences, Ann Arbor, Ml USA), following the manufacturer's
instructions. Libraries were quantified by gPCR using Kapa Lib Quant Kit (Roche
Diagnostics), pooled at equimolar concentrations, and sequenced using the lllumina
MiSeq system (2x250bp paired-end mode). Sequences were trimmed using Cuadapt
v2.8 and consensus sequences, defined as sequence present in >50% of reads, were

generated via de novo sequence construction using MegaHit (47).

15


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

1. J. S. Tregoning, K. E. Flight, S. L. Higham, Z. Wang, B. F. Pierce, Progress of
the COVID-19 vaccine effort: viruses, vaccines and variants versus efficacy,
effectiveness and escape. Nat Rev Immunol 21, 626-636 (2021).

2. W. T. Harvey, A. M. Carabelli, B. Jackson, R. K. Gupta, E. C. Thomson, E. M.
Harrison, C. Ludden, R. Reeve, A. Rambaut, S. J. Peacock, D. L. Robertson, C.-
G. U. Consortium, SARS-CoV-2 variants, spike mutations and immune escape.
Nat Rev Microbiol 19, 409-424 (2021).

3. A. Rossler, L. Riepler, D. Bante, D. von Laer, J. Kimpel, SARS-CoV-2 Omicron
Variant Neutralization in Serum from Vaccinated and Convalescent Persons. N
Engl J Med 386, 698-700 (2022).

4. S. Cele, L. Jackson, D. S. Khoury, K. Khan, T. Moyo-Gwete, H. Tegally, J. E.
San, D. Cromer, C. Scheepers, D. G. Amoako, F. Karim, M. Bernstein, G. Lustig,
D. Archary, M. Smith, Y. Ganga, Z. Jule, K. Reedoy, S. H. Hwa, J. Giandhari, J.
M. Blackburn, B. I. Gosnell, S. S. Abdool Karim, W. Hanekom, S. A. Ngs, C.-K.
Team, A. von Gottberg, J. N. Bhiman, R. J. Lessells, M. S. Moosa, M. P.
Davenport, T. de Oliveira, P. L. Moore, A. Sigal, Omicron extensively but
incompletely escapes Pfizer BNT162b2 neutralization. Nature 602, 654-656
(2022).

5. E. Cameroni, J. E. Bowen, L. E. Rosen, C. Saliba, S. K. Zepeda, K. Culap, D.
Pinto, L. A. VanBlargan, A. De Marco, J. di lulio, F. Zatta, H. Kaiser, J. Noack, N.
Farhat, N. Czudnochowski, C. Havenar-Daughton, K. R. Sprouse, J. R. Dillen, A.
E. Powell, A. Chen, C. Maher, L. Yin, D. Sun, L. Soriaga, J. Bassi, C. Silacci-
Fregni, C. Gustafsson, N. M. Franko, J. Logue, N. T. Igbal, I. Mazzitelli, J.
Geffner, R. Grifantini, H. Chu, A. Gori, A. Riva, O. Giannini, A. Ceschi, P. Ferrari,
P. E. Cippa, A. Franzetti-Pellanda, C. Garzoni, P. J. Halfmann, Y. Kawaoka, C.
Hebner, L. A. Purcell, L. Piccoli, M. S. Pizzuto, A. C. Walls, M. S. Diamond, A.
Telenti, H. W. Virgin, A. Lanzavecchia, G. Snell, D. Veesler, D. Corti, Broadly
neutralizing antibodies overcome SARS-CoV-2 Omicron antigenic shift. Nature
602, 664-670 (2021).

0. C. Zeng, J. P. Evans, P. Qu, J. Faraone, Y.-M. Zheng, C. Carlin, J. S. Bednash,
T. Zhou, G. Lozanski, R. Mallampalli, L. J. Saif, E. M. Oltz, P. Mohler, K. Xu, R. J.
Gumina, S.-L. Liu, Neutralization and stability of SARS-CoV-2 Omicron variant.
biorxiv 10.1101/2021.12.16.472934, (2021).

7. J. M. Carreno, H. Alshammary, J. Tcheou, G. Singh, A. J. Raskin, H. Kawabata,
L. A. Sominsky, J. J. Clark, D. C. Adelsberg, D. A. Bielak, A. S. Gonzalez-
Reiche, N. Dambrauskas, V. Vigdorovich, P.-P. S. Group, K. Srivastava, D. N.
Sather, E. M. Sordillo, G. Bajic, H. van Bakel, V. Simon, F. Krammer, Activity of
convalescent and vaccine serum against SARS-CoV-2 Omicron. Nature 602,
682-688 (2022).

8. W. F. Garcia-Beltran, K. J. St Denis, A. Hoelzemer, E. C. Lam, A. D. Nitido, M. L.

Sheehan, C. Berrios, O. Ofoman, C. C. Chang, B. M. Hauser, J. Feldman, A. L.
Roederer, D. J. Gregory, M. C. Poznansky, A. G. Schmidt, A. J. lafrate, V.

16


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Naranbhai, A. B. Balazs, mRNA-based COVID-19 vaccine boosters induce
neutralizing immunity against SARS-CoV-2 Omicron variant. Cell 185, 457-
466.e4 (2022).

9. M. Yuan, N. C. Wu, X. Zhu, C. D. Lee, R. T. Y. So, H. Lv, C. K. P. Mok, I. A.
Wilson, A highly conserved cryptic epitope in the receptor binding domains of
SARS-CoV-2 and SARS-CoV. Science 368, 630-633 (2020).

10. C. G. Rappazzo, L. V. Tse, C. I. Kaku, D. Wrapp, M. Sakharkar, D. Huang, L. M.
Deveau, T. J. Yockachonis, A. S. Herbert, M. B. Battles, C. M. O'Brien, M. E.
Brown, J. C. Geoghegan, J. Belk, L. Peng, L. Yang, Y. Hou, T. D. Scobey, D. R.
Burton, D. Nemazee, J. M. Dye, J. E. Voss, B. M. Gunn, J. S. McLellan, R. S.
Baric, L. E. Gralinski, L. M. Walker, Broad and potent activity against SARS-like
viruses by an engineered human monoclonal antibody. Science 371, 823-829
(2021).

11. D. Corti, L. A. Purcell, G. Snell, D. Veesler, Tackling COVID-19 with neutralizing
monoclonal antibodies. Cell 184, 3086-3108 (2021).

12. "Evaluation of ADG20 for the Prevention of COVID-19 (EVADE)"
ClinicalTrials.gov: NCT04805671 (2021).

13. "Evaluation of ADG20 for the Treatment of Mild or Moderate COVID-19
(STAMP)" ClinicalTrials.gov Identifier: NCT04805671 (2021).

14. M. Yuan, D. Huang, C.-C. D. Lee, N. C. Wu, A. M. Jackson, X. Zhu, H. Liu, L.
Peng, M. J. v. Gils, R. W. Sanders, D. R. Burton, S. M. Reincke, H. Priss, J.
Kreye, D. Nemazee, A. B. Ward, I. A. Wilson, Structural and functional
ramifications of antigenic drift in recent SARS-CoV-2 variants. Science 373, 818-
823 (2021).

15. D. Planas, N. Saunders, P. Maes, F. Guivel-Benhassine, C. Planchais, J.
Buchrieser, W. H. Bolland, F. Porrot, |. Staropoli, F. Lemoine, H. Pere, D. Veyer,
J. Puech, J. Rodary, G. Baele, S. Dellicour, J. Raymenants, S. Gorissen, C.
Geenen, B. Vanmechelen, T. Wawina-Bokalanga, J. Marti-Carreras, L. Cuypers,
A. Seve, L. Hocqueloux, T. Prazuck, F. A. Rey, E. Simon-Loriere, T. Bruel, H.
Mouquet, E. Andre, O. Schwartz, Considerable escape of SARS-CoV-2 Omicron
to antibody neutralization. Nature 602, 671-675 (2022).

16. L. Liu, S. Iketani, Y. Guo, J. F. Chan, M. Wang, L. Liu, Y. Luo, H. Chu, Y. Huang,
M. S. Nair, J. Yu, K. K. Chik, T. T. Yuen, C. Yoon, K. K. To, H. Chen, M. T. Yin,
M. E. Sobieszczyk, Y. Huang, H. H. Wang, Z. Sheng, K. Y. Yuen, D. D. Ho,
Striking antibody evasion manifested by the Omicron variant of SARS-CoV-2.
Nature 602, 676-681 (2022).

17. W. Dejnirattisai, J. Huo, D. Zhou, J. Zahradnik, P. Supasa, C. Liu, H. M. E.
Duyvesteyn, H. M. Ginn, A. J. Mentzer, A. Tuekprakhon, R. Nutalai, B. Wang, A.
Dijokaite, S. Khan, O. Avinoam, M. Bahar, D. Skelly, S. Adele, S. A. Johnson, A.
Amini, T. G. Ritter, C. Mason, C. Dold, D. Pan, S. Assadi, A. Bellass, N. Omo-
Dare, D. Koeckerling, A. Flaxman, D. Jenkin, P. K. Aley, M. Voysey, S. A. Costa
Clemens, F. G. Naveca, V. Nascimento, F. Nascimento, C. Fernandes da Costa,

17


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

P. C. Resende, A. Pauvolid-Correa, M. M. Siqueira, V. Baillie, N. Serafin, G.
Kwatra, K. Da Silva, S. A. Madhi, M. C. Nunes, T. Malik, P. J. M. Openshaw, J.
K. Baillie, M. G. Semple, A. R. Townsend, K. A. Huang, T. K. Tan, M. W. Carroll,
P. Klenerman, E. Barnes, S. J. Dunachie, B. Constantinides, H. Webster, D.
Crook, A. J. Pollard, T. Lambe, O. Consortium, I. C. Consortium, N. G. Paterson,
M. A. Williams, D. R. Hall, E. E. Fry, J. Mongkolsapaya, J. Ren, G. Schreiber, D.
I. Stuart, G. R. Screaton, SARS-CoV-2 Omicron-B.1.1.529 leads to widespread
escape from neutralizing antibody responses. Cell 185, 467-484.e15 (2022).

18. A. Z. Wec, D. Wrapp, A. S. Herbert, D. P. Maurer, D. Haslwanter, M. Sakharkar,
R. K. Jangra, M. E. Dieterle, A. Lilov, D. Huang, L. V. Tse, N. V. Johnson, C. L.
Hsieh, N. Wang, J. H. Nett, E. Champney, I. Burnina, M. Brown, S. Lin, M.
Sinclair, C. Johnson, S. Pudi, R. Bortz, 3rd, A. S. Wirchnianski, E. Laudermilch,
C. Florez, J. M. Fels, C. M. O'Brien, B. S. Graham, D. Nemazee, D. R. Burton, R.
S. Baric, J. E. Voss, K. Chandran, J. M. Dye, J. S. McLellan, L. M. Walker, Broad
neutralization of SARS-related viruses by human monoclonal antibodies. Science
369, 731-736 (2020).

19. M. Yuan, H. Liu, N. C. Wu, I. A. Wilson, Recognition of the SARS-CoV-2 receptor
binding domain by neutralizing antibodies. Biochem Biophys Res Commun 538,
192-203 (2021).

20. H. Liu, N. C. Wu, M. Yuan, S. Bangaru, J. L. Torres, T. G. Caniels, J. van
Schooten, X. Zhu, C.-C. D. Lee, P. J. M. Brouwer, M. J. van Gils, R. W. Sanders,
A. B. Ward, I. A. Wilson, Cross-neutralization of a SARS-CoV-2 antibody to a
functionally conserved site is mediated by avidity. Immunity 53, 1272-1280.e5
(2020).

21. D. Pinto, Y. J. Park, M. Beltramello, A. C. Walls, M. A. Tortorici, S. Bianchi, S.
Jaconi, K. Culap, F. Zatta, A. De Marco, A. Peter, B. Guarino, R. Spreafico, E.
Cameroni, J. B. Case, R. E. Chen, C. Havenar-Daughton, G. Snell, A. Telenti, H.
W. Virgin, A. Lanzavecchia, M. S. Diamond, K. Fink, D. Veesler, D. Corti, Cross-
neutralization of SARS-CoV-2 by a human monoclonal SARS-CoV antibody.
Nature 583, 290-295 (2020).

22. J. Huo, Y. Zhao, J. Ren, D. Zhou, H. M. E. Duyvesteyn, H. M. Ginn, L. Carrique,
T. Malinauskas, R. R. Ruza, P. N. M. Shah, T. K. Tan, P. Rijal, N. Coombes, K.
R. Bewley, J. A. Tree, J. Radecke, N. G. Paterson, P. Supasa, J.
Mongkolsapaya, G. R. Screaton, M. Carroll, A. Townsend, E. E. Fry, R. J.
Owens, D. |. Stuart, Neutralization of SARS-CoV-2 by destruction of the
prefusion spike. Cell Host Microbe 28, 445-454 .6 (2020).

23. W.-t. He, M. Yuan, S. Callaghan, R. Musharrafieh, G. Song, M. Silva, N. Beutler,
W. Lee, P. Yong, J. Torres, M. Melo, P. Zhou, F. Zhao, X. Zhu, L. Peng, D.
Huang, F. Anzanello, J. Ricketts, M. Parren, E. Garcia, M. Ferguson, W. Rinaldi,
S. A. Rawlings, D. Nemazee, D. M. Smith, B. Briney, Y. Safonova, T. F. Rogers,
S. Crotty, D. J. Irvine, A. B. Ward, I. A. Wilson, D. R. Burton, R. Andrabi, Broadly
neutralizing antibodies to SARS-related viruses can be readily induced in rhesus
macaques. biorxiv 10.1101/2021.07.05.451222, (2021).

18


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

24. K. Westendorf, L. Wang, S. Zentelis, D. Foster, P. Vaillancourt, M. Wiggin, E.
Lovett, R. van der Lee, J. Hendle, A. Pustilnik, J. M. Sauder, L. Kraft, Y. Hwang,
R. W. Siegel, J. Chen, B. A. Heinz, R. E. Higgs, N. Kallewaard, K. Jepson, R.
Goya, M. A. Smith, D. W. Collins, D. Pellacani, P. Xiang, V. de Puyraimond, M.
Ricicova, L. Devorkin, C. Pritchard, A. O’'Neill, K. Dalal, P. Panwar, H. Dhupar, F.
A. Garces, C. Cohen, J. Dye, K. E. Huie, C. V. Badger, D. Kobasa, J. Audet, J. J.
Freitas, S. Hassanali, . Hughes, L. Munoz, H. C. Palma, B. Ramamurthy, R. W.
Cross, T. W. Geisbert, V. Menacherry, K. Lokugamage, V. Borisevich, I. Lanz, L.
Anderson, P. Sipahimalani, K. S. Corbett, E. S. Yang, Y. Zhang, W. Shi, T. Zhou,
M. Choe, J. Misasi, P. D. Kwong, N. J. Sullivan, B. S. Graham, T. L. Fernandez,
C. L. Hansen, E. Falconer, J. R. Mascola, B. E. Jones, B. C. Barnhart, LY-
CoV1404 (bebtelovimab) potently neutralizes SARS-CoV-2 variants. biorxiv
10.1101/2021.04.30.442182, (2022).

25. Y. Cao, J. Wang, F. Jian, T. Xiao, W. Song, A. Yisimayi, W. Huang, Q. Li, P.
Wang, R. An, J. Wang, Y. Wang, X. Niu, S. Yang, H. Liang, H. Sun, T. Li, Y. Yu,
Q. Cui, S. Liu, X. Yang, S. Du, Z. Zhang, X. Hao, F. Shao, R. Jin, X. Wang, J.
Xiao, Y. Wang, X. S. Xie, Omicron escapes the majority of existing SARS-CoV-2
neutralizing antibodies. Nature 602, 657-663 (2022).

26. L. A. VanBlargan, J. M. Errico, P. Halfmann, S. J. Zost, J. E. Crowe, L. A. Purcell,
Y. Kawaoka, D. Corti, D. H. Fremont, M. Diamond, An infectious SARS-CoV-2
B.1.1.529 Omicron virus escapes neutralization by therapeutic monoclonal
antibodies. Nat Med 10.1038/s41591-021-01678-y, (2022).

27. T. Zhou, L. Wang, J. Misasi, A. Pegu, Y. Zhang, D. R. Harris, A. S. Olia, C. A.
Talana, E. S. Yang, M. Chen, M. Choe, W. Shi, |.-T. Teng, A. Creanga, C.
Jenkins, K. Leung, T. Liu, E.-S. D. Stancofski, T. Stephens, B. Zhang, Y.
Tsybovsky, B. Graham, J. R. Mascola, N. Sullivan, P. D. Kwong, Structural basis
for potent antibody neutralization of SARS-CoV-2 variants including B.1.1.529.
biorxiv 10.1101/2021.12.27.474307, (2021).

28. W. Dejnirattisai, D. Zhou, P. Supasa, C. Liu, A. J. Mentzer, H. M. Ginn, Y. Zhao,
H. M. E. Duyvesteyn, A. Tuekprakhon, R. Nutalai, B. Wang, C. Lopez-Camacho,
J. Slon-Campos, T. S. Walter, D. Skelly, S. A. Costa Clemens, F. G. Naveca, V.
Nascimento, F. Nascimento, C. Fernandes da Costa, P. C. Resende, A.
Pauvolid-Correa, M. M. Siqueira, C. Dold, R. Levin, T. Dong, A. J. Pollard, J. C.
Knight, D. Crook, T. Lambe, E. Clutterbuck, S. Bibi, A. Flaxman, M. Bittaye, S.
Belij-Rammerstorfer, S. C. Gilbert, M. W. Carroll, P. Klenerman, E. Barnes, S. J.
Dunachie, N. G. Paterson, M. A. Williams, D. R. Hall, R. J. G. Hulswit, T. A.
Bowden, E. E. Fry, J. Mongkolsapaya, J. Ren, D. |. Stuart, G. R. Screaton,
Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 184, 2939-2954.e9
(2021).

29. C. Liu, H. M. Ginn, W. Dejnirattisai, P. Supasa, B. Wang, A. Tuekprakhon, R.
Nutalai, D. Zhou, A. J. Mentzer, Y. Zhao, H. M. E. Duyvesteyn, C. Lopez-
Camacho, J. Slon-Campos, T. S. Walter, D. Skelly, S. A. Johnson, T. G. Ritter,
C. Mason, S. A. Costa Clemens, F. Gomes Naveca, V. Nascimento, F.
Nascimento, C. Fernandes da Costa, P. C. Resende, A. Pauvolid-Correa, M. M.
Siqueira, C. Dold, N. Temperton, T. Dong, A. J. Pollard, J. C. Knight, D. Crook, T.
Lambe, E. Clutterbuck, S. Bibi, A. Flaxman, M. Bittaye, S. Belij-Rammerstorfer,

19


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

S. C. Gilbert, T. Malik, M. W. Carroll, P. Klenerman, E. Barnes, S. J. Dunachie,
V. Baillie, N. Serafin, Z. Ditse, K. Da Silva, N. G. Paterson, M. A. Williams, D. R.
Hall, S. Madhi, M. C. Nunes, P. Goulder, E. E. Fry, J. Mongkolsapaya, J. Ren, D.
I. Stuart, G. R. Screaton, Reduced neutralization of SARS-CoV-2 B.1.617 by
vaccine and convalescent serum. Cell 184, 4220-4236.e13 (2021).

30. T. N. Starr, N. Czudnochowski, Z. Liu, F. Zatta, Y.-J. Park, A. Addetia, D. Pinto,
M. Beltramello, P. Hernandez, A. J. Greaney, R. Marzi, W. G. Glass, |. Zhang, A.
S. Dingens, J. E. Bowen, M. A. Tortorici, A. C. Walls, J. A. Wojcechowskyj, A. De
Marco, L. E. Rosen, J. Zhou, M. Montiel-Ruiz, H. Kaiser, J. R. Dillen, H. Tucker,
J. Bassi, C. Silacci-Fregni, M. P. Housley, J. di lulio, G. Lombardo, M. Agostini,
N. Sprugasci, K. Culap, S. Jaconi, M. Meury, E. Dellota Jr, R. Abdelnabi, S.-Y. C.
Foo, E. Cameroni, S. Stumpf, T. . Croll, J. C. Nix, C. Havenar-Daughton, L.
Piccoli, F. Benigni, J. Neyts, A. Telenti, F. A. Lempp, M. S. Pizzuto, J. D.
Chodera, C. M. Hebner, H. W. Virgin, S. P. J. Whelan, D. Veesler, D. Corti, J. D.
Bloom, G. Snell, SARS-CoV-2 RBD antibodies that maximize breadth and
resistance to escape. Nature 597, 97-102 (2021).

31. H. Liu, C. I. Kaku, G. Song, M. Yuan, R. Andrabi, D. R. Burton, L. M. Walker, 1. A.
Wilson, A recurring YYDRXG pattern in broadly neutralizing antibodies to a
conserved site on SARS-CoV-2, variants of concern, and related viruses. biorxiv
10.1101/2021.12.15.472864, (2021).

32. C. Lucas, C. B. F. Vogels, I. Yildirim, J. E. Rothman, P. Lu, V. Monteiro, J. R.
Gehlhausen, M. Campbell, J. Silva, A. Tabachnikova, M. A. Pena-Hernandez, M.
C. Muenker, M. I. Breban, J. R. Fauver, S. Mohanty, J. Huang, S.-C.-G. S. I.
Yale, A. C. Shaw, A. |. Ko, S. B. Omer, N. D. Grubaugh, A. lwasaki, Impact of
circulating SARS-CoV-2 variants on mRNA vaccine-induced immunity. Nature
600, 523-529 (2021).

33. W. F. Garcia-Beltran, E. C. Lam, K. St Denis, A. D. Nitido, Z. H. Garcia, B. M.
Hauser, J. Feldman, M. N. Pavlovic, D. J. Gregory, M. C. Poznansky, A. Sigal, A.
G. Schmidt, A. J. lafrate, V. Naranbhai, A. B. Balazs, Multiple SARS-CoV-2
variants escape neutralization by vaccine-induced humoral immunity. Cell 184,
2372-2383.e9 (2021).

34. P. Micochova, S. A. Kemp, M. S. Dhar, G. Papa, B. Meng, |. Ferreira, R. Datir, D.
A. Collier, A. Albecka, S. Singh, R. Pandey, J. Brown, J. Zhou, N.
Goonawardane, S. Mishra, C. Whittaker, T. Mellan, R. Marwal, M. Datta, S.
Sengupta, K. Ponnusamy, V. S. Radhakrishnan, A. Abdullahi, O. Charles, P.
Chattopadhyay, P. Devi, D. Caputo, T. Peacock, C. Wattal, N. Goel, A. Satwik,
R. Vaishya, M. Agarwal, S.-C.-G. C. Indian, C. Genotype to Phenotype Japan,
C.-N. B. C.-. Collaboration, A. Mavousian, J. H. Lee, J. Bassi, C. Silacci-Fegni, C.
Saliba, D. Pinto, T. Irie, I. Yoshida, W. L. Hamilton, K. Sato, S. Bhatt, S. Flaxman,
L. C. James, D. Corti, L. Piccoli, W. S. Barclay, P. Rakshit, A. Agrawal, R. K.
Gupta, SARS-CoV-2 B.1.617.2 Delta variant replication and immune evasion.
Nature 599, 114-119 (2021).

35. D. R. Burton, L. M. Walker, Rational vaccine design in the time of COVID-19. Cell
Host Microbe 27, 695-698 (2020).

20


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

36. A. A. Cohen, P. N. P. Gnanapragasam, Y. E. Lee, P. R. Hoffman, S. Ou, L. M.
Kakutani, J. R. Keeffe, H.-J. Wu, M. Howarth, A. P. West, C. O. Barnes, M. C.
Nussenzweig, P. J. Bjorkman, Mosaic nanoparticles elicit cross-reactive immune
responses to zoonotic coronaviruses in mice. Science 371, 735-741 (2021).

37. D. R. Martinez, A. Schéifer, S. R. Leist, G. D. I. Cruz, A. West, E. N. Atochina-
Vasserman, L. C. Lindesmith, N. Pardi, R. Parks, M. Barr, D. Li, B. Yount, K. O.
Saunders, D. Weissman, B. F. Haynes, S. A. Montgomery, R. S. Baric, Chimeric
spike mRNA vaccines protect against Sarbecovirus challenge in mice. Science
373, 991-998 (2021).

38. D. C. Ekiert, R. H. Friesen, G. Bhabha, T. Kwaks, M. Jongeneelen, W. Yu, C.
Ophorst, F. Cox, H. J. Korse, B. Brandenburg, R. Vogels, J. P. Brakenhoff, R.
Kompier, M. H. Koldijk, L. A. Cornelissen, L. L. Poon, M. Peiris, W. Koudstaal, I.
A. Wilson, J. Goudsmit, A highly conserved neutralizing epitope on group 2
influenza A viruses. Science 333, 843-850 (2011).

39. Z. Otwinowski, W. Minor, Processing of X-ray diffraction data collected in
oscillation mode. Methods Enzymol 276, 307-326 (1997).

40. A. J. McCoy, R. W. Grosse-Kunstleve, P. D. Adams, M. D. Winn, L. C. Storoni,
R. J. Read, Phaser crystallographic software. J Appl Crystallogr 40, 658-674
(2007).

41, N. C. Wu, M. Yuan, H. Liu, C. D. Lee, X. Zhu, S. Bangaru, J. L. Torres, T. G.
Caniels, P. J. M. Brouwer, M. J. van Gils, R. W. Sanders, A. B. Ward, I. A.
Wilson, An alternative binding mode of IGHV3-53 antibodies to the SARS-CoV-2
receptor binding domain. Cell Rep 33, 108274 (2020).

42. P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, Features and development of
Coot. Acta Crystallogr D Biol Crystallogr 66, 486-501 (2010).

43. P. D. Adams, P. V. Afonine, G. Bunkoczi, V. B. Chen, |. W. Davis, N. Echols, J. J.
Headd, L. W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy, N. W.
Moriarty, R. Oeffner, R. J. Read, D. C. Richardson, J. S. Richardson, T. C.
Terwilliger, P. H. Zwart, PHENIX: a comprehensive Python-based system for
macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66, 213-
221 (2010).

44, E. Krissinel, K. Henrick, Inference of macromolecular assemblies from crystalline
state. J Mol Biol 372, 774-797 (2007).

45, T. F. Rogers, F. Zhao, D. Huang, N. Beutler, A. Burns, W. T. He, O. Limbo, C.
Smith, G. Song, J. Woehl, L. Yang, R. K. Abbott, S. Callaghan, E. Garcia, J.
Hurtado, M. Parren, L. Peng, S. Ramirez, J. Ricketts, M. J. Ricciardi, S. A.
Rawlings, N. C. Wu, M. Yuan, D. M. Smith, D. Nemazee, J. R. Teijaro, J. E.
Voss, I. A. Wilson, R. Andrabi, B. Briney, E. Landais, D. Sok, J. G. Jardine, D. R.
Burton, Isolation of potent SARS-CoV-2 neutralizing antibodies and protection
from disease in a small animal model. Science 369, 956-963 (2020).

21


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

46. E. Andreano, G. Piccini, D. Licastro, L. Casalino, N. V. Johnson, I. Paciello, S.
Dal Monego, E. Pantano, N. Manganaro, A. Manenti, R. Manna, E. Casa, |.
Hyseni, L. Benincasa, E. Montomoli, R. E. Amaro, J. S. McLellan, R. Rappuoli,
SARS-CoV-2 escape from a highly neutralizing COVID-19 convalescent plasma.
Proc Natl Acad Sci U S A 118, €2103154118 (2021).

47. D. Li, C. M. Liu, R. Luo, K. Sadakane, T. W. Lam, MEGAHIT: an ultra-fast single-
node solution for large and complex metagenomics assembly via succinct de
Bruijn graph. Bioinformatics 31, 1674-1676 (2015).

48. J. Lan, J. Ge, J. Yu, S. Shan, H. Zhou, S. Fan, Q. Zhang, X. Shi, Q. Wang, L.
Zhang, X. Wang, Structure of the SARS-CoV-2 spike receptor-binding domain
bound to the ACEZ2 receptor. Nature 581, 215-220 (2020).

49, S. Henikoff, J. G. Henikoff, Amino acid substitution matrices from protein blocks.
Proc Natl Acad Sci U S A 89, 10915-10919 (1992).

50. C. O. Barnes, C. A. Jette, M. E. Abernathy, K.-M. A. Dam, S. R. Esswein, H. B.
Gristick, A. G. Malyutin, N. G. Sharaf, K. E. Huey-Tubman, Y. E. Lee, D. F.
Robbiani, M. C. Nussenzweig, A. P. West, P. J. Bjorkman, SARS-CoV-2
neutralizing antibody structures inform therapeutic strategies. Nature 588, 682—
687 (2020).

51. M. A. Tortorici, N. Czudnochowski, T. N. Starr, R. Marzi, A. C. Walls, F. Zatta, J.
E. Bowen, S. Jaconi, J. Di lulio, Z. Wang, A. De Marco, S. K. Zepeda, D. Pinto,
Z. Liu, M. Beltramello, |. Bartha, M. P. Housley, F. A. Lempp, L. E. Rosen, E.
Dellota, H. Kaiser, M. Montiel-Ruiz, J. Zhou, A. Addetia, B. Guarino, K. Culap, N.
Sprugasci, C. Saliba, E. Vetti, I. Giacchetto-Sasselli, C. S. Fregni, R. Abdelnabi,
S.-Y. C. Foo, C. Havenar-Daughton, M. A. Schmid, F. Benigni, E. Cameroni, J.
Neyts, A. Telenti, H. W. Virgin, S. P. J. Whelan, G. Snell, J. D. Bloom, D. Corti,

D. Veesler, M. S. Pizzuto, Broad sarbecovirus neutralization by a human
monoclonal antibody. Nature 597, 103-108 (2021).

ACKNOWLEDGEMENTS

We thank Robyn Stanfield for assistance in data collection. This work was supported by
the Bill and Melinda Gates Foundation INV-004923 (I.A.W., D.R.B.) and by a grant from
Adagio (W.R.S., D.R.B., LA.W.). We are grateful to the staff of Advanced Photon Source
and Stanford Synchrotron Radiation Lightsource (SSRL) Beamline 12-1 for assistance.
GM/CA@APS has been funded by the National Cancer Institute (ACB-12002) and the

National Institute of General Medical Sciences (AGM-12006, P30GM138396). This

22


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

research used resources of the Advanced Photon Source; a U.S. Department of Energy
(DOE) Office of Science User Facility operated for the DOE Office of Science by Argonne
National Laboratory under Contract No. DE-AC02-06CH11357. Extraordinary facility
operations were supported in part by the DOE Office of Science through the National
Virtual Biotechnology Laboratory, a consortium of DOE national laboratories focused on
the response to COVID-19, with funding provided by the Coronavirus CARES Act. Use of
the Stanford Synchrotron Radiation Lightsource, SLAC National Accelerator Laboratory,
is supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy
Sciences under Contract No. DE-AC02-76SF00515. The SSRL Structural Molecular
Biology Program is supported by the DOE Office of Biological and Environmental
Research, and by the National Institutes of Health, National Institute of General Medical
Sciences (P30GM133894). The contents of this publication are solely the responsibility of

the authors and do not necessarily represent the official views of NIGMS or NIH.

AUTHOR CONTRIBUTIONS

M.Y., X.Z., and I.LAW. designed the study. M.Y., X.Z., C.Y.Z,, X.Y., HL,, W.Y., Y.H,
C.A.C., and W.R.S. conducted protein construction, expression, and purification. M.Y.,
X.Z. and H.T. performed the crystallization, M.Y. and X.Z. collected X-ray data,
determined, and refined the X-ray structures. W.H., P.Z., T.C., L.P., G.S., performed the
neutralization assays under supervision of D.N., R.A., and D.R.B. M.Y. carried out the
binding assays. C.I.LK. and L.M.W. provided the ADG20 antibody and carried out viral
escape experiments. M.Y., X.Z. and |.LA.W. wrote the paper and all authors reviewed

and/or edited the paper.

COMPETING INTERESTS

23


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

C.L.K. and L.M.W. are employees of Adimab, LLC and hold shares in Adimab, LLC. L.M.W.
is an employee of Adagio Therapeutics Inc. and holds shares in Adagio Therapeutics Inc.
L.M.W. is an inventor on a patent describing the ADG anti-SARS-CoV-2 antibodies.

W.R.S., D.R.B. and I.LA.W. receive research funding from Adagio.

STRUCTURE DEPOSITIONS
The X-ray coordinates and structure factors have been deposited in the RCSB Protein

Data Bank under accession codes: 7U2D and 7UZ2E.

24


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

ADG-20 LC |

D A E Y505 F VL Y31
H Vy T100 /
V.. E52a Vy T100e Vu A100c X
2 'H
N s Ny, at00a 77 Vi Yed ,
- W ‘/\ \i [} V, L95¢ 7 3
7/ V,, 856 g . , Vv, s93 %
/ o . -
oA i ' 6502 —> ! ‘ . = 3
’\ ’)‘.“'\'\\ o /F'\n ‘ £ [ ‘“"ﬁ
Y505 *
\ P ’ ‘ N501 Q
D405 ) Raos ‘ ) V503
U ( T500 | Q498 ' Q506
R403 - v, L95
G H
DO B ROND DA N TN OD
Pt St tal e a3
G496 paoo SS90S203I222233882228
¥449 / quss SARS2_Wuhan  RDERQNNYYGQPTNGVGYQY
N 7500 SARS2_alpha RDERQNNYYGQPTYGVGYQY
Y SARS2_beta RDERQNNYYGQPTYGVGYQY
Y495 | S N501 SARS2_delta RDERQNNYYGQPTNGVGYQY
403 g <~ S ez SARS2 gamma RDERQNNYYGQPTYGVGYQY
E406 —
ool Qsoe SARS2_mu RDERQNNYYGQPTYGVGYQY
'\ D405 V503 SARS2 omicron RDERQNNYYSRPTYGVGHQY
? - A S SARS1 KDDRONRYYGYTTTGIGYQY
pangl7 KDERQNVYYGHPTTGVNYQF
WIV1 KDDRQNRYYGYITNGIGYQY

Figure 1. Crystal structure of ADG20 in complex with SARS-CoV-2 RBD. The heavy
and light chains of ADG20 are shown in orange and yellow, respectively. SARS-CoV-2
RBD is shown in white. ADG20 epitope residues and RBS residues are defined by
residues with surface area buried by ADG20 and ACE2 > 0 A?, respectively, calculated
based on the ADG20/RBD crystal structure in this study and an RBD/ACE2 complex
structure (PDB 6MO0J) (48) by PISA (44). (A) Structure of ADG20 Fab in complex with
SARS-CoV-2 RBD. The receptor binding site (RBS) is shown in green. For clarity, the
constant domains of ADG20 Fab were omitted. (B) ADG20 CDRs that interact with SARS-
CoV-2 are shown as tubes. (C) The ACE2/RBD complex structure is superimposed on the

ACE-2/RBD complex. ADG20 would clash with ACE2 (green) if bound to RBD

25


https://doi.org/10.1101/2022.03.13.484037
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.13.484037; this version posted March 14, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

simultaneously (indicated by red circle). (D-F) Detailed interactions between ADG20 (D)
CDRs H1 and H2, (E) CDR H3, and (F) light chain with SARS-CoV-2 RBD. Hydrogen
bonds and salt bridges are represented by black dashed lines. Epitope residues involved
in ACE2 binding are underlined and italicized. Kabat numberings are used for antibody
residues throughout this paper. (G) Epitope residues of ADG20 are highlighted in orange,
with side chains shown as sticks and Ca of glycines as spheres. (H) Sequence alignment
of the ADG20 epitope residues in a subset of SARS-like viruses where we also generated
PSV neutralization data. Conserved residues among SARS-related coronaviruses are
highlighted with a yellow background, while similar residues are in a cyan background
[amino acids scoring greater than or equal to 0 in the BLOSUM®62 alignment score matrix

(49) were counted as similar here].
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Figure 2. Neutralization of antibodies targeting different epitopes against SARS-
CoV-2 variants and other SARS-related coronaviruses. (A) Neutralization of
antibodies against pseudotyped SARS-CoV-2 variants and other SARS-related
coronaviruses. Ancestral SARS-CoV-2 is shown as “SARS2”. Epitope classes are as
defined in (74). Antibody epitopes that include residues in both RBS-D and CR3022 sites
are shown as “RBS-D/CR3022”. “n.a.” = data not available. Corresponding categories
(class 1-4) that were classified in (50) are shown in brackets. (B-C) A map of RBD epitopes
and mutated residues in SARS-CoV-2 variants of concern (VOCs). The receptor binding
site (RBS), CR3022 site, and S309 site are shown in green, yellow, and lavender,
respectively. The ADG20 epitope is highlighted with a grey outline. Mutated residues in

SARS-CoV-2 VOCs Alpha, Beta, Gamma, and Delta are labeled in (B), and those mutated
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in the VOC Omicron are labeled in (C). The N343 glycan is shown as sticks. Four RBS
subsites, RBS-A, B, C, and D are indicated by circles in (B) but omitted in (C) for clarity.
Antibodies targeting the RBS-A/class 1 epitope are mainly encoded by IGHV3-53/3-66
genes. This class of antibodies is generally sensitive to mutations K417N/T in Beta,
Gamma, and Omicron (Figure S6A). Many RBS-B/class 2 [including another major class
of antibodies that are encoded by IGHV1-2 and share structural convergence (Figure S6B)]
and RBS-C antibodies are often sensitive to E484 mutations in the ridge region of the
RBD. L452 is located on one edge of the RBS and interacts with many RBS-B and RBS-
C antibodies (Figure S6C). N501 is located in the RBS-A and RBS-D epitopes, but N501Y,
the only mutated RBD residue in the Alpha variant, is often tolerated by RBS-A and RBS-
D antibodies (Figure S3). The Alpha variant not unexpectedly has the least immune
escape among all VOCs. (D) Sequence variation of 14 SARS-related coronaviruses
(including ancestral SARS-CoV-2 and variants Alpha, Beta, Gamma, Delta, Mu, Omicron,
and SARS-CoV-1, BM4831, BtKY72, pang17, RaTG13, RsSHC014, and WIV1) mapped
onto an RBD structure [from white (low) to red (high)] The ADG20 epitope is highlighted

with a grey outline. Mutated residues in SARS-CoV-2 VOCs are indicated by arrows.
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Figure 3. A common region on the RBD targeted by potent-and-broad neutralizing
antibodies against SARS-CoV-2. (A) A scatter plot of antibody neutralization potency
(ICs0, ng/ml) against (top) ancestral SARS-CoV-2 and (bottom) Omicron vs. neutralization
breadth, defined by the number of SARS-related coronavirus strains neutralized in this
study (ten strains in total, including ancestral SARS-CoV-2, Alpha, Beta, Delta, Gamma,
Mu, Omicron, SARS-CoV-1, pang17, and WIV1). (B) All of the potent-and-broad
neutralizing antibodies target a region that spans from one end to the RBS (green) to the
proximal CR3022 site (yellow). Epitopes of each antibody are outlined by black lines (top),
where the variable domains of ADG20, K398.22, and S2X259 are shown in cartoon
representation with heavy chains in deep teal and light chains in light cyan (bottom).
Epitopes and the receptor binding site are defined by residues with BSA > 0 A2 as
calculated by PISA (44) using structures of ADG20 (this study), K398.22 (23), S2X259
(PDB 7RAL) (51), CR3022 (PDB 6W41) (9), S309 (PDB 6WPS) (21), and ACE2 (PDB
6MO0J) (48). SARS-CoV-2 variants as well as SARS-CoV-1 can be neutralized by these

antibodies, as shown at the bottom of the panel. Omicron data for K398.22 are not

available.
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Supplementary Figure 1. Modelling the binding of ADG-20 on the homotrimeric
spike (S) protein. The SARS-CoV-2 S trimer is shown with one RBD in the up
conformation (green) and two RBDs in the down conformation (pink). PDB 7ND9 was
used in the modeling (7). The complete epitope of ADG-20 is accessible only when the

RBD is in the up, but not in the down, conformation.
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Supplementary Figure 2. An escape mutant of authentic SARS-CoV-2 against ADG-

20. An in vitro SARS-CoV-2 G504D mutant escapes neutralization by ADG-20.
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Supplementary Figure 3. Binding affinity of antibodies with coronavirus spike
RBDs. (A) BioLayer interferometry (BLI) was used to assess the apparent Kp, where the
IgGs were captured on the sensors and the RBD proteins flowed over. Epitope
classification of the RBD antibodies that we previously defined (2) is shown in the left
column, with the approximate corresponding classes defined in (3) shown in brackets.
n.a. not available. (B-C) Sensorgrams for binding of IgGs and RBDs. The y-axis
represents the response against different concentrations of RBD (x-axis in time,

seconds). Solid lines represent the response curves and dashed lines represent the 1:1
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binding model. The IgGs were loaded onto anti-human IgG Fc (AHC) biosensors and
interacted with 5-fold gradient dilution (500 nM — 20 nM) of SARS-CoV-2 RBDs, and 500

nM of RBDs of other sarbecoviruses.
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Supplementary Figure 4. Comparison between ADG-20 and its parent antibody

ADI-55688. (A) Sequence alignment between ADG-20 and its parent antibody ADI-
55688. Different residues are highlighted in yellow. Kabat numbering is shown under the
CDR sequences. (B) Structural comparison between ADI-55688 and ADG-20. Both
antibodies target the same epitope on SARS-CoV-2 RBD (white) in an identical binding
mode. (C) Detailed interactions of the SARS-CoV-2 RBD with ADI-55688 and ADG-20.
In B and C, heavy and light chains of ADI-55688 are shown in dark and light blue, and
those of ADG-20 in orange and yellow. The RBD surface is shown in white. Hydrogen

bonds are represented by black dashed lines.
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Supplementary Figure 5. Omicron mutations in the ADG20 epitope. (A) Structural
comparison between the ADG20-bound wild-type SARS-CoV RBD and Omicron RBD.
Crystal structure of ADG20 (heavy chain: orange, light chain: yellow) in complex with
wild-type SARS-CoV-2 RBD (white) is from this study (PDB 7U2D). The superimposed
Omicron RBD (pink) is extracted from a previous structure in complex with two other
Fabs (PDB: 7QNW) (4). (B) The RBD is represented by a transparent white surface.
Mutated residues in the Omicron variant are shown as red spheres. The ADG20 epitope
is highlighted by black solid lines. Four residues in the ADG20 epitope are mutated in the

Omicron variant: G496S, Q498R, N501Y, and Y505H.
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Supplementary Figure 6. Structures of representative antibodies targeting

epitopes RBS-A, B, and C. SARS-CoV-2 RBD is represented by white cartoon with

mutated residues in VOCs shown as red spheres, where VOCs Alpha, Beta, Gamma,

and Delta are shown in the left panels and Omicron in the right panels. Structures are

shown in a same view in each panel. Labelling of some residues are omitted in the right

panels for clarity. Heavy and light chains of the bound antibodies are shown in orange

and yellow, respectively. Only the variable domains of the antibodies are shown.
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Structures used for the representative antibodies: CC12.3 (PDB: 6XC4), LY-CoV16/CB6

(7C01), C121 (7K8X), S2M11 (7K43), CV07-270 (6XKP), and P2B-2F6 (7BWJ).
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Left corner Right corner

S$2X259 DH1047 REGN10987 AZD1061

Supplementary Figure 7. Structural and functional comparison of antibodies
targeting opposite corners of RBS-D. (A) Structures of RBS-D antibodies. SARS-
CoV-2 RBD is shown as white surface with the RBS, CR3022 site and S309 site in
green, yellow, and blue, respectively. Heavy and light chains of antibodies are shown as
dark and light teal cartoons, respectively. The RBS-D region is highlighted with a black
circle in the ADG-20 panel. All panels are in the same view. Structures used in this
figure: ADG-20 (this study, PDB 7U2D), S2X259 (PDB 7RAL) (5), DH1047 (PDB 7LD1)
(6), K398.22 (7), REGN10987 (PDB 6XDG) (8), AZD1061 (PDB 7L7E) (9). (B)
Neutralization of each antibody against SARS-CoV-2 and VOCs, as well as SARS-CoV-
1. Each table corresponds to the complex above in panel (A). Antibodies with detectable

neutralization are shown in a green “v” while a red “X” represents no neutralization.

Omicron data for K398.22 are not available.
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Supplementary Table 1. X-ray data collection and refinement statistics

Data collection ADG-20 + SARS-CoV-2 RBD ADI-55688 + SARS-CoV-2 RBD
Beamline APS23ID-B SSRL12-1
Wavelength (A) 1.0332 0.9795
Space group P 44 P 44
Unit cell parameters
a, b, c(A) 101.1, 101.1, 80.6 101.0, 101.0, 79.9
a, B,y (°) 90, 90, 90 90, 90, 90

Resolution (A)2 50.0-2.75 (2.81-2.75) 50.0-2.85 (2.90-2.85)
Unique reflections @ 20,542 (2,064) 18,826 (1,811)
Redundancy @ 11.2 (6.5) 8.9 (7.3)
Completeness (%) @ 97.6 (98.1) 100.0 (99.9)
<l/o>2 19.9 (1.0) 15.1 (1.0)
Rsym® (%) @ 11.4 (98.9) 14.5 (>100)
Rpim® (%) 2 3.4 (38.3) 5.1 (51.3)
CCi2® (%)@ 99.7 (69.3) 98.9 (59.0)
Refinement statistics
Resolution (A) 35.7-2.75 39.3-2.85
Reflections (work) 20,538 18,820
Reflections (test) 1,025 1,882
Roryst / Riree® (%) 21.9/25.8 25.4/28.4
No. of atoms 4,873 4,837

RBD 1,561 1,561

Fab 3,240 3,231

Ligands 38 45

Solvent 34 0
Average B-values (A2) 72 66

RBD 69 67

Fab 73 65

Ligands 119 68

Solvent 56 N/A
Wilson B-value (A2) 72 70
RMSD from ideal geometry
Bond length (A) 0.002 0.002
Bond angle (°) 0.57 0.57
Ramachandran statistics (%) ¢
Favored 96.1 96.1
Outliers 0.16 0.00
PDB code 7U2D 7TU2E

@ Numbers in parentheses refer to the highest resolution shell.

® Rsym = Znt Zi | ki = <lo> | | Zra Zi bt @nd Ropim = Zpaa (1/(0=1))"2 Zi | Vi = <lnw> | | i i i, Where In is the scaled
intensity of the i measurement of reflection h, k, |, <lx> is the average intensity for that reflection, and n is the
redundancy.

¢ CCyj; = Pearson correlation coefficient between two random half datasets.

9 Roryst = Znki| Fo- Fe| ! Zma| Fo| x 100, where F, and F. are the observed and calculated structure factors, respectively.
° Riee Was calculated as for Reyyst, but on a test set comprising 5% or 10% of the data excluded from refinement.
fBound ligands are SO, and citrate.

9 From MolProbity (70).
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Supplementary Table 2. Hydrogen bonds and salt bridges identified at the
antibody-RBD interface using the PISA program.

ADG-20 Dis[tz?ce SARséCDoV-Z ADI-55688 Dis[tz?ce SARséCDoV-Z
Hydrogen bonds Hydrogen bonds
VH:SER56[0G] 3.8 ASP405[0] VH:TYR33[OH] 2.8 ASP405[0D2]
VH:TYR33[OH] 27 ASP405[0D2] VH:THR100E[OG1] 3.3 THR500[O]
VH:THR100E[OG1] 3.3 THR500[O] VH:ALA100A[O] 24 THR500[0G1]
VH:GLU52A[OEZ2] 3.7 ASN501[OD1] VH:ALA100A[O] 3.7 ASN501[N]
VH:THR100[O] 3.0 GLN498[NEZ2] VH:THR100[O] 35 ASN501[ND2]
VH:HIS99[O] 3.2 GLN498[NE2] VH:ALA100A[O] 29 ASN501[ND2]
VH:ALA100A[O] 25 THR500[0G1] VH:ALA100C[O] 2.6 GLY502[N]
VH:ALA100A[O] 3.7 ASN501[N] VH:TYR33[OH] 2.8 ASP405[0D2]
VH:THR100[O] 3.5 ASN501[ND2] VH:THR100E[OG1] 3.3 THRS500[O]
VH:THR100E[OG1] 3.8 GLY502[N] L:TYR31[OH] 2.7 GLN506[NEZ2]
VH:ALA100C[O] 2.8 GLY502[N] L:TYR91[OH] 3.0 VAL503[N]
VH:GLU52A[OE2] 2.8 TYRS505[OH]
Salt bridges
VH:GLU52A[OE1] 3.8 ARG403[NH2]
VH:GLU52A[OE2] 25 ARG403[NH2]
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Supplementary Table 3. Putative germline genes and CDR H3 sequences of
antibodies targeting the RBS-D/CR3022 epitope

IGHV IGK(L)V CDR H3 sequence Reference
ADG-20 | IGHV3-21 IGLV1-40 ARDFSGHTAWAGTGFEY gu@y this
DH1047 | IGHV1-46 IGKV4-1 ARDVRVDDSWSGYDLLSGGTYFDY | (6, 12)
S2X259 | IGHV1-69 IGLV1-40 ARGFNGNYYGWGDDDAFDI (5)
Macaque Macaque
K398.22 | \aoadue e, TRVSIFGQFIVATYFDY 7)
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