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Lynn Hall?, John W. Goforth?, Denis Vashchenko’, Sam Nguyen'?°, Dina R. Weilhammer?,
Jacky Kai-Yin Lo? Bonnee Rubinfeld?, Edwin A. Saada?, Tracy Weisenberger?, Tek-Hyung Lee?,
Bradley Whitener®?, James B. Case®, Alexander Ladd', Mary S. Silva®, Rebecca M. Haluska’,
Emilia A. Grzesiak?®, Christopher G. Earnhart®, Svetlana Hopkins®, Thomas W. Bates',

Larissa B. Thackray®, Brent W. Segelke?, Tri-lab COVID-19 Consortium*, Antonietta Maria Lillo™,

Shivshankar Sundaram", Jesse D. Bloom®'2, Michael S. Diamond®*'4, James E. Crowe Jr*"®,
Robert H. Carnahan**® & Daniel M. Faissol'™

The COVID-19 pandemic underscored the promise of monoclonal antibody-based
prophylactic and therapeutic drugs'and revealed how quickly viral escape can
curtail effective options**. When the SARS-CoV-2 Omicron variant emerged in 2021,
many antibody drug products lost potency, including Evusheld and its constituent,
cilgavimab*®. Cilgavimab, like its progenitor COV2-2130, is a class 3 antibody that is
compatible with other antibodies in combination* and is challenging to replace with
existing approaches. Rapidly modifying such high-value antibodies to restore efficacy
against emerging variantsis acompelling mitigation strategy. We sought to redesign
and renew the efficacy of COV2-2130 against Omicron BA.1and BA.1.1strains while
maintaining efficacy against the dominant Delta variant. Here we show that our
computationally redesigned antibody, 2130-1-0114-112, achieves this objective,
simultaneously increases neutralization potency against Delta and subsequent variants
of concern, and provides protection in vivo against the strains tested: WA1/2020,
BA.1.1and BA.5. Deep mutational scanning of tens of thousands of pseudovirus
variants reveals that 2130-1-0114-112 improves broad potency without increasing
escape liabilities. Our results suggest that computational approaches can optimize an
antibody to target multiple escape variants, while simultaneously enriching potency.
Our computational approach does not require experimental iterations or pre-existing
binding data, thus enabling rapid response strategies to address escape variants or
lessen escape vulnerabilities.

The COVID-19 pandemic has underscored the promise of monoclonal
antibody-based drugs as prophylactic and therapeutic treatments
for infectious disease. Multiple monoclonal antibody drug products
that have demonstrated efficacy in preventing COVID-19 (ref. 1) were
developed and authorized foremergency use by the USFDA, reducing
deaths, hospitalization rates*and reducing viral load®.

Despite these efforts, the SARS-CoV-2 variant Omicron BA.1escaped
many emergency-use monoclonal antibody and antibody combination
drug products®’. First reported in November 2021, BA.1 outcompeted

all other variants of concern (VOCs) worldwide within weeks®. BA.1
contains over 50 substitutions, including 15 in the spike protein
receptor-binding domain (RBD), the primary target for therapeutic
and prophylactic antibodies. These substitutions reduce or eliminate
the neutralization capacity of many authorized prophylactic and thera-
peutic antibodies*>”.

In particular, the antibody combination Evusheld—so far, the only
antibody drug approved for pre-exposure prophylaxis inimmunocom-
promised patients for whom vaccinationis not always protective'—was
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(1) Problem formulation
Antibody rescue via design

(2) Computational design from 1077 possibilities to 376 candidates

(3) Experimental validation from 376 designed candidates to 8 leads and 1 best candidate
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Fig.1|Application of the GUIDE computationally driven drug engineering
platformto Omicron. Given a parental antibody and target antigens, a design
space was defined and a collection of co-structures were estimated (left).
Withinthe computational design phase (centre), asequence generator used
predictions of multiple properties to propose multi-point mutant antibody
candidates, and a Bayesian optimization agent selected proposed sequences
that were then simulated. On the basis of Pareto optimality, mutational distance

overwhelmed by Omicron variants. Evusheld combines tixagevimab
plus cilgavimab, which are derived from the progenitor monoclonal
antibodies COV2-2196 and COV2-2130, respectively. The two-antibody
cocktail exhibits 10-100-fold reductionin neutralizing potency against
Omicron BA.1 compared with wild-type SARS-CoV-2 (refs. 4,9), but
COV2-2130 lost approximately 1,000-fold neutralization potency
against Omicron BA.1.1 compared with strains circulating earlier in
the pandemic™°",

COV2-2130is a class 3 RBD-targeting antibody that blocks interac-
tion between the RBD and human angiotensin-converting enzyme
(ACE2) without competing with antibodies targeting the class 1 site
on the RBD. Thus, class 1and class 3 antibodies can be combined or
co-administered for simultaneous binding and synergistic neutrali-
zation®. Although antibodies that target the class 3 site of the RBD
have clear therapeutic utility in antibody combinations, the emergence
of Omicron BA.1and BA.1.1undermined many antibodies currently
available*. Furthermore, potently neutralizing antibodies targeting
class 3sitesonthe RBD are less frequently identified?, suggesting that
they are more difficult to replace.

Computational redesign of a clinically proven monoclonal anti-
body shows promise for recovering efficacy against escape variants,
especially for antibodies known to complement other monoclonal
antibodies as part of a combination antibody drug product™. Thus,
we sought to optimize COV2-2130 to restore potent neutralization of
escape variants by introducing asmall number of mutationsin the para-
tope, then computationally assessing improvement to binding affinity.
Our computational approach—generative unconstrained intelligent
drug engineering (GUIDE)—combines high-performance comput-
ing, simulation and machine learning to co-optimize binding affinity
to multiple antigen targets, such as RBDs from several SARS-CoV-2
strains, along with other critical attributes such as thermostability.
The computational platform operates in a ‘zero-shot’ setting; that
is, designs are created without iteration through, or input from, wet
laboratory experiments on proposed antibody candidates, relatives or
other derivatives of the parental antibody. Although more challenging,
this zero-shot approach enables rapid production of antibody candi-
dates optimized for multiple target antigens in response to exigencies
presented by escape variants. Over a3-week period, our computational
platformrepaired the activity of COV2-2130 against Omicron variants.
The best-resulting antibody design introduces just four amino acid
substitutions into COV2-2130, which could enable an immunobridg-
ing strategy in which the established efficacy and safety profile of the
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andsequence diversity, 376 computationally evaluated sequences were selected
and experimentally evaluated for binding inimmunoassays (centre right). The
bestsequences were then evaluated for neutralization of SARS-CoV-2 variants,
and the single best sequence wasidentified (right). See Supplementary Methods
for details. FEP, free energy perturbation; MD, molecular dynamics; SFE,
structural fluctuation estimation.

parental antibody is leveraged to enable an accelerated regulatory
approval and enter clinical use more rapidly and at lower cost. Fur-
thermore, this strategy may provide a rapid pathway for mitigating
the threat of future viruses and their continually evolving mutations.

Computational design

Our antibody design platform leverages simulation and machine learn-
ing to generate mutant antibody sequences that are co-optimized for
multiple critical properties, without requiring experimental feedback
or pre-existing binding data (Fig. 1). The platform comprises three
phases: problem formulation, computational design and selection of
mutant antibody candidates, and experimental validation of proposed
candidates.

We formulated a problem by identifying a parental antibody, a
set of target antigens and corresponding co-structures. In this case,
we redesigned the COV2-2130 antibody" for simultaneous binding
improvements to Omicron BA.1 and BA.1.1 while maintaining bind-
ing to the Delta variant. We used co-structures that were both experi-
mentally determined and computationally estimated, starting from
co-structures including the wild-type antigen®. As an experimental
structure of the Omicron RBD was not available at the onset of our
design process, we estimated the structure of the complex of the RBD
with COV2-2130 using template-based structural modelling™. We incor-
porated experimentally determined Omicron RBD structures® as they
became available. We considered 25 paratope residues for mutation,
primarily in or near the heavy (H) or light (L) chain complementarity
determining regions (CDRs)', H2, H3, L1and L2, and allowed up to 9
amino acid substitutions per mutant sequence, resulting in a search
space containing over 10" possible mutant sequences.

Our computational design approach was implemented as a multi-
objective optimization problem defined over this large space of
mutations to COV2-2130 paratope residues. We considered five criti-
cal antibody properties: (1) binding affinity to the Omicron BA.1RBD,
(2) binding affinity to the BA.1.1RBD, (3) binding affinity to the Delta
RBD, (4) thermostability, and (5) ‘humanness’. We expected that restored
antibody affinity to each RBD variant would result in restored neutrali-
zation because the parental antibody, COV2-2130, competes with ACE2
in SARS-CoV-2 spike binding™. Four complementary computational
tools enabled affinity prediction: atomistic potential of mean force
molecular dynamics simulations, structural fluctuation estimation",
Rosetta Flex'® and FoldX?. We estimated thermal stability using the free
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Fig.2| Computationally designed IgG antibodiesimprove Omicron
binding and maintain parental thermostability and binding to historical
strains. a, The parental COV2-2130 (orange circles) and computationally
designed antibodies (2130-1-0114-112in purple triangles, 2130-1-0104-024
inblue diamonds and remainder in black) were assayed for thermal shift
(n=3technical replicates). Melting temperature (7,,) calculated based on
the Boltzmannmethod. Dataare meanands.d.b-e, The parental COV2-2130

energy perturbation method?’. Humanness was quantified as the score
under the AbBERT model?, a deep language model trained on a large
database of human antibody sequences®. We used these tools to ini-
tialize asequence generator, which proposed multi-residue mutations
to the amino acid sequence of COV2-2130. Next, we used distributed
software agents, each using Bayesian optimization or rules-based meth-
ods, toselect asubset of promising candidate sequences to simulatein
RosettaFlex, yielding predicted binding affinities. Inless than 3 weeks,
we evaluated more than 125,000 antibody candidates.

We calculated the Pareto optimal set? based on the outputs of these
tools, resultingin 3,809 sequences. Owing to experimental capacity, we
further downselected from among the Pareto set based on mutational
distance and sequence diversity to ultimately designate 376 antibody
sequences for experimental evaluation.

Experimental evaluation

Antibody and antigen production

We experimentally validated the 376 designed candidates. To leverage
available resources at multiple experimental sites, we split candidates
into partially overlapping sets 1and 2. Set 1 consisted of 230 designs
expressed as IgG in HEK-293 cells (ATUM), and set 2 consisted of 204
designs expressed as IgG viaa pvVVC-mCisK_hG1 vector (Twist BioSci-
ence) in transiently transfected CHO cells. Omicron antigens were
produced in Expi293F cells (Thermo Fisher Scientific) and purified on
HisTrap Excel columns (Cytiva).

In the following experiments, we selected antigens or viral strains
to gauge the success of three goals: (1) improving binding affinity
and efficacy to BA.1and BA.1.1; (2) maintaining efficacy to historical
strains, for which design explicitly targeted Delta but experiments
often substituted WA1/2020 D614G; and (3) determining robustness
toemerging VOCs.

Designed antibodies maintain expression

Because in silico derivatization of antibody sequences can compro-
mise production yield, we measured the concentrations of the 230
COV2-2130-derived recombinant antibodies in set 1 and compared
these concentrations to that of the parental antibody. The purified
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antibody and computationally designed antibodies (see symbolsina) and
cross-reactive positive control antibody S309 (magenta squares) were analysed
for relative binding to four SARS-CoV-2 spike RBD variantsin the Gyrolab
immunoassay: WA1/2020 (b), DeltaB.1.617.2 (c), Omicron BA.1(d) and Omicron
BA.1.1(e).Linesrepresentafour-parameter logistic regression model fit using
GraphPad Prismto each titration, executed without technical replicates.

mAb, monoclonal antibody.

concentrations of 73.9% of redesigned antibodies exceeded that of
the parental COV2-2130 antibody (170 of 230 monoclonal antibodies
atmorethan171.2 mg1™), reaching as highas 305 mg . Our designed
candidates for downstream characterizationretained fundamental pro-
duction properties of the parental antibody, with just 10% of designed
antibodies producing poor yields relative to the parental molecule
(22 0f 230 monoclonal antibodies at less than 135 mg 17, that is, less
than 80% of the parental antibody yield).

Thermostability and binding Omicron

We screened all designed antibodies for binding to RBDs. Set 1 was
screened viaasingle-concentrationimmunoassay (Gyrolab xPlore) in
the contexts of WA1/2020, Delta, BA.1 or BA.1.1RBDs (Extended Data
Fig.1). For set 2, we used a multi-concentration immunoassay (ELISA;
Extended Data Fig. 2) in the context of wild-type, BA.1or BA.1.1RBDs.
In the single-concentration immunoassay, this value was chosen as a
single dilution factor, causing most designed antibody samples tofallin
the dynamic range of the positive control. Inboth cases, we compared
the binding of the designed antibodies with a broadly cross-reactive,
non-ACE2-competitive control antibody (S309)* and the parental
COV2-2130 antibody. Asintended, most antibody designs had altered
binding profiles, indicating that the designed mutations were conse-
quential. Approximately 11% of the designs of set 1 retained WA1/2020
antigen binding at the measured concentration; roughly 6% improved
binding to BA.1, and 5% did so to BA.1.1. The corresponding numbers
for set 2 were 9% to WA1/2020 and 8% to BA.1. Following this initial
screen, we downselected both sets of antibody designs to those with
improved binding to Omicron subvariants BA.1and BA.1.1for further
characterization.

These downselected antibodies were re-manufactured at larger scale.
We characterized the resulting IgG antibodies by immunoassay and
thermal shift (melt temperature) assessments. Inagreement with our
screens, seven of the eight top-performing antibodies preserved com-
parable binding with WA1/2020 and Delta RBDs, improving over the
parental COV2-2130 antibody with respect to their binding to Omicron
BA.1and BA.1.1RBDs (Fig.2). Furthermore, seven of the eight antibod-
ies had melting temperatures and expression properties comparable
with those of COV2-2130. One antibody, 2130-1-0114-111, had reduced
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Fig.3|Designed antibodiesimprove pseudoviral neutralization over
COV2-2130. a-e, The parental COV2-2130 antibody (orange circles), the cross-
reactive positive control antibody S2K146 (magenta squares), the negative
controlantibody DENV-2D22 (grey x) and down-selected computationally
designed antibodies (symbols asindicated in the key) were assayed by

melting temperature (Extended Data Table 1). The antibody 2130-1-
0114-112 displayed best-in-class binding across all RBD variants and
had no substantial difference in thermal stability compared with the
parental COV2-2130 antibody.

Restored pseudoviral neutralization

We performed pseudovirus neutralization assays to characterize the
functional performance of five selected antibody designs (Fig. 3 and
Extended Data Table 2), compared with parental COV2-2130; the posi-
tive control S2K146 (ref. 25), which competes with ACE2 binding; and
the negative control DENV-2D22 (ref. 26). Our designs maintained neu-
tralization activity against pseudoviruses displaying historical spike
proteins (WA1/2020 D614G) and achieved neutralization of those with
Omicron BA.1spikes. The single-best candidate design, 2130-1-0114-112,
restored potent neutralization in the context of BA.1.1and showed a
two-order-of-magnitude improvement in the half-maximal inhibi-
tory concentration (ICy,) versus parental COV2-2130 for BA.1and BA .4.
These pseudovirus neutralization test results showed that our designs
neutralized BA.2 and BA.4 more potently than COV2-2130, despite the
emergence of these VOCs after the conception of our designs.

Restored authentic virus neutralization

We evaluated 2130-1-0114-112 (containing four mutations: GH112E,
SL32A, SL33A and TL59E) for authentic virus neutralization perfor-
mance against several strains of SARS-CoV-2 by afocus reduction neu-
tralizationtestin Vero-TMPRSS2 cells (Extended Data Fig. 3). The strains
that we used included several Omicron targets: WA1/2020 D614 G, Delta
(B.1.617.2),BA.1,BA.1.1,BA.2,BA.2.12.1,BA.4,BA.5and BA.5.5. Inall cases
apart from Delta, 2130-1-0114-112 had an IC;, < 10 ng mI™. Compared
with the parental COV2-2130, 2130-1-0114-112 restored potent neu-
tralization activity toboth BA.1(8.08 ng ml™)and BA.1.1(7.77 ng ml™),
showed amore than fivefold improvementinICs, to BA.2 (2.4 ng ml™)
and BA.2.12.1(2.27 ng mI™), and conferred 50-fold or greater improve-
ments in ICs, to BA.4 (3.16 ng ml™), BA.5 (3.51 ng ml™) and BA.5.5
(5.29 ng mI™"). We also evaluated 2130-1-0114-112 and a less-mutated
alternative design, 2130-1-0104-024 (containing two mutations:
SL32W and TL59E), in plaque assays with Vero E6-TMPRSS2-T2A-ACE2
cells (Extended Data Fig. 4). IC,, values for 2130-1-0104-024 were
37.7 ng ml™, 75.94 ng ml™ and 781.7 ng ml™ for Delta, BA.1and BA.1.1
viruses, respectively.

neutralization withlentiviruses pseudotyped with spike variants of WA1/2020
D614G (a), Omicron BA.1(b), Omicron BA.1.1(c), Omicron BA.2 (d) and Omicron
BA.4 (e). Curves are four-parameter logistic regression models fit to two (a-d)
or four (e) replicate serial dilutions using GraphPad Prism.

Prophylaxis in vivo

To compare the prophylactic efficacy of 2130-1-0114-112 and the paren-
tal COV2-2130 monoclonal antibody in vivo, we administered a single
100 pg (approximately 5 mg kg™ total) dose to K18-hACE2 transgenic
mice 1day before intranasal inoculation with WA1/2020 D614G, BA.1.1
or BA.5 (88 miceintotal, 9-10 for each monoclonal antibody and viral
strain). Although Omicron viruses are less pathogenic in mice thanin
humans, they replicate efficiently in the lungs of K18-hACE2 mice*?,
Viral RNA levels were measured at 4 days post-infection in the nasal
washes, nasal turbinates and lungs (Fig. 4). As expected, the parental
COV2-2130 monoclonal antibody effectively reduced WA1/2020 D614G
infection in the lungs (180,930-fold), nasal turbinates (42-fold) and
nasal washes (25-fold) compared with the isotype control monoclonal
antibody. However, the COV2-2130 monoclonal antibody lost protec-
tive activity to BA.1.1in all respiratory tract tissues, whereas to BA.5,
protection was maintained inthe lungs (13,622-fold) but not in the nasal
turbinates or nasal washes. Compared with the isotype control mono-
clonal antibody (Fig. 4), 2130-1-0114-112 protected against lung infec-
tion by WA1/2020 D614G (399,945-fold reduction), BA.1.1(53,468-fold
reduction) and BA.5 (160,133-fold reduction). Moreover, in the upper
respiratorytract,2130-1-0114-112 also conferred protection to WA1/2020
D614G, BA.1.1and BA.5. The differencesin protection between the paren-
tal COV2-2130 and derivative 2130-1-0114-112 monoclonal antibodies
were most apparent in mice infected with BA.1.1, which directly parallels
the neutralization data (Fig. 3 and Extended Data Figs. 3 and 4).

Potency without additional liabilities

To understand the neutralization breadth of 2130-1-0114-112 relative
toitsancestral antibody, we mapped the epitopes for both antibodies
using spike-pseudotyped lentiviral deep mutational scanning (DMS)%.
For each antibody, we mapped escape mutations in both the BA.1and
the BA.2 spikes. DMS experiments showed that the escape profile of
both COV2-2130 and 2130-1-0114-112 in the context of both BA.1and
BA.2backgroundsis consistent with the epitope of the antibodies, but
with differences in sensitivity to particular mutations (Fig. 5). Consistent
with live and pseudovirus neutralization assays (Fig. 3 and Extended
DataFigs.3and 4), mutations at RBD positions R346 and L452 are sites
of substantial escape from both antibodies (Fig. 5). In addition, both
antibodies lose potency with mutations at site K444 (such as K444T
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Fig.4|2130-1-0114-112 providesin vivo prophylactic protection against
SARS-CoV-2 variants. a-i, Eight-week-old female K18-hACE2 mice were
administered100 pg (approximately 5 mg kg™) of the indicated monoclonal
antibody treatmentby intraperitonealinjection1day beforeintranasal
inoculation with10* focus-forming units (FFU) of WA1/2020 D614G (a,d,g),
OmicronBA.1.1(b,e,h) or Omicron BA.5 (c,f,i). Tissues were collected 4 days
afterinoculation. ViralRNA levelsin the lungs (a-c), nasal turbinates (d-f) and
nasal washes (g-i) were determined by RT-qPCR (lines indicate median of
log,, values); n = 9(WA1/2020 D614G and BA.1.1isotype control groups) or 10
(all others) mice per group, from two experiments. The limit of assay detection
isshownasahorizontal dotted line. Statistical comparisons between groups
were by Kruskal-Wallis ANOVA with Dunn’s multiple comparisons post-test;
Pvaluesareaslisted or notsignificant (NS) if P>0.05. All analyses were conducted
inGraphPad Prism.

found in BQ.1* variants). The reversion mutation S446G in the BA.1
background increases the neutralization potency of both antibodies
(negative escape values in heatmaps) (Fig. 5c) and probably contributes
togreater neutralization potency to the BA.2 variant (Fig.3 and Extended
DataFig.3), which carries G446. Most mutations at RBD sites K440 and
R498 areslightly sensitizing to the COV2-2130 antibody in both BA.1and
BA.2 backgrounds, but provide weak escape for 2130-1-0114-112 in the
BA.1background and have even weaker effectin the BA.2background. In
agreement with pseudovirus neutralization assays (Fig. 3), comparison
of mutation-level escape showed that the 2130-1-0114-112 antibody is
substantially more potent than COV2-2130 to the BA.1variantand retains
better potency against viruses with additional mutations in both BA.1
and BA.2backgrounds (Fig. 5a,b). However, even withimproved potency,
2130-1-0114-112is still vulnerable to escape at multiple RBD residues in
the 444-452loop, whichis the site of convergent substitutions in several
Omicron lineages*’. Many of these variants contain multiple substitu-
tions at positions identified by DMS asimportant for neutralization or
in close proximity to the COV2-2130 epitope, including BQ.1.1 (R346T
andK444T),XBB (R346T, V445P and G446S) and BN.1(R346T,K356T and
G446S). To understand the impact of these VOCs, we assessed the abi-
lity of 2130-1-0114-112 to neutralize BQ.1.1, XBB and BN.1in pseudoviral
neutralization studies. Consistent with the previously known liabilities
of COV2-2130 and our DMS results, 2130-1-0114-112 loses neutralizing
activity tothese VOCs (Extended DataFig. 5), probably due to substitu-
tions at 444 and combinatorial effects of multiple substitutions within

882 | Nature | Vol 629 | 23 May 2024

the COV2-2130 epitope present in these variants. Together, these data
demonstrate that 2130-1-0114-112 exhibits improved potency against
many individual substitutions without incurring additional escape
liabilities, although RBD residues such as 444 remain critical for neu-
tralization activity of both 2130-1-0144-112 and COV2-2130.

Structural basis for restored potency. To elucidate the key intermo-
lecular interactions that form the interface and determine Omicron RBD
recognition by 2130-1-0114-112, we performed 3D reconstructions of
the complex between the SARS-CoV-2 Omicron BA.2 spike and the 2130-
1-0114-112 Fab fragment using cryo-electron microscopy (cryo-EM).
Reconstruction using refinement of the full complex gave a map with
averageresolutionof 3.26 A, but the interface region between the BA.2
RBD and the 2130-1-0114-112 Fab was not well resolved, presumably due
to theflexibility of the RBD-Fabregionin the reconstruction. Toresolve
details at the intermolecular interface, we performed focused refine-
ment of this portion of the structure. Focused refinement resulted in
an effective resolution of approximately 3.6 A for this region (Electron
Microscopy Data Bank EMD-28198 and EMD-28199, and Protein Data
Bank 8EKD) (Fig. 6 and Extended Data Fig. 6).

This model shows the binding interface of 2130-1-0114-112-RBD
and elucidates how 2130-1-0114-112 regains neutralization potency to
Omicron VOCs. The parental COV2-2130 forms extensive interactions
with the RBD through CDRH2 and CDRH3, as well as CDRL1and CDRL2
(ref.13) with hydrogen bond networks and hydrophobic interactions.
To improve binding interactions with Omicron subvariants, 2130-1-
0114-112 modifies three CDR loops: G112E in CDRH3, S32A and S33Ain
CDRLI, and T59E in CDRL2.

The RBD N440K substitution, identified in the DMS as sensitizing for
escape from COV2-2130 but less so for 2130-1-0114-112, is on the edge of
theinterface withthe 2130-1-0114-112 CDRH3 loop and does not make
direct contact with the CDRH3 substitution G112E. However, N440K
introduces a positive charge toalocal environment that has substantial
hydrophobic-to-hydrophobic contact. The negative charge introduced
by the CDRH3 G112E substitution (Fig. 6b) might improve the elec-
trostatic interactions in this region. It is possible that E112 and K440
are interacting by coordinating a water molecule, but the structural
resolution is not sufficient to confirm this type of interaction. These
experimental structural results are also consistent with our molecular
dynamics simulations, which showed this transientinteraction between
CDRH3 E112 and RBD K440.

The local environment around the CDRLI1 loop is mostly hydro-
phobic (comprising the RBD residues L452, F490 and L492, as well
as the Omicron mutation E484A) with a hydrogen bond from LC
N34 (Fig. 6¢). The hydrophilic-to-hydrophobic CDRL1 substitutions
introduced in 2130-1-0114-112, S32A and S33A, may favour the local
environment and strengthen hydrophobic interactions with the RBD
(Fig. 6¢,e). Thisis supported by the DMSidentification of sensitivity to
hydrophobic-to-hydrophilic substitutions at RBD position 452 for both
1230-1-0114-112 and the parental COV2-2130. Finally, the TS9E mutation
inthe CDRL2loop establishes anew salt bridge with the RBD substitu-
tion Q498R present in Omicron RBDs. This new salt bridge probably
strengthens the interaction with the RBD (Fig. 6d,e).

2130-1-0114-112 distributes four substitutions across three of the four
CDRIloops comprising the parental COV2-2130 paratope. Mutations to
CDRH3loop were less fruitful than mutationsinthe L1and L2 (Extended
DataFig.7acompared with Extended DataFig. 7d) whenlooking across
all antibody candidates. Among successful candidates, substitutions
at positions 32 and 33 in CDRL1 appear enriched—particularly with
hydrophobic residues—consistent with our analysis of this region of
the experimentally solved structure of 2130-1-0114-112-BA.2 spike.
Another candidate, 2130-1-0104-024, achieves improved affinity and
neutralization with only two substitutions: S32W in CDRL1 and T59E
in CDRL2. However, full neutralization potency is not reached without
the potential charge accommodation mediated by G112E. This suggests
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thata combination of new bonds and accommodating charge changes
optimized the restored affinity and potency of 2130-1-0114-112 with
Omicron variants (Extended Data Fig. 8). Altogether, the structural
model 0f 2130-1-0114-112 with the BA.2 RBD helps explain the observed
restoration of potency to early SARS-CoV-2 Omicron VOCs.

Discussion

Weset out to rapidly design and validate derivatives of the COV2-2130
antibody that restore potentin vitro neutralization to BA.1and BA.1.1
Omicron subvariants while maintaining binding and neutralization
to previous strains of SARS-CoV-2. In addition, we sought to retain
favourable thermostability properties and maintain the humanness
ofthe sequences, adata-driven measure of similarity to known human
sequences. Despite multiple mutationsin the COV2-2130 epitope pre-
sentin Omicron BA.1and BA.1.1, we achieved these design objectives
by applying a computationally driven, multi-objective approach. We
chose to take a risk-seeking approach that increased the chance of
obtainingatleast one highly potent design, ideally several, by choosing
diverse sequences predicted to have substantial effects on binding.
Several designed antibody candidates successfully restored neutrali-
zation potency to Omicron subvariants. In our top antibody design,
2130-1-0114-112, four substitutions accommodate Omicron escape

mutationsin BA.1and BA.1.1without sacrificing potency against Delta.
This engineered antibody is thermostable; potently neutralizes Omi-
cron BA.2, BA.4, BA.5 and BA.5.5; and restores prophylactic efficacy
invivo. Our approach for extending the utility of a high-value antibody
complements state-of-the-art ex vivo discovery of high-value anti-
bodies with responsive computational modification.

Thedistributed nature of the improvements in 2130-1-0114-112, with
four mutations spanning three CDRs, plausibly makes this antibody
comparatively robust to subsequent escape, insofar as DMS results
demonstrate animprovementin binding over the parental COV2-2130
where escape substitutions present in the design targets, BA.1and
BA.1.1, are mitigated without new vulnerabilities. 2130-1-0114-112 does
not mitigate thereliance of the parental COV2-2130 antibody on the RBD
residue K444 and sensitivity to substitutions at this position. Although
our top candidate does not neutralize the BQ.1.1and XBB variants,
which contain multiple substitutions within the COV2-2130 epitope,
DMS resultsindicate that 2130-1-0114-112 reduces the impact of some
of the mutations of the variants.

Our design approach shows potential for expediting the path of
new drug products to clinical use, including lower development costs
and risks versusidentifying wholly new drug products of comparable
breadth and efficacy. Our top-performing antibody restores in vivo effi-
cacy and achieves potent and broad neutralization of many SARS-CoV-2
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VOCs by substitutingjust four amino acidsinto a parental antibody that
has been extensively tested for safety, manufacturability and clinical
efficacy’. Givenincreasing evidence that neutralization is a correlate of
protection fromsevere COVID-19 in patients treated with monoclonal
antibody therapies®*, animmunobridging strategy has been proposed
as aresponse to rapidly evolving SARS-CoV-2 variants to shorten the
pathway of improved monoclonal antibodies to clinical use®. Rapid
computational rescue of high-value, potentially rare, antibodies in
clinical use presents a high-impact, real-world application of our work
that could be made more impactful with such an immunobridging
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surface coloured by electrostatic potential (right), showing the positive and
negative charges of RBD Lys444 and CDRH3 Glul12 (b). CDRL1 Ala32 and Ala33
hydrophobic network (left) and with the nearby RBD surface coloured by
hydrophobicity (right; orange to cyanindicates hydrophobic to hydrophilic)
(c). CDRL2Glu59 saltbridge with RBD residue Arg498 (d). e, 2D diagram of Fab
2130-1-0114-112 paratope and epitope residues involved in hydrogen bonds and
saltbridges (yellow and red dashed lines, respectively; distancesin A) and
hydrophobicinteractions (curved lines with rays). Atoms are shown as circles,
with oxygen, carbon and nitrogeninred, black and blue, respectively.
Interacting residues that belongto CDRloopsare colouredin corresponding
shades. The asterisks indicate mutated residues. Image created with Ligplot+**.

strategy. We demonstrate successful re-targeting without requiring
major sequence changes or acquisition of new liabilities. The urgency
for a design approach like ours is clear given that existing antibody
drug development approaches are struggling to match the rapid pace
of SARS-CoV-2 evolution.

Although the individual components comprising our approachare
built on existing computational approaches, we integrate them into
anovel framework that demonstrates (1) acomputational approach
to antibody optimization that gains neutralization to a new target,
(2) successful optimization of an antibody to achieve high potency
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to multiple targets (for example, multiple escape variants) without
requiring experimental iterations, and (3) computationally restor-
ing or improving efficacy with in vivo validation. The computational
approach that we used in this work did not require iterative improve-
ment based on feedback from experimental evaluations, nor did it
require availability of data on antibody candidates tested against the
target antigens, either of which would result in further delays when
responding to an emergent variant. Furthermore, our fundamental
approach is adaptable to more modest or decentralized computing
resources than those used in this study.

Future work seeks to extend our computational approach to
include additional predictive models, such as models predicting
antibody expression, protein aggregation and polyreactivity. Our
models for predicting antibody-antigen binding heavily depend
on performing simulations with sufficiently accurate models of
antibody-antigen co-structures, which is an important limita-
tion. Consequently, we are developing experimental datasets to
advance machine learning-based approaches for predicting binding
directly from sequence, as well as incorporating emerging artificial
intelligence-based approaches for determining and refining structural
models.

Inthis study, we demonstrate aninnovative computational method-
ology capable of creating an array of antibody designs targeting the
initial subvariants of Omicron SARS-CoV-2. A subset of these designed
antibodies display enhancements over the parental COV2-2130 anti-
body, including superior binding, broad and potent neutralization,
and in vivo protection against Omicron BA.1.1. Our approach demon-
strates an adaptable antibody-based therapeutic discovery strategy,
enabling rapid deployment in response to emerging viral threats or
evolutionary shifts. Furthermore, the limited number of amino acid
substitutions in our redesigned antibodies suggests the feasibility
of animmunobridging strategy for accelerated regulatory approval,
especially if the parental antibody has received regulatory clearance
for use in humans. Our computational method can also proactively
mitigate liabilities identified via DMS, potentially limiting the impact
of escape variants and thereby extending the therapeutic utility of the
designed antibody in a clinical setting.
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The EM map and model have been deposited to the Electron Micros-
copy Data Bank (EMD-28198 and EMD-28199) and the Protein Data
Bank (PDB; 8EKD). Other proteinstructural datawere used in this work
(PDB7L7E and 7T9K) and in analysis (PDB 7X66, 7XAZ, 810S, 8IF2 and
8GB8).Sequence datathat support the findings of this study have been
depositedin GenBank under accessions PP474664-PP474679 and are
available in the Supplementary Information. Source data for Fig. 4
are provided with the paper. DMS library variant data and antibody
per replicate DMS selection data can be accessed at https://github.
com/dms-vep/SARS-CoV-2_Omicron_BA.2_spike DMS_COV2-2130 and

https://github.com/dms-vep/SARS-CoV-2_Omicron_BA.1_spike_ DMS_

COV2-2130 GitHub repositories. Source data are provided with this
paper.

Code availability

The ImprovWF dynamic workflows code is available at https://github.
com/LLNL/improvwf. Selected GUIDE workflow components are avail-
able at https://github.com/LLNL/CRPCA. All DMS data analysis was
performed using dms-vep-pipeline version1.8, which can be accessed
at https://github.com/dms-vep/dms-vep-pipeline/tree/51e73d601
bd770eb6e9abd21f57fb4365699c984. Code and notebooks related
to DMS runs are available at https://dms-vep.github.io/SARS-CoV-2_
Omicron_BA.1_spike_DMS_COV2-2130/ and https://dms-vep.github.
io/SARS-CoV-2_Omicron_BA.2_spike_ DMS_COV2-2130/.
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Gyrolabimmunoassays allow selection of candidates from Set1(n=230) antigen combination was evaluated in two replicate assays, shown as individual
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computationally designed antibodies are highlighted with other colors and the control data. Allanalysis performed in GraphPad Prism.

symbolsasshowninthelegend. Target antigens are (a) wild type WA1/2020,



Article

a WA1/2020 D614G

b Omicron BA.1 (Acro) [
2

Relative binding (FI)

[mADb] (ng/ml) [mAD] (ng/ml)

Extended DataFig.2|ELISAscreening allows set for downselection of
candidatesfrom Set 2 (n=204), for down-stream characterization.

a-d, ParentalmAb COV2-2130 (orange circles; 3 technical replicates) and
positive control mAb S309 24 (magenta squares; 3 technical replicates) serve
asreferences for computationally designed mAbs (black curves). Purple
triangles are 2130-1-114-112; blue diamonds are 2130-1-0104-024. Each designed

Omicron BA.1 d Omicron BA.1.1
s309
COV2-2130
u Designed antibodies
" 2130-0104-024
2130-0114-112
1 10 100 0.1 1 10 100
[mADb] (ng/ml) [mAb] (ng/ml)

antibody had asingle measurement (n =1) ateach concentration. All curves are
4-parameter logistic fits, produced in GraphPad Prism. Target antigens are RBD
from (a) wild type WA1/2020, (b) Omicron BA.1(Acro), whichis biotinylated,

(c) OmicronBA.1, and (d) Omicron BA.1.1. For the biotinylated antigen in (b)
(Acro Biosystems, cat. SPD-C82E4), an additional coat and wash cycle was
required to prepare the ELISA plate with streptavidin.
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Extended DataFig.4|Authentic virus neutralizationin plaque assays using
Vero E6-TMPRSS2-T2A-ACE2 (VAT) cells. a-c, Plaque assay neutralization of
(a) Delta, (b) Omicron BA.1and (c) Omicron BA.1.1viruses. Dataare represented
asthe normalizedinfection of mAb-treated virus to virus treated with control
humanIgG (Invitrogen). For S309, each point shows one of four technical
replicates; all other points show one of two technical replicates at each

concentration. Curves are two-parameter (IC50, hill-slope) logistic fits to
normalized response.d, IC50 values (ng/ml, “>” indicates IC50 greater than
10,000 ng/mL) show that 2130-1-0104-024, while having only two mutations
from COV2-2130, remains potent against BA.1and suffersa20-timeslossin
potency against BA.1.1.2130-1-0114-112 is strongly potent against all three
tested variants. All analysis performed in GraphPad Prism.
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Extended DataFig. 6 | Details and VOC comparisons for Cryo-EM structure
ofneutralizing antibody 2130-1-0114-112in complex with Omicron BA.2
RBD. a, RBD residues within 7 A of 2130-1-0114-112. RBD shown in red, with BA.2
mutated residuesinorange, and 2130-1-0114-112 in yellow/green. b, CDRH3
Glull2 and RBD Lys440, shown with the EM map and distance between the side
chains.c,d,3Drepresentation of theinteraction plot between RBD and 2130-
1-0114-112HC (c, yellow) and LC (d, green). 2130-1-0114-112 is shown as stick

and RBD as gray spheres with the contact residuesinred. Contactresidues
arelabelled and numbered. e, Fab COV-2130 paratope and epitope residues
involved in hydrogen bonding (dashed lines; distances in A) and hydrophobic

interactions with WA1/2020 RBD; compare with Fig. 6d showing BA.2/2130-1-
0114-112interactions. Residues forming hydrophobicinteractions are shown as
curved lineswithrays. Atoms are shown as circles, with oxygen, carbon, and
nitrogeninred, black, and blue respectively.Image created with Ligplot +.

f, Atomic model of the RBD-Fab complex superimposed with WA1-RBD (light
brown PDB: 7L7E), XBB1.1-RBD (pink PDB: 810S), and BQ1.1(gray PDB 8IF2).
BA.2RBDisshowninred, with BA.2 mutationsinorange. 2130-1-0114-112HC
and LC areyellow and green, with mutations incyanand blue. Hydrogen bonds
areshownas dashed lines.
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Extended DataFig.7|Sequencelogos of candidate antibody designs. a, The
set of 376 designed IgG includes mutation at 16 positionsin the heavy chain

(blue; mutationsingreen) and 9 positions in the light chain (magenta; mutations
inpink). Height of each letter is proportional to the frequency of the amino acid
inthegroup.b, ¢, Thisset of 376 sequencesis divided into two overlapping sets,

'Sl

Set1(b;n=230)andSet2(c;n=204).d, Fromthesetwosets, aset of eight
sequences was selected for production atlarger scale and further evaluation
including assessment of their thermostability and binding performance (Fig. 2).
Selected sequences show reductionin mutations throughout the CDRH3
residues (103-118) mutated in (a), especially in residues 103-108.
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Extended DataFig. 8 |Strains with mutated epitopes are differentially
neutralized by COV2-2130 and 2130-1-0114-112. a, b, Starting from the 7L7E
structure (a), shown after being separated and rotated to show the contact
surfaces (b), complexes of COV2-2130 and 2130-1-0114-112 were naively
composed by rigid body superposition of the highest resolution structures
available of the VOCRBDs onto the WA1/2020 RBD of 7L7E. Epitope and
paratope are outlined (solid black) and colored according to charge (blue for
positive, red for negative). Residues are correspondingly outlined according
to charge or, ifuncharged, hydrophilicity (cyan) or hydrophobicity (yellow).
The models were used to infer possible intermolecular clashes and loss of key
interactions that could account for loss of affinity and, conversely, relief of
clashes or new favorable interactions that could account for gain of affinity.
For putative interactions that differamong the antibody and RBD combinations
displayed, lines show salt bridges (purple) and hydrogen bonds (cyan).c, The
interface between COV2-2130 and WA1/2020 RBD shows a number of favorable
electrostaticinteractions, including between RBD R346 and HC D56 and RBD
K444 and HC D107.d-f, In the modeled interaction between 2130-1-0114-112 and
BA.1(d,RBD from PDB 7X66), separated and rotated (e), and with interactions
identified (f) the RBD G446S substitution changes the center of the epitope,
resultinginaloss of binding with COV2-2130, perhaps by means of clashes.
2130-1-0114-112 may rescue lost affinity by introduction of LC S9E that may
formafavorableinteraction withR498 and S446. Also 2130-1-0114-112 may

introduceafavorableinteraction with all of the Omicron variants by forming
asaltbridgebetween HC 112E and K440. Further, the designed mutations LC
S32Aand S33Ain 2130-1-0114-112 could enhance favorable hydrophobic
interactionacrosstheinterfaceinthe A484 region.g, BA.1.IRBD (RBD from
PDB7XAZ) has all of the mutations of BA.1, but additionally contains the
mutation R34 6K, which may disrupt the favorable interaction with HC D56.
h,BA.2RBD (RBD from PDB 8GB8) lacks the particularly unfavorable G446S
mutation presentin BA.1and BA.1.1,and the R346K mutation of BA.1.1. BA.2
alsohasthe K440 and A484 residues that are theinteraction partners of 2130-1-
0114-112’s designed mutations HCE112, LCA32 and LC A33. This combination
of preservation of WA1/2020 interactions and the addition of newly exploited
interaction partnersresultsinstrong neutralization by 2130-1-0114-112.
i,j,BQ.1.1(i, RBD from 81F2), and XBB.1(j, RBD from 810S) which are not
neutralized by either COV2-2130 or 2130-1-0114-112, contain substitutions in
theepitopeat positions346 and either 444 or 445 as compared to WA1/2020.
Allthree ofR346,K444,and V445 areamong the most highly buried residuesin
the epitope, and the mutation of R346 and K444 removes the two salt bridges
formed withtheseresidues. Consequently, substitutions at these positions
heavilyimpact the shape and charge complementarity of both COV2-2130 and
2130-1-0114-112 to the RBD, likely explaining much of theimpact to their
affinities.
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Extended Data Table 1| Thermal stability and expression yield of selected IgGs

mAb Tm-Boltzmann (C; Yield (mg) per 100
mean +/- std) mL culture
COV2-2130 68.54 +0.27 28.31
2130-1-0111-002 68.41 +0.06 31.64
2130-1-0104-015 68.35 £ 0.22 27.77
2130-1-1231-017 68.52 +£0.42 19.34
2130-1-0104-024 67.81 +£0.35 26.93
2130-1-0114-111 65.53 +0.25 26.54
2130-1-0114-112 68.23 +0.26 48.12
2130-1-1231-174 69.02 +0.33 32.63
2130-1-1231-200 68.07 +0.27 47.72

Melting temperature (Tm) was determined using a fluorescence-based protein thermal shift assay (GloMelt™, Biotium). Yield was determined by measuring optical density at 280nm and deriving
antibody quantity using the calculated extinction coefficient.



Article

Extended Data Table 2 | Pseudoviral neutralization potency (IC50) of selected IgGs, corresponding to Fig. 3

IC50 (ng/ml) [95% CI]

Antibody 1D D614G BA.1 BA.1.1 BA.2 BA.4
rDENV-2D22 NC NC > NC >

rS2K146 6.56 [3.29-12.1] 4.38 [2.89-6.55] 2.09 [1.47-2.99] 3.36 [2.49-4.51] 36.0 [16.6-72.3]
rCOV2-2130 3.60 [2.51-5.11] 158 [50.9-392.] NC 2.53 [1.89-3.34] 64.3 [38.5-106.]
2130-1-0111-002 4.92 [3.62-6.66] 34.8 [25.1-49.5] > 1.47 [1.21-1.78] 4.69 [1.35-13.2]
2130-1-1231-017 2.43 [1.24-4.26] 61.3 [35.8—111]] > 0.569 [0.502—0.644] 17.1 [5.50-42.6]

2130-1-0104-024

2130-1-0114-111

2130-1-0114-112

2.99 [2.11-4.08]

3.02 [2.45-3.76]

4.08 [3.67-4.55]

13.3 [9.06-19.7]

32.0 [19.3-58.1]

2.56 [1.79-3.70]

78.5 [26.4-227]

4027 [230-9450]

6.25 [4.51-8.75]

0.220 [0.136-0.342]

0.162 [0.108-0.235]

0.985 [0.747—1.29]

2.27 [0.923-4.96]

34.3 [17.6-76.0]

0.779 [0.604-0.989]

Pseudovirus neutralization IC50 values and 95% confidence intervals corresponding to Fig. 3. “>” indicates a value >10,000 ng/mL; NC indicates positive hill slope or failure to converge.
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Software and code

Policy information about availability of computer code

Data collection  Biological data collection was conducted with appropriate, instrument specific software.

Data analysis Analysis of individual experiments was conducted in GraphPad Prism v.8.1, 9.0, or 10.2, as noted in individual figure legends.
Protein Thermal Shift ™ software version 1.4 (ThermoFisher) was used to generate the melting temperature and fit data.
Antibody-antigen structures were minimized and relaxed using standard minimization procedures from Rosetta, Chimera, and GROMACS.

The ImprovWF dynamic workflows code is available at:
https://github.com/LLNL/improvwf

Selected GUIDE workflow components are available at:
https://github.com/LLNL/CRPCA

Antibody-antigen minimization procedures used Rosetta 3.13, Chimera v1.15, or GROMACS v2021.4

Rosetta FlexDDG. Script collected from github in 2020:
https://github.com/Kortemme-Lab/flex_ddG_tutorial/blob/master/analyze_flex_ddG.py
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ddG estimates calculated with FoldX v4 or Rosetta 3.13

All DMS data analysis was performed using dms-vep-pipeline version 1.8, which can be accessed at https://github.com/dms-vep/dms-vep-
pipeline/tree/51e73d601bd770eb6e9abd21f57fb4365699c984

Code and notebooks related to DMS runs are available at:
https://dms-vep.github.io/SARS-CoV-2_Omicron_BA.1_spike_DMS_COV2-2130/
https://dms-vep.github.io/SARS-CoV-2_Omicron_BA.2_spike_DMS_COV2-2130/

Pseudocode for additional components is available in the Supplemental Material.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The EM map and model has been deposited into EMDB (EMD-28198, EMD-28199) and PDB (8EKD). Other protein structural data were employed in this work (PDB:

7L7E, 7T9K) and in analysis (PDB: 7X66, 7XAZ , 810S, 8IF2, 8GB8). Sequence data that support the findings of this study have been deposited in GenBank under
accessions PP474664 — PP474679 and are available in the Supplementary Information. Source data for Figure 4 are provided with the paper. DMS library variant
data and antibody per replicate DMS selection data can be accessed at https://github.com/dms-vep/SARS-CoV-2_Omicron_BA.2_spike_ DMS_COV2-2130 and
https://github.com/dms-vep/SARS-CoV-2_Omicron_BA.1_spike_ DMS_COV2-2130 GitHub repositories.
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Reporting on sex and gender N/A

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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

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

Sample size For animal studies, no sample sizes were chosen a priori but instead estimated based on prior knowledge of anticipated experimental
differences among groups. All experiments with statistical analysis were repeated at least two independent times, each with multiple
technical replicates. Experimental size of animal cohorts was determined based on prior experience performing studies in mice.

Data exclusions  Representative data were chosen where appropriate in lieu of combining independent replicates. Data were excluded only for technical
reasons (e.g., splash into wells). No data was excluded from animal studies.

Replication All replications executed were consistent with the representative data presented in the manuscript. Each DMS experiment was done using
two independently produced deep-mutational scanning libraries. For animals studies, all experiments had multiple biological and/or technical

replicates and are indicated the Figure legends.

Randomization  For animal studies, mice were randomly assigned from large batches obtained from the vendor to different experimental groups in an age-
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Randomization  matched distribution.

Blinding For animal studies, no blinding was performed as handling of BSL3 virus requires exact tracking of infected mice and samples.

Behavioural & social sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.

Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which
the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your study.
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Did the study involve field work? D Yes D No

Field work, collection and transport

Field conditions Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

Location State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).
Access & import/export | Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,

the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZ D ChiIP-seq
Eukaryotic cell lines IXI D Flow cytometry
Palaeontology and archaeology IXI D MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXOXOOS
OO0XOXKX

Antibodies

Antibodies used Gyrolab immunoassays: A secondary detection antibody served as a fluorescent reporter: Alexa Fluor 647 AffiniPure Fab Fragment
Goat Anti-Human IgG, Fcy fragment specific (Jackson ImmunoResearch). The detection Fab was used at 100 nM
Our bridging control antibody was s309 (Biovision, A2266 -100) - https://www.abcam.com/products/primary-antibodies/sars-cov-2-
spike-glycoprotein-s1-antibody-s309-bsa-and-azide-free-ab289796.pdf
Positive control for pseudovirus neutralization assay: S2K146 (DOI: 10.1126/science.abm8143)
Negative control for pseudovirus and authentic virus neutralization assays: DENV-2D22 (doi:10.1073/pnas.1200566109)
ELISA: 1:5000 dilution goat anti-human IgG conjugated with horseradish peroxidase (HRP) (Southern Biotech, cat. 2014-05, lot L2118-
VGOOB)
FRNT: Anti-S murine antibodies (PMID: 34481543) Dilution: N/A This pool of antibodies was used as pooled hybridoma supernatant
FRNT: HRP-conjugated goat anti-mouse 1gG (Sigma Cat # A8924, RRID: AB_258426) 1:1000 dilution
Mouse studies isotype control antibody: anti-West Nile hE16 mAb (Oliphant2005, PMID: 15852016)
Reagent antibodies were obtained from Jackson Immunoresearch 109-607-008

Validation Validation of all primary antibodies tested for binding antigen by ELISA or with infected cells.
For validation data on commercial antibodies used, refer to specification documents from the manufacturers as follows:
HRP-conjugated Goat anti-mouse IgG - https://www.sigmaaldrich.com/specification-sheets/638/581/A8924-BULK.pdf
HRP-conjugated Goat anti-human IgG, Southern Biotech, cat. 2014-05, lot L2118-VG0OB, https://resources.southernbiotech.com/
techbul/2014.pdf
AlexaFluor647-conjugated Goat Anti-Human IgG, F(ab'), - https://www.jacksonimmuno.com/lots/000000168261

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK293 cells at ATUM (Newark, CA, USA)
ExpiCHO-S™ Cells (Thermofisher scientific Cat. No. A29127)
Expi293F™ Cells (Thermofisher scientific Cat. No. A14527
HEK293T (ATCC: CRL-11268)
Vero-hACE2-TMPRSS2 cells in FRNT were generated at the NIH (VRC, Barney Graham lab) now BEI (BEI NR-54970) - (PMID:
32404436)
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VAT cells used in Plague assays: BEI Resources, NIAID, NIH
DMS experiments were performed using 293T-hACE2 cells available from BEI:NR-52511

Authentication None authenticated.

Mycoplasma contamination All cell lines were confirmed to be negative for mycoplasma during a regular basis.

Commonly misidentified lines  None.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Seven to nine-week-old female heterozygous 18-hACE2 C57BL/6J mice (strain: 2B6.Cg-Tg(K18-ACE2)2Primn/J, Cat # 34860) were
obtained from The Jackson Laboratory. Mice were housed in groups of 3 to 5. Photoperiod = 12 hr on:12 hr off dark/light cycle.
Ambient animal room temperature is 70° F, controlled within £2° and room humidity is 50%, controlled within £5%.
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Wild animals No wild animals were used in this study.
Reporting on sex Only female mice were used in the study.
Field-collected samples  No field collected samples were used in this study.

Ethics oversight The protocols were approved by the Institutional Animal Care and Use Committee at the Washington University School of Medicine
(assurance number A3381-01).

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