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Abstract

Therapeutic monoclonal antibodies (mAbs) against SARS-CoV-2 become obsolete as spike
substitutions reduce antibody binding. To induce antibodies against conserved receptor-
binding domain (RBD) regions for protection against SARS-CoV-2 variants of concern and
zoonotic sarbecoviruses, we developed mosaic-8b RBD-nanoparticles presenting eight
sarbecovirus RBDs arranged randomly on a 60-mer nanoparticle. Mosaic-8b
immunizations protected animals from challenges from viruses whose RBDs were matched
or mismatched to those on nanoparticles. Here, we describe neutralizing mAbs from
mosaic-8b—immunized rabbits, some on par with Pemgarda (the only currently FDA-
approved therapeutic mAb). Deep mutational scanning, in vitro selection of spike resistance
mutations, and cryo-EM structures of spike-antibody complexes demonstrated targeting of
conserved epitopes. Rabbit mAbs included critical D-gene segment features in common
with human anti-RBD mAbs, despite rabbit genomes lacking an equivalent human D-gene
segment. Thus, mosaic RBD-nanoparticle immunization coupled with multiplexed
screening represent an efficient way to generate and select therapeutic pan-sarbecovirus
and pan-SARS-2 variant mAbs.

Introduction

Monoclonal antibodies (mAbs) that neutralize SARS-CoV-2 (SARS-2) have been used
therapeutically to protect immunocompromised individuals and treat severe COVID-19!2. mAbs
licensed for use in humans target the receptor-binding domain (RBD) of the viral spike trimer,
the primary target of neutralizing Abs®!?. With the emergence of SARS-2 variants of concern
(VOCs), including the heavily mutated Omicron VOCs!4!°, previously approved therapeutic
mAbs show greatly reduced or completely abrogated neutralization potencies, resulting in
withdrawal from clinical use!. Currently, only one anti-SARS-2 mAb, Pemgarda, is authorized
by the FDA for humans, having been issued Emergency Use Authorization (EUA) in March
2024%°. Pemgarda and previous anti-spike mAbs were derived from Abs isolated from SARS-2
or SARS-CoV (SARS-1) infected human donors, in some cases after in vitro selection of
variants that neutralize recent VOCs!.

The degree of cross-reactive versus variant-specific properties of an anti-RBD Ab can be
understood in the context of structural studies of coronavirus spike trimers and their interactions
with Abs and the SARS-2 host receptor ACE2. After binding ACE2, spike induces fusion of the
viral and host cell membranes after one or more of the spike RBDs adopt an “up” position that
exposes the immunodominant receptor-binding motif (RBM) to allow interactions with ACE2.
Many of the most potent neutralizing Abs recognize the RBM, thereby blocking ACE2 binding*
8§.1112.21-25 We used Fab-spike structures to define classes of neutralizing anti-RBD Abs (class 1,
2, 3,4, and 1/4) based on their epitopes, overlap with the RBM, and recognition of up and/or
down RBDs on spike trimers?>26-2%, Notably, potent class 1 and class 2 anti-RBD Abs (e.g.,
previously licensed therapeutic mAbs!'), recognize epitopes that overlap with the ACE2 binding
footprint, a region that exhibits high sequence variability among sarbecoviruses and early SARS-
2 VOCs?*. By contrast, the epitopes of class 1/4, 4, the more recently-described class 5%, and
some class 3 Abs map to more conserved, but less accessible (in the case of class 1/4, 4, and 5
Abs), regions of sarbecovirus RBDs?2.
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Targeting of conserved RBD regions could result in mAbs and vaccines that reduce the need for
frequent updating. To preferentially elicit Abs against conserved epitopes, we developed mosaic-
8b RBD nanoparticles (NPs) (Extended Data Fig. 1a), which display RBDs from eight different
sarbecoviruses on 60-mer mi3 NPs, with the goal of stimulating B cell receptors that can
crosslink using both antigen-binding Fabs between adjacent, non-identical, RBDs*!-*3 (Extended
Data Fig. 1b). We evaluated matched and mismatched immune responses (against viruses whose
RBDs were or were not represented by an RBD on the NP), finding that mosaic-8b NPs showed
enhanced heterologous binding, neutralization, and protection from sarbecovirus challenges
compared with homotypic (SARS-2 RBD only) NPs in animal models***4. Epitope mapping of
polyclonal antisera elicited by mosaic-8b versus homotypic RBD-NPs using deep mutational
scanning (DMS)?* showed that mosaic-8b antisera primarily targeted more conserved class 4 and
class 1/4 RBD epitopes that contact other portions of the spike trimer in down RBDs, whereas
homotypic antiserum Abs mainly targeted variable, more accessible class 1 and 2 RBD epitopes
that are not involved in intra-spike contacts’2.

Here, we describe immunization with mosaic-8b RBD-NPs as a process by which cross-reactive
anti-sarbecovirus mAbs can be efficiently elicited as potential therapeutic reagents. We used
single-cell optofluidics and multiplexed antigen specificity assays to profile antigen reactivity
and assess the cross-reactivity of IgGs elicited by mosaic-8b in rabbits, finding a higher
percentage of cross-reactive B cells for mosaic-8b compared with homotypic SARS-2
immunization (Fig. 1). We also mapped elicited mAb epitopes using competition ELISAs,
DMS?3, 3D structure determinations, and in vitro selection’®>’ and evaluated neutralization
against SARS-2 variants and other sarbecoviruses (Fig. 2-7), demonstrating that the mosaic
RBD-NP vaccine approach works as designed to target conserved epitopes. Thus, when paired
with a multiplexed antigen specificity assay to select for cross-reactivity, mosaic RBD-NP
immunization could be used to efficiently develop therapeutic neutralizing mAbs that would not
be affected by current or future SARS-2 VOC substitutions and would likely remain efficacious
against a future sarbecovirus spillover.

Results

Mosaic-8b RBD-NPs elicit cross-reactive Abs

We covalently attached eight different sarbecovirus RBDs or only SARS-2 RBD to a
SpyCatcher-mi3 NP3%3 using the SpyCatcher-SpyTag system?*-? to create mosaic or homotypic
SARS-2 RBD-NPs*?3* (Extended Data Fig. 1a). Mosaic-8b RBD-NPs included SARS-2 Beta
RBD plus seven other sarbecovirus RBDs from clade 1a, 1b, or 2 spikes attached randomly to 60
positions on SpyCatcher-mi338, whereas homotypic SARS-2 RBD-NPs included only SARS-2
Beta RBD. In addition to previously-described characterization and validation®!-3234, we used
SpyCatcher- and mi3-specific mAbs and strain-specific RBD mAbs (Extended Data Fig. 1c,d,
Extended Data Table 1) to confirm display of all 8§ RBDs on mosaic-8b RBD-NPs and only
SARS-2 Beta RBD on the SARS-2 RBD-NPs (Extended Data Fig le).

We next utilized a protocol to derive IgG heavy and light chain sequences from memory B cells
of mosaic-8b—immunized rabbits in order to assess their potential for broad and potent anti-
SARS-2 activity and to investigate whether the increased cross-reactivity of mAbs elicited by
mosaic-8 observed in mice® extends to another species. Rabbits were primed and boosted with
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mosaic-8b or SARS-2 RBD-NPs, and peripheral blood mononuclear cells (PBMCs) were
isolated (Extended Data Fig. 1f). Memory B cells were enriched by IgG pulldown, and recovered
cells were cultured to activate IgG secretion.

We used a Beacon optofluidics system to isolate and screen ~27,000 individual activated
memory B cells for secretion of IgGs that recognized diverse sarbecovirus RBDs, both from
unmatched strains (not represented by an RBD on mosaic-8b) and from matched strains
(represented on the mosaic-8b or homotypic SARS-2 RBD-NPs) (Fig. 1; Extended Data Fig. 2).
Assays for Ab secretion and antigen specificity were used to identify nanopens (chambers within
an optofluidic chip) containing single cells secreting an IgG that bound to labeled antigens (Fig.
la). Multiplexed assays using four fluorophores enabled screening for IgG secretion and binding
to 12 antigens (Fig. 1b). Signal from fluorescence channels were overlaid to determine B cell
breadth (Fig. 1¢). Binding of each antigen was assessed by the presence of a fluorescent bloom
above a nanopen using Beacon integrated software and manual verification (Fig. 1d).

Using results from the multiplexed assays, we found that immunization with mosaic-8b resulted
in a higher percentage of B cells that recognized a range of both matched and mismatched RBDs
compared with homotypic SARS-2 immunization, while SARS-2 immunization resulted in a
higher percentage of B cells that recognized the matched SARS-2 Beta RBD (Fig. le). In
addition, mosaic-8b immunization resulted in a higher percentage of B cells that recognized
multiple RBDs (i.e., broadly cross-reactive mAbs) compared with homotypic SARS-2
immunization (Fig. 1f).

From the mosaic-8b RBD-NP immunized rabbit sample, we exported 90 B cells secreting IgGs
that bound to any of the 12 assayed antigens, first exporting cells secreting IgGs that bound >6,
followed by cells making IgGs that bound fewer antigens. The variable heavy and variable light
chain genes from the first 48 exported cells were amplified and sequenced. We isolated paired
heavy and light chain genes for 14 RBD-binding mAbs and subcloned them into expression
vectors encoding human IgG Cu1-Cu2-Cn3 domains and human Cr domains (for IgGs) or
human Cyl and human Cr domains (for Fabs) (Extended Data Fig. 2).

Rabbit mAbs are broadly cross-reactive

RBD recognition by 14 rabbit mAbs elicited by mosaic-8b RBD-NPs was assessed via ELISA to
a panel of RBDs that included sarbecovirus RBDs from clade 1a, 1b, 2, and 3 and SARS-2
variants (Fig. 2a). Three mAbs (M8a-B1, M8a-B9, and M8a-C9) bound to all sarbecovirus RBDs
tested with ECso values <0.1 pg/mL, and several others bound broadly to clade 1a, 1b, and 2
RBDs, consistent with identification of cross-reactive B cells by the single-cell multiplexed
assays, which were mostly predictive of ELISA results (Extended Data Fig. 3).

We further characterized mAbs to identify epitopes using a competition ELISA. Fabs derived
from characterized human mAbs that recognize class 1, 2, 3, 4, 1/4, or 52227-2%30 RBD epitopes
were adsorbed on an ELISA plate and then incubated with SARS-2 RBD. IgGs cloned from
rabbit memory B cells, control IgGs of known epitope, or a human ACE2-Fc¢ protein®’ were
added and assessed for binding (Fig. 2b). In this assay, an IgG or ACE2-Fc will only bind if it is
not sterically occluded by the bound Fab. We identified likely epitopes of 12 mAbs on SARS-2
RBD including one class 2, two class 4, six class 5, one class 1/3 (competes with both class 1 and


https://doi.org/10.1101/2025.01.02.631145
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.02.631145; this version posted January 3, 2025. 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.

class 3 mAbs), and two class 1/4 anti-RBD mAbs (Fig. 2b). These results are consistent with
previous findings that many class 3, 4, 1/4, and 5 anti-RBD Abs exhibit breadth of binding to
sarbecovirus RBDs2223-27:29,30,32-34,40

We next evaluated neutralization potencies (as assessed by inhibitory concentrations at 50%,
ICso values) and breadth of the rabbit mAbs against a panel of SARS-2 VOCs and other
sarbecoviruses using a pseudovirus neutralization assay that correlates with authentic virus
neutralization*!. Neutralization results (Fig. 2¢) for particular mAbs were generally consistent
with binding data (Fig. 2a). While the potencies of some mAbs were modest, M8b-A10 (class 4)
and M8b-C9 (class 1/4) exhibited both potency and breadth across the panel of tested viruses
(Fig. 2¢). Our neutralization panel did not include pseudoviruses for clade 2 sarbecoviruses with
unknown host receptors. However, ELISA binding showed that both M8b-A10 and M8b-C9
bound to the RBDs of clade 2 spikes, whereas Pemgarda showed weak or no binding to clade 2
RBDs (Fig. 2a), suggesting that this licensed therapeutic mAb would not be effective against a
clade 2 sarbecovirus spillover.

DMS reveals multiple RBD epitopes

To further evaluate residues within conserved and variable RBD epitopes (Fig. 3a) targeted by
the rabbit mAbs, we used DMS to map residues that affect recognition by five mAbs (M8b-A10,
MS8b-B1, M8b-B8, M8b-C9, and M8b-C10) using yeast display libraries derived from SARS-2
Beta RBD*2. DMS revealed class 4 anti-RBD Ab epitope escape profiles with sensitivities to
substitutions at RBD residues 378 and 411 (M8b-A10) and 411, 413, and 427 (M8b-C9) (Fig.
3b), consistent with their broad binding and neutralization (Fig. 2a,c) and competition ELISA
classifications (Fig. 2b). DMS analysis of M8b-B1 showed that most escapes were mediated by
substitutions that encoded a potential N-linked glycosylation site (PNGS) to add an N-glycan at
RBD residue 357 (R357N) or 394 (Y396T) within the class 5 epitope (Fig. 3b), consistent with
competition ELISA results (Fig. 2b) and M8b-B1’s broad binding and neutralization properties
(Fig. 2a,c). DMS for M8b-BS indicated a class 1 anti-RBD Ab profile centered on RBD residue
504 (Fig. 3b). Finally, M8b-C10 showed a class 3 profile centered on residues 441, 499, and 500,
and Pemgarda showed a class 1/3 profile centered on residues 408, 500, 503, and 504, consistent
with competition ELISA epitope class assignments (Fig. 2b).

3D structures rationalize mAb properties

To further explore recognition and neutralization mechanisms, we solved 3.2 A-3.5 A resolution
single-particle cryo-electron microscopy (cryo-EM) structures of rabbit mAb Fabs complexed
with a SARS-2 spike-6P trimer*® and 2.4 A-2.6 A resolution X-ray structures of Fab-RBD
complexes (Fig. 4,5; Extended Data Fig. 4, Extended Data Tables 2,3). As previously observed
for structures of infection- and vaccine-induced human mAb Fabs bound to SARS-2 spike
trimers?>2>4443 the rabbit mAb Fab cryo-EM structures showed different modes of RBD
recognition: M8b-A10, M8b-B8, and M8b-C9 Fabs bound to RBDs only when they were in an
“up” conformation (Fig. 4a-c), and M8b-C10 Fab recognized both “up” and “down” RBDs (Fig.
4d). Because only dissociated trimers were observed on cryo-EM grids of M8b-B1 Fab incubated
with a spike trimer, we determined a crystal structure of a M8b-B1 Fab-RBD complex (Fig. 4e).

The M8b-A10-spike cryo-EM structure revealed that each of the three “up” RBDs was
recognized by an M8b-A10 Fab using all six of its complementarity-determining regions (heavy
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chain CDRH1, CDRH2, and CDRH3 and light chain CDRL1, CDRL2, and CDRL3) and heavy
chain framework region 1 (FWRH1) (Fig. 4a,g, Extended Data Fig. 5a). Consistent with
competition ELISA and DMS results (Fig. 2b, 3b), the footprint of M8b-A10 on the RBD surface
resembled that of a cross-reactive class 4 anti-RBD mAb, CR3022* (Fig. 4f,g), which was
originally isolated from a SARS-1-infected patient*®. Also consistent with M8b-A10’s cross-
reactive binding and neutralization properties (Fig. 2a,c), its binding footprint involved residues
that are largely conserved across sarbecovirus RBDs (Fig. 3a,4g).

The M8b-B8 Fab-spike structure showed two Fabs binding to “up” RBDs with the third, non-
Fab-bound, RBD adopting the “down” position (Fig. 4b). RBD recognition was mediated by
both the Vi and Vi domains using all six CDRs plus FWRH1 (Fig. 4h, Extended Data Fig. 5b).
We classified M8b-RBD as a class 1 anti-RBD Ab because the majority of RBD residues at the
M8b-B8 epitope were residues from the variable class 1 epitope (RBD residues 403, 405, 415-
417, 453, 455, 456, 489, 493, 498, 500-503, and 505), although two RBD residues (Y453 and
Y489) overlapped with the variable class 2 RBD epitope and one residue (R408) overlapped with
the more conserved class 4 RBD epitope (Fig. 3a, 4f,h, Extended Data Fig. 6a-c). This is
consistent with competition ELISA results showing that M8b-B8 competed with mAbs from
class 1, class 2, class 4, and class 1/4 mAbs (Fig. 2b). In addition, although their binding epitopes
do not overlap, M8b-B8 competed with C110, a human class 3 anti-RBD mAb?2, likely due to
steric clashes between the Cxl and Cr. domains of the bound Fabs (Extended Data Fig. 6d).
Binding to non-conserved regions of the RBD contributed to limited binding of M8b-B8 to
sarbecovirus RBDs by ELISA and weak neutralization potencies against a subset of
sarbecoviruses and variants of SARS-2 (Fig. 2a,c).

We observed three M8b-C9 Fabs bound to spike in the cryo-EM structure, all recognizing “up”
RBDs (Fig. 4c), as found for M8b-A10, which also recognized only “up” RBDs (Fig. 4a). To
resolve high-resolution details of the Fab-RBD interaction, we solved a 2.6 A crystal structure of
an M8b-C9-SARS-2 RBD complex (Extended Data Table 3). Recognition of M8b-C9’s class
1/4 RBD epitope was mediated mainly by its Vu domain (Fig. 41) through heavy chain CDRHI,
CDRH3, FWRH1, and FWRH2 and light chain CDRL2 and FWRL2 regions (Extended Data
Fig. 5c¢). The identification of a class 1/4 epitope in the Fab-spike and Fab-RBD structures is
consistent with competition for RBD binding with class 1 and class 4 anti-RBD mAbs (Fig. 2b),
cross-reactive binding of M8b-C9 IgG to all spike proteins and RBDs (Fig. 2a), and broad
neutralization of SARS-2 variants and other sarbecoviruses (Fig. 2c).

The M8b-C10 Fab-spike structure revealed Fabs binding to all spike RBDs, with two RBDs
adopting an “up” conformation and the third RBD in the “down” conformation (Fig. 4d). The
interaction between M8b-C10 and the RBD was mediated by its heavy chain CDRH1, CDRH2,
CDRH3, and FWRHI1 and light chain CDRL1 and CDRL2 (Fig. 4j, Extended Data Fig. 5d). As
seen by comparing the outlines of Ab epitopes on an RBD surface (Fig. 4f), the M8b-C10
binding epitope overlaps with the epitopes of class 1 and class 3 anti-RBD mAbs, but not with
epitopes of class 2 or class 4 mAbs (Extended Data Fig. 6¢). This class 1/3 epitope (Fig. 2b)
mostly involves residues that vary between sarbecoviruses (Fig. 3a), consistent with the limited
RBD recognition observed by ELISA for M8b-C10 (Fig. 2a). Although the binding footprints of
MS8b-C10 and the class 2 mAb C002 do not overlap (Extended Data Fig. 6e), M8b-C10
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competed with two class 2 mAbs for RBD binding (Fig. 2b), most likely due to steric clashes
between Fab Cul and CL domains.

The M8b-B1 Fab-RBD crystal structure showed recognition of an epitope on a side of RBD that
is buried in “down” RBDs (Fig. 4¢). The interaction between M8b-B1 and RBD was mediated
by FWRHI1 and all CDR loops except CDRL2 (Fig. 4k, Extended Data Fig. 5e). Modeling
suggested that M8b-B1 Fab would clash with a neighboring NTD when recognizing a trimer
with “up” RBDs (Extended Data Fig. 5f), consistent with M8b-B1 Fab incubation with spike
resulting in dissociated spike trimers on cryo-EM grids. The structurally-identified M8b-B1
epitope (Fig. 4k) is consistent with competition with CC25.4 (Fig. 2b), which recognizes the
partially conserved class 5 RBD epitope®®-*’, and M8b-B1 cross-reactive binding and potent
neutralization against most SARS-2 variants and other sarbecoviruses (Fig. 2a,c).

We also compared structures of the rabbit mAbs to structures of mAbs that were isolated from
COVID-19 convalescent donors and FDA-approved mAbs (Fig. 5). M8b-A10 and M8b-C9
targeted similar regions of the RBDs as C11827 and S2X259%, two cross-reactive and potent
mADbs that were isolated from convalescent human donors (Fig. 5a,b). Importantly, M8b-B8 and
M8b-C10 both recognize epitopes similar to that of Pemgarda, the only currently FDA-approved
therapeutic mAb for SARS-2 treatment®°, and Bebtelovimab, a previously FDA-approved anti-
SARS-2 mAb! (Fig. 5a,b). M8b-B8 and Pemgarda share common epitope residues, including
RBD residues 403, 405, 406, 408, 409, 415, 498, 500-505, and 508, and M8b-C10 and Pemgarda
share RBD epitope residues 403, 439, 496, and 498-506. Although reside Q493 was not
classified by PDBePISA*® as part of the binding epitope of Pemgarda (Fig. 5¢), a Q493E
substitution was shown to contribute to Ab evasion of Pemgarda*®. Only one of the rabbit mAbs
(M8b-B8) targets an RBD epitope containing residue Q493 (Fig. 5d, Extended Data Fig. 5b).

Cross-species class 1/4 mAb features

Identification of rabbit (and previously mouse3?) anti-RBD mAbs raised by mosaic-8
immunization offers the opportunity to compare their properties with those of human mAbs
raised by SARS-2 infection and or COVID-19 vaccination; e.g., since V, D, and J gene segments
can differ between species™, it is of interest to ask whether recognition features are conserved in
anti-RBD mAbs raised in different species.

Of relevance to this question, a public class of anti-SARS-2 human mAbs with a CDRH3
YYDxxG motif derived from the D gene segment of IGHD3-22 was identified®'? (Fig. 6).
Human mAbs in this recurrent class, e.g., COVA1-16%¢, C02227, and ADI-622113% use the

Y YDxxG motif to recognize the class 1/4 RBD epitope by extending an RBD B-sheet through
mainchain hydrogen bonding with a two-stranded antiparallel B-sheet formed by the CDRH3
(Fig. 6a-c), as originally described for a COVA1-16-RBD structure?®. Structural comparisons of
the interfaces of RBD with M8b-C9 (Fig. 6f) and ADI-62113%* (Fig. 6¢) revealed that heavy
chain residues Y98vu and Y99vu in M8b-C9 interact with RBD with the same interface
geometry as the tyrosines in the YYDxxG motif. A structural motif search for Abs witha YY
motif in CDRH3 that interacts with RBD residues 378-382 found other examples: human mAbs
CC25.36°* (Fig. 6d) and S2X259*7 (Fig. 6¢), as well as several nanobodies>®. CC25.36 was also
previously noted to use a CDRH3 YYDML motif to recognize RBD in a manner similar to
YYDxxG Abs>*. The genetic origins of the core YY features within CDRH3s vary: IGHD3-22
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for YYDxxG motif Abs, IGHD3-9 for YYDML motif Abs, and a CDRH3 random library for the
synthetic nanobodies. IMGT/V-Quest analysis®® of the M8b-C9 Vi gene segment revealed that
its YY motif derived from N region addition rather than from a D gene segment. The smallest
core motif for the above Abs could be considered to be the tyrosine (Y98vu in M8b-C9) that
interacts with the aliphatic portion of the RBD K378 sidechain in combination with adjacent
backbone hydrogen bonds to RBD residues 378-379 that extend an antiparallel 3-sheet of the
RBD. This feature was described for mAb C118%’, which contains a YT CDRH3 sequence (Fig.
6g), and the structural motif search found additional cases: Ab AB-3467%% (YS) (Fig. 6h) and Ab
N3-1°7 (YF) (Fig. 61). These comparisons provide examples in which the immune system
converges upon similar recognition motifs derived either from different Ab gene segments or
from processes such as N-region addition that occur during V-D-J recombination.

Selection reveals functional escapes

To investigate the sensitivity of the rabbit mAbs to viral escape, we conducted cell culture
selection experiments®®-? using a replication-competent recombinant vesicular stomatitis virus
(rVSV) encoding the spike protein of either SARS-2 Wuhan-Hu-1, SARS-2 BA.2, SARS-2
XBB.1.5, or SARS-1%!. For each experiment, the corresponding rVSV was allowed to replicate
in the presence of a rabbit Ab at a concentration of its 10x ICso value (Fig. 2¢) to select for
escape variants (Fig. 7). Consistent with structural results (Fig. 4a,g), M8b-A10 selected for
escape at residues within the class 4 RBD epitope of both SARS-2 and SARS-1 spike-bearing
viruses (Fig. 7a). Escape from M8b-A10 included substitutions at K378 (92.7% K378Q and
6.6% K378E in the Wuhan-Hu-1 chimeric virus), an RBD position that was identified as a key
residue of escape using DMS (Fig. 3b), and at G413 (26.6% and 29.2% G413R in the BA.2 and
XBB.1.5 contexts, respectively) and the equivalent residue in SARS-1, G400R (94.9%
substitution). Selection in the presence of the class 5 mAb M8b-B1 resulted in viruses containing
substitutions in the RBD outside of the mAb epitope, including P384L (46.6% substitution in
Wuhan-Hu-1), as well as within the epitope (E465K, 59.3% substitution in XBB.1.5 and E452G
or E452D, 97.9% substitution in SARS-1 viruses) (Fig. 7b). In contrast, DMS showed selection
by addition of PNGSs within the epitope, substitutions that have not been seen to date in viral
isolates®, perhaps because N-glycan addition in the context of a replicating virus in viral isolates
and in this selection system>®> could reduce viral fitness or infectivity. Escape from M8b-C9, a
class 1/4 mAb, led to the acquisition of a G413R substitution in SARS-2 spikes (98.7% in
Wuhan-Hu-1, 30.7% in BA.2, 98.6% in XBB.1.5) and D414V in SARS-1 (78.0%) (Fig. 7c).
These RBD residues constitute some of the more variable positions within the conserved class 4
RBD epitope (Fig. 3a). Selection of SARS-2 chimeric viruses in the presence of M8b-C10, a
class 1/3 mAb whose RBD binding footprint overlaps with that of Pemgarda (Fig. 5c), resulted
in a virus with a P499Q substitution in Wuhan-Hu-1 RBD (100%) (Fig. 7d), which was also
identified as a site of escape using DMS (Fig. 4b). Escape pathways of the BA.2-bearing virus
were more diverse, with substitutions observed at 8 positions in and around the epitope,
including residues in class 1, 3, and 4 RBD epitopes. Three substitutions observed during BA.2
selection in the presence of M8b-C10 were reversions to the Wuhan-Hu-1 sequence (A376T,
N405D, S408R), and two additional substitutions are found in variant lineages (e.g., G446S in
BA.1, XBB.1.5, KP.3; G496S in BA.1). With the exception of BA.2 selection in the presence of
MS8b-C10, all other substitutions observed in these selection experiments are seen only at low
frequencies in natural sequences (<0.03%)%.
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Discussion

Therapeutic mAbs against the SARS-2 spike were beneficial for many during the COVID-19
pandemic!®!, However, emergence of previous, and likely future, VOCs with mutations that
reduce mAb neutralizing activities against variants, along with recommendations against the use
of single mAbs therapeutically®?, provide a compelling rationale to develop processes by which
additional mAbs can be efficiently generated and identified, especially mAbs that broadly
recognize RBDs from SARS-2 VOCs and animal sarbecoviruses.

As 0f 2024, the only approved mAb for COVID-19 treatment is Pemgarda, which is authorized
for pre-exposure prophylaxis as a treatment option for immunocompromised individuals who do
not make strong responses to vaccines?’. However, given that Pemgarda’s RBD epitope spans a
region that exhibits variability (Fig. 3a, 5b), emergence of future VOCs are likely to limit its
efficacy, consistent with a report that Pemgarda exhibits diminished neutralization of KP.3.1.1, a
rapidly expanding VOC lineage*. Most therapeutic anti-SARS-2 mAbs have been isolated from
infected and/or immunized human donors®?, in whom immune responses generally focus on the
immunodominant, but variable, class 1 and class 2 RBD regions*®!11221-25 'thus usually
resulting in mAbs that are sensitive to VOC substitutions. In addition, therapeutic mAbs
developed against SARS-2 often required long development times; e.g., Pemgarda was
engineered from a mAb originally isolated from a SARS-1 patient and then affinity matured®*-4,
necessitating a multi-year process.

Here, we suggest a more directed and efficient approach to identifying cross-reactive mAbs;
namely, immunizing with mosaic-8 NPs, which we have demonstrated direct Ab responses to
more conserved RBD regions?!-*23465 and prescreening for breadth using a multiplexed binding
assay. We previously reported identification of cross-reactive mAbs elicited in mice immunized
with mosaic-8 NPs*3. Here, we report discovery of promising mAbs exhibiting broad
neutralization across animal sarbecoviruses derived from mosaic-8b—immunized rabbits. We
chose rabbits for immunization because they have diverse Ab repertoires and were previously
used for isolation of potent anti-SARS-2 spike RBD mAbs®®%’, In the current study, we used
multiplexed assays to evaluate binding to multiple antigens by IgGs secreted by individual B
cells for comparing the breadth of responses to mosaic-8b versus homotypic SARS-2 RBD-NPs,
finding broader responses for B cells from mosaic-8b— than homotypic SARS-2—immunized
animals. In a screen of only 14 mAbs, we identified M8b-B8 and M8b-C10 with epitopes that
overlap with and/or resemble Pemgarda’s (Fig. 5a-c), as well as cross-reactive class 4 (M8b-
A10) and class 1/4 (M8b-C9) mAbs (Fig. 2, 5a). A larger screen could be used to identify more
mAbs with broadly cross-reactive neutralization profiles, which could be used therapeutically in
combination. For identifying mosaic-8b—induced mAbs for therapeutic use in humans, mosaic-8b
immunization could be done in transgenic human immune repertoire mice®®, wildtype animal-
elicited mAbs could be humanized®, and/or human mAbs isolated from participants in an
upcoming mosaic-8b clinical trial funded by the Coalition for Epidemic Preparedness Initiative
(CEPI).

Our results showed that differing Ab gene segment repertoires between humans and animals did
not prevent mosaic-8b elicitation in rabbits of broadly cross-reactive Abs, including those with
recognition properties similar to human anti-RBD Abs. For example, there is no apparent rabbit
counterpart of the human D gene segment IGHD3-22, which encodes a common CDRH3
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YYDxxG motif> that recognizes a class 1/4 RBD epitope by extending an RBD B-sheet through
hydrogen bonding with an Ab CDRH3 B-strand. Yet with a relatively small screen, we found a
rabbit mAb, M8b-C9, that uses a portion of the YYDxxG motif to extend the same RBD [3-sheet
using its CDRH3. In addition, two human mAbs, C022 and C118, exhibit RBD recognition
properties resembling those of COVA1-16, yet only C022 contains the YYDxxG motif in its
CDRH3?". Thus, the immune systems of humans and other mammals can utilize different Ab
gene segments to arrive at similar modes of antigen recognition, underscoring the flexibility of
mammalian Ab repertoires and suggesting that animal models can be used for screens to identify
cross-reactive anti-RBD mAbs of potential therapeutic utility. It should also be possible to use a
multiplexed assay, as described here, to select for broadly cross-reactive Abs from mosaic-8b—
immunized humans as potential therapeutic mAbs.
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Figures and legends
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Figure 1. Rabbit memory B cells were characterized for secretion of broadly cross-reactive I1gGs.
Abbreviations. FITC: Fluorescein Isothiocyanate; TR: Texas Red; Cy5: Cyanine5; PE:
Phycoerythrin. (a) Multiplexed assay to assess IgG binding breadth. Abs secreted from
individual B cells in nanopens were captured by anti-rabbit IgG beads and detected with an anti-
rabbit IgG secondary Ab conjugated to FITC or with antigens labeled with different
fluorophores. (b) Four sequential assays for B cell screening, each of which assessed IgG
secretion (FITC) and binding to three different antigens (labeled with TR, Cy5, or PE). (c) A
field of view image from a multiplexed binding assay showing “blooms” above nanopens
containing B cells secreting IgGs with different binding properties. (d) Individual nanopens were
evaluated for antigen binding based on the presence of a bloom in fluorescent channels above the
nanopen in sequential assays. Nanopens scored as positive for broad antigen binding were
exported for cloning. (e) The percentage of IgG+ nanopens containing a single B cell that bind to
each RBD in single-cell multiplexed assays comparing B cells from rabbits immunized with
mosaic-8b RBD-NP (blue) or SARS-2 RBD-NP (mulberry). (f) The percentage of [gG+
nanopens that contain secreted IgG that recognize 1 to 11 RBDs from rabbits immunized with
mosaic-8b RBD-NP (blue) or SARS-2 RBD-NP (mulberry).
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Figure 2. mAbs isolated from rabbits immunized with mosaic-8b exhibit broad recognition
against SARS-2 and other sarbecoviruses.

(a) ELISAs to assess breadth of RBD binding of mAbs isolated from rabbits immunized with
mosaic-8b RBD-NPs. (b) Competition ELISAs used to identify mAb epitopes. Immobilized Fab
was used to capture SARS-2 RBD, IgGs indicated at the bottom were added, and Fc was
detected. White: high luminescence signal indicating IgG binding does not compete with the
Fab. Red: low signal indicating reduced binding consistent with competition. The RBD epitope
class for each mAbD is shown based on structural analysis (Structure) or competition ELISA
(Competition). (c) Neutralization of rabbit mAbs against a panel of 12 pseudoviruses including
SARS-2 D614G, five SARS-2 VOCs, three non-SARS-2 sarbecoviruses, and two pseudoviruses
with chimeric spikes (BtKY72 or Khosta-2 RBD plus remainder of the SARS-1 spike).
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Figure 3. DMS of rabbit mAbs reveals RBD epitopes.

(a) Sequence conservation of 16 sarbecovirus RBDs calculated using ConSurf’ and plotted on a
surface representation of SARS-2 RBD (PDB 7BZ5). Epitopes for anti-RBD class 1, 2, 3, 4, 1/4,
and 5 Ab epitopes?>27-2%30 are outlined in dots in different colors using information from
representative structures of mAbs bound to SARS-2 spike or RBD (C102: PDB 7K8M; C002:
PDB 7K8T, S309: PDB 7JX3; CR3022: PDB 7LOP; C118: PDB 7RKV; WRAIR-2063: PDB
8EOO). (b) Results for experiments involving SARS-2 Beta yeast libraries. Left: Logo plot with
RBD residue number (x-axis) and a stack of letters at RBD positions indicating amino acid
substitutions that result in escape. The height of each letter indicates the degree of contribution
for escape resulting from a particular substitution. The height of a stack of letters indicates the
overall site-wise escape metric (as defined in ref.’"). Letters are colored based on RBD epitope
class as indicated in panel a. Right: The overall site-total escape (as defined in ref.’") mapped to
the surface of a SARS-2 RBD (PDB 6M01J), with white indicating no escape and red indicating
escape. Lines with colored numbers according to epitope class indicate RBD positions with the
most escape.
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Figure 4. Rabbit mAbs recognize various epitopes on SARS-2 RBDs.

(a-d) Side and top-down views of EM densities of cryo-EM structures of Fab-spike complexes
(Vu-VL densities shown for each Fab) for (a) M8b-A10, (b) M8b-B8, (¢) M8b-C9, and (d) M8b-
C10. (e) Crystal structure of a M8b-B1 Fab-RBD complex. (f) Epitopes of representative human
mAbs from five anti-RBD Ab classes outlined in colored dots using structural information
(C102: PDB 7K8M; C002: PDB 7K8T, S309: PDB 7JX3; CR3022: PDB 7LOP; C118: PDB
7RKV; WRAIR-2063: PDB 8EOOQ). (g-k) Rabbit mAb epitopes with interacting CDRs on a
surface representation of SARS-2 RBD (gray) shown as footprints for the indicated Vy and Vi
domains for epitopes with superimposed CDR loops for those CDRs that contact the RBD.
CDRs were assigned using Kabat definitions’.
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Figure 5. Rabbit and human mAbs recognize similar epitopes.

(a,b) Vu-VL domains of mAbs (cartoon representations) (rabbit, panel a; human, panel b)
complexed with SARS-2 RBD (surface representations). Human anti-RBD mAbs (C118: PDB
7RKYV; S2X259: PDB 7TM7W; Pemgarda (Pemivibart/ADG20): PDB 7U2D; Bebtelovimab (LY-
CoV1404): PDB 7TMMO; WRAIR-2063: PDB 8EOO ) with similar epitopes are shown below
each rabbit mAb-RBD complex. (c) Comparisons of RBD epitopes of selected rabbit mAbs with
Pemgarda. RBD epitope residues (determined by PDBePISA™) shown as sticks. (d) Comparison
of RBD recognition by rabbit mAbs and Pemgarda. The position of RBD residue Q493, which is
substituted in recent VOCs that show resistance to Pemgarda®, is highlighted in dark red.
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Figure 6. Comparisons of YYDxxG-, YY-, and Y-containing CDRH3 loops in class 1/4 anti-
RBD mAbs.

Vu-VL—RBD complexes (cartoon diagrams) shown for indicated mAbs with zoomed-in insets
(yellow shading) showing interactions between mAb CDRH3 loops and RBD as sticks,
mainchain hydrogen bonds between a CDRH3 and RBD residues 377-380 as yellow dots, and
the sidechains of YY and Y residues within CDRH3 motifs in yellow ball-and-stick
representation. RBD (gray) complexes shown for (a) COVA1-16 (PDB 7S5R), (b) C022 (PDB
7RKU), (c¢) ADI-62113 (PDB 7T7B), (d) CC25.36 (PDB 8SIQ), (e) S2X259 (PDB 7M7W), (f)
M8b-C9, (g) C118 (PDB 7RKYV), (h) AB-3467 (PDB 7MSQ), and (i) N3-1 (PDB 8TM1). mAb-
RBD figures are grouped into YYDxxG, YY, and Y motifs, with names of residues in CDRH3
motifs in red.
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Figure 7. Selection experiments reveal functional escapes.

Positions of residues (highlighted in red on RBD surfaces) in SARS-2 and SARS-1 RBD that
were substituted following passage of rVSVs encoding the spike proteins of SARS-2 Wuhan-Hu-
1, Omicron BA.2, Omicron XBB.1.5, or SARS-1 with (a) M8b-A10, (b) M8b-B1, (c) M8b-C9,
or (d) M8b-C10. Residue names are labeled in colors according to RBD epitope class. Epitopes
for these mAbs are outlined in dots colored according to epitope class.
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Extended Data Fig. 1. Experimental design for isolation of rabbit mAbs.

(a) Construction of mosaic-8b and homotypic SARS-2 RBD-NPs. Schematic of preparation of
mosaic-8b and homotypic SARS-2 RBD-NPs. RBD-NP models were constructed with
coordinates of an RBD (PDB 7BZ5), SpyCatcher (PDB 4MLI), and an i3-01 NP (PDB 7B3Y).
(b) Hypothesis for preferential elicitation of cross-reactive Abs by mosaic-8b RBD-NPs versus
homotypic SARS-2 RBD-NPs. Left: Both Fab arms of a membrane-bound B cell receptor
recognizing a strain-specific variable epitope (yellow triangle) can bind to yellow antigens
attached to a homotypic RBD-NP. Middle: Only one Fab arm of a B cell receptor recognizing a
strain-specific variable epitope (yellow triangle) on a yellow antigen can bind to a mosaic NP
when adjacent antigens are different. Right: Both Fab arms of a cross-reactive B cell receptor
recognizing a conserved epitope (blue circles) can bind to adjacent antigens on a mosaic NP. (c)
Anti-SC003 E1 mAb (left) and anti-mi3 A3 mAb (right) ELISAs of binding to components of
NPs (soluble SpyCatcher003, unconjugated SpyCatcher-003 mi3 NPs, RBD-conjugated NPs,
mi3, soluble RBD). Anti-SC003 E1 mAb recognizes SpyCatcher003 either as a soluble protein,
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attached to mi3 NPs, or on RBD-conjugated NPs. Anti-mi3 A3 mAb recognizes mi3 with and
without SpyCatcher and RBD-conjugated NPs. Data are presented as the average of four
replicates with error bars representing the standard deviation. (d) ELISAs of 8 anti-RBD mAbs
show strain-specific binding to the RBDs present on mosaic-8b RBD-NPs. Data are presented as
the average of two replicates with error bars representing the standard deviation. (e) Sandwich
ELISA in which mosaic-8 RBD-NPs, each of the 8 homotypic RBD-NPs, and unconjugated
SC003-mi3 NPs were captured on an ELISA plate by anti-SC003 E1 (left) or anti-mi3 A3 (right)
and detected by strain-specific anti-RBD mAbs. High binding (red) indicates that the RBD
corresponding to the mAb is present on the NPs. Low binding (white) indicates the RBD is
absent. The human mAb C118 recognizes all 8 RBDs present on the mosaic-8b RBD-NPs?’. (f)
Schematic of immunization regimen. Rabbits received RBD-NP prime and boost immunizations
at days 0 and 28. Sera and PBMCs were collected at indicated days. Rabbit clipart from
vecteezy.com.
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Extended Data Fig. 2. Sequence alignment and identity of VH and VL gene segments from
cloned rabbit mAbs. (a,b) Amino acid sequence alignment of 14 rabbit (a) VH and (b) VL gene
segments. CDRs (boxed) were identified using IMGT/HighV-Quest*. (¢) Gene segment usage
and CDR lengths were determined for rabbit mAbs using IMGT/HighV-Quest™. (d,e) Matrix of
percent amino acid identity between rabbit (d) VH and (e) VL gene segments.
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Extended Data Fig. 3. Comparison of ELISA data from recombinantly expressed mAbs and
binding data from Beacon multiplexed assays. For each mAb listed at the bottom, ELISA
binding is depicted in the column on the left by a color gradient from blue (no binding) to coral
(strong binding) for each RBD based on ECsg values, and Beacon assay binding is depicted in
the column on the right as binding (coral) or no binding (blue) based on detection of a bloom in
the multiplexed assays for the indicated RBD. The Beacon multiplexed assays were validated by
ELISAs of mAbs, with exceptions including nanopens that contained two cells rather than a
single cell (M8b-C8), nanopens in which the signal could retrospectively be assigned to a cell in
a neighboring nanopen (M8b-C7), or cells that appear to have died during the assays (M8b-B12).
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Extended Data Fig. 4. Single-particle cryo-EM processing for SARS-2 spike—-mAb complexes.
Representative micrographs, workflows for single-particle data processing, and Fourier Shell
Correlation plots for final reconstructions are shown for SARS-2 Wuhan-Hu-1 spike complexed
with (a) M8b-A10, (b) M8b-BS, (c) M8b-C9, and (d) M8b-C10.
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Extended Data Fig. 5. Rabbit mAb recognition of SARS-2 RBD. Interactions are shown between
the SARS-2 RBD and RBD-contacting CDRs of (a) M8b-A10, (b) M8b-B8, (c) M8b-C9, (d)
MS8b-C10, and (e) M8b-B1. RBD residue Q493 is highlighted in yellow in the panel b inset. (f)
Modeling of the M8b-B1-RBD structure onto a SARS-2 spike trimer with all “up” RBDs (PDB
7SC1). SARS-2 spike is shown in surface representation with yellow RBDs and purple N-
terminal domains (NTDs). The RBD portion of the M8bB1-RBD coordinates (cartoon
representation; green M8b-B1 Fab, yellow RBD) was aligned on the RBDs of the spike trimer
structure. Steric clashes between the M8b-B1 Fab and the spike NTD are highlighted as red
bursts.
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Extended Data Fig. 6. Epitope classifications of M8b-B8 and M8b-C10. (a) Vu-VL domains of
representative mAbs recognizing previously-defined RBD epitopes®>?%3°: C102: PDB 7K8M;
C002: PDB 7K8T, S309: PDB 7JX3; CR3022: PDB 7LOP; WRAIR-2063: PDB 8EOQO. (b)
Overlap of the binding footprints of M8b-B8 (purple RBD residues), C102 (class 1, red dotted
outline), CO02 (class 2, green dotted outline), and CR3022 (class 4, orange dotted outline). (c)
The M8b-BS8 epitope (light purple) primarily overlaps with the class 1 RBD epitope (exemplified
by C102; red dotted line). Two residues within the M8b-B8 epitope (Y453 and Y489) overlap
with the class 2 RBD epitope (exemplified by C002; green dotted line), and one residue (Y408)
overlaps with the class 4 RBD epitope (exemplified by CR3022; orange dotted line). (d)
Composite model showing that binding of M8b-B8 could sterically interfere with the binding of
the class 2 mAb C002, the class 3 mAb C110, and the class 4 mAb CR3022. (e) The epitope of
MS8b-C10 (orange) primarily overlaps with the class 1 RBD epitope (exemplified by C102; red
dotted lines) and the class 3 RBD epitope (exemplified by S309; magenta dotted line).
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Extended Data Table 1. Vi and VL sequences of anti-NP and strain-specific anti-RBD mAbs.

mAbName

anti-SC003 E11gG

anti-mi3A31gG

Beta-331gG

anti-Pang17 1gG

anti-Rf14221gG

anti-Rf1425 1gG

anti-Rf14281gG

anti-RmYN02 1gG

anti-Rs40811gG

anti-SCH0141gG

anti-RaTG13F1

M8a-71g6

VH/VL Origin VH nucleotide sequence

Rabbit

Human

Human

Human

Human

Human

Human

Human

Human

Human

Rabbit

Mouse

CAGCAGCTGGAGCAGTCCGAGGGAGACCTGGTCAAGCCTGGGGCATCCCTGACACTCTCCTGCAA
AGCCTCTGGATTCTCCTICAGTGGCAATGTTATGTGCTGGGTCCGCCAGGCTCCAGGGAAGGGGCT
GGAGTGGATCGGATGCATTTATATTGTTGATGGCAAGACTTACTACGCGAGCTY TGAAT( CGATT

VH amino acid sequence

QQLEQSEGDLVKPGASLTLSCKASGFSFSGNVMCWVRQAPG

CACCATCTCCAAAACCTCGTCGACCACGGTGACTCTGCAAATGACCAGTCTGACAGCCGCGGACAC
GGCCACCTATTTCTGTGC TIATGCTGGTT! TCTITGACGAGTT
TAATTTGTGGGGCCCCGGCACCCCGGTCACCGTCTCCTCA

CAGCAGCTGGAGCAGTCCGGGGGAGGCCTGGTCCAGCCTGAGGGATCCCTGACACTCACCTGCA

GGCCGATTCACCATCTCCAGAACCTCGTCGACCACGGTGACTCTGCAAATGACCAGTTTGACAGCC
GCGGACACGGCCACCTATTTCTGTGCGAGAGATCTCTATTATAATGTTGGTAACTATGGGGGCTIGTGG
GGCCCAGGCACCCTGGTCACCGTCTCCTCA

GAAGTGCAGCTGGTTCAGTCTGGCGCCGAAGTGAAGAAGCCTGGCGAGAGCCTGAAGATCAGCTG

GCCTCTGACAGCGCCATGTACTACTGCGCCAGATCTAGAGTGGGAGCCACCGGCGGCTACTACGA
CTACTACATGGATGTGTGGGGCCAGGGCACCACCGTGACAGTITCTICT

CAGGTGCAATTGGTGCAGAGCGGTGCCGAAGTGAAAAAACCGGGCAGCAGCGTGAAAGTTAGCTGC
AAMAGCATCCGGAGGGACGTTTAACGACTACGCTATGTCTIGGGTGCGCCAGGCCCCTGGACAGGG
CCTCGAGTGGATGGGCGGTATCATCCCGAAATTCGGCACTGCGTACTACGCCCAGAAATTTCAGGG
CCGGGTGACCATTACCGCCGATGAAAGCACCAGCACCGCCTATATGGAACTGAGCAGCCTGCGCA
GCGAAGATACGGCCGTGTATTATTGCGCGCGTGGTCCGGCTGTIGGTTACCCGTCTAACATCTACTA
CGAATACCCGTACGATGTTTGGGGCCAAGGCACCCTGGTGACTGTTAGCTCA

GAAGTGCAATTGCTGGAAAGCGGCGGTGGCCTGGTGCAGCCGGGTGGCAGCCTGCGTCTGAGCT
GCGCGGCGTCCGGATTCACCTITTICTTICTGCTGCTATGCATTGGGTGCGCCAGGCCCCGGGCAAA
GGTCTCGAGTGGGTTTCCTCTATCTCTTACTACGGTTCTTCTACCGACTATGCGGATAGCGTGAAAGGC
CGCTITACCATCAGCCGCGATAATTC GAAAAACACCCTGTATCTGCAATGAACAGCCTGCGTGCGGA
AGATACGGCCGTGTATTATTGCGCGCGTAACTTCCCGGGTTACGGTGCTTACTACATGGATTACTGGG
GCCAAGGCACCCTGGTGACTGTTAGCTCA
CAGGTGCAATTGGTGCAGAGCGGTGCCGAAGTGAAMAAACCGGGCAGCAGCGTGAAGTTAGCTGC
AAAGCATCCGGAGGGACGTTTTCTGACTACGCTATCTCTIGGGTGCGCCAGGCCCCTGGACAGGGC
CTCGAGTGGATGGGCCGTATCTACCCGATCTICGGCACTGCGAACTACGCCCAGARATTTCAGGGC
CGGGTGACCATTACCGCCGATGAAAGCACCAGCACCGCCTATATGGAACTGAGCAGCCTGCGCAG
CGAAGATACGGCCGTGTATTATTGCGCGCGTGAACAGTACTACTCTTCTTICTATCGGTTTCGATTACTG
GGGCCAAGGCACCCTGGTGACTGTTAGCTCA

CAGGTGCAATTGGTGCAGAGCGGTGCCGAAGTGAAAAAACCGGGCAGCAGCGTGAAAGTTAGCTGC
AAAGCATCCGGAGGGACGTTTTCTICTTACGCTATCTCTIGGGTGCGCCAGGCCCCTGGACAGGGC
CTCGAGTGGATGGGCGGTATCGTTCCGATCTTCGGCGCTGCGACTTACGCCCAGAAATTTCAGGGC
CGGGTGACCATTACCGCCGATGAAAGCACCAGCACCGCCTATATGGAACTGAGCAGCCTGCGCAG
CGAAGATACGGCCGTGTATTATIGCGCGCGTGACCTGCATTACTACGCTATCGATGTITGGGGCCAAG
GCACCCTGGTGACTGTTAGCTCA
CAGGTGCAATTGGTGCAGAGCGGTGCCGAAGTGAAAAAACCGGGCAGCAGCGTGAAAGTTAGCTGC
AAAGCATCCGGAGGGACGTTTAACTCTTACTCTATCTCTIGGGTGCGCCAGGCCCCTGGACAGGGC
CTCGAGTGGATGGGCGGTATCATCCCGATCTTCGGCACTGCGAACTACGCCCAGAAATTTCAGGGC
CGGGTGACCATTACCGCCGATGAMGCACCAGCACCGCCTATATGGAACTGAGCAGCCTGCGCAG
CGAAGATACGGCCGTGTATTATTGCGCGCGTGACCTGGTIGACAACGCTGTTTCTATGTACCCGCTG
GATCCGTGGGGCCAAGGCACCCTGGTGACTGTTAGCTCA
GAAGTGCAATTGGTGGAAAGCGGCGGTGGCCTGGTGAAMCCAGGCGGCAGCCTGCGCCTGAGCT
GCGCCGCCTCCGGATTCACCTTTAACTCTTACGCTCTGCATTGGGTGCGCCAGGCCCCGGGCAAA

AAAACCGAAGATACGGCCGTGTATTATIGCGCGCGTGGTGGTCTGTACGACTACTACTACGACTACTT
CGATTACTGGGGCCAAGGCACCCTGGTGACTGTTAGCTCA

CAGGTGCAATTGGTGCAGAGCGGTGCCGAAGTGAAAAAACCGGGCAGCAGCGTGAAAGTTAGCTGC
AAAGCATCCGGAGGGACGTTTTCTTCTTACGCTATCTCTIGGGTGCGCCAGGCCCCTGGACAGGGC
CTCGAGTGGATGGGCGGTATCATCCCGGTTTTCGGCGAAGCGAACTACGCCCAGAAATTTCAGGGC
CGGGTGACCATTACCGCCGATGAAAGCACCAGCACCGCCTATATGGAACTGAGCAGCCTGCGCAG
CGAAGATACGGCCGTGTATTATIGCGCGC TICTGGGGCCAAGGCACCCT
GGTGACTGTTAGCTCA
CAGCAGCTGGAGCAGTCCGGGGGAGGCCTGGTCCAGCCTGAGGGATCCCTGACACTCACCTGCA
CAGTCTCTGGATTCTCGTGGAAGTACGATTACATGTGCTGGGTCCGCCAGGCTCCAGGGAAGGGGC

GTATGTATT ACATGGTACGCGAGCTGGGTGAATGGCCGAT
TCACCATTTCCAAAACCTCGTCGACCACGGTGACTCTGCAAATGGCTAGTCTGACAGTCGCGGACAC
GGCCACCTATTTCTGTGCGAGAGCCGATACTGGTGCTGGTGGTTACCCGTITAACTIGTGGGGCCCA
GGCACCCTGGTCACCGTCTCCTCA

CAGGCTTACCTGCAGCAGTCTGGCGCTGAAATGGTTICGACCTGGCGCCTCCGTGAAGATGAGCTGT

CGAGGACAGCGCCGTGTACTTTTGTGCCAGAAGCCTGGGCCGCTACTACGCCATGGATTATIGGGG
CCAGGGCACCAGCGTGACCGTTTCT

KGLEWIGCIYIVDGKTY
ADTATYFCARGTYAGYGGGGDLFDEFNLWGPGTPVTVSS

QQLEQSGGGLVQPEGSLTLTCKASGIDFSSYYYMCWVRQAP
GKGLELIGCINTGGNGATYYASWAKGRFTISRTSSTTVILQMTS

LTAADTATYFCARDLYYNVGNYGGLWGPGTLVTVSS

EVQLVQ KISC Ywi

TISKTSSTTVILQMTSLTA

RQMPG

KGLEWMGIIYPGDSGTRYSPSFQGQVTISADKSIRTAYLQWSS
LKASDSAMYYCARSRVGATGGYYDYYMDVWGQGTIVIVSS

QVQLVQ! YAMSWVRQAP

GQGLI YYAQKFQGRVTITAL YMEI
SLRSEDTAVYYCARGPAVGYPSNIYYEYPYDVWGQGTL\

v

SS

EVQLLESGGGLVQPGGSLRLSCAASGFTFSSAAMHWVRQAP
GKGLEWVSSISYYGSSTDYADSVKGRFTISRDNSKNTLYLQMN

SLRAEDTAVYYCARNFPGYGAYYMDYWGQGTLVTVSS

QVQLVQSGAEVKKPGSSVKVSCKASGGTFSDYAISWVRQAPG

QGLEWMGRIYPIFGTANYAQKFQGRVTITADESTSTAYMELSSL

RSEDTAVYYCAREQYYSSSIGFDYWGQGTLVIVSS

QVQLVQ! QAPG

QGLE \TYAQKFQGRVTITAD
RSEDTAVYYCARDLHYYAIDVWGQGTLVIVSS
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QVQLVQSGAEVKKPGSSVKVSCKASGGTFNSYSISWVRQAPG
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LRSEDTAVYYCARMGWWDFWGQGTLVIVSS
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QQLEQSGGGLVQPEGSLTLTCTVSGFSWKYDYMCWVRQAP
GKGLEWIVCIYGDSGSTWYASWVNGRFTISKTSSTIVILQMAS

LTVADTATYFCARADTGAGGYPFNLWGPGTLVIVSS

KASGYTFNN

3
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IDDTAYSQKFKGKATLTVD!
LSSLTSEDSAVYFCARSLGRYYAMDYWGQGTSVIVS

VL nucleotide sequence
GCCCTIGTGATGACCCAGACTCCAGCCTCCGTGTCTGAACCTGTGGGAGGCACAGTCA

GGAGTGTGCCGATGCTGCCACTTACTACTGTCAAAGCAATTTTGGTGGTACTAGTATGAGT
TATTATTTCGGCGGATGGACCGAGGTGGTGGTCAAACGT

GCCCTIGTGATGACCCAGACTCCAGCCTCCGTGTCTGCCGCTGTGGGAGGCACAGTC

TGGAGTGTGCCGATGCTGCCACTTACTACTGTCAACAGGGTTGGAATATTGATGGGGTTG
ATAATGTTTTCGGCGGAGGGACCGAGGTGGTGGTCAAA
CAGTCTGTGCTGACACAGCCTCCATCTGCCTCTGGCACACCTGGCCAGAGAGTGACCA
TCAGCTGTAGCGGCAGCAGCAGCAATCTCGGCGGCAACACCGTGAACTGGTATCAGCA

GGACTGCAGAGCGAGGACGAGGCCGACTATTATTIGTGCCGCCTGGGACGACAGCCTG
AACGGCCCTGTTTTTGGCACCGGCACCAAAGTGACAGTGCTG

GATATCCAGATGACCCAGAGCCCGAGCAGCCTGAGCGCCAGCGTGGGCGATCGCGT

CCGAGCCGCTITAGCGGCAGCGGATCCGGCACCGATITCACCCTGACCATTAGCTCT
CTGCAACCGGAAGACTTTGCGACCTATTATTGCCATCAGTACTACTCTACTCCGCCGACC
TITGGCCAGGGCACGAAAGTTGAAATTAAA
GATATCCAGATGACCCAGAGCCCGAGCAGCCTGAGCGCCAGCGTGGGCGATCGCGT
GACCATTACCTGCAGAGCCAGCCAGTCTATTGGTGACTACCTGAACTGGTACCAGCAGA
AACCGGGCAAAGCGCCGAAACTATTAATCTACGCTGCTTCTICTCTGCAAAGCGGCGTG
CCGAGCCGCTITAGCGGCAGCGGATCCGGCACCGATTTCACCCTGACCATTAGCTCT
CTGCAACCGGAAGACTTTGCGACCTATTATTGCCAGCAGGCTTACTTCACTCCGCTGAC
CTITGGCCAGGGCACGAAAGTTGAAATTAAA
GATATCGAACTGACCCAGCCGCCGAGCGTGAGCGTGAGCCCGGGCCAGACAGCTAG
CATTACCTGTAGCGGCGATAAAATCCCGAAAAAAGCTGTTCATTGGTACCAGCAGAAACC
GGGCCAGGCGCCGGTGCTGGTGATCTACGACGACAACGACCGTCCGAGCGGCATCC
CGGAACGTTTTAGCGGATCCAACAGCGGCAACACCGCGACCCTGACCATTAGCGGCA
CCCAGGCGGAAGACGAAGCGGATTATTACTGCGCTTCTTGGGACCTGGGTTICTTACGTG
TITGGCGGCGGCACGAAGTTAACCGTTCTT
GATATCCAGATGACCCAGAGCCCGAGCAGCCTGAGCGCCAGCGTGGGCGATCGCGT
GACCATTACCTGCAGAGCCAGCCAGGACATTATCACTTACCTGGCTTGGTACCAGCAGA
AACCGGGCAAAGCGCCGAAACTATTAATCTACGCTGCTTCTACTCTGCAAAGCGGCGTG
CCGAGCCGCTITAGCGGCAGCGGATCCGGCACCGATITCACCCTGACCATTAGCTCT
CTGCAACCGGAAGACTTTGCGACCTATTATIGCCAGCAGTACGACCAGGGTCCGATCAC
CTITGGCCAGGGCACGAAAGTTGAAATTAAA
GATATCCAGATGACCCAGAGCCCGAGCAGCCTGAGCGCCAGCGTGGGCGATCGCGT
GACCATTACCTGCAGAGCCAGCCAGGACATTCGTAACTACCTGGCTTGGTACCAGCAGA
AACCGGGCAAAGCGCCGAAACTATTAATCTACGACGCTTCTAACCTGCAAAGCGGCGTG
CCGAGCCGCTITAGCGGCAGCGGATCCGGCACCGATTTCACCCTGACCATTAGCTCT
CTGCAACCGGAAGACTTTGCGACCTATTATTGCCAGCAGTACGGTGCTACTTCTTACACC
TITGGCCAGGGCACGAAAGTTGAAATCAAA
GATATCGTGCTGACCCAGCCGCCGAGCGTGAGCGGTGCACCGGGACAGCGAGTGAC
CATTAGCTGTAGCGGCAGCAGCAGCAACATTGGTATCAACACTGTGAACTGGTACCAGC

CCGGCCTGCAAGCAGAAGACGAAGCGGATTATTACTGCTCTTCTACTGCTGAACTGGAC
TCTGGTIGGGTGTITGGCGGCGGCACGAAGTTAACCGTTICTT

GATATCGAACTGACCCAGCCACCGAGCGTGAGCGTGAGCCCGGGCCAGACCGCGAG

CCCAGGCGGAAGACGAAGCGGATTATTACTGCCAGTCTIGGACTIGGTCTIGGCTGTCTT
ACGTGTITGGCGGCGGCACGAAGTTAACCGTTCTT

GCCCTIGTGATGACCCAGACTCCAGCCTCCGTGTCTGAACCTGTGGGAGGCACAGTCA

GTGGGCCGATGCTGCCACTTATTACTGTCAGGGCGGTGCGE CATGATGTIGGTTT
CGGCGGAGGGACCGAGGTGGTGGTCAMCGT

GACATCGTGCTGACACAGAGCCCTGCTICTCTGGCCGTGTCTCTGGGACAGAGAGCCA

GAACATTCACCCCATGGAAGAGGACGACCCCGCCATGTACTITIGCCAGCAGAGCAAA
GAGGTGCCCTACACCTITGGCGGAGGCACCAAGCTGGAAATCAAG

VL amino acid sequence

ALVMTQTPASVSEPVGGTVTVKC QASENIYSNLAWYQQKPGQPPKLLIYKAST
TLTISDLECADAATYYCQ!

LAS( YFGGW
TEVWKR
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@
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EIK
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EIK

DIELTQPPSVSVSPGQTASITCSGDKIPKKAVHWYQQKPGQAPVLVIYDDND
RPSGIPERFSGSNSGNTATLTISGTQAEDEADYYCASWDLGSYVFGGGTKL
L

2

DIQMTQSPSSLSASVGDRVTITCRASQDIITYLAWYQQKPGKAPKLLIYAASTL
QSGVPSRFSGSGSGTDFTLTISSLQPEDFATYYCQQYDQGPITFGQGTKVE!
K
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Extended Data Table 2. Cryo-EM data collection, refinement and validation statistics

M8b-A10 in
complex with
SARS-2 spike

M&8b-B8 in
complex with
SARS-2 spike

M8b-C9 in
complex with
SARS-2 spike

M8b-C10 in
complex with
SARS-2 spike

(EMDB 48347) (EMDB 48348) (EMDB 48349) (EMDB 48350)
(PDB 9ML4) (PDB 9MLY5) (PDB 9ML6) (PDB 9ML7)

Data collection and processing
Magnification 105,000x 45,000x 105,000x 105,000x
Voltage (kV) 300 200 300 300
Electron exposure (e—/A?) 60 60 60 60
Defocus range (um) -1to-3 -1to-3 -1to-3 -1to-3
Pixel size (A) 0.832 0.869 0.832 0.832
Symmetry imposed Cl Cl Cl Cl
Initial particle images (no.) 950,884 576,218 1,159,077 1,663,789
Final particle images (no.) 134,713 148,375 132,671 165,304
Map resolution (A) 3.3 34 3.5 3.2

FSC threshold 0.143 0.143 0.143 0.143
Refinement
Initial model used (PDB code)  7UZD, 7SC1 7UZD, 7SC1 7UZD, 7SC1 7UZD, 7SC1
Model composition

Non-hydrogen atoms 29,480 27,822 29,751 25,846

Protein residues 3,717 3,491 3,750 3,259

Ligands 58 49 45 35
B factors (A?)

Protein 167.3 125.0 90.0 124.5

Ligand 145.1 120.0 97.2 128.3
R.m.s. deviations

Bond lengths (A) 0.003 0.003 0.003 0.004

Bond angles (°) 0.603 0.575 0.610 0.630
Validation

MolProbity score 1.7 1.8 1.9 2.1

Clashscore 8.3 7.1 9.7 10.4

Poor rotamers (%) 1.2 1.4 1.7 2.5
Ramachandran plot

Favored (%) 96.7 96.2 96.9 96.3

Allowed (%) 3.3 3.8 3.1 3.7

Disallowed (%) 0 0 0 0
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Extended Data Table 3. X-ray Data collection and refinement statistics

M&8b-B1 Fab in complex
with SARS-2 RBD

M8b-C9 Fab in complex
with SARS-2 RBD

(PDB 9MLS) (PDB 9ML9)
Data collection
Space group C2 C2
Cell dimensions
a, b, c(A) 175.1,173.4, 129.9 108.2, 127.2,75.4
o, B,y (® 90, 116.6, 90 90, 127.7, 90
Resolution (A) 2.40-39.14 (2.40 - 2.44) 2.59-37.99 (2.59 - 2.71)
Rumerge 0.172 (0.989) 0.082 (0.983)
1/ol 7.3 (2.3) 11.7 (1.7)
Completeness (%) 98.5 (99.1) 98.5 (94.5)
Redundancy 7.2(7.4) 7.2 (7.1)
Refinement
Resolution (A) 24 2.6
No. reflections 132,912 24,650
Ruwork / Riree 0.223/0.247 0.226/0.257
No. atoms 20,452 4,967
Protein 19,550 4916
Ligand/ion 147 30
Water 755 23
B-factors (A?) 55.2 73.9
Protein 55.4 73.9
Ligand/ion 93.2 91.8
Water 43.6 61.0
R.m.s. deviations
Bond lengths (A) 0.002 0.003
Bond angles (°) 0.54 0.55

*Values in parentheses are for highest-resolution shell.
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Methods

Mammalian cell lines

HEK293T (pseudovirus production) and HEK293T-hACE2 cells (pseudovirus neutralization
assays) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS, Bio-Techne) and 1% Penicillin/Streptomycin
(Gibco) and 1% L-Glutamine (Gibco). HEK-293T cells expressing high levels of hACE2 (kindly
provided by Kenneth Matreyek, Case Western Reserve University), used for SHC014
pseudovirus neutralization assays, were cultured in DMEM supplemented with 10% heat-
inactivated FBS (Bio-Techne), 1% Penicillin/Streptomycin (Gibco), 1% L-Glutamine (Gibco),
0.75 pg/mL puromycin dihydrochloride (Research Products International) and 2 pg/mL
doxycycline hydrochloride (Thermo Fisher Scientific). HEK293T/ACE2cl.22 cells*! (in vitro
selection experiments) were cultured in DMEM supplemented with 10% FBS and 10 pg/mL
gentamicin. Cell lines were cultured at 37 °C and 5% COa.

Expi293F cells for protein expression were maintained in Expi293 expression medium (Thermo
Fisher Scientific). Transfections were performed using the Expi293 Expression System Kit and
maintained under shaking at 130 rpm at 37 °C and 8% COa.

RBD expression and production of RBD-NPs

SpyTag003**-tagged RBDs for conjugation and Avi-tagged RBDs for Beacon assays and
ELISAs were expressed by transient transfection in Expi293F cells and purified as previously
described??**. Briefly, mammalian expression vectors encoding the RBDs of SARS-2 Beta
(GenBank QUT64557.1), RaTG13-CoV (GenBank QHR63300), SHC014-CoV (GenBank
KC881005), Rs4081-CoV (GenBank KY417143), pangolin17-CoV (GenBank QIA48632),
RmYNO02-CoV (GSAID EPI ISL 412977), Rf1-CoV (GenBank DQ412042), W1V1-CoV
(GenBank KF367457), SARS-2 Wuhan-Hu-1 (GenBank MN985325.1), SARS-2 Omicron BA.1
(GenBank UF069278.1), SARS-2 Omicron BA.4/BA.5 (GenBank UPP14409.1), SARS-2
Omicron BA.5-S874, SARS-2 Omicron XBB.1(EPI ISL 15031899), SARS-2 Omicron XBB.1.5
(GenBank UZG29433.1), SARS-2 Omicron JN.1 (GenBank OR816965.1), SARS-2 Omicron
KP.3 (EPI_SET 240529sa), RsSTT200-CoV (EPI ISL 852605), SARS-1 (GenBank
AAP13441.1), Yunl1-CoV (GenBank JX993988), BtkY72-CoV (GenBank KY352407),
Khosta-2-CoV (QVN46569.1), or BM-4831-CoV (GenBank NC014470) with the appropriate
tag were used for transfection as described*?**. Genes for RBDs used for Beacon assays were
co-expressed with a plasmid encoding an ER-directed BirA enzyme for in vivo biotinylation
(kind gift of Michael Anaya, Caltech) using a 1:1 RBD to BirA plasmid ratio for transfections.
Biotinylation was confirmed using a gel shift assay with streptavidin. RBDs were purified from
transiently-transfected Expi293F supernatants by Ni-NTA and size-exclusion chromatography
(SEC) and stored at 4°C or -80°C after flash freezing in liquid nitrogen*’.

A soluble SARS-2 Wuhan-Hu-1 spike trimer with 6P stabilizing mutations** was expressed and
purified?? for structural studies. Human IgG mAbs and human ACE-2 fused to human IgG Fc
(hACE2-Fc)*” were expressed and purified as described?>?’. SpyCatcher003-mi3 NPs*® were
produced in B. subtilis (Ingenza, LTD) and purified as described?!.
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RBD-NPs were generated by incubating SpyCatcher003-mi3 with a 2-fold molar excess (RBD to
mi3 subunit) of SpyTagged RBD (either a single RBD for homotypic RBD-NPs or an equimolar
mixture of eight RBDs for mosaic-8b RBD-NPs) overnight at room temperature in Tris-buffered
saline (TBS). Conjugated RBD-NPs were separated from free RBDs by SEC as described?2.
Concentrations of conjugated RBD-NPs are reported based on RBD content determined using a
Bio-Rad Protein Assay.

mADbs for characterization assays

Rabbit mAbs that bind to SpyCatcher (anti-SC003 E1) and mi3 (anti-mi3 A3) were identified
from memory B cells from rabbits immunized with mosaic-8b or homotypic RBD-NPs,
respectively. Activated PBMCs were loaded on a Beacon chip and assayed for binding to
SpyCatcher and mi3. Candidate IgG-secreting B cells were exported and VH and VL gene
segments were cloned into expression vectors encoding human constant domains.

Human mAbs that bind to Pang17, SHC014, Rs4081, Rfl, or RmYNO02 RBD but not any of the
other seven RBDs on mosaic-8b RBD-NPs (anti-Pang17, anti-SHCO014, anti-Rs4081, Anti-Rf1
422, Anti-Rfl 425, Anti-Rf1 428, anti-RmYNO02) were identified via contract by Biorad using
their HuCAL technology with a positive selection and multiple negative selection strategy
(Biorad). gBlocks corresponding to Vi and Vi sequences provided by Biorad were cloned into
expression vectors encoding human constant domains.

A rabbit mAb (anti-RaTG13 F1) that binds to RaTG13 RBD and not the other seven RBDs on
the mosaic-8b RBD-NPs was identified from a rabbit immunized with mosaic-8b RBD-NPs.
Activated PBMCs were loaded on a Beacon chip and assayed for binding to the eight RBDs of
mosaic-8b and the NP components (mi3 and SpyCatcher). Candidate IgG-secreting B cells were
exported and VH and VL gene segments were cloned into expression vectors encoding human
constant domains. Candidate mAbs were expressed and screened by ELISA for RaTG13 binding
and minimal binding to other antigens.

38 IgG (binding to SARS-2 Beta RBD) and M8a-7 IgG (binding to WIV1 RBD) were
described previously3*76.

To confirm the appropriate specificity, anti-scaffold and anti-RBD mAbs were expressed and
purified by MabSelect SURE affinity chromatography as described in the Ab cloning, protein
expression, and purification section below. Purified mAbs were tested for binding to all eight
RBDs (anti-RBD mAbs), or for binding to scaffold components (anti-SC003 and anti-mi3 mAbs)
in ELISAs as described in the Binding and Competition ELISAs section below. Briefly, 2.5-5 ug
of RBD, soluble SpyCatcher003, SC003-mi3, RBD-NPs, or mi3 was coated on MaxiSorp™ 384-
well plates (Millipore Sigma) overnight. Excess RBD was removed by aspiration and plates were
blocked with 3% bovine serum albumin (BSA). A dilution series of mAb was incubated for 3
hours, followed by incubation with an HRP-conjugated goat anti-human IgG (SouthernBiotech)
secondary and detection by luminescence using SuperSignal ELISA Femto Maximum Sensitivity
Substrate (Thermo Fisher Scientific). Experiments were conducted in duplicate (anti-RBD
mADbs) or quadruplicate (anti-scaffold mAbs) with replicates averaged and standard deviations
reported as error bars.
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Anti-SC003 E1 and anti-mi3 A3 Fabs were generated from IgGs by incubating activated papain
(Sigma-Aldrich) with 1-5 mg of IgG at a 1:100 ratio at 37 °C for one hour. Fabs were separated
from uncleaved IgG and papain by MabSelect SURE column and purified by SEC (Superdex
200 10/300; Cytiva).

A sandwich ELISA was used to characterize the NPs. Briefly, 2.5-5 ug of Fab was adsorbed to
MaxiSorp™ 384-well plates (Millipore Sigma) overnight. Excess Fab was removed by aspiration
and plates were blocked with 3% BSA. Plates were incubated with 0.25 pg/mL of mosaic-8b
RBD-NP, homotypic RBD-NP, or SC003-mi3 for 2 hours at room temperature, followed by
incubation with 1 pg/mL IgG for 2 hours. Bound IgG was detected with an Fc-specific
secondary conjugated to HRP (goat anti-human IgG Fc; SouthernBiotech) and luminescence was
read after incubation with SuperSignal ELISA Femto Maximum Sensitivity Substrate (Thermo
Fisher Scientific). Experiments included four technical replicates, which were averaged for
visualization.

Mosaic-8b RBD-NP rabbit immunizations

Immunizations were performed by Labcorp Drug Development using IACUC-approved
protocols. All procedures in this study design are in compliance with the U.S. Department of
Agriculture’s (USDA) Animal Welfare Act (9 CFR Parts 1, 2, and 3); the Guide for the Care and
Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academy Press,
Washington, D.C., 2011); and the National Institutes of Health, Office of Laboratory Animal
Welfare. Whenever possible, procedures in this study are designed to avoid or minimize
discomfort, distress, and pain to animals. Five 7-8 week old New Zealand White female rabbits
(Envigo) were immunized intramuscularly with 50 pg of conjugated mosaic-8b RBD-NPs
(calculated as the mass of the RBD, assuming 100% efficiency of conjugation to SpyCatcher003-
mi3, consistent with previous experimental results*#) in 50% v/v AddaVax™ adjuvant
(Invivogen). One female rabbit was immunized intramuscularly with 50 ug of homotypic SARS-
2 RBD-NPs in 50% v/v AddaVax™ adjuvant. Animals received 250 pL per quadricep for a total
500 pL administration. Animals were boosted 4 weeks after the prime with a second dose of the
same quantity of antigen in adjuvant. Peripheral blood mononuclear cells (PBMCs) and serum
were obtained at day 0, 28, 42, 56, 90, and 119. PMBCs were stored at -80 °C until use.

Memory B cell activation

PMBCs from were thawed and MACS-enriched as described by Bruker Cellular Analysis in the
rabbit Memory B cell workflow (Berkeley Lights, Incorporated). Briefly, PBMCs were thawed
at 37 °C and drop-wise added to PBMC Thaw Media, centrifuged at 300 x g at 4°C, and then
resuspended in MACS buffer supplemented with normal mouse serum (Thermo Fisher Scientific
10410) at 5% v/v for blocking. Memory B cells from PBMCs were enriched using MACS with
biotinylated anti-IgG (anti-B cell receptor) Ab for labeling of the memory B cells and anti-biotin
microbeads (Miltenyi 130-105-637) and MS columns (Miltenyi 130-042-201) for capture and
recovery of the labeled cell population. Enriched memory B cells were activated in Activation
Media (Bruker Cellular Analysis) for four before loading on the Beacon. PBMC thawing
procedures, input cell density, enrichment conditions, and cell density for activation culture were
followed from the Bruker Cellular Analysis workflow.

Bruker Cellular Analysis Beacon assays and cell export
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Activated PBMCs were loaded on the Bruker Cellular Analysis Beacon instrument at ~8.0 x 10°
cells/mL. B cells were penned using opto-electero positioning (OEP) into individual nanopens on
a 20k or an 11k OptoSelect Beacon microfluidic chip. Assays were conducted by providing a
concentrated mixture of 5% goat anti-rabbit IgG (Fc) Coated Polystyrene Particles (Spherotech
RPFc-60-5), 1:500 dilution of Alexa Fluor 488 goat anti-rabbit IgG (Jackson 111-546-144) and
soluble biotinyated antigens coupled to streptavidin (SA)-fluorophore conjugates. Assay antigens
were labeled with biotin via co-expression with BirA and purified and stored in aliquots as
described above. Antigens were prepared for Beacon assays by labeling in 10 pg quantities with
a 1:0.8 molar ratio of streptavidin-fluorphore conjugates. Conjugates were Streptavidin-Alexa
555 (PE, Thermo Fisher Scientific S32355), Streptavidin-Alexa 680 (Cy5, Thermo Fisher
Scientific S32358), and Streptavidin Alexa 594 (TR, Thermo Fisher Scientific S32356) The
labeling mixture was incubated at 4 “C overnight or until ready for use. The labeled stock was
diluted to 20 pg/mL and then used in the assay bead mixture by supplementation to a final
individual antigen concentration of 0.5 mg/mL.

Assay images were obtained every 7 minutes for 60 minutes. Multiple assays were run
sequentially between 30-minute culture intervals using automated assay bead import. Nanopens
were scored as positive or negative for IgG secretion and antigen capture using Bruker Cellular
Analysis software for initial scoring and verification by manual inspection for each channel.
Scored image sets were intersected to find cells of interest with binding observed for multiple
antigens. Cells of interest were exported into 96-well plates containing RIPA (Thermo Fisher
Scientific 89901) lysis buffer supplemented with RNAse inhibitor (New England Biolabs (NEB)
MO0134L) at a final concentration of 2U/pL and 5 mM DTT. This lysis solution was overlaid
with mineral oil. Export plates were stored at -70 °C prior to cloning.

Ab cloning, protein expression, and purification

To recover Ig gene sequences of interest, RNA was purified from the single cell exports using
RNACIean XP beads (Beckman Coulter A63987) and reverse transcribed into a cDNA library
using reagents and guidelines provided by Bruker Cellular Analysis. Intermediate PCR products
spanning Vu and Vi domains obtained from individual B cells were confirmed by agarose gel
and sequenced by Plasmidsaurus. Gene blocks containing the coding sequences for rabbit Vu and
VL domains obtained from individual B cells were purchased from Integrated DNA
Technologies (IDT). Expression constructs were assembled using Golden Gate Assembly (NEB).
The heavy chain for IgG expression was constructed by subcloning the Vi gene into a p3BNC
expression vector encoding human IgG1 Cul, Cux2, and Cu3 domains. The expression plasmid
for the light chain was constructed by subcloning the Vi gene into a p3BNC vector that also
encoded human kappa Cy.

IgGs were expressed in Expi293F cells by transient transfection and purified from cell
supernatants using MabSelect SURE columns (Cytiva). Fabs were expressed as His-tagged
truncated IgG heavy chains paired with the appropriate light chain and purified by Ni-NTA
chromatography. IgGs and Fabs were further purified by SEC using a HiLoad 16/600 Superdex
200 column (Cytiva). Proteins were concentrated using a 30 kDa cutoff concentrator (EMD
Millipore) to 10 to 15 mg/mL, and final concentrated proteins were stored at 4 °C.

Binding and Competition ELISAs
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ELISAs were performed using a Tecan Evo liquid handling robot. For binding assays, Nunc®
MaxiSorp™ 384-well plates (Millipore Sigma) were coated with 2.5-5.0 pg/mL of a purified
RBD in 0.1 M NaHCO; pH 9.8 and stored overnight at 4 °C. Antigen was aspirated and plates
were blocked with 3% bovine serum albumin (BSA) for an hour at room temperature. Blocking
solution was removed and 4-fold serial dilutions of purified IgG or supernatant was added and
incubated at room temperature for 3 hours. Plates were then washed with Tris-buffered saline
with 0.1% Tween-20 (TBST) and incubated with secondary HRP-conjugated goat anti-human
IgG (SouthernBiotech) at a 1:100,000 dilution for one hour at room temperature. Plates were
washed with TBST, developed using SuperSignal ELISA Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific), and luminescence was measured with a Tecan Infinite M1000 plate
reader. ELISA data were collected in quadruplicates. Where indicated, curves were plotted and
integrated to obtain half-maximal effective concentrations (ECso) using Graphpad Prism v9.3.1
assuming a one-site binding model with a Hill coefficient. Data points represent the mean and
error bars represent the standard deviation of the technical replicates.

Competition ELISAs were performed using a Tecan Evo liquid handling robot. Nunc®
MaxiSorp™ 384-well plates (Millipore Sigma) were adsorbed with 5 ng/mL of Fab
corresponding to mAb of known RBD epitope in 0.1 M NaHCO; pH 9.8 and stored overnight at
4 °C. Fab was removed and plates were blocked with 3% BSA in TBST for one hour at room
temperature. Blocking solution was removed via aspiration and SARS-2 Wuhan-Hu-1 RBD (5
pg/mL) was added and incubated for 2 hours at room temperature. The RBD was removed via
aspiration and 1 pg/mL IgG was added and incubated for 2 hours. The plate was washed with
TBST and bound IgG was detected using horseradish peroxidase-conjugated Goat Anti-Human
IgG Fc (SouthernBiotech) (1 hour, room temperature) and developed with SuperSignal ELISA
Femto Substrate (Thermo Fisher Scientific). Luminescence was measured with a Tecan Infinite
M1000 plate reader. Measurements were performed in technical quadruplicates and means are
shown in a heat map.

Pseudovirus neutralization assays

SARS-2 Wuhan-Hu-1 D614G, SARS-2 VOCs, SARS-CoV, WIV1, SHC014, BtKY72/SARS-1
chimera (including mutations allowing human ACE2 binding’’), and Khosta2/SARS-1 chimera
pseudoviruses based on HIV lentiviral particles were prepared as described®’8. BtKY72/SARS-1
and Khosta2/SARS-1 chimeric spikes were constructed by replacing the RBD of the SARS-1
spike with the BtKY72 or Khosta2 RBD as described®. Assays were done using 4-fold dilutions
of purified IgGs at a starting concentration of 100 pg/mL by incubating with a pseudovirus at 37
°C for an hour. After incubating with 293 Tack> target cells for 48 hours at 37 °C, cells were lysed
with Luciferase Cell Culture Lysis 5x reagent (Promega). Luciferase activity in lysates was
measured and relative luminescence units (RLUs) were normalized to values derived from cells
infected with pseudovirus in the absence of IgG. Data were collected at each IgG concentration
in duplicate and averaged. Half-maximal inhibitory concentrations (ICso values) were determined
using nonlinear regression in AntibodyDatabase™.

DMS

DMS studies used to map epitopes recognized by mAbs were performed in duplicates using
SARS-2 Beta RBD libraries (generously provided by Tyler Starr, University of Utah) as
described previously®’. RBD libraries were induced for RBD expression in galactose-containing
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synthetic defined medium with casamino acids (6.7g/L Yeast Nitrogen Base, 5.0 g/L Casamino
acids, 1.065 g/ MES acid, 2% w/v galactose, and 0.1% w/v dextrose). After inducing for 18
hours, cells were washed 2x and then incubated with monoclonal Abs (dilutions chosen to give
sub-saturating binding to RBDs) for 1 hour at RT with gentle agitation after which cells were
washed 2x and labeled for 1 hour with secondary Ab: 1:200 Allophycocyanin-AffiniPure Goat
Anti-Human IgG/Fcy Fragment Specific (Jackson ImmunoResearch 109-135-098,

RRID:AB 2337690) for human mAbs.

Stained yeast cells were processed on a Sony SH800 cell sorter and were gated to capture RBD
mutants that had reduced mAb binding but relatively high RBD expression. For each sample,
cells were collected up until around 3-5 x 10° RBD* cells were processed (which corresponded
to around 2 x 10°- 1 x 105 RBD" Ab escaped cells). mAb-escaped cells were grown overnight in
a synthetic defined medium with casamino acids, 100 U/mL penicillin, and 100 pg/mL
streptomycin to expand cells prior to plasmid extraction. DNA extraction and [llumina
sequencing were carried out as previously described®'. Raw sequencing data are available on the
NCBI SRA under BioProject PRINA1067836, BioSample SAMN45169522. Escape fractions
were computed using processing steps described previously’!#! and implemented using a Swift
DMS program (processing folder and program available from authors upon request). Escape
scores were calculated with a filter to remove variants with deleterious mutations that escape
binding due to poor expression, >1 amino acid mutation, or low sequencing counts as
described*>8!,

Line plot and logo plot visualizations of escape maps were created using Swift DMS?!, where
letter height (for logo plot) indicates the escape score for that amino acid mutation, and height of
the stack of letters (for logo plot) or line peak (for line plots) indicate the total site-wise escape
metric, calculated as previously described®!. Letters for each site (for logo plots) were colored
according to epitope class. For structural visualizations, an RBD surface (PDB 6M0J) was
colored by the site-wise escape metric at each site, with red scaled to be the maximum used to
scale the y-axis for mAbs. Residues that exhibited the greatest escape fractions were highlighted
with their residue number and colored according to epitope class.

In vitro selection experiments

To identify viral escape substitutions in the presence of mAb, we used a recombinant replication-
competent vesicular stomatitis virus (rVSV) encoding the spike proteins of either SARS-2
Wuhan-Hu-1, SARS-2 VOC BA.2, SARS-2 VOC XBB.1.5, or SARS-1 as described*!-8.
Briefly, viral populations containing 10° infectious units of either r'VSV/SARS-2/GFP2g;,
rVSV/SARS-2/GFPga2, r'VSV/SARS-2/GFPxgg.1.5, or r'VSV/SARS-2/GFPsars-1*' were
incubated with mAb at a concentration 10x above its ICso value for 1 hour at 37°C. Each
virus/mAb mixture was then added to HEK-293T/ACE2cl.22 cells. In parallel, as a control, the
four viral populations were added to the cells in the absence of any mAb. After 24 hours, the
medium was replaced with fresh medium containing either a mAb or DMEM only. Following
another 24 hours, the virus-containing supernatant was filtered through a 0.22 pm 96-well filter
plate. The filtered supernatant (100 uL) was then incubated with the same concentration of rabbit
mADb for 1 hour at 37°C, as described above. Each virus/mAb mixture was used to inoculate
HEK-293T/ACE2cl.22 cells for a second passage (p2). Medium was again replenished with fresh
mAb-containing medium or DMEM only after 24 hours, and the p2 viral populations were
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harvested after 48 hours. RNA was extracted from 100 pL of filtered p2 supernatant and reverse-
transcribed using the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scientific).
Sequences encoding the extracellular domain of spike were amplified using KOD Xtreme Hot
Start Polymerase (Sigma-Aldrich, 719753). Resulting PCR products were sequenced using
[llumina MiSeq Nano 300 V2 cycle kits (Illumina, MS-103-1001) to identify mAb escape
substitutions in the RBD. Specifically, sequencing reads were aligned to the corresponding RBD
reference sequence and annotated for the presence of mutations. A variant was defined as
occurring at a frequency >3% of reads at that position.

Cryo-EM Sample Preparation

Complexes of SARS-2 Wuhan-Hu-1 spike and Fabs were formed by incubating a purified spike
trimer and a Fab at a molar ratio of 1:3.3 at room temperature for 30 minutes at a final spike
concentration of ~2 mg/ml. Prior to freezing, fluorinated octylmaltoside solution (Anatrace) was
added to the spike-Fab complex to a final concentration of 0.02% (w/v). Immediately after
detergent addition, 3 puL of the spike-Fab complex/detergent mixture was applied to QuantiFoil
300 mesh 1.2/1.3 grids (Electron Microscopy Sciences) that had been freshly glow discharged
for with 1 min at 20 mA using PELCO easiGLOW (Ted Pella). Grids were blotted with 0 blot
force for 3 seconds with the Whatman No.1 filter paper at 100% humidity and room temperature
before vitrification in 100% liquid ethane using a Mark IV Vitrobot (Thermo Fisher Scientific).

Cryo-EM data collection and processing

Single-particle cryo-EM datasets for complexes of SARS-2 Wuhan-Hu-1 spike 6P with M8b-
A10 Fab, M8b-C9 Fab, and M8b-C10 Fab were collected using SerialEM®? on a 300 keV Titan
Krios (Thermo Fisher Scientific) equipped with a K3 direct electron detector camera (Gatan).
Movies were recorded with a total dosage of 60 e/A? and a defocus range of -1 to -3 pm in 40
frames using a 3x3 beam image shift pattern with 3 exposures per hole in super-resolution mode
at a pixel size of 0.416 A. A single-particle cryo-EM dataset for SARS-2 Wuhan-Hu-1 spike 6P—
M8b-B8 Fab complex was collected with SerialEM®? on a 200 keV Talos Arctica (Thermo
Fisher Scientific) equipped with a K3 direct electron detector camera (Gatan). Movies were
recorded with a total dosage of 60 e/A? and a defocus range of -1 to -3 um in 40 frames using a
3x3 beam image shift pattern with one single exposure per hole at a pixel size of 0.4345 A. For
all single-particle datasets, motion correction was performed with a binning factor of 2 using
Patch Motion Correction in cryoSPARC v4.3%. Contrast Transfer Function (CTF) parameters
were estimated via Patch CTF Estimation, and particles were picked with blob picker using a
particle diameter of 100 to 200 A in cryoSPARC v4.3%. Following inspection, particles were
extracted and 2D classified in cryoSPARC v4.3%. After discarding bad particles, the remaining
particles were used for ab initio modeling with 4 volumes, and these volumes were further
refined with heterogeneous refinement in cryoSPARC v4.3%. Homogeneous and non-uniform
refinements were carried out for the final reconstruction in cryoSPARC v4.3%3, As the
interactions between Fab and RBD were generally not well resolved when the RBDs adopted
“up” conformations®?, we used local refinement to refine RBD-Fab regions as necessary. Masks
used for local refinements were generated with UCSF Chimera® and local refinements were
done in cryoSPARC v4.3%,

Cryo-EM Structure Modeling and Refinement
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An initial model of the M8b-A10 Fab—SARS-2 RBD complex was generated by docking a
mouse M8a-34 Fab—SARS-2 RBD (PDB 7UZD) into the locally refined cryo-EM density for
M8b-A10 Fab-SARS-2 RBD using UCSF Chimera®. The docked model was refined in Phenix®?
using real space refinement and the amino acid sequences for the Ab heavy and light chains were
manually corrected in Coot®. The M8b-A10 Fab-SARS-2 spike complex structure was
generated by docking the refined structure of M8b-A10 Fab—SARS-2 RBD and a single-particle
cryo-EM structure of SARS-2 spike trimer (PDB 7SC1) into the cryo-EM density map for the
M8b-A10 Fab—SARS-2 spike complex in UCSF Chimera34. The Fab-spike model was further
refined in Phenix® using real space refinement, and outlier residues were rebuilt in Coot®®. The
refined model of the M8b-A10 Fab was later used as the starting model for the remaining Fabs
(M8b-B1, M8b-B8, M8b-C9 and M8b-C10) in the other Fab-spike trimer cryo-EM structures.
Iterative real space refinements and model building were carried out separately in Phenix® and
in Coot®. Single-particle cryo-EM statistics are reported in Extended Data Table 2.

X-ray crystallography data collection, processing, and refinement

Crystallization trials for Fab—-SARS-2 RBD complexes were set up using commercially available
screens by mixing 0.2 pL of well solution and 0.2 pL of protein using sitting drop vapor
diffusion®” on a TTP LabTech Mosquito instrument at room temperature. Crystals for the M8b-
B1-SARS-2 RBD were obtained from several conditions. A final dataset was collected from a
crystal grown in a JCSG+ screen (Molecular Dimensions) containing 0.2 M lithium sulfate, 0.1
sodium citrate, and 20% (w/v) PEG 1,000. Crystals for the M8b-C9—SARS-2 RBD complex
were also obtained from many conditions, and a final dataset was collected from a crystal grown
in a PEGRx (Hampton. Research), containing 2% v/v 1,4-dioxane, 0.1M Tris pH 8.0, and 15%
(w/v) PEG 3,350. Crystals were cryoprotected in the crystallization solution mixed with 20%
glycerol before flash-cooling in liquid nitrogen.

X-ray diffraction data were collected at 100 K at a wavelength of 0.9795 A at the Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 12-2 using an EIGER 2XE 16M pixel array
detector (Dectris) with the Blu-ice interface®®. X-ray datasets were indexed and integrated with
XDS? and scaled with Aimless®. The M8b-B1 Fab-SARS-2 RBD and M8b-C9 Fab—SARS-2
RBD structures were solved by molecular replacement using Phaser in Phenix®. Iterative
refinement and model-building cycles were carried out in Phenix®® and Coot®®. The final refined
MS8b-B1-SARS-2 RBD structure included 97.8% of residues in Ramachandran favored regions
and 2.2% in an allowed region. The final M8b-C9-SARS-2 RBD structure included 97.5% of
residues in Ramachandran favored regions and 2.5% in an allowed region. Crystallographic
statistics are reported in Extended Data Table 3.

Structural Motif Searches

To identify Ab/RBD structures with a YY motif in CDRH3 that interacts with RBD residues
378-382, we used the structure motif search service at RCSB®! with PDB ID 7RKU; residues
A51, A52, A53, A54, A55, G104, and G105; RMSD cutoff of 2 A; and an Atom Pairing setting
of All Atoms. A second structure motif search was done for a single CDRH3 tyrosine
(corresponding to Y98vu in M8b-C9) and RBD residues 378-379 with PDB ID 7RKU; residues
AS51, A52, G104, and G105; with exchanges of G105 to all amino acids; RMSD cutoff of 1.5 A;
and an Atom Pairing setting of Backbone Atoms.
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Data availability

All data supporting the findings of this study are available within the paper and its Extended
Data. Raw sequencing data from DMS experiments have been deposited on NCBI SRA under
BioProject PRINA1067836, BioSample SAMN45169522. Models and density maps for cryo-
EM structures are deposited in the PDB (9ML4, 9OMLS5, 9ML6, and 9ML7) and maps are
available on EMDB (48347, 48348, 48349, and 48350). Models and electron density maps for
crystal structures are deposited in the PDB (9MLS8 and 9MLY).

Code availability
A Swift DMS program for processing and visualizing DMS data is available from authors upon
request.
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