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Understanding broadly neutralizing sarbecovirus antibody responses is key to 
developing countermeasures effective against SARS-CoV-2 variants and future 
spillovers of other sarbecoviruses. Here we describe the isolation and 
characterization of a human monoclonal antibody, designated S2K146, broadly 
neutralizing viruses belonging to all three sarbecovirus clades known to utilize 
ACE2 as entry receptor and protecting therapeutically against SARS-CoV-2 beta 
challenge in hamsters. Structural and functional studies show that most of the 
S2K146 epitope residues are shared with the ACE2 binding site and that the 
antibody inhibits receptor attachment competitively. Viral passaging experiments 
underscore an unusually high barrier for emergence of escape mutants making it 
an ideal candidate for clinical development. These findings unveil a key site of 
vulnerability for the development of a next generation of vaccines eliciting broad 
sarbecovirus immunity. 
 

The zoonotic spillover of SARS-CoV-2 has resulted in a global pandemic causing 
over 231 million infections and more than 4.7 million fatalities as of September 2021. 
Continued SARS-CoV-2 evolution led to the emergence of variants of concern (VOC) that 
are characterized by higher transmissibility, immune evasion and/or disease severity. 
There is therefore a need for developing pan-sarbecovirus countermeasures, such as 
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vaccines and therapeutics that are effective against all SARS-CoV-2 variants and 
divergent zoonotic sarbecoviruses for pandemic preparedness (1). 

 
The coronavirus spike glycoprotein (S) promotes viral entry into host cells and is 

the main target of neutralizing antibodies elicited by infection or vaccination (2–6). S 
comprises an S1 subunit, which recognizes host cell receptors, and an S2 subunit that 
drives viral-cell membrane fusion. The S1 subunit includes the N-terminal domain and the 
receptor-binding domain (RBD), the latter domain interacts with angiotensin-converting 
enzyme 2 (ACE2) to allow virus entry into host cells in the case of SARS-CoV and SARS-
CoV-2 (4, 7–10). The RBD is the target of the majority of serum neutralizing activity 
elicited by infection (11) and vaccination (12) and exposes multiple antigenic sites in the 
domain core that are recognized by broadly neutralizing sarbecovirus antibodies (Abs) 
(13–19). However, a large fraction of Abs in polyclonal sera (11) and most monoclonal 
Abs (mAbs) selected for therapeutic development (20) target epitopes overlapping the 
ACE2-contact surface (designated the receptor-binding motif (RBM)). The marked 
genetic divergence and plasticity of the RBM among SARS-CoV-2 variants and 
sarbecoviruses limits the breadth of Abs recognizing this region and they are readily 
escaped by mutations (14, 21–26). 
 
Identification and characterization of the S2K146 mAb 

To identify broadly neutralizing sarbecovirus Abs, we isolated SARS-CoV-2 S-
specific (IgG) memory B cells from one symptomatic COVID-19 convalescent individual 
(who was not hospitalized) 35 days after symptoms onset. We identified one mAb, 
designated S2K146 (IGHV3-43; IGL1-44), which did not compete with either S309 (site 
IV) (15) or S2X259 (site II) (13) for binding to the SARS-CoV-2 RBD but competed with 
the RBM-targeted S2E12 mAb (site I) (27) (Fig 1A). Like S2E12, S2K146 bound to all 
SARS-CoV-2 VOC RBDs as well as all clade 1b sarbecovirus RBDs tested by ELISA (Fig 
1B and Fig S1A). In contrast to S2E12 and other site I-targeting Abs described so far, 
S2K146 also cross-reacted with SARS-CoV and WIV-1 RBDs (clade 1a), which share 
73% and 76% sequence identity with the SARS-CoV-2 RBD, respectively (Fig 1B and 
Fig S1A). S2K146 did not bind to clades 2 and 3 sarbecovirus RBDs, similarly to the 
broadly neutralizing sarbecovirus S309 mAb but in contrast to the S2X259 or S2H97 
mAbs (13, 14). Consistent with this finding we observed a similar pattern of S2K146 cross-
reactivity with clades 1a and 1b sarbecoviruses using native S trimers transiently 
expressed on the surface of mammalian cells (Fig 1C) and yeast-surface displayed RBDs 
(Fig 1D). Based on these results, we hypothesized that S2K146 recognizes a previously 
uncharacterized RBM epitope which is conserved among sarbecovirus clades 1a and 1b.  

 
To evaluate the neutralization potency of the S2K146 mAb, we carried out dose-

response inhibition assays using a vesicular stomatitis virus (VSV) pseudotyping platform. 
S2K146 efficiently blocked SARS-CoV S- and SARS-CoV-2 S-mediated entry into cells 
with half maximum inhibitory concentration (IC50) of 108 and 16 ng/mL, respectively (Fig 
S1B). Moreover, S2K146 potently neutralized VSV pseudotypes harboring SARS-CoV-2 
S glycoproteins from VOC including Alpha, Beta, Gamma, Delta plus- AY.1/AY.2, Epsilon 
and Lambda (Fig S1B). Moreover, S2K146 neutralized weakly VSV pseudotyped with 
BtKY72 S (clade 3) harboring the K493Y/T498W S mutations (SARS-CoV-2 numbering) 
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(28), which allow ACE2 mediated entry in mammalian cells (Fig S1C). Finally, S2K146 
neutralized authentic SARS-CoV-2 (isolate USA-WA1/2020, lineage A, IC50= 10 ng/mL) 
and SARS-CoV-2 VOC (Alpha, IC50= 9 ng/mL; Beta, IC50= 9 ng/mL; Delta, IC50= 8 ng/mL; 
Kappa, IC50= 30 ng/mL) with a potency approaching that observed with the ultrapotent 
S2E12 mAb (27) (Wuhan-1, IC50= 3.5 ng/mL; Alpha, IC50= 2.5 ng/mL; Beta, IC50= 2 
ng/mL; Delta, IC50= 1.5 ng/mL; Kappa, IC50= 4.5 ng/mL) (Fig 1E).  

 
To assess the role of somatic mutations for S2K146 binding and neutralization, we 

generated its inferred unmutated common ancestor (S2K146 UCA). Alignment with the 
UCA amino acid sequence reveals that S2K146 harbors seven and two somatic 
hypermutations in the heavy- and light-chain complementarity determining regions 
(CDR), respectively (VH identity: 94.4% and VL identity: 98.9%, Fig. S1D). Except for 
WIV1, no differences between S2K146 and S2K146 UCA were observed in terms of 
cross-reactivity to a panel of RBDs representative of clade 1 sarbecoviruses, as 
determined by ELISA (Fig S1E). Nevertheless, biolayer interferometry revealed that 
S2K146 bound to SARS-CoV and SARS-CoV-2 prefusion-stabilized S ectodomain 
trimers with enhanced avidities compared to S2K146 UCA (Fig S1F). Accordingly, 
S2K146 UCA showed a marked loss in neutralizing activity against both SARS-CoV S 
and SARS-CoV-2 S VSV pseudotypes (Fig 1F). Our results suggest that somatic 
hypermutations associated with S2K146 affinity maturation are important to enhance 
antibody avidity and potency but not necessarily breadth. 

 
  
These data establish S2K146 as a potent cross-reactive mAb which neutralizes 

SARS-CoV-2- and SARS-CoV-related sarbecoviruses as well as circulating VOC via 
recognition of an antigenic site distinct from previously identified broadly neutralizing 
mAbs (13–19). Our data further show that S2K146 neutralized a clade 3 sarbecovirus 
(BtKY72) with two RBD mutations enabling utilization of human ACE2 as entry receptor, 
suggesting that this mAb could also inhibit other clade 3 bat viruses that would acquire 
similar adaptive mutations.  
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Figure 1. Identification of the S2K146 cross-reactive and broadly neutralizing 
sarbecovirus mAb. 
A) Binding of site I-targeting S2E12, site IV-targeting S309, or site II-targeting S2X259 
recombinant IgG1 (second phase) following association of S2K146 mAb (first phase) to 
His-tagged SARS-CoV-2 RBD immobilized on anti-His sensors, as measured by biolayer 
interferometry. B) Cross-reactivity of S2K146 (upper panel) and S2E12 (lower panel) with 
22 RBDs from sarbecovirus clades (in brackets) and SARS-CoV-2 variants analyzed by 
ELISA. EC50 of at least two independent experiments are shown. C) Flow cytometry 
analysis of S2K146 cross-reactivity with a panel of 12 S glycoproteins representative of 
sarbecovirus clades 1a and 1b transiently expressed on the surface of mammalian cells. 
D) S2K146 cross-reactivity with sarbecovirus RBDs displayed at the surface of yeast. E) 
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S2K146- and S2E12-mediated neutralization of replication-competent SARS-CoV-2 
(USA-WA1/2020) and SARS-CoV-2 VOC viruses. F) S2K146 and S2K146-UCA-
mediated neutralization of VSV pseudotypes harboring SARS-CoV-2 S or SARS-CoV S.   
 
 
Structural basis for S2K146-mediated broad sarbecovirus neutralization 

To understand the unique sarbecovirus cross-reactivity of the RBM-specific 
S2K146 mAb, we determined a cryo-electron microscopy structure of the S2K146 Fab 
fragment in complex with the SARS-CoV-2 S ectodomain trimer at 3.2 Å resolution (Fig 
2A, Fig S2 and Table S1). 3D classification of the data led to the determination of a 
structure with three open RBDs each bound to a S2K146 Fab as well as a structure with 
two open RBDs and one closed RBD with a Fab bound to each of them (Fig S2). Our 
cryoEM data show that opening of two RBDs is enough to allow three Fabs to bind to an 
S trimer, as the remaining closed RBD can engage an S2K146 Fab due to its angle of 
approach.  

 
To overcome the conformational heterogeneity of the S2K146-bound RBDs 

relative to the rest of the S trimer, we used focused 3D classification and local refinement 
of the S2K146 variable domains and RBD to obtain a reconstruction at 3.2 Å resolution 
enabling unambiguous model building and providing a detailed view of the binding 
interface (Fig 2B, Fig S2 and Table S1). S2K146 recognizes an epitope in antigenic site 
Ia (11), which overlaps with the RBM and is masked when the three RBDs adopt a closed 
state (Fig 2A-B). The S2K146 paratope includes the heavy chain N-terminus and 
CDRH1, H2 and H3, accounting for 2/3 of the surface buried upon binding, and light chain 
CDRL1, L2 and L3, making up the rest of the interface. A total of 1,000 Å2 of the paratope 
surface is buried at the interface with the RBM through hydrogen bonding and shape 
complementarity. 

 
The S2K146 footprint on the SARS-CoV-2 RBD strikingly resembles that of the 

ACE2 receptor with 21 out of 28 epitope residues shared with the ACE2 binding site, 
including key ACE2-contact positions L455, F486, Q493, Q498 and N501 (Fig 2C-D). 
Moreover, electrostatic interactions formed between S2K146 and the SARS-CoV-2 RBD 
recapitulate some of the hydrogen bonds or salt bridges involved in ACE2 binding, such 
as with residues K417, N487 and Y489 (Fig 2D). Although S2K146 contact residues are 
mutated in several variants, such as K417 (Beta and Gamma), L452 (Delta, Epsilon and 
Kappa), E484 (Beta, Gamma and Kappa) and N501 (Alpha, Beta and Gamma), the 
binding interface is resilient to these residue substitutions, in line with retention of binding 
and neutralization of these variants (Fig 1E and Fig S1B). The cross-reactivity with and 
broad neutralization of SARS-CoV by S2K146 is explained by the strict conservation or 
conservative substitution of ten and six epitope residues, respectively (Fig 2E-F and Fig 
S3), consistent with the ability of each of these RBDs to bind human ACE2. 
 
S2K146 therefore defines an unexpected class of broadly neutralizing mAb engaging the 
RBM and overcoming mutations found in SARS-CoV-2 variants through molecular 
mimicry of the ACE2 receptor. As S2K146 does not compete with broadly neutralizing 
sarbecovirus mAbs targeting other antigenic sites, such as S309 (15) and S2X259 (13) 
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(Fig S4), they could be combined in a cocktail to enhance breadth further and set an even 
higher barrier for emergence of escape mutants. 
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Figure 2. The S2K146 broadly neutralizing mAb recognizes RBD antigenic site I. 
A) CryoEM structure of the prefusion SARS-CoV-2 S ectodomain trimer with three 
S2K146 Fab fragments bound to two open RBDs and one partially closed RBD  viewed 
along two orthogonal orientations. SARS-CoV-2 S protomers are colored cyan, pink and 
gold. S2K146 heavy chain and light variable domains are colored purple and magenta. 
Glycans are rendered as blue spheres. B) Ribbon diagram of the S2K146-bound SARS-
CoV-2 RBD. C) Zoomed-in view of the contacts formed between S2K146 and the SARS-
CoV-2 RBD. Selected epitope residues are shown as sticks and electrostatic interactions 
are indicated with dashed lines. D) S2K146 epitope residues shown as sticks and colored 
purple (labeled) if they are involved in ACE2 binding or grey otherwise (unlabeled). E) 
The side chains of the ten S2K146 epitope residues conserved between the SARS-CoV-
2 (purple) and SARS-CoV (PDB 2AJF (29), green) RBDs are shown as sticks. F) The 
side chains of the six S2K146 epitope residues conservatively substituted between the 
SARS-CoV-2 (purple) and SARS-CoV (green) RBDs are shown as sticks. 
 
S2K146 is resilient to a broad spectrum of mutations 

To prospectively evaluate the impact of antigenic drift on S2K146 neutralization, 
we mapped RBD mutations that affect mAb binding using deep-mutational scanning 
(DMS) of a yeast-displayed RBD mutant library covering all possible single residue 
substitutions in the Wuhan-Hu-1 RBD background (24). S2K146 binding was reduced by 
only a restricted number of amino acid substitutions, compared to S2E12 which binds an 
overlapping but distinct epitope (Fig 3A-D and Fig S5A-B). Although mutations at several 
residues were identified to reduce S2K146 binding by DMS, all of them correspond to 
RBD residues buried upon ACE2 recognition (F456, A475, E484, F486, N487 and Y489) 
(Fig 3B). Only one of these residue substitutions (Y489H) is accessible via a single-
nucleotide change and could escape S2K146 recognition with a penalty on ACE2 binding 
affinity smaller than an order of magnitude, as determined by DMS data (24). 

 
To explore whether our escape map was consistent with in vitro viral evolution 

under mAb pressure, a replication competent VSV-SARS-CoV-2 S Wuhan-Hu-1/D614G 
chimera (30) was grown in cell culture in the presence of the S2K146 mAb. Consistently 
with the DMS data, Y489H was the sole mutation resulting from a single nucleotide 
substitution that was detected in all the 36 neutralization-resistant plaques sampled (Fig 
3E, Fig S6 and Table S2). SARS-CoV-2 residue Y489 forms multiple interactions with 
S2K146 CDRH3 and account for 12% of the total epitope buried surface area (Fig 3E), 
in line with the major impact of the Y489H substitution on mAb neutralization. Out of all 
the mutations at position 489 identified by DMS to reduce S2K146 binding (Fig 3B), the 
Y to H substitution had the lowest impact on ACE2 binding, which might explain why it 
was the sole neutralization escape mutant retrieved upon passaging. 

 
To evaluate the fitness of the Y489H mutant, we carried out a competition assay 

in which replicating VSV chimeras harboring the Wuhan-Hu-1/D614G S with or without 
the Y489H substitution were mixed at equal titers and passaged together without mAb. 
Due to the fitness cost associated with the mutation, the SARS-CoV-2 Y489H S chimera 
was outcompeted by the Wuhan-Hu-1/D614G chimera after only four rounds of passaging 
(Fig 3F). Accordingly, only 29 out 2.9 million genomes were found to harbor the S Y489H 
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mutation, underscoring the rarity of and the fitness cost imposed by this residue 
substitution (Fig 3G). Collectively, these data illustrate the high barrier for emergence of 
escape mutants imposed by the S2K146 mAb, making it an ideal candidate for clinical 
development. 
  

 
 

 
 

 

 

Figure 3. S2K146 is resilient to a broad spectrum of escape mutations. 
A) Molecular surface representation of the SARS-CoV-2 RBD with the S2K146 epitope 
colored purple and the ACE2 footprint indicated as a black outline. B) Mapping of RBD 
mutations reducing S2K146 binding using DMS of the yeast-displayed SARS-CoV-2 
RBD. Sites of strong escape (purple underlines in Supplemental Figure S5.A) are shown 
in logo plot. Letters are colored according to how mutations affect the RBD affinity for 
ACE2 as measured via yeast display as measured in Starr et al. (24). C) Molecular 
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surface representation of the SARS-CoV-2 RBD with the S2E12 epitope colored grey and 
the ACE2 footprint indicated as a black outline. The N343 glycan is rendered as blue 
spheres in A and C. D) Mapping of RBD mutations reducing S2E12 binding using DMS 
of the yeast-displayed SARS-CoV-2 RBD. Sites of strong escape (purple underlines in 
Supplemental Figure S5A) are shown in logo plot, as measured previously in Starr et. 
al(14)). E) Zoomed-in view of the Y489H S2K146 neutralization escape mutation. The 
S2K146 heavy and light chain variable domains are shown as transparent purple and 
magenta surfaces with ribbons, respectively. F) Viral replication competition between 
VSV chimeras harboring the SARS-CoV-2 Wuhan-Hu-1/D614G S with or without the 
Y489H substitution using VeroE6 cells. G) Mutations reducing binding of S2K146 to the 
RBD based on DMS (escape score) are plotted versus their frequencies among the 
human-derived SARS-CoV-2 sequences on GISAID as of Sep 27 2021. The large escape 
mutant (> 5x global median escape fraction) with non-zero frequency is indicated. 
 
 
S2K146 inhibits ACE2 engagement and protects hamsters from SARS-CoV-2 
challenge 

Our cryoEM structure revealed that S2K146 targets antigenic site Ia which 
overlaps with the RBM, indicating that mAb binding would compete with ACE2 attachment 
to the RBD via steric hindrance (Fig 4A). Accordingly, we found that S2K146 inhibited 
binding of the SARS-CoV-2 and SARS-CoV RBDs to human ACE2 in a concentration-
dependent manner, as measured by competition ELISA (Fig 4B). As S2K146 
conformationally selects for open RBDs, we assessed if the mAb could promote shedding 
of the S1 subunit from cell-surface-expressed full-length SARS-CoV-2 S, similar to some 
other RBD-specific mAbs (11, 13, 18, 27). S2K146 induced shedding of the S1 subunit as 
efficiently as the RBM-targeting S2E12 mAb, whereas the control mAb S2M11 did not as 
it locks S in the prefusion closed state (13) (Fig 4C). Furthermore, we found that the 
S2K146 Fab triggered the fusogenic rearrangement of a wildtype-like S ectodomain 
trimer, as we previously described for several SARS-CoV and SARS-CoV-2 neutralizing 
mAbs (14, 31–33) (Fig 4D). These data show that S2K146-mediated sarbecovirus 
neutralization relies on competitively blocking viral attachment to the ACE2 receptor and 
inactivation of S trimers at the surface of virions before encountering host cells.  

 
The efficient S2K146-induced S1 shedding could explain the lack of FcγRIIa and 

FcγRIIIa activation, which we used as a proxy for Ab-dependent cellular phagocytosis 
and Ab-dependent cellular cytotoxicity, respectively (Fig. S7A-B). However, even when 
performing the same assays using target cells expressing an uncleavable prefusion 
stabilized SARS-CoV-2 S protein (unable to release the S1 subunit), S2K146 was not able 
to activate FcγRIIa and triggered FcγRIIIa weakly (Fig. S7C-D). The greater efficiency of 
S2E12 for activating FcγRIIIa, relative to S2K146, might be explained by the different 
angles of approach of these two mAbs for binding to the RBD (Fig. S7E-F). 

 
Next, we evaluated the therapeutic activity of S2K146 against challenge with the 

Beta SARS-CoV-2 VOC in a Syrian hamster model of infection (34, 35). S2K146 was 
administered at 1, 5 and 10 mg/kg via intraperitoneal injection 24h after intranasal 
challenge with SARS-CoV-2 and the lungs of the animals were collected 3 days later for 
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the quantification of viral RNA and replicating virus. In parallel, 6 animals were 
administered 1 mg/kg of the best-in-class, ultrapotent S2E12 mAb for benchmarking (27). 
Viral RNA loads in the lungs were reduced more than 1.5, 3 and 4 orders of magnitude 
after receiving 1, 5 and 10 mg/kg of S2K146, respectively (Fig 4E). Viral replication in the 
lungs was completely abrogated for the 5 and 10 mg/kg groups and reduced by greater 
than 2.5 orders of magnitude for the 1 mg/kg group (Fig 4F). Overall serum mAb 
concentrations measured at day 4 post-infection inversely correlated with viral RNA loads 
and infectious virus in the lungs (Fig S8A-B). S2K146 therefore effectively protects 
against SARS-CoV-2 challenge in vivo in a stringent therapeutic setting. 
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Figure 4. S2K146 blocks receptor attachment, triggers premature S refolding and 
protects against SARS-CoV-2 challenge therapeutically. 
A) Superimposition of the S2K146-bound (purple) and ACE2-bound (green, PDB: 6M0J 
(36)) SARS-CoV-2 RBD structures showing steric overlap. B) Pre-incubation of serial 
dilutions of S2K146 with SARS-CoV-2 RBD prevents binding to immobilized human ACE2 
(hACE2) ectodomain in ELISA. C) S2K146-mediated S1-shedding from cell-surface 
expressed SARS-CoV-2 S as determined by flow cytometry. S2E12 mAb was used as 
positive control whereas S2M11 was used as a negative control. D) Cropped electron 
micrographs of negatively stained SARS-CoV-2 S trimer before (left, prefusion state) or 
after (right, postfusion state) incubation with S2K146. One representative micrograph for 
each dataset is shown out of 93 (SARS-CoV-2 S alone) and of 225 (SARS-CoV-2 S with 
S2K146) micrographs. E-F) Quantification of viral RNA (E) and replicating virus titers 
(TCID50), (F) in the lung of Syrian hamster 4 days post-intranasal infection with SARS-
CoV-2 Beta VOC following therapeutic administration of S2K146 mAb at three different 
doses: 10-5-1mg/Kg (n=6/5 animal for each group). S2E12 mAb was administrated as 
control (n=6 animals). Isotype control was administered at 10 mg/kg (n=6 animals).  
 
 
Discussion 

The SARS-CoV-2 RBD accounts for most serum neutralizing activity in both 
COVID-19 convalescent (11, 37) and vaccinated individuals (12) and comprises antigenic 
sites targeted by broadly neutralizing sarbecovirus Abs (13–19). A few RBD-based 
subunit vaccines and mRNA vaccines based on chimeric S glycoproteins were recently 
shown to elicit broadly neutralizing sarbecovirus Abs and heterotypic protection in vivo 
(38–42). Most of these Abs with broad neutralizing activity are expected to target 
conserved RBD epitopes, due to their much greater potency and protection efficacy 
compared to known fusion machinery-directed Abs (43–47). The discovery of a 
functionally constrained and conserved RBM epitope associated with broad sarbecovirus 
neutralization rationalizes the strong cross-reactivity with the SARS-CoV RBM observed 
with polyclonal Abs elicited by a clinical stage SARS-CoV-2 vaccine in non-human 
primates (40) and will guide the development of next-generation pan-sarbecovirus 
vaccines to protect from future zoonotic transmission events. 

 

The broadly neutralizing sarbecovirus mAb S309 was isolated from a survivor of a 
2003 SARS-CoV infection and its derivative (sotrovimab) has received emergency use 
authorizations in several countries around the world for the early treatment of mild-to 
moderate COVID-19 in adults and pediatric patients (12 years of age and older weighing 
at least 40 kg) with positive results of direct SARS-CoV-2 viral testing, and who are at 
high risk for progression to severe COVID-19, including hospitalization or death (13, 21, 
23, 48). S309 mAb has to date proven resilient to the emergence of SARS-CoV-2 
variants, in pre-clinical studies, possibly due to targeting of a conserved RBD epitope with 
very limited mutational tolerance, potentially explaining its clinical success (14). The 
unique mechanism of S2K146-mediated ACE2 molecular mimicry provides an even 
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higher barrier than S309 for emergence of escape mutants in spite of the known 
mutational plasticity of the SARS-CoV-2 RBM (24). Therefore, the discovery of the 
S2K146 mAb may be a key milestone for treatment of COVID-19 patients and for 
pandemic preparedness against divergent sarbecoviruses. 
 
 
Methods  
 
Cell lines 

Cell lines used in this study were obtained from ATCC (Vero-E6) or ThermoFisher 
Scientific (Expi CHO cells and Expi293F™ cells) or were generated via lentiviral 
transduction (Expi CHO-S, HEK293T-ACE2, Vero-TMPRSS2) (32). 
 

Recombinant protein production 
RBDs from different sarbecoviruses used in ELISA and BLI experiments were 

expressed with N-terminal signal peptide and C-terminal thrombin cleavage 
siteTwinStrep-8xHis-tag in Expi293F cells at 37°C and 8% CO2. Cells were transfected 
using PEI MAX (Polysciences) at a DNA:PEI ratio of 1:3.75. Transfected cells were 
supplemented three days after transfection with 3 g/L glucose (Bioconcept) and 5 g/L soy 
hydrolysate (Sigma-Aldrich Chemie GmbH). Cell culture supernatant (423 mL) was 
collected seven days after transfection and supplemented with 47 mL 10x binding buffer 
(1 M Tris-HCl, 1.5 M NaCl, 20 mM EDTA, pH 8.0) and 25 mL BioLock (IBA GmbH) and 
incubated on ice for 30 min. Proteins were purified using a 5 mL Strep-Tactin XT 
Superflow high capacity cartridge (IBA GmbH) followed by buffer exchange to PBS using 
HiPrep 26/10 desalting columns (Cytiva).  

SARS-CoV-2 S hexapro (49), used for cryo-EM single particle studies, was 
expressed and purified as described before (27). 

The SARS-CoV-2 S ‘wildtype’ ectodomain trimer used for refolding experiments 
followed by negative stain EM was engineered as follows and recombinantly expressed 
as previously described (32). The SARS-CoV-2 S D614G ‘wildtype’ has a mu-
phosphatase signal peptide ending in ETGT, begins at Q14, a mutated S1/S2 cleavage 
site (SGAR), ends at residue K1211 and is followed by a TEV cleavage site, fold-on 
trimerization motif, and an 8× His tag in the pCMV vector. 
 
Antibody isolation and recombinant production 
           Antigen specific IgG+ memory B cells were isolated and cloned from PBMC of 
SARS-CoV-2 convalescent individuals. Briefly, CD19+ B cells were enriched by staining 
with CD19 PE-Cy7 and anti-PE microbeads (Milteniy), followed by positive selection using 
LS columns. Enriched B cells were stained with anti-IgD, anti-IgM, anti-IgA, anti-CD14, 
all PE labelled and prefusion SARS-CoV-2 S-Avi tag conjugated with streptavidin Alexa-
Fluor 647 (Life Technologies). SARS-CoV-2-specific IgG+ memory B cells were sorted 
and seeded on MSC (mesenchymal stromal cells) at 0.5 cell/well in the presence of 
CpG2006, IL-2, IL6, IL-10 and IL-21, as previously described (50). After 7 days, B cell 
supernatants were screened by ELISA for binding to a panel of RBDs representative of 
different sarbecovirus clades as well as by neutralization using high-throughput VSV 
SARS-CoV-2 S-abesed microneutralization. Abs VH and VL sequences were obtained 
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by reverse transcription PCR (RT-PCR) and mAbs were expressed as recombinant 
human IgG1, carrying the half-life extending M428L/N434S (LS) mutation in the Fc region 
fragment. ExpiCHO cells were transiently transfected with heavy and light chain 
expression vectors as previously described (13). Using the Database IMGT 
(http://www.imgt.org), the VH and VL gene family and the number of somatic mutations 
were determined by analyzing the homology of the VH and VL sequences to known 
human V, D and J genes. UCA sequences of heavy and light variable regions were 
constructed using IMGT/V-QUEST. 
 
MAbs affinity purification was performed on ÄKTA Xpress FPLC (Cytiva) operated by 
UNICORN software version 5.11 (Build 407) using HiTrap Protein A columns (Cytiva) 
for full length human and hamster mAbs and CaptureSelect CH1-XL MiniChrom 
columns (ThermoFisher Scientific) for Fab fragments, using PBS as mobile phase. 
Buffer exchange to the appropriate formulation buffer was performed with a HiTrap Fast 
desalting column (Cytiva). The final products were sterilized by filtration through 0.22 
µm filters and stored at 4ºC 
 
 
Enzyme-linked immunosorbent assay 

96 half area well-plates (Corning, 3690) were coated over-night at 4°C with 25 µl 
of sarbecoviruses RBD proteins WIV1 (AGZ48831.1), Anlong-112 (ARI44804.1), YN2013 
(AIA62330.1), SC2018 (QDF43815.1), ZC45 (AVP78031.1), Rp/Shaanxi2011 
(AGC74165.1), BM48-31/BGR/2008 (YP_003858584.1), RaTG13 (QHR63300.2), 
SARS-CoV2 (YP_009724390.1), SARS-CoV Urbani (AAP13441.1), BtKY72 
(APO40579.1), Pangolin-Guangdong-2019 (EPI_ISL_410721), Pangolin_Guanxi-2017 
(EPI_ISL_410539) and SARS-CoV-2 RBD mutants, prepared at 5 µg/ml in PBS pH 7.2. 
After a blocking step of 60 min at room temperature with PBS 1% BSA (Sigma-Aldrich, 
A3059), plates were incubated with mAb serial dilutions for 60 min at room temperature. 
After 4 washing steps with PBS 0.05% Tween 20 (PBS-T) (Sigma-Aldrich, 93773), goat 
anti-human IgG secondary antibody (Southern Biotech, 2040-04) was added and 
incubated for 45 min at room temperature. Plates were then washed 4 times with PBS-T 
and 4-NitroPhenyl phosphate (pNPP, Sigma-Aldrich, 71768) substrate was added. After 
45 min incubation, absorbance at 405 nm was measured by a plate reader (Biotek) and 
data plotted using Prism GraphPad. 
 
Transient Expression of sarbecovirus S protein in ExpiCHO-S Cells 
ExpiCHO cells were seeded at 6 × 106 cells/ml into 50 ml bioreactor tubes in 5 ml culture 
medium. Spike coding plasmids (5 µg) were diluted in OptiPRO SFM, mixed with 
ExpiFectamine CHO Reagent (Life Technologies) and added to the cells. After 
transfection, cells were incubated at 37°C with 8% CO2 with an orbital shaking speed of 
120 rpm (orbital diameter of 25 mm) for 48 hours. 
 
Binding to cell surface expressed sarbecovirus S proteins by flow cytometry 
Transiently transfected ExpiCHO cells were harvested and washed in wash buffer (PBS 
2% FBS, 2 mM EDTA). Cells were counted, distributed into round bottom 96-well plates 
(Corning) and incubated with serially diluted antibodies in wash buffer (starting 
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concentration: 10 µg/ml, 8 points of dilution 1:4). Alexa Fluor647-labeled Goat Anti-
Human IgG secondary Ab (Jackson Immunoresearch) was prepared at 2 μg/mL added 
onto cells after two washing steps. Cells were then washed twice and resuspended in 
wash buffer for data acquisition at ZE5 cytometer (Biorad). 
 
Competition assay and affinity determination by Biolayer Interferometry (BLI) 
BLI experiments were carried out using an Octet Red96 (ForteBio) and all reagents were 
prepared in Kinetics buffer (KB) (PBS 0.01% BSA). 
To assess S2K146 competition with S2X259, S309 and S2E12, His-tagged SARS-CoV-
2 RBD was prepared at 8 µg/ml in Kinetics buffer (PBS 0.01% BSA) and loaded on pre-
hydrated anti-penta-HIS biosensors (Sartorius) for 2.5 min. Biosensors were then moved 
into a solution containing 20 µg/ml S2K146 mAb and association recorded for 5 min. A 
second association step was subsequently performed into S2X259, S309 and S2E12 
mAbs solutions at 20 µg/ml and recorded for 5 min. Response values were exported and 
plotted using GraphPad Prism (version 9.1.1). 
 
To assess binding affinities, S2K146 and respective UCA Ab were prepared at 3 µg/ml 
and immobilized on pre-hydrated protein-A biosensors (Sartorius) for 75 sec. After a 30 
sec stabilization step in KB, biosensors were moved in SARS-CoV or SARS-CoV-2 :2 
dilution series (starting concentration: 18.5 nM) for the 600 sec association step, and then 
moved back in KB to record dissociation signals for 540 sec. The data were baseline 
subtracted, results fitted using the Pall FortéBio/Sartorius analysis software (version 12.0) 
and plotted using GraphPad Prism (version 9.1.1) 
 
VSV-based pseudovirus production and neutralization assay 
VSV psudoviruses were produced using the following constructs: SARS-CoV S, SARS-
CoV-2 S, WIV-1 S, RaTG13 S, PG-GD S, PG-GX S, the VOC Alfa, Beta, Gamma, 
Epsilon, the VOI B.1.1.519, B.1.1.218 and SARS-CoV2 S bearing the single mutations 
K417V, E484K. Pseudotyped viruses were prepared using Lenti-X 293 cells seeded in 
15-cm dishes. Briefly, cells in culture medium (DMEM supplemented with 10% heat-
inactivated FBS, 1% PenStrep) were transfected with 25 µg of plasmid encoding for the 
corresponding S glycoprotein using TransIT-Lenti (Mirus) as transfectant reagent. One 
day post-transfection, cells were infected with VSV (G*ΔG-luciferase) for 1 h, washed 3 
times in PBS with Ca2+/Mg2+ (Thermo Fisher) before adding 25 ml of culture medium/dish. 
Particles were harvested after 18-24 h, clarified from cellular debris by centrifugation at 
2,000 x g for 20 min at 4°C, aliquoted and stored at −80°C until use in neutralization 
experiments. 
 
For neutralization experiments, Vero E6 cells were seeded at 20,000 cells/well in culture 
medium into white 96-well plates (PerkinElmer, 6005688) and cultured overnight at 37°C 
5% CO2. Ten-point 3-fold mAb serial dilutions were prepared in culture medium and mixed 
1:1 with pseudotyped VSV prepared in culture medium in order to infect cells with the 
desired MOI. After 60 min incubation at 37 °C, cell culture medium was aspirated and 50 
µl of PVs/mAb mixture was added onto cells and incubated 60 min at 37°C 5% CO2. After 
60 min, 100 μl of culture medium was added to the cells and incubation at 37°C 5% CO2 
followed in the next 16-24 h. At the end of the incubation time, culture medium was 
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removed from the cells and 50 μl/well of Steadylite (PerkinElmer) diluted 1:2 with PBS 
with Ca2+Mg2+ was added to the cells and incubated in the dark for 10 min. Luminescence 
signals were read using a Synergy H1 Hybrid Multi-Mode plate reader (Biotek). 
Measurements were done in duplicate and at least six wells per plate contained untreated 
infected cells (defining the 0% of neutralization, “MAX RLU” value) and infected cells in 
the presence of S2E12 and S2X259 at 25 µg/ml each (defining the 100% of neutralization, 
“MIN RLU” value). Average of Relative light units (RLUs) of untreated infected wells (MAX 
RLUave) was subtracted by the average of MIN RLU (MIN RLUave) and used to 
normalize percentage of neutralization of individual RLU values of experimental data 
according to the following formula: (1-(RLUx - MIN RLUave) / (MAX RLUave – MIN 
RLUave)) x 100. Data were analyzed and visualized with Prism (Version 9.1.1). IC50 
values were calculated from the interpolated value from the log(inhibitor) versus 
response, using variable slope (four parameters) nonlinear regression with an upper 
constraint of ≤100, and a lower constrain equal to 0. 
 
BtKY72 (K493Y/T498W) S pseudovirus production and neutralization assay 
VSV pseudovirus harboring BtKY72 K493Y/T498W S (mutants defined based on SARS-
CoV-2 numbering) with a native signal peptide and C-terminal 21 residue deletion 
synthesized by GenScript  were prepared as previously described (28). Briefly, HEK-293T 
cells seeded in poly-D-lysine coated 100 mm dishes at ~75 % confluency were washed 
five times with Opti-MEM and co-transfected with Lipofectamine 2000 (Life Technologies) 
with 24 μg of the S glycoprotein plasmids. After 5 h at 37°C, media supplemented with 
20% FBS and 2% PenStrep was added. After 20 hours, cells were washed five times with 
DMEM and cells were transduced with VSVΔG-luc (51) and incubated at 37°C. After 2 h, 
infected cells were washed an additional five times with DMEM prior to adding media 
supplemented with anti-VSV-G antibody (I1-mouse hybridoma supernatant diluted 1:25, 
from CRL-2700, ATCC) to reduce parental background. After 18-24 h, the supernatant 
was harvested and clarified by low-speed centrifugation at 2,500 g for 10 min. The 
supernatant was then filtered (0.45 μm) and concentrated 10 times using a 30 kDa cut off 
membrane. The pseudotypes were then aliquoted and frozen at -80 °C. 
For neutralization experiments, HEK-293T cells expressing hACE2 (Crawford et al. 2020) 
in DMEM supplemented with 10% FBS and 1% PenStrep were seeded at 20,000 cells 
per well into clear bottom, white manually poly-D-lysine coated 96 well plates and 
incubated at 37°C. The following day, an additional half-area, 96-well plate was prepared 
with twelve 3-fold serial dilutions of mAb of either S2K146 or S2X259 starting at 250ug/mL 
or 25 ug/mL respectively. An equal volume of diluted pseudovirus was added and 
incubated for 30 minutes at room temperature. Excess media was removed from cells 
and the mAb-pseudovirus mixture was transferred to the cells for 2 hours at 37C. After 
the 2 hour incubation, an equal volume of DMEM-20%FBS-2%PenStrep was added for 
overnight incubation. The following day, One-Glo-EX substrate (Promega) was added 
and incubated in the dark for 5 minutes. The plates were immediately read on a Biotek  
plate reader. Relative luciferase units were plotted and normalized in Prism with cells 
alone without pseudovirus defining 100% neutralization and cells with pseudovirus only 
defining 0% neutralization. Data were analyzed and visualized with Prism (Version 9.1.1). 
IC50 values were calculated from the interpolated value from the log(inhibitor) versus 
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response, using variable slope (four parameters) nonlinear regression with an upper 
constraint of ≤100, and a lower constrain equal to 0. 
 
Authentic SARS-CoV-2 isolates 
SARS-CoV-2 strains used in this study were obtained from BEI (WT: Lineage A, BEI ref. 
NR-5228; Alpha: Lineage B.1.1.7, BEI ref. NR-54000; Beta: Lineage B.1.351, BEI ref. 
NR-54009; Kappa: Lineage B.1.617.1, BEI ref. NR-55486; Delta: Lineage B.1.617.2, BEI 
ref. NR-55611).  
 
Neutralization of authentic SARS-CoV-2 viruses 
Vero-TMPRSS2 cells were seeded into black-walled, clear-bottom 96-well plates at 2 × 
104 cells/well and cultured overnight at 37°C. The next day, 9-point 5-fold serial dilutions 
of mAbs were prepared in infection media (DMEM + 10% FBS). The different SARS-CoV-
2 strains were diluted in infection media at a final MOI of 0.01 PFU/cell, added to the mAb 
dilutions and incubated for 30 min at 37°C. Media was removed from the cells, mAb-virus 
complexes were added and incubated at 37°C for 18 h. Cells were fixed with 4% PFA 
(Electron Microscopy Sciences, #15714S), permeabilized with Triton X-100 (SIGMA, 
#X100-500ML) and stained with an antibody against the viral nucleocapsid protein (Sino 
Biologicals, #40143-R001) followed by a staining with the nuclear dye Hoechst 33342 
(Fisher Scientific, # H1399) and a goat anti-rabbit Alexa Fluor 647 antibody (Invitrogen, 
#A-21245). Cells were imaged with an automated multimode plate reader (Biotek, 
Cytation 5).  
 
 
Blockade of SARS-CoV and SARS-CoV-2 binding to ACE2 
SARS-CoV and SARS-CoV-2 mouse/rabbit Fc-tagged RBDs (final concentration 20 
ng/ml) were incubated with serially diluted recombinant mAbs (from 25 µg/ml) and 
incubated for 1 h 37°C. The complex RBD:mAbs was then added to a pre-coated hACE2 
(2 µg/ml in PBS) 96-well plate MaxiSorp (Nunc) and incubated 1 hour at room 
temperature. Subsequently, the plates were washed and a goat anti-mouse/rabbit IgG 
(Southern Biotech) coupled to alkaline phosphatase (Jackson Immunoresearch) added 
to detect mouse Fc-tagged RBDs binding. After further washing, the substrate (p-NPP, 
Sigma) was added, and plates read at 405 nm using a microplate reader (Biotek). The 
percentage of inhibition was calculated as follow: (1-((OD sample-OD neg ctr)/(OD pos. 
ctr-OD neg. ctr))*100 
 
Cell-surface mAb-mediated S1 shedding 
CHO cells stably expressing the prototypic SARS-CoV-2 Spike protein were harvested, 
washed in wash buffer (PBS 1% BSA 2 mM EDTA) and resuspended in PBS. Cells were 
then counted and 90’000 cells/well were dispensed into a round-bottom 96 well plate 
(Corning) to be treated with 10 ug/ml TPCK-Trypsin (Worthington Biochem) for 30 min at 
37°C. After a washing step, cells were incubated with 15 ug/ml mAbs solution for 180, 
120, 60, 30 or 5 min at 37°C. After the incubation for the allotted time, cells were washed 
with ice-cold wash buffer and stained with 1.5 ug/ml Alexa Fluor647-labeled Goat Anti-
Human IgG secondary Ab (Jackson Immunoresearch) for 30 min on ice in the dark. Cells 
were then washed twice with cold wash buffer and analyzed using a ZE5 cytometer 
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(Biorad) with acquisition chamber T= 4°C. Binding at each time point (MFI) was 
determined normalizing to the MFI at 5 minutes time point and data plotted using 
GraphPad Prism v. 9.1.1 
 
Evaluation of escape mutants via deep mutational scanning 

A previously described deep mutational scanning approach (52) was used to 
identify RBD mutations that escape S2K146 binding exactly as described in (14). Briefly, 
duplicate libraries containing virtually all possible amino acid changes compatible with 
ACE2 binding and RBD folding within the Wuhan-Hu-1 SARS-CoV-2 RBD sequence were 
expressed on the surface of yeast. Libraries were labelled at 63 ng/mL S2K146 antibody 
(the EC90 for binding to yeast-displayed SARS-CoV-2 RBD determined in isogenic pilot 
binding experiments), and fluorescence-activated cell sorting (FACS) was used to select 
RBD+ cells that exhibit reduced antibody binding as previously described. Libraries were 
sequenced before and after selection to determine per-mutation escape fractions as 
previously described. Experiments were performed in duplicate with independently 
generated mutant libraries, and we report the average mutant escape fraction across the 
duplicates. Data for S2E12 exactly as described in (14) are included for comparison to 
S2K146. Complete computational pipeline for deep mutational scanning data analysis is 
available on GitHub: https://github.com/jbloomlab/SARS-CoV-2-RBD_MAP_S2K146. 
 
Evaluation of sarbecovirus cross-reactivity via high-throughput yeast-display 
binding assays 
 Breadth of antibody binding across a panel of yeast-displayed sarbecovirus RBDs 
was performed as described in (cites: PMID 34261126), with modification. In the prior 
publication, antibody binding to the sarbecovirus RBD panel was measured at a single 
antibody concentration analogous to the deep mutational scanning selections. In the 
current work, binding was determined via FACS-seq across an antibody dilution series 
(10,000 to 0.01 ng/mL in 10-fold dilutions, plus 0 ng/mL antibody). The ‘escape fraction’ 
of each sarbecovirus RBD at each antibody concentration was fit to a sigmoid binding 
curve to determine the quantitative EC50 for antibody binding to each RBD. In addition to 
S2K146 breadth, S2E12 was profiled using this new method in this paper to enable direct 
comparison to S2K146. Complete computational pipeline for the analysis of breadth of 
antibody binding is available on GitHub: https://github.com/jbloomlab/SARSr-
CoV_RBD_MAP. 
 Several sarbecovirus RBD sequences were reported subsequent to the cloning of 
our original sarbecovirus panel, including RshSTT182 (cites: doi: 
10.1101/2021.01.26.428212, GISAID EPI_ISL_852604), Rc-o319 (cites: PMID 
33219796, Genbank: LC556375), PRD-0038 and PDF-2370 (cite: , Genbank MT726045 
and MY726044), and RsYN04 (cite: PMID 34147139, GISAID EPI_ISL_1699444). These 
RBD sequences were cloned into the yeast-surface display vector and antibody binding 
was determined via isogenic binding assays monitored by flow cytometry, exactly as 
described in (14). 
 

 

Selection of SARS-CoV-2 monoclonal antibody escape mutants 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted October 14, 2021. ; https://doi.org/10.1101/2021.10.13.464254doi: bioRxiv preprint 

https://doi.org/10.1101/2021.10.13.464254
http://creativecommons.org/licenses/by-nc-nd/4.0/


   

 

   

 

A VSV-SARS-CoV-2 Wuhan-Hu-1 D614G S chimera was used to select for mAb 
resistant mutants, as previously described(30). Briefly, mutants were recovered by plaque 
isolation on Vero E6 cells with the indicated mAb in the overlay. The concentration of mAb 
in the overlay was determined by neutralization assays at a multiplicity of infection (MOI) 
of 100. Escape clones were plaque-purified on Vero E6 cells in the presence of mAb, and 
plaques in agarose plugs were amplified on MA104 cells with the mAb present in the 
medium. Viral stocks were amplified on MA104 cells at an MOI of 0.01 in Medium 199 
containing 2% FBS and 20 mM HEPES pH 7.7 (Millipore Sigma) at 34°C. Viral 
supernatants were harvested upon extensive cytopathic effect and clarified of cell debris 
by centrifugation at 1,000 x g for 5 min. Aliquots were maintained at - 80°C. Viral RNA 
was extracted from VSV-SARS-CoV-2 S mutant viruses using RNeasy Mini kit (Qiagen), 
and the S gene was amplified using OneStep RT-PCR Kit (Qiagen). The mutations were 
identified by Sanger sequencing (GENEWIZ). Their resistance was verified by 
subsequent virus infection in the presence or absence of mAb. Vero E6 cells were seeded 
into 12 well plates overnight. The virus was serially diluted using DMEM and cells were 
infected at 37°C for 1 h. Cells were cultured with an agarose overlay in the presence or 
absence of mAb at 34°C for 2 days. Plates were scanned on a biomolecular imager and 
expression of eGFP monitored at 48 hours post-infection. 

 
Viral replication fitness assays 

Vero E6 cells (ATCC, CRL-1586) were seeded at 1×106 cells per well in 6-well 
plates. Cells were infected with multiplicity of infection (MOI) of 0.02, with VSV chimeras 
harboring SARS-CoV-2 Wuhan-Hu-1 D614G S and SARS-CoV-2 Wuhan-Hu-1 
Y489H/D614G S mixed at equal titers. Following 1 h incubation, cell monolayers were 
washed three times with Hanks' Balanced Salt Solution (HBBS) and cultures were 
incubated for 72 h in humidified incubators at 34°C.  To passage the progeny viruses, 
virus mixture was continuously passaged four times in Vero E6 cells at MOI of 0.02. 
Cellular RNA samples from each passage were extracted using RNeasy Mini kit 
(QIAGEN) and subjected to next-generation sequencing as described previously to 
confirm the introduction and frequency of substitutions (30). 

 
S2K146-induced S refolding 

10 µM native-like SARS-CoV-2 S(32) was incubated with 13 µM S2K146 Fab for 
12 hours at room temperature. Samples were diluted to 0.01 mg/mL immediately prior to 
adsorption to glow-discharged carbon-coated copper grids for ~30 sec prior to a 2% 
uranyl formate staining. Micrographs were recorded using the Leginon software on a 120 
kV FEI Tecnai G2 Spirit with a Gatan Ultrascan 4000 4k x 4k CCD camera at 67,000 
nominal magnification. The defocus ranged from -1.0 to -2.0 µm and the pixel size was 
1.6 Å. 
 
CryoEM sample preparation, data collection and data processing 

Recombinantly expressed and purified S2K146 Fab and SARS-CoV-2 S 
hexapro(49) were incubated at 1 mg/ml (for UltraAuFoil grids) or 0.1mg/ml (for lacey thin 
carbon grids) with a 1.2 molar excess of Fab at 4°C for 1 hr. Three microliters of the 
complex mixture were loaded onto freshly glow discharged R 2/2 UltrAuFoil grids (200 
mesh) or lacey grids covered with a thin layer of manually added carbon, prior to plunge 
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freezing using a vitrobot MarkIV (ThermoFisher Scientific) with a blot force of 0 and 6-6.5 
sec blot time (for the UltrAuFoil grids) or with a blot force of −1 and 2.5 sec blot time (for 
the lacey thin carbon grids) at 100 % humidity and 22°C. 

Data were acquired using an FEI Titan Krios transmission electron microscope 
operated at 300 kV and equipped with a Gatan K3 direct detector and Gatan Quantum 
GIF energy filter, operated in zero-loss mode with a slit width of 20 eV. Automated data 
collection was carried out using Leginon (53) at a nominal magnification of 105,000x with 
a pixel size of 0.843 Å. The dose rate was adjusted to 15 counts/pixel/s, and each movie 
was acquired in super-resolution mode fractionated in 75 frames of 40 ms. 7,289 
micrographs were collected with a defocus range comprised between -0.5 and -2.5 μm. 
Movie frame alignment, estimation of the microscope contrast-transfer function 
parameters, particle picking, and extraction were carried out using Warp (54). 

Two rounds of reference-free 2D classification were performed using CryoSPARC 
(55) to select well-defined particle images. These selected particles were subjected to 
two rounds of 3D classification with 50 iterations each (angular sampling 7.5˚ for 25 
iterations and 1.8˚ with local search for 25 iterations), using our previously reported closed 
SARS-CoV-2 S structure as initial model (PDB 6VXX) (4) using Relion (56). 3D 
refinements were carried out using non-uniform refinement along with per-particle 
defocus refinement in CryoSPARC (57). Selected particle images were subjected to the 
Bayesian polishing procedure (58) implemented in Relion3.0 before performing another 
round of non-uniform refinement in cryoSPARC followed by per-particle defocus 
refinement and again non-uniform refinement. To improve the density of the S/S2K146 
interface, the particles from the class with 2 RBDs opened were subjected to focus 3D 
classification without refining angles and shifts using a soft mask on the closed RBD and 
bound S2K146 variable domains with a tau value of 60 in Relion. Particles belonging to 
classes with the best resolved local density were selected and subject to local refinement 
using CryoSPARC. Local resolution estimation, filtering, and sharpening were carried out 
using CryoSPARC. Reported resolutions are based on the gold-standard Fourier shell 
correlation (FSC) of 0.143 criterion and Fourier shell correlation curves were corrected 
for the effects of soft masking by high-resolution noise substitution (59, 60). 
 
Model building and refinement 

 UCSF Chimera (61) and Coot (62) were used to fit atomic models into the cryoEM 
maps. Spike-RBD/S2K146 model was refined and relaxed using Rosetta using 
sharpened and unsharpened maps (63, 64). 
 
Measurement of Fc-effector functions  
S2K146-dependent activation of human FcγRIIa and IIIa was performed with a 
bioluminescent reporter assay. ExpiCHO cells stably expressing full-length wild-type 
SARS-CoV-2 S (target cells) or full-length prefusion stabilized SARS-CoV-2 S, which 
harbours the 2P mutation and S1/S2 furin cleavage site mutation (RRARS to SGAG) as 
previously described (4), were incubated with different amounts of mAbs. After a 15-
minute incubation, Jurkat cells stably expressing FcγRIIIa receptor (V158 variant) or 
FcγRIIa receptor (H131 variant) and NFAT-driven luciferase gene (effector cells) were 
added at an effector to target ratio of 6:1 for FcγRIIIa and 5:1 for FcγRIIa. Signaling was 
quantified by the luciferase signal produced as a result of NFAT pathway activation. 
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Luminescence was measured after 20 hours of incubation at 37˚C with 5% CO2 with a 
luminometer using the Bio-Glo-TM Luciferase Assay Reagent according to the 
manufacturer’s instructions (Promega). 

 
Hamster challenge experiment.  

The hamster infection model of SARS-CoV-2 including the associated analytical 
procedures, have been described before (35, 65). In brief, female Syrian hamsters 
(Mesocricetus auratus) of 6-8 weeks old were anesthetized with 
ketamine/xylazine/atropine and inoculated intranasally with 50 μL containing 1×104 
TCID50 Beta B.1.351 (derived from hCoV-19/Belgium/rega-1920/2021; 
EPI_ISL_896474, 2021-01-11). This variant was originally isolated in house from 
nasopharyngeal swabs taken from travelers returning to Belgium (baseline surveillance) 
and were subjected to sequencing on a MinION platform (Oxford Nanopore) directly from 
the nasopharyngeal swabs (65). Animals were treated once by intraperitoneal injection 
24h post SARS-CoV-2 challenge (i.e. therapeutic administration) with S2K146 mAb (at 
10, 5 and 1 mg/Kg). S2E12 mAb was administrated as control (at 1 mg/kg). Isotype control 
was administered at 10 mg/kg. Hamsters were monitored for appearance, behavior and 
weight. At day 4 pi, hamsters were euthanized by i.p. injection of 500 μL Dolethal 
(200mg/ml sodium pentobarbital, Vétoquinol SA). Lungs were collected for viral RNA and 
infectious virus quantification by RT-qPCR and end-point virus titration, respectively. 
Serum samples were collected at day 4 pi for analysis of Ab levels. 

 
SARS-CoV-2 RT-qPCR 

Hamster lung tissues were collected after sacrifice and were homogenized using 
bead disruption (Precellys) in 350 µL TRK lysis buffer (E.Z.N.A.® Total RNA Kit, Omega 
Bio-tek) and centrifuged (10.000 rpm, 5 min) to pellet the cell debris. RNA was extracted 
according to the manufacturer’s instructions. RT-qPCR was performed on a 
LightCycler96 platform (Roche) using the iTaq Universal Probes One-Step RT-qPCR kit 
(BioRad) with N2 primers and probes targeting the nucleocapsid (65). Standards of 
SARS-CoV-2 cDNA (IDT) were used to express viral genome copies per mg tissue. 

 
End-point virus titrations 

Lung tissues were homogenized using bead disruption (Precellys) in 350 µL 
minimal essential medium and centrifuged (10,000 rpm, 5min, 4°C) to pellet the cell 
debris. To quantify infectious SARS-CoV-2 particles, endpoint titrations were performed 
on confluent Vero E6 cells in 96- well plates. Viral titers were calculated by the Reed and 
Muench method (66) using the Lindenbach calculator and were expressed as 50% tissue 
culture infectious dose (TCID50) per mg tissue. 
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Supplemental figures  
  
 

 
 
Figure S1. In vitro characterization of S2K146 mAb 
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A) ELISA binding curves of S2K146 mAb against different clade 1a and 1b sarbecovirus 
RBDs. Serial dilutions of S2K146 mAb were tested. B) S2K146-mediated neutralization 
of VSV pseudotypes harboring Wuhan-Hu-1 SARS-CoV-2 S, B.1.351 (beta), B.1.1.7 
(alpha), P.1 (gamma), B.1.429 (epsilon), C.37 (lambda), AY.1/.2 (delta+) SARS-CoV-2 S 
or SARS-CoV S. C) S2K146-mediated neutralization of VSV pseudotypes harboring 

BtKY72 S (K493Y/T498W, SARS-CoV-2 residue numbering) using HEK293T cells 
expressing human ACE2. The S2X259 mAb was included as a positive control. D) 
Alignment of the amino acid sequence of the variable regions of heavy and light chains 
of S2K146 and S2K146 UCA. Heavy and light chain CDR1, CDR2, and CRD3 (IMGT 
definition) are indicated by green, blue, and red boxes, respectively. E) ELISA binding 
analysis of S2K146 and S2K146 UCA to RBDs of clade 1a and clade1b sarbecoviruses. 
F) Biolayer interferometry binding analysis of S2K146 and S2K146 UCA IgG1 to prefusion 
SARS-CoV S (green) and SARS-CoV-2 S (blue). Apparent KD (KD,app ) are reported.  
 

 

 
Figure S2. CryoEM data processing of the S2K146-bound SARS-CoV-2 S dataset. 
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A-B) Representative electron micrograph and 2D class averages of SARS-CoV-2 S in 
complex with S2K146 Fab embedded in vitreous ice. The scale bar represents 100 nm. 
C) Gold-standard Fourier shell correlation curves for the S2K146-bound SARS-CoV-2 S 
maps with three RBDs open (black line), two RBDs open (grey line) and locally refined 
RBD/S2K146 variable domain (blue line). The 0.143 cutoff is indicated by a horizontal 
dashed line. D) Local resolution maps calculated using cryoSPARC for the whole 
reconstruction of two RBD in open state (left) and three RBD open state (right) SARS-
CoV-2 S trimer as well as for the locally refined RBD/S2K146 variable domain region. 
 
 
 
 

 
 
Figure S3. S2K146 epitope conservation across sarbecoviruses. 
Protein sequence alignment of RBDs representative of sarbecovirus clade 1a (green), 
clade 1b (blue), clade 2 (orange) and clade 3 (pink). Residue numbering is based on 
SARS-CoV-2 sequence with identical residues indicated as dots. Residues buried upon 
S2K146 binding are highlighted in boxes and epitope residues conserved between the 
SARS-CoV-2 and SARS-CoV RBDs are denoted in red. 
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Figure S4. SARS-CoV-2 broadly neutralizing sarbecovirus mAbs.  
Structural superimposition of S2K146 (purple), site I-targeting S2E12 (grey), site II-
targeting S2X259 (red), and site IV-targeting S309 (pink) Fabs bound to the SARS-CoV-
2 RBD (light blue). S2K146 is depicted as a semi-transparent surface to show that S2E12 
and S2K146 bind largely overlapping binding sites on the RBD. Although the constant 
domains of S2K146 and S2X259 slightly overlap, the flexibility around the Fab elbow 
allows binding of both mAbs as shown in Fig 1A. 
 

 

 
Figure S5. DMS analysis of the yeast-displayed SARS-CoV-2 RBD 
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A) Mapping of escape mutations reducing S2K146 or SE12 binding using yeast-
displayed RBD DMS. Line plots show escape at each site in the RBD (summed effects 
of all mutations at each site). Sites of strong escape are indicated with purple lines. B) 
Correlation in per-mutation (left) and sum-per-site (right) escape fraction for replicate 
DMS library experiments.  
 
 

 

 

Figure S6. S2K146 escape clone selection by plaque assays using VSV-SARS-

CoV-2 Wuhan-Hu-1 D614G S chimeric virus. 

Plaque assays performed using VSV-SARS-CoV-2 Wuhan-Hu-1 D614G S chimeric virus 
on Vero cells with or without S2K146 in the overlay to isolate escape mutants (red arrow). 
Data are representative of two sets of experiments.  
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Figure S7. Activation of Fc!RIIa AND Fc!RllIa in vitro 

A-B) NFAT-driven luciferase signal indued in Jurkat cells stably expressing Fc!RIIa H131 
variant (A) or Fc!RIIIa V148 variant (B) by S2K146 mAb binding to full-length wild type 
SARS-CoV-2 S on CHO target cells. C-D) NFAT-driven luciferase signal induced in Jurkat 
cells stably expressing Fc!Rlla H131 variant (C) or Fc!RIIIa V148 variant (D) by S2K146 
mAb binding to uncleavable full-length wild-type SARS-CoV-2 S on CHO target cells. E) 
Surface rendering of site-I-targeting S2K146 (purple) mAb bound to the SARS-CoV-2 
RBD (light blue). F) Surface rendering of site-I-targeting S2E12 (grey) mAb bound to the 
SARS-CoV-2 RBD (light blue). The N343 glycan is rendered as a blue surface in E and 
F. 
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Figure S8. Correlation between mAb concentration and viral loads in the lungs of 
challenged hamsters. (A-B) Viral RNA copy number (A) and replicating virus titers (B) 
of SARS-CoV-2 Beta VOC in the lung of Syrian hamsters at 4 days post-infection plotted 
as a function of S2K146 mAb serum concentrations at day 1 post infection. (S2K146 10 
mg/kg n = 6; S2K146 5 mg/kg n = 5; S2K146 5 mg/kg n = 5) was administered 1 day post 
infection. 
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Table S1. CryoEM data collection and refinement statistics. 
 

 SARS-CoV-2 
S/S2K146  
(3RBDs open)  
 

SARS-CoV-2 
S/S2K146 
(2RBDs 
open) 
 

SARS-CoV-2 S 
RBD/S2K146 
(Local refinement) 
 

Data collection 

and processing 

   

Magnification 105,000 105,000 105,000 
Voltage (kV) 300 300 300 
Electron exposure 
(e–/Å2) 

60 60 60 

Defocus range (μm) 0.5-2.5 0.5-2.5 0.5-2.5 
Pixel size (Å) 0.843 0.843 0.843 
Symmetry imposed C1 C1 C1 
Final particle 
images (no.) 

212,054 348,047 97,818 

Map resolution (Å) 3.2 3.2 3.2 
FSC threshold 0.143 0.143 0.143 
Map sharpening B 
factor (Å2) 

-96 -99 -52 

    
Validation    
MolProbity score  1.22  1.25 
Clashscore   1.27 1.45 
Poor rotamers (%)   0 0 
Ramachandran plot    
    Favored (%)   95 96.2 
    Allowed (%)   4.55 3.55 
    Disallowed (%)   0.75 0.25 
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Table S2. Summary of nucleotide and amino acid mutations found in 36 
neutralization-resistant VSV-SARS-CoV-2-S D614G chimera plaques. 
 

Clones Nucleotide mutant  Amino acid Mutant 

#1 
T1465C/ 
T1602G 

Y489H/ 
V534V 

#2 T1465C Y489H 
#3 T1465C Y489H 
#4 T1465C Y489H 
#5 T1465C Y489H 
#6 T1465C Y489H 
#7 T1465C Y489H 
#8 T1465C Y489H 
#9 T1465C Y489H 
#10 T1465C Y489H 
#11 T1465C Y489H 
#12 T1465C Y489H 
#13 T1465C Y489H 
#14 T1465C Y489H 
#15 T1465C Y489H 
#16 T1465C Y489H 
#17 T1465C Y489H 
#18 T1465C Y489H 
#19 T1465C Y489H 
#20 T1465C Y489H 
#21 T1465C Y489H 
#22 T1465C Y489H 
#23 T1465C Y489H 
#24 T1465C Y489H 
#25 T1465C Y489H 
#26 T1465C Y489H 
#27 T1465C Y489H 

#28 
T1464C/ 
T1465C 

C488C/ 
Y489H 

#29 T1465C Y489H 

#30 
T1263C/ 
T1465C 

Y421Y/ 
Y489H 

#31 
T1465C/ 
A1671G 

Y489H/ 
K557K 

#32 T1465C Y489H 
#33 T1465C Y489H 
#34 T1465C Y489H 
#35 T1465C Y489H 
#36 T1465C Y489H 
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