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SARS-CoV-2 Deltaand Omicron variants
evade population antibody response by
mutationsin asingle spike epitope
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Population antibody response is thought to be important in selection of
virus variants. We report that SARS-CoV-2 infection elicits a population
immune response that is mediated by a lineage of VH1-69 germline
antibodies. Arepresentative antibody R1-32 from this lineage was isolated.
By cryo-EM, we show that it targets a semi-cryptic epitope in the spike
receptor-binding domain. Binding to this non-ACE2 competing epitope
resultsin spike destruction, thereby inhibiting virus entry. On the basis

of epitope location, neutralization mechanism and analysis of antibody
binding to spike variants, we propose that recurrent substitutions at 452
and 490 are associated withimmune evasion of the identified population
antibody response. These substitutions, including L452R (presentin

the Delta variant), disruptinteractions mediated by the VH1-69-specific
hydrophobic HCDR2 to impair antibody-antigen association, enabling
variants to escape. The first Omicron variants were sensitive to antibody
R1-32 but subvariants that harbour L452R quickly emerged and spread. Our
results provide insights into how SARS-CoV-2 variants emerge and evade
hostimmune responses.
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Owing toimmune pressure induced by natural infection and vaccina-
tion, numerous SARS-CoV-2 variants have emerged, these variants
encoding spike proteins with substituted amino acids that function
toevade antibody neutralization'. Several recurrent receptor-binding
domain (RBD) substitutions have been observed among variants:
E484K was found in the Beta (B.1.351), Eta (B.1.525), lota (B.1.526) and
Gamma (P.1/P.1.1/ P.1.2) variants; N501Y was first found in the Alpha
(B.1.1.7) variant and subsequently found in the Beta and Gamma vari-
ants associated with recurrent K417N/T changes; L452R was found in
the Epsilon (B.1.427/B.1.429), Kappa (B.1.617.1), Delta (B.1.617.2) and
B.1.617.3 variants. On the basis of epitope locations, RBD-targeting
antibodies have been grouped into 4 classes’. Recurrent substitutions
at484and 417/501enable evasion of VH1-2 class 2 and VH3-53/3-66 class
1RBD antibodies, respectively. These antibodies have germline-like
sequences and are widely present in the population, representing
two distinct shared antibody responses™®*. Interestingly, although a
shared antibody response escaped by the recurrent substitution L452R
has remained unidentified, the L452R-bearing Delta variant, despite
lacking substitutions at 484 and 417/501, displaced the Alpha, Beta,
Gamma, Kappa and B.1.617.3 variants to become globally dominant’.
Itis currently not fully understood what evolutionary advantage the
Deltavariant had compared with other variants. The original Omicron
BA.1(B.1.1.529) variant is highly mutated, containing E484A, K417N/
N501Y and numerous other substitutions, but interestingly, it has no
substitution at 452.

Here we report identification of a population immune response
to SARS-CoV-2 and discuss how this relates to the emergence of
L452R-bearing variants of concernincluding Deltaand Omicron BA.4/
BA.5variants.

Results

Antibody R1-32 neutralizes SARS-CoV-2 variantsincluding
Omicron

First, we isolated 6 antibodies with high affinity for spike RBD bind-
ing, by phage display of antibody genes derived from peripheral
blood mononuclear cells (PBMCs) of 6 COVID-19 convalescent
patients infected with SARS-CoV-2 inJanuary 2020 (Extended Data
Fig.1a-e). The strongest RBD binder, a VH1-69 antibody that we named
R1-32, exhibited the strongest pseudovirus neutralizing activity
(IC50 =9.95 nM), without inhibiting spike ACE2 binding (Extended
DataFig.1f-i). Biolayer interferometry (BLI) assays showed that R1-32
binds to wild-type SARS-CoV-2 RBD with high affinity (K, = 0.8 nM) and
maintains high-affinity binding to the RBDs of the Alpha (K, = 0.71 nM),
Beta (Kp =10 nM) and Omicron BA.1 (K, =1nM) variants (Fig. 1a).
Binding to the RBDs of the Kappa (K =103 nM), Delta (K}, = 63 nM)
and Lambda (Kp = 467 nM) variants was greatly reduced (Fig. 1a). In
addition, R1-32 showed some cross reactivity by binding to the RBDs
of the Guangdong (GD) pangolin (K, = 0.78 nM) and the RaTG13 bat
(Kp =59 nM) SARS-related CoV spikes (Fig. 1a). Consistent with these
RBD binding data, R1-32 binding to the Delta variant spike trimer was
greatly reduced, whereas binding to spike trimers of the other tested
variants remained tight and non-dissociating, similar to binding to
the wild-type virus (Fig. 1b). Also consistent with the binding data:
R1-32 exhibited comparable or better neutralization activity towards
wild-type SARS-CoV-2 authentic virus compared with other RBD anti-
bodies already characterized (Fig. 1c and Extended Data Fig. 2); and
it maintained good neutralization of the Beta variant authentic virus
and the Omicron BA.1 pseudovirus (Fig. 1c). Neutralization of the Delta
variant authentic virus was greatly abrogated (Fig. 1c). Ina human
ACE2 transgenic mouse model®, intraperitoneal administrations of
R1-32 at4 mg kg™ and 20 mg kg™ at 1 h post intranasal inoculation
of 5 x10° plaque-forming units (p.f.u.) SARS-CoV-2 wild-type virus
were able to significantly reduce viral load inlung, 3 d postinfection,
compared with the control group (Fig. 1d). There was clear indica-
tion of reduced lung inflammation in the mice protected by R1-32

(Fig. 1d). These results establish that R1-32 has protection activity
towards SARS-CoV-2 infection.

R1-32 binding promotes RBD opening

To further understand the R1-32 neutralization mechanism, we deter-
mined cryo-electron microscopy (cryo-EM) structures of spike:R1-32
Fab complexesinthree different stoichiometries, as well as structures
of spike:R1-32 Fab:ACE2 complex, with resolutions of 3.73-6.75 A
(Extended DataFigs. 3 (fromleft to right) and 4c-g, and Supplementary
Table 2). These structures show that R1-32 Fab approaches fromoutside
of the spike above the N-terminal domain (NTD) to bind the RBD. The
bound Fab adopts an orientation perpendicular to the spike 3-fold axis
(Fig.2a). The protomers bound by R1-32 adopt an open conformation
withRBDs in an ‘up’ position. The unbound protomers adopt a closed
conformation with RBDs in a ‘down’ position (Fig. 2a). By varying the
amount of Fab added (3:1 and 3:3 spike protomer:R1-32 Fab molar
ratios), we observed 3:1, 3:2 and 3:3 spike protomer:R1-32 Fab com-
plexes (Fig.2a and Extended Data Fig. 3), suggesting that R1-32 binding
opens spike RBD stoichiometrically. The 3:3:3 spike protomer:R1-32
Fab:ACE2 complex structure confirmed that R1-32 does not block ACE2
binding (Fig. 2a).

R1-32 uses HCDR2 and HCDR3 to bind its epitope

On the basis of a 3.8 A resolution RBD-centred focused refined map
derived from the 3:3:3 spike protomer:R1-32 Fab:ACE2 complex dataset
(Extended DataFig. 4g,h), we built anatomic model revealing side-chain
interactions between RBD and R1-32 Fab. Our model revealed that R1-32
and ACE2 bind to two opposite, non-overlapping molecular surfaces
onanRBD (Fig.2b), consistent with R1-32 being non-inhibitory to ACE2
binding. R1-32 binding buried an epitope area of 1,214 A>on RBD, 813 A?
and 401 A2 of which are buried by HCDRs and LCDRs, respectively
(Fig.2c,d).HCDR2 and HCDR3 of R1-32 primarily mediated interactions
withRBD (Fig. 2¢,d). The HCDR2 epitope contains hydrophobicresidues
L452,F490 and L492; this epitope was recognized by the hydrophobic
R1-32 HCDR2 residues 152, 154, L55 and 157 via hydrophobic interac-
tion (Fig. 2c, left); R1-32 binds with greatly reduced affinities to RBDs
with substitutionsinthe HCDR2 epitope (Kappa (L452R/E484Q), Delta
(L452R/T478K), Lambda (L452Q/F490S),RaTG13 (F490Y), SARS-CoV-1
(L452K/F490W)) (Fig.1aand Supplementary Fig.1), suggesting that 452
and 490 within the HCDR2 epitope are extremely important for R1-32
binding. We further confirmed this suggestion with point mutation
data (Extended Data Fig. 5). HCDR2 being hydrophobic is the defin-
ing feature of VH1-69 antibodies and HCDR2 residues are known to
be polymorphic. In the case of R1-32, L55 (L54 in Kabat numbering)
facilitates better RBD binding than a phenylalanine (F), which s also
commoninthe population and hasbeen shownto playimportant roles
in generating broadly neutralizing antibodies against diverse viruses’
(Supplementary Fig. 2). The HCDR3 epitope contains mostly polar resi-
dues—R466, 1468, S469 and T470; this epitope interacts with HCDR3
via extensive hydrogen bonding (Fig. 2c, right). Point mutation data
suggest that substitutions withinthe HCDR3 epitope have weaker effect
onR1-32 binding (Extended DataFig. 5).

R1-32 targets aspike-destructing semi-cryptic epitope

The R1-32 epitope is partially buried when RBD adopts a ‘down’ posi-
tion: only the HCDR2 epitope is fully exposed in RBD ‘down’ spikes;
areas bound by HCDR3, LCDR1, LCDR2 and LCDR3 are buried to dif-
ferent extents by the NTD of a neighbouring protomer when RBD is
‘down’ (Fig. 2d). In particular, the HCDR3 epitope is almost completely
buried when RBD is ‘down’ (Fig. 2d, right). This semi-cryptic epitope
explains why R1-32 binding promotes RBD to adopt an ‘up’ position.
We found that R1-32 was able to bind disulfide-stabilized RBD ‘down’
spikes® with high affinity without dissociating (Fig. 3). This process
probably disrupted the stabilized spike trimers, suggesting that the
unhindered HCDR2 epitope canserve as a hydrophobic anchor strong
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Fig.1|Invitro and in vivo activities of R1-32. a, Binding of R1-32 to wild-type,
variant SARS-CoV-2, animal-origin SARS-related CoV and SARS-CoV-1RBDs.

b, Binding of R1-32 to wild-type and selected variant SARS-CoV-2 spikes. BLI
binding assays used 2-fold RBD or spike dilution series (200 nM to 3.125 nM);
fitted kinetic parameters are summarized in Supplementary Table 1. ¢, Top:
plaque reduction neutralization activities of R1-32 (mean + s.e.m.) towards
selected variant viruses compared to neutralization towards the wild-type virus.
n=3, except for neutralization of wild-type pseudovirus, n = 2. Representative
dataare shown from at least 2 independent experiments. Bottom: summary of

ICypand IC,, values. d, Top left: animal protection experiment design, created
with BioRender.com. R1-32 (4 mg kg™ or 20 mg kg™ of body weight) was
intraperitoneally (i.p.) injected into hACE2 transgenic mice 1 h after SARS-CoV-2
infection. PBS injections were used for the control group. Top right: virus titres
inlungtissues were determined at 3 dpi by RT-qPCR (n = 5). Data are presented as
mean +s.d. The Pvalues were determined by two-sided unpaired ¢-test. *P < 0.05,
***P < 0.001; NS, not significant. Bottom: histopathology analysis of lung tissues
at3 dpi. Theimages and areas of interest are x10 (scale bar, 500 pm) and x40
(scale bar,100 um). Dotted lines represent limits of detection.

enough to disrupt the stabilized RBD ‘down’ spikes. We further found
that unstabilized native spike pre-incubated with R1-32 became una-
ble to undergo structural transition into a post-fusion conformation
(Fig. 4a). By negative-stain EM, we found that native spike incubated
with R1-32 disintegrated into smaller structures (Fig. 4f,g), suggest-
ing that R1-32 binding generated labile open spike structures that
disintegrate. Taken together, we conclude that R1-32 most probably
neutralizes virus by destruction of the spike structure to inhibit virus
cell entry. Consistent with this mechanism, substitutions at 452 and
490, which strongly hinder R1-32 association with RBD (with slower
kinetics and lower responses in the association stages) (Fig. 1a,b and
Extended DataFig. 6a), arelikely to resultin unsaturated spike binding,

rendering R1-32 neutralization ineffective, as observed for the Delta
variant (Fig. 1c).

R1-32represents a distinct RBD-targeting antibody class

RBD-targeting antibodies can be broadly groupedinto4 classes on the
basis of epitope locations (Extended Data Fig. 7 and Supplementary
Fig.3)?. By analysing aset of 179 antibody-RBD complex structuresin the
Protein DataBank (PDB), we found that the semi-cryptic R1-32 epitope
doesnotbelongtoany of these 4 classes. Further, only 2 antibody-RBD
complexstructuresinthe PDB (52 (ref.’), FCO8 (ref.'°)) target the same
epitope. It seems that this set of 3 antibodies is rare, at least among
structures that have been submitted to the PDB. We note that 52 and
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Fig.2 |Structures of R1-32 in complex with SARS-CoV-2
spike and R1-32 epitope. a, Cryo-EM densities (low-pass
filtered to 10 A) of S-GSAS/6P spikes bound to R1-32 Fab

and ACE2 at different stoichiometries. R1-32 Fab, NTD, RBD
and ACE2 are highlighted in magenta, blue, cyan and dark
green, respectively; the rest of the spike is coloured grey.
RBDs adopting ‘down’ positions are indicated. b, Structure
of the 3:3:3 spike protomer:Fab:ACE2 complex derived from
the boxed density in a. R1-32-H and R1-32-L are coloured
inmagenta and purple. Structure of the RBD:Fab:ACE2
portionis shown on the right panels. ¢, R1-32 HCDR2 and
HCDR3 epitopes are shown with rotations in viewing angles.
Residues interacting with R1-32-H and R1-32-L are coloured
incyanand green, respectively. Highly buried residues
(buried surface area>70% of accessible surface area) are
coloured blue to highlight the HCDR2 and HCDR3 epitopes.
R1-32 HCDR2 interacts with epitopes by hydrophobic
contacts (left panel). R1-32 HCDR3 primarily uses backbone
carbonyl oxygens and amide nitrogens (indicated by red
and cyan dots, respectively) to hydrogen bond with epitope
(right panel). d, Left: surface representation of the R1-32
epitope, with surface areas coloured as in ¢. Right: epitope
areawithin the orange outlineis buried by NTD in an ‘RBD’
down spike protomer. e, Epitopes of R1-32 are coloured asin
dand substituted residuesin the Omicron BA.1variantare
highlightedinred.
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Fig. 3| Binding of R1-32 and selected antibodies of different RBD antibody
classes to SARS-CoV-2 RBD and spikes in different conformations.

a-f, Binding of R1-32 (a), B38 (ref. **), (b), rmAb23 (ref. ), (c), C144 (ref.?),

(d), S309 (ref.°°) (e) and CR3022 (ref. ') (F) from different RBD-targeting antibody
classes (see Extended Data Fig. 7 and Supplementary Fig. 3 for their classification
and epitopes) to SARS-CoV-2 RBD and spike trimers of different conformations.
Characterized previously, major conformations of S-R/PP, S-R, S-R/x2 and S-R/

x3 spikes used as analytes in the BLI assays are shown in the top row. S-R/PP
(2P-stabilized spike with furin site changed to a single R) and S-R (unstabilized
native spike with furin site changed to a single R) have been shown to exist

primarilyin 1RBD ‘up’ (80% 1RBD ‘up’, 20% closed) and unrestrained closed (20%
1RBD ‘up’, 80% closed) conformations, respectively®. RBDs in S-R/x2 and S-R/

x3 spikes were restrained by the x2 and x3 disulfide bonds in ‘down’ positions,
and the two spikes differ slightly in trimer packing, adopting primarily closed®
and locked* conformations, respectively. IgGs were immobilized onto Protein
Abiosensors and submerged into 2-fold serially diluted RBD and spike solutions
(200,100, 50, 25,12.5, 6.25,3.125 nM) to record sensorgrams (black lines). The
fits of the data are shown as coloured lines. Rate constants (k,, and k) estimated
from the association and dissociation phases and dissociation constants (K},)
derived from kinetic analyses are summarized in Supplementary Table 3.

FCO8 antibodies use the VH1-69 gene, but that structural studies of
bothantibodies used RBD complexes and neutralization mechanisms
werenot studied. R1-32, FCO8 and 52 bind RBD in a very similar fashion
(Fig. 5a-c), although they differ in HCDR3 sequences (Fig. 6f and
Extended DataFig. 8c). By comparing RBD complex structures of R1-32

and FCO8, weidentified a GYSGYG/D motif thatis shared among HCDR3
loops of R1-32 and FC08, and is probably responsible for higher-affinity
binding. Backbone carbonyl oxygens and amide nitrogens in this motif
mediate extensive hydrogen bonding with the HCDR3 epitope (Figs. 2c
(right) and 6f). This motif is absent from 52, which features a shorter
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incubation (1 h) before further incubation (1 h) with ACE2-Fc. Only R1-32 was
able to abolish fusogenic spike conformational change among the tested
non-ACE2 competing antibodies. Representative data are shown from at least
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3independent experiments (a,b). The effects of ACE2-Fc and antibody binding
on the structure of SARS-CoV-2 S-R spike after 1 h or 24 hincubations were
assessed by negative-stain EM. c-e, Binding of ACE2-Fc (c), B38 (d) and rmAb23
(e) induced post-fusion structures that aggregate to form rosettes (examples
are outlined by yellow circles) similar to our previous observations on the
SARS-CoV-1spike®. f,g, Binding of R1-32 Fab (f) or R1-32 (g) IgG to the S-R spike
caused the spike to disintegrate into smaller structures (examples are outlined
by red circles). h, Images for the S-R spike in the control experiment in which
no ligand was added (intact spike examples are outlined by green circles).
Scale bar,100 nm. Representative data are shown from at least 2 independent
experiments (c-h).

HCDR3 loop and binds more weakly to RBD with very fast dissociation
in our BLI assays (Extended Data Fig. 9c), suggesting that a shorter
HCDR3 loop in combination with the hydrophobic VH1-69 HCDR2 is
strong enough to enable an R1-32-like binding mode.

We analysed 13 available VH1-69 antibody-RBD complex structures
in the PDB, and identified 1 class 1 antibody (CV503 (ref. ™)), 8 class 2
antibodies (DH1043 (ref. %), LY-CoV555 (ref. ), 47D1 (ref. **), BG1-24

(ref. %), MWOL (ref. °), MWOS5 (ref. '°), S2D106 (ref.'”), C548 (ref. ™)),
1class 3 antibody (FD20 (ref. %)), 1 class 4 antibody (S2X259 (ref. *°))
and the 2 R1-32-related antibodies (52, FCO8) (Supplementary Fig. 3).
Although the 3 VH1-69 antibodies in classes 1, 3 and 4 (CV503, FD20,
$2X259) bind far away from the R1-32 epitope, remarkably, 9 VH1-69
antibodies (excluding C548) use hydrophobic HCDR2 loops to contact
the HCDR2 epitope (L452, F490 and L492) (Fig. 5b-j). We also found
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Fig. 5| Epitopes and binding modes of R1-32, R1-32-related and class 2 VH1-69
antibodies. a-c, R1-32 (a), FCO8 (b) and 52 (c) are antibodies of the newly defined
R1-32-represented class. d-k, Reported class 2 VH1-69 antibodies. Except for k
(C548), all shown VH1-69 antibodies interact with L452, F490 and L492 (the R1-32
HCDR2 epitope) using the hydrophobic HCDR2. Fab-VH, Fab-VL and RBD are
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coloured in magenta, purple and cyan, respectively. The green circles show the
position of ACE2 when bound to RBD; the blue circles show the position of NTD
inrelationtoanRBD ina‘down’ position asillustrated inl. Epitopes of HCDR2
and hydrophobicresiduesinvolved in antibody-antigeninteraction are shownin
dashed boxes.

that class 2 VH1-69 antibodies areincompatible with the binding mode
of R1-32 due to clashes between HCDR3 loops and RBD. Consequently,
these antibodies feature a -120° rotation in binding orientation such
that their light chains are orientated to clash with ACE2 binding and

their epitopes are fully exposed (Fig. 5d-k). These analyses reveal
that the hydrophobic HCDR2 epitope can serve as an anchor point to
support two different binding modes of VH1-69 antibodies. The strong
HCDR2 anchor point, being central in the exposed part of the unique
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Fig. 6 | High occurrence of R1-32-like antibodies in healthy individuals (HD)
and their rapid induction in COVID-19 patients. a, Waffle charts showing the
occurrence of R1-32-like IgH sequences in a cohort of 20 COVID-19 patients and
25 healthy donors??*, Created with BioRender.com. b, Violin plot showing the
comparison of percentages of R1-32-like IgH sequences in IGHV1-69-encoded IgH
gene repertoires across the COVID-19 patients and healthy donors. ¢, Violin plot
showing the comparison of usage of IGHDS5-12 that paired with IGHV1-69 across
the COVID-19 patients and healthy donors. Statistics for the violin plots are
unpaired non-parametric Mann-Whitney tests. d, Pie charts showing the isotype
distribution of R1-32-like IgH sequences in COVID-19 patients and healthy donors.
e, Identity-divergence plot showing the clonal expansion of R1-32-like antibody

lineages from day 12 to day 20 after symptom onset in a representative COVID-19
patient. AIlIGHV1-69 sequencesin the repertoires were plotted as a function of
sequence divergence from IGHV1-69 germline gene (x axis) and sequence identity
to an R1-32-like clone PtQ12_28 (y axis). Colour gradient indicates sequence
density. f, Multiple sequence alignment of R1-32 with selected R1-32-like IgH
sequences identified from the COVID-19 patients and healthy donors*?*, as well
as several previously reported R1-32-like mAb sequences® . The germline gene
sequence is used as the reference. The RBD-contact residues in R1-32 or FCO8 are
coloured red, with those involved in hydrogen bonding underlined. The amino
acidresidues identical to the germline sequence are dotted.
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semi-cryptic epitope, conferred R1-32 with the ability to alter spike
conformations, resulting in spike destruction. This neutralization
mechanism differentiates R1-32 from class 2 and class 3 antibodies
that target nearby fully exposed epitopes and are unable to alter spike
structure. Therefore, we propose that R1-32, and the related FCO8 and
52 antibodies define a distinct class of RBD-targeting antibodies.

R1-32-like antibodies are evaded by RBD substitutions at
position 452

The Delta variant (L452R/T478K in RBD) emerged by outcompeting
Kappa and B.1.617.3 (both with L452R/E484Q in RBD) variants with
E484Q substitutions in India and subsequently displaced the Alpha,
Betaand Gamma variants (with substitutions at 417,484 and 501) world-
wide. Point mutation data confirmed that K417N, E484K and N501Y
have no effect onR1-32, FCO8 and 52 binding (Extended Data Fig. 9a-c),
consistent with the fact that the side chain of residue 484 faces away
fromtheR1-32binding surface and residues 417 and 501 are outside of
the R1-32 epitope (Fig. 2e and Supplementary Fig. 1). We also found that
T478Kinthe Deltavariant has no effect onbinding of tested antibodies
(Extended Data Fig. 9). L452R greatly reduced RBD binding by R1-32
and FCO8 (Extended Data Fig. 9a,b), and in line with a previous study’,
completely abolished binding by 52 (Extended Data Fig. 9¢).L452R has
no effect on binding of non-VH1-69 class 2 antibody C144 (Extended
Data Fig. 9i). Although L452R affected RBD binding by class 2 VH1-69
antibodies to a certain extent (Extended Data Figs. 6d-h and 9d-h),
E484Kis much more efficient in completely abolishing binding of both
VH1-69 and non-VH1-69 class 2 antibodies (Extended Data Fig. 9d-i).

Onthebasis of these observations, we hypothesize that substitu-
tions at 452 in the HCDR2 epitope may evade R1-32-like antibodies
rather than class 2 antibodies (although we note that F490S is effi-
cient in evading both class 2 and R1-32-related antibodies; Extended
DataFig.9).

The first emerged Omicron BA.1 variant, which renders most
known RBD-targeting antibodies ineffective”, does not contain any
substitutions at 452 and 490 (Fig. 2e). The spike substitutions it car-
ries are either peripheral to (for example 484, 493) or outside of the
R1-32 epitope (Fig. 2e, Extended Data Fig. 7b and Supplementary
Fig.1). Consistent with this, we found that R1-32 maintains high-affinity
binding to the Omicron BA.1RBD/spike trimer (Fig.1a,b) and neutral-
izes Omicron BA.1 pseudovirus (Fig. 1c).

A population antibody response comprises R1-32-like
antibodies

The hypothesis that recurrent substitutions at 452 are related to eva-
sion of R1-32-like antibodies suggests that R1-32-like antibodies may be
commoninthe population. We searched immunoglobulin heavy chain
(IgH) repertoires of 20 COVID-19 patients and 25 healthy donors we pub-
lished previously?** for VH1-69 transcripts having at least 80% amino
acid homology to either R1-32 or FCO8 in HCDR3, or for a GYSGYG/D
motifin HCDR3 (see Methods for detailed selection criteria) (Fig. 6f).
R1-32-like IgH sequences were detected in 50% (10/20) of COVID-19
patients and 24% (6/25) of healthy donors (Fig. 6a). These sequences are
germline-like, explaining their high occurrence (Fig. 6f and Extended
Data Fig. 8b). The percentage of R1-32-like IgH sequences in IGHV1-
69-encoded repertoires of COVID-19 patients was significantly higher
than that present in healthy donors (Fig. 6b), suggesting a noticeable
clonal expansion of this lineage of antibodies after SARS-CoV-2 expo-
sure. This is accompanied by a slight increase in IGHD5-12 usage that
rearranges with IGHV1-69 in COVID-19 patients (Fig. 6¢). We observed
the clonal expansion of R1-32-like IgH sequences in a representative
COVID-19 patient by tracking the longitudinal samples collected at
days12to020 post symptom onset (Fig. 6e). We noted that R1-32-like IgH
sequences that present in SARS-CoV-2-exposed antibody repertoires
aremainly switched toIgG (encoded by IGHG, 84.6%) or IgA (encoded
by IGHA, 14.3%) isotypes. However, 90% of R1-32-like IgH sequences

detected in SARS-CoV-2-unexposed antibody repertoires are IgM
(encoded by IGHM) isotype that is usually expressed in naive B cells
(Fig. 6d). This result indicates that naive B-cell-expressing R1-32-like
antibodies had rapidly undergone class switching after SARS-CoV-2
infection. In addition, by sequence similarity, we identified several
structurally uncharacterized R1-32-like mAbs including 2-01H5
(ref.?),E_3F1and E_4H4 (ref.?®),C963,C978 and C941(ref.*),C0O91and
C092 (ref.?%),C807 and C832 (ref. *) isolated from different COVID-19
convalescents or vaccinees in 5 previous independent studies (Fig. 6f
and Extended Data Fig. 8c). We tested the above identified R1-32-like
mAbs with complete IgH/IgL sequences (C963,C978,C941,C091,C092,
C807 and C832), these mAbs being isolated using single-cell PCR. We
found thatall of them competed with R1-32 for RBD binding (Extended
DataFig.10a) and none of them competed with ACE2 binding (Extended
DataFig.10b). Similar to R1-32, substitutions at 452 and 490 generally
weaken binding by R1-32-like mAbs, and 484 substitutions have no
effect on R1-32-like mAb binding (Extended Data Fig.10c). Among these
R1-32-like mAbs, C092 was resistant to substitutions at 452 and 490
(Extended Data Fig. 10c), suggesting that a subset of R1-32-like mAbs
may overcome escape by variants with 452 and 490 changes. Although
R1-32 and FCO8 were discovered using phage display, their heavy and
light chain compositions are very similar to those of naturally paired
R1-32-like mAbs isolated using single-cell PCR: all of these mAbs use
IGHD5-12, IGLV1-40, 17-residue HCDR3 and almost identical LCDR3
loops except for C978 (Fig. 6f and Extended Data Fig. 8c,d).

We propose that this is evidence for a convergent shared anti-
body response in the broad population, induced by SARS-CoV-2
spike antigen. Collectively, we found that R1-32-like antibodies were
commonly induced after SARS-CoV-2 infection or vaccination, and
we propose that these antibodies should be classified as a separate
lineage of shared antibodies, in addition to being a distinct class of
RBD-targeting antibodies.

Discussion

It has been proposed that substitutions in spike proteins of domi-
nant SARS-CoV-2 variants enable evasion of population immunity’.
L452Risinefficientinevading class 2 and 3 antibodies including C144,
REGN10987 (ref. *°) and S309 (ref. *), while class 1 and 4 antibodies
bind far away from 452. Although it has been proposed that L452R
may improve other aspects of spike function, thereby increasing virus
infectivity®**’, weidentified that recurrent substitutions at, or around
position 452, affect binding of commonly induced VH1-69 antibodies,
in particular R1-32-like antibodies.

Our findings partly explain why 452 and 490 are recurrent sub-
stitution sites in the RBD. Omicron BA.1 variant emerged with 484
and 417/501 substitutions but curiously lacked substitutions at 452
or 490, and was therefore sensitive to R1-32 neutralization. A recent
study reported that memory B cells expressing non-ACE2-competing
IGHV1-69-IGHD5-12/IGLV1-40 antibodies were recalled in Omicron
BA.1 (with L452) breakthrough infections®*. F490S was first identi-
fied in the Lambda variant, and again in certain Delta subvariants®.
F490R/S has been identified in B.1.640.1 and B.1.640.2 variants™®. Of
note, L452Q, L452M and L452R are associated with the emergence of
Omicron BA2.12.1, BA2.13, BA.4 and BA.5 subvariants®. These Omi-
cron subvariants have been shown to cause large-scale escapes of
IGHV1-69-IGHD5-12/IGLV1-40 antibodies such as FC08, BD-380, BD-421,
BD-901, C091 and XGv-271 through L452 substitutions®. Emergence
of these subvariants suggests a continued immune pressure on the
identified VH1-69 ‘HCDR?2’ epitope.

It is not clear why R1-32-like antibodies impose a strong
immune pressure over SARS-CoV-2 virus. Our BLI data showed that
SARS-CoV-2 spike can use conformational masking to impair binding
of diverse RBD-targeting antibodies. Through HCDR2, R1-32-like and
R1-32-related antibodies can bind all known spike conformations,
particularly the RBD ‘down’ conformations, and in so doing expose
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RBD, or disrupt spike structures (Fig. 3 and Extended Data Fig. 6). We
hypothesize that binding of this class of antibodies impairs spike pro-
tein conformational masking, resultinginincreased antibody binding
and elevated immune pressure.

VH1-69 is one of the most frequently used genes in the human
antibody repertoire (Extended Data Fig. 8a). Its hydrophobic HCDR2
loopisaunique feature of VH1-69 antibodies, and this feature has been
implicated in antibody responses to diverse pathogens, including
influenza, HIV, hepatitis C viruses and more’.

Here we identify an important role for VH1-69 HCDR2 in
anti-SARS-CoV-2immunity, which probabely contributes to the genesis
of recurrent substitutions at 452 and 490. We conclude that immune
pressures exerted by the populationantibody response to SARS-CoV-2
islikely to underpin evolution of substitutions at positions 452 and 490.
These mutation ‘hot spots’ should be continuously monitored and
future studies should address the potential pathogenic consequences
of VH1-69 antibody evasion by SARS-CoV-2.

Methods

Convalescent patients

Atotal of 6 confirmed COVID-19 patients cared by Guangzhou Eighth
People’s Hospital, China, from 21 January to 19 February 2020 were
enroled in this study. Whole blood was collected from the COVID-19
patients during hospitalization (more patient information is given
in Extended Data Fig. 1a and Supplementary Table 4). We obtained
informed consent from all enroled patients. This study was approved
by the Ethics Committee of Guangzhou Eighth People’s Hospital (REC
ref: AF/SC-02/01.6).

Cells and viruses

Expi293F cells (Thermo Fisher, A14527) were maintained in Expi293F
culture medium (Thermo Fisher, A1435101) and incubated at 37 °C in
an orbital incubator shaker with humidified atmosphere containing
5% CO,. Cells (293T, ATCC, CRL-3216; and Vero E6, ATCC, CRL-1586)
were cultured at 37 °Cin Dulbecco’s modified Eagle medium (DMEM)
containing 10% fetal bovine serum (FBS).

Wild-type authentic SARS-CoV-2 viruses: SARS-CoV-2/human/
CHN/IQTCO01/2020 used for animal experiment was isolated from
COVID-19 patientsin Guangzhou (GenBank accession no. MT123290)*’;
2019-nCoV BetaCoV/Wuhan/WIV04/2019 (GenBank accession no.
MN996528) is stored at Microorganisms and Viruses Culture Col-
lection Center, Wuhan Institute of Virology, Chinese Academy of
Sciences (CSTR: 1633.06.IVCAS 6.7512)*°; SARS-CoV-2 Beta variant
(CSTR:1633.06.IVCAS.6.7552) and Delta variant (CSTR.16698.06.NPRC
6.CCPM-B-V-049-2105-8) are stored at the National Pathogen Resource
Center (NPRC).

hACE2 transgenic mice

The human ACE2 transgenic mice (C001191) were provided by Cya-
gen Biosciences. The mice were kept in Biosafety Level-2 housing and
given access to standard pellet feed and water following the standard
operational procedures (SOPs) of Guangzhou Institutes of Biomedicine
and Health. Theviral challenge experiments were then conductedina
Biosafety Level-3 animal facility strictly following SOPs.

Construction of an single-chain variable fragment (scFv)
phage display libraries

Peripheral blood mononuclear cells (PBMCs) were isolated with
Opti-Prep lymphocyte separation solution (Axis Shield PoC AS) fol-
lowing the manufacturer’sinstructions. Total RNA was extracted from
PBMCs of convalescent SARS-CoV-2 patients using TRIzol (Invitrogen,
15596018) according to the manufacture’s instruction. Both total RNA
and mRNA were reversely transcribed into complementary DNA by
iScript cDNA synthesis kit (Bio-Rad, 1708891). Next, variable regions
ofantibody heavy chain (VH) and light chain (VL) were amplified using

human antibody-specific primers. Then, scFvs that comprise a single
polypeptide with VH and VL domains linked together by a flexible
glycine-serinelinker were generated. The scFvs were assembledinto the
pCANTab5E phage display vector using the T4 DNA ligase kit (Takara,
2011B). Finally, the assembled products were transformed into TG1
E. colicells (Lucigen, 60502-2) and resulted in 6 libraries, one for each
ofthe 6 patients. Each library contained abarcode and had a diversity
of approximately 4 x 108 clones.

Screening the scFv phage libraries

Thelibraries were panned against the purified recombinant SARS-CoV-2
RBD protein (Sino Biological, 40592-V0O8B). Usually 1 ug ml™ antigen
was coated into immunotubes overnight at 4 °C. The next day, tubes
were washed 3 times with phosphate-buffered saline (PBS), then filled
with PBS-5% skimmed milk to block at 37 °C for 2 h. After standard
washes, 10°° purified phages in 2 ml of PBS-5% skimmed milk were added
intotubes andincubated at room temperature for 2 h. Supernatant was
removed and tubes were washed 10 times with PBS-0.1% Tween-20. The
remaining phage was eluted by adding 500 pl of 1 mg ml™ trypsin-PBS
androtating for 10 minatroom temperature. The eluted phages were
amplified by infecting TG1E. coli cell cultures. At round 2, tubes were
coated with the same antigen as round 1, and 10¢ purified phages from
round 1 (approximately 10* clones) were added. To enrich phages for
specific binding, tubes were washed 20 times with PBS-0.1% Tween-20
atround 2. Polyclonal phage ELISA was carried out at round 2 and when
phages were found to be sufficiently enriched, single colonies were
picked for monoclonal phage ELISA.

Polyclonal and monoclonal phage ELISAs

ELISA plates (96-well) were coated overnight at 4 °C with 100 pl per
well of purified recombinant SARS-CoV-2 RBD at 0.5 pg ml™ in PBS.
After washing with PBS-0.1% Tween-20, the plates were blocked using
PBS-5% skimmed milk and incubated for 2 h at 37 °C. For polyclonal
phage ELISA, phage library or amplified eluted phages were serial
diluted in PBS-5% skimmed milk starting from 1:2 before 100 pl were
added to wells. Phage solution was discarded after 1 h incubation at
room temperature and wells were washed with PBS-0.1% Tween-20.
Horseradish peroxidase (HRP)-anti-M13 (NbBiolab, SO04H) was added
at a dilution of 1:5,000 in PBS-5% skimmed milk before incubation at
room temperature for 1 h. After washing with PBS-0.1% Tween-20 6
times, 3,3’,5,5’-tetramethylbenzidine (TMB) solution (Merck Millipore,
ESO001) was used as the substrate, and absorbance at 450 nm was meas-
ured inamicroplate reader.

For monoclonal phage ELISA, a single colony was picked from
plates amplifying eluted phages and cultured in 96-deep-well plates
containing 200 pl per well of medium and grown shaking (250 r.p.m.)
at 37 °C. When the optical density (OD),,, reached 0.5, to each well of
the single-colony culture, 10° M13K07 helper phages (25 ul per well)
(NEB, NO315S) were added before growing with shaking (250 r.p.m.)
overnight at 30 °C. The supernatant of the single-colony culture was
used for monoclonal ELISA with a1:1dilution with PBS-5% skimmed milk
following the same procedures as polyclonal phage ELISA. Briefly, the
supernatants of single-colony cultures were incubated in 96-well ELISA
plates for 1 h before plates were washed. Then plates were incubated
with HRP-anti-M13. After standard washing procedures, TMB solution
was used as the substrate. Finally, absorbance at 450 nm was measured
in a microplate reader. Strong single binders were sequenced and
analysed using the International Immunogenetics information system
(IMGT) (http://imgt.org). Extended Data Fig. 1b describing antibody
isolation was generated with BioRender.com.

Human monoclonal antibody expression and purification

Theantibody VHand VL region genes were amplified and clonedinto the
expression vectors pCMV3-IgGl, pCMV3-Lambda and pCMV3-Kappa
using Clone Express Il one-step cloning kit (Vazyme, C112). The
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plasmids of paired IgH and IgL genes were transiently co-transfected
into the Expi293F expression systemat a ratio of 1:1 (IgH:IgL) using EZ
Celltransfectionreagent (Life-iLab Biotech, AC04L092). Recombinant
mAbs were produced following the manufacturer’s protocol. Briefly,
antibodies in the cell culture supernatants were collected at 5 d post
transfection before purification using MabSelect agarose (Cytiva)
accordingtothe manufacturer’sinstructions. The purified mAbs were
concentrated and buffer-exchanged into PBS by a50 kDa MWCO Ami-
con Ultrafiltration device (Merck Millipore).

Fab fragment production

To obtain the R1-32 Fab, the R1-32 VH and the human IgG1 con-
stant region CH1 were amplified from the IgH gene by primers:
(F: 5-TGGCTACCAGGGTGCTGAGCGAAGTGCAGCTGGTGCA-3’; R:
5’-CGAATTCGGCGGCCGCTTAGTCACAAGATTTGGGCTCAAC-3).The
plasmids of paired Fab-IgH and IgL were transiently co-transfected into
the Expi293F cellsataratio of 1:1 (Fab-IgH:IgL) using EZ Cell transfection
reagentaccordingtothe manufacturer’sinstructions. The supernatant
was collected at 5 d post transfection. The Fab was purified with Lamb-
daFabSelect affinity chromatography (Cytiva). The Fab bound to the
resin surface was eluted with 0.1 M glycine (pH 2.5) into 1/4th volume
1M Tris-HCI (pH 8.5) and concentrated by a 30 kDa MWCO Amicon
Ultra filtration device (Merck Millipore). Finally, the Fab was further
purified and buffer-exchanged into PBS using a Superdex 200 increase
10/300 GL column (Cytiva).

Determination of antibody binding activity to SARS-CoV-2
RBD by ELISA

To assess antibody binding properties, 96-well ELISA plates were
coated with SARS-CoV-2 RBD at 1 g ml™ in PBS at 4 °C overnight.
After standard washing and blocking procedures, 100 pl antibodies
insemilogarithmic serial dilutions were added and incubated at 37 °C
for 2 h. After washing plates 3 times with PBS-0.05% Tween-20, plates
were incubated with 1:5,000-diluted HRP-labelled goat anti-human
IgG (H+L) (Beyotime, A0201) in PBS-5% skimmed milk at 37 °C for 1 h.
Plates were washed with PBS-0.05% Tween-20 6 times, TMB solution
was used as the substrate, and absorbance at 450 nm was measuredin
amicroplate reader.

Protein expression and purification

S-GSAS/6P was constructed according to a previous report*; all other
SARS-CoV-2Sand ACE2-Fc constructs have been previously described
and were expressed and purified following the previously established
protocols®****, To obtain ACE2 without tag (referred to as ACE2), the Fc
tag was removed by trypsin digestionin areaction mixture containing
5mgACE2-Fcand 50 pgtrypsinin PBS. Afterincubation for2 hatroom
temperature, the digestion reaction was stopped by the addtion of
1 mM phenylmethylsulfonyl fluoride (PMSF), before the mixture was
reloaded onto a Protein A column (Cytiva) to remove the undigested
ACE2-Fc and Fc tag. The ACE2 was further purified by a Superdex 200
increase 10/300 GL column (Cytiva) in PBS before concentrating and
storage at -80 °C.

The coding sequence of SARS-CoV-2 RBD (residues 319-541)
with an N-terminal mu-phosphatase signal peptide and a C-terminal
6-His-tag was cloned into a pCDNA3.1 vector. The expression vector
was transiently transfected into Expi293F cells using polyethylenimine.
At 5 d after transfection, the supernatant of the cell culture was col-
lected and added with 25 mM phosphate pH 8.0, 300 mM NacCl, 5 mM
imidazole and 0.5 mM PMSF, and recirculated onto a HiTrap TALON
crude column (Cytiva) 3 times. Subsequently, the columnwas washed
with 100 ml of buffer A (25 mM phosphate pH 8.0, 5 mM imidazole,
300 mM NacCl), and protein was eluted with a 100 ml linear gradient
to 100% buffer B (25 mM phosphate pH 8.0, 300 mM NaCl, 500 mM
imidazole). Fractions containing the RBD were pooled, concentrated
with a10 kDaMWCO Amicon Ultrafiltration device (Merck Millipore)

and buffer-exchanged into PBS. Concentrated RBD was aliquoted,
flash frozen in liquid nitrogen and stored at =80 °C. All SARS-CoV-2
RBD variants were purified as described above.

Binding kinetics and affinity assessment of mAbs by BLI
Binding kinetics and affinities of mAbs against SARS-CoV-2 spikes
or RBDs were assessed by BLI on an Octet RED96 instrument (Sarto-
rius). All steps were performed at 25 °C at an orbital shaking speed
of 1,000 r.p.m. All reagents were formulated in PBS-TB buffer (PBS
with 0.02% v/v Tween-20 and 0.1% w/v BSA). Before the experiments,
all biosensors were pre-equilibrated in the PBS-TB buffer for 10 min.
mAbs (11 pg mi™) were immobilized onto Protein A biosensors (Sar-
torius) to alevel of ~1.7 nm. After a 60 s baseline step in PBS-TB, the
mAb-loaded biosensors were exposed (300 s) to the analytes (spikes
or RBDs) (from 200 nM to 3.125 nM in 2-fold serial dilutions) to meas-
ure association before the sensors were dipped into PBS-TB (600 s) to
measure dissociation of analytes from the biosensor surface. Data for
whichresponsesinthe association phases were >0.1 nmwere aligned,
reference-subtracted (to blank sensors), inter step corrected (to the
associationstep) and further analysed using the FortéBio data analysis
software HT v12.0.2.59 (Sartorius) by fitting to single or double phase
association and dissociation kinetics to determine k,,, k,and K, (the
binding constant determined from the ratio of the individual rate
constants) as previously described*’. Raw data and fits were plotted
in GraphPad Prism 8.0.

Affinities of mAbs with SARS-CoV-2 mutant RBDs were evaluated
by immobilizing the antibody mAbs (11 pg mI™) on Protein A biosensors
toalevel of ~1.7 nm. After a 60 s baseline step in PBS-TB, the biosensors
were exposed (300 s) to the mutant RBDs (200 nM) and then dipped
(600 s) into PBS-TB to measure dissociation of the antigen from the
biosensor surface. Data were analysed using the FortéBio data analysis
software HT.

Antibody competition assay by BLI

The competitive binding between antibodies or between antibodies
and ACE2 were measured using a Gator label-free bioanalysis system
(GatorBio). Anti-His biosensors (GatorBio) were pre-equilibrated
in PBS-0.02% Tween-20 buffer before being immobilized with
2 ug ml™ recombinant SARS-CoV-2 RBD-His protein (Sino Biological,
40592-V08B). Biosensors were saturated with 10 pg ml™ of the first
ligand (antibody or ACE2). Finally, binding of the second ligand (or
buffer as control) was measured for 300 s. Data were analysed by the
Gator data analysis software (GatorBio).

Pseudovirus neutralization assay

Pseudotyped lentiviruses were produced in 293T cells as previously
described** by co-transfecting a plasmid expressing S protein, a pack-
aging vector and areporter vector carrying an expression cassette of
firefly luciferase. The 3x serially diluted antibodies were incubated
with the SARS-CoV-2 pseudotyped virus at 37 °C for 1 h. The mixture
was subsequently incubated with 293T-ACE2 cells for 72 h. The cells
were washed twice with PBS and lysed with lysis buffer before meas-
uring luciferase activity. The neutralization titre was calculated as the
antibody dilution at which the luciferase activity was reduced to 50%
ofthat from the virus-only wells.

Authentic virus neutralization assay

Vero E6 cells were seeded in 24-well plates (2 x 10° cells per well)
1d before infection. Antibodies were diluted in DMEM medium at
indicated concentrations and incubated with wild-type SARS-CoV-2
viruses (2019-nCoV BetaCoV/Wuhan/WIV04/2019; GenBank acces-
sion no. MN996528), SARS-CoV-2 Beta variant (CSTR: 1633.06.
IVCAS.6.7552) or SARS-CoV-2 Delta variant (CSTR.16698.06.NPRC
6.CCPM-B-V-049-2105-8) (50 TCIDs,) at 37 °Cfor1hor4 °Cfor16 h. The
cells were incubated with 100 pl of the antibody-virus mixture for1h,
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covered withalayer of 2% methyl cellulose and incubated at 37 °C with
5% CO,for 4 d. The cells were fixed with 3.7% formaldehyde for 24 hand
stained with 1% crystal violet to visualize plaques. Experiments were
performedintriplicates. Percentage neutralization was calculated by
normalization to plaque numbers in parallel virus-only wells.

Animal experiments

In vivo protection efficacy of the R1-32 antibody was evaluated using
a hACE2 transgenic mouse model®. The animal study protocol was
approved by the Ethics Committee of Guangzhou Institutes of Biomedi-
cine and Health, Chinese Academy of Sciences (IACUC:2020025). All
work with live SARS-CoV-2 was conducted in Biosafety Level-3 Labora-
tories. Female mice (20 weeks old) were randomly divided into three
groups (5mice per group), including two therapeutic groups and one
control group. Mice were inoculated intranasally with 5 x 10° p.f.u.
wild-type SARS-CoV-2/human/CHN/IQTC01/2020 (GenBank accession
no. MT123290)*. For the therapeutic groups, each mouse received
a single intraperitoneal injection of either 20 mg kg™ high dose or
4 mg kg low dose of R1-32 at 1 hafter infection, and the control group
was injected with an equivalent volume of PBS. Body weights were
monitored and recorded for 4 d. All mice were euthanized at 3 d post
infection (dpi), and the lungs were collected for viral load analysis and
hematoxylin and eosin (H&E) staining. Figure 1d describing animal
experiments was generated with BioRender.com.

Viral RNA quantification was performed by RT-qPCR using the
QuantiTect SYBR Green RT-PCR kit (Qiagen, 204243). Lung homogen-
ates were prepared by homogenizing perfused right lungs using an
electric homogenizer. The supernatant was collected to extract total
RNA using TRIzol according to the manufacture’s instruction. Primers
targeting the SARS-CoV-2 S gene were used for RT-qPCR: gF (5’- CAATG-
GTTTAACAGGCACAGG-3'),qR (5- CTCAAGTGTCTGTGGATCACG-3').
The left lungs were fixed in 4% (v/v) paraformaldehyde solution. Tis-
sue paraffin sections (2-4 pm) were stained with H&E. The slices were
examined and imaged by light microscopy.

Negative-stain electron microscopy

SARS-CoV-2 S-R spike at 1 mg ml™ (7.09 pM) was incubated in a 1:2.2
molar ratio with ACE2-Fc, IgGs (B38, rmAb23 or R1-32) orinal:1.1molar
ratio with R1-32 Fab for 1 h or 24 h at room temperature. An aliquot
of 3 pl diluted sample (maintaining a spike protein concentration of
0.03 mg ml™) was absorbed to freshly glow-discharged (15 maA, 45 s)
carbon-coated copper grids for 30 s, followed by blotting away excess
liquid with filter paper. The grids were washed twice with water and
stained twice with 0.75% (w/v) uranyl formate. Micrographs were col-
lected using the FEI TEM Imaging and Analysis (TIA) software (FEI) on
a120 keV FEI Tecnai G2 Spirit with a4k x 4k FEI Eagle CCD camera at a
x49,000 nominal magnification.

Ligand-induced conformational change assay

SARS-CoV-2S-Rspike at1mg ml™ (7.09 uM) was incubated with ACE2-Fc
or antibodies at a 1:2.2 molar ratio (for R1-32 Fab, the molar ratio was
1:1.1) for 1 h at room temperature. The samples were subsequently
treated with 50 pg ml™ proteinase K for 30 min at 4 °C. Non-reducing
SDS-PAGE loading buffer (4x) was added to each sampleimmediately
before boiling at 98 °C for 5 min to stop the reaction. Samples were
separated by SDS-PAGE and transferred onto aPVDF membrane (Mil-
lipore). After blocking with 5% (w/v) skimmed milk in TBST buffer,
the membrane was incubated with a rabbit anti-SARS-CoV-2 S2 poly-
clonal antibody (1:2,500 dilution, Sino Biological, 40590-T62) and
subsequently with a goat anti-rabbit IgG conjugated to horseradish
peroxidase (1:1,000 dilution, Beyotime, A0208). The S proteins on the
membrane were detected by chemical luminescence using Pierce ECL
western blotting substrate (Thermo Fisher, 32106). To further visualize
the effect of non-ACE2 competing antibodies on S-R spike conforma-
tion, the S-R spike protein was pre-incubated with antibodies (1 h) and

before further incubation with ACE2-Fc (1 h). Samples were analysed
by western blotting as described above.

Cryo-EM sample preparation and data collection

For the S-GSAS/6P:R1-32 Fab complex, S-GSAS/6P at 5.8 mg ml™ was
mixed with the R1-32 Fab at a 3:1 or 3:3 molar ratio for 1 min. For the
S-GSAS/6P:R1-32 Fab:ACE2 complex, the S-GSAS/6P was mixed with
R1-32 Fab and ACE2 at a 3:3:3 molar ratio for 1 min. The mixture (3 pl)
was supplemented with 0.1% octyl-glucoside (Sigma-Aldrich, V900365)
immediately before being applied to glow-discharged (15mA, 30s)
holey carbon grids (Quantifoil, Cu R1.2/R1.3). The grids were blotted
for2 swithaforce of 4, and then plunge-frozeninto liquid ethane using
a Vitrobot (Thermo Fisher) at 4 °C and 100% humidity. Cryo-grids
wereloadedinto a Talos Arctica electron microscope (Thermo Fisher)
operating at 200 keV for data collection using the Serial EM software*.
Micrographs were recorded at anominal magnification of x45,000 on
aK3direct detection camera (Gatan) with arange of defocus between
-0.8 and -2.5 um. Each movie was collected with a dose rate of 30 e~
per pixel per second, fractioned into 27 frames and exposed for 1.6 s,
resultinginatotal dose of 63 e A?with a calibrated pixel size of 0.88 A.

Cryo-EM data processing

Movies were aligned using MotionCor2 in RELION 3.1 (refs. “°**%), and
contrast transfer function (CTF)-estimation and template-free particle
picking were performed in Warp®. For the 3:1S-GSAS/6P:R1-32 Fab
data, 619,803 particles from 6,989 micrographs were picked, 400,197
particles from 3,346 micrographs for the 3:3 S-GSAS/6P:R1-32 Fab
data, and 120,0393 particles from 13,009 micrographs for the 3:3:3
S-GSAS/6P:R1-32 Fab:ACE2 data. SARS-CoV-2 S structure in closed
form (EMD-11333)° was filtered to 60 A resolution as the initial refer-
enceinthefirst three-dimensional (3D) classifications of each dataset.
Two rounds of 3D classification were performed and resulting 3D
classes in different conformations were separated. In both the 3:1
S-GSAS/6P:R1-32 Fab and the 3:3 S-GSAS/6P:R1-32 Fab data, 3:2 struc-
tures were observed in the second 3D classifications. Inboth datasets,
3:2structures were combined for further processing. Auto-refinement,
CTF refinement and Bayesian polishing were performed iteratively
onall classified datasets. Map resolutions were estimated at the 0.143
criterion of the phase-randomization-corrected Fourier shell cor-
relation (FSC) curve calculated between two independently refined
half-maps multiplied by a soft-edged solvent mask. Final recon-
structions were sharpened and locally filtered in RELION (Extended
Data Figs. 3 and 4). The estimated B-factors of maps are listed in
Supplementary Table 2.

All structures show flexibility in the Fab-bound RBD areas. To
improve resolutions in those areas, a focused refinement was car-
ried out for the 3:3:3 S-GSAS/6P:R1-32 Fab:ACE2 data. The 3:3:3
S-GSAS/6P:R1-32 Fab:ACE2 data were refined in C3 symmetry, and
203,698 particlesin this dataset were symmetry expanded in RELION
to obtain a total of 611,094 particles. The expanded particles were
reconstructed by particle subtraction with afocused mask around the
RBD:R1-32 Fab:ACE2 region. Final 3D auto-refinement was performed
for the subtracted particles to obtain a3.98 A-resolution focused map,
withalocal resolution of 3.8 A at its centre (Extended Data Fig. 4g).

Model building and analysis
Astructure of SARS-CoV-2 RBD:ACE2 complex (PDB: 6M0J)* was fitted
into the focused refined map and used as the starting model. Structures
of R1-32 FabH and L variable regions were generated from PDBs 5VAG™
and 3H42 (ref.>?), respectively. This structure was built manually in Coot
0.9.6 (ref.**) and refined in Namdinator*™* and PHENIX 1.20.1 (ref. ).
Theresulting model, as well as spike protomers from 6 XKL* were
fittedinto 3:1,3:2,3:3S-GSAS/6P:R1-32 Fab and 3:3:3S-GSAS/6P:R1-32
Fab:ACE2 mapsin Chimera. Real-space refinement was carried out itera-
tively in Coot and PHENIX. Model refinement statistics are summarized
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inSupplementary Table 2. Interfaces analysis was performed by PISA*®.
Figures were generated in UCSF Chimera®’.

Analysis of IGHV1-69-encoded IgH sequences and R1-32-like
sequences
To determine the occurrence of R1-32-like antibodies, we analysed
nearly 2billionIgH sequences from 3 previously described datasets>*.
These datasets have been deposited in the National Genomics Data
Center (https://bigd.big.ac.cn/), China National Center for Bioin-
formation (CNCB) under accession numbers PRICA003775 (ref. %),
PRJCA003775 (ref. >) and PRJCA003775 (ref. **). Germline gene usage
was determined using MIXCR v3.0.3 (ref. **), and IGHV1-69-encoded
IgH sequences were extracted for downstream analysis. The germline
usage distribution of RBD-targeted mAbs was calculated using data
from the COV-AbDab database (http://opig.stats.ox.ac.uk/webapps/
covabdab/).R1-32-like IgH sequences were defined as those sequences
that utilized the IGHV1-69 and IGHD5-12 gene segments, had identical
HCDR3 length to R1-32 (17 residues), and encoded a GYSGYD/G motif
or 80%HCDR3 identity to either R1-32 or FCO8. We further allowed up
to 3 putative somatic hypermutations (SHM) in the GYSGYD/G motif.
Todetermine the clonal expansion of R1-32-like lineages in COVID-
19 patients after SARS-CoV-2 infection, we tracked the dynamic of
R1-32-like IgH sequencingin arepresentative patient. The divergence
from IGHV1-69 of all IgH sequences was equal to somatic hypermuta-
tions, and sequenceidentity to queried sequence was calculated using
the R package Biostrings v2.60.2 (http://bioconductor.org/packages/
release/bioc/html/Biostrings.html). AllIGHV1-69 IgH sequences were
plotted as afunction of sequence somatic hypermutations (xaxis) and
sequence identity (y axis) to an R1-32-like clone PtQ12_28. A colour
gradientindicated sequence density. All visualizations were performed
using R software (https://www.r-project.org/). Figure 6a describing
antibody sequencing was generated with BioRender.com.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Cryo-EM density maps for the SARS-CoV-2 S trimer in complex
with 1R1-32 Fab, SARS-CoV-2 S trimer in complex with 2 R1-32 Fabs,
SARS-CoV-2Strimerincomplex with 3 R1-32 Fabs, SARS-CoV-2 Strimer
in complex with 3 R1-32 Fabs and 3 ACE2, and S RBD:R1-32 Fab:ACE2
binding interface have been deposited in the Electron Microscopy
Data Bank (EMDB) with accession codes EMD-33760, EMD-33764,
EMD-33766,EMD-33772 and EMD-33748. Related atomic models have
beendepositedintheProtein DataBank (PDB) under accession codes
7YDY, 7YES5, 7YE9, 7YEG and 7YDI, respectively. Source data are pro-
vided with this paper.

References

1. Harvey, W.T. et al. SARS-CoV-2 variants, spike mutations and
immune escape. Nat. Rev. Microbiol. 19, 409-424 (2021).

2. Barnes, C. O. et al. SARS-CoV-2 neutralizing antibody structures
inform therapeutic strategies. Nature 588, 682-687 (2020).

3.  Yuan, M. et al. Structural and functional ramifications of
antigenic drift in recent SARS-CoV-2 variants. Science 373,
818-823 (2021).

4. Cao, Y. etal. Humoral immune response to circulating
SARS-CoV-2 variants elicited by inactivated and RBD-subunit
vaccines. Cell Res. 31, 732-741 (2021).

5. Campbell, F. et al. Increased transmissibility and global spread of
SARS-CoV- 2 variants of concern as at June 2021. Eurosurveillance
26, 2100509 (2021).

6. Bao, L. et al. The pathogenicity of SARS-CoV-2 in hACE2
transgenic mice. Nature 583, 830-833 (2020).

10.

M.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chen, F., Tzarum, N., Wilson, I. A. & Law, M. VH1-69 antiviral
broadly neutralizing antibodies: genetics, structures, and
relevance to rational vaccine design. Curr. Opin. Virol. 34,
149-159 (2019).

Xiong, X. et al. A thermostable, closed SARS-CoV-2 spike protein
trimer. Nat. Struct. Mol. Biol. 27, 934-941(2020).

Rujas, E. et al. Multivalency transforms SARS-CoV-2 antibodies
into ultrapotent neutralizers. Nat. Commun. 12, 3661 (2021).
Zhang, L. et al. A proof of concept for neutralizing
antibody-guided vaccine design against SARS-CoV-2. Natl Sci.
Rev. 8, nwab053 (2021).

Cho, H. et al. Bispecific antibodies targeting distinct regions

of the spike protein potently neutralize SARS-CoV-2 variants of
concern. Sci. Transl. Med. 13, eabj5413 (2021).

Li, D. et al. In vitro and in vivo functions of SARS-CoV-2
infection-enhancing and neutralizing antibodies. Cell 184,
4203-4219.e32 (2021).

Jones, B. E. et al. The neutralizing antibody, LY-CoV555, protects
against SARS-CoV-2 infection in nonhuman primates. Sci. Transl.
Med. 13, eabf1906 (2021).

Zhou, X. et al. Diverse immunoglobulin gene usage and
convergent epitope targeting in neutralizing antibody responses
to SARS-CoV-2. Cell Rep. 35,109109 (2021).

Scheid, J. F. et al. B cell genomics behind cross-neutralization
of SARS-CoV-2 variants and SARS-CoV. Cell 184, 3205-3221.e24
(2021).

Wang, S. et al. Antibody-dependent enhancement (ADE)

of SARS-CoV-2 pseudoviral infection requires FcyRIIB and
virus-antibody complex with bivalent interaction. Commun. Biol.
5,262 (2022).

Starr, T. N. et al. SARS-CoV-2 RBD antibodies that maximize
breadth and resistance to escape. Nature 597, 97-102 (2021).
Muecksch, F. et al. Affinity maturation of SARS-CoV-2 neutralizing
antibodies confers potency, breadth, and resilience to viral
escape mutations. Immunity 54, 1853-1868.e7 (2021).

Li, T. et al. Uncovering a conserved vulnerability site in
SARS-CoV-2 by a human antibody. EMBO Mol. Med. 13, 14544
(2021).

Tortorici, M. A. et al. Broad sarbecovirus neutralization by a
human monoclonal antibody. Nature 597, 103-108 (2021).
Cameroni, E. et al. Broadly neutralizing antibodies overcome
SARS-CoV-2 Omicron antigenic shift. Nature 602, 664-670
(2022).

Niu, X. et al. Longitudinal analysis of T and B cell receptor
repertoire transcripts reveal dynamic immune response in
COVID-19 patients. Front. Immunol. 11, 582010 (2020).

Yan, Q. et al. Germline IGHV3-53-encoded RBD-targeting
neutralizing antibodies are commonly present in the antibody
repertoires of COVID-19 patients. Emerg. Microbes Infect. 10,
1097-1111 (2021).

Zhang, Y. et al. Analysis of B cell receptor repertoires reveals
key signatures of systemic B cell response after SARS-CoV-2
infection. J. Virol. https://doi.org/10.1128/jvi.01600-21 (2021).
Zhou, X. et al. Molecular deconvolution of the neutralizing
antibodies induced by an inactivated SARS-CoV-2 virus vaccine.
Protein Cell12, 818-823 (2021).

Kim, S. 1. L. et al. Stereotypic neutralizing V, antibodies against
SARS-CoV-2 spike protein receptor binding domain in patients
with COVID-19 and healthy individuals. Sci. Transl. Med. 13,
eabd6990 (2021).

Wang, Z. et al. Naturally enhanced neutralizing breadth against
SARS-CoV-2 one year after infection. Nature 595,
426-431(2021).

Gaebler, C. et al. Evolution of antibody immunity to SARS-CoV-2.
Nature 591, 639-644 (2021).

nature microbiology | Volume 7 | October 2022 | 1635-1649

1647


https://bigd.big.ac.cn/
http://opig.stats.ox.ac.uk/webapps/covabdab/
http://opig.stats.ox.ac.uk/webapps/covabdab/
http://bioconductor.org/packages/release/bioc/html/Biostrings.html
http://bioconductor.org/packages/release/bioc/html/Biostrings.html
https://www.r-project.org/
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-33760
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-33764
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-33766
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-33772
http://www.ebi.ac.uk/pdbe/entry/emdb/EMD-33748
https://www.rcsb.org/structure/7YDY
https://www.rcsb.org/structure/7YE5
https://www.rcsb.org/structure/7YE9
https://www.rcsb.org/structure/7YEG
https://www.rcsb.org/structure/7YDI
https://doi.org/10.1128/jvi.01600-21

Article

https://doi.org/10.1038/s41564-022-01235-4

29. Wang, Z. et al. mRNA vaccine-elicited antibodies to SARS-CoV-2
and circulating variants. Nature 592, 616-622 (2021).

30. Liu, C. et al. Reduced neutralization of SARS-CoV-2 B.1.617 by
vaccine and convalescent serum. Cell 184, 4220-4236.e13
(2021).

31. McCallum, M. et al. Molecular basis of immune evasion by the
Delta and Kappa SARS-CoV-2 variants. Science https://doi.
org/10.1126/science.abl8506 (2021).

32. Deng, X. et al. Transmission, infectivity, and neutralization of a
spike L452R SARS-CoV-2 variant. Cell 184, 3426-3437.e8 (2021).

33. Tchesnokova, V. et al. Acquisition of the L452R mutation in the
ACE2-binding interface of spike protein triggers recent massive
expansion of SARS-CoV-2 variants. J. Clin. Microbiol. 59,
e0092121(2021).

34. Kaku, C. I. et al. Recall of pre-existing cross-reactive B cell
memory following Omicron BA.1 breakthrough infection. Sci.
Immunol. https://doi.org/10.1126/sciimmunol.abg3511 (2022).

35. Novazzi, F. et al. A cluster of SARS-COV-2 Delta variant of concern
additionally harboring F490S, Northern Lombardy, Italy. Int. J.
Infect. Dis. 116, 271-272 (2022).

36. Li, Q. etal. Antigenicity comparison of SARS-CoV-2 Omicron
sublineages with other variants contained multiple mutations in
RBD. MedComm 3, €130 (2022).

37. SARS-CoV-2 Variants of Concern and Variants Under Investigation
in England: Technical Briefing 40 (UK Health Security Agency,
2022); https://assets.publishing.service.gov.uk/government/
uploads/system/uploads/attachment_data/file/1067672/
Technical-Briefing-40-8April2022.pdf

38. Cao, Y. etal. BA.2.12.1, BA.4 and BA.5 escape antibodies elicited
by Omicron infection. Nature https://doi.org/10.1038/s41586-022-
04980-y (2022).

39. Sun, J. et al. Generation of a broadly useful model for COVID-19
pathogenesis, vaccination, and treatment. Cell 182, 734-743.e5
(2020).

40. Zhou, P. et al. A pneumonia outbreak associated with a new
coronavirus of probable bat origin. Nature 579, 270-273 (2020).

41. Hsieh, C. L. et al. Structure-based design of prefusion-stabilized
SARS-CoV-2 spikes. Science 369, 1501-1505 (2020).

42. Qu, K. etal. Engineered disulfide reveals structural dynamics of
locked SARS-CoV-2 spike. PLoS Pathog. 18, €1010583 (2022).

43. Carnell, G. W. et al. SARS-CoV-2 spike protein stabilized in the
closed state induces potent neutralizing responses. J. Virol. 95,
0020321 (2021).

44. Feng, L. et al. An adenovirus-vectored COVID-19 vaccine confers
protection from SARS-COV-2 challenge in rhesus macaques. Nat.
Commun. 11, 4207 (2020).

45, Mastronarde, D. N. Automated electron microscope tomography
using robust prediction of specimen movements. J. Struct. Biol.
152, 36-51(2005).

46. Zivanoy, J. et al. New tools for automated high-resolution cryo-EM
structure determination in RELION-3. eLife 7, e42166 (2018).

47. Zivanov, J., Nakane, T. & Scheres, S. H. W. Estimation of high-order
aberrations and anisotropic magnification from cryo-EM data sets
in RELION-3.1. IUCrJ 7, 253-267 (2020).

48. Zheng, S. Q. et al. MotionCor2: anisotropic correction of
beam-induced motion for improved cryo-electron microscopy.
Nat. Methods 14, 331-332 (2017).

49. Tegunov, D. & Cramer, P. Real-time cryo-electron microscopy data
preprocessing with Warp. Nat. Methods 16, 1146-1152 (2019).

50. Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding
domain bound to the ACE2 receptor. Nature 581,

215-220 (2020).

51. Yu, F. etal. A potent germline-like human monoclonal antibody
targets a pH-sensitive epitope on H7N9 influenza hemagglutinin.
Cell Host Microbe 22, 471-483.e5 (2017).

52. Chan, J. C.Y. et al. A proprotein convertase subtilisin/kexin type
9 neutralizing antibody reduces serum cholesterol in mice and
nonhuman primates. Proc. Natl Acad. Sci. USA 106, 9820-9825
(2009).

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

54. Kidmose, R. T. et al. Namdinator - automatic molecular
dynamics flexible fitting of structural models into cryo-EM and
crystallography experimental maps. IUCrJ 6, 526-531 (2019).

55. Afonine, P. V. et al. Real-space refinement in PHENIX for cryo-EM
and crystallography. Acta Crystallogr. D 74, 531-544 (2018).

56. Krissinel, E. Macromolecular complexes in crystals and solutions.
Acta Crystallogr. D 67, 376-385 (2011).

57. Pettersen, E. F. et al. UCSF Chimera - a visualization system
for exploratory research and analysis. J. Comput. Chem. 25,
1605-1612 (2004).

58. Bolotin, D. A. et al. MiXCR: software for comprehensive adaptive
immunity profiling. Nat. Methods 12, 380-381(2015).

59. Wu, Y. et al. A noncompeting pair of human neutralizing
antibodies block COVID-19 virus binding to its receptor ACE2.
Science 368, 1274-1278 (2020).

60. Pinto, D. et al. Cross-neutralization of SARS-CoV-2 by a human
monoclonal SARS-CoV antibody. Nature 583, 290-295 (2020).

61. Yuan, M. et al. A highly conserved cryptic epitope in the receptor
binding domains of SARS-CoV-2 and SARS-CoV. Science 368,
630-633 (2020).

62. Matsuyama, S. & Taguchi, F. Two-step conformational changes
in a coronavirus envelope glycoprotein mediated by receptor
binding and proteolysis. J. Virol. 83, 11133-11141 (2009).

63. Walls, A. C. et al. Unexpected receptor functional mimicry
elucidates activation of coronavirus fusion. Cell 176, 1026-1039.
€15 (2019).

Acknowledgements

We thank the patients and their families for participating in this

study, Z. Li, Y. Liu and P. Zheng (Guangzhou Institutes of Biomedicine
and Health-CAS) for excellent technical assistance, S. McLaughlin
(MRC-LMB, Cambridge, UK) for helpful discussions on BLI data
analysis and the staffs at Cryo-EM Facility of GIBH-CAS and
Guangzhou Laboratory Bio-imaging Technology Platform for cryo-EM
sample preparation and data collection. This study was supported

by the National Natural Science Foundation of China (82041014 to
L.C., 2021000192 to X.X.), the Strategic Priority Research Program

of the Chinese Academy of Sciences (XDB29050701to L.C.),

the Guangzhou Science and Technology Program Key Projects
(2021904020037 to L.C.), the Natural Science Fund of Guangdong
Province (2021A1515011289 to X.X.), the State Key Lab of Respiratory
Disease Open project (SKLRD-Z-202106 to L.C.), the Guangdong-Hong
Kong-Macau Joint Laboratory of Respiratory Infectious Diseases
(2019B121205010 to J.H.) and the Zhongnanshan Medical Foundation
of Guangdong Province (ZNSA-2022009 to L.C.). X.X. acknowledges
start-up grants from the Chinese Academy of Sciences and Bioland
Laboratory (GRMH-GL).

Author contributions

L.C. and X.N. conceived and initiated the antibody isolation; X.X.
conceived and initiated the structural studies; P. He constructed

the scFv phage libraries from patient PBMCs isolated by P.L.; P. He
isolated antibodies with assistance from B.F., HY. and Z.C.; P. He and
R.H. expressed and purified antibodies; P. He, B.L., R.H. and Q.C.
performed BLI assays; QW. and P. Hu performed the pseudovirus
neutralization assays; R.P., Yanjun Zhang, H.S., J.C. and X.C. performed
authentic virus neutralization assays; J.S., P. He, B.F. and J.Z. performed
animal experiments; B.L. and Q.C. purified spikes for cryo-EM and
other experiments using constructs and protocols developed by

nature microbiology | Volume 7 | October 2022 | 1635-1649

1648


https://doi.org/10.1126/science.abl8506
https://doi.org/10.1126/science.abl8506
https://doi.org/10.1126/sciimmunol.abq3511
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067672/Technical-Briefing-40-8April2022.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067672/Technical-Briefing-40-8April2022.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1067672/Technical-Briefing-40-8April2022.pdf
https://doi.org/10.1038/s41586-022-04980-y
https://doi.org/10.1038/s41586-022-04980-y

Article

https://doi.org/10.1038/s41564-022-01235-4

X.X.,KQ., K.AC, A.PC.and J.A.G.B.; B.L. performed western blots and
negative-stain EM to assay spike structural change with assistance
from X.Z. and L.J.; QY. analysed the sequencing data and identified
the population antibody response with assistance from X.X. and Yudi
Zhang; B.L. and X.G. collected cryo-EM data under the supervision

of J.H. and X.X.; X.G. and Z.L. processed cryo-EM data under the
supervision of J.H. and X.X.; X.X., X.G., QY. and J.H. analysed cryo-EM
structures with assistance from X.L.and J.L.; P. He, B.L., X.G., QY. and
Z.L. prepared the figures under the supervision of X.X.; X.X. wrote
the paper with input from all co-authors; X.C., J.H., L.C., X.X. acquired
funding and supervised the research.

Competinginterests
The authors declare no competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41564-022-01235-4.

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41564-022-01235-4.

Correspondence and requests for materials should be addressed to
Xinwen Chen, Jun He, Ling Chen or Xiaoli Xiong.

Peer review information Nature Microbiology thanks Duane
Wesemann and Jason Lavinder for their contribution to the peer review
of this work.

Reprints and permissions information is available at
www.nhature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

nature microbiology | Volume 7 | October 2022 | 1635-1649

1649


https://doi.org/10.1038/s41564-022-01235-4
https://doi.org/10.1038/s41564-022-01235-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Article

https://doi.org/10.1038/s41564-022-01235-4

a Demographics and characteristics of patients infected with SARS-CoV-2
ymp Hospitali: Discharg Disease Sample collection time  Other studies patients
Donor Age Gender N - .
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PtK 51 Female Jan 17,2020 Jan 21,2020 Feb 13, 2020 Severe 17
PtH 53 Male  Jan 19,2020  Jan 21, 2020 Feb 13, 2020 Mild 15 Yan et al., 20212
PtS 68 Female Jan25,2020 Jan 26,2020  Feb 13, 2020 Mild 7 Zhang et al., 2022*
PtZ 70  Male Jan20,2020 Jan 28,2020  Feb 13, 2020 Mild 12
PtL 81 Female Jan 12,2020 Jan 22, 2020 Feb 6, 2020 Severe 22
b .
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R1-26 2.58 3.84 2.7 46 IGHV3-7 IGHD6-6 IGHJ4 ARGQLGPWVGVDY 0 IGLV6-57 IGLJ3  QSYDSSNWV 0
R1-30 2.61 35.38 4.06 >333 IGHV4-59 IGHD4-23 IGHJ4 ARQGWLRGNFDY 0 IGLV6-57 IGLJ2  QSYDSSIHW 0
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Isolation and characterization of antibodies. a,
Demographics of study subjects. PBMCs were collected from 6 confirmed
COVID-19 patientsin hospital ata mean duration of 14 (+7) days after symptom
onset. b, Construction and screening of phage antibody display libraries. A total
of 6 convalescent patients’ PBMCs were collected. The 6 scFv phage libraries
displaying the variable regions of antibody heavy chain (VH) and light chain
(VL) were established from the individual convalescent patient’s PBMC. The
phage libraries screening used the SARS-CoV-2 RBD recombinant protein asa
bait. Based on monoclonal phage ELISA, positive binding clones of single phage
were sequenced and the pairs of VH/VL were reconstructed into human IgG1l
antibodies for expression. Finally, the purified antibodies were functionally
verified. ¢, Polyclonal phage ELISA binding activities (mean + SD) of the
unpanned, 1* panned and 2™ panned phage libraries using SARS-CoV-2 RBD.
Control used an unrelated antigen. Data are shown from a single experiment with
2replicates. d, The 6 strongest binding single phages were colored among the
497 reactive clones from the 2™ panning. e, RBD binding activities (mean + SD)
ofthe 6 isolated monoclonal antibodies (mAbs) by ELISA. f, Neutralization
activities (mean + SEM) of the 6 mAbs against SARS-CoV-2 pseudovirus. Data

are shown from a single experiment with 3 replicates (e, f). g, Binding kinetics

of six candidate antibodies to the SARS-CoV-2 RBD were measured by biolayer
interferometry (BLI) with antibody immobilized on the biosensor and RBD in
solution. The black lines represent the experimentally recorded sensorgram
traces, the colored lines represent fittings to the sensorgram traces. A 2-fold

RBD dilution series (200 nM to 3.125 nM) were used in the BLI assays, detailed
bindingkinetics parameters were summarized in Supplementary Table 5. h,
Competitive binding between R1-32 and ACE2 to the SARS-CoV-2 RBD as assessed
by BLI. Biosensors immobilized with SARS-CoV-2 RBD were first saturated with
R1-32 (upper panel) or ACE2 (lower panel) as indicated by the dashed lines, and
then dipped into R1-32 (red) or ACE2 (blue) solutions of the same concentration.
An ACE2 competing antibody B38 (orange) or buffer (green) were used as
controls. Controls without binding of the first ligand were also included (purple).
i, Characteristics of isolated antibodies. ECs, and K, of antibody binding to
SARS-CoV-2 RBD measured by ELISA (data shownin e) and BLI (data showning)
respectively were summarized. Sequence analysis of antibodies was performed
by IMGT.
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R1-32 (IgG)  R1-32 (Fab)

B38 rmAb23  C144 S309 CR3022

37°C.1hr ICs0 (M) 4.03 7.52 6.62 2.06 0.1 1.13 >333
ICgo (NM) 10.9 217 169 87.8 35.1 43 >333

4°C 16 hr ICsp (NM) 0.38 0.7 4.81 0.62 0.11 1.72 102
’ ICqo (NM) 8.95 21 46.8 5.54 0.48 13.1 >333

Extended Data Fig. 2| Neutralization of authentic wild-type virus by R1-32
compared to selected antibodies of different RBD targeting antibody
classes. a-g, Neutralization activities of wild-type virus (Wuhan strain) by a,
R1-321gG, b, R1-32 Fab, ¢, B38 (ref. ), d, rmAb23 (ref. ), e, C144 (ref.?),f, S309
(ref. %), g, CR3022 (ref. ') were evaluated by plaque reduction neutralization
assays. Selected antibodies of different RBD antibody classes were included
for comparison (see Extended Data Fig. 7 and Supplementary Fig. 3 for their

classification and epitopes). Viruses were incubated with antibodies for standard
1 hrduration (black data points) or an extended duration of 16 hr (red data
points) before inoculation (data points and error bars represent mean + SEM).
n=3.Representative data from at least 2independent experiments are shown.
ICyoand IC,, values are summarized in the table below. Prolonged incubation
improved R1-321gG neutralization likely due to more saturated R1-32 binding

to spike.
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Extended Data Fig. 3| Cryo-EM data processing flow-chart. Pipelines
areillustrated for the 3:1, 3:3 spike protomer:R1-32 Fab and the 3:3:3 spike
protomer:R1-32 Fab:ACE2 datasets. After automated picking, 3D and 2D
classification steps were used to remove contaminating objects. 3D classification

3:3:3
S-GSAS/6P:R1-32 Fab:ACE2

c1 l1200393 particles

ca |3:3:3 with R1-32 Fab
and ACE2
203698 particles
373A

Top
(with mask used for subtract)

203698 * 3 particles

Symmetry expansion C3
c1
Focused refinement

was subsequently used to sort the data into different structures. The structure of
the RBD:R1-32 Fab:ACE2 portion was further improved with focused refinement

centred at the RBD.
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Extended Data Fig. 4 | Resolution assessment of cryo-EM structures. a,

Global resolution assessment by Fourier shell correlation at the 0.143 criterion.

b, Correlations of model vs map by Fourier shell correlation (FSC) at the 0.5

criterion. c-g, Local resolution maps for all structures calculated using RELION.
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h, Representative densities of the R1-32 epitopes and R1-32 HCDR loops in the
focused refinement map. R1-32 HCDRs, LCDRs and RBD are colored in magenta,
purpleand cyan, respectively.
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Extended DataFig. 5| Effects of mutations on R1-32 binding. a, Locations
of substituted residues are shown in the context of the R1-32 epitope, loop-R
indicates replacement of SARS-CoV-2 ACE2 binding loop (474-486) to the
corresponding SARS-CoV-1residues (461-472). b, Binding of R1-32 to 24

substituted RBDs were assayed by BLI and compared to the wild-type (WT)

RBD. Assays were carried out at a fixed RBD concentration of 200 nM. Kinetic
parameters are summarized in Supplementary Table 6, fold changes of K, values
were normalized to WT on a 2" scale (the last panel).

nature microbiology



Article https://doi.org/10.1038/s41564-022-01235-4

S-R S-R/Delta S-R/x3 S-R/x3/Delta
a 2.0 2.0 2.0 2.0
E 1.6 E 1.6 E 1.6 E 1.6
£ S £ £
R1-32 E 7;,7 1.2 § 1.2 E 1.2
- < c < <
o S 0.8 S 0.8 S 0.8
] 3 H 3
0. © 0.4 © 0.4 g © 0.4
0.0 0.0 0.0
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s)
b 2.0 2.0 2.0
E 3 E 169 E 169
£ £ £ £
Fc08 2 B 2 § 1.2 § 1.2
(R1-32 related Ab) § o. 3 g S 0.8
] 3 3 3
o (4 o @ 0.4 g _
0.0
L] 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
c 2, 2 2. 2
E 16 E 1.6 E 1.6 E 1.6
£ £ 3 £
52 o 12 o 1.2 o 1.2 o 1.2
(R1-32 related Ab) ¢ 2 2 2
E_ 0.8 % 0.8 § 0.8 % 0.8
Q 3 Q Q
x 0.4 o 0.4 © 0.4+ o 0.4+
0.0 T T T 0. 7 7 T ; 0.0 0. T T T T
0 200 400 600 800 [] 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
d 20 20 2.0 2.0
E 16 E 1.6 E 1.6 E 1.6
£ £ £ £
LY-CoV555 i 12 i i i
(VH1-69 class 2) 308 2 2 2
] ] ] ]
& 0.4 & & &
0.0 T T T T
0 200 400 600 800 L] 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
e 20 20 2.0 2.0
E 1.6 E 1.6 E 1.6 E 1.6
£ = £ £
BG1-24 $ 127 312 3 $ 127
c c c c
(VH1-69 class 2) §08— §08— § ‘;;Lo's-
& 0.4 & 04- & & 0.4 /—
0.0 T T T - 0.0 0.0
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
f 2, 2 2.
E 1.6 E 1.6 T E 1.6
£ £ £ £
DH1043 2 1.2 2 1.24 E E 1.2
(VH1-69 class 2) g 3 0.8 S S 0.8
3 3 3 H
© © 0.4+ 4 @ 0.4
0.0+ 0.0+
[] 200 400 600 800 (] 200 400 600 800 (] 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
g 2, 2, 2, 2
E 1.6 E 1.6 E 1.6+ E 1.6
E E £ E
MW01 3 % 1.24 3 1.24 g 1.24
c c c c
(VH1-69 class 2) % % 0.8 % 0.8 % 0.8
5 & 0.4 & 0.4 & 0.4
/,/
a————— | 0.0+ 0.0 : . y 7
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
h 2.0 2.0 2.0 2.0
E 1.6 T 1.6 E 1.6 E 1.6
MW05 3 1.2 3 1.24 3 1.24 % 1.2
c c c c
(VH1-69 class 2) § 0.8 § 0.8 g g.'_ 0.8
= T g—— o
0.0 T T T T 0.0 0.0
[] 200 400 600 800 [ 200 400 600 800 [] 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
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Extended Data Fig. 7 | Epitopes of representative mAbs of different RBD
targeting antibody classes compared to the ACE2 binding surface and
buried surfaces of RBD in closed and locked RBD ‘down’ spike trimers. RBD
molecular surfaces are colored in gray. Epitopes of a, R1-32, ¢, B38 (ref. *°), d, C144
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(ref.?), e,S309 (ref. %), f, CR3022 (ref. "), and the binding surface of g, ACE2
(ref.*%) are highlighted in cyan. b, Epitopes of R1-32 (cyan) and substituted
residues (red) in the Omicron BA.1 variant are highlighted. RBD surface areas
buriedby NTDin h, closed and i, locked spike trimers8 are highlighted in yellow.
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Extended Data Fig. 8 | Analysis of IGHV1-69-encoded R1-32 like or R1-32
related RBD targeting antibodies. a, Pie charts showing the IGHV usage in
healthy donors (HD, left), COVID-19 patients (middle), and published RBD
targeting mADbs (right). Top 10 IGHVs are shown according to their rank in
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Extended Data Fig. 9 | Effect of selected RBD substitutions on binding of
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DH1043, g, MWO01, h, MWO05; and anon-VH1-69 class 2 antibody i, C144 were

immobilized onto Protein A biosensors. Binding to RBDs with indicated
substitutions and RBDs of variants was compared to the wild-type RBD binding
curves. Kinetic parameters are summarized in Supplementary Table 8.

nature microbiology



Article https://doi.org/10.1038/s41564-022-01235-4

a

25 — RI1-32+ACE2Fc 25 : — R132+ACE2Fc 2.5+ — ACE2FcsR1Z 25 — ACE2FcsRI32
+R1-32lkemAbs  — R1-32+FC08 I OeR132lkemAbs  — Ri132¢C091 +R1320ke mAbs  — ACE2-Fc+FCO8 +R132lkemAbs  — ACE2FcsC091
_ — R132:52 20 : — R132+C092 20 — ACE2Fcs2 20 — ACE2FcrCo92
£ — R1-32+C963 i : — R1-32¢C807 £ ~— ACE2Fc+C963 £ ACE2-Fe+C807
£ — R132+Co78 £ — R132+C832 £ — ACE2FcsCo78 £ ACE2-Fc+C832
o 1 — R1.32+Co41 o 15 R1-32+buffer 2 15 — ACE2Fc+Co41 2 15 ACE2-Fe+buffer
2 R132+buffer 2 — R1324R132 2 ACE2Fctbufter £ ACE2 Fe+ACE2 Fe
S 1 — R132+R132 S 10 — g 10 — ACE2FceACE2Fc  § 1.0 Buffer+ACE2-Fc
g — BuffersR1-32 g I — BuffersACE2Fc
g g g g
& o & 05 % 05 % 05
0.0 0.0 X - ; ,
0 200 400 600 0 200 400 600
Time (s) Time (s) Time (s) Time (s)
08 — RBDWT 08 — RBD-WT 08 — RBD-WT 08 — RBDWT
— RBD-L452R — RBD-E484K — RBD-F490W — RBD-Beta
RBD-L452Q RBD.E484Q RBD-F490S RBD-Kappa
= = = = RBD.Deita
E E E E 0¢ — RBD-Lambda
R1-32 & 8 2 ]
=32 ¢ 2 2 £ 04
s g s s
3 & 3 I3
g g
-4 -4 & @ 02 R
X X X 00+
o 200 400 600 800 o 20 400 600 800 0 200 400 600 800 o 200 400 600 800
Time (s) Time (s) Time () Time (s)
08 RBD-WT 08 RBD-WT 08 g
— RBD-L452R — RBDE484K — RBD-F490W
RBD-L452Q RBD.E484Q RBD-F490S
E £ E 06 E RBD-Lambda
2 2 2 2
C963 2 H 2 o4 2
s § s §
2 2 2 2
g 8 g g
4 4 x 02 4
0. X o X
200 400 600 800 o 200 400 600 800 200 400 600 800 0 200 400 600 800
Time () Time (s) Time () Time (s)
08 — RBD-WT 08 — RBDWT (X3 — RBD-WT (X3 — RBD-WT
— RBD-L452R — RBDE484K — RBD-F490W — RBD-Beta
RBD-L452Q RBD.E484Q RBD-F490S RBD-Kappa
= = = = — RBD-Deita
E E 06 = E 06 E 06 — RBD-Lambda
@ @ ' Y @
C978 ¢ 2 04 2 04 2 o4
5 § s s
2 2 2 -4
@ @ @ @
LS 8o &0 & o2 x
X X X 0.0+
) 200 400 600 800 o 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (s) Time (s) Time (s) Time (s)
08 — RBD-WT 08 — RBO-WT 08 — RBD-WT (X3 — RBD-WT
— RBD-L452R — RBD-E484K — RBD-F490W — RBD-Beta
RBD-L452Q RBD.E434Q RBD-F490S RBD-Kappa
= = = = — RBD-Deita
E 06 E 06 £ E 06 — RBD-Lambda
s = @ - @ @
C941 2 o4 2 04 2 2 o4 -
2 2 2 2
& 02 & o0z & & 02
X X X o
o 200 400 600 800 ) 200 400 600 800 0 200 400 600 800 o 200 400 600 800
Time (s) Time (s) Time () Time (s)
08 — RBD-WT 08 — RBD-WT 08 — RBD-WT 08 — RBDWT
— RBD-L452R — RBDE484K — RBD-F490W — RBD-Beta
RBD-L452Q RBD.E484Q RBD.F490S RBD-Kappa
= = = = — RBD-Deita
E E 06 £ E 08 ~— RBD-Lambda
C091 & g o4 e 3 8 os
g g s s
& 3 3
e & o . £ o M
O st
X X X o
0 200 400 600 800 ) 200 400 600 800 0 200 400 600 800 o 200 400 600 800
Time (s) Time (s) Time () Time (s)
08 — RBD-WT 08 — RBD-WT 08 — RBD-WT 08 — RBDWT
— RBD-L452R — RBDE484K — RBD-F490W — RBD-Beta
RBD.L452Q RBD.E484Q RBD.F490S RBD-Kappa
= = = = — RBD-Deita
E o8 - £ o . g os g os T REDDelta
@ @ @ @
C092 2 o4 2 o, 2 o4 2 04
s g s s
2 2 2 2
e @ g e
& o2 & o & o2 & o2
X X o 0.0+
0 200 400 600 800 o 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time () Time (s) Time () Time (s)
08 08 08 08 —
E 06 E 06 E 06 £ 06 -
£ £ £ £
@ @ @ @
C807 2 o4 2 o4 2 04 2 04
s g 5 s
2 2 2 a
9 @ g e
& o2 & 02 & o2 & o2
X X 0.0+
0 200 400 600 800 200 400 600 800 200 400 600 800 0 200 400 600 800
Time () Time (s) Time (s) Time ()
08 — RBDWT 08 — RBD-WT 08 — RBD-WT 08 — RBD-
— RBD-L452R — RBD-E484K — RBD-F490W — RBD
RBD-L452Q RBD-E484Q RBD-F490S
= = = = — RBD.Delta
g o g os g o8 o g o B Delta o
Y - 3 @ Y
C832 2 osi[/ 2 o4 2 oa 2 o4
g § & ¢
& o2 & 02 & o2 & 02
X X X 00+
0 200 400 600 800 ) 200 400 600 800 200 400 600 800 ] 200 400 600 800
Time (s) Time (s) Time (s) Time (s)

Extended Data Fig.10 | See next page for caption.
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Extended Data Fig.10 | Characterization of R1-32 like mAbs. a, Competition
between R1-32 like mAbs and R1-32 for binding to SARS-CoV-2RBD. b,
Competition between R1-32 like mAbs and ACE2-Fc for binding to SARS-
CoV-2RBD. Competition assays were performed by BLI. SARS-CoV-2 RBD was
immobilized onto Anti-His biosensors, immobilized RBD was saturated with
R1-32 or ACE2-Fc, followed by incubation with R1-32 like mAbs (colored lines). As

controls, biosensorsimmobilized with RBD was first equilibrated in buffer before
submerging into ACE2-Fc or R1-32 solutions (black traces). ¢, Binding of R1-32 like
mAbs to RBD point mutants or VOC RBDs. R1-32 and R1-32 like mAbs (C963, C978,
C941,C091,C092, C807, and C832) were immobilized onto Protein A biosensors
and submerged into RBD solutions (at 200 nM) to record sensorgram traces.
Kinetic parameters are summarized in Supplementary Table 9.
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Communications. 2020) and was generated in our lab.

All cell lines were frequently checked for the cellular morphologies, growth rates and functions in our lab and were not
commonly misidentified.

The cell lines were not contaminated by mycoplasma as determined by using the Lonza Mycoplasma Detection Kit.

Commonly misidentified lines  No commonly misidentified cell lines were used.

(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

For the SARS-CoV-2 animal experiment, the hACE2-transgenic C57BL/6 mice were provided by Cyagen Biosciences Inc. (cat:
C001191). All protocols for animal experiments were approved by the Institutional Animal Care and Use Committees of Guangzhou
Institutes of Biomedicine and Health, Chinese Academy of Sciences. All work with live SARS-CoV-2 was conducted in the Biosafety
Level 3 (BLS3) Laboratories. 20-weeks old female mice were randomly divided into three groups (5 mice per group). All mice were
kept in SPF (specific pathogen free) facilities with controlled temperature (20-26°C), humidity (40-70%) and lighting conditions (12h
light/ 12h dark cycles).

The study did not involve wild animals.
The study did not involve samples collected from the field.

The animal study was approved by Ethics Committee of Guangzhou Institutes of Biomedicine and Health, Chinese Academy of
Sciences (IACUC: 2020025).

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

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

The COVID-19 convalescent patients (with both females and males) cared by Guangzhou Eighth People’s Hospital, China were
selected randomly. The COVID-19 convalescent patients selected showed mild or severe symptoms of COVID-9 when they
were infected at the initial stage of SARS-CoV-2 pandemic. Donors are age 33-81. We used the peripheral blood mononuclear
cells (PBMCs) of the donors to construct scFv phage libraries.

Patients were recruited and clinically diagnosed at Guangzhou Eighth People’s Hospital, China. Study participants were
recruited on the random basis. There was no potential self-selection bias or other biases during the selection.

Ethics Committee of Guangzhou Eighth People’s Hospital (REC ref: AF/SC-02/01.6).

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