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SUMMARY
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Omicron subvariants have seriously at-
tacked the antibody barrier established by natural infection and/or vaccination, especially the recently
emerged BQ.1.1 and XBB.1. However, crucial mechanisms underlying the virus escape and the broad
neutralization remain elusive. Here, we present a panoramic analysis of broadly neutralizing activity and
binding epitopes of 75 monoclonal antibodies isolated from prototype inactivated vaccinees. Nearly all
neutralizing antibodies (nAbs) partly or totally lose their neutralization against BQ.1.1 and XBB.1. We report
a broad nAb, VacBB-551, that effectively neutralizes all tested subvariants including BA.2.75, BQ.1.1, and
XBB.1. We determine the cryoelectron microscopy (cryo-EM) structure of VacBB-551 complexed with the
BA.2 spike and perform detailed functional verification to reveal the molecular basis of N460K and
F486V/S mutations mediating the partial escape of BA.2.75, BQ.1.1, and XBB.1 from the neutralization of
VacBB-551. Overall, BQ.1.1 and XBB.1 raised the alarm over SARS-CoV-2 evolution with unprecedented
antibody evasion from broad nAbs elicited by prototype vaccination.
INTRODUCTION

Since the first report of the Omicron variant of severe acute res-

piratory syndrome coronavirus 2 (SARS-CoV-2) in late 2021

in South Africa, it has evolved into numerous subvariants

including BA.1.1, BA.2, BA.2.12.1, BA.4, BA.5, BA.2.75, etc.1–5

Moreover, newly emerged variants are often accompanied by

striking antibody evasion from existing broadly neutralizing anti-

bodies (bnAbs), mainly induced by prototype SARS-CoV-2

infection and vaccination.6–10 Recently, two Omicron subvar-

iants, BQ.1.1 and XBB.1, caused wide public concern. BQ.1.1

was derived from BA.5 carrying three additional mutations

(R346T, K444T, and N460K).11 XBB.1 (XBB+G252V) was a re-

combinant virus between two Omicron subvariants, BA.2.75

and BJ.1.11 Both two variants displayed unprecedented anti-

body escape abilities from human nAbs elicited by various vac-

cine immunizations and breakthrough infections,12–15 however,

largely focusing on evaluating their neutralization susceptibilities

to circulating plasma polyclonal antibodies and early isolated

monoclonal Abs (mAbs). Our group have been concerned with
This is an open access article under the CC BY-N
uncovering reasons behind virus escape and maintained broad

neutralization by isolating and characterizing mAbs,16–18 helping

answer why and to what extent variants escape from the preex-

isting nAbs, as well as what kinds of nAbs retain the broad

neutralization. Meanwhile, analyzing the neutralizing antibody

response at the mAb level is also very important to evaluate

the effect of multiple vaccines and guide the development and

adjustment of current vaccination strategies. We now report

the findings of how BQ.1.1 and XBB.1 escape SARS-CoV-2 in-

activated vaccination-induced mAbs and reveal the underlying

structural basis and molecular mechanism.

RESULTS

Monoclonal nAbs isolated from triple inactivated
vaccinees
In this study, we sorted immunoglobulin G (IgG) memory B

cells (MBCs) for binding to the prototype receptor-binding

domain (wild type; WT-RBD) from 5 individuals at week 2 after

receiving three doses of SARS-CoV-2 inactivated vaccines19
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and performed single B cell PCR, gene sequencing, and anti-

body expression to isolate and characterize mAbs using our

previous established methods.16,20–23 We obtained a total of

170 heavy- and light-chain paired antibody sequences. Due

to a strong clonal expansion, some mAbs had identical se-

quences at the amino acid level. We expressed and purified

121 mAbs with distinct amino acid sequences and measured

their neutralizing activities against WT SARS-CoV-2 pseudovi-

rus, 63% of which showed effective neutralization with a

geometric mean 50% inhibitory concentration (IC50) of

0.075 mg/mL (Figure S1). This positive rate of anti-RBD mono-

clonal nAbs was similar to that isolated from convalescent

(58%, 52/89) and mRNA vaccine-immunized (65%, 82/127) in-

dividuals.24,25 Although VacBB-552 could effectively neutralize

WT SARS-CoV-2 (IC50 = 14.020 mg/mL), its yield was very low

in the antibody expression, which was excluded at subse-

quent analysis. To further determine the neutralizing breadth

of the rest of 75 nAbs whose amino acid sequences were

summarized in Table S1, we performed a series of neutraliza-

tion assays against Beta, Delta, and Omicron subvariants

including BA.1, BA.1.1 (BA.1+R346K), BA.2, BA.2.12.1, BA.4/5

(BA.4 and BA.5 sharing identical spike sequences), BA.2.75,

BQ.1.1, and XBB.1 (Figure S2).

SARS-CoV-2 variants exhibited varying degrees of
antibody evasion
As shown in Figure 1A, most nAbs still effectively neutralized

Beta and Delta variants (89% and 91%), but their geometric

mean IC50s (0.535 and 0.161 mg/mL) were higher than that

against WT (0.070 mg/mL). Consistent with previous

studies,6–8,18,26,27 the Omicron BA.1 carrying 15 mutations in

the RBD reduced or abolished the neutralization of majority

of nAbs, whose positive rate was 68% and geometric mean

IC50 was 1.336 mg/mL. More seriously, BA.1.1 carrying an

additional R346K mutation further abolished the neutralization

of some nAbs, reducing the positive rate down to 56%. The

Omicron BA.2 variant shared 13 mutant sites in the RBD

with BA.1, and the remaining 3 substitutions were unique.1,2

Perhaps for these differences, the antigenic property of BA.2

had changed and affected its antibody escape ability.

Just as we observed here, BA.2 also showed a marked resis-

tance to most of the nAbs with a geometric mean IC50 of

0.998 mg/mL. Interestingly, some inactive or severely impaired

nAbs for BA.1 regained effective or potent neutralizing activ-

ities against BA.2, such as VacBB-724, VacBB-715, VacBB-

744, etc. (Figure 1B), highlighting their different antibody

evasion properties.
Figure 1. Neutralizing activity and binding epitope of 75 monoclonal n

(A and B) The neutralizing activity (IC50) was measured based on the SARS-CoV

(summarized in A and detailed in B). The data are means of at least two indepe

significance of difference are labeled on the top. ‘‘-’’ represents decreased neu

Wilcoxon test. ****p < 0.0001; **p < 0.01. The neutralizing potency is represented

(B–D) Competition ELISA was performed to predict the binding epitope of 75 nA

sentative mAbs of four classes (class 1: P2C-1F11, class 2: BD-368-2, class 3: S3

The data are means of at least two independent experiments. Dark blue: high com

or no competition (<45%). ‘‘Undefined’’ means that mAbs do not compete with a

The classifications of binding epitopes of mAbs are indicated in different colors, w
With the continuous mutation of SARS-CoV-2, the Omicron

variant has evolved into more subvariants including BA.2.12.1,

BA.4/5, and BA.2.75.4,28 Based on a head-to-head comparison,

neutralization profiles of most of these 75 nAbs against the

BA.2.12.1 were similar to BA.1, BA.1.1, and BA.2, showing

largely reduced neutralization (63%, 1.572 mg/mL) compared

with WT, Beta, and Delta (Figure 1A). BA.4/5 and BA.2.75

showed more serious resistance to the neutralization of 75

nAbs, with lower positive rates (49% and 57%) and relatively

weaker potencies (2.222 and 2.520 mg/mL). Despite this, several

bnAbs still maintained potent neutralization against BA.4/5 and/

or BA.2.75, such as VacBB-551, VacBB-541, and VacBB-665

(Figure 1B). By contrast, BQ.1.1 and XBB.1 exhibited the most

serious antibody escape from these 75 nAbs elicited by proto-

type vaccination, less than 30% of which maintained effectively

neutralizing activities with geometric mean IC50s of 6.041 and

7.914 mg/mL, respectively (Figure 1A). Throughout the whole re-

gions of RBDs of Omicron subvariants, the mutations appeared

in or near the epitopes recognized by multiple classes of RBD-

specific nAbs, which should be strongly related to their antibody

escape abilities. Therefore, the detailed analysis for binding epi-

topes of these 75 nAbs is urgently needed.

Binding epitopes and neutralizing breadths
Previous structural studies reveal that the RBD in spike of

SARS-CoV-2 has an up or down conformation, and the recep-

tor-binding site (RBS) on the RBD is exposed only when the

RBD is in an up conformation, mediating the virus binding to

the receptor (angiotensin-converting enzyme 2 [ACE2]) and entry

to the target cells.29–32 Direct competition with ACE2 for binding

to the RBD is one of important neutralizationmechanisms of anti-

RBD nAbs, blocking engagement between the viral spike and

cell receptor.23,33–36 Therefore, we first measured the potential

competitions with human ACE2 of 75 nAbs using our previously

established assay.17,18 As shown in Figures 1B and 1C, 71% of

nAbs (53/75) exhibited obvious competitions with ACE2, sug-

gesting that the remainders might bind to the region away from

the RBS on the RBD and utilize other mechanisms to prevent

the virus infection, just like S309, EY6A, etc.37–40 To identify

more detailed epitopes recognized by these 75 nAbs, we further

measured their competitions with four representative nAbs of

classes 1 to 4 (P2C-1F11, BD-368-2, S309, and EY6A, respec-

tively), which were classified by the competition with ACE2 and

recognized the RBD conformation (up or down).16–18,41 27% of

nAbs (20/75) belonged to class 2/3, recognizing an epitope be-

tween class 2 and 3 nAbs, followed by class 1 nAbs occupying

24% (Figures 1B and 1D). The percentages of other classes of
Abs isolated from prototype inactivated vaccinees

-2 pseudovirus-neutralization assay, whose cutoff value was set as 50 mg/mL

ndent experiments. The positive rate, geometric mean IC50, fold change, and

tralization. The statistical significance was performed using two-tailed paired

by a heatmap. Red: high, yellow: moderate, and green: weak.

bs (detailed in B and summarized in C and D). Human ACE2 and four repre-

09, and class 4: EY6A) were used as the competitor for binding to the WT RBD.

petition (>90%), light blue: moderate competition (45%–90%), and none: weak

ny tested references (P2C-1F11, BD-368-2, S309, and EY6A).

hich are identical in (A), (B), and (D). See also Figures S1 and S2 and Table S1.
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Figure 2. Cryo-EM structure basis of VacBB-551 binding to Omicron BA.2 RBD

(A) The cryo-EM density map of VacBB-551 in complex with Omicron BA.2 spike trimer. Spike is shown in gray and RBDs in orange. Heavy chain of VacBB-551 is

shown in dark cyan and light chain in deep pink. Atomic model of RBD-Fab interacting region is shown as a cartoon, fitted in the corresponding transparency

density map.

(B) Structure and binding footprint of VacBB-551 on BA.2 RBD. ACE2 is shown in medium violet red and VacBB-551 in orange. Epitopes recognized by VacBB-

551 are listed, andmutant positions that appeared in tested Omicron subvariants are highlighted in red. The interface area of the ACE2-BA.2 RBDwas calculated

based on a published structure (PDB: 7XB0).

(C–F) Interactions of heavy chain (C–E) and light chain (F) of VacBB-551 with BA.2 RBD. Heavy chain is shown in cyan and light chain in magenta. Interface area

(Å2) and potential hydrogen bond (black dotted line) or salt bridge (black solid line) were calculated by PISA v.1.52 (https://www.ebi.ac.uk/pdbe/pisa).

See also Figures S3 and S4 and Tables S2 and S3.
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nAbs ranged from 1% to 10%, also including some undefined

nAbs (12%), which did not complete with any tested representa-

tive nAbs, such as VacBB-738, VacBB-560, etc. (Figure 1B).

Then, we made a comprehensive analysis between antibody-

binding epitopes and broad neutralization against BQ.1.1 and

XBB.1 (Figure 1B). All identified 18 nAbs of class 1 directly

competed with ACE2, showing potent neutralizing activities

against WT, yet were easily abolished by BQ.1.1 and XBB.1.

Only VacBB-551 could neutralize all tested SARS-CoV-2 vari-

ants, despite some reduction in neutralizing against BQ.1.1

and XBB.1. A portion of bnAbs from classes 2 and 3 also main-

tained neutralization against BQ.1.1 and XBB.1, yet with rela-

tively moderate potencies. The local conformation changes of

the S371-S373-S375 loop in the RBDmainly affected the binding

of class 4 nAbs,26 which displayed weak or no neutralization

against various Omicron subvariants. Nearly all bnAbs of classes

1/2, 2/3, 3/4, and 1/4 (93%, 26/28) totally lost their neutralizing

activities against BQ.1.1 and XBB.1. Only VacBB-677 and

VacBB-732 could neutralize all tested SARS-CoV-2 variants

with moderate potencies. A class of bnAbs, such as VacBB-

738 and VacBB-560, did not compete with ACE2 and four tested

representative mAbs (P2C-1F11, BD-368-2, S309, and EY6A)
4 Cell Reports 42, 112532, June 27, 2023
but exhibited good broad spectrum for neutralizing all tested

SARS-CoV-2 variants including BQ.1.1 and XBB.1. Collectively,

VacBB-551 was the first-best bnAb among 75 isolated nAbs

derived from multiple classes in this study. Therefore, VacBB-

551 was selected to further explore the broadly neutralizing

mechanism and the reason for reduced neutralizing potency.

Structural basis of VacBB-551 broadly neutralizing
SARS-CoV-2 variants
To define the structural basis of broad neutralization of VacBB-

551, its cryoelectron microscopy (cryo-EM) structure in complex

with the Omicron BA.2 spike trimer (BA.2-S) was determined at

the overall resolution of 2.8 Å (Figures 2A and S3; Table S2),

showing that VacBB-551 bound to RBDs in the up conformation.

Then, we performed localized refinement and further obtained

the interface of BA.2-S: VacBB-551 at a resolution of 2.7 Å.

Consistent with the above result of a competition ELISA (Fig-

ure 1B), VacBB-551 belonged to class 1 nAbs, causing an

obvious clash with ACE2 for binding to the RBD (Figure 2B).

VacBB-551 has a similar binding footprint with ACE2 on the

BA.2 RBD, whose interface areas are 947.5 and 929.5 Å2,

respectively. A total of 30 paratope residues of VacBB-551

https://www.ebi.ac.uk/pdbe/pisa
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interact with 31 epitope residues on the BA.2 RBD. Among the

residues mentioned above, 10 mutant positions appearing in

all tested Omicron subvariants were located in the epitopes

recognized by VacBB-551. To further explore broad neutraliza-

tion mechanisms of VacBB-551 against various SARS-CoV-2

variants and explain how several mutations located in epitopes

affect the neutralizing activities of VacBB-551, we performed a

more detailed analysis of interactions between VacBB-551 and

RBD (Figures 2C–2F and S4; Table S3). VacBB-551 attachment

utilizes 6 paratope residues of heavy chain (E26, R31, Y33, G54,

S56, and R97) and 1 residue of light chain (R32) to form 11 poten-

tial hydrogen bonds and 1 salt bridge around N417, D420, Y421,

L455, Y473, Q474, N477, K478, N487, Y489, S494, and Y495

epitope residues on the BA.2 RBD. Although three substitutions

appearing at 417, 477, and 478 positions on the RBD, Y33, R31,

andE26 of VacBB-551 still form3 strong interactions (2 hydrogen

bonds and 1 salt bridge) with mutated K417N, S477N, and

T478K, revealing its probable broad neutralization mechanism

against various SARS-CoV-2 variants.

Sequence and structural analysis of variants carrying
N460K and F486V/S
VacBB-551 maintained overall high neutralization potencies

against all tested SARS-CoV-2 variants including Omicron sub-

variants except for BA.2.75, BQ.1.1, and XBB.1, whose IC50

values were decreased to some extent compared with those

against BA.2 (0.103, 0.309, and 2.979 vs. 0.005 mg/mL, respec-

tively) (Figure 1B). Sequence alignment of RBDs from all tested

variants revealed that the N460K mutation that appeared in

BA.2.75 was located in the interface of VacBB-551 (Figures 3A

and S5). To explain the slight reduction of VacBB-551, further

structural analysis was performed around N460K. An atomic

model for the BA.2.75 RBD was predicted by AlphaFold242

and aligned to the structure of BA.2-S: VacBB-551, with a

root-mean-square deviation (RMSD) of 0.807 over 156 atoms.

As shown in Figures 3B and 3C, the lysine at position 460

(N460K) might have a slight clash with the loop formed by

G54-S56 at the heavy chain of VacBB-551,5 causing the

impaired neutralization activity but not abolishing it completely.

By contrast, the potency (IC50) of VacBB-551 against BQ.1.1

or XBB.1 was largely weaker than that against BA.2 (0.309 or

2.979 vs. 0.005 mg/mL) (Figure 1B), which might be mediated

by N460K in combination with F486V/F486S substitutions at

the footprint region between VacBB-551 and BA.2 RBD

(Figures 3A and S5). RBD structures of BQ.1.1 and XBB.1 were

predicted by AlphaFold2.42 RBD-BQ.1.1 and RBD-XBB.1 were

used to align to BA.2-S: VacBB-551 with RMSDs of 0.843 over

158 atoms and 0.895 over 163 atoms. The clash was also

observed between K460 on the RBD of BQ.1.1 or XBB.1 and

G54 of the VacBB-551 heavy chain (Figures 3D and 3E). By

checking the residues around F486 with VacBB-551, a cation-

p interaction43 was found between the aromatic ring of F486

on the BA.2 RBD and R97 of the VacBB-551 heavy chain (Fig-

ure 3B). Mutations of F486V on BQ.1.1 and F486S on XBB.1

cause the loss of this cation-p interaction (Figures 3D and 3E),

partly explaining the neutralization decline of VacBB-551 against

BQ.1.1 and XBB.1. These results raised concerns about the po-

tential escape risks of VacBB-551-like bnAbs by future SARS-
CoV-2 variants, especially those carrying mutations at N460

and F486 positions.

VacBB-551 maintained relatively high binding affinities
to mutated RBDs based on the WT
As shown in Figure 1B, despite varying degrees of reduction in

the neutralization of VacBB-551 against several mutated pseu-

doviruses, it still effectively neutralized all tested variants. To

explore the underlying mechanism of broad neutralization, we

constructed, expressed, and purifiedWT and a series ofmutated

RBD proteins bearing N460K, F486V, F486S, N460K+F486V, or

N460K+F486S, respectively. Meanwhile, we also prepared the

fragment of antigen binding (Fab) of VacBB-551 to measure

the binding affinities to RBDs in parallel comparison with its

IgG forms by surface plasmon resonance (SPR). As shown in

Figures 4A and 4B, despite slight changes, both Fab-form and

IgG-form VacBB-551 bound to WT and mutated RBDs with

high affinities down to a picomolar level ranging from 0.0010 to

0.0529 nM. These results suggested that single-point or dou-

ble-point mutations at N460 and F486 on the WT RBD did not

greatly reduce the binding affinity of VacBB-551 whether in

monovalent Fab form or bivalent IgG form.

Additional N460 and F486 mutations based on Omicron
variants mediated them escaping from the
neutralization of VacBB-551
To validate the influence of N460K and F486V/S mutations,

we constructed a series of mutated pseudoviruses based on

WT, BA.2, BA.2.75, BQ.1.1, and XBB.1, respectively, and

then measured their neutralization susceptibilities to VacBB-

551. Consistent with the binding affinity results (Figure 4),

VacBB-551 still neutralized WT_N460K, WT_F486V/S, and

WT_N460K+F486V/S with a similar potency to that against WT

(Figure 5A). By contrast, a single-substitution N460K directly

caused a 5.6-fold decline of neutralization of VacBB-551 against

BA.2 (Figure 5B). A relatively slighter influence of F486V or F486S

was observed on the neutralization of VacBB-551. Moreover, the

combination of N460K and F486V/S largely enhanced the

neutralization resistances of BA.2 to VacBB-551 by 48.8- to

93.6-fold. Conversely, we also reversed these mutations back

to the original residuals and evaluated their neutralization

susceptibilities to VacBB-551 (Figures 5C–5E). The reverse mu-

tation K460N could largely increase the neutralization of VacBB-

551 against BA.2.75, BQ.1.1, and XBB.1 by 33.3-, 79.5-,

and 516.1-fold, respectively. The V486F and S486F reverse mu-

tations showed similar trends with K460N in enhancing

the susceptibility of BQ.1.1 and XBB.1. Not surprisingly,

VacBB-551 could neutralize both BQ.1.1_K460N+V486F and

XBB.1_K460N+S486F with similar potencies to that against

WT, BA.2, or other susceptible variants. Collectively, these re-

sults demonstrated that the additional mutations on N460 and

F486 residuals indeed influenced the neutralization of SARS-

CoV-2 Omicron subvariants by the bnAb VacBB-551.

DISCUSSION

In this study, we isolated 75 monoclonal nAbs from individuals

who received three doses of prototype inactivated vaccines
Cell Reports 42, 112532, June 27, 2023 5
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Figure 3. Sequence alignment and structural analysis of Omicron BA.2.75, BQ.1.1, and XBB.1 subvariants

(A) Key mutations in the spike protein of Omicron BA.2, BA.2.75, BQ.1.1, and XBB.1. ‘‘*’’ represents mutations appeared in the binding epitopes of VacBB-551.

(B–E) Local region of N460 and F486 of BA.2 RBD (B), K460 and F486 of BA.2.75 RBD (C), K460 and V486 of BQ.1.1 RBD (D), and K460 and S486 of XBB.1 RBD

(E) with G54 and R97 of VacBB-551 heavy chain, respectively. The structures of BA.2.75, BQ.1.1, and XBB.1 RBDs were predicted by AlphaFold2 (https://colab.

research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb). The clash discs were displayed using the ‘‘Show bumps’’ plugin (https://

pymolwiki.org/index.php/Show_bumps) in Pymol (C–E). The pseudoatom of F486 is shown as nb_sphere and the cation-p interaction is shown in a yellow

dashed line (B and C). N460, K460, F486, V486, S486, G54, and R97 residues were shown as sticks. The VacBB-551 heavy chain was shown as cartoon/surface

colored by cyan. RBDs of BA.2, BA.2.75, BQ.1.1, and XBB.1 are shown in gray, orange, smudge, and yellow, respectively.

See also Figure S5.
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and comprehensively evaluated their broad neutralization

against a series of SARS-CoV-2 variants, including Beta, Delta,

BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4/5, BA.2.75, BQ.1.1, and

XBB.1. We also analyzed the relationship between virus escape

features and antibody-binding epitopes, indicating that nearly all

potent nAbs totally lost their neutralizing activities against BQ.1.1

and XBB.1, consistent with previous studies on polyclonal

plasma and mAbs, as well as some antibody drugs used in clin-

ical.11,12,44 By contrast, some moderate (class 2) or even weak

(undefined) nAbs binding to epitopes away from the RBS main-

tained effective neutralization against all tested SARS-CoV-2

variants. As a whole, the neutralization pattern of 75 mAbs eli-

cited by triple inactivated vaccination displayed amosaic feature

against these concerned variants. Combining different epitope-
6 Cell Reports 42, 112532, June 27, 2023
targeted mAbs into an antibody cocktail is still the optimal strat-

egy to fight against SARS-CoV-2 evolution and escape.

A typical class 1 bnAb, VacBB-551, could neutralize all tested

SARS-CoV-2 variants with a high potency (geometric mean

IC50 = 0.018 mg/mL), although BA.2.75, BQ.1.1, and XBB.1

escaped its neutralization to a certain extent. Genetic analysis

showed that the heavy chain and light chain of VacBB-551 utilized

the IGHV3-53and IGKV1-9germlinegeneswith6.67%and4.55%

of somatic hypermutations, respectively, highlighting once again

the key role of IGHV3-53 public bnAbs against SARS-CoV-2 vari-

ants.45–47 The cryo-EM structure analysis of VacBB-551 in com-

plex with the BA.2 spike trimer revealed its broad neutralization

mechanism of tolerating a certain degree of mutation at the bind-

ing epitopes, such as K417N, S477N, and T478K.

https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb
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Figure 4. Binding affinity of Fab-form and IgG-form VacBB-551 to WT and mutated RBD proteins

SPR analysis of Fab-form VacBB-551 (A) and IgG-form VacBB-551 (B) binding to WT, N460K, F486V, F486S, N460K+F486V, or N460K+F486S RBD proteins,

respectively. The dissociation constant (KD), association rate constant (Kon), and dissociation rate constant (Koff) are calculated from three independent ex-

periments and represented in mean values ±standard deviation (SD). One representative curve is presented here.
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Sequence alignment and structure modeling partly ex-

plained the reason for the varying reduced neutralizing activ-

ities of VacBB-551 against BA.2.75, BQ.1.1, and XBB.1. How-

ever, the SPR analysis and neutralization assay indicated that

single-point mutations (N460K, F486V, and F486S) and dou-

ble-point mutations (N460K+F486V and N460K+F486S) had

very little impact on the binding and neutralizing activity of

WT SARS-CoV-2 by VacBB-551. By contrast, based on

BA.2, BA.2.75, BQ.1.1, and XBB.1, additional mutations that

appeared in the 460 and 486 positions indeed contributed to
their changed neutralization susceptibilities to VacBB-551.

Greaney and colleagues have been mapped that class 1

nAbs might be escaped by mutations to N460 and F486 sites

using a yeast-display system.48 Here, we performed further

functional verification of N460K and F486V/S mutations

causing the enhanced neutralization resistances of SARS-

CoV-2 Omicron subvariants to VacBB-551-like bnAbs.

Nowadays, the directed modification of mAbs has been

widely used in the improvement of neutralizing activities.

The potencies of DRVIA7 and VRC07, two HIV-1-specific
Cell Reports 42, 112532, June 27, 2023 7



A

B

C

D

E

Figure 5. Functional verification of N460 and F486 mutations influencing the neutralization susceptibility of SARS-CoV-2 variants to

VacBB-551

The neutralization of VacBB-551 against the WT-related (A), BA.2-related (B), BA.2.75-related (C), BQ.1.1-related (D), and XBB.1-related (E) mutated pseudo-

viruses. Fold changes of neutralization (IC50) are calculated on mean values of two independent experiments. One representative curve is presented here. ‘‘-’’

represents decreased neutralization, and ‘‘+’’ represents increased neutralization.
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bnAbs, were markedly increased by deleting two N-terminal

amino acids along with the introduction of some other modifi-

cations in the light chain.20,49 Our previous study also stated

that a key F27I mutation in the heavy chain contributed to

the enhanced neutralization of P2C-1F11-like antibodies
8 Cell Reports 42, 112532, June 27, 2023
against SARS-CoV-2.46 Considering that BQ.1.1 and XBB.1

have largely reduced the neutralization of VacBB-551 and

many available identified bnAbs,11,15 structure-guided anti-

body engineering needs to be performed to improve or even

rescue their neutralizing activities in the following research.
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Limitations of the study
In this study, we performed the detailed analysis of N460K and

F486V/S on the RBD influencing the neutralization susceptibility

of BA.2.75, BQ.1.1, and XBB.1 to VacBB-551. However, we did

not exclude the potential synergistic effects of other mutations

appearing in these SARS-CoV-2 variants. Moreover, we did

not analyze and validate why BA.2.75, BQ.1.1, and XBB.1 totally

escaped from the neutralization of other bnAbs. More mecha-

nism analyses need to be performed in the future. In addition,

we did not isolate and characterize mAbs recognizing other re-

gions of spike including the N-terminal domain (NTD) and S2.
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Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completedMaterials Transfer Agreement.

Data and code availability
The structure coordinate is deposited in the Protein Data Bank under accession code 8GS9 (BA.2-S: VacBB-551). The corresponding

EM density map is deposited in the ElectronMicroscopy Data Bank under accession number EMD-34226 (BA.2-S: VacBB-551). This

paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects
This study was approved by the Ethics Committee of Shenzhen Third People’s Hospital, China (approval number: 2021-030). All par-

ticipants had provided written informed consent for sample collection and subsequent analysis. Peripheral blood mononuclear cells

(PBMCs) from individuals who received the SARS-CoV-2 inactivated vaccine (BBIBP-CorV, the Sinopharm COVID-19 vaccine, Bei-

jing Institute of Biological Products Co., Ltd) were stored at Biobank of Shenzhen Third People’s Hospital. All participants had no

history of SARS-CoV-2 infection. Flow cytometric analysis of SARS-CoV-2 WT RBD-specific MBCs have been published in our pre-

vious study.19 Here, we further performed subsequent isolation and characterization of anti-RBD mAbs from 5 individuals (BBIBP-

donor 19: male, 57 years old; BBIBP-donor 21: male, 57 years old; BBIBP-donor 29: male, 23 years old; BBIBP-donor 73: female, 27

years old; BBIBP-donor 108: male, 27 years old).

Cell lines
HEK-293T cells were from ATCC. HEK-293T-hACE2 cells were from YEASEN Biotech. HEK-293F cells were from Gibco. HEK-293T

and HEK-293T-hACE2 cells were cultured in Dulbecco’s modified eagle medium (DMEM, Gibco), supplemented with 10% Fetal

bovine serum (FBS, Gibco), 1% penicillin-streptomycin (Gibco), and 1% HEPES (1M) buffer solution (Gibco) at 37�C with 5%

CO2. HEK-293F cells were cultured in FreeStyle 293 expression medium (Gibco) at 37�C with 8% CO2 at 130 rpm.

METHOD DETAILS

Identification of RBD-specific mAbs
SARS-CoV-2WT RBD-specificMBCs (CD19+CD3�CD8�CD14�CD27+IgG+RBD+)19 were sorted into the 96-well PCR plate contain-

ing cell lysis buffer and then snap-frozen on the dry ice and stored at �80�C. RT-PCR and nested PCR were performed to amplify

antibody heavy- and light-chain variable genes. After sequencing (Sangon Biotech), antibody genes were analyzed by the IMGT/

V-QUEST program (www.imgt.org/IMGT_vquest/vquest).16,20–23 Variable genes were synthesized and cloned into the expression

vectors containing full-length heavy (IgG1) and light (kappa or lambda) chains by GenScript, respectively. Paired heavy- and light-

chain plasmids were co-transfected into HEK-293F cells to express mAbs, which were purified from the culture supernatants using

protein A column (GenScript).

SARS-CoV-2 pseudovirus-based neutralization assay
SARS-CoV-2 pseudoviruses were generated by co-transfection of HEK-293T cells with an env-deficient HIV-1 backbone vector

(pNL4-3.Luc.R-E�) and different spike-expressing plasmidsof various SARS-CoV-2 variants, respectively. Twodaysafter transfection,

culture supernatant was harvested, clarified by centrifugation, filtered, and stored at �80�C.18,19,23,45,52 To determine the neutralizing

activity, mAbs were serially diluted and then incubated with an equal volume of pseudovirus at 37�C for 1 h. HEK-293T-hACE2 cells

were subsequently added to 96-well plates. After a 48 h incubation, the culture medium was removed, and 100 mL of Bright-Lite Lucif-

erase reagent (VazymeBiotech) was added to the cells. After a 2min incubation at RT, 90 mL of cell lysate was transferred to the 96-well

white solid plates for measurements of the luminescence using the Varioskan LUXmultimodemicroplate reader (Thermo Fisher Scien-

tific). The 50% inhibitory concentration (IC50) was calculated using GraphPad Prism 8.0 software by log (inhibitor) vs. normalized

response - Variable slope (four parameters)model. Detailed sequence information of spike proteins used in this studywere listedbelow.

SARS-CoV-2 wild-type (WT)

Accession number: NC_045512.

SARS-CoV-2 Beta

D80A, D251G, 242-243del, K417N, E484K, N501Y, D614G, A701V.

SARS-CoV-2 Delta

T19R, G142D, 157-158del, L452R, T478K, D614G, P681R, D950N.

SARS-CoV-2 Omicron BA.1

A67V, 69-70del, T95I, G142D, 143-145del, N211I, 212del, 215EPEins, G339D, S371L, S373P, S375F, K417N, N440K, G446S,

S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y, N856K,

Q954H, N969K, L981F.
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SARS-CoV-2 Omicron BA.1.1

A67V, 69-70del, T95I, G142D, 143-145del, N211I, 212del, 215EPEins, G339D, R346K, S371L, S373P, S375F, K417N, N440K,

G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, D796Y,

N856K, Q954H, N969K, L981F.

SARS-CoV-2 Omicron BA.2

Accession number: EPI_ISL_9652748.

SARS-CoV-2 Omicron BA.2.12.1

T19I, L24S, 25-27del, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452Q, S477N, T478K,

E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, S704L, N764K, D796Y, Q954H, N969K.

SARS-CoV-2 Omicron BA.4/5

Accession number: EPI_ISL_11542550.

SARS-CoV-2 Omicron BA.2.75

Accession number: EPI_ISL_13502576.

SARS-CoV-2 Omicron BQ.1.1

Accession number: EPI_ISL_14818139.

SARS-CoV-2 Omicron XBB.1

Accession number: EPI_ISL_14917761.

Some additional mutations were constructed by the site-directed mutagenesis based on above SARS-CoV-2 spike genes using

the Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotech). Detailed primer information used in this study were listed in Table S4.

Competition enzyme linked immunosorbent assay (ELISA)
SARS-CoV-2 WT RBD protein (Sino Biological) (2 mg/mL) was coated into 96-well plates at 4�C overnight. The plates were washed

with PBST buffer and blocked with blocking buffer (5% skim milk and 2% bovine albumin in PBS) at RT for 1 h. Human ACE2 (Sino

Biological) or four classes of SARS-CoV-2 RBD-specific mAbs (P2C-1F11,35 BD-368-2,50 S309,37 and EY6A39) coupled with HRP

(Abcam)16–18 were mixed with an equal volume of diluted mAbs (20 mg/mL), added into the ELISA plates, and then incubated at

37�C for 1 h. The TMB substrate (Sangon Biotech) was added and incubated at RT for 20 min and the reaction was stopped by

2M H2SO4. The readout was detected at the wave length of 450nm. VRC0151 (a HIV-1-specific mAb) was used here as the

negative control, meaning no competition with SARS-CoV-2-specific mAbs. The percentage of competition was calculated by the

formula: (1-OD450 of tested mAb/OD450 of VRC01 control) 3 100%.

Cryo-EM sample preparation and data collection
SARS-CoV-2 BA.2 spike trimer protein (Sino Biological) was concentrated to about 2 mg/mL and incubated with VacBB-551 for

30 min (1: 2 M ratio). Aliquots (3 mL) of spike-antibody complex were applied to glow-discharged holey carbon grids (Quantifoil

Cu R1.2/1.3) in Vitrobot Mark IV (Thermo Scientific) at 4�C and 100% humidity. Grids were blotted for about 5 s with 0 blot force after

waiting for 3 s. The flash-frozen samples were then transferred to a Titan Krios transmission electron microscope at 300 kV. Stacks

were automatically collected using EPU software, with a slit width of 20 eV and a defocus range from �1.5 mm to �2.5 mm in super-

resolution mode. Images for BA.2-S: VacBB-551 complex were recorded using a K3 camera with a pixel size of 0.855 Å/pixel. Ex-

posures were performed with a total dose of 50 e�/Å2, which were fractionated into 32 frames.

Cryo-EM data processing
A total of 6153 movies stacks of BA.2-S: VacBB-551 complex were collected. MotionCor253 was used for correcting beam-induced

drift. The defocus values were estimated with Gctf.54 Micrographs were imported into cryoSPARC.55 Particles were automatically

picked using Blob picker with 90 Å minimum and 250 Å maximum particle diameter. The coordinates were used to extracted 43

binned particles for subsequent processing. After several rounds of Class2D, the good particles were selected and subjected to

Ab-Initio Reconstruction (K = 4). Particles were further subjected to Hetero Refinement with those initial model acquired above.

The coordinates for particles belonging to the desired class were used to re-extracted un-binned particles. Non-uniform Refinement

was used for the whole structure without symmetry imposed. For the interaction region between RBD and antibody, particle subtrac-

tionwas used and local refinementwas performed to improve the quality of RBD-antibody sub-complex densitymaps. The resolution

was estimated by the gold-standard Fourier shell correlation (FSC) cut-off value of 0.143. The local resolution of the final density map

was computed in cryoSPARC. Refer to Figure S3 and Table S2 for details of data collection and processing.

Cryo-EM model building and analysis
The RBD structure of BA.2 (PDB ID: 7XB0) spike protein and predicted atomic models by AlphaFold242 of VacBB-551 were used as

the initial model to fit in the density maps of BA.2-S: VacBB-551 sub-complexes using UCSF Chimera.56 The amino acids were then

manually adjusted in Coot.57 The resulting coordinates were further improved through real space refinement using Phenix.58 The

refinement cycle was repeated, and the quality of the final 3D atomic models were evaluated using MolProbity.59 The model refine-

ment statistics are summarized in Table S2. The structure figures were prepared using PyMol (http://www.pymol.org) or ChimeraX.60
Cell Reports 42, 112532, June 27, 2023 15

http://www.pymol.org


Article
ll

OPEN ACCESS
Preparation of fragment of antigen binding (Fab) of VacBB-551
Fab-form VacBB-551 was digested from purified IgG-form VacBB-551. IgGs were diluted to 1 mg/mL, then L-Cysteine hydrochloride

(final concentration 20mM, Sigma-Aldrich), EDTA (final concentration 20 mM, Invitrogen), and papine (final concentration 1.25 mg/mL,

Sigma-Aldrich) were added and incubated at 37�C for 12–14 h. The reaction was stopped by adding 0.5 M Iodoacetamide (Sigma-

Aldrich). Fabs were purified by using protein A affinity chromatography to separate the fragment crystallizable (Fcs) and redundant un-

digested IgGs. Unless otherwise specified, the description of VacBB-551 indicates its IgG form.

Binding affinity analysis to recombinant mutated RBD proteins by surface plasmon resonance (SPR)
SARS-CoV-2 WT RBD protein was expressed with a His tag at the C-terminus.18 Mutated RBD proteins carrying N460K, F486V,

F486S, N460K+ F486V, or N460K + F486S, respectively, were constructed using theMut Express II FastMutagenesis Kit V2 (Vazyme

Biotech) and expressed in HEK-293F cells. After 5 days, the cell culture supernatant was collected and applied to nickel affinity col-

umn (BeyoGold His-tag Purification Resin, Beyotime). After washing with PBS containing 70 mM imidazole (Sangon Biotech), the

protein was eluted with PBS containing 500 mM imidazole. The purified protein was diluted with PBS and then concentrated to re-

move the imidazole.

The binding assays of Fab-form VacBB-551 and IgG-form VacBB-551 toWT andmutated RBD proteins were performed using the

Biacore 8K system (GE Healthcare). Specifically, one flow cell of the CM5 sensor chips were covalently coated with the RBD protein

in 10 mM sodium acetate buffer (pH 5.0) for a final response unit (RU) around 250, whereas the other flow cell was left uncoated and

blocked as a control. All the assays were run at a flow rate of 30 mL/min in HBS-EP buffer (10 mMHEPES pH 7.4, 150mMNaCl, 3 mM

EDTA, and 0.05% Tween 20). Serially diluted Fab-form VacBB-551 or IgG-form VacBB-551 were injected for 60 s, respectively, and

the resulting data were fit in a 1:1 binding model with Biacore Evaluation software (GE Healthcare). Every measurement was per-

formed two times and the individual values were used to produce the mean affinity constant.

QUANTIFICATION AND STATISTICAL ANALYSIS

The independent experiment replicates were indicated in the figure legends. Half-maximal inhibitory concentrations (IC50) of anti-

bodies were calculated using GraphPad Prism 8.0 software by log (inhibitor) vs. normalized response - Variable slope (four param-

eters) model. The values of binding affinity (KD) of antibodies were calculated using Biacore Evaluation software 3.0 by Multi-cycle

kinetics/affinity model. The statistical analysis was indicated in the figure legend.
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Figure S1. Isolation of 121 SARS-CoV-2 WT RBD-specific mAbs, Related to Figure 1. 
Neutralization (IC50) of 121 mAbs against WT SARS-CoV-2, whose cut-off value was set as 

50 μg/mL. Geometric mean potency was calculated by neutralization of less than 50 μg/mL. 

The data are means of at least two independent experiments. A total of 76 mAbs (63%) could 

effectively neutralize WT SARS-CoV-2 pseudovirus. 



 

 
Figure S2. Neutralization curves of 75 distinct nAbs against WT SARS-CoV-2, Beta, 
Delta, and various Omicron subvariants including BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4/5, 
BA.2.75, BQ.1.1, and XBB.1, Related to Figure 1. 
A 50% reduction in viral infectivity was indicated by a horizontal dashed line. One out of at 

least two independent experiments with similar results. 



 

 
Figure S3. Cryo-EM image-processing workflow for BA.2 spike: VacBB-551, Related to 
Figure 2. 
(A) Representative cryo-EM micrographs and CTF estimation result (C) of BA.2-S: VacBB-

551. (B) Single-particle cryo-EM images processing workflow, local resolution estimation (D) 
and FSC curve for global (E) and local (F) resolution for the immune complex of SARS-CoV-

2 Omicron BA.2 spike: VacBB-551. 



 

 
Figure S4. Cryo-EM density maps for BA.2 spike: VacBB-551 complex, Related to Figure 
2. 
(A-E) Local density maps and models for the interaction regions between VacBB-551 and 

BA.2 RBD. (F) Typical local density maps and models for BA.2 spike RBD. (G, H) Typical local 

density maps and models for heavy chain (G) and light chain (H) of VacBB-551. RBDs were 

colored by sand brown, heavy chain of VacBB-551 was colored by cornflower blue and light 

chain was colored by medium sea green. 



 

 
Figure S5. Sequence alignment of RBD proteins among WT SARS-CoV-2, Beta, Delta, 
and Omicron subvariants including BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4/5, BA.2.75, 
BQ.1.1, and XBB.1, Related to Figure 3. 
Epitope residues of VacBB-551 were indicated by orange solid circles. Non-conservative 

residues among epitope residues were indicated by orange solid triangles. Conserved 

residues were highlighted in cyan among different RBD proteins. The N460K in BA.2.75, 

BQ.1.1, and XBB.1, and F486V/S in BA.4/5, BQ.1.1, and XBB.1 were boxed out by the red 

line. 



 

Table S2. Cryo-EM data collection and processing, model building and refinement 
statistics, Related to Figure 2. 

 



 

Table S3. Contacts between VacBB-551 and BA.2 RBD (distance cutoff 5 Å), Related to 
Figure 2. 

 



 

Table S4. The list of primers used in this study, Related to STAR Methods. 

 


	CELREP112532_proof_v42i6.pdf
	Omicron BQ.1.1 and XBB.1 unprecedentedly escape broadly neutralizing antibodies elicited by prototype vaccination
	Introduction
	Results
	Monoclonal nAbs isolated from triple inactivated vaccinees
	SARS-CoV-2 variants exhibited varying degrees of antibody evasion
	Binding epitopes and neutralizing breadths
	Structural basis of VacBB-551 broadly neutralizing SARS-CoV-2 variants
	Sequence and structural analysis of variants carrying N460K and F486V/S
	VacBB-551 maintained relatively high binding affinities to mutated RBDs based on the WT
	Additional N460 and F486 mutations based on Omicron variants mediated them escaping from the neutralization of VacBB-551

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Human subjects
	Cell lines

	Method details
	Identification of RBD-specific mAbs
	SARS-CoV-2 pseudovirus-based neutralization assay
	SARS-CoV-2 wild-type (WT)
	SARS-CoV-2 Beta
	SARS-CoV-2 Delta
	SARS-CoV-2 Omicron BA.1
	SARS-CoV-2 Omicron BA.1.1
	SARS-CoV-2 Omicron BA.2
	SARS-CoV-2 Omicron BA.2.12.1
	SARS-CoV-2 Omicron BA.4/5
	SARS-CoV-2 Omicron BA.2.75
	SARS-CoV-2 Omicron BQ.1.1
	SARS-CoV-2 Omicron XBB.1

	Competition enzyme linked immunosorbent assay (ELISA)
	Cryo-EM sample preparation and data collection
	Cryo-EM data processing
	Cryo-EM model building and analysis
	Preparation of fragment of antigen binding (Fab) of VacBB-551
	Binding affinity analysis to recombinant mutated RBD proteins by surface plasmon resonance (SPR)

	Quantification and statistical analysis




