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Additional mutations based on Omicron
BA.2.75 mediate its further evasion
from broadly neutralizing antibodies

Huimin Guo,1,4 Jie Jiang,1,4 Senlin Shen,1,4 Xiangyang Ge,1,4 Qing Fan,1 Bing Zhou,1 Lin Cheng,1 Bin Ju,1,2,*

and Zheng Zhang1,2,3,5,*

SUMMARY

SARS-CoV-2 Omicron BA.2.75 subvariant has evolved to a series of progeny var-
iants carrying several additional mutations in the receptor-binding domain (RBD).
Here, we investigatedwhether and how these single mutations based on BA.2.75
affect the neutralization of currently available anti-RBD monoclonal antibodies
(mAbs) with well-defined structural information. Approximately 34% of mAbs
maintained effective neutralizing activities against BA.2.75, consistent with
those against BA.2, BA.4/5, and BA.2.12.1. Single additional R346T, K356T,
L452R, or F486S mutations further facilitated BA.2.75-related progeny variants
to escape from broadly neutralizing antibodies (bnAbs) at different degree.
Only LY-CoV1404 (bebtelovimab) displayed a first-class neutralization potency
and breadth against all tested Omicron subvariants. Overall, these data make a
clear connection between virus escape and antibody recognizing antigenic epi-
topes, which facilitate to develop next-generation universal bnAbs against
emerging SARS-CoV-2 variants.

INTRODUCTION

The coronavirus disease 2019 (COVID-19) pandemic, caused by severe acute respiratory syndrome corona-

virus 2 (SARS-CoV-2), has never stopped worldwide since the end of 2019. To date, SARS-CoV-2 has in-

fected over 665 million people and caused more than 6.7 million deaths. As SARS-CoV-2 spread rapidly

across the world, a large number of variants emerged including Alpha, Beta, Gamma, Delta, Kappa,

Lambda, Mu, and Omicron, etc., posing great challenges to the current COVID-19 vaccines and therapeu-

tic monoclonal antibodies (mAbs).1–6 In addition, since 2022, a series of Omicron subvariants including

BA.1, BA.2, BA.3, BA.4, and BA.5 have emerged, leading the waves of COVID-19 around the world.7–10

What is worse, the appearance of Omicron subvariants with additional mutations in the spike protein

further strengthened the COVID-19 pandemic. For example, BA.2.12.1, carrying additional L452Q and

S704L mutations as compared to BA.2, was first discovered in the United States and spread quickly due

to the increased immune evasion.10–12

Recently, a new subvariant of BA.2, BA.2.75, was first detected in India, appeared to be increasing in

prevalence, and subsequently reported in many other countries.13–15 On July 7, 2022, BA.2.75 has

been classified as a variant of concern lineage under monitoring by the World Health Organization

(WHO). Continuous monitoring of submitted BA.2.75 sequences showed that BA.2.75 had been

divided into several progeny variants, carrying one or two additional mutations in the region of recep-

tor-binding domain (RBD). However, it is largely unknown whether and how these single substitutions

based on BA.2.75 affect the neutralization of currently available monoclonal neutralizing anti-

bodies (nAbs).

In this study, we summarized a total of 59 mAbs with well-defined structural information and re-classified

them into 8 groups based on their diverse binding epitopes on the RBD. We comprehensively evaluated

the antibody evasion of BA.2.75 and its subvariants from the neutralization of 44 available mAbs. These re-

sults showed that BA.2.75 variant escaped most of the nAbs, and additional mutation could further

enhance its antibody escape.
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RESULTS

Mutations in the spike protein and prevalence of BA.2.75 subvariants

Compared with BA.2, BA.2.75 harbored many special mutations, especially in the RBD, which were mainly

recognized by most of potent nAbs (Figure 1A). Further sequence analysis showed that some of BA.2.75

progeny variants (BA.2.75.2, BA.2.75.4, BA.2.75.5, BA.2.75.6, and BA.2.75.7) carry one or two additional mu-

tations in the RBD including R346T, K356T, L452R, and F486S associated with potential antibody escape,

which may be the main reason for the rapid spread of BA.2.75 around the world over time (Figures 1B

and 1C).
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Figure 1. Overall display of mutations in the spike protein and prevalence of BA.2.75 subvariant

(A) The mutations in the spike protein of BA.2, BA.4/5, BA.2.12.1, and BA.2.75 subvariants as compared to the reference

wild-type isolate (NC_045512). The mutations of BA.4/5, BA.2.12.1, and BA.2.75 were also compared with BA.2. The

mutations of BA.2.75.2, BA.2.75.4, BA.2.75.5, BA.2.75.6, and BA.2.75.7 were also compared with BA.2.75 and highlighted

in red. BA.4 and BA.5 sharing the same spike protein sequence were represented as BA.4/5.

(B and C) The number of BA.2.75 sequences collected in the GISAID and cov-spectrum in 2022 were shown for countries

(n = 55,933) (B) and for temporal distributions (n = 59,413) (C).
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Overall structural complexes of SARS-CoV-2 RBD binding with angiotensin-converting

enzyme 2 (ACE2) and 59 mAbs

Several previous studies usually categorized RBD-specific mAbs based on the germline gene, structural in-

formation, and competition between each other.16–19 The classification of class 1 to class 4 was established

earlier according to the angles of recognition of mAbs on the RBD, which is not comprehensive enough

now.16 Similarly, while the classification of receptor-binding site (RBS)-A to RBS-D, CR3022 site, and

S309 site was relatively straightforward, it was also summarized at the early stage.17,18 What is more,

CR3022 with a cross-recognition ability to SARS-CoV and SARS-CoV-2 could not neutralize SARS-CoV-2,

which might not be an appropriate representative of this group of mAbs. The classification of RBD-1 to

RBD-7 based on the competitive relationship betweenmAbs failed to give us a clear understanding of their

differences.17,18 Therefore, we summarized and re-classified 59 RBD-specific mAbs according to the struc-

ture information and previous classification methods (Figure 2). These mAbs were categorized as eight

groups according to their binding epitopes on the RBD and competitions with the cellular receptor (human

angiotensin-converting enzyme 2, hACE2). Most of mAbs (42/59) directly competed with hACE2 and tar-

geted to the RBD with different angles of approach. According to the relationship between binding epi-

topes and the RBS, these mAbs could be divided into 5 groups including RBS-A, RBS-B, RBS-C, RBS-D,

and RBS-E. With hACE2 located on the upper left side of the RBD as a reference, mAbs of RBS-A,

RBS-B, and RBS-C groups bound to the left, middle, and right regions on the top of RBD, respectively.

RBS-D mAbs recognized the outer face on the right side of RBD, while RBS-E mAbs bound to the inner

face on the left side of RBD. By contrast, the rest of 17 mAbs were not competitors with hACE2 and distrib-

uted over the bottom half of RBD belonging to S309-site (right), EY6A-site (left), and S2H97-site (back)

groups.

Neutralization of 44 mAbs against SARS-CoV-2 BA.2.75 subvariants

To make a head-to-head comparison, we also constructed wild-type (WT), BA.2, BA.4/5 (BA.4 and BA.5

sharing the same protein sequence in the spike), and BA.2.12.1 pseudoviruses in parallel (Figures 1A

and S1). All of these 44 mAbs showed potent or effective neutralizing activities against the WT SARS-

CoV-2 (Figure 3). Only 34% of mAbs (15/44) retained effective neutralizations against BA.2.75, whose

50% inhibitory concentrations (IC50s) were below 50 mg/mL. Similar with BA.2, BA.4/5, and BA.2.12.1, the

neutralizing breadth and potency against BA.2.75 were largely lower than those against WT (geometric

mean IC50 = 0.043 mg/mL). Of note, 6 of 9 tested approved antibody drugs could effectively neutralize

BA.2.75 with IC50s ranging from 0.005 mg/mL to 2.206 mg/mL, including REGN10933 (casirivimab), COV2-

2196 (tixagevimab), CT-P59 (regdanvimab), LY-CoV1404 (bebtelovimab), COV2-2130 (cilgavimab), and

S309 (sotrovimab). From the point of view of antibody classification, S2K146 of RBS-A, S2E12 of RBS-B,

and LY-CoV1404 and COV2-2130 of RBS-D maintained similar neutralizing activities against BA.2,

BA.4/5, BA.2.12.1, and BA.2.75 with those against WT. Of note, the neutralizations of S2K146 and S2E12

against BA.4/5 were slightly decreased than those against WT, BA.2, BA.2.12.1, and BA.2.75. The sequence

alignment showed that F486V was the unique mutation in BA.4/5, which might affect its susceptibility to

S2K146 and S2E12 (Figure 1A). Although C118 of RBS-E and S309 still neutralized these Omicron subvar-

iants, their neutralizing potencies were largely decreased comparing to those against WT. By contrast,

nearly all mAbs of RBS-C and EY6A-site groups totally lost their neutralizing activities. Differently, all 5

tested mAbs of S2H97 site showed relatively moderate but broad-spectrum neutralization against most

of Omicron and its sub-lineages. These results indicated that a few RBS-related and S309-site mAbs and

most of S2H97-site mAbs could contribute to the maintained neutralization of existing mAbs elicited by

the prototype SARS-CoV-2 infection or vaccination.

To explore the broad neutralizationmechanism of these broad nAbs (bnAbs) in different groups, we further

performed a detailed analysis of the interactions between bnAbs and RBDs based on their available struc-

ture data (Figure S2). According to the position relationships between the binding epitopes of bnAbs and

mutated residues of Omicron subvariants, there are two main situations for these bnAbs. One is bnAbs like

Figure 2. Overall structure of complexes of ACE2 and 59 mAbs with RBD

A total of 59 RBD-specific mAbs were categorized into 8 groups (RBS-A, RBS-B, RBS-C, RBS-D, RBS-E, S309-site, EY6A-site, and S2H97-site) based on their

binding epitopes and whether competing with ACE2 or not. RBS-related mAbs bind to the regions overlapping with RBS and compete with ACE2. The

binding epitopes of S309-site, EY6A-site, and S2H97-site mAbs are far away from RBS, which do not compete with ACE2 directly. The merged figures show

an overview of the complexes of RBD with ACE2 and all mAbs in each class. The antibody fragments in each class are drawn as cartoons in different colors.

The ACE2 is shown as cartoon in brown. The RBD is shown in gray. All protein data bank (PDB) codes involved in this study are provided in the figure.
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mAbs (IC50) PDB WT BA.4/5 BA.2.12.1 BA.2.75BA.2

S684FR254LT653KT643R
Breadth

210.4554.0495.0346.0335.0138.0422.1068.0340.0Potency, μg/mL

S2K146 7TAS 0.006 0.027 0.311 0.009 0.018 0.012 0.025 0.020 7.431

REGN10933 6XDG 0.002 >50 >50 6.654 2.206 3.256 8.842 4.514 >50

CB6 7C01 0.014 >50 36.997 >50 >50 >50 >50 >50 >50

CC12.1 6XC2 0.008 >50 >50 >50 >50 >50 >50 >50 >50

CC12.3 6XC4 0.024 >50 >50 >50 >50 >50 >50 >50 >50

C102 7K8N 0.033 >50 >50 >50 >50 >50 >50 >50 >50

C105 6XCM 0.035 >50 >50 >50 >50 >50 >50 >50 >50

COVA2-04 7JMO 0.719 >50 >50 >50 >50 >50 >50 >50 >50

B38 7BZ5 10.567 >50 >50 >50 >50 >50 >50 >50 >50

S2E12 7K4N 0.001 0.191 0.683 0.071 0.007 0.018 0.038 0.010 >50

COV2-2196 7L7D 0.003 8.196 >50 1.532 0.043 0.054 0.208 0.049 >50

CT-P59 7CM4 0.001 >50 >50 >50 0.051 0.047 0.050 >50 8.261

CV07-287 7S5R 0.051 >50 >50 >50 3.849 14.811 >50 16.472 >50

S2M11 7K43 0.001 >50 >50 >50 >50 >50 >50 >50 >50

C144 7K90 0.006 >50 >50 >50 >50 >50 >50 >50 >50

C002 7K8T 0.007 >50 >50 >50 >50 >50 >50 >50 >50

BD23 7BYR 1.072 >50 >50 >50 >50 >50 >50 >50 >50

P2C-1A3 7CDJ 0.123 >50 >50 >50 >50 >50 >50 >50 >50

COVA2-39 7JMP 0.038 >50 >50 >50 >50 >50 >50 >50 >50

BD-368-2 7CHH 0.001 >50 >50 >50 >50 >50 >50 >50 >50

LY-CoV555 7KMG 0.002 >50 >50 >50 >50 >50 >50 >50 >50

P5A-1B9 7CZX 0.002 >50 >50 >50 >50 >50 >50 >50 >50

C119 7K8W 0.008 >50 >50 >50 >50 >50 >50 >50 >50

P2B-2F6 7BWJ 0.027 >50 >50 >50 >50 >50 >50 >50 >50

LY-CoV1404 7MMO 0.002 0.002 0.001 0.001 0.005 0.005 0.002 0.007 0.007

COV2-2130 7L7E 0.005 0.006 0.008 0.007 0.038 >50 0.081 7.088 0.029

REGN10987 6XDG 0.003 4.538 1.197 2.635 >50 >50 >50 >50 >50

C110 7K8V 0.023 >50 >50 >50 >50 >50 >50 >50 >50

C118 7RKV 0.084 4.163 0.876 2.894 11.639 11.117 31.417 30.504 31.417

COVA1-16 7JMW 0.258 38.519 12.283 23.966 >50 >50 >50 >50 >50

C022 7RKU 0.340 >50 7.612 8.103 >50 >50 >50 >50 >50

S2X259 7RAL 0.037 >50 >50 >50 >50 >50 >50 >50 >50

S2X35 7R6W 0.050 >50 >50 >50 >50 >50 >50 >50 >50

S309 6WPS 0.089 0.622 0.880 0.842 1.078 0.877 31.795 0.701 1.526

C135 7K8Z 0.004 >50 >50 >50 >50 >50 >50 >50 >50

EY6A 6ZCZ 4.313 >50 32.865 >50 >50 >50 >50 >50 >50

H014 7CAI 0.238 >50 >50 >50 >50 >50 >50 >50 >50

S2A4 7JVC 1.031 >50 >50 >50 >50 >50 >50 >50 >50

S304 7JW0 4.505 >50 >50 >50 >50 >50 >50 >50 >50

S2H97 7M7W 1.069 1.103 0.759 0.885 1.458 1.259 1.639 1.729 11.757

WRAIR-2057 7N4I 0.794 2.661 4.515 3.568 14.927 18.055 11.677 13.462 27.668

ION_300 7BNV 1.013 2.732 2.233 2.323 5.790 8.058 6.293 5.574 27.703
COVOX-45 7PRY 3.086 6.706 4.908 7.906 6.891 14.774 >50 7.600 18.719
N-612-056 7S0B 7.081 11.755 5.327 17.058 15.319 >50 >50 8.885 42.643

BA.2.75 with additional single mutation
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Figure 3. The neutralization of 44 RBD-specific mAbs against WT SARS-CoV-2 and Omicron subvariants

The neutralization breadth is defined as the percentage of mAbs with effective neutralizing activities against each pseudovirus among all 44 tested mAbs. The

neutralization potency is calculated by the geometric mean of neutralizing value of less than 50 mg/mL. The data shown are means of two or three independent

experiments. The IC50 values are highlighted in different colors to show distinct neutralizing activities. Red: high, Yellow: moderate, Green: weak, Dark gray: non-

neutralization. Symbol ‘‘*’’ indicates some approved antibody drugs: REGN10933 (casirivimab), CB6 (etesevimab), COV2-2196 (tixagevimab), CT-P59 (regdanvimab),

LY-CoV555 (bamlanivimab), LY-CoV1404 (bebtelovimab), COV2-2130 (cilgavimab), REGN10987 (imdevimab), and S309 (sotrovimab). See also Figures S1 and S2.
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S2K146 and S2E12, which can tolerate F486V and/or Q493R mutations appearing in their binding epitopes

to some extent. A kind of cation-p interactions with several residuals of S2K146 or S2E12 around F486 of

RBD is disappeared when it mutates to V486, which partially accounts for the slight reductions of

S2K146 and S2E12 neutralizing against BA.4/5. The other one is S2H97-site bnAbs, whose binding epitopes

do not contain any key mutations. For this reason, we proposed a hypothesis that additional mutations

even single substitutions appearing in recently emerged BA.2.75 might mediate its further evasion from

currently available bnAbs.

Additional single mutations cause further antibody escape of BA.2.75

Based on the submitted sequences of BA.2.75 subvariants in the real world, 4 representative single muta-

tions (R346T, K356T, L452R, and F486S) in the RBD were selected, and we evaluated their sensibilities to 44

existing mAbs. As shown in Figure 3, the additional F486S mutation largely reduced or even abolished the

neutralization of S2K146 (7.431 mg/mL) and S2E12 (>50 mg/mL), comparing to that against BA.2.75

(0.018 mg/mL and 0.007 mg/mL). The F486S mutation leads to the loss of cation-p interactions between

bnAbs and RBDs. In addition, the mutated serine (S) is a polar amino acid and really different from the orig-

inal phenylalanine (F), which is an aromatic nonpolar amino acid (Figures 4A and 4B). The neutralization of

COV2-2130 was obviously affected by single R346T (inactivated) and L452R (186-fold reduction) mutations.

Interaction details of COV2-2130 binding to the RBD show that the R346T mutation makes a loss of exten-

sive hydrogen-bonding interactions with D56, Y106, and D107 residues of heavy chain. Meanwhile, L452R

COV2-2130 LY-CoV1404

S2K146 S2E12

W92/LC
Y92/LC

F110/HC

W98/LC
Y106/HCW105/HC

Y106/HCD107/HC

D56/HC

Y31/LC

S33/LC

S486

T346

T346

R452

S486

F486

F486R346

R346

S30/HC

K356

L452

L452

F486

B

D

A

C

Figure 4. Structural analysis of bnAbs binding to WT and mutated RBDs

SARS-CoV-2 RBD is shown in gray. Fabs of S2K146 (A), S2E12 (B), COV2-2130 (C), and LY-CoV1404 (D) are shown in green,

cyan, yellow, and pink, respectively. Mutated S486, T346, and R452 are represented by red sticks. Hydrogen bonds and

salt bridges are represented by black dashed lines.
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mutation creates a steric clash to affect the recognition of COV2-2130 to the RBD (Figure 4C). However,

C118, S309, and some S2H97-site bnAbs retained relatively weak or moderate neutralizing activities

against these BA.2.75 subvariants carrying R346T, K356T, L452R, or F486S. Most notably, only 1 of 44

mAbs, LY-CoV1404, could neutralize all tested Omicron subvariants with really potent neutralization,

whose IC50 values ranged from 0.001 mg/mL to 0.007 mg/mL. The structure modeling showed that

K356T, L452R, and F486S mutations are not located in the binding epitopes of LY-CoV1404 (Figure 4D).

While R346T mutation slightly affects the interaction at the edge of interface between LY-CoV1404 and

RBD, BA.2.75 + R346T is still neutralized by LY-CoV1404 with a high potency.

DISCUSSION

In this study, we summarized and re-analyzed the structure data of 59 available RBD-specific mAbs and

classified them into 8 groups on the basis of previous studies.7,16–18,20 Using 44 representative mAbs, we

mainly evaluated the antibody evasion of Omicron BA.2.75 and its subvariants. The majority of mAbs

lost their neutralizing activities against BA.2.75, with similar trends as those against BA.2, BA.4/5, and

BA.2.12.1. However, the structural analyses of BA.2.75 showed its increased frequency of RBD in up confor-

mation under acidic conditions, which suggested its enhanced low-pH-endosomal pathway usage.21

Meanwhile, BA.2.75 also exhibited higher binding affinity to the hACE2 than other Omicron subvar-

iants.21–23 Consistent with the neutralization results in several studies,21–24 BA.2.75 totally escaped some

clinically approved antibody drugs, such as CB6 (etesevimab), LY-CoV555 (bamlanivimab), and

REGN10987 (imdevimab). Collectively, the increased infectivity and antibody evasion of BA.2.75 caused

its enhanced transmissibility. Besides, our results demonstrated that additional single mutations based

on BA.2.75 could further abolish some existing bnAbs, such as R346T for COV2-2130, L452R for CT-P59,

and F486S for S2E12.

Several studies reported that themutation occurring at the R346, L452, or F486 position largely affected the

susceptibilities of SARS-CoV-2 variants to mAbs. Except R346T, other mutations at R346 had been found in

several variants, such as R346K in Mu and BA.1.1, R346I in BA.5.9, and R346S in BA.4.7, which had been

proved to be important reasons for their enhanced antibody-escape capacities.6,25,26 The L452R or

L452Q was one of featured mutations in Delta or Lambda variant, respectively, accounting for its resistance

to class 2 and class 3 mAbs.4,27–29 The F486V mutation was a characteristic of BA.4/BA.5 variant, mainly de-

stroying the recognition of some class 1 and class 2 mAbs to RBD.30 Our data demonstrated that F486S

mediated a more serious antibody evasion than F486V. Recent studies also evaluated the effect of different

combinations of these additional mutations, such as BA.2.75 + R346T + F486S (BA.2.75.2) and BA.2.75 +

R346T + L452R + F486S (CA.1), showing extensive escape from mAbs and polyclonal plasma samples.31,32

Fortunately, LY-CoV1404 (bebtelovimab) still maintained the potent neutralization against a series of con-

cerned Omicron subvariants including BA.2.75.2 and CA.1. Besides, researchers also continued to identify

novel bnAbs to fight against the current and future variants. BD55-5514 (SA55) and BD55-5840 (SA58) were

two non-competing bnAbs isolated from vaccinated SARS convalescents, demonstrating high neutralizing

potency against numerous Omicron subvariants.32,33 Meanwhile, hundreds of Omicron-specific mAbs were

identified from BA.1, BA.2, and BA.5 breakthrough-infected donors, also showing good cross-neutraliza-

tion against BA.2.75 and progeny variants.22,32,34

Of course, structure-based epitope analysis is sometimes not comprehensive for studying the mechanism

of virus escaping from bnAbs because the binding and neutralizing of mAbs usually need multiple interac-

tions with viral epitopes. The deep mutational scanning (DMS) assay has been extensively investigated to

reveal the key immune escape profiles of most available monoclonal nAbs. Jesse D. Bloom’s group devel-

oped a yeast-display system to map all antibody-escape mutations in the SARS-CoV-2 RBD and to predict

their antibody-escape abilities and the evolution trends of future variants.35–37 Xiaoliang Sunney

Xie’s group also performed the DMS assay to screen the potential escape mutations and demonstrated

that humoral imprinting could promote convergent evolution of SARS-CoV-2 in the RBD region.32

Above-mentioned four convergent sites in BA.2.75 subvariants, R346, K356, L452, and F486, were success-

fully inferred, which predicted their antibody-evasion risks in advance. In addition, several site mutations

were screened and designed to evaluate their resistances to existing nAbs. For example, K444 N/T,

V445A, and N450D mutations largely affected the neutralization of class 2 and class 3 mAbs.32

Overall, our data reveal the effectiveness of a wide range of RBD-specific mAbs against BA.2.75 subvariants

and provide some favorable help for developing universal therapeutic bnAbs to combat the ongoing
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COVID-19 pandemic. Only by combining multiple analysis methods, we can define the antibody-escape

mechanism and predict the virus evolution direction more comprehensively and clearly under the current

infection and vaccination background in people.

Limitations of the study

While a total of 44 RBD-specific mAbs were selected to evaluate the antibody evasion of BA.2.75 subvariants,

the sample size was still small as compared to thousands of submitted mAbs so far, might causing an incom-

plete description and evaluation. We observed that S2H97-site nAbs showed relatively weak but broad-spec-

trum neutralizing activities, however, potential mechanisms behind which were not confirmed in this study.
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Zheng Zhang (zhangzheng1975@aliyun.com).

Materials availability

All unique/stable reagents generated in this study are available from the lead contact with a completed

Material Transfer Agreement.

Data and code availability

d This paper does not report original code.

d 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

Cell lines

The 293 F (Gibco) cells were incubated in FreeStyle 293 expression medium (Gibco) at 37 �C with 8% CO2 in

flasks at 130 rpm. HEK-293T (ATCC) and HEK-293T-hACE2 (YEASEN Biotech) cells were cultured at 37 �C

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140163

Puromycin dihydrochloride hydrate Sangon Biotech Cat# A610593-0025

Polyethylenimines (PEIs) 25K PolySciences Cat# 23966

Trypsin Gibco Cat# 25200-072

EZ transfection reagent Life-iLab Cat# AC04L092

Fetal bovine serum Gibco Cat# 10099-141C

Dulbecco’s Modified Eagle Medium Gibco Cat# 11965-092

HEPES (1M) Buffer Solution Gibco Cat# 15630-080

Opti-MEM Reduced Serum Medium Gibco Cat# 51985034

DEAE-Dextran hydrochloride Sigma Aldrich Cat# D9885-10G

Critical commercial assays

Bright-Lite Luciferase Assay System Vazyme Biotech Cat# DD1204-03

Mut Express II Fast Mutagenesis Kit V2 Vazyme Biotech Cat# C214-01

Experimental models: Cell lines

293 F Gibco Cat# R79007

Human: HEK-293T ATCC Cat# CRL-3216

HEK-293T hACE2 YEASEN Biotech Cat# 41107ES03

Recombinant DNA

pNL4-3.Luc.R-E� NIH AIDS Reagent Program Cat# 3418

Software and algorithms

Graphpad Prism 9 GraphPad https://www.graphpad.com/

PyMOL Molecular Graphics System 2.5.4 PyMOL http://www.pymol.org

PISA v1.52 PDBePISA https://www.ebi.ac.uk/pdbe/pisa/
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with 5% CO2 in Dulbecco’s modified eagle medium (DMEM, Gibco) containing 10% (v/v) fetal bovine serum

(Gibco), 1% HEPES (1M) buffer (Gibco) and 1% penicillin-streptomycin (Gibco). The culture of HEK-293T-

ACE2 cells also required a final concentration of 0.8 mg/mL of puromycin (Sangon Biotech).

METHOD DETAILS

Data acquisition and analysis of Omicron BA.2.75

The available sequence information of BA.2.75 in the world was obtained from the GISAID (http://www.

gisaid.org) and cov-spectrum (https://cov-spectrum.org) until December 31, 2022. The sequences were

further analyzed and classified according to the collected countries and the time of collection. Graphs

were plotted using GraphPad Prism 9 software.

Structural analysis of complexes of RBD with ACE2 and 59 RBD-specific monoclonal

antibodies (mAbs)

All structure data were downloaded from the protein databank (PDB) and PDB codes were provided in Fig-

ure 2. The potential interactions between mAb and RBD were calculated by the PISA v1.52 (https://www.

ebi.ac.uk/pdbe/pisa/). The structural models were made using PyMOL Molecular Graphics System 2.5.4.

Expression and purification of 44 RBD-specific mAbs

All antibody gene sequences were downloaded from the National Center of Biotechnology Information

(NCBI) and the PDB, which were synthesized and then cloned into the full-length IgG1 expression vectors

by Sangon Biotech and GenScript. Paired heavy- and light-chain plasmids were co-transfected into 293 F

cells. Using Protein-A columns, mAbs were purified from cell supernatants after a five-day culture accord-

ing to the manufacturer’s instructions (Senhui Microsphere Technology). Purified mAbs were quantified by

NanoDrop.

Generation of SARS-CoV-2 pseudoviruses

The spike genes of wild-type (WT) SARS-CoV-2 and variants (BA.2, BA.4/5, BA.2.12.1, and BA.2.75) were

synthesized by GenScript and then inserted into the pVAX1 vector. Additional R346T, K356T, L452R, and

F486S mutations were constructed by point mutation based on the BA.2.75 spike expression vector using

the Mut Express II Fast Mutagenesis Kit V2 (Vazyme Biotech). SARS-CoV-2 pseudovirus was generated by

co-transfection of HEK-293T cells with each spike plasmid and env-deficient HIV-1 backbone vector

(pNL4-3.Luc.R-E�) using EZ transfection reagent according to the manufacturer’s instruction (Life-iLab).

After 2-day co-transfection, all culture supernatants were harvested, clarified by centrifugation, and stored

at�80 �C. The optimal infectious titer in further neutralization assay was determined bymeasuring the lucif-

erase activity in the HEK-293T-hACE2 cells using Bright-Lite Luciferase reagent (Vazyme Biotech).

Detailed sequence information of spike protein in this study was listed below, respectively.

Wild-type (WT) SARS-CoV-2: accession number: NC_045512;

SARS-CoV-2 BA.2: accession number: EPI_ISL_9652748:

T19I, L24S, del25/27, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K,

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

Q954H, N969K;

SARS-CoV-2 BA.4/5: accession number: EPI_ISL_11542550:

T19I, L24S, del25/27, del69/70, G142D, V213G, G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N,

N440K, L452R, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,

D796Y, Q954H, N969K; BA.4 and BA.5 shared the same sequence of spike protein, so we used BA.4/5 to

represent the sequences of BA.4 and BA.5 in this study.
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SARS-CoV-2 BA.2.12.1: accession number: EPI_ISL_9767878:

T19I, L24S, del25/27, 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 BA.2.75: accession number: EPI_ISL_13502576:

T19I, G142D, K147E, W152R, F157L, I210V, V213G, G257S, G339H, S371F, S373P, S375F, T376A, D405N,

R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A, Q498R, N501Y, Y505H, D614G, H655Y,

N679K, P681H, N764K, D796Y, Q954H, N969K.

SARS-CoV-2 pseudovirus-based neutralization assay

To measure the neutralizing activities, RBD-specific mAbs were serially diluted by 5-fold from the highest

concentration of 5 mg/mL or 50 mg/mL. WT or mutated pseudoviruses were then mixed with these diluted

mAbs and incubated at 37 �C for 1 h. Pseudovirus without mAbs was used as the virus control. The mixture

was added into the HEK-293T-hACE2 cells in 96-well white cell plates and then incubated for 48 h at 37 �C.
The culture medium was removed and 100 mL of the Bright-Lite Luciferase reagent (Vazyme Biotech) was

added. After shaking at room temperature for 3 min, the luciferase activity was measured using the Varios-

kan LUX multimode microplate reader (Thermo Fisher Scientific). The inhibition was determined by

comparing with the virus control. The value of 50% inhibitory concentration (IC50) was calculated using

Graphpad Prism 9 software by log (inhibitor) vs. normalized response – Variable slope (four parameters)

model. The cut-off value of neutralization was set as 50 mg/mL.

QUANTIFICATION AND STATISTICAL ANALYSIS

The independent experiment replicates were indicated in the figure legends. The inhibition was deter-

mined by comparing with the virus control. The value of 50% inhibitory concentration (IC50) was calculated

using Graphpad Prism 9 software by log (inhibitor) vs. normalized response – Variable slope (four param-

eters) model. The cut-off value of neutralization was set as 50 mg/mL. We did not perform any statistical

analysis in this study.
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