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Humboldt-Universit€at zu Berlin, 13353 Berlin, Germany
3Department I of Internal Medicine, Faculty of Medicine and University Hospital Cologne, University of Cologne, 50937 Cologne, Germany
4Department of Tropical Medicine, Bernhard Nocht Institute for Tropical Medicine and Department of Medicine I, University Medical Center
Hamburg-Eppendorf, 20359 Hamburg, Germany
5German Center for Infection Research (DZIF), Partner site Bonn-Cologne, 50937 Cologne, Germany
6Center for Molecular Medicine Cologne (CMMC), University of Cologne, 50931 Cologne, Germany
7These authors contributed equally
8Lead contact

*Correspondence: florian.klein@uk-koeln.de

https://doi.org/10.1016/j.chom.2022.07.002
SUMMARY
SARS-CoV-2 neutralizing antibodies play a critical role in COVID-19 prevention and treatment but are
challenged by viral evolution and the emergence of novel escape variants. Importantly, the recently identified
Omicron sublineages BA.2.12.1 and BA.4/5 are rapidly becoming predominant in various countries. By deter-
mining polyclonal serum activity of 50 convalescent or vaccinated individuals against BA.1, BA.1.1, BA.2,
BA.2.12.1, and BA.4/5, we reveal a further reduction in BA.4/5 susceptibility to vaccinee sera. Most notably,
delineation of sensitivity to an extended 163-antibody panel demonstrates pronounced antigenic differences
with distinct escape patterns among Omicron sublineages. Antigenic distance and/or higher resistance may
therefore favor immune-escape-mediated BA.4/5 expansion after the first Omicron wave. Finally, while most
clinical-stage monoclonal antibodies are inactive against Omicron sublineages, we identify promising
antibodies with high pan-SARS-CoV-2 neutralizing potency. Our study provides a detailed understanding
of Omicron-sublineage antibody escape that can inform on effective strategies against COVID-19.
INTRODUCTION

Despite increasing levels of immunity against SARS-CoV-2

induced by vaccination and infection, the Omicron variant re-

sulted in a global surge of infections that reflects its high trans-

missibility and immune evasion mediated by a highly mutated

spike protein (Altarawneh et al., 2022; Andrews et al., 2022; Car-

reño et al., 2022; Cele et al., 2022; Garcia-Beltran et al., 2022;

Gruell et al., 2022a; Hoffmann et al., 2022; Liu et al., 2022; Madhi

et al., 2022; Planas et al., 2022; Schmidt et al., 2022; Tseng et al.,

2022; Viana et al., 2022). Although prolonged vaccine dosing in-

tervals and booster immunizations based on the ancestral Wu01

strain elicit Omicron-neutralizing serum activity, titers against

Omicron are considerably lower compared with those against

other variants (Garcia-Beltran et al., 2022; Gruell et al., 2022a;

Pérez-Then et al., 2022; Schmidt et al., 2022; Wratil et al.,

2022; Zhao et al., 2022). Moreover, the spike mutations of Omi-

cron have rendered several therapeutic monoclonal antibodies

ineffective (Gruell et al., 2022a; Liu et al., 2022; VanBlargan
Cell Host & Micro
et al., 2022). Most experimental evidence on the resistance of

Omicron to antibody-mediated neutralization is limited to ana-

lyses of the initial BA.1 strain. However, novel sublineages of

Omicron are rapidly emerging and associated with increasing

numbers of infections (Tegally et al., 2022; Yamasoba et al.,

2022). Determining their antibody escape properties is therefore

of critical importance to effectively guide preventive and

therapeutic measures. To this end, we analyzed in detail

antibody-mediated neutralization of prevalent and emerging

Omicron sublineages (BA.1, BA.1.1, BA.2, BA.2.12.1, and

BA.4/5) both on a polyclonal and monoclonal level.

RESULTS

Rapid spread of Omicron sublineages
The spike protein of BA.1 differs in 39 amino acid residues from

that of the ancestral Wu01 strain of SARS-CoV-2 (Figure 1A).

While other Omicron sublineages share several mutations with

BA.1, they diverge at various amino acid positions including in
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Figure 1. Omicron sublineage differences

(A) Spike amino acid changes in Omicron sublineages relative to Wu01.

(B) Locations of Omicron-sublineage amino acid changes on the SARS-CoV-2 spike (PDB: 6XR8) with colors as in (A), and RBD and NTD outlined in the bottom

models. Residues with mutations exclusive to individual sublineages are indicated by arrows.

(C) Top panels indicate weekly reported SARS-CoV-2 infections as aggregated by the Johns Hopkins University CSSE COVID-19 data repository and Our World

in Data, with variant proportions extrapolated from weekly GISAID SARS-CoV-2 database variant sequences (accessed on June 20, 2022) shown in bottom

panels.

NTD, N-terminal domain; RBD, receptor-binding domain; PDB, Protein Data Bank.
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critical antibody epitopes (Figures 1A and 1B). For example, the

BA.1.1 spike protein contains an R346K substitution in the re-

ceptor-binding domain (RBD) that was also observed in the

SARS-CoV-2 Mu variant and associated with escape from

neutralizing antibodies (Figure 1A) (Greaney et al., 2021). While

BA.1 and BA.1.1 dominated the initial Omicron surge, they

were rapidly outcompeted by BA.2 (Figure 1C). BA.2 shares 21

of its 31 spike protein changes with BA.1 but differs considerably

in both the N-terminal domain (NTD) and the RBD, regions tar-

geted by the most potent SARS-CoV-2 neutralizing antibodies

(Figures 1A and 1B).
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Following a decline in cases from the BA.1-/BA.2-related first

Omicron wave, new sublineages are rapidly emerging (Fig-

ure 1C). For example, BA.2.12.1 is outcompeting other BA.2

sublineages in the United States resulting in an increase of infec-

tions.Moreover, within weeks of their identification, the BA.4 and

BA.5 sublineages with an identical spike protein have become

dominant in South Africa and Portugal and driven rises in case

numbers (Figure 1C) (Tegally et al., 2022). BA.2.12.1 and

BA.4/5 share the majority of their spike mutations with BA.2

(94% and 90%, respectively) but contain additional changes

at sites associated with antibody escape. These include
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substitutions at residue 452 (L452Q in BA.2.12.1 and L452R in

BA.4/5, respectively) that were also recorded for the Lambda

and Delta variants (Figure 1A) (Kimura et al., 2022; Planas

et al., 2021). In addition, the BA.4/5 spike protein harbors the

F486V RBD mutation that can reduce monoclonal antibody

sensitivity but had not yet been observed in other variants of

interest or concern (Baum et al., 2020). Thus, newly emerged

Omicron sublineages differ fromBA.1 in key residues of the spike

protein. Given their apparent growth advantages compared with

BA.1 and the prevalent BA.2, the sublineages BA.2.12.1 and

BA.4/5 are likely to be among the dominant variants of the

SARS-CoV-2 pandemic in the near future.

Reduced serum-neutralizing activity against Omicron
sublineages
To determine Omicron-sublineage escape profiles, we

measured neutralizing activity against the ancestral Wu01 strain

as well as BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5 using lenti-

virus-based pseudovirus assays (Crawford et al., 2020; Van-

shylla et al., 2021). In order to assess escape from polyclonal

serum activity, we collected samples from two longitudinal co-

horts of (1) SARS-CoV-2-convalescent individuals (n = 20) and

(2) vaccinated health care workers (n = 30) (Table S1) (Hillus

et al., 2021; Vanshylla et al., 2021). In both cohorts, individuals

received an mRNA vaccine booster immunization (BNT162b2)

after a median of 14 and 9 months following infection or two

doses of BNT162b2, respectively.

Convalescent individuals had a median age of 51 years (inter-

quartile range [IQR] 35–60) and were diagnosed with mild or

asymptomatic SARS-CoV-2 infection. All individuals were in-

fected during the initial phase of the pandemic between February

and April 2020, prior to the emergence of designated variants of

concern. Early post-infection samples (V1) were collected at a

median of 48 days (IQR 34–58) after disease onset or diagnosis

and neutralizing activity was assessed by determining the 50%

inhibitory serum dilutions (ID50s) (Figure 2A). Neutralization of

the Wu01 strain was detected in all samples (100%) obtained

early after infection, with individual ID50 values ranging from 16

to 2,607 (geometricmean ID50 [GeoMeanID50] of 264) (Figure 2B).

In contrast, serum activity against Omicron sublineages was

strongly reduced and only detectable in 0%–15% for BA.1 and

BA1.1, and 45%–50% for BA.2, BA.2.12.1, and BA.4/5 (Fig-

ure 2B). However, analysis of sera obtained at a median of

33 days (IQR 27–54) after a single BNT162b2 booster immuniza-

tion revealed neutralizing activity against all tested Omicron

sublineages (Figures 2B and S1A), with GeoMeanID50s ranging

from 1,456 against BA.4/5 to 2,103 against BA.2 (Figures 2B

and S1B).

In addition, we determined Omicron-sublineage-neutralizing

activity induced solely by vaccination (Figure 2C). At a median

of 28 days (IQR 27–32) after completion of the initial two-dose

course of BNT162b2 (V1), Wu01 neutralizing serum activity

was detected in all 30 individuals with a GeoMeanID50 of 561

(Figure 2D). Although Omicron-sublineage neutralization was

detectable in 43%–73% of vaccinated individuals at V1,

GeoMeanID50s were very low (ranging from 8 to 17) (Figure 2D).

Follow-up samples obtained at a median of 29 days (IQR 26–35)

after booster immunization showed 8-fold higher activity against

Wu01 (GeoMeanID50 of 4,773) and strongly increased activity
against all Omicron sublineages (27- to 70-fold GeoMeanID50 in-

creases) (Figures 2D, S1C, and S1D). Similar to the convalescent

cohort, the lowest GeoMeanID50 after booster immunization was

observed against the BA.4/5 sublineages (GeoMeanID50 of 312,

Figure 2D). Of note, among vaccinated individuals, the neutral-

izing activity against BA.4/5 was statistically significantly

lower compared with that against BA.1, BA.1.1, and BA.2

(GeoMeanID50s of 648, 557, and 582, respectively) (Figure 2E).

We conclude that booster immunizations are critical to elicit

neutralizing serum activity against all prevalent Omicron subline-

ages in vaccinated as well as convalescent individuals. Notably,

BA.4/5 consistently demonstrated the lowest sensitivity of all

sublineages against polyclonal serum, suggesting increased

antigenic escape despite the small number of spike protein dif-

ferences relative to BA.2.

Dissecting escape of Omicron sublineages
To decode Omicron escape from neutralizing antibodies on a

molecular level, we produced and tested 158 monoclonal anti-

bodies isolated from SARS-CoV-2-convalescent individuals

against all sublineages. These included 67 randomly selected

antibodies from the Coronavirus Antibody Database (CoV-

AbDab) (Raybould et al., 2021), 79 antibodies isolated in our pre-

vious work (Kreer et al., 2020; Vanshylla et al., 2022), as well as

12 antibodies that have been clinically tested. In total, this anti-

body panel originated from at least 43 different individuals out

of 19 independent studies (Figure 3A; Table S2). All antibodies

were identified in unvaccinated individuals infected prior to the

emergence of Omicron. The selection encompassed a broad

spectrum of SARS-CoV-2-neutralizing antibodies with 92 VH/VL

combinations and a diverse range of CDR3 lengths and V gene

mutations (Figure 3A; Table S2). Most antibodies targeted the

RBD (97%), and the panel included previously described public

clonotypes such as the VH3-53/3-66 subgroup (Figure 3A;

Table S2).

While all 158 antibodies neutralized theWu01 strain, only 18%,

17%, 22%, 23%, and 18% remained active against BA.1,

BA.1.1, BA.2, BA.2.12.1, and BA.4/5, respectively (Figures 3B

and S2A). Moreover, among antibodies with retained neutralizing

activity, the overall potency against Omicron sublineages was

6- to 14-fold lower compared with Wu01 with GeoMeanIC50s

of 0.42 (BA.1), 0.52 (BA.1.1), 0.17 (BA.2), 0.18 (BA.2.12.1), and

0.28 mg/mL (BA.4/5) (Figure 3C).

The neutralization profiles revealed both commonalities and

diversity in antibody sensitivity of the different Omicron subline-

ages (Figures 3D–3F, S2B, and S2C). Between the most closely

related sublineages (BA.1 and BA.1.1; BA.2 and BA.2.12.1), only

small differences in antibody activity were observed (rs of 0.81

and 0.86, respectively) (Figures 3E, 3F, and S2C). In contrast,

comparisons between the main sublineages BA.1, BA.2, and

BA.4/5 demonstrated higher degrees of variation in antibody

susceptibility (Figures 3E and 3F). For example, BA.2 was

more resistant (>1 log10 IC50 difference) than BA.1 to only a single

antibody (2%), but more sensitive to ten antibodies (23%) (Fig-

ure 3E). Moreover, higher fractions of antibodies showed >10-

fold higher resistance against BA.4/5 relative to other variants

(Figure 3E). While the comparison of BA.4/5 to BA.1 and

BA.1.1 revealed heterogeneity in sensitivity to the antibody panel

with no correlation, the sensitivity of BA.4/5 and BA.2 or
Cell Host & Microbe 30, 1231–1241, September 14, 2022 1233
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Figure 2. Omicron-sublineage-neutralizing serum activity in vaccinated and convalescent individuals

(A) Study scheme in COVID-19-convalescent individuals infected between February and April 2020.

(B) Pseudovirus neutralization assay 50% inhibitory serum dilutions (ID50s) in convalescent individuals. Bars indicate geometric mean ID50s (GeoMeanID50s) with

95% confidence intervals (CIs). Numbers indicate GeoMeanID50s and fraction of individuals with detectable neutralizing activity (ID50 > 10; in parentheses).

(C) Study scheme in vaccinated individuals.

(D) Pseudovirus neutralization assay serum ID50s in vaccinated individuals. Bars indicate GeoMeanID50s with 95% CIs. Numbers indicate GeoMeanID50s and

fraction of individuals with detectable neutralizing activity (ID50 > 10; in parentheses).

(E) Black numbers indicate Spearman’s rank correlation coefficients (rho) at V2. Red numbers indicate p values determined after the Friedman test by Dunn’s

multiple comparison tests at V2 (statistically significant differences with p < 0.05 in bold).

In (B) and (D), ID50s below the lower limit of quantification (LLOQ, ID50 = 10; indicated by black dotted lines) were imputed to½3 LLOQ (ID50 = 5), and ID50s above

the upper limit of quantification (21,870) were imputed to 21,871. See also Figure S1 and Table S1.
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BA.2.12.1 more strongly correlated (rs of 0.58 and 0.68, respec-

tively) (Figures 3E and 3F). Importantly, however, whereas

BA.4/5 was more sensitive to only 0%–5% of antibodies

comparedwith BA.2 and BA.2.12.1, BA.4/5 showed higher resis-

tance to 21% of the Omicron-neutralizing antibodies (Figure 3E).

Based on the analysis of the sublineage neutralization profiles,

three prevalent classes of Omicron-neutralizing antibodies

became apparent: (1) antibodies with broadly comparable activ-

ity against Omicron sublineages (21/43, 49%), (2) antibodies with

strongly reduced activity against BA.1 and BA.1.1 compared

with BA.2, BA.2.12.1, and BA.4/5 (7/43, 16%), and (3) antibodies

with strongly reduced activity against BA.4/5 compared with

BA.1, BA.1.1, as well as BA.2 and/or BA.2.12.1 (6/43, 14%).

We conclude that in contrast to the more subtle differences in

polyclonal serum sensitivity, Omicron sublineages can consider-

ably differ in their sensitivity to monoclonal antibodies. Impor-

tantly, BA.4/5 demonstrated a strong bias to higher resistance

compared with the prevalent BA.2 sublineages.

Minor sequence variations critically affect antibody
activity
Antibodies with Omicron-neutralizing activity carried a modestly

higher number of amino acid mutations in the heavy- and light-

chain variable genes compared with antibodies neutralizing

Wu01 only (median of 6 versus 4 and 4 versus 3 mutations; p =

0.0143 and p = 0.0170, respectively) (Figures 3G and S2D).

This suggests that higher sequence diversification might be

overall favorable for Omicron neutralization.

High convergence in antibody responses against SARS-

CoV-2 is demonstrated by public clonotypes with conserved

sequence characteristics and neutralization mechanisms (Niel-

sen et al., 2020; Robbiani et al., 2020; Yuan et al., 2020). Among

the analyzed antibody panel, 18 sequences from 11 individuals

could be assigned to the prominent VH3-53/3-66|VK1-9 clono-

type (Cao et al., 2020; Vanshylla et al., 2022; Zhang et al.,

2021). Although these antibodies are highly conserved on a

sequence level, they substantially differed in their Omicron-

neutralizing capacity (Figures 3H and S2E). For example, anti-

bodies R207-1C4 and R568-2G5 harbor eight amino acid muta-
Figure 3. Determining Omicron-sublineage immune escape using mon

(A) SARS-CoV-2-neutralizing monoclonal antibodies (n = 158) were derived from

numbers of antibodies per heavy-chain variable (VH) gene segment, amino acid (

number of VH aa mutations relative to VH germline-encoded domain, and epitop

(B) Fractions of antibodies neutralizing Wu01 and Omicron sublineages (IC50 < 1

(C) Neutralizing antibody IC50s against sublineages (Wu01, n = 158; BA.1, n = 29

indicate geometric mean IC50s and 95% confidence intervals, and dashed lines

10 mg/mL). IC50s < LLOQ were imputed to ½ 3 LLOQ (IC50 = 0.0025).

(D) IC50 heatmap of the subset of antibodies (n = 43) with neutralizing activity (IC50

their potency against BA.1.

(E) Log10 IC50 ratios of antibodies neutralizing any Omicron sublineage for indi

increasing IC50 ratios. Numbers indicate fractions of antibodies with higher, sim

(IC50 = 0.0025) and IC50s > ULOQ were imputed to 2 3 ULOQ (IC50 = 20).

(F) Spearman’s rank correlation coefficients forR1 Omicron-sublineage-neutraliz

with p < 0.05.

(G) VH aa mutations of antibodies neutralizing Wu01 only or both Wu01 and R1

were compared using a two-tailed Mann-Whitney U test.

(H) Phylogenetic tree and heavy-chain sequence alignment of VH3-53/3-66|VK1

germline-encoded residues. Number of aa mutations and neutralizing activity are

alleles (VH3-53*01, VH3-53*04, and VH3-66*01).

See also Figure S2 and Table S2.
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tions in their VH gene-encoded segment (without CDRH3) of

which five are at the same residue, and three are identical.

Both antibodies had similar Wu01 neutralizing activity, but

R207-1C4 did not neutralize any Omicron sublineage, whereas

R568-2G5 showed neutralizing activity against all variants.

Notably, antibody C140, another member of this clonotype,

which has the identical CDRH3 as R568-2G5, did not neutralize

any Omicron variant.

We conclude that minimal variation in antibody sequences can

tip the scale between Omicron neutralization and resistance.

Thus, antibody sequence- or class-based predictions of Omi-

cron neutralization can be difficult and experimental assessment

of individual monoclonal antibody activity remains essential.

Impact on clinical and novel monoclonal antibodies
SARS-CoV-2-neutralizing monoclonal antibodies can reduce

morbidity and mortality in infected individuals and are critical

for passive immunization to protect individuals that do notmount

an adequate immune response upon vaccination (Cohen et al.,

2021; Corti et al., 2021; RECOVERY Collaborative Group,

2022; Gruell et al., 2022b; Gupta et al., 2021; Levin et al., 2022;

Weinreich et al., 2021). To determine how antibodies in clinical

use are affected by Omicron sublineages, we analyzed 9 mono-

clonal antibodies that received authorization for clinical use

(Figures 4A and 4B) and 9 that are advanced in clinical develop-

ment (Figures 4B and S3). All antibodies target the SARS-CoV-2

spike RBD and were tested for neutralizing activity against Wu01

and the Omicron sublineages.

Most antibodies showed highly potent neutralizing activity

against Wu01 with IC50s below 0.005 mg/mL (Figure 4B). Less

potent and incomplete Wu01 neutralizing activity was observed

for sotrovimab, consistent with reduced activity against pseudo-

viruses lacking the dominant D614G spike mutation (Figure 4A)

(Liu et al., 2021; Weissman et al., 2021). Only five (28%) out of

the 18 tested antibodies neutralized BA.1 with IC50s < 10 mg/

mL, and of these, three had strongly reduced potency (Fig-

ure 4B). While the antibody neutralization profile of BA.1.1 was

generally similar to that of BA.1, there were some differences.

For example, DZIF-10c neutralized BA.1 with an IC50 of
oclonal antibodies

19 studies and R43 convalescent individuals. Bar and pie charts indicate

aa) length of the heavy-chain complementarity-determining region 3 (CDRH3),

e. RBD, receptor-binding domain.

0 mg/mL).

; BA.1.1, n = 27; BA.2, n = 34; BA.2.12.1, n = 36; BA.4/5, n = 29). Solid lines

indicate lower (LLOQ, 0.005 mg/mL) and upper limits of quantification (ULOQ,

< 10 mg/mL) againstR1 Omicron sublineage. Antibodies are sorted based on

cated sublineage comparisons. Within each panel, antibodies are sorted by

ilar, or lower sublineage activity. IC50s < LLOQ were imputed to ½ 3 LLOQ

ing antibodies (n = 43) as shown in Figure S2C. Numbers in bold indicate values

Omicron sublineage. Lines indicate medians and interquartile ranges. Groups

-9 public clonotype antibodies. Letters indicate aa mutations relative to VH

indicated. Germline VH represents consensus of identified antibody germline
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Figure 4. Omicron-sublineage-neutralizing activity of monoclonal antibodies in clinical use

(A) Neutralization dose response curves in pseudovirus-based assay. Circles show averages and error bars indicate standard deviation. Dotted lines indicate

50% neutralization (IC50).
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(C) Neutralization dose response curves in pseudovirus-based assay. Circles show averages and error bars indicate standard deviation. Dotted lines indicate
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(D) IC50s of antibodies in (C) against Wu01 and Omicron sublineages (upper rows) and previously circulating variants (lower rows, as previously determined; Van-

shylla et al., 2022).

See also Figure S3.
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0.046 mg/mL but completely lost activity against BA.1.1

(Figures 4B and S3).

Although the number of antibodies in clinical use with neutral-

izing activity against BA.2 (5/18, 28%), BA.2.12.1 (7/18, 39%),

and BA.4/5 (6/18, 33%) was similarly small, the neutralization

profiles did differ (Figure 4B). For example, cilgavimab neutral-

ized BA.2 and BA.2.12.1 with high potency (IC50s of 0.008 and

0.014 mg/mL, respectively) but was >480-fold less potent against

BA.1 and BA.1.1 (Figures 4A and 4B). While cilgavimab also re-

mained potent against BA.4/5 (IC50 of 0.085 mg/mL), the activity
of antibody DZIF-10c against BA.4/5 was strongly reducedwhen

compared with BA.2 and BA.2.12.1 (8.64 versus 0.03 mg/mL)

(Figure 4B). In contrast, whereas antibody imdevimab showed

no appreciable activity against BA.1 and BA.1.1, neutralization

of BA.2, BA.2.12.1, and BA.4/5 was detectable at low levels

(Figures 4A and 4B).

Out of all clinical antibodies tested, only bebtelovimab demon-

strated potent neutralization against all Omicron sublineages

(IC50 < 0.005 mg/mL; Figures 4A and 4B). To identify additional

promising candidates, we examined antibodies previously
Cell Host & Microbe 30, 1231–1241, September 14, 2022 1237
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isolated from individuals with ‘‘elite’’ IgG neutralizing activity

(Vanshylla et al., 2022). Remarkably, antibodies R207-2F11,

R568-1G9, and R200-1F9 demonstrated highly potent neutral-

izing activity against previously circulating variants (Wu01,

B.1, Alpha, Beta, Delta, Epsilon, and Kappa), as well as

against BA.1, BA.1.1, BA.2, BA.2.12.1, and BA.4/5 with

IC50s < 0.05 mg/mL (Figure 4D; Table S2). These antibodies

were identified from three different convalescent individuals

within weeks of infection during the early phase of the pandemic

(Vanshylla et al., 2022). Thus, the results highlight the capability

of the immune system to generate potent antibodies against

the highly divergent Omicron variants in response to contact

with the ancestral SARS-CoV-2 spike protein.

We conclude that the prevalent and newly emerged Omicron

sublineages, including BA.2.12.1 and BA.4/5, escape from

most monoclonal antibodies in clinical use. Sensitivity to these

antibodies can, however, strongly differ on the sublineage level.

DISCUSSION

Antibody-mediated immunity is a critical component of prophy-

lactic and therapeutic measures against SARS-CoV-2 infection

(Corti et al., 2021; Feng et al., 2021; Gruell et al., 2022b; Khoury

et al., 2021). Throughout the COVID-19 pandemic, it has howev-

er been confronted by the periodic emergence of antibody

escape variants developing in the context of increasing popula-

tion immunity (Harvey et al., 2021). Omicron sublineages with

diverse spike proteins gaining prevalence suggests a further in-

crease in immune escape and/or transmissibility (Lyngse et al.,

2022; Tegally et al., 2022; Yamasoba et al., 2022). Thus, estab-

lishing the impact of the recent BA.2.12.1 and BA.4/5 subline-

ages on polyclonal and monoclonal immunity is critical to guide

antibody-mediated strategies for prevention and treatment.

Our results demonstrate that Wu01-based mRNA vaccine

boosters are effective in eliciting serum-neutralizing activity

against the diverse Omicron sublineages. However, this activity

is strongly limited compared with Wu01 neutralization and lower

BA.4/5-neutralizing titers indicate even more pronounced

immune evasion relative to previous Omicron sublineages. Inter-

estingly, the relative reduction in activity against BA.4/5 after

booster immunization was higher in infection-naive individuals

than in convalescent individuals. This might indicate differences

in the breadth and potency of the neutralizing antibody response

elicited by vaccination only compared with those induced by

‘‘hybrid immunity.’’

While the differences in polyclonal serum sensitivity between

the Omicron sublineages were overall modest, our analysis of

an extended antibody panel revealed distinct patterns in subline-

age sensitivity on a monoclonal level. Comparisons of Omicron

sublineages indicate a large antigenic distance between BA.4/

5 and BA.1/BA.1.1 by the lack of correlation in antibody sensi-

tivity and notable fractions of antibodies showing higher sensi-

tivity to one or the other sublineage. Whereas BA.4/5 and

BA.2/BA.2.12.1 showed more similar antibody susceptibility

profiles, almost all differences manifested as higher resistance

of BA.4/5.

Notably, minor antibody sequence differences strongly

affected Omicron activity of potent Wu01-neutralizing anti-

bodies, highlighting the relative difficulty of inducing antibodies
1238 Cell Host & Microbe 30, 1231–1241, September 14, 2022
with optimized Omicron neutralization after a single Wu01-

related spike contact. Accordingly and consistent with previous

analyses on BA.1 and BA.2 (Bruel et al., 2022; Iketani et al.,

2022), almost all antibodies in clinical investigation showed

strongly reduced or abolished activity against all Omicron subli-

neages. However, we identified novel antibodies isolated after

ancestral strain infection with remarkable activity against all

tested variants that may provide options for immune-mediated

treatment and prevention in the Omicron era of the pandemic.

Our results suggest that outcompetition of BA.1(.1) by BA.2

may have been driven mostly by higher transmissibility rather

than by immune evasion. In contrast, higher antigenic distance

and antibody resistance of BA.4/5 may support its expansion

after the initial Omicron wave. The rapid emergence of Omicron

sublineages with reduced antibody susceptibility highlights the

challenges posed by constant viral evolution and the critical

need for genomic surveillance and sensitivity assessments

to inform on antibody-based prophylactic and therapeutic

measures.
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Hansen et al., 2020 N/A

S2X35 Piccoli et al., 2020 N/A

Sotrovimab GSK; Primary paper: Pinto et al., 2020 N/A

Bacterial and virus strains

SARS-CoV-2 Wu01 pseudovirus Vanshylla et al., 2021 N/A

SARS-CoV-2 BA.1 pseudovirus Gruell et al, 2022a N/A

SARS-CoV-2 BA.1.1 pseudovirus This paper N/A

SARS-CoV-2 BA.2 pseudovirus This paper N/A

SARS-CoV-2 BA.2.12.1 pseudovirus This paper N/A

SARS-CoV-2 BA.4/5 pseudovirus This paper N/A

Biological samples

COVID-19 convalescent cohort serum samples This paper; Vanshylla et al., 2021 N/A

Vaccinated cohort serum samples This paper; Hillus et al., 2021 N/A

Chemicals, peptides, and recombinant proteins

ATP Sigma-Aldrich Cat#A2383;

CAS: 34369-07-8

Branched polyethylenimine, 25 kDa Sigma-Aldrich Cat#408727;

CAS: 9002-98-6

Coenzyme A sodium salt hydrate Sigma-Aldrich Cat#C3144;

CAS: 55672-92-9

D-Luciferin, sodium salt GoldBio Cat#LUCNA-1G;

CAS: 103404-75-7

Dulbecco’s Modified Eagle Medium (DMEM) Thermo Fisher Cat#11960044

Fetal bovine serum (FBS) Sigma-Aldrich Cat#F9665

FreeStyle� 293 Expression Medium Thermo Fisher Cat#12338001

FuGENE� 6 Transfection Reagent Promega Cat#E2691

IGEPAL Sigma-Aldrich Cat#I8896;

CAS: 9002-93-1

L-Glutamine Thermo Fisher Cat#25030024

MgCl2 Sigma-Aldrich Cat#M8266;

CAS: 7786-30-3

NEBuilder� HiFi DNA Assembly Cloning Kit New England Biolabs Cat#E5520S

Penicillin-Streptomycin Thermo Fisher Cat#15140122

Protein G Sepharose 4 Fast Flow Cytiva Cat#17061805

Q5� Site-Directed Mutagenesis Kit New England Biolabs Cat#E0554

Sodium pyruvate Thermo Fisher Cat#11360070

Experimental models: Cell lines

293T-ACE2 cells Jesse Bloom Lab;

Crawford et al., 2020; BEI Resources

Cat#NR-52511

293-6E cells National Research Council of Canada NRC file 11565

HEK293T cells ATCC Cat#CRL-11268

Recombinant DNA

Antibody heavy and light chain cloning fragments This paper; Integrated DNA Technologies N/A

Human antibody expression vectors (IgG1, Igk, Igl) Tiller et al., 2008 N/A

pcDNA�3.1/V5-His TOPO� TA Expression Kit Thermo Fisher Cat#K480001

pHAGE-CMV-Luc2-IRES-ZsGreen-W Jesse Bloom Lab; Crawford et al., 2020 RRID: Addgene_164432

pHDM-Hgpm2 Jesse Bloom Lab; Crawford et al., 2020 RRID: Addgene_164441

pHDM-tat1b Jesse Bloom Lab; Crawford et al., 2020 RRID: Addgene_164442

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pRC-CMV-Rev1b Jesse Bloom Lab; Crawford et al., 2020 RRID: Addgene_164443

SARS-CoV-2 spike gene fragments This paper; Thermo Fisher N/A

Software and algorithms

ChimeraX-1.3 Goddard et al., 2018; Pettersen et al., 2021 RRID: SCR_015872

Codon Usage Database Nakamura et al., 2000 N/A

Codon Optimization Tool Integrated DNA Technologies N/A

EMBL-EBI search and sequence analysis tools API Madeira et al., 2019 N/A

Geneious Prime Biomatters RRID: SCR_010519

IgBlast National Library of Medicine; Ye et al., 2013 RRID: SCR_002873

MAFFT algorithm Katoh et al., 2002 N/A

Matplotlib http://matplotlib.sourceforge.net/ RRID: SCR_008624

NumPy https://numpy.org RRID: SCR_008633

Pandas https://pandas.pydata.org RRID: SCR_018214

Prism GraphPad RRID: SCR_002798

Python http://www.python.org/ RRID: SCR_008394

SciPy http://www.scipy.org/ RRID: SCR_008058

Sequence Manipulation Suite Stothard,2000 N/A

Other

COVID-19 Data Repository by the Center for

Systems Science and Engineering (CSSE) at

Johns Hopkins University (weekly SARS-

CoV-2 infections)

Dong et al.,2020 https://coronavirus.jhu.edu

CoV-AbDab (The Coronavirus Antibody Database) Raybould et al.,2021 http://opig.stats.ox.ac.uk/

webapps/covabdab/

GISAID (deposited SARS-CoV-2 sequences by variant) Elbe and Buckland-Merrett, 2017;

Khare et al., 2021; Shu and

McCauley, 2017

https://www.gisaid.org;

RRID: SCR_018279

IMGT Database Lefranc,2011 https://www.imgt.org;

RRID: SCR_012780

Our World in Data (aggregated weekly

SARS-CoV-2 infections)

Global Change Data Lab https://ourworldindata.org
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RESOURCE AVAILABILITY

Lead contact
Requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Florian Klein (florian.klein@uk-

koeln.de).

Materials availability
Raw data and/or materials will be made available by the Lead contact upon reasonable request but may require completion of a Ma-

terial Transfer Agreement. Clinical samples may be subject to restrictions due to data and privacy protection regulations.

Data and code availability
d Raw data reported in this paper will be shared by the lead contact upon reasonable request.

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 reason-

able request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Study cohort and sample collection
Serum samples from COVID-19-convalescent individuals (n=20) were collected at the University Hospital Cologne under study pro-

tocols approved by the ethics committee (EC) of the Medical Faculty of the University of Cologne (16-054 and 20-1187). Between
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April and May, 2020, individuals with a history of SARS-CoV-2 infection confirmed by polymerase chain reaction (documented

through a test certificate or as reported to study investigators by the participants) were enrolled within eight weeks of symptom onset

and/or diagnosis. As all participants were enrolled early during the pandemic (i.e., prior to the emergence of variants of concern as

designated by the World Health Organization), most individuals were likely to have been infected with an early viral strain similar to

Wu01. Participants were followed longitudinally to analyze long-term immunity to SARS-CoV-2. Follow-up samples after booster

immunization were collected between May and August, 2021. No additional SARS-CoV-2 infections between the sampling time

points were reported by any of the participants.

Serum samples from vaccinated individuals (n=30) were collected under protocols approved by the EC of Charité - Universit€ats-

medizin Berlin (EICOV, EA4/245/20) as well as the EC of the Federal State of Berlin and the Paul Ehrlich Institute (COVIM, EudraCT-

No. 2021-001512-28). Study participation irrespective of medical conditions was offered to health-care workers vaccinated at

Charité – Universit€atsmedizin (Berlin, Germany). All serum samples were tested for antibodies targeting the SARS-CoV-2 nucleo-

capsid using the SeraSpot Anti-SARS-CoV-2 IgGmicroarray-based immunoassay (Seramun Diagnostica). Samples from individuals

with a history of SARS-CoV-2 infection, a positive SARS-CoV-2 nucleic acid amplification test (performed at sampling), or detectable

anti-nucleocapsid antibodies were not included in this analysis. Serum samples after two vaccinations were collected in February

and March 2021 (for 29/30 participants; from one participant, the early serum sample was obtained in July 2021); samples after

booster immunization were collected in December 2021 and January 2022.

All study participants provided written informed consent. Vaccinations in both cohorts were performed as part of routine care

outside of the observational studies. Selection of participants and samples for analysis was based on receipt of identical vaccines

and comparable sampling time points relative to vaccinations. Details on the individual study cohorts, including gender distribution

and age, are provided in Table S1. Serum samples were collected after centrifugation and stored at -80�C until analysis.

Cell lines
HEK293T cells and 293T-ACE2 cells (Crawford et al., 2020) were maintained at 37�C and 5% CO2 in high glucose Dulbecco’s

Modified Eagle Medium (DMEM) supplemented with 2 mM L-glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium

pyruvate (all Thermo Fisher), and 10% fetal bovine serum (FBS; Sigma-Aldrich). 293-6E cells were maintained at 37�C and 6% CO2

under constant shaking in FreeStyle Expression Medium supplemented with penicillin (20 U/ml) and streptomycin (20 mg/ml) (all

Thermo Fisher). The sex of all cell lines is female. Cell lines were not specifically authenticated.

METHOD DETAILS

SARS-CoV-2 pseudovirus constructs
All SARS-CoV-2 spike proteins were expressed using codon-optimized expression plasmids. Wu01 (EPI_ISL_406716), BA.2.12.1,

and BA.4/5 pseudoviruses were produced using an expression plasmid that incorporated a C-terminal deletion of 21 cytoplasmic

amino acids that results in increased pseudovirus titers. Expression plasmids for Omicron sublineage spike proteins were produced

by assembling and cloning codon-optimized overlapping gene fragments (Thermo Fisher) into the pCDNA3.1/V5-HisTOPO vector

(Thermo Fisher) using the NEBuilder HiFi DNA Assembly Kit (New England Biolabs) and/or by site-directed PCR mutagenesis (Q5

Site-DirectedMutagenesis Kit; New England Biolabs), and included the spike sequences with the following amino acid changes rela-

tive to Wu01:

BA.1: A67V, D69-70, T95I, G142D, D143-145, N211I, D212, ins215EPE, 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, and L981F.

BA.1.1: As for BA.1 with an additional R346K mutation.

BA.2: T19I, D24-26, A27S, A67V, 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.

BA.2.12.1: As for BA.2 with additional L452Q and S704L mutations.

BA.4/5: As for BA.2 with additional D69-70, L452R, and F486V mutations, but lacking the Q493R mutation.

All plasmid sequences were verified by sequencing.

Monoclonal antibodies
Monoclonal antibodies previously isolated in our lab had been obtained by single cell-sorting of SARS-CoV-2 spike-specific B cells

followed by reverse transcription, PCR amplification and cloning of antibody variable regions (Kreer et al., 2020; Vanshylla et al.,

2022). For monoclonal antibodies derived from the CoV-AbDab (Raybould et al., 2021), variable region amino acid sequences

were reverse translated with the reverse translate tool from the Sequence Manipulation Suite (Stothard, 2000) using the Homo

sapiens codon table obtained from the Codon Usage Database (Nakamura et al., 2000), and sequences were ordered as gene frag-

ments from Integrated DNA Technologies (IDT) with 5’ and 3’ overhangs. The variable regions were inserted into heavy and light chain

expression plasmids (Tiller et al., 2008) by sequence- and ligation-independent cloning (SLIC). For antibodies ADG-2, COV2-2130

(cilgavimab), COV2-2196 (tixagevimab), COV2-2381, MAD0004J08, and P2C-1F11 (BRII-196), gene fragments based on the nucle-

otide sequences published in GenBank were ordered at IDT and cloned as above. For antibodies C135, CT-P59 (regdanvimab), and

LY-CoV1404 (bebtelovimab), gene fragments based on antibody structures deposited in the Protein Data Bank (accession nos.
Cell Host & Microbe 30, 1231–1241.e1–e6, September 14, 2022 e4
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7K8Z, 7CM4, and 7MMO) were ordered at IDT after codon optimization using the IDT Codon Optimization Tool and cloned as above.

For antibodies 47D11, BD-368-2, C144, and P2B-2F6, amino acid sequences were derived from CoV-AbDaB, corresponding nucle-

otide sequences generated and codon-optimized using the IDT Codon Optimization Tool, and gene fragments cloned as above.

Monoclonal antibody production was performed using 293-6E cells (National Research Council of Canada) by co-transfection of

heavy and light chain expression plasmids using 25 kDa branched polyethylenimine (Sigma-Aldrich). Culture supernatants were

harvested after an incubation period of 6-7 days at 37�C and 6% CO2 under constant shaking in FreeStyle Expression Medium sup-

plemented with penicillin (20 U/ml) and streptomycin (20 mg/ml) (all Thermo Fisher). Clarified cell supernatants were incubated with

Protein G Sepharose 4 FastFlow (Cytiva) overnight at 4�C. After centrifugation, antibodies bound to Protein G beads were eluted in

chromatography columns (Bio-Rad) using 0.1 M glycine (pH=3.0) and buffered in 1 M Tris (pH=8.0). Buffer exchange to PBS was

performed using centrifugal filter units (Millipore). For antibodies bamlanivimab, casirivimab, DZIF-10c, etesevimab, imdevimab,

and sotrovimab, aliquots from clinical stocks were used.

Pseudovirus neutralization assays
Neutralization assays were performed using lentivirus-based pseudoviruses and ACE2-expressing 293T cells (Crawford et al., 2020;

Vanshylla et al., 2021). Pseudovirus particle production was performed in HEK293T cells by co-transfection of individual expression

plasmids encoding for the SARS-CoV-2 spike protein, HIV-1 Tat, HIV-1 Gag/Pol, HIV-1 Rev, and luciferase-IRES-ZsGreen using

FuGENE 6 Transfection Reagent (Promega). Culture supernatants were exchanged with fresh medium (high glucose DMEM supple-

mented with 2 mM L-glutamine, 100 IU/ml penicillin, 100 mg/ml streptomycin, 1 mM sodium pyruvate (all Thermo Fisher), and 10%

FBS (Sigma-Aldrich)) at 24 h post transfection. Pseudovirus-containing supernatants were harvested between 48 h and 72 h after

transfection, centrifuged, clarified using a 0.45 mm filter, and stored at -80�C. Pseudoviruses were titrated by infection of 293T-

ACE2 cells and luciferase activity was determined after a 48-hour incubation at 37�C and 5% CO2 by addition of luciferin/lysis buffer

(10mMMgCl2, 0.3mMATP, 0.5mMcoenzyme A, 17mM IGEPALCA-630 (all Sigma-Aldrich), and 1mMD-Luciferin (GoldBio) in Tris-

HCL) using a microplate reader (Berthold).

Serum samples were heat-inactivated at 56�C for 45 min before use. Three-fold serial dilutions of serum (starting at 1:10) and

monoclonal antibodies (starting at 10 mg/ml) were prepared in culture medium and co-incubated with pseudovirus supernatants

for one hour at 37�Cand 5%CO2 prior to addition of 293T-ACE2 cells. Following a 48-hour incubation at 37�Cand 5%CO2, luciferase

activity was determined as described above. Average background relative light units (RLUs) of non-infected cells were subtracted,

and serum ID50s and antibody IC50s were determined as the serum dilutions and antibody concentrations resulting in a 50% RLU

reduction compared to the average of virus-infected untreated controls cells using a non-linear fit model plotting an agonist vs.

normalized dose response curve with variable slope using the least squares fitting method in Prism 7.0 (GraphPad).

All serum and monoclonal antibody samples were tested in duplicates or triplicates. For further details and imputation rules for

samples with values outside the limits of quantification see below (section on Quantification and Statistical Analysis).

Neutralizing antibody panel and sequence analysis
The panel of 158 SARS-CoV-2 neutralizing monoclonal antibodies isolated from SARS-CoV-2 convalescent individuals included in

the analysis in Figure 3 is based on 79 antibodies obtained in our previous work (Kreer et al., 2020; Vanshylla et al., 2022), 67 randomly

selected (retrieved on January 1, 2021) human SARS-CoV-2 neutralizing antibodies deposited at CoV-AbDab (Raybould et al., 2021),

and 12 antibodies in clinical use or development. We did not include five of the antibodies in clinical development shown in Figure 4

into this analysis, as they were obtained from individuals infected with SARS-CoV (ADG-2, sotrovimab), from immunized mice

harboring human immunglobulin gene repertoires (47D11, casirivimab), or using phage display technology that does not ensure

native pairing of antibody heavy and light chains (regdanvimab).

Antibody amino acid sequences were annotated with IgBLASTp (Ye et al., 2013) based on the IMGT database (Lefranc, 2011). For

sequence statistics, top V gene calls were counted without individual alleles, CDR3 lengths are reported according to the IMGT

numbering system, and numbers of V mutations refer to the top V gene call from IgBLASTp. Phylogenetic analysis of antibodies

belonging to the VH3-53/3-66|VK1-9 public clonotype was performed by alignment of amino acid sequences with the MAFFT algo-

rithm (Katoh et al., 2002) via the EMBL-EBI search and sequence analysis tools API (Madeira et al., 2019) and the Tree Builder tool

from Geneious Prime 2020.0.4 (Biomatters) using the Jukes-Cantor distance model for tree building with the neighbour-joining

method without resampling. Data aggregation and visualization was performed with the Python libraries pandas (v1.1.5), NumPy

(v1.19.2), SciPy (v1.5.2), and Matplotlib (v3.3.4) with Python (v3.6.8), and GraphPad Prism (v7).

Visualization of spike amino acid changes
Amino acid changes relative to the Wu01 spike protein were visualized on a cryo-electron microscopy 3D-reconstruction of the

SARS-CoV-2 spike protein (PDB ID: 6XR8 (Cai et al., 2020)) using ChimeraX (v. 1.3) (Goddard et al., 2018; Pettersen et al., 2021).

SARS-CoV-2 variant distribution
Numbers of weekly cases as curated by theCOVID-19 Data Repository by theCenter for Systems Science and Engineering (CSSE) at

Johns Hopkins University (Dong et al., 2020) were retrieved from http://ourworldindata.org (accessed on June 20, 2022). GISAID-

curated clade and lineage statistics of sequences submitted to the GISIAD database (Elbe and Buckland-Merrett, 2017; Khare

et al., 2021; Shu and McCauley, 2017) were retrieved from GISAID (accessed on June 20, 2022) and frequency of individual variants
e5 Cell Host & Microbe 30, 1231–1241.e1–e6, September 14, 2022
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was plotted as fraction of all submitted sequences per week and variant. For visualization, all BA.1 sublineages except for BA.1.1 and

its sublineages were classified as BA.1, all BA.2 sublineages except for BA.2.12.1 were classified as BA.2, and all BA.3 sublineages

were classified as BA.3.

QUANTIFICATION AND STATISTICAL ANALYSIS

Serum samples and antibodies were tested in duplicates or triplicates. For serum samples, the average IC50 of 2-3 single dilution

series experiments was determined (with the exception of one sample tested in technical duplicates in a single experiment). In cases

of low-level detectable serum neutralization (ID50 >10) in only a single run, an ID50 value equal to the limit of quantification (ID50=10)

was assigned to the sample. Antibodies in clinical use or investigation were tested in technical duplicates within the same experi-

ment. Additional antibodies included in the panel analysis were tested in 2-3 single dilution experiments and average IC50s were

determined.

For graphical representation and statistical evaluation of serum samples in Figures 2 and S1, samples that did not achieve 50%

inhibition at the lowest tested dilution of 10 (lower limit of quantification, LLOQ) were imputed to ½3 of the LLOQ (ID50=5) and serum

samples with ID50s >21,870 (upper limit of quantification) were imputed to ID50=21,871. For graphical representation and statistical

analysis of monoclonal neutralizing antibodies in Figures 3 and S2, IC50 values of antibodies with an IC50 <0.005 mg/ml (LLOQ) were

imputed to ½ 3 LLOQ (IC50=0.0025), and IC50 values >10 mg/ml (ULOQ) were imputed to 2 3 ULOQ (IC50=20 mg/ml).

Testing for statistical significance of differences in serum neutralization titers against different variants/sublinages was performed

with the Friedman test with Dunn’s multiple comparison post-hoc test using Prism 7.0 (GraphPad). Spearman’s rank correlation

coefficients (Rho) were determined using Prism 7.0 (GraphPad). Numbers of amino acid mutations relative to germline between an-

tibodies neutralizing Wu01 only and those neutralizing any Omicron sublineage were compared with two-sided Mann-Whitney U

tests using Prism 7.0 (GraphPad). Statistical significance was defined as p < 0.05. Details are additionally provided in the Fig-

ure legends. Sample sizes of the convalescent and vaccinated cohorts were based on sample availability and the criteria described

in the section on experimental model and subject details.
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Figure S1
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Figure S1. Serum neutralization of Omicron sublineages, Related to Figure 2
(A) Serum ID50s in convalescent individuals after infection (V1) and BNT162b2 booster immunization (V2) as in Figure 2. Solid lines connect ID50s 
of individual participants; dashed lines indicate lower limit of quantification (LLOQ, ID50=10). (B) Correlation plots of log10 serum ID50s against 
indicated viruses in convalescent individuals at V2. (C) Serum ID50s in the cohort of BNT162b2-vaccinated individuals after the second (V1) and 
third vaccine doses (V2) as in Figure 2. Solid lines connect ID50s of individual participants; dashed lines indicate lower limit of quantification (LLOQ, 
ID50=10). (D) Correlation plots of log10 serum ID50s against indicated viruses in vaccinated individuals at V2. In A and C, Serum ID50s <LLOQ were 
imputed to ½x LLOQ (ID50=5).
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Figure S2. Neutralization profile of Omicron neutralizing antibodies, Related to Figure 3
(A) IC50 spider plots for all 158 panel antibodies. Antibodies are sorted arbitrarily but equally for each virus. Circles indicate IC50s (from outer to inner 
circle: 0.005, 0.05, 0.5, and 5 µg/ml). (B) Bar charts of antibodies with neutralizing activity (IC50 <10 µg/ml) against ≥1 Omicron sublineage (n=43),  
with antibodies sorted by BA.1 neutralizing activity. Dotted lines indicate lower (LLOQ, 0.005 µg/ml) and upper limits of quantification (ULOQ;             
10 µg/ml). (C) IC50 correlation plots for antibodies with neutralizing capacity against ≥1 Omicron sublineage (n=43). Colors indicate epitopes as in 
Figure 3A. Grey dashed lines represent identity lines and black dashed lines indicate limits of quantification. In A-C, IC50s <LLOQ were imputed to 
½x LLOQ (IC50=0.0025) and IC50s >ULOQ were imputed to 2x ULOQ (IC50=20). (D) Light chain V amino acid (aa) mutations of antibodies neutraliz-
ing Wu01 only or both Wu01 and ≥1 Omicron sublineage. Lines indicate medians and interquartile ranges. Groups were compared using a 
two-tailed Mann-Whitney U test. (E) Light chain sequence alignment of VH3-53/3-66|VK1-9 public clonotype antibodies. Letters indicate aa 
mutations relative to the light chain V germline-encoded residues. Number of aa mutations and neutralizing activity are indicated. Germline VK 
represents consensus of identified antibody germline alleles. 
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Figure S3. Omicron sublineage neutralizing activity of monoclonal antibodies in clinical testing, Related to Figure 4
Neutralization dose response curves in a pseudovirus neutralization assay. Circles show averages and error bars indicate standard deviation. 
Dotted lines indicate 50% neutralization (IC50).



Table S1 - Study cohorts, Related to Figure 2

A

B

Convalescent cohort

Demographics
Participants - n 20
Gender

Female - n  (%) 11 (55%)
Male - n (%) 9 (45%)

Age - median years (IQR; range) 51 (35-60; 25-73)
Reported comorbidities

Asthma - n (%) 3 (15%)
Arterial hypertension - n (%) 2 (10%)
Malignancy - n (%) 2 (10%)
Gastroesophageal reflux disease - n (%) 1 (5%)

Infection
Period of SARS-CoV-2 infection February - April 2020
COVID-19 severity

Mild symptoms - n  (%) 19 (95%)
Asymptomatic - n  (%) 1 (5%)

Vaccination
Vaccine BNT162b2
Time between infection and vaccination - 

median days (IQR; range) 428 (411-449; 392-483)

Study visits
Sampling time point  - median days (IQR; range)

V1 (after disease onset) 48 (34-58; 22-75)
V2 (after vaccination) 33 (27-52; 23-68)

Vaccine cohort

Demographics
Participants - n 30
Gender

Female - n  (%) 18 (60%)
Male - n (%) 12 (40%)

Age - median years (IQR; range) 33 (29-43; 21-59)
Reported comorbidities

Allergic rhinitis - n (%) 11 (37%)
Asthma - n (%) 3 (10%)
Gynecologic disease - n (%) 3 (10%)
Cardiovascular disease - n (%) 2 (6%)
Diabetes - n (%) 2 (6%)
Hypothyroidism - n (%) 1 (3%)
Chronic liver/Intestinal disease - n (%) 1 (3%)
Neurological disorder - n (%) 1 (3%)

Vaccination
Vaccine BNT162b2
Time between first and second dose - 

median days (IQR; range) 21 (21-21; 21-28)
Time between second and third dose - 

median days (IQR; range) 274 (267-286; 173-307)

Study visits
Sampling time point - median days (IQR; range)

V1 (after second dose) 28 (27-32; 20-49)
V2 (after third dose) 29 (26-35; 21-57)



Table S2 - Human monoclonal antibody panel analysis, Related to Figure 3

(table continued on next page)

# Name Epitope Wu01 BA.1 BA.1.1 BA.2 BA.2.12.1 BA.4/5 V      
gene

GL id. 
(%)a

# aa      
mut.b

CDR3  
# aac

V      
gene

GL id. 
(%)a

# aa      
mut.b

CDR3  
# aac Donor Ref.

1 2-7 RBD 0.022 >10 >10 0.296 0.333 0.292 2-5 100.0 0 11 L2-14 93.9 6 9 Fab2 1
2 2-15 RBD <0.005 >10 >10 >10 >10 >10 1-2 95.9 4 22 L2-14 95.9 4 10 Fab2 1
3 2-30 RBD 0.775 >10 >10 >10 >10 >10 3-30 96.9 3 12 K1-9 95.8 4 9 Fab2 1
4 2-36 RBD 0.062 >10 9.885 >10 >10 >10 4-61 96.0 4 20 K3-20 100.0 0 9 Fab2 1
5 2-38 RBD 2.059 >10 >10 >10 >10 >10 3-21 99.0 1 14 L3-19 96.8 3 9 Fab2 1
6 2-43 RBD 3.779 >10 >10 >10 >10 >10 1-2 98.0 2 22 L2-14 96.9 3 10 Fab2 1
7 4-20 RBD 0.029 >10 >10 >10 >10 >10 1-46 95.9 4 13 K1-39 97.9 2 10 Fab4 1
8 B38 RBD 1.000 >10 >10 >10 >10 >10 3-53 99.0 1 9 K1-9 97.9 2 10 n.a. 2
9 Bamlanivimab RBD <0.005 >10 >10 >10 >10 >10 1-69 99.0 1 18 K1-39 97.9 2 9 n.a. 3
10 BD-236 RBD 0.018 >10 >10 >10 >10 >10 3-53 96.9 3 12 K1-9 96.8 3 9 Patient 1-64 4
11 BD-368-2 RBD <0.005 >10 >10 >10 >10 >10 3-23 90.8 9 18 K2-28 100.0 0 9 Patient 1-64 4
12 BD23 RBD 0.831 >10 >10 >10 >10 >10 7-4-1 100.0 0 19 K1-5 100.0 0 9 Patient 1-64 4
13 C002 RBD <0.005 >10 >10 >10 >10 >10 3-30 98.0 2 17 K1-39 98.9 1 9 COV21 5
14 C022 RBD 0.203 >10 >10 >10 >10 >10 4-39 97.0 3 21 K1-5 97.9 2 9 COV21 5
15 C101 RBD 0.016 >10 >10 >10 >10 >10 3-53 94.8 5 11 K3-20 96.9 3 9 COV107 5
16 C102 RBD 0.027 >10 >10 >10 >10 >10 3-53 96.9 3 11 K3-20 100.0 0 9 COV107 5
17 C104 RBD 0.046 >10 >10 >10 >10 >10 4-34 93.8 6 17 K3-20 94.8 5 9 COV107 5
18 C105 RBD 0.058 >10 >10 >10 >10 >10 3-53 99.0 1 12 L2-8 98.0 2 11 COV107 5
19 C123 RBD 0.137 >10 >10 >10 >10 >10 3-53 97.9 2 10 K1-9 100.0 0 9 COV107 5
20 C125 RBD 0.021 >10 >10 >10 >10 >10 1-58 99.0 1 16 K3-20 100.0 0 9 COV107 5
21 C128 RBD 0.295 >10 >10 >10 >10 >10 3-23 90.7 9 18 K3-20 93.7 6 10 COV072 5
22 C135 RBD <0.005 >10 >10 >10 >10 >10 3-30 95.9 4 12 K1-5 96.8 3 9 COV072 5
23 C140 RBD 0.020 >10 >10 >10 >10 >10 3-66 94.8 5 11 K1-9 100.0 0 9 COV072 5
24 C144 RBD <0.005 >10 >10 >10 >10 >10 3-53 96.9 3 25 L2-14 99.0 1 10 COV047 5
25 C155 RBD 0.009 >10 >10 >10 >10 >10 3-53 97.9 2 11 K3-15 98.9 1 9 COV047 5
26 C165 RBD 0.083 >10 >10 >10 >10 >10 1-69 96.9 3 15 K3-20 99.0 1 9 COV072 5
27 C210 RBD 0.058 >10 >10 >10 >10 >10 3-53 97.9 2 11 K1-9 100.0 0 10 COV96 5
28 CC6.31 RBD 0.035 >10 >10 >10 >10 >10 1-46 94.9 5 12 K1-17 100.0 0 10 CC6 6
29 CC6.33 RBD 0.062 >10 >10 >10 >10 >10 1-69 95.9 4 11 K3-20 98.9 1 9 CC6 6
30 CC12.4 RBD 4.951 >10 >10 >10 >10 >10 1-2 96.9 3 19 L2-8 96.0 4 10 CC12 6
31 CnC2t1p1_B4 RBD 0.173 >10 >10 >10 >10 >10 1-18 100.0 0 12 L2-23 99.0 1 10 CnC2 7
32 CnC2t1p1_D6 RBD 1.726 >10 >10 >10 >10 >10 3-49 100.0 0 17 K2-28 100.0 0 9 CnC2 7
33 CnC2t1p1_E8 RBD 0.449 >10 >10 >10 >10 >10 1-2 85.7 14 13 L2-23 90.9 9 10 CnC2 7
34 CnC2t1p1_E12 RBD 1.175 >10 >10 >10 >10 >10 3-49 99.0 1 17 K2-28 100.0 0 9 CnC2 7
35 CnC2t1p1_G6 RBD 5.616 >10 >10 >10 >10 >10 1-2 85.7 14 13 L2-23 89.9 10 10 CnC2 7
36 COV2-2050 RBD <0.005 >10 >10 >10 >10 >10 1-2 95.9 4 23 L1-44 94.8 5 11 n.a. 8
37 COV2-2064 RBD 0.500 >10 >10 >10 >10 >10 1-8 91.8 8 16 L1-44 91.8 8 11 n.a. 8
38 COV2-2068 RBD 0.045 1.283 0.968 1.330 0.821 0.497 3-53 93.8 6 16 L1-40 96.0 4 12 n.a. 8
39 COV2-2098 RBD 0.006 >10 >10 >10 >10 >10 3-23 87.9 11 11 K3-15 91.6 8 9 n.a. 8
40 COV2-2130 RBD <0.005 6.848 >10 0.008 0.014 0.085 3-15 96.0 4 22 K4-1 96.0 4 8 n.a. 8
41 COV2-2196 RBD <0.005 >10 >10 >10 3.438 >10 1-58 98.0 2 16 K3-20 98.9 1 10 n.a. 8
42 COV2-2268 RBD 0.510 >10 >10 3.324 4.248 4.071 2-5 98.0 2 11 L2-14 97.0 3 11 n.a. 8
43 COV2-2308 RBD 0.007 >10 >10 >10 >10 >10 3-23 87.9 11 10 K3-15 91.6 8 9 n.a. 8
44 COV2-2354 RBD 0.458 >10 >10 >10 >10 >10 3-53 89.6 10 12 L6-57 100.0 0 10 n.a. 8
45 COV2-2381 RBD 0.008 >10 >10 >10 >10 >10 1-58 98.0 2 16 K3-20 95.8 4 10 n.a. 8
46 COV2-2479 RBD <0.005 >10 >10 >10 >10 >10 1-69 90.8 9 14 K3-15 96.8 3 8 n.a. 8
47 COV2-2499 RBD 0.012 >10 >10 >10 >10 >10 4-39 98.0 2 19 L3-19 95.8 4 11 n.a. 8
48 COV2-2531 RBD 0.366 >10 >10 >10 >10 >10 4-59 90.7 9 12 L6-57 95.9 4 9 n.a. 8
49 COV2-2539 RBD 0.562 >10 >10 >10 >10 >10 1-8 94.9 5 16 L1-44 92.9 7 11 n.a. 8
50 COV2-2562 RBD 0.427 >10 >10 >10 >10 >10 1-8 91.8 8 16 L1-44 91.8 8 11 n.a. 8
51 COV2-2677 RBD 3.904 >10 >10 >10 >10 >10 4-39 99.0 1 12 L6-57 100.0 0 10 n.a. 8
52 COV2-2678 RBD 0.009 >10 >10 >10 >10 >10 3-20 94.8 5 22 L3-19 96.8 3 11 n.a. 8
53 COV2-2752 RBD 0.028 >10 >10 >10 >10 4.205 3-53 95.9 4 10 K1-33 97.9 2 9 n.a. 8
54 COV2-2841 RBD 0.345 >10 >10 >10 >10 >10 4-59 94.8 5 12 L6-57 98.0 2 9 n.a. 8
55 COV2-2919 RBD 0.071 >10 >10 >10 >10 >10 2-70 97.0 3 12 K1-39 94.7 5 9 n.a. 8
56 COV2-2952 RBD 0.010 >10 >10 >10 >10 >10 3-66 93.8 6 11 K1-9 94.7 5 9 n.a. 8
57 COV2-2955 RBD 0.018 >10 >10 >10 >10 >10 3-30 95.9 4 22 K2D-29 98.0 2 9 n.a. 8
58 COVA2-29 RBD 0.837 >10 >10 >10 >10 >10 3-30 97.9 2 18 K1-39 98.9 1 9 COSCA2 9
59 CV-X2-106 RBD 0.088 >10 >10 >10 >10 >10 1-69 100.0 0 18 K1-39 97.9 2 9 CV-X2 10
60 CV07-262 RBD 0.005 >10 >10 >10 >10 >10 1-2 96.9 3 22 L2-23 98.0 2 10 CV07 10
61 CV07-270 RBD 0.016 >10 >10 >10 >10 >10 3-11 99.0 1 22 L2-14 98.0 2 10 CV07 10
62 CV38-139 RBD 0.039 >10 >10 >10 >10 >10 3-66 97.9 2 10 K1-9 100.0 0 10 CV38 10
63 CV38-142 RBD 1.285 >10 >10 >10 >10 >10 5-51 95.9 4 16 K1-39 100.0 0 11 CV38 10
64 DH1042 RBD 0.008 >10 >10 >10 >10 >10 1-69 96.9 3 16 K1-39 97.9 2 9 Donor 26 11
65 DH1128 RBD 3.146 >10 >10 >10 >10 >10 3-23 88.8 11 8 K6-21 94.7 5 9 Donor 26 11
66 DH1138 S1* 2.256 >10 >10 >10 >10 >10 4-61 97.0 3 12 K3-11 97.9 2 8 Donor 26 11
67 DH1184 RBD 0.007 >10 >10 >10 >10 >10 1-69 95.9 4 18 K3-20 100.0 0 9 Donor 26 11
68 DH1210 RBD 0.421 >10 >10 >10 >10 >10 1-69-2 91.8 8 12 L1-47 91.8 8 12 Donor 26 11
69 DZIF-10c RBD <0.005 0.046 >10 0.033 0.034 8.638 3-30 88.8 11 13 K1-5 89.4 10 9 HbnC3 7
70 Etesevimab RBD 0.018 >10 >10 >10 >10 >10 3-66 96.9 3 13 K1-39 97.9 2 11 n.a. 12
71 FnC1t2p1_D4 RBD 0.008 >10 >10 >10 >10 >10 7-4-1 93.9 6 11 K1-33 96.8 3 9 FnC1 7
72 FnC1t2p1_G5 RBD 0.012 >10 >10 >10 >10 >10 7-4-1 93.9 6 11 K1-33 96.8 3 9 FnC1 7
73 GW01 RBD 0.072 >10 >10 >10 >10 >10 3-43 94.9 5 20 L1-44 100.0 0 10 n.a. 13
74 HbnC2t1p2_D9 RBD 0.046 >10 >10 >10 >10 >10 3-33 95.9 4 19 K3-11 97.9 2 11 HbnC2 7
75 HbnC3t1p1_C6 RBD <0.005 9.482 >10 >10 >10 >10 1-58 100.0 0 16 K3-20 99.0 1 9 HbnC3 7
76 HbnC3t1p1_G4 RBD 0.009 >10 >10 >10 >10 >10 3-66 99.0 1 11 K3-20 97.9 1 9 HbnC3 7
77 HbnC3t1p2_B10 RBD 0.019 >10 >10 >10 >10 >10 3-66 97.9 2 11 K3-20 95.8 3 9 HbnC3 7
78 HbnC3t1p2_C6 RBD 0.008 >10 >10 >10 >10 >10 1-58 95.9 4 16 K3-20 99.0 1 9 HbnC3 7
79 Imdevimab RBD <0.005 >10 >10 4.173 4.624 3.392 3-30 96.9 3 13 L2-14 93.9 6 10 Donor_1 14
80 LY-CoV1404 RBD <0.005 <0.005 <0.005 <0.005 <0.005 <0.005 2-5 94.9 5 11 L2-14 91.9 8 9 n.a. 15
81 MAD0004J08 RBD <0.005 >10 >10 >10 >10 >10 1-69 95.9 4 18 K3-11 97.8 2 5 n.a. 16
82 MnC1t3p1_G9 RBD 0.592 >10 >10 >10 >10 >10 3-23 89.7 10 13 L7-46 94.9 5 9 MnC1 7
83 MnC2t1p1_A3 RBD 0.011 >10 >10 >10 >10 >10 3-66 96.9 3 13 K1-12 100.0 0 9 MnC2 7
84 MnC2t1p1_C5 RBD 0.042 >10 >10 >10 >10 >10 3-66 100.0 0 13 K1-12 100.0 0 9 MnC2 7
85 MnC2t2p1_C11 RBD 0.031 >10 >10 >10 >10 >10 1-69 95.9 4 23 K1-39 96.8 3 9 MnC2 7
86 MnC4t2p1_B3 RBD 0.028 >10 >10 >10 >10 >10 3-9 89.9 10 17 K1-12 94.7 5 9 MnC4 7
87 MnC4t2p1_D10 RBD 5.820 >10 >10 >10 >10 >10 4-39 90.9 9 20 K1-17 96.8 3 9 MnC4 7
88 MnC4t2p1_E6 RBD 3.971 >10 >10 >10 >10 >10 3-9 91.9 8 17 K1-12 95.8 4 9 MnC4 7
89 MnC4t2p2_A4 RBD 9.825 >10 >10 >10 >10 >10 7-4-1 91.8 8 11 K3-20 91.6 8 9 MnC4 7
90 MnC5t2p1_G1 RBD 0.045 >10 >10 >10 >10 >10 1-58 98.0 2 16 K3-20 96.9 3 9 MnC5 7

Light chainHeavy chainPseudovirus IC50 (µg/ml)



Table S2 - Human monoclonal antibody panel analysis, Related to Figure 3 (continued)

a
b
c
*
n.a.
RBD
Ref.

Amino acid identity relative to germline gene (framework region 1 to framework region 3).
Number of amino acid mutations relative to germline gene (framework region 1 to framework region 3).
Length of CDR3 in amino acids.
Indicates epitope in S1 domain of SARS-CoV-2 spike protein outside of receptor-binding domain (e.g., N-terminal domain).
Indicates that donor ID was not unambigously identified.
Receptor-binding domain.
References: 
1, Liu L. et al., 2020; 2, Wu Y. et al., 2020; 3, Jones B.E. et al., 2021; 4, Cao Y. et al., 2020; 5, Robbiani D.F. et al., 2020; 6, Rogers T.F. et al., 2020; 7, Kreer C. et al, 2020; 
8, Zost S.J. et al, 2020; 9, Brouwer P.J.M. et al., 2020; 10, Kreye J. et al, 2020; 11, Li D. et al, 2021; 12, Shi R. et al., 2020; 13, Wang Y. et al, 2022; 14, Hansen J. et al., 2020;  
15, Westendorf K. et al, 2022; 16, Andreano E. et al., 2021; 17, Ju B. et al., 2020; 18, Vanshylla K. et al., 2022; 19, Piccoli L. et al, 2020.

# Name Epitope Wu01 BA.1 BA.1.1 BA.2 BA.2.12.1 BA.4/5 V      
gene

GL id. 
(%)a

# aa      
mut.b

CDR3  
# aac

V      
gene

GL id. 
(%)a

# aa      
mut.b

CDR3  
# aac Donor Ref.

91 P2B-2F6 RBD 0.035 >10 >10 >10 >10 >10 4-38-2 99.0 1 20 L2-8 100.0 0 10 P2 17
92 P2C-1F11 RBD 0.008 >10 >10 >10 5.398 0.820 3-66 95.9 4 11 K3-20 100.0 0 8 P2 17
93 R40-1A1 RBD 0.007 >10 >10 >10 >10 >10 1-18 83.7 16 17 K2-40 95.1 5 9 R40 18
94 R40-1A8 RBD <0.005 >10 >10 0.729 0.295 0.226 3-43 93.9 6 16 L2-14 94.9 5 10 R40 18
95 R40-1B4 RBD <0.005 >10 >10 >10 >10 >10 1-2 90.8 9 23 L1-40 94.8 5 9 R40 18
96 R40-1B9 RBD 0.012 >10 >10 >10 >10 >10 2-70 96.0 4 11 K1-39 95.8 4 9 R40 18
97 R40-1C8 RBD 0.012 0.079 0.085 0.032 0.027 5.324 3-53 93.8 6 11 K1-9 97.9 2 10 R40 18
98 R40-1D3 RBD <0.005 >10 8.296 <0.005 <0.005 <0.005 3-23 88.8 11 14 L2-14 93.9 6 10 R40 18
99 R40-1E1 RBD 0.214 >10 6.880 >10 >10 >10 3-33 94.9 5 24 K3-20 96.9 3 9 R40 18
100 R40-1E4 RBD <0.005 >10 >10 >10 >10 >10 1-2 95.9 4 13 K3-20 93.7 6 8 R40 18
101 R40-1G6 S1* 0.823 0.546 0.592 0.263 0.394 0.396 3-33 89.8 10 15 K1-39 93.7 6 9 R40 18
102 R40-1G8 RBD <0.005 0.495 0.575 1.178 0.497 0.692 3-53 91.8 8 11 K1-9 97.8 2 9 R40 18
103 R40-1G12 RBD 0.023 >10 >10 >10 >10 >10 1-2 100.0 0 17 L2-14 99.0 1 12 R40 18
104 R40-1H4 RBD <0.005 >10 >10 >10 >10 >10 1-2 90.8 9 15 L2-11 97.9 2 9 R40 18
105 R121-1F1 RBD <0.005 3.935 1.827 0.014 0.029 0.045 3-30 90.8 9 14 L1-40 91.9 8 11 R121 18
106 R121-3F7 RBD 0.055 >10 >10 >10 >10 >10 4-61 97.0 3 19 L1-40 95.9 4 11 R121 18
107 R121-3F11 RBD 0.406 0.667 0.845 0.800 2.209 >10 4-59 88.7 11 20 L1-40 96.0 4 11 R121 18
108 R121-3G2 RBD 0.292 4.288 3.543 >10 >10 >10 4-39 87.9 12 21 K3-20 88.5 11 9 R121 18
109 R200-1B8 RBD 0.008 >10 >10 >10 >10 >10 4-31 91.9 8 19 L1-40 95.9 4 11 R200 18
110 R200-1B9 RBD <0.005 0.038 0.052 0.092 0.032 >10 1-58 93.9 6 16 K3-20 94.8 5 9 R200 18
111 R200-1F9 RBD <0.005 0.023 0.025 0.026 0.017 0.017 3-48 90.8 9 15 K3-11 94.7 5 9 R200 18
112 R200-1G11 RBD <0.005 >10 >10 >10 >10 >10 4-31 94.9 5 18 K1-39 92.6 7 9 R200 18
113 R200-4F4 RBD 0.008 >10 >10 >10 >10 >10 1-69 93.9 6 25 K1-33 97.9 2 9 R200 18
114 R207-1C1 RBD <0.005 >10 >10 >10 >10 >10 1-69 86.7 13 14 K3-15 98.9 1 8 R207 18
115 R207-1C4 RBD 0.016 >10 >10 >10 >10 >10 3-53 91.8 8 11 K1-9 96.8 3 8 R207 18
116 R207-1G1 RBD 0.102 >10 >10 >10 >10 >10 1-18 93.9 6 12 L2-23 99.0 1 10 R207 18
117 R207-2A6 RBD 0.014 2.575 4.952 2.528 1.599 1.850 3-53 89.7 10 11 K3-15 98.9 1 9 R207 18
118 R207-2A10 RBD <0.005 >10 >10 >10 >10 >10 1-8 92.9 7 15 L2-23 99.0 1 11 R207 18
119 R207-2C2 RBD 0.010 >10 >10 >10 >10 >10 3-53 91.8 8 12 L2-8 93.8 6 10 R207 18
120 R207-2F11 RBD <0.005 <0.005 0.006 0.006 <0.005 0.011 3-53 89.7 10 11 K1-33 90.5 9 9 R207 18
121 R207-2G4 RBD 0.021 0.052 0.079 0.239 0.201 0.303 3-53 92.8 7 11 K1-9 90.4 9 5 R207 18
122 R207-2H1 RBD <0.005 >10 >10 >10 >10 >10 1-46 88.8 11 18 L1-40 91.7 8 12 R207 18
123 R259-1B9 RBD <0.005 0.369 0.262 0.614 0.211 >10 1-58 91.8 8 16 K3-20 94.8 5 9 R259 18
124 R339-1B11 RBD <0.005 1.090 1.946 0.161 >10 >10 3-7 88.8 11 16 K2-28 97.0 3 9 R339 18
125 R339-3B5 S2 1.158 5.954 4.139 3.596 >10 >10 1-46 81.6 18 11 K3-20 92.7 7 11 R339 18
126 R339-3C6 S1* 2.657 >10 >10 >10 >10 >10 4-59 92.8 7 20 K2D-29 89.0 11 9 R339 18
127 R410-1A8 RBD 0.347 0.507 0.610 1.304 3.547 2.394 2-5 92.9 7 15 K1D-12 94.7 5 9 R410 18
128 R568-1A9 RBD <0.005 7.558 >10 0.013 0.014 >10 1-69 88.8 11 17 K1-5 94.7 5 10 R568 18
129 R568-1B3 RBD 0.010 2.954 1.954 >10 1.678 1.829 3-53 91.8 8 11 K1-9 94.6 5 9 R568 18
130 R568-1C6 RBD <0.005 >10 >10 0.017 1.862 >10 1-69 92.8 7 18 K1-5 97.9 2 10 R568 18
131 R568-1E8 RBD 0.048 >10 >10 >10 >10 >10 3-53 96.9 3 11 K1-9 96.8 3 9 R568 18
132 R568-1G9 RBD 0.007 0.006 0.006 0.005 <0.005 0.045 3-66 96.9 3 12 L1-40 99.0 1 10 R568 18
133 R568-2A1 RBD 0.295 >10 >10 >10 >10 >10 3-11 95.9 4 15 L1-47 99.0 1 11 R568 18
134 R568-2A3 RBD <0.005 >10 >10 >10 >10 >10 1-2 89.8 10 15 L2-8 97.0 3 10 R568 18
135 R568-2B9 RBD 0.014 >10 >10 >10 >10 >10 3-53 89.7 10 11 K1-9 95.8 4 10 R568 18
136 R568-2B11 RBD 0.014 2.638 2.624 3.749 0.609 0.416 3-53 93.8 6 11 K1-9 95.8 4 10 R568 18
137 R568-2E1 RBD 0.006 >10 >10 >10 >10 >10 3-53 93.8 6 11 K1-9 97.8 2 9 R568 18
138 R568-2E7 S1* 0.007 >10 >10 0.009 0.007 <0.005 3-23 90.7 9 8 K3-15 97.9 2 10 R568 18
139 R568-2F1 RBD 0.009 >10 >10 >10 >10 >10 1-69 89.7 10 17 L1-47 94.8 5 12 R568 18
140 R568-2G5 RBD 0.006 0.684 0.973 1.648 0.640 2.122 3-53 91.8 8 11 K1-9 95.8 4 11 R568 18
141 R568-2G11 RBD <0.005 0.042 >10 0.007 0.012 0.006 3-15 92.0 8 15 K1-8 95.8 4 9 R568 18
142 R616-1A11 RBD 0.037 >10 >10 >10 >10 >10 1-69 88.7 11 16 K1-5 93.7 6 11 R616 18
143 R616-1D6 RBD 3.278 >10 >10 >10 >10 >10 4-34 83.5 16 20 K1-39 90.5 9 9 R616 18
144 R616-1F10 RBD 0.052 >10 >10 >10 >10 >10 3-30 86.7 13 17 L1-44 94.9 5 12 R616 18
145 R616-1G4 RBD 0.005 >10 >10 >10 >10 >10 3-53 96.9 3 15 L2-14 97.0 3 12 R616 18
146 R849-1C11 RBD 0.409 1.811 2.062 7.581 5.386 5.023 4-30-4 94.9 5 27 L2-18 97.0 3 10 R849 18
147 R849-1G7 RBD <0.005 >10 >10 >10 >10 >10 1-2 90.8 9 16 L2-23 91.8 8 10 R849 18
148 R849-1H1 RBD 0.132 >10 >10 >10 >10 >10 3-33 96.9 3 20 K1-39 96.8 3 10 R849 18
149 R849-3H2 RBD 0.013 >10 >10 >10 >10 >10 3-30 92.9 7 14 K1-39 97.9 2 8 R849 18
150 REGN10954 RBD 0.009 1.641 1.583 0.117 0.046 0.212 3-66 96.9 3 13 K1-33 94.7 5 9 Donor_3 14
151 REGN10955 RBD 0.017 >10 >10 1.319 0.212 0.857 3-66 95.9 4 9 K1-33 97.9 2 9 Donor_3 14
152 REGN10964 RBD <0.005 >10 >10 >10 >10 >10 4-59 94.8 5 12 K1-39 93.7 6 9 Donor_1 14
153 REGN10970 RBD 0.014 >10 >10 >10 >10 >10 3-66 96.9 3 14 K1-33 98.9 1 9 Donor_1 14
154 REGN10971 RBD 0.008 >10 >10 5.290 1.046 >10 3-53 95.9 4 11 K1-9 97.9 2 10 Donor_1 14
155 REGN10977 RBD <0.005 >10 >10 >10 >10 >10 1-69 95.9 4 16 K3-20 95.8 4 9 Donor_1 14
156 REGN10986 RBD 0.006 0.381 0.192 >10 0.885 >10 3-66 97.9 2 13 L1-40 98.0 2 12 Donor_1 14
157 REGN10989 RBD <0.005 >10 >10 >10 >10 >10 1-2 93.9 6 16 L2-14 92.9 7 10 Donor_3 14
158 S2X35 RBD 0.057 >10 >10 >10 >10 >10 1-18 98.0 2 21 L1-40 99.0 1 13 Donor S2X 19

Light chainHeavy chainPseudovirus IC50 (µg/ml)
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