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Summary
Background The spread of emerging SARS-CoV-2 immune escape sublineages, especially JN.1 and KP.2, has resulted
in new waves of COVID-19 globally. The evolving memory B cell responses elicited by the parental Omicron variants
to subvariants with substantial antigenic drift remain incompletely investigated.

Methods Using the single B cell antibody cloning technology, we isolated single memory B cells, delineated the B cell
receptor repertoire and conducted the pseudovirus-based assay for recovered neutralizing antibodies (NAb)
screening. We analyzed the cryo-EM structures of top broadly NAbs (bnAbs) and evaluated their in vivo efficacy
(golden Syrian hamster model).

Findings By investigating the evolution of human B cell immunity, we discovered a new panel of bnAbs arising from
vaccinees after Omicron BA.2/BA.5 breakthrough infections. Two lead bnAbs neutralized major Omicron sub-
variants including JN.1 and KP.2 with IC50 values less than 10 ng/mL, representing ultrapotent receptor binding
domain (RBD)-specific class I bnAbs. They belonged to the IGHV3-53/3-66 clonotypes instead of evolving from the
pre-existing vaccine-induced IGHV1-58/IGKV3-20 bnAb ZCB11. Despite sequence diversity, they targeted previously
unrecognized, highly conserved conformational epitopes in the receptor binding motif (RBM) for ultrapotent ACE2
blockade. The lead bnAb ZCP3B4 not only protected the lungs of hamsters intranasally challenged with BA.5.2,
BQ.1.1 and XBB.1.5 but also prevented their contact transmission.

Interpretation Our findings demonstrated that class I bnAbs have evolved an ultrapotent mode of action protecting
against highly transmissible and broad Omicron escape variants, and their epitopes are potential targets for novel
bnAbs and vaccine development.
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Research in context

Evidence before this study
During the early phase of pandemic, protective neutralizing
antibodies (NAbs) against SARS-CoV-2 could be effectively
elicited by the natural infection or WT-based vaccines, mainly
targeting the receptor binding domain (RBD) of the spike
protein. RBD epitopes that overlap the ACE2 receptor binding
site (RBS) are immunodominant and concentrate most
potent NAbs, especially class I NAbs. Antibodies in this class,
which are mostly encoded by VH3-53/VH3-66 germlines,
neutralize SARS-CoV-2 by directly blocking the spike protein
binding to ACE2. However, the efficacy of class I NAbs has
been challenged since the outbreak of variants of concern
(VOCs). Members of the same class with similar breadth and
potency against the emerging escape variants have rarely
been documented in current literature and the CoV-AbDab.

Added value of this study
Our lead class I bnAbs were induced by Omicron BA.2/BA.5
breakthrough infections through reactivating memory B cell
responses. They accumulated high levels of somatic

hypermutations and displayed structural fitness to cross-
neutralize both WT and variants ranging from 2020 to 2024.
These bnAbs enhance the broad spectrum mainly by targeting
the conserved conformational ’Jing’ epitopes in RBM, which
remained unchanged despite convergent mutations found in
XBB, EG.5.1 and BA.2.86 sublineages. Such a unique mode of
action for ultrapotent bnAbs allows them to overcome the
Omicron antigenic shift from BA.1 to KP.2 variants.

Implications of all the available evidence
Our bnAbs were capable of cross-neutralizing emerging
Omicron sublineages circulating 1–2 years after the biological
sample collection, indicating a potential resistance to future
escape. They have value as drug candidates in situations
where prophylaxis or treatment are warranted. Moreover, the
structural insights into bnAbs and antibody–antigen
interaction provide new values for next-generation vaccine
development and deep learning-guided antibody
optimization.
Introduction
Since the beginning of COVID-19 pandemic, neutralizing
antibodies (NAbs) against wild-type (WT) SARS-CoV-2 have
been readily elicitedduring thenatural course of infection.1–4

Subsequently, NAbs were induced by WT-based vaccines,
especially by mRNA-vectored vaccines,5,6 which were asso-
ciated with reduced hospitalization and mortality.7,8 The
evolution of SARS-CoV-2, however, resulted in the emer-
gence of immune-escaped variants that outcompeted NAbs
in the upper respiratory tract, leading to continuous viral
transmissionandpandemic.9–12Understandinghowhuman
memory B cells would respond to continuously evolving
pandemic variants for generating broadly NAbs (bnAbs) is
essential for the development of next generation antibody
drugs and vaccines.

Prior ultrapotent NAbs that display IC50 values less
than 10 ng/mL often target the immunodominant epi-
topes on the receptor binding domain (RBD) of SARS-
CoV-2 spike protein with supersites overlapping or
around the ACE2 receptor binding motif (RBM).1,13,14 The
efficacies of these NAb drugs and WT-based vaccines
have been severely reduced due to the global outbreak of
highly mutated Omicron variants since November
2021.9–12,15–17 The emerged sublineages BA.2, BA.2.75,
BA.4/5 and BF7 displayed higher transmissibility and
more significant antibody evasion than previous variants
of concern (VOCs).9,11,18,19 Notably, their subsequent
descendants such as BQ.1, XBB and EG.5.1 sublineages
carry a series of convergent mutations that endow them
with enormous growth advantages over their pre-
decessors and even stronger resistance to antibody re-
sponses.12,20,21 BA.2.86 evolved with 34 additional
mutations in the spike protein compared with BA.2
without showing more resistance to human sera than
XBB.1.5 andEG.5.1.22However, the JN.1 andKP.2 arising
from BA.2.86 displayed increased fitness and out-
competed the previous dominant XBB lineage.23 The
ongoing spread of these convergent variants has severely
impaired the efficacy of NAbs from convalescents, fully
vaccinated individuals and even vaccinees boosted with
the bivalent mRNA vaccine.7,24–26 Although thousands of
monoclonal NAbs were found targeting multiple spike
epitopes, few retained ultrapotency and breadth against
the current circulating JN.1 and KP.2 sublineages.22,27

Four classes of NAbs have been identified against
multiple RBD epitopes, including the RBM face (class
I), the outer faces (class II/III), and the cryptic but
conserved inner surface (class IV).14,28–30 The reduced
susceptibility of XBB, EG.5.1 and BA.2.86 sublineages to
neutralization by such NAbs resulted from resistant
mutations such as N460K, L455 F/S, F456L and F486 V/
S/P evading class I/II NAbs, and R346T, K356T, K444T,
V455P/H, G446S as well as F490S evading class III
NAbs, respectively.12,18,22,31 Despite the NAb escape, these
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prevalent variants showed increased binding affinity to
the host receptor ACE2 compared with WT
(D614G).12,18,19 Given the huge diversity of B cell receptor
(BCR) repertoire, we continued the search for ultra-
potent bnAbs.32,33 In this study, we discovered a new
panel of ultrapotent class I bnAbs with fitness for
blockade of viral binding to receptor ACE2 and efficacy
for preventing the contact transmission of BA.5.2,
BQ.1.1 and XBB.1.5 sublineages.
Methods
Experimental model and subject details
Human subject
11 Omicron BA.2 case-patients7 receiving 3 doses of
Sinovac (n = 5) or BNT162b2 (n = 6), and one Omicron
BA.5 case-patient13 who received 3 doses of BNT162b2
before symptom onset were recruited for voluntary
blood donation. Clinical and laboratory findings were
entered into a predesigned database. Written informed
consent was obtained from all study subjects. Blood
samples were collected by professional clinical doctors
and separated into plasma and peripheral blood mono-
nuclear cells (PBMCs) by Ficoll-Hypaque gradient
centrifugation. All plasma samples were heat-inactivated
at 56 ◦C for at least 30 min before the test.

Live viruses
Authentic SARS-CoV-2 included Omicron BA.5.2 (hCoV-
19/Hong Kong/HKU-220712-005/2022; GISAID:
EPL_ISL_13777658), Omicron BQ.1.1 (hCoV-19/Hong
Kong/HKU; GISAID: EPL_ISL_16342297), and Omicron
XBB.1.5 (hCoV-19/Hong Kong/HKU; GISAID:
EPL_ISL_17205250) were isolated from the combined
nasopharyngeal-throat swabs of patients with COVID-19
in Hong Kong, respectively.34 All experiments involving
authentic SARS-CoV-2 followed the approved standard
operating procedures in Biosafety Level 3 (BSL-3).

Cell lines
Cell lines were maintained as previously described.35

HEK293T cells were cultured in DMEM containing
10% FBS+100 U/mL penicillin and incubated at 37 ◦C
in a 5% CO2 setting. The above medium added with
puromycin (1 μg/mL) was used for culturing HEK293T-
hACE2, respectively. Expi293FTM cells were cultured in
Expi293TM Expression Medium (Thermo Fisher Sci-
entific) at 37 ◦C in an incubator with 80% relative hu-
midity and a 5% CO2 setting on an orbital shaker
platform at 125 ± 5 rpm/min (New Brunswick Innova™
2100) according to the manufacturer’s instructions.

Method details
Isolation of SARS-CoV-2 RBD/spike-specific IgG + single
memory B cells by FACS
RBD/spike-specific single memory B cells were sorted
as previously described.13,35 In brief, PBMCs from
www.thelancet.com Vol 108 October, 2024
vaccinated convalescent donors were collected and
incubated with an antibody cocktail and a His-tagged
SARS-CoV-2 RBD/spike protein mixture (Sino Biolog-
ical) for identification of RBD/spike-specific B cells.
WT/BA.1/BA.2 RBDs combined with WT/BA.1/BA.2
spikes were used as sorting antigens for donor CUs, and
BA.1/BA.2/BA.2.12.1/BA.5 spikes were used for donor
ZC (5 μg/protein), respectively. The cocktail consisted of
the Zombie viability dye (Biolegend), CD19-Percp-
Cy5.5, CD3-Pacific Blue, CD14-Pacific Blue, CD56-
Pacific Blue, IgM-Pacific Blue, IgD-Pacific Blue,
IgG-PE, CD27-PE-Cy7 (2 μL/test, BD Biosciences or
Biolegend). The mixture consisted of His-tagged WT,
Omicron BA.1, BA.2, BA.2.12.1, or BA.5 RBD/spike.
Two consecutive staining steps were conducted: the
first one used an antibody and RBD/spike cocktail
incubation of 30 min at 4 ◦C; the second staining
involved staining with anti-His-APC (10 μL/test
Abcam) and anti-His-FITC antibodies (2 μL/test
Abcam) at 4 ◦C for 30 min to detect the His-tag of
RBD/spike. The stained cells were washed and
resuspended in PBS containing 2% FBS before being
strained through a 70-μm cell mesh filter (BD Bio-
sciences). SARS-CoV-2 RBD/spike-specific single B
cells were gated as CD19+CD27+CD3-CD14-CD56-
IgM-IgD-IgG + RBD/spike+ and sorted by FACSAria
III cell sorter (BD) into 96-well PCR plates containing
10 μL of RNAase inhibiting RT-PCR catch buffer (1 M
Tris–HCl pH 8.0, RNase inhibitor, DEPC-treated
water, Thermo Scientific). Plates were then snap-
frozen on dry ice and stored at −80 ◦C until the
reverse transcription reaction. The population anal-
ysis of antigen-specific memory B cells was performed
by FlowJo V10. RT-PCR was performed on isolated
memory B cells, followed by antibody cloning, genetic
analysis of the BCR repertoire and antibody produc-
tion. For detailed information, see the Supplementary
Methods.

ELISA analysis of antibody binding to trimeric spike
ELISA was performed as previously described.35 The
recombinant trimeric spike proteins derived from
SARS-CoV-2 (Sino Biological) were diluted to final
concentrations of 1 μg/mL, coated onto 96-well plates
(Corning 3690) and incubated at 4 ◦C overnight. Plates
were washed with PBST (PBS containing 0.05% Tween-
20) and blocked with blocking buffer (PBS containing
4% skim milk) at 37 ◦C for 1 h. Serially diluted isolated
monoclonal antibodies were added to the plates and
incubated at 37 ◦C for 1 h. Wells were then incubated
with a secondary goat anti-human IgG labeled with
horseradish peroxidase (HRP) (1:5000 Invitrogen). TMB
substrate (SIGMA). Optical density (OD) at 450 nm was
measured by SkanIt RE6.1 with VARIOSKAN Lux
(Thermo Scientific). Competition ELISA was performed
on antibodies for epitope mapping. For detailed infor-
mation, see the Supplementary Methods.
3
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Pseudovirus-based neutralization assay
The neutralizing activity of NAbs was determined using a
pseudotype-based neutralization assay as previously
described.35 Briefly, the pseudovirus was generated by co-
transfection of HEK 293 T cells with pVax-1-S-COVID19/
pCMV3-SARS-CoV-2-S_Δ18 and pNL4-3Luc_Env_Vpr,
carrying the optimized gene of spike (S) and the hu-
man immunodeficiency virus type 1 backbone, respec-
tively.3 The viral supernatant was collected 48 h post-
transfection and frozen at −80 ◦C until use. The serially
diluted monoclonal antibodies or sera were incubated
with 200 TCID50 of pseudovirus at 37 ◦C for 1 h. The
antibody-virus mixtures were subsequently added to pre-
seeded HEK 293 T-ACE2 cells. 48 h later, infected cells
were lysed to measure luciferase activity using a com-
mercial kit (Promega, Madison, WI). Half-maximal
inhibitory concentrations (IC50) of the evaluated anti-
body were determined by inhibitor vs. normalized
response-3 Variable slope using GraphPad Prism 9.4.1.

Antibody binding kinetics of antibodies measured by surface
plasmon resonance (SPR)
The binding kinetics and affinity of antibodies for the
Omicron BA.5 spike trimer protein (Sino Biological)
were analyzed by SPR (Biacore T200, Cytiva) as previ-
ously described.35 Specifically, the spike protein was
covalently immobilized to a CM5 sensor chip via amine
groups in 10 mM sodium acetate buffer (pH 5.0) for a
final RU of around 250. SPR assays were run at a flow
rate of 10 μL/min in HEPES buffer. For conventional
kinetic/dose–response, serial dilutions of monoclonal
antibodies were injected across the RBD protein surface
for 180 s, followed by a 900 s dissociation phase using a
multi-cycle method. The remaining analytes were
removed in the surface regeneration step with the in-
jection of 10 mM glycine-HCl (pH 1.5) for 60 s at a flow
rate of 30 μL/min. Kinetic analysis of each reference
subtracted injection series was performed using the
Biacore Insight Evaluation Software (Cytiva). All sen-
sorgram series were fit to a 1:1 (Langmuir) binding
model of interaction.

Cryo-EM data collection and processing
Fab fragments of antibodies were prepared for cryo-EM
data collection following the instruction of Pierce™ Fab
Preparation Kit (Thermo). For detailed information, see
the Supplementary Methods. Cryo-EM data collection
was conducted using a Titan Krios G3 transmission
electron microscope. It is equipped with a Gatan K3
direct electron detector and a Bio Quantum energy filter
with a 20 eV slit width in the Biological Cryo-EM Center
of HKUST. Automated data collection was performed
using the EPU software manufactured by Thermo
Fisher, with 40-frame movies collected at a total dose of
about 50 e-/Å2 and 4.5 s exposure time. The counting
mode of K3 was utilized to collect data, with the
magnitude set at 81,000x and the defocus range set
at −1.0 to −2.5 μm. The collected movies for ZCP3B4,
ZCP4C9, ZCP4D5-1, and CUP2G3 were motion cor-
rected and CTF estimated in cryoSPARC.36 The micro-
graphs were manually checked. Particles were picked
based on a reference template and extracted from the
micrographs. The extracted particles were subjected to
2D classification. Particles from good 2D classes were
selected for further 3D classification. For all four data-
sets, the data processing workflows were generally
similar. Particles were picked based on the 2D average
results, and the initial model was constructed by the
picked particles with clear features and functioned as a
reference for further heterogeneous refinement. CTF
refinement and non-uniform refinement were used to
obtain a higher-resolution map. For focused 3D classi-
fication, particles with clear density of bound Fabs were
selected, and flexible refinement by cryoSPARC was
utilized to resolve the flexible RBD-Fab region more
clearly. For the ZCP4D5-1-Spike complex, we imported
the particles into RELION37 for an additional focused 3D
classification during the data processing.

Model building
The Omicron BA.5 RBD model was built based on the
BA.1 RBD model (PDB code: 7U0N),38 and models for
Fabs were predicted by AlphaFold.39 These models were
used as initial models to dock into the cryo-EM density
map, and the initial models were adjusted manually
using Coot40 and refined in Coot and Phenix.41 Struc-
tural analysis was conducted in UCSF Chimera42 and
UCSF ChimeraX.43

Hamster model and experiments
In vivo evaluation of monoclonal antibodies in the
established golden Syrian hamster model of SARS-CoV-
2 infection was performed as described previously.13,44,45

Female and male hamsters were purchased from the
Chinese University of Hong Kong Laboratory Animal
Service Centre through the HKU Centre for Compara-
tive Medicine Research. 4–5 hamsters were housed per
cage with sawdust bedding and environment enrich-
ment. The hamsters were housed with access to stan-
dard pellet feed and water ad libitum until the live virus
challenge in our BSL-3 animal facility. They were ran-
domized from different litters into experimental groups.
Experiments were performed in compliance with the
relevant ethical regulations.44 For prophylaxis studies,13 1
day before the live virus challenge, three groups of
hamsters were intraperitoneally injected with one dose
of bnAbs ZCP3B4, ZCP4C9 or ZCP4D5-1 in PBS at
4.5 mg/kg, respectively. At day 0, each hamster was
intranasally inoculated with a challenge dose of 100 μL
of Dulbecco’s Modified Eagle Medium containing
105 PFU of a mixture of Omicron BA.5.2, BQ.1.1 and
XBB.1.5 variants (1:1:1 ratio of PFU, 1:1.2:1.9 ratio of
RNA copies) under anesthesia with intraperitoneal ke-
tamine (200 mg/kg) and xylazine (10 mg/kg).
www.thelancet.com Vol 108 October, 2024
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Accordingly, all hamsters were sacrificed for analysis at
4 days post infection (dpi) after virus challenge with
high viral loads.44 The contact transmission studies were
performed as previously described45 with slight modifi-
cations. Briefly, index hamsters were intranasally chal-
lenged with 105 PFU of a mixture of Omicron BA.5.2,
BQ.1.1 and XBB.1.5 variants (1:1:1 ratio) at 0 dpi. Two
groups of hamsters were intranasally administered with
PBS and ZCP3B4 at 2 dpi, respectively. 8 h later, each
virus-challenged index hamster was transferred to a new
cage with two PBS- or antibody-treated hamsters as close
contact. They were co-housed for 4 h before being
transferred to separate new cages. The index and contact
hamsters were sacrificed at 2 dpi and 2 days post-
exposure, respectively. The hamsters were monitored
daily for clinical signs of disease. Syrian hamsters typi-
cally clear viruses within one week after SARS-CoV-2
infection. Quantification of relative amounts of Omi-
cron variants in tissues was performed by the next-
generation sequencing. Quantification of the infectious
virus was performed by plaque assay. Histopathological
analysis or immunofluorescence (IF) staining was per-
formed on harvested tissues. For detailed information,
see the Supplementary Methods.

In vivo evaluation of the lead bnAb ZCP3B4 given at
lower doses was performed as described above. For
prophylaxis studies, two groups of hamsters were
intraperitoneally injected with one dose of ZCP3B4 at
0.5 mg/kg and 1.5 mg/kg, respectively. For contact
transmission studies, two groups of hamsters were
intranasally administered with ZCP3B4 at 0.5 mg/kg
and 1.5 mg/kg, respectively. The hamsters were moni-
tored daily for clinical signs of disease. Quantification of
the infectious virus was performed by plaque assay.

Ethics statement
This acquisition of blood samples from vaccinated
convalescent donors for identification of broad neutral-
izing activities and isolation of potent monoclonal anti-
bodies against COVID-19 received approval from the
Institutional Review Board of The University of Hong
Kong/Hospital Authority Hong Kong West Cluster (Ref
No. UW 21-452). The research was conducted in strict
accordance with the rules and regulations of the Hong
Kong government for the protection of human subjects.
The study subjects agreed and signed the written
informed consents for research use of their blood
samples and indirect identifiers.

All experimental procedures were approved by the
Committee on the Use of Live Animals in Teaching and
Research (CULATR 5518-20) of the University of Hong
Kong.

Statistical analysis
Statistical analysis was performed using GraphPad Prism
9.4.1 as previously described.35 Kolmogorov–Smirnov test
was used for the normality test before group comparison
www.thelancet.com Vol 108 October, 2024
analysis. For data passing the normality test, ordinary one-
way ANOVA (parametric) and Tukey’s multiple compari-
sons test were used to compare group means and differ-
ences between multiple groups. For data not passing the
normality test, Kruskal–Wallis test (nonparametric) and
Dunn’s multiple comparisons test were used. Each p value
is adjusted to account for multiple comparisons, and
p < 0.05 was considered significant. The number of in-
dependent replicates performed, the number of animals in
each group, and the specific details of statistical tests are
reported in the figure legends and the methods section.
Animal sample size was determined by the ‘E’ value,
where E = total number of animals-total number of
groups. Based on the ANOVA, the animal size, which lies
between 10 and 20, should be considered adequate. No
randomization, blinding or inclusion/exclusion criteria
were performed during the experiment or data analysis.

Role of funders
The funding source did not have any involvement in
study design, data collection, data analyses, interpreta-
tion, writing of report, or decision to submit it for
publication.
Results
Isolation of NAbs from convalescents after Omicron
breakthrough infection
To search for ultrapotent bnAbs against SARS-CoV-2
variants, we screened plasma samples derived from a
cohort of 12 convalescent people at median 142 days
after vaccine breakthrough infection by Omicron BA.2
(n = 11, named CU) and BA.5 (n = 1, named ZC) in
Hong Kong7,13 (Supplementary Table S1). The subjects
in this cohort received 3 doses of vaccines (Sinovac, 5
CUs; BNT162b2, 6 CUs and ZC) at median 76 days
prior to the infection. They displayed polyclonal
neutralizing antibody responses to the pseudotyped WT
and corresponding exposed variants (Fig. 1A). Other
antigenically distinct variants XBB, EG.5.1 and their
descendant lineages,12,22 however, displayed relative
resistance to the serum neutralization. The geometric
mean values of neutralization titers were significantly
lower against these variants as compared to BA.2 with
reductions of 11.7- to 39.1-fold. Only 4 CUs and ZC,
who all received prior BNT162b2 vaccinations, had
polyclonal NAbs cross-reactive to all variants tested
(Supplementary Figure S1). To delineate the B cell re-
ceptor (BCR) repertoire, 150 WT/BA.1/BA.2 RBD/
spike-specific and 210 BA.1/BA.2/BA.2.12.1/BA.5
spike-specific single memory B cells were sorted from
CUs and ZC, respectively (Supplementary Figure S2).
We then successfully obtained 172 monoclonal anti-
bodies (mAbs) with naturally paired heavy chain (HC)
and light chain (LC) sequences. The binding profile of
antibody repertoire revealed that among mAbs specific
to BA.1 spike (62.8%, 108/172), 42.6% (46/108)
5
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Fig. 1: Isolation of cross-reactive NAbs from convalescents after Omicron BA.2/BA.5 breakthrough infection. (A) Neutralization of
pseudotyped SARS-CoV-2 WT and 18 variants by sera from a cohort of convalescents (n = 12). Neutralizing titer 50 (NT50) values represent the
plasma dilution required to achieve 50% virus neutralization. The limit of detection is 20 (dash line). The triangle, squares and dots represent ZC
(BNT162b), 6 CUs (BNT162b2) and 5 CUs (Sinovac), respectively, with a line indicating the median of each group. Geometric mean NT50 values
are shown upon the symbols, and the fold reduction in geometric mean NT50 values for WT and each variant compared to BA.2 is also shown.
Comparisons were made by Kruskal–Wallis test followed by Dunn’s multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; ns (not significant), p > 0.05. (B) Epitope specificity of 172 recovered mAbs as determined by ELISA. (C) Neutralization profiles
of 22 newly identified NAbs against SARS-CoV-2 WT (D614G), previous VOCs and Omicron subvariants. IC50 values of all tested NAbs against
the whole panel of pseudoviruses are summarized in the graph. The top three ultrapotent bnAbs are highlighted in red. Published NAb controls
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displayed binding activity to RBD as determined by
ELISA (OD450 > 0.1; Fig. 1B and Supplementary
Figure S3). Subsequently, 22 NAbs (20 from ZC and 2
from CUs) were identified based on their activity to
neutralize pseudotyped WT or BA.1 (Supplementary
Figure S3). Epitope mapping through competition
with four previously defined RBD class I-IV NAbs
(S2E1246 (class I), LY-CoV55547 (class II), LY-CoV140448

(class III) and S2X25949 (class IV)) indicated that most
of the RBD-targeted NAbs belonged to class I-III
(Supplementary Figure S4 and Supplementary
Table S2). These results demonstrated consistently
that vaccine breakthrough infections had activated
diverse BCRs for generating multiple classes of NAbs as
we and others previously described.18,20

Ultrapotent bnAbs cross-neutralize SARS-CoV-2
VOCs and Omicron subvariants
Many NAbs isolated from convalescents after Omicron
breakthrough infection to date mainly neutralize the
exposed strain with limited breadth and few ultrapotent
bnAbs have been found.18,20 We then evaluated the
in vitro neutralizing activity of 22 newly identified NAbs.
They showed diverse neutralizing profiles and some had
great efficacy against a panel of pseudotyped WT
(D614G) and 21 variants, including previously described
variants of interest (VOIs) as well as Omicron sub-
variants prevalent in recent waves of COVID-19
(Supplementary Figures. S5A and S6A). Based on the
epitope specificity and breadth of neutralization, these
22 NAbs were divided into four groups (Fig. 1C). Group
1 NAbs included 9 RBD-specific bnAbs (40.9%, 9/22)
displaying the best breadth and potency against pseu-
doviruses tested, especially against XBB, EG.5.1 and
BA.2.86 lineages compared with other NAbs in group
2–4. Of note, the top ultrapotent bnAbs were ZCP3B4
and ZCP4C9 based on their IC50 values consistently
being less than 10 ng/mL against Omicron subvariants.
Group 2 NAbs were particularly compromised by
BQ.1.1, XBB, EG.5.1 or JN.1 sublineages, which might
result from specific convergent mutations.12 Group 3
NAbs were effective for only a few variants. Their poor
breadth was attributed to the weak binding activity to
various spike trimers (Supplementary Figure S7).
Finally, group 4 NAbs were NTD-specific, including a
moderate bnAb ZCP3C2-1 and an Omicron-specific
ZCP1B10-1. In previous studies on Omicron break-
through infection, most pooled memory B cells from
convalescent individuals were cross-reactive, demon-
strating that the breakthrough infection mainly recalled
from class I-IV (ZCB11, P5S-1H1, P5S-2B10, S728-1157, LY-CoV555, LY
indicated according to the color bar. The antibody germline gene usage (I
acid. (D) Fold changes in IC50 values of 22 NAbs against previous VOCs inc
the WT (D614G) (left), or against Omicron subvariants compared to BA.1
BA.2.75, XBB.1.5, HK.3, HV.1, EG.5.1, BA.2.86, JN.1 and KP.2, compared
ancestral BA.4/5 (right).
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memory B cells elicited by WT-based vaccines, but rarely
recruited Omicron-restricted naive B cells.20,50–53

Consistently, all group 1–4 NAbs except for CUP3C9
cross-bound to the spikes of both WT (D614G) and the
Omicron variants (Supplementary Figure S7), probably
derived from recalled responses.

We also compared the fold changes in IC50 values of
these 22 NAbs against WT (D614G) and BA.1, respec-
tively. There was no significant waning of neutralizing
activity for most NAbs (>3-fold change in IC50 values)
against Alpha, Beta, Gamma and BA.1 compared with
WT (D614G). More than 50% of NAbs, however, were
compromised against Delta (Fig. 1D, left). When
recently emerged Omicron variants were compared with
BA.1, about 50% of NAbs neutralizing BA.2, BA.4/5 and
BE.1.1 lineages were of comparable potency. However,
60–86% of NAbs showed partially or completely
diminished activity against BQ.1.1, XBB, EG.5.1 as well
as recently circulating JN.1 and KP.2 sublineages
(Fig. 1D, right). Similar results were obtained when
descendent lineages were compared with ancestral BA.2
(Fig. 1E). Overall, these results indicated that several
ultrapotent class I bnAbs were elicited after the Omi-
cron BA.2/BA.5 breakthrough infection by recalling
memory B cell responses.

Ultrapotent class I bnAbs favor IGHV3-53/3–66
genes
Previously reported NAbs isolated from naturally
infected or vaccinated individuals showed distinct pat-
terns of BCR germline gene usage in HC and LC.6,54

Based on our analysis of all cloned antibody V genes,
the HC V genes of 22 newly identified NAbs were
enriched with 72.7% IGHV3-53/3–66/4-39 among 25
sub-families, and the LC V genes involved preferentially
68.2% IGKV1-33/1-NL1/3–20 among 19 sub-families
(Fig. 2A). While the entire antibody repertoire dis-
played a pool of diverse clonotypes (Fig. 2B), NAbs
belonged to IGHV3-53/3–66 (41%) and IGHV4-39/
IGKV1-NL1 (18.2%) antibodies, respectively, as
compared with non-NAbs (Fig. 2C). The predominance
of IGHV3-53/3–66 paired with various LC genes has
previously been documented for class I NAbs.55,56 Our
three ultrapotent bnAbs ZCP3B4, ZCP4C9 and
ZCP4D5-1 belonged to IGHV3-53/3–66 (Supplementary
Tables S3 and S4). In contrast, the usage of IGHV4-39/
IGKV1-NL1 by four NAbs obtained from two individuals
(ZCP1B7-1, ZCP2G5-2, ZCP2G11 and CUP2G3) has
rarely been found among previously published NAbs.57

Their over 98% identical VH and VL sequences
-CoV1404 and S2X259) are included. The neutralizing potency is
GHV and IGKV) and the length of CDR3 are also presented. aa, amino
luding Alpha, Beta, Gamma, Delta and Omicron BA.1 compared with
(right). (E) Fold changes in IC50 values of 22 NAbs against Omicron
to ancestral BA.2 (left), or against BF7 and BQ.1.1 compared with
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Fig. 2: Immunogenetic properties of the antibody repertoire induced by Omicron breakthrough infection. (A) Antibody gene repertoire
analysis of reactive memory B cells derived from 12 convalescent individuals. In pie charts, the number of all cloned antibody V genes is shown
in the center for the heavy (left) or light chains (right). The colors represent variable gene families, and each fragment of the same color stands
for one specific sub-family. The histograms summarize the IGHV (left) and IGKV (right) gene usage of 172 recovered mAbs, including 150 non-
neutralizing mAbs (non-NAbs) and 22 NAbs, labeled in light and dark colors, respectively. (B and C) Parings of germline heavy and light V genes
display preference among NAbs. (B) IGHV and IGKV pairings of 172 recovered mAbs are presented in the bubble diagram and (C) the diversity
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(Supplementary Figure S8A) suggested a potential
public antibody response.58,59 Subsequently, we analyzed
clonal relatedness among all recovered mAbs with
shared germline usage to understand their evolutionary
relationship. ZCP2E4 was the only NAb identified from
expanded clones (Supplementary Figure S8B). Despite
the diverse neutralizing activity, there were no signifi-
cant differences between non-NAbs and NAbs in the
length of complementarity determining region 3
(CDR3) or the rate of somatic hypermutation (SHM) in
both HC and LC (Fig. 2D). The ultrapotent bnAbs
ZCP3B4, ZCP4C9 and ZCP4D5-1 consistently had short
CDR3 lengths55,60 around or below the median of all
NAbs (Fig. 2D, symbols). Apparently, NAbs with rela-
tively longer CDR3 did not necessarily result in
enhanced potency against SARS-CoV-2 variants
(Fig. 2E). Overall, these results demonstrated that
ultrapotent bnAbs elicited by Omicron breakthrough
infection in the study subject ZC were preferentially
encoded by IGHV3-53/3–66 with necessary SHM
improving fitness for antigen interaction.

Inference of Omicron RBD mutation hotspots on
antibody neutralization and evasion
Although immune imprinting was frequently observed
in Omicron breakthrough infections, the recalled WT-
primed memory B cells were likely to acquire
increased affinity and neutralization potency against
exposed viral variants.53,61 Expectably, we observed that
compared to WT (D614G), more than 40% of newly
identified NAbs had an improvement in neuralization
potential against BA.1 (Fig. 1D), whose mutations are
shared by BA.2, BA.4/5 and some other Omicron vari-
ants (Fig. 3A). To determine the possible impact of
common mutations in Omicron RBD on antibody evo-
lution, group 1–3 NAbs were screened for their
neutralizing activities against a panel of 11 BA.1-derived
pseudoviruses that carried mutations reversing to
ancestral residues (Supplementary Figure S9). By
measuring fold changes in IC50 values compared to
parental BA.1 (Fig. 3B, top), we found that the activities
of most NAbs in groups 1–2, including three ultrapotent
bnAbs, were influenced moderately (<10-fold). In
contrast, NAbs in group 3 displayed a >20-fold loss in
IC50 values against the majority of pseudoviruses tested.
These results suggested that most NAbs in group 1–2
likely directed at conserved epitopes of breakthrough
Omicron variants. Moreover, it is possible that they have
between non-NAbs and NAbs is indicated in chord diagrams. The outer c
CDR3 lengths and SHM rates between recovered non-binding mAbs (n =
SHM rates compared to germline sequences are presented in violin plots
and two dotted lines indicate the median and quartiles of each group, resp
are presented by symbols. Comparisons were made by one-way ANOV
Neutralizing potency distribution of 22 NAbs against WT (D614G), earlier
their overall CDR-H3 amino acid (aa) lengths as follows: short (≤12 aa, upp
panel).
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accommodated the evolved viral mutations. For
example, S371F/L-S375F, N440K and S477N-T478K
found in Omicron variants contributed to the
increased neutralizing activity of over 50% of NAbs
tested (Fig. 3B, bottom), probably by promoting anti-
body affinity maturation via SHM.

Considering that convergent Omicron RBD muta-
tions cause the antibody-escape of emerging sub-
variants,12,20 we evaluated the activity of 16 anti-BA.2/
BA.4/5 NAbs against corresponding pseudoviruses
with individual mutations (Supplementary Figures S10
and S11). As indicated by fold changes in IC50 values
compared with parental BA.2 or BA.4/5 (Fig. 3C, top),
bnAbs in group 1, especially ultrapotent ZCP3B4 and
ZCP4C9, were much less vulnerable to the whole panel
tested. However, ultrapotent ZCP4D5-1 that tolerated
individual mutations was escaped by the HK.3 and
newly emerged KP.2 variant, probably owing to multiple
synergetic mutations.17,23 The activity of group 2–3
NAbs, on the other hand, was significantly impaired by
several mutations, leading to the complete loss of
neutralization against BQ.1.1, XBB, EG.5.1 and BA.2.86
sublineages. L455F/S, F456L, N460K and F486S were
the hotspots, conferring >3-fold resistance for 31–45%
of NAbs tested (Fig. 3C, bottom). Notably, L455 F/S
enhanced HV.1 and JN.1’s ability to evade class I anti-
bodies.27 The remaining mutations, including L368I,
V445P and F490S found in XBB sublineages, showed
limited impact on antibody evasion except for reversed
R493Q. Interestingly, R493Q not only benefited ACE2
binding11,20 but also compensated for the activity loss of
31% of NAbs, including the ultrapotent bnAb ZCP4C9.
These results suggested that epitopes of ultrapotent
bnAbs ZCP3B4 and ZCP4C9 in group 1 might include
residues critical for viral fitness and less likely to mutate
as viral variants evolved.62

Structural insights into ultrapotent bnAbs
To reveal the molecular mechanisms of top ultrapotent
bnAbs, we determined the structures of ZCP3B4,
ZCP4C9 and ZCP4D5-1. Another class I bnAb CUP2G3
from a rarely reported clonotype probably adopted a
unique binding mode, and thus its structure was also
investigated. These bnAbs showed high-affinity binding
to the BA.5 spike trimer at sub-nM concentrations
(Supplementary Figure S12). Their Fabs in complex
with BA.5 trimers were used for single particle cryo-EM
analysis. ZCP3B4- and ZCP4C9-Spike complexes were
ircle border indicates the number of each pairing. (D) Comparison of
64), non-NAbs (n = 86) and NAbs (n = 22). Amino acid lengths and
with kernel density estimation curves of the distribution. A dash line
ectively. bnAbs ZCP3B4 (red), ZCP4C9 (orange) and ZCP4D5-1 (blue)
A followed by Tukey’s multiple comparisons test. *p < 0.05. (E)
VOCs and Omicron subvariants. The NAbs are grouped according to
er panel), intermediate (12–18 aa, mid panel), or long (≥18 aa, lower
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Fig. 3: Inference of Omicron RBD mutation hotspots on NAb neutralization and evasion. (A) Specific RBD mutations carried by each
Omicron subvariant. Mutation sites are colored on the WT RBD (PDB: 7B3O) (right). (B) Fold changes in IC50 values against BA.1 individual
reversed mutations compared with BA.1. 19 anti-BA.1 NAbs in group1-3 were tested (top). Ranges are indicated according to the color bar. The
top three ultrapotent bnAbs are highlighted in red. Impact of individual reversed mutations on tested NAbs potency as determined by pro-
portions of improved (IC50 fold change < -3), sustained (−3≤ IC50 fold change ≤3), worse (3 < IC50 fold change ≤10) and weak/non (IC50 fold
change >10) NAbs (bottom). (C) Fold changes in IC50 values against related convergent mutations compared with BA.2 or BA.4/5. 16 anti-BA.2/
BA.4/5 NAbs in group1-3 were tested (top). Ranges are indicated according to the color bar. The top three ultrapotent bnAbs are highlighted in
red. Impact of individual convergent mutations on tested NAbs potency as determined by proportions of improved (IC50 fold change < -3),
sustained (−3≤ IC50 fold change ≤3), worse (3 < IC50 fold change ≤10) and weak/non (IC50 fold change >10) NAbs (bottom).
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determined at global resolutions of 3.88 Å and 3.68 Å
(Supplementary Figures S13 and S14), respectively. To
further explore the interactions between Fabs and
RBDs, we conducted the flexible refinement to improve
the local resolution of interactive regional maps at
4.08 Å (ZCP3B4) and 3.86 Å (ZCP4C9), allowing for
atomic model building (Supplementary Figure S17 and
Supplementary Table S5). Due to the relatively higher
flexibility of the RBD-Fab regions, ZCP4D5-1- and
CUP2G3-Spike complexes were determined at resolu-
tions of 4.0 Å and 4.33 Å (Supplementary Figures S15-
S17), respectively. We managed to identify their bind-
ing areas and describe features in broad terms since the
allocation of side chains in predicted models was
influenced by relatively low resolutions.

We found that BA.5 RBDs were all in the ‘up’
conformation after the binding of Fabs (Fig. 4A, Spike-Fab
side), indicating that these bnAbs belonged to class I
NAbs as previously described.28 However, their buried
areas varied due to disparate mainchain distances between
antibodies and RBD, as well as the angles of approach
(Supplementary Video S1). ZCP3B4 buried a smaller
surface area of 982.9 Å2, primarily contributed by VH (17
BSA residues) as its VL was further away from the top
right of RBD (Supplementary Figure S18A and
Supplementary Table S6, top). ZCP4C9 and ZCP4D5-1
relied on both VH and VL to bury surface areas of
1301.4 Å2 (29 BSA residues) and 1112.7 Å2 (22 BSA res-
idues), respectively (Fig. 4A, Epitope/buried surface area
(BSA), Supplementary Figure S19A and Supplementary
Table S6, top). At the binding interfaces, ZCP3B4 and
ZCP4C9 consistently utilized complementarity-
determining region (CDR)-H1/2/3 and CDR-L1/3 to
target RBD (Fig. 4A, Epitope/BSA) and formed tight
atomic interactions (Supplementary Figures S18B and
S19B). Their ‘Jing’ (a still principle to cope with
changes) epitopes were conformational and primarily
located on RBM, extensively overlapping with the binding
site of ACE2 (Fig. 4A, Epitope/BSA). Moreover, the foot-
prints of ZCP3B4 and ZCP4C9 avoided most of the mu-
tation sites in RBD to minimize the impact of immune
escape from Omicron subvariants. They did not contain
any convergent mutations20 carried by BQ.1.1, XBB,
EG.5.1 or BA.2.86 sublineages (Supplementary Table S6,
bottom). ZCP4D5-1 shared most BSA residues with
ZCP4C9 (Supplementary Table S6, top), but did not
display comparable potency against HK.3, HV.1, JN.1 and
KP.2, indicating their differences in binding epitopes.
These results explained the molecular mechanism un-
derlying ultrapotent class I bNAbs with fitness for breadth
across a broad range of SARS-CoV-2 variants.

ZCP3B4, ZCP4C9 and ZCP4D5-1 had better breadth
and potency than recently isolated IGHV3-53/3–66 class
I NAbs (e.g., P5S–2B10, P5S–1H154 and S728-115763)
due to distinct binding epitopes (Supplementary
Figure S20A). We characterized their genetic features
compared to 103 CoV-AbDab57 NAbs against Omicron
www.thelancet.com Vol 108 October, 2024
variants. Consistent with previous discoveries, the
CDR-H3 lengths of ZCP3B4, ZCP4C9 and ZCP4D5-1
were relatively short and remained similar to pub-
lished IGHV3-53/3–66 antibodies (Supplementary
Figure S20B, left). Moreover, IGHV3-53/3–66 anti-
bodies generally have limited mutations on HC.60 The
geometric mean value of mutations was 8.5 for pub-
lished NAbs, which were anti-BA.1 but escaped by XBB
(n = 81). This value was slightly lower than 9.2 for
published bnAbs, which remained cross-reactive to both
BA.1 and XBB (n = 22) (Supplementary Figure S20B,
right). In contrast, the geometric mean value of muta-
tions among our IGHV3-53/3–66 antibodies was 13.9,
which was significantly higher than those of previously
published NAbs or bnAbs. Mutations accumulated by
ZCP3B4, ZCP4C9 and ZCP4D5-1 were 12, 18 and 14,
respectively. Although mutations such as A24V, G26E,
F27I/L/V, T28I, S31R, S35N, V50I, I51M, S53P, S56T
and Y58F have been found in previous IGHV3-53/3–66
antibodies60 (Supplementary Figure S20C) and single
germline-reverted substitutions introduced in ZCP3B4,
ZCP4C9 and ZCP4D5-1 (except for V27F and F58Y) did
not significantly reduce their activity against XBB.1.5
(Supplementary Figure S20D), the combined mutations
probably conferred the enhanced neutralization potency
and breadth of our bnAbs.

The IGHV4-39/IGKV1-NL1-derived bnAb CUP2G3
adopted a previously unrecognized class I NAb binding
mode in which VL and VH targeted the ‘neck’ and ‘mesa’
of RBM,29 respectively (Fig. 4B, Spike-Fab side and
Supplementary Video S2). It buried a large RBD surface
area (VH: 692.7 Å

2; VL: 827.3 Å
2) using both CDR1-3 and

framework regions (FRs) (Fig. 4B, Epitope/BSA),
involving 32 RBD residues that completely overlapped
with ACE2 epitopes (Supplementary Table S6, top). As a
result, the breadth of CUP2G3 was attributed to its
expanded interaction with RBD for effective blocking of
ACE2 binding. The buried area of CUP2G3 accommo-
dated 15 SARS-CoV-2 mutation sites (RBD 403, 405,
417, 446, 452, 455, 456, 477, 484, 486, 493, 496, 498, 501
and 505), in which substitutions could impact the effi-
cacy of previously reported class I NAbs.9,10,22,27,64 How-
ever, most of these mutations except for F486S/P did
not diminish CUP2G3 neutralization (Fig. 3C), indi-
cating that this bnAb was able to tolerate mutations
within or close to epitopes. Due to this structural fitness,
CUP2G3 maintained IC50 values below 10 ng/mL
against most Omicron variants but with reduced po-
tency against the XBB and EG.5.1 sublineages.

Efficacy of ZCP3B4, ZCP4C9 and ZCP4D5-1 against
BA.5.2, BQ.1.1 and XBB.1.5
To determine the in vivo efficacy of ultrapotent ZCP3B4,
ZCP4C9 and ZCP4D5-1, we tested these bnAbs in
separate groups against live SARS-CoV-2 variants using
our well-established golden Syrian hamster model13

(Fig. 5A). One day prior to the viral challenge, bnAbs
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Fig. 4: Structural basis for class I bnAbs ZCP3B4, ZCP4C9, ZCP4D5-1 and CUP2G3. (A) Binding modes and footprints of ZCP3B4, ZCP4C9 and
ZCP4D5-1. Cryo-EM density maps of BA.5 spike trimers in complex with bnAb Fabs are shown in the side views. ‘Up’ RBDs of complexes are
colored in dark brown (ZCP3B4), purple (ZCP4C9) and light orange (ZCP4D5-1), whereas bnAb Fabs are colored in yellow. The cartoons
represent the structures of bnAb heavy chain and light chain variable regions (VH and VL) binding RBD (gray), viewed from the RBD inner face.
The receptor binding motif (RBM) is colored in light cyan. HCDRs and LCDRs of ZCP3B4 and ZCP4C9 involved in the interaction are shown in
the zoom-in figures. Epitopes of ZCP3B4 and ZCP4C9 and the buried surface area (BSA) of ZCP4D5-1 are shown in corresponding colors on the
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were administered intra-peritoneally (i.p.) at 4.5 mg/kg
in 3 groups of 15 hamsters (n = 5 per group), respec-
tively. The control group (n = 6) was pretreated with
PBS. Mixed viral challenge experiments have already
been used to demonstrate the distinct replication fitness
of co-circulating Omicron variants in animal models.65

We, therefore, sought to determine the protective po-
tency of our lead bnAbs in hamsters challenged intra-
nasally with 105 PFU of mixed BA.5.2, BQ.1.1 and
XBB.1.5 at a 1:1:1 ratio to mimic the co-infection. Post–
challenge, they were monitored for daily weight changes
and euthanized at day 4 to harvest lungs and nasal
turbinate (NT). XBB.1.5 had a competitive growth
advantage over BA.5.2 and BQ.1.1 in both lungs and NT
of hamsters without antibody pre-treatment (Fig. 5B),
but both BA.5.2 and BQ.1.1 were still detected at low
frequencies. The infection resulted in about 6% body
weight loss over time in the PBS group, and no signif-
icant decrease was observed for bnAb-pretreated ham-
sters (Fig. 5C). Critically, pre-treatment with either
ZCP3B4 or ZCP4C9 prevented the lung infection with
undetectable infectious PFU, while ZCP4D5-1 reduced
viral titers by more than 3 logs (Fig. 5D, left). In the
following lower-dose studies, ZCP3B4 given at 1.5 mg/
kg was equally effective (Supplementary Figure S21A
and C, left). Minimal lung lesions were observed by
histopathological analysis in hamsters pre-treated with
bNAbs. Control hamsters, however, developed severe
interstitial pneumonia with perivascular inflammatory
cell infiltration, diffuse alveolar damage, alveolar septa
thickness, edema of homogeneously pink materials and
some hemorrhage foci (Fig. 5E, top). In the NT, lower
infectious PFU were consistently observed in ZCP3B4-
and ZCP4C9-pretreated hamsters (Fig. 5D, right), but
tissue staining consistently revealed the substantial
infiltration of submucosal immune cells as well as
various amounts of damage to the respiratory and ol-
factory epithelium in each experimental group (Fig. 5E,
bottom). These results demonstrated that ZCP3B4 and
ZCP4C9 achieved significantly better protection than
ZCP4D5-1 in preventing BA.5.2, BQ.1.1 and XBB.1.5
infections especially in the lungs.

Considering that ZCP3B4 and ZCP4C9 were able to
reduce the amount of live infectious viruses in the NT
more significantly than ZCP4D5-1, we sought to deter-
mine whether the lead bnAbs could prevent SARS-CoV-
2 contact transmission. For this purpose, we designed
and conducted an experiment of preventing natural co-
RBD surface viewed from the inner and top faces. BA.5 mutation sites in
divided into ‘peak’, ‘neck’, ‘valley’ and ‘mesa’ subsections. The ACE2 bind
ZCP3B4 Fab) and 8K18 (BA.5 RBD-ZCP4C9 Fab). (B) Binding mode and
complex with CUP2G3 Fabs is shown in the side view. The ‘up’ RBD of co
the structure of CUP2G3 heavy chain and light chain variable regions (V
receptor binding motif (RBM) is colored in light cyan. The buried surface a
are viewed from the inner and top faces. BA.5 mutation sites involved in t
dotted lines.
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housing transmission (Fig. 6A). Two days prior to the
co-housing, index hamsters (n = 6) were inoculated
intranasally with 105 PFU of the same stock of variant
mixture containing BA.5.2, BQ.1.1 and XBB.1.5. Two
days later, the treated group (n = 6) was administered
intranasally with ZCP3B4 as a representative bnAb at
4.5 mg/kg, and the control group (n = 6) was treated by
PBS 8 h before being co-housed with index hamsters at a
2:1 ratio. After 4 h of co-housing, index hamsters were
euthanized immediately. Each ZCP3B4-treated and PBS-
treated hamster was then separated, housed in individual
cages, and euthanized at 4 dpi to harvest lungs and NT.
We found that infectious viral titers were higher in the
NT than in the lungs of control hamsters, modeling the
situation of acute cases post-viral transmission.45 Impor-
tantly, ZCP3B4 prevented viral contact transmission
without measurable live infectious virus in both lungs
and NT of 5/6 animals except for one that had a low PFU
number in NT (Fig. 6B), and even the lower doses (0.5 or
1.5 mg/kg) could achieve similar protection
(Supplementary Figure S21D and E). Histopathological
staining results of index and control hamsters showed
consistently severe lung lesions, as well as inflammatory
cell infiltration and damaged epithelium in the NT
(Fig. 6C). Abundant infected cells (NP+) were also found
in NT (Fig. 6D). Notably, less diffuse alveolar damage and
inflammatory cell infiltration in the lungs of control
hamsters were observed in this experiment than in the
prophylactic study. We assumed that the discrepancy was
likely due to the age difference because older hamsters
were used in the first experiment. As expected, both lung
and NT tissues derived from ZCP3B4-treated hamsters
were normal (Fig. 6C). In addition, no NP+ cells were
found in the entire NT tissue sections of 5/6 ZCP3B4-
treated hamsters (Fig. 6D). These results demonstrated
that ZCP3B4 could effectively prevent BA.5.2, BQ.1.1 and
XBB.1.5 infections via contact transmission.
Discussion
In this study, we isolated a total of 172 mAbs from con-
valescents after Omicron BA.2/BA.5 breakthrough in-
fections by single B cell cloning technique. We found that
10 out of 22 NAbs were bnAbs with cross-neutralizing
activities against major Omicron lineages including
BA.5, XBB, and BA.2.86. Among them, the lead ultra-
potent ZCP3B4 and ZCP4C9 were IGHV3-53/3–66 an-
tibodies and showed IC50 values less than 10 ng/mL.
volved in epitopes/BSA are also indicated. The RBM is topologically
ing site is outlined with dotted lines. PDB codes: 8K19 (BA.5 RBD-
footprint of CUP2G3. Cryo-EM density map of BA.5 spike trimer in
mplex is colored in purple and Fab is in pink. The cartoon represents

H and VL) binding RBD (gray), viewed from the RBD inner face. The
reas (BSA) buried by VH (light orange), VL (light blue) and both (pink)
he BSA are colored in orange. The ACE2 binding site is outlined with
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Fig. 5: Prophylactic efficacy of ZCP3B4, ZCP4C9 and ZCP4D5-1 against authentic Omicron BA.5.2, BQ.1.1 and XBB.1.5 in golden Syrian
hamsters. (A) Experimental schedule and color coding for different treatment groups. Four groups of female hamsters received a single
intraperitoneal injection of PBS (n = 6), 4.5 mg/kg of ZCP3B4 (n = 5), ZCP4C9 (n = 5) or ZCP4D5-1 (n = 5) one day before viral infection (−1
dpi). 24 h later (day 0), each group was challenged intranasally with a mixture of live Omicron BA.5.2, BQ.1.1 and XBB.1.5 (105 PFU/hamster).
All animals were sacrificed on day 4 for final analysis. (B) Proportion of viral RNA copies in lungs and nasal turbinate (NT) homogenates of each
group. The data is shown as mean ± SEM. (C) Daily body weight change of each group was measured after the viral infection. The data is shown
as mean ± SEM. (D) Live viral plaque assay was used to quantify the number of infectious viruses in lungs and NT of each group. Log10-
transformed plaque-forming unit (PFU) per mL was shown for each group. The dash line indicates the limit of detection. Each symbol rep-
resents an individual hamster with a line indicating the mean of each group. Statistics were generated using one-way ANOVA followed by
Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001, ****p < 0.0001; ns (not significant), p > 0.05. (E) Representative histopathology of
lung tissues and NT from pre-treated hamsters after viral challenge. Tissue sections were stained with hematoxylin and eosin (H&E). For PBS-
treated hamsters, the infection could cause lung damage with alveolar septa thickening (black arrow), extensive inflammatory cell accumulation
(blue arrow), homogeneously pink foci of edema (green arrow), and multifocal hemorrhage (red arrow). In NT, submucosal immune cell
accumulation (blue arrow) as well as damage to the respiratory and olfactory epithelium (black arrow) are also indicated. The resolution is
indicated by the scale bar.
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Fig. 6: Efficacy of ZCP3B4 in preventing authentic Omicron BA.5.2, BQ.1.1 and XBB.1.5 transmission in golden Syrian hamsters. (A)
Experimental schedule and color coding for different treatment groups. Index hamsters (male, n = 6) were challenged intranasally with a
mixture of live Omicron BA.5.2, BQ.1.1 and XBB.1.5 (105 PFU/hamster) two days prior to the co-housing (day 0). On 2 dpi, two groups of male
hamsters were administered intranasally with PBS (n = 6) or 4.5 mg/kg of ZCP3B4 (n = 6) 8 h before being co-housed with index hamsters at a
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Such ultrapotency and breadth have rarely been docu-
mented with NAbs cloned from the same family by
analyzing current literatures and the CoV-AbDab.57

Mechanistically, instead of targeting the cryptic and
conserved RBD epitopes like class IV bnAbs, these
ultrapotent neutralizers belonged to class I bnAbs by
structural analysis. They had undergone somatic hyper-
mutations with fitness to interact with the RBM and
avoid most documented mutations in Omicron sub-
lineages. This resulted in remarkable breadth and effec-
tive protection against contact transmission of live
BA.5.2, BQ.1.1 and XBB.1.5 strains.

Omicron breakthrough infection mainly induced
cross-reactive NAb responses primarily against both WT
and Omicron rather than Omicron-specific NAbs.7,50,51,66

Consistently, we found that 99.5% of newly identified
NAbs could cross-bind to WT and Omicron, which were
likely derived from memory B cells previously elicited by
vaccinations (Supplementary Figure S7). During the
breakthrough infection, NAbs often underwent matu-
ration driven by somatic hypermutations after Omicron
antigen exposure.61 In support of this notion, 66.7% of
RBD-targeted NAbs, including ultrapotent ZCP3B4,
ZCP4C9 and ZCP4D5-1, displayed better neutralization
efficacy against BA.1 than BA.1 with reversed mutations
(Fig. 3B, top). This process could potentially improve
their interaction with mutated sites. Notably, WT-based
vaccination alone was insufficient to induce such bnAbs
with fitness because our previous study demonstrated
that two doses of BNT162b2 vaccinations only induced
one potent class I NAb ZCB11 against BA.1 from the
same person.13 Surprisingly, after the BA.5 break-
through infection in this person, newly cloned ultra-
potent class I bnAbs were not further matured from
IGHV1-58/IGKV3-20 of ZCB11. Only 1 of the 166
newly isolated ZC mAbs namely ZCP3G6-2 was clonally
related58 to ZCB11, but they did not display significant
clonal expansion (Supplementary Figures S3 and S8B).
Instead, ZCP3B4, ZCP4C9 and ZCP4D5-1 were enco-
ded by IGHV3-53/IGHV3-66 paired with various
germline LC genes (Supplementary Table S4). These
results demonstrated that ultrapotent bnAbs ZCP3B4,
ZCP4C9 and ZCP4D5-1 encoded by IGHV3-53/3–66
likely possessed unique biochemical and structural
2:1 ratio. 4 h after the co-housing, index hamsters were sacrificed, wherea
day 4 for final analysis. (B) Live viral plaque assay was used to quantify
homogenates of each group. Log10-transformed plaque-forming unit (PFU
of detection. Each symbol represents an individual hamster with a line ind
way ANOVA followed by Tukey’s multiple comparisons test. **p < 0.01,
lung tissues and NT from index and pre-treated hamsters after the co-hou
For index and PBS-treated hamsters, the infection could cause lung dam
matory cell accumulation (blue arrow), homogeneously pink foci of ed
submucosal immune cell accumulation (blue arrow) as well as damage
indicated. The resolution is indicated by the scale bar. (D) Representative
after the co-housing. Viral nucleocapsid protein (NP) was stained in green
with DAPI. The scale bar represents 100 μm.
features that rendered them natural fitness in binding
and highly complementary in shape to the RBM of both
WT and Omicron variants.30

Currently, few existing NAbs exhibit similar ultra-
potency and breadth to our newly identified class I
bnAbs against presently circulating JN.1 and KP.2 sub-
lineages.23,27 The cryo-EM structural analysis revealed
the neutralization mechanisms of ZCP3B4, ZCP4C9,
ZCP4D5-1 and CUP2G3 (Fig. 4). These new bnAbs
consistently targeted the top RBM surface of the ‘up’
RBD like previously reported class I NAbs. This class of
antibodies included several ultrapotent NAbs against
previous VOCs.13 Their potency and breadth, however,
have reduced significantly attributed to K417 N/T,
E484 K/A, L455 F/S, F456L, N501Y and F486 V/S/P
mutations found in Omicron escape sublineages.9,12,27,67

Some studies, therefore, emphasized outer-face-
targeting antibodies categorized in class II/III as a
research focus for identifying ultrapotent bnAbs.29 We
and others reported that class II/III NAbs might exhibit
greater breadth,18,35,68 but few could neutralize BA.5
lineage and later dominant subvariants with ultra-
potency.20 The footprints of ZCP3B4 and ZCP4C9,
however, were almost retained throughout viral evolu-
tion and did not contain any convergent mutations and
the specific mutations found in predominant XBB,
EG.5.1 or BA.2.86 lineages22 (Supplementary Table S6,
bottom). These results demonstrated that ZCP3B4 and
ZCP4C9 have gained structural fitness to cross-
neutralize both WT and Omicron sublineages by
mainly targeting the conserved ‘Jing’ epitopes in RBD
and accommodating the mutation sites. Although RBDs
of the Omicron spike trimer prefer to maintain a stable
‘down’ state,18 competing with ACE2 for binding RBDs
in an ‘up’ state remains a major mode of action for
ultrapotent bnAbs as we demonstrated here.

The unique evolution of our ultrapotent bnAbs for
targeting RBM has not been well investigated. For
existing class I IGHV3-53/3-66 NAbs, such as P5S-
2B10, P5S-1H1 and S728-1157, it has been well-
documented that their binding to RBM relied signifi-
cantly on the hydrogen-bond network mediated by
32NY33 in CDR-H1 and 53SGGS56 in CDR-H2, com-
bined with the relatively short CDR-H3.56 Similarly, our
s PBS- and ZCP3B4-treated hamsters were separated and sacrificed on
the number of infectious viruses in lungs and nasal turbinate (NT)
) per mL was shown for each group. The dash line indicates the limit
icating the mean of each group. Statistics were generated using one-
***p < 0.001, ****p < 0.0001. (C) Representative histopathology of
sing. Tissue sections were stained with hematoxylin and eosin (H&E).
age with alveolar septa thickening (black arrow), extensive inflam-
ema (green arrow), and multifocal hemorrhage (red arrow). In NT,
to the respiratory and olfactory epithelium (black arrow) are also
images of infected cells in NT from index and pre-treated hamsters
by immunofluorescence staining and cell nuclei were stained in blue

www.thelancet.com Vol 108 October, 2024

http://www.thelancet.com


Articles
bnAbs did not develop long CDR-H3, but instead
accumulated higher levels of mutations during affinity
maturation (Supplementary Figure S20B). Identified
mutations were not unique among IGHV3-53/3-66
NAbs and independently had limited impact on the
neutralizing activity (Supplementary Figure S20D),
indicating that the breadth and ultrapotency of our
bnAbs were owing to the extent of somatic hyper-
mutations. To induce similar bnAbs for protection,
vaccine design may consider the expression of stable
RBDs of Omicron spike trimer in ‘up’ conformation for
reactivating the family of IGHV3-53/3–66 antibody clo-
notypes. To control the RBD up/down equilibrium,
double or quadruple mutations could be introduced into
the spike subdomains.69 For CUP2G3, there were no prior
NAb structures for comparison as it was from a rarely
reported clonotype IGHV4-39/IGKV1-NL1 that accounted
for <0.08% as documented in CoV-AbDab for mAb rep-
ertories.57 Unlike typical class I NAbs, CUP2G3 primarily
relied on VL rather than VH to target the ‘peak’ and ‘neck’
of RBM,29 extensively overlapping with the major ACE2
epitopes (RBD 417-493)70 (Fig. 4B). Its distinct binding
angle to RBD allowed both CDRs and FR to bury surface
area mainly through germline-encoded residues
(Supplementary Figure S20C). Since CUP2G3-like bnAbs
have been rarely isolated from convalescent individuals,
their implications for the rational design of vaccines
remain to be investigated.

Sequentially emerged Omicron BA.1, BA.2 and
BA.5, which have resulted in multiple widespread waves
of SARS-CoV-2 infections in the world, exhibit great
transmissibility in the upper airway.65 Our study
continued to prove the in vivo replication advantage of
later subvariant XBB.1.5 over BA.5 and BQ.1.1 (Fig. 5B),
which may be associated with its enhanced trans-
missibility. The co-circulation of such highly trans-
missible strains outcompeted the development of
clinical bnAb-based therapy to treat SARS-CoV-2 infec-
tion or co-infection, and most antibody drugs are no
longer useful because of their reduced efficacy against
recent Omicron escape mutants. For example,
Bebtelovimab (LY-CoV1404) significantly lost cross-
neutralizing activity against highly transmissible
variants BQ.1.1 and XBB.1.520 (Fig. 1C). Since no ther-
apeutic mAb is currently authorized for clinical use,
significant concerns arise, particularly for immuno-
compromised individuals who fail to develop the anti-
bodies needed for protection after vaccinations. The
finding of several ultrapotent bnAbs in this study has
shed light not only on understanding the fitness of
memory B cells in response to vaccine breakthrough
infections, but also on discovering promising antibody
drug candidates. These bnAbs overcame the immune
escape of major Omicron subvariants circulating in the
past 2.5 years, indicating their potential against future
VOIs. Furthermore, we demonstrated that ultrapotent
bnAbs consistently displayed in vivo efficacy in reducing
www.thelancet.com Vol 108 October, 2024
lung infection and damage against intranasal challenge
by using BA.5, BQ.1.1 and XBB.1.5 in the hamster
model (Fig. 5D and E). Since few existing NAbs show
similar in vivo efficacy in preventing nasal infection and
contact transmission against BA.5, BQ.1.1 and
XBB.1.5,13,71,72 our bnAbs have the potential to be
developed for future clinical use in treating immuno-
compromised patients and in healthcare facilities where
the pre-exposure prophylaxis or post-exposure treatment
is required. Finally, our understanding of bnAbs struc-
tural insights and the antibody–antigen interaction will
help vaccine design and antibody engineering for
enhanced potency and breadth.
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