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GRAPHICAL ABSTRACT

HIGHLIGHTS

d A newly isolated human neutralizing monoclonal antibody 39 (mAb-39) can neutralize SARS-CoV-2 and its variants.

d mAb-39 improves the activity of anti-receptor-binding domain (anti-RBD) antibody against Omicron variants.

d mAb-39 binds to a conserved epitope within the upstream region of the heptad repeat 2 (HR2) motif of Omicron spike
protein.

ces the capacity of spike protein-induced membrane fusion.
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ABSTRACT

The continuous emergence of new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants means
there is a need to explore additional strategies to develop broad-spectrum vaccines or therapeutics for individuals re-
maining at risk of coronavirus disease 2019 (COVID-19). Neutralizing monoclonal antibody (mAb) that binds to the
conserved S2 subunit of the SARS-CoV-2 spike (S) protein alone, or in combination with mAb that binds to the recep-
tor-binding domain (RBD) of S protein, might be effective in eliciting protection from infection by a variety of SARS-CoV-
2 variants. Using high-throughput single-cell immunoglobulin sequencing of B cells from COVID-19-convalescent do-
nors, we identified a high-affinity S2-specific mAb-39, that could inhibit original SARS-CoV-2 strain, Omicron BA.1,
BA.2.86, BA.4, BA.5, and EG.5.1 S protein-mediated membrane fusion, leading to the neutralization of these pseudoviral
infections. Moreover, mAb-39 could also improve the neutralizing activity of anti-RBD antibody against the highly
neutralization-resistant Omicron variants. Molecular docking and point mutation analyses revealed that mAb-39 recog-
nized epitopes within the conserved upstream region of the heptad repeat 2 (HR2) motif of the S2 subunit. Collectively,
these findings demonstrate that targeting the conserved upstream region of the HR2motif (e.g., usingmAbs) provides a
novel strategy for preventing the infection of SARS-CoV-2 and its variants.

KEYWORDS coronavirus disease 2019 (COVID-19); severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
Omicron variants; monoclonal antibody; upstream region of heptad repeat 2 (HR2); immunoglobulin repertoire
sequencing
INTRODUCTION
Human coronaviruses (CoVs) are a family of enveloped, posi-
tive-sense, single-stranded RNA viruses that typically cause
mild respiratory tract infections in humans [1]. However, out-
breaks of infections of severe acute respiratory syndrome coro-
navirus (SARS-CoV),Middle East respiratory syndrome corona-
virus (MERS-CoV), and more recently, SARS-CoV-2 have
caused serious epidemics [2–4] and the deaths of millions of
people [5–7]. Considering that continuous contact between hu-
mans and intermediate hosts and the highmutation rate of RNA
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Figure 1. Characterization of the unique immunoglobulin clones for COVID-19 patients
(A) Percentage of B cells reactive to spike (S) protein or its S1 subunit (S1) in peripheral blood mononuclear cells (PBMCs) from convalescent
COVID-19 patients (P1, P2, P3, P4, P5) who were infected with SARS-CoV-2 wild-type (WT) viruses was determined by FACS. (B–E) Immu-
noglobulin V(D)J gene of S or S1-reactive (S-reactive) versus non-S or S1-reactive (Non-S-reactive) B cells isolated from the convalescent
COVID-19 patients were sequenced. (B) V and J gene usage of immunoglobulin in each of sequenced samples. The width of the band con-
necting the V and J gene families represents the frequency of the specific combination. (C) Diversity of antibody heavy and light chains in
sequenced samples, as determined by Simpson’s index. (D) Percentage of nucleotide (nt) mutations from the germline in the variable region of

(legend continued on next page)
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viruses cause enhanced viral infectivity and immune-escape
potential, currently circulating SARS-CoV-2 Omicron variants
and potentially undiscovered CoVs represent threats to public
health [8–12], in particular to individuals who may not have
strong immune responses to the vaccine, such as elderly or
immunocompromised patients [13].
A key determinant in efficient animal-to-human and human-to-

human transmissions of SARS-CoV-2 is the spike (S) glycopro-
tein, which generally exists as a homotrimer and mediates virus
entry into host cells [14,15], making it the primary target of ther-
apeutics and vaccine development [16–18]. The S glycoprotein
comprises an N-terminal S1 subunit that mediates host-cell re-
ceptor recognition and a C-terminal S2 subunit that is required
for membrane fusion between the virus and the host cell [19].
The receptor-binding domain (RBD) in the S1 subunit is highly
immunogenic and a key player in the viral–cell interactionsmedi-
ated by angiotensin-converting enzyme 2 (ACE2) [12,20], and its
sequence shows high diversity among human CoVs; hence, the
most potent neutralizing antibodies (Abs) found in humans dur-
ing natural CoV infections are typically raised to epitopes over-
lapping the ACE2-binding site [21–25]. With the rapid spread
of the SARS-CoV-2 virus since late in 2019, when it was first
identified, these epitopes have come under strong immune se-
lection pressure at the population level, leading to the selection
of SARS-CoV-2-neutralization-escape variants [8–10,26,27]. For
example, the Omicron variant BA.1 S protein, which has the
highest frequency of mutation among all variants of concern to
date, harbors approximately 30 amino acid (aa) mutations,
almost half of which are within the RBD [28]. These allow Omi-
cron to evade antibody neutralization by the sera of vaccinated
donors and to escape neutralization by most emergency-use
authorized (EUA) therapeutic monoclonal antibodies (mAbs)
[29–34]. By contrast, the S2 subunit, which consists of a fusion
peptide (FP), heptad repeat1 (HR1), central helix (CH) motif,
connector domain (CD), and heptad repeat 2 (HR2) [14], has a
much lower frequency of mutation than the S1 subunit and ex-
hibits a high degree of homology among human CoVs [35]. As
such, themore conserved epitopes within the S2 subunit should
be explored as additional targets for neutralizing mAbs that
could be used alone or in combination with anti-RBD mAbs to
treat patients infected with SARS-CoV-2 variants and other po-
tential human CoVs.
Indeed, a few mAbs that target the conserved stem helix

within the HR2 region of the S2 subunit elicit broad neutralizing
activity against SARS-CoV-2 variants and other human CoV2,
as reported recently [36–38]. However, whether targeting other
regions in the S2 subunit also has anti-viral activity remains
elusive. In this study, we conducted high-throughput, single-
cell V(D)J sequencing to characterize the S-protein-specific
immunoglobulin repertoires of convalescent COVID-19 pa-
tients. Based on this analysis, we identified a human-neutral-
antibody heavy and light chains in each sequenced sample. Asterisks (*
mutations in heavy chain variable regions from S-reactive B cells versu
Student’s t-test. (E) Distribution of heavy-chain complementary-dete
determining region 3 (LCDR3, lower) aa lengths in each sequenced
immunoglobulin heavy chains; IGK, immunoglobulin kappa chains; IGL
ratory syndrome coronavirus 2; P1&3, P1 and P3 samples that were po
izing antibody that targets an evolutionarily conversed up-
stream region of HR2 within the S2 subunit. We also
examined whether this mAb alone or in combination with anti-
RBD mAb can neutralize Omicron variants including those
that are resistant to most therapeutic mAbs.

RESULTS
Characterization of S-specific Immunoglobulin
Sequences in the Patients Infected with SARS-CoV-2
To identify S-specific antibodies, we first collected plasma and
peripheral blood mononuclear cells (PBMC) samples from five
Chinese convalescing patients infected with the SARS-CoV-2
wild-type (WT) strain. Enzyme-linked immunosorbent assay
(ELISA) revealed that plasma from each of the convalescent pa-
tients bound to the S-trimer, S1, RBD, and S2 of the WT strain
and the S-trimer of Omicron variant BA.1 (Table S1 and Figure
S1A). Plasma frompatients 1, 3, and5 hadahigher neutralization
capacity against pseudotyped WT or Omicron BA.1 virus than
plasma from patients 2 and 4, whichmight result from the higher
antibody titers in the plasma frompatients 1, 3, and 5 than that of
patients 2 and 4 (Figure S1B).
We then used fluorescence-activated cell sorting (FACS) to

isolate CD19+ B cells specifically reactive to the extracellular
domain (ECD) of the S protein (patients 4 and 5) or S1 protein
from the PBMCs of patients (patients 1, 2, and 3) (Figure S2).
The frequency of S-ECD-reactive B cells ranged from 8.16%
to 14.4%, while the frequency of S1-specific B cells ranged
from 0.93% to 1.56% (Figure 1A). We pooled the B cells that
bound to the S1 protein of patients 1 and 3 (1&3) due to low
cell numbers. Because SARS-CoV-2-uninfected individuals
might be exposed to other seasonally spreading human CoVs,
leading to the generation of antibodies against the S2 subunit
[35], we isolated CD19+ memory B cells that failed to bind to
S-ECD or S1 protein but were IgD-negative and CD27-positive
(non-S-reactive B cells) from the same convalescent patients
with COVID-19, instead of CD19+ B cells from healthy donors.
Immunoglobulin V(D)J genes were successfully sequenced for
46, 7595, and 14,722 S-reactive B cells from patients 1&3, 4,
and 5, and for 2456, 10,746, and 11,939 non-S-reactive B cells
from patients 3, 4, and 5, respectively. We further analyzed the
acquired immunoglobulin sequences for V and J gene usage, di-
versity, mutation frequency, and complementary-determining
region 3 (CDR3) aa length (PRJNA820499). We found that the
distribution of V in combination with J gene families was compa-
rable among different patients and between S-reactive and non-
S-reactive B cells, except for the immunoglobulin lambda light
chains, where different patients displayed variable preferences
for V and J gene usage. The V3-J4 combination was most
commonly used in the heavy chains (Figure 1B), which is consis-
tent with a previous study [39]. Moreover, the heavy chains, but
not the light chains, of the S-reactive antibody sequences
) indicate the statistical significance of differences in the percent of nt
s non-S-reactive B cells in each patient. *** denotes P < 0.001, using
rmining region 3 (HCDR3, upper) and light-chain complementary-
sample. Abbreviations: COVID-19, coronavirus disease 2019; IGH,
, immunoglobulin lambda chains; SARS-CoV-2, severe acute respi-
oled together.

Vol. 2 | Issue 3 | Mar. 2024 | 129



ARTICLE
showed lower diversity compared with the non-S-reactive anti-
bodies of B cells from the same patient, as indicated by the
Simpson’s index (Figure 1C), suggesting there was clonal
expansion of S-specific B cells in patients who were exposed
to the SARS-CoV-2 virus.
The somatic hypermutation (SHM) rates in both the heavy and

light chains of antibody sequenceswithin S-reactive B cellswere
also significantly lower than those in non-S-reactive B cells from
the same patient (Figure 1D), implying the existence of conver-
gent S-specific antibodies in patients with COVID-19.
Conversely, the average length of the heavy-chain CDR3
(HCDR3), but not light-chain CDR3 (LCDR3), was significantly
greater in S-reactive B cells compared with those in the non-
S-reactive B cells (P< 0.05, Table S2). Conceivably, the distribu-
tion of S-reactive B cell sequences in both patients 4 and 5 was
significantly biased toward longer HCDR3 but not LCDR3
compared with those of their non-S-reactive B cells (both P <
0.001, Figure 1E). Collectively, these observations suggest that
activated B cells undergo clonal expansion in response to
SARS-CoV-2 antigen exposure. This effect would lead to the
generation of antibodies with long HCDR3 sequences, including
convergent antibodies within patients.

Identification of an S2-specific Neutralizing mAb
Theaboveanalyses suggested the potential presenceof conver-
gent S-specific mAbs and a low diversity of S-reactive antibody
sequences among patients. Thus, to identify neutralizing mAbs,
we analyzed antibody sequences with an identical or similar
HCDR3 differing by no more than two aa among the patients
or that were present in more than one S-reactive B cell. Eleven
Figure 2. Binding activities of mAb-39 to S proteins of the WT and
(A) Binding activity of monoclonal antibody 39 (mAb-39) with increasing c
BA.5, and EG.5.1 trimeric S proteins (S-trimer), or S1, receptor-binding
ELISA. (B) Avidity and affinity measurements of mAb-39 binding to the S
BA.2.86, BA.4/BA.5, or EG.5.1 variants, as determined by biolayer inte
Abbreviation: ELISA, enzyme-linked immunosorbent assay.
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clonally expanded antibody sequences and four antibody se-
quences from lineages sharing similar HCDR3 aa sequences
for IgG1, along with three clones with identical HCDR3 aa se-
quences for non-IgG subtypes, were identified. We produced
15 IgG1 mAbs and then determined their S protein-binding ca-
pacity by ELISA. We found that 13 out of these 15 IgG1 mAbs
had detectable binding activity to the S-trimer protein of the
WT strain (Table S3). Notably, 2 of them derived from clonally
expanded B cells of patient 5, mAb-38 (HCDR3 length: 20 aa,
Table S3) and mAb-39 (HCDR3 length: 17 aa, Table S3), had
strong binding capacity to the WT S-trimer (Figures 2A and
S3, Table S3), while 4 mAbs within lineages sharing similar
HCDR3 aa sequence (HCDR3 length: 10–12 aa) exhibited low-
to-moderate binding capacity to the S-trimer protein (maximal
O.D. value = 1.474, Table S3).
Further, ELISA analyses revealed that mAb-38 could bind to

the non-RBD region within S1. However, mAb-39 bound to the
S2 of the WT S protein, making it capable of binding to the S-
trimer of Omicron BA.1, BA.2.86, BA.4, and BA.5 (BA.4 and
BA.5 are hereafter referred collectively to as BA.4/BA.5),
EG.5.1 (Figures 2A and S3). Biolayer interferometry analyses
demonstrated that the equilibrium dissociation constants (KD)
for mAb-39 binding to the S-trimer and S2 of WT, Omicron
BA.1, BA.2.86, BA.4/BA.5, and EG.5.1 were 5.55, 9.16, 0.18,
3.43, 1.13, and 0.33 nM, respectively (Figure 2B). More impor-
tantly, mAb-39 was able to inhibit WT pseudovirus infection
with calculated half-maximal inhibitory concentrations (IC50) of
2.00 mg/mL (Figure 3A). Despite the increased binding capacity
to the S-trimer of Omicron variants, mAb-39 had relatively
reduced neutralization activity against the Omicron BA.1 (IC50:
Omicron variants
oncentrations to the SARS-CoV-2WT, Omicron BA.1, BA.2.86, BA.4/
domain (RBD), S2 of the SARS-CoV-2 WT S protein as measured by
2 subunit of theWT strain, the S-trimer of theWT strain, Omicron BA.1,
rferometry. Equilibrium dissociation constants (KD) values are shown.



2.04 mg/mL), BA.2.86 (IC50: 6.34 mg/mL), BA.4/BA.5 (IC50: 3.68
mg/mL), and EG.5.1 (IC50: 13.43 mg/mL) pseudovirus (Figure
3A). A cell–cell fusion assay, established by coculturing
HEK293T-ACE2 cells with S-protein-expressing HEK293T cells
transduced with a vector encoding GFP, further confirmed that
mAb-39 at IC50 concentration, significantly inhibited membrane
fusion mediated by the S protein of the WT, Omicron BA.1,
BA.2.86, BA.4/BA.5, or EG.5.1 (Figure 3B). Taken together, these
data indicate that S2-specific mAbs with long HCDR3 derived
from clonally expanded B-cells in convalescent patients can
neutralize pseudotyped WT or Omicron variants.

The S2-specific mAb May Improve Anti-RBD mAb
Neutralization Activity Against Omicron Variants
We further examined the effect of mAb-39 in combination
with the anti-RBDmAb on neutralization of Omicron variants.
It appears that a commercially available neutralizing anti-
RBD mAb (clone #: AM359b) could efficiently neutralize the
WT and Omicron BA.1 pseudoviruses with IC50 of 0.19 and
0.59 mg/mL, respectively (Figure 4). However, its neutralizing
activity against BA.2.86, BA.4/BA.5, or EG.5.1 pseudovi-
ruses apparently was reduced, similar to most other anti-
RBD neutralizing mAbs [40]. Notably, mAb-39 in combination
with the anti-RBD mAb was more effective in neutralizing
BA.2.86, BA.4/BA.5, or EG.5.1 pseudoviruses than either
mAb-39 or the anti-RBD alone (Figure 4), indicating a combi-
nation of mAb-39 and the anti-RBDmAb had complementary
neutralizing activity.

The Specific aa Residues Located in the Upstream
Region of the HR2Motif Comprise the Binding Epitope of
the S2-specific Neutralizing mAb
To analyze the binding epitope of mAb-39 to the S protein, we
performed a computational docking analysis using the electron
microscopic structures of the Omicron BA.1 S-trimer with a res-
olution of 2.56 Å downloaded from the PDB (PDB code: 7WP9),
as such protein had highest binding affinity to mAb-39 (Figure
2B). The structure of mAb-39 was predicted using MODELLER
software. We found that the light and heavy chains appeared
to overlap, showed considerable interaction, and bound to the
same S-protein-binding pocket site (Figure 5A). Residues in
both the CDR and framework regions participated in binding to
the S2 subunit. For example, K1070, T1073, and N1095 of the
upstream region of HR2 formed hydrogen bonds with G40,
Q41, and A42 of the framework region of themAb-39 light chain,
while H1098 and F1100 in the same region formed hydrogen
bonds with Y113 and G115 within CDR3 and the adjacent
mAb-39 heavy chain region (Figures 5B and S4). In addition,
both Y1107 and P1109 of the upstream region of the HR2 motif
could also interact with Q116 and G117, which were located
close in the sequence to the CDR3 of the mAb-39 heavy chain
(Figures 5B and S4).
We further mutated the above residues that interacted with

mAb-39 by replacing each residue with alanine (Figure 5C). We
found thatmAb-39 had reducedbinding capacity to theOmicron
BA.1 S protein mutant with K1070A and T1073A (mutation-1,
DMFI: 5165) or N1095A, H1098A, and F1100A (mutation-2,
DMFI: 2035) relative to the Omicron S wild-type protein (WT,
DMFI: 7276) (Figure 5D–5E). More interestingly, mAb-39 did
not bind to the Omicron BA.1 S mutant protein with Y1107A
and P1109A (mutation-3, DMFI: 104) and had negligible binding
to S protein with all five aa residues mutated in both mutation 1
and mutation 2 (mutation 1&2, DMFI: 154), whereas mAb-38
bound to all mutants (Figure 5E). These data indicate that all
seven aa residues identified in Omicron BA.1 S protein
contribute to mAb-39 binding.

Point Mutation in the Binding Epitope of S2-specific
mAb-39 Reduced the Capacity of Omicron S Protein-
induced Membrane Fusion
To determine the possible role of the identified epitope in virus
infection,wealigned the sequenceof theupstream regionof the
HR2 motif and found that the SARS-CoV-2 and SARS-CoV re-
gions share 90% sequence identity, and both have the subdo-
main 3 (SD3) and a linker region upstreamof the HR2motif (Fig-
ure 6A). Moreover, none of mutations of the SARS-CoV-2
previous variants of concern, including Omicron subvariants
BA.1, BA.2, BA.3, BA.4, BA.5, their evolved sub-lineages, and
current variants of interest (e.g., EG.5.1 and BA.2.86), are
located on this particular epitope (Figure 6B) [41–45], indicating
this region is evolutionarily conserved.We further retrievedpub-
licly available cryo-electronmicroscopy (Cryo-EM) structures of
theS-trimer of SARS-CoV (6ACD), SARS-CoV-2WT (7E5R) and
Omicron BA.4/BA.5 (7YVP) from the protein data bank (PDB)
and constructed the surface models that were visualized using
UCSF Chimera X and PyMOL. Structure superimposition and
sequence mapping analyses revealed that the upstream region
of the HR2motif of these S-trimers, in particular the SD3 region
that covers the mAb-39-binding site, exhibits similar structural
conformation and orientation (Figure 6C–6D). Moreover, such
SD3 region of Omicron BA.1 and BA.4/BA.5 showed a larger
surface area than that of SARS-CoV-2 WT (Table S4), support-
ing the observation of the higher binding affinity of mAb-39 to
Omicron S-trimers relative to SARS-CoV-2 WT S-trimer. More
importantly, GFP-transduced HEK293T cells expressing any
of the above four mutations of the Omicron BA.1 S protein
had a largely reduced capacity to fuse with HEK293T-ACE2
cells (Figure 6C), indicating the important role of this conserved
upstream region of the HR2 motif in viral entry. Collectively,
thesedatademonstrated that the upstream regionofHR2might
serve as a target for COVID-19, andmAb-39may disrupt mem-
brane fusion, and thus inhibit SARS-CoV-2 cell entry, by binding
to this region of the S protein.

DISCUSSION
The approach of identifying conserved surface protein targets by
isolating mAbs from natural infections and utilizing their molecu-
lar information to guide immunogen design has greatly contrib-
uted to the development of therapeutics or vaccines targeting a
range of complex pathogen surfaces [46–49]. In this study, we
characterized the immunoglobulin repertoire specific for S-reac-
tive B cells in convalescent patients with COVID-19, which led to
the identification of the first human neutralizing mAbs that bind
to a conserved upstream region of the HR2 motif within the S2
subunit of the SARS-CoV-2 S protein [50]. The synthesized
mAb was able to neutralize the SARS-CoV-2 WT strain and
Vol. 2 | Issue 3 | Mar. 2024 | 131



Figure 3. Neutralization activities of mAb-39 against the infections of SARS-CoV-2 WT and Omicron variants pseudovirus
(A) Neutralization activity of mAbs against the SARS-CoV-2 pseudovirus of the WT, Omicron BA.1, BA2.86, BA.4/BA.5, and EG.5.1 strains. Data
represent the means ± standard error of mean (SEM) of three independent experiments. IC50: half-maximal inhibitory concentrations. (B) Repre-
sentative immunofluorescence images of HEK293T-ACE2 cells cocultured with green fluorescence protein (GFP)-positive cells transduced with
vectors encoding the S protein of the WT strain, Omicron BA.1, BA.2.86, BA.4/BA.5, and EG.5.1 variants with or without the indicated antibodies.

(legend continued on next page)
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Figure 4. Neutralization activity of anti-RBD mAb alone or in combination with mAb-39 against the SARS-CoV-2 WT and Omicron
variants
Neutralization activity of anti-RBD alone or in combination with mAb-39 (1 mg/mL) against the SARS-CoV-2 pseudovirus of the WT, Omicron
BA.1, BA.2.86, BA.4/BA.5, and EG.5.1 strains as indicated. Data represent the means ± SEM of three independent experiments. The dashed
line indicates 50% neutralizing activity, which was used to generate the IC50 values. Zilovertamab, specific for the receptor tyrosine kinase-like
orphan receptor 1 (ROR1), serves as a negative control (NC) mAb that does not target SARS-CoV-2. Abbreviation: NA, not applicable.
OmicronBA.1, BA.2.86, BA.4/BA.5, EG.5.1, andpotentially other
SARS-like CoVs.
Consistent with the results of a previous study [39], we found

that S-reactive B cells had a longer CDR3 sequence than non-S
The bar graph depicts the average sizes of GFP-positive cells after subtrac
HEK293T cells that were transfected with GFP only served as a negative
Scale bar: 100 mm * indicates P < 0.05; ** indicates P < 0.01; *** indicates
reactive B cells from COVID-19 patients. Interestingly,
compared to the heavy chains of non-S-reactive antibodies of
B cells, the heavy chain sequences of the S-reactive antibody
from the same patients showed lower diversity, an observation
ting the average sizes of HEK293T cells that expressedGFP only± SEM.
control (NC). Data are representative of three independent experiments.
P < 0.001, as determined by Student’s t-test.
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Figure 5. Identification of the S2-specific mAb-binding epitope
(A–B) Computational modeling of S-trimer (green) of the Omicron BA.1 variant complex with the light (red) and heavy (blue) chains of mAb-39.
(A) Structure of mAb-39 variable region including complementary-determining region 1, 2, and 3 (CDR-1, CDR-2, CDR-3, upper), and overview
of mAb-39 variable region in complex with the S-trimer of the Omicron BA.1 variant (lower). (B) Overview of S–trimer-binding epitope for mAb-
39, as predicted by computational docking analysis (left). A close–up interaction view of mAb-39 binding with S-trimer is shown in the upper
right panel. The aa residues in the variable light (VL) and heavy (VH) chains of mAb-39 bound to the S-trimer are shown in the lower right panels.
(C) Schematic representation of extracellular domain of the wild-type (WT) or mutated S proteins of the Omicron BA.1 strain. Major domains are
highlighted as colored boxes, with the start and end positions labeled. The arrow indicates the proteinase cleavage site. The lower panel shows
the sequence of constructs harboring different mutations in the upstream region of the HR2motif, which are highlighted in red. (D) Immunoblot
analysis of the S protein or mutated forms from HEK293T cells transduced with empty vector or vectors encoding the S protein of Omicron
BA.1 variant or its mutated forms. GAPDH served as a loading control. (E) Histograms depicting fluorescence of HEK293T cells transduced

(legend continued on next page)
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Figure 6. The epitope identified within the upstream region of the HR2 motif is necessary for Omicron membrane fusion
(A) Sequence alignment of the upstream region of the HR2motif of SARS-CoV and SARS-CoV-2 S proteins. The identified binding site of mAb-
39 is highlighted in red. (B) Schematic representation of mutations of S2 proteins from current variants of interest, previous variants of concern,
and descendent lineages of Omicron variants. (C) Cryo-electron microscopy (Cryo-EM) structure surface view of the S-trimer of SARS-CoV,
SARS-CoV-2 WT, Omicron BA.1, and BA.4/BA.5. SD3 region (residues 1069–1119) exposed area for mAb-39 binding was highlighted in pink
magenta. (D) The superimposed surface view of the SD3 region in the SARS-CoV and SARS-CoV-2 WT (upper) and the SARS-CoV-2 WT,
Omicron BA.1 and BA.4/BA.5 (lower). (E) Representative immunofluorescence images of HEK293T-ACE2 cells cocultured with GFP-positive
cells transduced with empty vectors or vectors encoding WT or mutated forms of the S protein of the Omicron BA.1 variant. The bar graph
depicts the average size of GFP-positive cells after subtracting the average size of HEK293T cells expressing GFP only (NC) ± SEM. Scale bar:
100 mm *P < 0.05; **P < 0.01; ***P < 0.001, as determined by Dunnett’s multiple comparison test.

with empty vector (Control) or vectors encoding the S protein of Omicron BA.1 variant or its mutated forms stained with mAb-38 and mAb-39
(open histograms) or control mAb (shaded histogram). Numbers on the upper right corner indicate the DMFI that was obtained by subtracting
the mean fluorescence intensity (MFI) of control mAb staining from the MFI of mAb-38 or mAb-39 staining.

Vol. 2 | Issue 3 | Mar. 2024 | 135



ARTICLE
supported by a prior study showing that immunoglobulin diver-
sity was significantly reduced in COVID-19 patients compared
with healthy donors [51]. These findings suggest that there is
specific B-cell clonal expansion and the generation of anti-
bodies with a long CDR3 sequence in response to SARS-
CoV-2 antigen exposure, including S protein exposure. Howev-
er, we found that the SHM rates in antibody sequences derived
from S-reactive B cells were significantly lower than those in
non-S-reactive B cells from the same patient, which is a
different result than that obtained in previous analyses of sorted
S-reactive B cells from convalescent patients and healthy do-
nors demonstrating that natural SARS-CoV-2 infection elicits
high levels of SHM in memory B cells [39]. This discrepancy
might be due to interference from pre-existing S2 antibodies
with cross-reactivity in healthy donors [35], warranting the
possible development of a convergent, naturally existing S2
antibody from SARS-CoV-2-uninfected and -infected
individuals.
The formulation of most of the current therapeutic antibodies

used for treating patients with COVID-19 has focused on the
poorly conserved RBD domain of the S1 subunit [52]. Although
a few S2-specific mAbs identified to date have also exhibited
neutralization activity, the specific binding regions of most
were not characterized, except for a few neutralizing mAbs tar-
geting the conserved stem helix within the HR2 region of the S2
subunit of SARS-CoV-2 [36–38,53,54]. S2-neutralizingmAb-39
specifically recognizes an upstream region of the HR2 motif,
given that the substitution of aa residues with alanine
completely abolished the binding capacity of mAb-39 to the S
protein.Moreover, none of themutations of SARS-CoV-2 previ-
ous variants of concern and current variants of interest,
including Omicron variants, occur within this particular epitope
[40,41], which is why mAb-39 exhibits broad neutralization ac-
tivity against Omicron variants. However, compared with
SARS-CoV-2 WT, Omicron variants (e.g., EG.5.1) have a
reduced fusogenicity [55,56], which might account for the rela-
tively decreased neutralization activity of mAb-39 against Omi-
cron variants.
The upstream region of the HR2 motif might serve as a target

for broad-spectrum vaccine and drug development for SARS-
like CoVs, given that this region exhibits high homology between
SARS-CoV-2 and SARS-CoV. According to previous post-
fusion structural analyses on the SARS-CoV S protein, the
SD3 region might be involved in retaining protein structures
upon cleavage of S1/S2. Then, the linker region upstream of
the HR2 motif is released and can extend along the axis of the
stem helix to form a six-helix bundle, which mediates fusion be-
tween the viral and host membranes [57]. Mutations at aa resi-
dues K1070, T1073, N1095, H1098, and F1100 or Y1107 and
P1109 located in the SD3 region (aa: 1069–1119) of the Omicron
BA.1Sprotein abolishedSprotein-induced fusion, indicating the
essential role of the upstream region of the HR2 motif in the
fusion process. Therefore, binding of mAb-39 to this region
might destabilize the S2 subunit structure, prevent the linker
loop from binding along the CH, and subsequently block the as-
sociation between the HR2 motif and the HR1 helices in the late
stages of membrane fusion. Consistent with this hypothesis, a
mAb targeting the HR2 upstream linker region of SARS-CoV
136 | Vol. 2 | Issue 3 | Mar. 2024
conferred cross-protection against viral entry mediated by the
S proteins of human, civet, and bat SARS-CoVs [58,59], sug-
gesting that targeting the upstream region of the HR2 motif
might prevent infection by SARS-like CoVs.
Antibody cocktails are effective in preventing the neutralization

escape of highly mutated SARS-CoV-2 variants by targeting
multiple viral epitopes [60]. FDA-proved EUA antibody cocktails
were twomAbs that binddistinct andnon-overlapping regions of
the RBD and thus can simultaneously bind to RBD and block
RBD function [61]. We found that a combination of two mAbs
distinctively targeting RBD and S2 that are responsible for two
different critical steps of viral entry: viral binding and viral fusion,
respectively, also could have enhanced neutralizing activity
against SARS-CoV-2 variants such as Omicron BA.2.86, BA.4/
BA.5, or EG.5.1, the variants that exhibit neutralization escape
from COVID-19-vaccinated serum [45,62,63]. We speculate
that S2-specific neutralizing mAbs (e.g., mAb-39) could be
added to antibody cocktail therapeutics to treat COVID-19, to
improve therapeutic efficacy, and to avoid viral escape from
the mAbs.
Overall, this study revealed that the conserved upstream re-

gion of the HR2motif within the S2 subunit might serve as a po-
tential target for patients with COVID-19, and S2-specific mAb-
39 alone or in combination with anti-RBD mAb could elicit pro-
tection from infection of SARS-CoV-2WT andOmicron variants.
As the identification of the novel neutralizing sites could lead to
the development of efficacious vaccines based on peptide
mimics of the epitopes, subunit vaccine candidates derived
from the conserved neutralizing epitopes identified in this study
and/or other studies [36,38], could be designed and tested in an-
imal models for potential usage in the prevention of SARS-like
CoV infection.

MATERIALS AND METHODS
Human Participants
This study was performed in compliance with the Declaration of
Helsinki and approved by the Ethics Committee of Shenzhen
University, China. Peripheral blood was drawn from five conva-
lescent patients following infection with COVID-19 who were
discharged from Shenzhen Third People’s Hospital. All partici-
pants provided signed informed consent. Plasmawas separated
from peripheral blood, and PBMCs were isolated by density-
gradient centrifugation with Lymphoprep (Stemcell, Vancouver,
Canada) in 50 mL Sepmate tubes (Stemcell, Vancouver,
Canada).

Flow Cytometry Analysis
To isolate S-reactive B cells, the ECD of S (Genscript, Jiangsu,
China) or S1 (in-house) protein of WT SARS-CoV-2 was conju-
gated to phycoerythrin (PE) using a PE/R-Phycoerythrin Conju-
gation Kit – Lightning-Link (Abcam, Cambridge, UK), according
to themanufacturer’s instructions. PBMCs isolated from each of
the convalescent patients were re-suspended in FACS buffer
(phosphate-buffered saline [PBS] containing 4% fetal bovine
serum [FBS]), then blocked with human Fc-block reagent (Bio-
Legend, California, USA) for 10 min prior to staining with S- or
S1-PE, phycoerythrin-cyanine7-conjugated anti-CD19 (Bio-
legend, California, USA), allophycocyanin-conjugated anti-
CD27 (Biolegend, California, USA), and fluorescein



isothiocyanate-conjugated anti-IgD (Biolegend, California, USA)
for 20 min on ice. Then, the cells were washed three times with
FACS buffer and stained with 7-aminoactinomycin D (7-AAD,
BD Biosciences, New Jersey, USA). Forward light scatter and
side-light scatter gating were used to exclude cell debris. Cells
that were 7AAD-positive were also excluded from viable cell
analysis. CD19-positive (CD19+) B cells that were reactive to
S1 or S were gated as S-reactive B cells. CD19+ cells that failed
to react with S1 or S but were IgD-negative and CD27-positive
were designated non-S-reactive memory B cells. Data were ac-
quired using a FACS Aria III flow cytometer (BD Biosciences,
New Jersey, USA).
HEK293T cells were purchased from the American Type Cul-

ture Collection (Manassas, Virginia, USA) and maintained free of
mycoplasma inDMEM (HyClone,Utah, USA) plus 10%FBS (Hy-
Clone, Utah, USA). To determine mAb-39-binding activity to S
proteins with different mutations, an empty expression vector
or vectors encodingWT ormutant forms of OmicronBA.1 S pro-
tein were transfected into HEK293T cells using Lipofectamine
3000 reagent (Thermo Fisher Scientific, Massachusetts, USA).
The cells were harvested 48 h post-transfection and stained
withmAb-39 for 45min on ice. The cells were thenwashed three
times with PBS before being incubated with Alexa Fluor 647-
labeled goat anti-human IgG (Thermo Fisher Scientific, Massa-
chusetts, USA) for 30min on ice. After being washed three times
with PBS, the cells were stained with propidium iodide to
exclude dead cells. Data were acquired using a flow cytometer
(Attune NxT, Thermo Fisher Scientific, Massachusetts, USA)
and analyzed using FlowJo 10.7.1.

Single-cell Sequencing and Immunoglobulin Repertoire
Analysis
Single-cell V(D)J libraries were prepared using the 10x Chro-
mium system following the instructions providedwith Chromium
Next GEM Single Cell V(D)J Reagent Kits v1.1 (10X Genomics,
California, USA). Briefly, sorted cells were loaded into a Chro-
mium Controller and mixed with Single Cell 50 Gel Beads to
generate barcoded droplets, followed by reverse transcription
and cDNA amplification. After a cleanup step, full-length immu-
noglobulin segments were enriched using the Single Cell V(D)J
Enrichment Kit for Human B Cells (10X Genomics, California,
USA). Enriched libraries were constructed using a Single Cell
50 Library Construction Kit and indexed, followed by sequencing
on an Illumina NovaSeq 6000. Raw data processing, including
quality control, V(D)J gene assembly and annotation, and clono-
type analysis, was performed usingCell Ranger (3.0.2). Themet-
rics of clonotypediversity and thedistribution of theCDR3 length
of the immunoglobulin repertoire were computed using the R
software package “immunarch” (https://immunarch.com). V
and J gene usage and their combination and germline mutation
distance analyses were generated using in-house scripts. The
sequencing data were deposited in the NCBI Sequence Read
Archive database (Accession ID: PRJNA820499).

Antibody Production
Variable regions of each pair of heavy and light chains were
cloned into expression vectors containing the human IgG1 con-
stant region and transfected into Chinese Hamster Ovary cells
(Gibco, Massachusetts, USA) using the ExpiCHO Expression
System (Gibco, Massachusetts, USA). Supernatants were har-
vested 7 days post-transfection and passed three times through
a column filled with protein A (Bestchrom Biosciences,
Shanghai, China). Bound antibodies were then eluted using
0.1 M glycine buffer (pH 3.0), collected in 1 M Tris–HCl buffer
(pH 8.0), and buffer-exchanged with PBS by ultrafiltration.

Enzyme-linked Immunosorbent Assay Screening for
Plasma and Antibodies
Polybrene ELISA plates were coated overnight with 2 mg/mL
SARS-CoV-2 the trimeric S (S-trimer) (Crystalo Biopharma,
Shenzhen, China); the S1, RBD (Oukai Biotechnology, Jiangsu,
China), or S2 (SinoBiological, Beijing, China) of the WT strain
(NCBI Reference Sequence: YP_009724390.1); S-trimer of the
Omicron BA.1 (Novoprotein, Jiangsu, China), BA.2.86, EG.5.1
or BA.4/BA.5 (SinoBiological, Beijing, China) dissolved in PBS.
After three washes with PBS containing 0.05% Tween 20
(PBST), the plates were blocked with 150 mL PBST containing
5% milk per well for 1.5 h at room temperature (RT). The plates
were then washed three times with PBST and incubated with
serially diluted antibodies or plasma from convalescent patients
with COVID-19 as indicated for 1 h and 45 min at RT. After three
washes with PBST, horseradish peroxidase (HRP)-conjugated
goat anti-human IgG (H + L) (Proteintech, Illinois, USA) was
added and incubated for 1 h 20 min at RT. After a final wash,
100 mL of 3,30,5,50-tetramethylbenzidine (4A Biotech, Beijing,
China) was added to serve as a substrate, as per the manufac-
turer’s recommendations. The absorbance at 450 nm was
measured using amicroplate reader. The datawere analyzed us-
ing GraphPad Prism 7.0.

Biolayer Interferometry Binding Assays
The binding affinities of mAb-38 and -39 with the S-trimer were
measured by biolayer interferometry on anOctet-Red 96 system
using streptavidin-coated biosensors (FortéBio, California,
USA). The following four-step sequential assay was then per-
formed at 25 �C. First, samples and buffer were added to 96-
well plates, and 10 mg/mL mAb-38 or -39 diluted with PBS
plus 0.02% Tween 20 was loaded onto Octec AHC-biosensors
(Sartorius, Göttingen, Germany). The AHC-coated biosensors
were then dipped into PBS with 0.02% Tween 20 for 150 s to
reach the baseline conditions, before being incubated with 2-
fold serially diluted antigens in PBSwith 0.02%Tween-20 for as-
sociation and PBS with 0.02% Tween 20 only for dissociation.
The data were analyzed with FortéBio Data Analysis software,
and a 1:1 binding model was used.

Pseudovirus Neutralization
Pseudoviruses were produced by co-transfecting plasmids en-
coding the SARS-CoV-2 S protein of either the WT strain
(NCBI Reference Sequence: YP_009724390.1), Omicron BA.1
(IGe Biotechnology, Guangdong, China) with a reporter vector
encoding luciferase, as well as RSV-REV and pMDL g/p RRE
vectors, intoHEK293T cells using a calciumphosphate transfec-
tion kit (Invitrogen, Massachusetts, USA) according to the
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manufacturer’s instructions. Supernatants containing viruses
were harvested at 48 h and 72 h post-transfection. Pseudovi-
ruses of BA.2.86, BA.4/BA.5, and EG.5.1 variants were pur-
chased from Genomeditech, Shanghai, China.
To perform the pseudovirus neutralization assay, pLVX-

hACE2 constructs were purchased from Hedgehog BioScience
and Technology (Shanghai, China) and transfected into
HEK293T cells to generate cells that stably expressed the hu-
man ACE2 receptor (HEK293T-ACE2). Then, the HEK293T-
ACE2 cells were seeded into 96-well plates at a density of
12,000 cells per well and cultured overnight at 37 �C. Pseudovi-
ruses with or without serially diluted antibodies or plasma were
incubated for 1 h at 37 �C before being added to the wells. At
24 h post-infection, the supernatants were removed, and the
cells were washed with PBS. The luciferase activity in each
well was measured using a luciferase assay system (Promega,
Wisconsin, USA), according to the manufacturer’s instructions.
The values were plotted by fitting to a nonlinear regression
model, and the 50% neutralization dose was calculated using
GraphPad Prism 7. Zilovertamab (formerly called cirmtuzumab)
specific for the receptor tyrosine kinase-like orphan receptor 1
(ROR1) serves as a negative control (NC) mAb that does not
target SARS-CoV-2 [64].

Cell–cell Fusion Assay
HEK293T-ACE2 cells were seeded at 10,000 cells per well into a
96-well plate. HEK293T cells were transfectedwith plasmids en-
coding the S protein of the WT strain, Omicron BA.1, BA.2.86,
EG.5.1, BA.4/BA.5, or mutated forms of Omicron BA.1 S protein
together with plasmids encoding a green fluorescent protein
(GFP) using Lipofectamine 3000 reagent. HEK293T cells that
were transfected with GFP only served as a negative control
(NC). Cells that were transfected with constructs encoding
different S protein sequences were harvested and incubated
with HEK293T-ACE2 cells for 8 h with or without pre-incubation
with indicated antibodies for 1 h at 37 �C. Fluorescent images
were captured under a fluorescent microscope (Olympus,
Tokyo, Japan) and processed using ImageJ software. The
average size of GFP-positive cells was calculated, followed by
subtracting the average size of HEK-293T cells transfected
with GFP only.

In Silico Structural Modeling and Docking Analysis
An ERRAT score [65], VERIFY 3D [66], and Ramachandran plots
[67] were used to validate the mAb-39 structure, which was
modeled using MODELLER software [68] and validated using
SAVES software (http://nihserver.mbi.ucla.edu/SAVES). Then,
the Cryo-EM structures of the S-trimer protein of SARS-CoV
(6ACD), SARS-CoV-2 WT (7E5R), Omicron BA.1 (7WP9), and
Omicron BA.4/5 (7YVP), were retrieved from the PDB. The sur-
face models were constructed and visualized using UCSF Chi-
meraX (www.rbvi.ucsf.edu/chimerax) and PyMOL (http://www.
pymol.org). The PyMOL command line was utilized to calculate
the entire surface area of the S-trimer and the specific surface
area of the SD3 region (residues 1069–1119).
The hydrogen-dock server (http://hdock.phys.hust.edu.cn/)

was used to performmolecular docking analysis of the antibody
and Omicron BA.1 S-trimer after eliminating superfluous chains
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of ligand molecules and reducing energy. S-trimer protein–
antibody complexes with the best docking scores and energy
values were considered. PyMOL was used to conduct further
interaction analysis of the protein–antibody interactions. All
docking complexes showed hydrogen-bonding (acceptor,
donor) and hydrophobic interactions with the receptor residue.

Immunoblot Analysis
Cells were lysed in radioimmunoprecipitation assay buffer (Ap-
plygen, Beijing, China) containing a protease and phosphatase
inhibitor cocktail for 30 min on ice. The protein lysates were
resolved by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membranes.
After blocking with 5% non-fat milk, the membranes were incu-
batedwithmouse anti-S (NanJing LivingchipBiotechnologyCo.,
Ltd, Jiangsu,China) andanti-GAPDH (Proteintech, Hubei, China)
antibodies overnight at 4 �C. The membranes were then incu-
bated with HRP-conjugated anti-mouse IgG antibody (Cell
Signaling Technology, Massachusetts, USA) and detected with
ECL reagent (Millipore, Massachusetts, USA). Protein bands
were visualized using a Tanon-5200 Automatic Chemilumines-
cence Imaging Analysis System (Tanon, Shanghai, China).

Statistical Analysis
Statistical significance between two groups was determined via
Student’s t-test and differences among multiple groups were
determined by Dunnett’s multiple comparison tests using
GraphPad Prism 7. The two-sample Kolmogorov–Smirnov test
was used to compare CDR3 distributions between S-reactive
and non-S-reactive immunoglobulin sequences by SPSSStatis-
tics software (version 25). P values < 0.05 were considered sta-
tistically significant.

ETHICS APPROVAL
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The single-cell immunorepertoire sequencing data were depos-
ited in the NCBI sequence Read Archive database (Accession
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