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ABSTRACT
The devastating economic and public health consequences caused by the COVID-19 pandemic have prompted
outstanding efforts from the scientific community and pharmaceutical companies to develop antibody-based
therapeutics against SARS-CoV-2. Those efforts are encouraging and fruitful. An unprecedentedly large number of
monoclonal antibodies (mAbs) targeting a large spectrum of epitopes on the spike protein has been developed in
the last two years. The development of structural biology, especially the cryo-EM technology, provides structural
insights into the molecular neutralizing mechanisms of those mAbs. Moreover, neutralizing antibodies are essential in
protecting host from infection. Therefore, understanding the antibody neutralizing mechanism is critical for
optimizing effective antibody-based therapeutics and developing next-generation pan-coronavirus vaccines. This
review summarizes the latest understanding of antibody neutralizing mechanisms against SARS-CoV-2 at the
molecular and structural levels.
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Introduction

Since COVID-19 emergence, various SARS-CoV-2
vaccines have been developed at an unprecedented
speed, and several have been approved for the general
public or emergence use [1-8]. It is demonstrated that
neutralizing antibody levels in vaccine recipients posi-
tively correlateswith vaccine protection efficacy against
symptomatic COVID-19 [9]. In the meantime, many
neutralizing antibodies have been isolated and devel-
oped as therapeutic drugs [8,10-17]. Those antibodies
with well-characterized binding modes exhibited var-
ied SARS-CoV-2 neutralization potency with median
inhibitory concentration (IC50) values ranging from
>10 μg /ml to < 0.001 μg /ml. As ofMay 2022, 11mono-
clonal antibody (mAb) drugs have received the Emer-
gency Use Authorization (EUA). However, the
continued emergence of SARS-CoV-2 variants with
marked immune escape is becoming the next major
challenge in the fight against the global pandemic
[18,19]. Thus, it is timely to review SARS-CoV-2 anti-
body neutralizingmechanisms to inform the next-gen-
eration development of antibody and vaccine
pharmaceuticals with strong resistance to SARS-CoV-
2 immune escape. The benefits of that review will
include (1) gaining a deep understanding of anti-
body-based therapeutics for COVID-19 and other
infectious diseases, especially those caused by

respiratory viruses; (2) understanding how current
COVID-19 vaccines afford immunological protection
for humans; (3) informing further therapeutic antibody
development and guiding the use of available COVID-
19 antibodies worldwide; and (4) optimizing current
vaccine design strategies and guiding universal vaccine
development to fight against emerging SARS-CoV-2
variants.

SARS-CoV-2 neutralizing antibodies are derived
from COVID-19 convalescent patients, phage display,
naïve libraries, or other strategies [20]. The neutralizing
antibodies can be classified into three sets targeting the
receptor-binding domain (RBD), the N-terminal
domain (NTD), or S2 subunit of SARS-CoV-2 spike
(S) glycoprotein [20,21] (Figure 2A). RBD-directed
neutralizing antibodies can be further divided into six
groups (groupA-F) [22,23]. GroupAneutralizing anti-
bodies are mainly encoded by IGHV3-53 and IGHV3-
66 germline genes. One representative antibody is CB6
that has obtained emergency use authorization. Group
B neutralizing antibodies are frequently encoded by
IGHV1-58. Those antibodies such as AZD8895 usually
bind to the left shoulder of the RBD (Figure 2B). The
neutralizing antibodies encoded by IGHV1-2 and
IGHV1-69 are enriched in group C. They mostly
bind to the right shoulder of the RBD (Figure 2B). A
prominent member in this group is LY-CoV555.
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Group D neutralizing antibodies are derived from
diverse germline genes. Prominent RGEN10987 and
AZD1061 belong to this group. The epitopes of group
A-D neutralizing antibodies usually overlap with
RBD residues that are involved in binding to hACE2
(Figure 2B). SARS-CoV-2 S glycoproteins can undergo
a hinge-like movement to transition between “up” and
“down” conformations [24-26]. hACE2 can only
engage with RBD in the “up” conformation [27].
Most of group A and B neutralizing antibodies can
only recognize “up” RBD, whereas most of group C
and D neutralizing antibodies recognize both “up”

and “down” RBDs. Group E and F neutralizing anti-
bodies, represented by S309 and CR3022, respectively,
target outside the hACE2-binding site so that they
rarely compete with hACE2 [28] (Figure 2B). Based
on the neutralizing antibodies, we outline the following
five neutralizing mechanisms.

Blocking SARS-CoV-2 binding to hACE2 via
binding-site competition

In SARS-CoV-2 S glycoprotein, RBD within the S1
subunit is responsible for engaging with the host

Figure 1. Summary of SARS-CoV-2 antibody neutralizing mechanisms.

Figure 2. Neutralizing antibody-targeted regions in SARS-CoV-2 spike glycoprotein. (A) Overall crystal structure of monomeric
spike with RBD in the closed conformation (PDB: 6XR8) and (B) RBD surface torso analogy in left; representative antibody struc-
tures of RBD epitope group A (CB6, PDB: 7C01), B (AZD8897, PDB: 7L7E), C (LY-CoV555, PDB: 7KMG), D (REGN10987, PDB: 6XDG), E
(S309, PDB: 7R6X), and F (CR3022, PDB: 6XC7) in right.
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hACE2 and initiating virus infection [3,15,29]. In
RBD, the receptor-binding motif (RBM) is shown to
be immunodominant following SARS-CoV-2 infec-
tion or vaccine immunizations but also variable over
virus evolution [27,30]. Many mAbs that recognize
different epitopes fully or partially overlapping with
RBM have been developed. They exert potent neutra-
lizing activity against SARS-CoV-2 by blocking RBD
binding to hACE2 and preventing viral attachment
to host cells [31-34] (Figure 1). Group A-D neutraliz-
ing antibodies belong to RBM antibodies [22]. Among
the 11 mAbs EUA received, except S309, all the others
belong to RBM antibodies with excellent SARS-CoV-2
neutralizing potency. However, as mentioned above,
the RBM region is a hotspot for mutations as observed
in coronaviruses and SARS-CoV-2 variants [27,35-
37]. As a result, the majority of RBM antibodies
have a narrow neutralizing breadth among corona-
viruses, and many mutations within RBM that have
occurred in SARS-COV-2 variants of concern
(VOCs) such as E484K, K417N and E484N abrogated
the binding to RBD and thus enabled neutralization
escape from those antibodies [4,27,38-41]. However,
although relatively rare, several RBM mAbs, including
S2E12, A23-58.1, 87G7, and LY-CoV1404, which
exhibited both potent and broad neutralizing activities
against a diverse panel of SARS-CoV-2 variants, were
successfully screened out [31,42-44].

S2E12 and A23-58.1 are derived from the same
IGHV1-58 and IGKV 3–20 germlines, display high
sequence identity and have highly similar RBD-bind-
ing modes [31] (Figure 3A-B). Structural analysis
revealed that they bind parallel to the longest axis
of the hACE2 binding site and extensively pack
the hACE2-contact RBD F486 within a cavity
formed by aromatic residues at the antibody light-
heavy-chain interface, and mutation-prone residues
E484 and S477 are located at the epitope periphery
[31] (Figure 3A-B). Both antibodies can potently
neutralize Alpha, Beta, Gamma, and Delta, but not
Omicron, and showed a certain degree of neutraliz-
ation breadth [31]. 87G7 has the IGHV3-23 and
IGKV3-11 germline origins and also belongs to
F486-targeting antibodies [43] (Figure 3C). However,
87G7 has distinct binding features (Figure 3A-C). It
is oriented perpendicularly to the receptor-binding
ridge with a rotation of 122 degrees relative to
S2E12 and A23-58.1[43] (Figure 3A-C). 87G7 retains
potent neutralizing activity against all currently
known VOCs of SARS-CoV-2, including Omicron
BA.1 and BA.2 [43].

Like 87G7, LY-CoV1404 is another RBM-target-
ing antibody that can potently neutralize Omicron
(BA.1 and BA.2.) and other SARS-CoV-2 VOCs
[42]. Of note, the approved LY-CoV1404 is the
only effective mAb therapeutic option to combat
the current Omicron pandemic. Structure

determination revealed that LY-CoV1404 is a class
2 antibody, and its binding epitope is very similar
to REGN10987 [42] (Figure 3D-E). However, unlike
REGN10987 mainly utilizes its heavy chain to bind
to RBD, LY-CoV1404 engages the RBD through its
heavy and light chains [42,45] (Figure 3D-E).
Among RBD residues with which LY-CoV1404
interacts, only N439 and N501 are sensitive to
mutations that have arisen to date. Interestingly,
the N439K mutant nullified the activity of neutraliz-
ing REGN10987, whereas LY-CoV1404 retained full
neutralizing potency against a pseudovirus with the
N439K mutant, indicating that N439 does not play
a critical role in LY-CoV1404 binding to RBD [42].
Those data highlight that even within the evolutiona-
rily plastic RBM, some epitopes still enable robust-
ness of antibodies to viral escape.

Blocking SARS-CoV-2 binding to hACE2 via
steric hindrance

Because of binding-site competition, RBM antibodies
block SARS-CoV-2 binding to the hACE2 receptor
[36]. In contrast, some mAbs from group F anti-
bodies, which target a cryptic and conserved epitope
distinct from the hACE2-binding site [28], can com-
pete with the hACE2 receptor to engage SARS-CoV-
2 RBD because of a steric hindrance rather than
binding-site competition [45-47] (Figure 1). Struc-
ture investigation reveals that COVA1-16,
REGN10985, S2X35, S2A4, and S304 show steric
clashes with hACE2 to various extents upon binding
to RBD [46-48] (Figure 3F-G) and antibody neutral-
ization potencies positively correlates with the steric
hindrance extent [47], implying that blocking virus
binding to host receptor is a very effective or vital
mechanism for SARS-CoV-2 antibody neutralization.
For example, S304 shows weak steric hindrance with
hACE2 N322 glycan, whereas S2A4 has a substantial
steric clash with hACE2 and strongly hinder hACE2
binding [47] (Figure 3F-G). As a result, S2A4 is a
more potent neutralizer than S304 [47]. However,
it is notable that not all group F antibodies can
block binding to hACE2 by steric hindrance. For
example, CR3022 and hACE2 can simultaneously
engage SARS-CoV-2 RBD without any clashing
[49]. Other neutralizing mechanisms will be dis-
cussed in detail below.

S309, a group E antibody, targets an epitope that is
exposed in both “up” and “down” RBD and distal from
the RBM region, and it is expected to have access to all
three epitopes on the S trimer [50]. Neutralization
assays showed that S309 Fab displayed a marked
potency decrease in terms of maximal neutralization
plateau (80%) reached, as compared to IgGs (100%)
[50]. An Fc-silenced version of S309 (GH-S309-
N297A) has been shown to confer similar protection

2414 Q. Huang et al.



against SARS-CoV-2 infection in Syrian hamsters as
native S309 [51], suggesting that the neutralizing
activity of S309 is the primary protective mechanism.
In addition, S309 IgG effectively blocked the hACE2-
dependent entry of SARS-CoV-2 in the presence of
membrane lectins [51]. Thus, high-density S309 IgG
binding on virions may block SARS-CoV-2 binding
to host hACE2 via steric hindrance [10]. Similar to
S309, some NTD-specific mAbs including S2L28,
S2M28, S2X28, and S2X333 showed an increased neu-
tralization potency in the IgG formats than in their

Fab formats, indicating that the steric hindrance pro-
vided by Fc positioning may at least partly contribute
to their neutralizing activity [52].

Locking S into a closed prefusion
conformation

Some antibodies can lock all three RBDs of S into a
closed prefusion conformation and thus render S
unable to open to bind hACE2 [10,53,54] (Figure 1).
Antibodies that utilize this neutralizing mechanism

Figure 3. Structures of neutralizing antibody bound to SARS-CoV-2 RBD protein. Footprint of the RBD protein bound to the (A)
S2E12 antibody (PDB:7K45); (B) A23-58.1 antibody (PDB: 7LRS); (C) 87G7 antibody (PDB: 7R40); (D) LY-CoV1404 antibody (PDB:
7MMO); (E) REGN10987 antibody (PDB: 6XDG); (F) S304 antibody (PDB: 7JW0); and (G) S2A4 antibody (PDB: 7JVA). In (A), (B)
and (C), RBD residues E484 and S477 are indicated as blue, and residue F486 is indicated as red. In (D) and (E), RBD residue
N439 is indicated as red. In (F) and (G), the positioning of hACE2 (PDB: 7FDG) that is relative to the antibody Fab bound to the
RBD protein is indicated. hACE2 N-linked glycan at position N322 is indicated in (F). The black star indicates steric clashes in (G).
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can be further divided into several categories based on
different antibody domains utilized to lock RBDs into
“down” conformation as exemplified by studies with
C144, C548 and BG10-19 [28,55,56].

C144 is a public VH3-53-encoded long CDRH3
human mAb and belongs to class 2 antibodies [28].
Although the binding epitope would be accessible on
“up” RBDs, all C144-bound S trimers exhibit a unique
completely closed conformation with three “down”
RBDs [28]. Cryo-EM structure revealed that C144
inserts Phe-Trp at the tip of the long CDRH3 to a
hydrophobic patch near the N343-glycan base on the
adjacent RBD to bridge between adjacent “down”
RBDs (Figure 4A), and further stabilizes the S trimer
into a closed prefusion conformation [28]. C548 is a
human VH1-69-encoded class 2 antibody, which
encodes hydrophobic I53-F54 residues at the tip of
CDRH2. Similar to C144, those hydrophobic residues
target the hydrophobic patch on the adjacent RBD to
lock RBDs into “down” conformation [56]
(Figure 4B). In contrast, BG10-19 is a group E mAb
exhibiting strong neutralizing potency against both
SARS-CoV-2 and SARS-CoV. It binds a primary
RBD epitope outside the hACE2 receptor-binding

motif by CDRH1-3 and CDRL2 loops like S309 [55]
(Figure 4C). Notably, by positioning its CDRL1 loop
atop a neighbouring “down” RBD, BG10-19 can also
lock the S trimer into a closed prefusion conformation
[55] (Figure 4C). It should be noted that unlike the
bridging mode of C144 and C548, BG10-19 does not
target the above-mentioned hydrophobic patch on
the adjacent RBD (Figure 4A-C). In addition, VNAR-
2C02, a variable new antigen receptor from the
immune system of sharks, was reported to pin the
“down” RBD and adjacent NTD together to prevent
the RBD from adopting the “up” conformation [57]
(Figure 4D). These data demonstrated that antibodies
utilize distinct binding modes although sharing a con-
vergent neutralizing mechanism of locking RBDs into
the “down” position.

Facilitating S1 premature shedding

The binding of SARS-CoV-2 RBD to host hACE2
weakens the S1-S2 interface, likely by decreasing the
buried surface area at the interface, and further trig-
gers S1 shedding from S2 and irreversible refolding
of S2 into a post-fusion conformation, which provides

Figure 4. Distinct binding modes of the antibody-S complex lock S into “down” prefusion conformation. Close-up view of qua-
ternary epitope of the (A) C144 antibody (PDB:7K90); (B) C548 antibody (PDB: 7R8O); (C) BG10-19 antibody (PDB: 7M6E); and (D)
VNAR-2C02 antibody (PDB: 7SPP) involving bridging between adjacent promoters. In (A), (B), and (C), residue N343 in adjacent
RBD is indicated as blue, and the antibody critical residues or loop in binding to adjacent RBD are indicated as red.
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free energy for viral and host membrane fusion
[25,58]. For this process, an “up” RBD in S is necessary
[25]. Some mAbs can neutralize SARS-CoV-2 by simi-
larly triggering S1 premature shedding and thus ren-
dering S non-functional for viral entry (Figure 1).

A cluster of IGHV1-58/IGKV3-20 public anti-
bodies, including S2E12, 253, CV3-1, A23-58.1,
BD-836, 58G6, and CoV2-2196, have low levels of
somatic hypermutation with potent neutralizing
activity [44,53,59-65]. They are only accessible to
“up” RBDs in S, belong to group B antibodies, and
bind the RBD left shoulder with an identical angle
[59] (Figure 5A). For these antibodies, CDRH1-3
and CDRL1-3 participate in the long CDRH3-domi-
nated paratope (Figure 5A), and germline-encoded
residues mediate nearly all contacts with RBD.
Among them, CV3-1 has demonstrated that antibody
incubation rendered the virus to lose most prefusion
S proteins and thus to exhibit S in post-fusion con-
formation [59]. In SARS-CoV-2 S-expressed cell-
based assays, CV3-1 displayed a superior potency

of releasing S1 into cell culture supernatant com-
pared to hACE2 [59]. Those data strongly indicated
that CV3-1 could exert SARS-CoV-2 neutralization
efficacy by potently triggering S1 premature shedding
[59]. Although other IGHV1-58/IGKV3-20 mAbs
remain to be further investigated, the high simi-
larities of residue sequence and binding mode
imply sharing of the same neutralizing mechanism
of triggering S1 premature dissociation from S2.
P2C-1F11, one IGHV3-66 public antibody, has also
been reported as a potent agonist for S1 premature
shedding following its binding to RBD [66]. Notably,
structural analysis revealed that P2C-1F11 also only
binds to RBD in “up” conformation but unlike
IGHV1-58/IGKV3-20 antibodies, it targets both the
RBD left shoulder and the neck region with high
mimicry of hACE2 binding [66] (Figure 5B). In
addition, another antibody, S2H14, is encoded by
IGHV3-15 and IGLV5-57 with no somatic hypermu-
tations in variable regions [47]. Like P2C-1F11,
S2H14 targets an epitope largely overlapping with

Figure 5. Structures of antibodies bound to RBD or S2 stem helix peptide and RBD conformational change following binding to a
group F antibody (EY6A). The footprint of the RBD protein bound to the (A) IGHV1-58/IGKV3-20 public antibodies; (B) P2C-1F11
antibody (PDB: 7CDI); and (C) S2H14 antibody (PDB: 7JX3). In (A), the antibody 253 (PDB: 7BEN), 58G6 (PDB: 7E3L), BD836 (PDB:
7EZV), S2E12 (PDB: 7K45), and A23-58.1 (PDB: 7LRT) is indicated as red, green, blue, yellow, and cyan, respectively. In (B) and (C),
hACE2 (PDB: 7FDG) binding to RBD relative to Fab-RBD binding is indicated. (D) EY6A epitope is inaccessible in S protein whose
RBDs adopt “down” conformation. EY6A epitope is indicated in blue. (E) Comparing the EY6A-bound S structure with an open-
form S structure (PDB: 6VYB). (F) The footprint of SARS-CoV-2 S2 stem helix bound to the antibody S2P6 (PDB: 7RNJ), B6 (PDB:
7M53), CC40.8 (PDB: 7SJS), and CV3-25 (PDB: 7NAB).
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hACE2-binding sites in the RBM (Figure 5B-C) and
can promote S1 premature shedding from cell-sur-
face-expressed spike proteins [47]. Clearly, not all
antibodies that preferentially recognize RBD in
“up” conformation as hACE2 can exert neutralizing
activity by triggering S1 shedding, and further mech-
anism studies regarding how S1 evolved to be acti-
vated by the hACE2 receptor will help identify
potential antibodies that can act to trigger S1
shedding.

Another antibody cluster capable of triggering S1
shedding is from group F antibodies and includes
CR3022, S2A4, S304, S2X35, EY6A and COVA1-16
[46,47,49,67-69]. As mentioned above, these anti-
bodies target conserved and cryptic epitopes in the
left flank of RBD, which are away from the hACE2
binding sites and completely buried in S glycoprotein
when RBD is in the “down” conformation [49] (Figure
5D). Cryo-EM analysis reveals that even when the tar-
geted RBD in S adopts the “up” conformation, anti-
body Fabs still clash with the adjacent “down” RBD,
S2 subunit and NTD domain [49,68]. Thus, to bind
to these antibodies, at least two RBDs in the S glyco-
protein are needed to simultaneously adopt the “up”
configuration [67,68,70]. Moreover, to relieve clashes
with adjacent NTD domain and S2 subunit, antibody
binding usually further forces the RBD to rotate out-
wards to various extent, for example by 25° in
EY6A, such that RBD seems to be more open than
its “up” conformation in hACE2-binding mode
[49,68] (Figure 5E), and presumably leading to a
more destabilized state of the S1-S2 interface. In line
with that, all the antibodies (CR3022, S2A4, S304,
S2X35, and EY6A) were confirmed to trigger S1 pre-
mature shedding potently, as evidenced by Cryo-EM
data which showed that many S glycoproteins lost
structural integrity on incubation with these anti-
bodies [47,49,68].

Notably, one group E antibody, Beta-53, targeting
the right flank of RBD, also exhibited a potency of S
destruction following its incubation with S and thus
may exert neutralizing activity in part by triggering
S1 shedding [71]. However, more detailed information
is lacking. Several nanobodies, such as Nb17 and VHH
E, were demonstrated to induce aberrant activation of
the fusion machinery [72,73]. One antibody against
SARS-CoV, S230, was also found to trigger the
SARS-CoV spike transition from prefusion to post-
fusion conformation [74]. Therefore, premature acti-
vation of spike conformational changes and further
inactivation of the fusion machinery by antibody
engagement appear to be a universal neutralizing
mechanism for antibodies against coronaviruses.

As mentioned above, some group F antibodies (dis-
tant from hACE2-binding sites) and those hACE2-
mimicry antibodies (largely overlapping with hACE2-
binding sites) can bind RBD non-competitively, but

both induce S1 premature shedding, theoretically lead-
ing to neutralization synergy and thus a cocktail of anti-
bodies from those two clusters seem to be rational.

S2 destruction and prevention of S2
conformational change

Upon engaging the S1 subunit of S glycoprotein with
hACE2, the S2 subunit fusion machinery undergoes a
markedly conformational rearrangement to mediate
the fusion of host cell and virus membranes [75]. As a
part of the S2 fusion machinery, the S2 stem helix
region (residues 1140–1160) is somewhat immuno-
genic, and several NAbs, including S2P6, CC40.8,
IgG22, B6, 28D9, and CV3-25, have been isolated
from convalescent patients, vaccine recipients or mice
[59,76-80]. Consistent with the high conservation of
the S2 stem helix epitope among betacoronavirus,
those NAbs usually exhibit a great neutralization
breadth against betacoronavirus, including SARS-
CoV-1 and SARS-CoV-2 [76,77]. Because of the high
flexibility of the epitope in structure, a high-resolution
helix-fab structure in the S context has not been
achieved. However, the details on antibody binding
can be obtained from the crystal structure of antibody
Fab in complex with the stem helix peptide.

The structural investigation reveals that B6, S2P6,
and CC40.8 mainly interact with the N-terminal a-
helix of the epitope [76,77,79], whereas CV3-25 targets
both the a-helix and the C-terminal loop [59] (Figure
5F). These antibodies would clash with the adjacent
protomer when bound to the S glycoprotein in the pre-
fusion conformation [77]. They may induce disruption
of the S2 stem quaternary organization to relieve the
clash. This hypothesis was supported by the observed
much stronger binding of CC40.8 to S2P than to S6P,
where four additional proline substitutions in S2 sub-
unit are added to stabilize the S trimer in prefusion con-
formation [59]. Moreover, during the S transition from
the prefusion to post-fusion conformation, the stem
helix epitope undergoes a large conformational change
and is eventually buried at the interface with the other
two promoters from the S trimer [76] (Figure 1). Thus,
in theory, antibody binding to prefusion S should steri-
cally hinder the conformational change. Of note, the
conserved S2 stem helix epitope seems linear and can
be independently expressed in vitro [59], which offers
easy access to the investigation of its potential as an
immunogen in vaccine development.

Other potential SARS-CoV-2 neutralizing
mechanisms

Except for the above five neutralization mechanisms
with robust evidence from Cryo-EM data or cell-
based assays, there are some other potential or pre-
sumable mechanisms. Modified neutralization assays
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with antibody incubation after the virus absorbed
cells demonstrated that two NTD-targeting mAbs,
COV2-2489 and COV2-2676, can neutralize SARS-
CoV-2 at a post-attachment step [81]. However, a
more detailed neutralizing mechanism remains to
be further investigated. Another NTD-specific mAb,
C1717, targets the viral membrane-proximal side of
NTD, and its light chain is close to the fusion pep-
tide of the S2 subunit [82]. Authors speculate that
the proximity to the S2 fusion machinery may con-
tribute to antibody neutralizing activity by prevent-
ing enzyme access to the S2 cleavage site [82]. In
addition, one RBD-directed antibody, 5A6, was
demonstrated in cell-based assays to exert neutraliz-
ing activity by inhibiting S-mediated syncytia for-
mation [69]. However, the detailed molecular and
structural mechanism remains unclear. Although
playing no role in antibody neutralization in vitro,
Fc-dependent effector mechanisms, antibody-depen-
dent cytotoxicity (ADCC) by natural killer cells and
antibody-dependent cellular phagocytosis (ADCP)
by macrophages or dendritic cells, can contribute
to a protective effect against SARS-CoV-2 infection
in vivo by clearing the virus and infected cells and
by stimulating a T cell response [83,84]. S309 and
some NTD-specific mAbs such as S2L28, S2M28,
S2X28, and S2X33 have been demonstrated to med-
iate strong ADCC and ADCP responses [52].

Discussion

Continued study on an anti-SARS-CoV-2 antibody
provides an extraordinary opportunity to understand
how host antibody neutralizes virus, especially coro-
navirus or respiratory virus. Although we outlined
five relatively clear neutralization mechanisms, the
full picture remains elusive, and much remains to be
further investigated. Notably, regarding one antibody,
it may utilize multiple neutralizing mechanisms. For
example, on the one hand, S2A4 can neutralize
SARS-CoV-2 by blocking virus binding to the
hACE2 receptor via steric hindrance; on the other
hand, it can also promote S1 premature shedding
and thus render S to be non-functional for viral
entry [47]. Group A-D antibodies share a common
neutralizing mechanism of blocking SARS-CoV-2
binding to the host hACE2 receptor via binding-site
competition [28]. In the meantime, some mAbs can
lock S into a closed prefusion conformation (C144)
or promote S1 premature shedding (P2C-1F11) to
exert SARS-CoV-2-neutralizing activity [28,66].
Moreover, some mAbs seem to interfere with each
other in neutralizing the virus, leading to additional
advantages or disadvantages from their cocktail. For
instance, the antibody such as C144, C548, or BG10-
19 which can lock all RBDs of S into “down” confor-
mation can possibly nullify the activity of group F

antibodies such as S304, whose cryptic epitopes are
completely inaccessible on “down” RBDs [28,49].
Some RBM antibodies that can promote S1 premature
shedding and S transition to post-fusion state as
hACE2 mimicry has been recently shown to enhance
S-mediated syncytia formation [51] and, therefore,
possibly stand a risk of facilitating virus cell-to-cell
spread. In theory, the S2 stem helix-targeted mAb
may lower this risk by preventing S transition to
post-fusion conformation and cell syncytia formation.
In line with the analysis, syncytia formation induced
by S2E12 was indeed inhibited by S2P6 [51]. There-
fore, to eliminate potential safety risks, combining
an S2E12-like antibody with one S2 stem helix-tar-
geted mAb appears to be rational.

The ongoing SARS-CoV-2 evolution that causes a
marked decrease in neutralization potency of sera
from vaccine recipients highlights the importance
of developing next-generation vaccines with robust-
ness to viral mutations [85-87]. Fortunately, there
are various conserved epitopes on S trimers such
as those targeted by LY-CoV1404, S2A4, S309,
and S2P6. However, the low frequencies of those
broad neutralizing antibodies in individuals suggest
that such conserved epitopes seem to be subdomi-
nant following infection or vaccine immunizations
[42,76,88]. Thus, next-generation SARS-CoV-2 uni-
versal vaccines should seek to improve immune
response to those conserved epitopes possibly by
unmasking them. Of note, as group F antibody epi-
topes are usually deeply buried within the S trimer
theoretically, it is an RBD-based rather than an S-
based vaccine immunogen that has the potential of
eliciting a larger number of such cross-neutralization
antibodies. Consistent with that, compared with the
whole virus- or S-based vaccine, the RBD-based vac-
cine exhibits increased resistance to SARS-CoV-2
variants [89,90].
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