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Abstract

The high transmissibility and rapid global spread of SARS-CoV-2 since 2019 has led to a huge burden on healthcare
worldwide. Anti-SARS-CoV-2 neutralizing antibodies play an important role in not only protecting against infec-
tion but also in clearing the virus and are essential to providing long-term immunity. On the other hand, antibodies
against the virus are not always protective. With the emergence of SARS-CoV-2 immune escape variants, vaccine
design strategies as well as antibody-mediated therapeutic approaches have become more important. We review
some of the findings on SARS-CoV-2 antibodies, focusing on both basic research and clinical applications.
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Introduction
In late 2019, the novel severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spread from an animal res-
ervoir to humans, causing a respiratory infection known
as coronavirus disease 2019 (COVID-19) [1]. The high
transmissibility and rapid global spread of SARS-CoV-2
has led to a worldwide COVID-19 pandemic that has
continued for more than 2 years, leading to a huge bur-
den on healthcare and society [2]. Although several vac-
cines and therapeutic antibodies have been approved to
prevent COVID-19, effective countermeasures are still
needed to control the global COVID-19 pandemic as
new immune escape variants continue to emerge.
SARS-CoV-2 is an enveloped, single-stranded, and pos-
itive-sense RNA coronavirus [3]. The coronavirus virion
is made up of the nucleocapsid (N), membrane (M),
envelope (E), and spike (S) structural proteins. The entry
steps of the viral particles—encompassing attachment
to the host cell membrane and fusion—are mediated by
the spike glycoprotein [4]. Spike protein plays the most
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important role in virus infection. Thus, it is an important
target for vaccine and therapeutic antibody development.
The SARS-CoV-2 spike protein is cleaved into S1 and
S2 subunits, which are responsible for host cell receptor
binding and membrane fusion, respectively, mediated
through the receptor binding domain (RBD) in the S1
region [5, 6]. The N-terminal domain (NTD) is located
on the S1 subunit. Although the functional role of the
NTD has not been fully elucidated, it may involve inter-
actions with C-type lectins [7, 8]. Similar to SARS-CoV-1
and some SARS-like coronaviruses, angiotensin-convert-
ing enzyme 2 (ACE2) binds to the RBD as a functional
cellular receptor for SARS-CoV-2 [5, 9].

The large number of mutations carried in variants
poses a major challenge to antibody-mediated immunity.
This was initially evident in the SARS-CoV-2 Alpha [10]
and Delta variants [11], which both had outbreaks on a
global scale, and it became particularly evident in the
recently emerged Omicron variant [12], which carries a
large number of spike mutations and can evade a wide
range of neutralizing antibodies [13]. It is necessary to
understand the relationship between this viral evolution
and the development and function of anti-SARS-CoV-2
antibodies to inform the development of future vaccines
and the effective use of therapeutic antibodies. Here, we
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review progress in the understanding of antibodies of
SARS-CoV-2.

Anti-RBD-neutralizing antibodies

The SARS-CoV-2 spike protein RBD is a critical target
for the development of effective COVID-19 antibod-
ies. SARS-CoV-2 RBD-targeting neutralizing antibodies
have been extensively studied, and most of the currently
developed human neutralizing antibodies are specific to
this region. Analysis of the binding between the RBD and
RBD-specific neutralizing antibodies, as well as the inhi-
bition of RBD-ACE2 binding by neutralizing antibodies,
reveals different antigenic regions on the RBD. Differ-
ent classification systems for RBDs have been proposed
based on data from structural analysis, functional char-
acterization, and/or antigen mapping, and these systems
generally classify RBD-neutralizing antibodies into four
categories (Fig. 1) [14—19]. RBD-reactive antibodies with
the highest in vitro neutralizing potency compete for
binding to ACE2 via a targeting receptor binding motif
(RBM) [14, 15, 17, 20-24]. In addition to the competi-
tive binding with ACE2, the targeting receptor binding
pattern may mimic receptor interactions and trigger
premature changes in spike protein conformation to its
post-fusion state [25]. Class 1 neutralizing antibodies can
only access their epitopes in the open RBD conforma-
tion, whereas class 2 RBM-targeting antibodies can bind
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both the RBD-up and RBD-down positions of the open
and closed RBD conformations. By interacting with the
adjacent RBD, members of class 2 antibodies can lock
the trimer into an “all-RBD-down” closed conformation,
thereby preventing RBD-up-dependent ACE2 binding
[19, 23, 25-27]. Class 3 RBD-binding antibodies do not
interact directly with the RBM, and their epitopes have
no or little overlap with the RBM. Although some anti-
bodies, such as sotrovimab (§309) antibodies, belonging
to this class do not compete directly with ACE2 binding,
they can interfere with receptor binding through steric
hindrance [15, 19, 25, 28]. Finally, class 4 RBD-binding
antibodies are non-ACE2-competitive RBD antibod-
ies that target conserved epitopes distal to the receptor
binding pattern. This class of antibodies has been shown
to act by disrupting spike proteins [29-31] and to show
broad cross-reactivity with other coronaviruses [32, 33].
Despite its essential function in host cell receptor
interactions and membrane fusion, the SARS-CoV-2
spike protein has a remarkable degree of sequence vari-
ability. While many of the potential changes in the spike
protein can adversely affect viral functions, mutations
that increase infectivity and/or transmissibility confer a
growth advantage, resulting in antibody resistance that
can be advantageous to the evasion of antibody-mediated
immune pressure. Notably, several mutations in viral
variants of concerns (VoCs) have been identified as key
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Fig. 1 Diagram represents the binding poses of antibodies on the RBD epitope. Class 1 antibodies (C105, PDB: 6XCM) are shown in orange, class 2
(LY-COV555, PDB:7KMG) in gray, class 3 (S309, PDB:7SOC) in magenta, and class 4 (C118, PDB:7RKS) in light sea green
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mediators of antibody resistance through in vitro experi-
ments and structure analysis. For example, the E484
mutation can significantly reduce the binding of class 2
neutralizing antibodies, thereby affecting the neutraliz-
ing efficacy of the serum against the SARS-CoV-2 vari-
ants [19, 34-36]. Similarly, mutations in K417 reduce
the binding of class 1 neutralizing antibodies and were
selected in the presence of vaccine-induced monoclonal
antibodies [35, 37]. VoCs carrying mutations in residues
K417 and E484, such as Beta, Gamma, and Omicron,
emerged due to the fact that the mutations in residues
K417 and E484 reduced sensitivity to antibody-mediated
neutralization [12, 38].

Many of the antibodies in clinical development were
isolated by antibody cloning methods that rely on the
recognition of B cells from COVID-19-convalescent indi-
viduals [21, 28, 39-47]. Other antibodies were obtained
from immunized mice carrying the human immuno-
globulin gene [48, 49]. In addition, readily available sam-
ples obtained from humans previously infected with the
related SARS-CoV-1 allowed us to identify potent cross-
neutralizing antibodies [15, 50, 51]. Experiments in ani-
mal models conclusively demonstrated their potential
in vivo, as neutralizing antibodies given before or after
exposure could prevent or suppress infection [39, 42,
44, 45, 48, 52]. However, the number of mutations has
increased as the virus evolves to escape from antibody-
mediated immunity. Omicron variant BA.1 contains an
unprecedented number of mutations concentrated in the
spike gene, with 30 substitutions plus 6 residue deletions
and 3 residue insertions, and the extensive mutational
burden of Omicron S disrupts the activity of even the
most potent neutralizing monoclonal antibodies, leading
to severe knockdown or complete loss of the neutralizing
capacity of serum from natural infection or vaccination,
contributing to increased transmissibility and explosive
spread [12, 53].

Before the explosive spread of the Omicron variant
around the world in late 2021, we predicted mutations
that the Delta variant may acquire in future [54]. Accord-
ing to the RBD mutations that the Delta variant had
acquired, we introduced 4 additional mutations (K417N,
N439K, E484K, and N501Y) in the RBD of the Delta
variant. The neutralizing activity of BNT162b2 immune
sera against the hypothetical variant was very much
decreased, similar to that observed for the Omicron vari-
ant. Although the same Delta variant did not appear, it is
noteworthy that Omicron variant BA.5 (K417N, N440K,
L452R, T478K, E484A, and N501Y) has acquired quite
similar RBD mutations to those in our hypothetical Delta
variant (K417N, N439K, L452R, T478K, E484K, and
N501Y). A new trial to predict mutations that the SARS-
CoV-2 may acquire in future would be an important step
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in the development of a new vaccine that prevents the
appearance of further harmful variants.

Many therapeutic antibodies, such as casirivimab/
imdevimab which targeted residue Y453 and G446, lost
their effectiveness against BA.5. Thus, more conserved
epitopes might be preferential targets as a limited degree
of variation suggests restricted mutational capacity. For
example, the epitope of the antibody sotrovimab (S309)
encompasses highly conserved residues, and structural
analysis identified only a small number of single resi-
dues conferring potential escape [15, 55, 56]. In addition,
structural analysis and epitope and mutational mapping
as well as in vitro experiments have provided information
on the use of preferential antibody combinations. A com-
bination of antibodies with different epitopes reduces
the likelihood of mutations developing that would confer
resistance to the antibody. Although it is not clear why
the combination of drugs reduces the frequency of muta-
tions, the neutralizing efficacy of the combination is bet-
ter than that of individual antibodies alone [36, 57-60].

Anti-NTD-neutralizing antibodies
SARS-CoV-2 neutralizing activity is not exclusively
directed at the RBD. The NTD is another one major site
on the S trimer targeted by neutralizing antibodies [23,
61-65]. The NTD has a relatively high glycan density
compared with other regions on the spike protein. Based
on structural analyzes, binding sites were identified by
further structural analysis of a large panel of neutraliz-
ing and non-neutralizing monoclonal antibodies [61, 65,
66]. NTD-neutralizing antibodies contact with the N-ter-
minal region at residues 14-20, residues 140-158 (the
supersite b-hairpin), and residues 245-264 (the supersite
loop). These three regions collectively form an antigenic
supersite (Fig. 2). The NTD-neutralizing monoclonal
antibodies target the same antigenic supersite, provid-
ing examples of convergent solutions to NTD-targeted
monoclonal antibody neutralization [67]. Although the
precise mechanism underlying NTD-targeted neutral-
izing activity has not yet been elucidated, several groups
have reported that a small subset of monoclonal antibod-
ies that recognize the NTD could neutralize wild-type
SARS-CoV-2 by interfering with the fusion of virus and
host cell membranes via steric hindrance [51, 61, 64, 67] .
The effectiveness of NTD-neutralizing antibodies has
been demonstrated in wild-type and early VoCs such
as infected mouse/hamster models [64, 67]. Suryade-
vara et al. found that the Fab fragments of NTD-neu-
tralizing antibodies lost their neutralizing activity, and
F(ab’), forms of NTD-neutralizing antibodies showed
decreased neutralizing activity, suggesting that NTD-
targeting monoclonal antibodies were capable of
mediating Fc effector functions. Further investigation
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Anti-NTD S2M28 Fab

zoomed-in views showing the interactions of S2M28 with NTD

proved that the Fc-mediated activity of NTD-specific
monoclonal antibodies did contribute to protection
in vivo. In addition, combinations of NTD and RBD
monoclonal antibodies demonstrated complementary
effects on viral neutralization and Fc effector func-
tions in vitro and yielded potent in vivo prophylac-
tic and therapeutic efficacy [64]. However, studies on
the structure of some variants spike NTD have shown
that different variant strains can use different strate-
gies to remodel their NTD and evade host immunity.
The NTD function does not require specific structural
elements, and even the beta chain in the core structure
can be rearranged in different ways without reducing
virus infectivity. Indeed, research on Omicron vari-
ant BA.1 and BA.2 showed that the neutralizing activ-
ity of anti-NTD monoclonal antibodies was markedly
impaired due to the mutation of G142D and del 143-
145 in the spike NTD [68, 69]. Nutalai et al. gener-
ated a panel of human monoclonal antibodies from 5

donors who had recovered from BA.1l infection hav-
ing previously received 2 doses of vaccine. Compared
with early pandemic mAb, the proportions of both the
RBD- and NTD-binding antibodies were higher among
the Omicron monoclonal antibodies. However, among
the most 28 potent neutralizing antibodies, only 1 anti-
body bound to the NTD, suggesting that RBD- but
not NTD-neutralizing antibodies play a dominate role
against Omicron infection [70]. Although highly related
to BA.2, the recently reported Omicron sub-lineages
BA.5, which spread globally to replace BA.2. BA.5, con-
tain the 69-70 deletions in the NTD which was also
found in BA.1 and Alpha. However, by using the anti-
BA.1 monoclonal antibodies for BA.5, the NTD anti-
body was found to specifically neutralize BA.1, BA.1.1,
and BA.3 but not BA.2 or BA.4/5 [71], suggesting that
therapeutic antibodies or vaccines should not target the
NTD as escaping from anti-NTD antibodies appears to
have little cost to the virus.
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Anti-NTD infectivity-enhancing antibody in SARS-CoV-2

Antibody-dependent enhancement (ADE) was first
clearly reported in dengue virus infection by Halstead
et al. [72]. In cases of ADE, rather than contributing to
antiviral immunity, pre-existing antibodies induced viral
entry and subsequent infection of host cells, leading to
both increased infectivity and virulence. Numerous stud-
ies have since identified Fcy receptors (FcyRs) as the key
mediators of ADE in dengue pathogenesis, as they allow
for the internalization of multimeric virus-bound IgG
and subsequent productive infection. Fc receptor-medi-
ated ADE is restricted to the infection of Fc receptor-
expressing cells such as monocytes or macrophages [73].
Whether the ADE of SARS-CoV-2 infection is involved
in an immunopathological role that affects clinical out-
comes remains controversial. Several studies reported
that convalescent serum from SARS-CoV-2 patients
contained ADE infection antibody and induced ADE of
infection via FcyRIIA and Fcg RIIIA [74, 75]. In another
in vitro study, SARS-CoV-2 infection induced antibod-
ies that can cause Clq-mediated ADE [76]. Moreover,
Zhou et al. investigated a potent RBD-specific neutral-
izing antibody. These RBD-neutralizing-IgA antibodies
maintained neutralizing activities against SARS-CoV-2
in vitro similar to those of IgG1 antibodies, but IgA anti-
body increased the amount of infectious virus in the
nasal turbinate of Syrian hamsters. In consideration of
the potential for antibodies to exacerbate disease through
an ADE mechanism, several clinical monoclonal anti-
bodies (etesevimab, AZD8895, and AZD1061) have been
designed without FcyR-binding activity. On the other
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hand, there is no clear evidence for ADE in in vivo stud-
ies [64, 77-80], and therapeutic administration of high-
dose neutralizing anti-SARS-CoV-2 monoclonal antibody
in COVID-19 patients is not associated with disease pro-
gression [81-85]. Rachel et al. found that FcyR confers
monoclonal antibody-mediated protection rather than
induction of ADE. Moreover, the reduced Clq-binding
activity showed better therapeutic efficacy compared to
wild-type IgG1. The therapeutic efficacy of monoclonal
antibodies may be improved by using Fc-engineered anti-
bodies that specifically activate the FcyR pathway [86].
However, factors other than the Fc-receptor medi-
ated ADE may enhance the infectivity of SARS-CoV-2.
Recently, we have found that a different mechanism
for ADE has been proposed for SARS-CoV-2, involv-
ing antibodies against particular epitopes in the NTD
of the S1 component of the spike protein. These infec-
tivity-enhancing antibodies have been shown to induce
the RBD to adopt an open conformation, increasing its
affinity for ACE2 and thereby enhancing infectivity. Each
individual infectivity-enhancing antibody is thought to
simultaneously bind to a specific site on the NTD on
two adjacent trimeric spike proteins to pull the spike
protein into motion (Fig. 3). This result suggests that the
RBD adopts an open conformation and becomes highly
infectious. Interestingly, these enhancing antibodies have
been found in both uninfected and infected individuals,
with the infectivity-enhancing antibodies tending to be at
high levels in critically ill patients. We also found that the
neutralization activity of anti-RBD antibodies is reduced
in the presence of infectivity-enhancing antibodies [87].

Infectivity-
enhancing
antibody

apart, resulting in enhanced infectivity

Fig. 3 Mechanism underlying the action of infectivity-enhancing antibodies. The antibody-cross-linked NTDs induce open RBDs by being pulled

Enhanced infectivity

Divalent
/ \_enhancing antibody

== ACE2 binding site == Enhancing Ab binding site
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Moreover, Kimura et al. showed that infectivity-enhanc-
ing antibodies enhanced the infectivity of lambada vari-
ant more significantly than they did the wild-type [88]. In
addition, we examined the Delta pseudovirus with four
additional RBD mutations and found that the immune
serum enhanced infectivity at low concentrations,
probably as the Delta NTD was more sensitive to the
infectivity-enhancing antibodies and the RBD- or NTD-
neutralizing antibody showed a loss of neutralizing activ-
ity [54]. As the number of mutations in VoCs increases,
the number of effective neutralizing antibodies will
decrease and the balance between enhancing and neu-
tralizing antibodies may be disrupted. However, this con-
clusion lacks confirmation by in vivo experimental data.
Another study, in which anti-SARS-CoV-2 monoclonal
antibodies were isolated from a SARS-CoV-2-infected
individual, also identified a set of FcyR-independent
enhancing antibodies that were similar to our findings
in terms of function and specific epitopes in the NTD.
Furthermore, the authors used human IgGl1 infectivity-
enhancing antibodies in vivo in mice and macaques
and found no evidence of the enhancement of disease
progression. Rather, these antibodies were found to be
protective across dose levels. They employed only the
wild-type SARS-CoV2 virus to analyze the function of the
enhancing antibodies in vitro and in vivo [79]. However,
it has been reported that NTD mutations in the Delta
variant contribute to increased infectivity [89]. Indeed,
enhancing antibodies promote infection of the Delta and
Lambda variants more than the wild type SARS-CoV-2
[54, 88]. On the other hand, there are four types of Fc
receptors in human and the affinities and functions of
these human Fc receptors differ from those of mouse and
macaque. Furthermore, because human IgG1 antibodies
show the strongest effector function among all subclasses
of antibodies, it is possible that the infectivity-enhancing
function of the antibodies is canceled by the effector
function of IgG1 antibodies. Given that human IgG2 and
IgG4 antibodies exhibit lower Fc-receptor-mediated and
complement-mediated effector function than IgG1 anti-
bodies, further studies using other subclasses of enhanc-
ing antibodies are required to elucidate the exact in vivo
function of infectivity-enhancing antibodies.

Non-NTD-/RBD-binding antibodies

Several neutralizing antibodies binding to the conserved
S2 domain have been identified and can reduce viral
infection in vivo [90-92]. Several of these SARS-CoV-2
S2-targeting antibodies also cross-react with SARS-
CoV-1 S protein, but none of them show neutralizing
activity against SARS-CoV-1 infection. In general, the
binding affinity and neutralizing activity of non-RBD
and non-NTD Abs against SARS-CoV-2 infection are
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lower than those of neutralizing antibodies targeting the
S protein NTD or RBD of SARS-CoV-2. There have been
few reports of their detection on VoCs with S2 antibody.
As mentioned above, among the neutralizing antibod-
ies isolated from Omicron-infected patients, there were
no potent neutralizing antibodies binding to spike S2.
Although modest neutralizing potency may limit their
potential for clinical application, the high degree of cross-
reactivity makes S2-targeted antibodies informative in
pan-betacoronavirus vaccine design [90, 92, 93].

Conclusion

The high incidence of SARS-CoV-2 infection and the
pressure of immune-mediated selection will drive the
continuous evolution of the virus and the emergence of
SARS-CoV-2 immune escape variants. This will severely
impair antibody-mediated immunity and impact the
effect of current therapeutic antibodies. Thus, predicting
virus mutations can facilitate vaccine development. The
development of antibodies targeting conserved epitopes
and the use of combinations of neutralizing antibodies
with different epitopes could improve the effectiveness
of neutralizing antibodies. Several NTD antibodies effec-
tively neutralize viral infections, and the NTD-antibody
binding site is completely different from that of the RBD.
However, specific structural elements are not required
to maintain NTD function, and even the core structural
sequence of the NTD is rearranged under antibody-
mediated selection pressure. On the other hand, despite
the lack of in vivo data, anti-NTD-enhancing antibod-
ies increase the risk of therapeutic antibodies or univer-
sal vaccines against NTD. With this in mind, a chimeric
RBD-dimer vaccine was recently developed to adapt to
the currently prevalent variants although they possess
lower T cell epitopes [94]. In the future, more in-depth
research and understanding of anti-NTD and anti-RBD
antibodies is needed to address more diverse and evolv-
ing viral threats.
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