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SUMMARY

Neutralizing antibodies can block infection, clear pathogens, and are essential to provide long-term immu-
nity. Since the onset of the pandemic, SARS-CoV-2 neutralizing antibodies have been comprehensively
investigated and critical information on their development, function, and potential use to prevent and treat
COVID-19 have been revealed. With the emergence of SARS-CoV-2 immune escape variants, humoral immu-
nity is being challenged, and a detailed understanding of neutralizing antibodies is essential to guide vaccine
design strategies as well as antibody-mediated therapies. In this review, we summarize some of the key find-

ings on SARS-CoV-2 neutralizing antibodies, with a focus on their clinical application.

INTRODUCTION

After emerging in December 2019, the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) rapidly spread across
the globe (Singh et al., 2021). While the virus encountered an
immunologically naive human population, infections and expedi-
tiously developed vaccines have shown to induce an adaptive
immune response that can protect from SARS-CoV-2 infection
and alleviate the severity of the SARS-CoV-2-associated coro-
navirus disease 2019 (COVID-19).

Antibodies play a critical role in the adaptive immune response
and are one of the most important correlates of protection in in-
fectious diseases (Earle et al., 2021; Plotkin, 2010). Secretion of
monoclonal antibodies is accomplished by specialized immune
cells (plasmablasts and plasma cells) that derive from activated
B lymphocytes. To target a vast number of different pathogens,
B cells undergo a sophisticated and strongly regulated process
that includes the recombination of variable gene segments and
introduction of somatic mutations (Imkeller and Wardemann,
2018; Victora and Nussenzweig, 2022). As a result, a highly
diverse antibody repertoire is encoded in the B lymphocyte
and plasma cell compartments, enabling lasting production of
pathogen-specific antibodies.

A central feature of antibodies is their neutralizing function
that blocks viral entry into target cells (Burton, 2002). Thereby,
antibodies can prevent infection or limit viral burden through in-
hibition of viral propagation after infection. In addition, anti-
bodies facilitate clearance of viruses and virus-infected cells
via Fc-mediated effector functions, such as antibody-depen-
dent cellular cytotoxicity exerted by natural killer (NK) cells
(Bournazos and Ravetch, 2017; Jost and Altfeld, 2013). Taking
advantage of these powerful antiviral functions, transfer of
neutralizing antibodies has been the leading principle behind
the use of convalescent plasma or plasma-derived immuno-
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globulins for prevention and treatment of infectious diseases.
While the concept of polyclonal antibody application dates
back to the end of the 19" century, advanced B cell cloning
methods have resulted in the isolation of highly potent and spe-
cific monoclonal antibodies targeting infectious pathogens
(Corti et al., 2021; Gieselmann et al., 2021; Klein et al., 2013;
Wardemann et al., 2003). These include neutralizing antibodies
that effectively prevent respiratory syncytial virus-associated
disease or reduce mortality in Ebola-virus-infected individuals
(Hammitt et al., 2022; Mulangu et al., 2019).

While lifelong protective immunity induced by vaccination
or infection has been demonstrated for viruses such as mea-
sles (Amanna et al., 2007), immune-mediated protection
from seasonal human coronaviruses (i.e., NL63, 229E,
0OC43, and HKU1) is known to be short-lived (Edridge et
al., 2020). In addition to these differences in the dynamics
of the immune and antibody response to different patho-
gens, viral evolution and the development of immune escape
variants pose a significant challenge to antibody-mediated
immunity. This became particularly apparent with the recent
emergence of the SARS-CoV-2 Omicron variants that carry
numerous spike mutations and evade a broad spectrum of
neutralizing antibodies (Viana et al., 2022). This complex
interaction of virus evolution and the virus-specific antibody
response requires a detailed understanding of the develop-
ment and function of SARS-CoV-2 neutralizing antibodies in-
forming on successful future vaccine strategies as well as on
the effective use of monoclonal antibodies in clinical appli-
cations.

In this review, we aim to summarize the remarkable body of
knowledge on SARS-CoV-2 neutralizing antibodies, ranging
from their development in infected and vaccinated individuals
to their mechanisms and demonstrated efficacy in prevention
and treatment of COVID-19.
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Figure 1. Development of SARS-CoV-2 neutralizing antibodies

Exposure to SARS-CoV-2 antigen through infection or vaccination activates naive B cells. It may also recruit pre-existing memory B cells with cross reactivity to
endemic common human coronaviruses (hCoV; e.g., OC43). After activation, B cells can differentiate into short-lived antibody-secreting plasma cells (SL-PC) or
are recruited into germinal centers, where they interact with antigen-presenting follicular dendritic cells (FDCs) and T follicular helper cells (Tfh) to undergo class-
switch recombination (CSR) and gain antigen affinity by acquiring somatic hypermutation (SHM). However, a limited amount of SHM can be sufficient to result in
highly potent SARS-CoV-2 neutralizing activity. B cells utilizing specific V; gene segments, such as V3-53, that are repeatedly found to be overrepresented
amongst SARS-CoV-2-reactive cells, can be members of public clonotypes. Affinity-matured germinal center B cells can remain in the germinal center to acquire
higher levels of somatic mutations or differentiate into memory B cells or long-lived antibody-secreting plasma cells (LL-PC). Re-exposure to SARS-CoV-2
through additional vaccination or infection can induce differentiation of evolved SARS-CoV-2-reactive memory B cells into antibody-secreting plasma cells, can
elicit further B cell evolution and acquisition of mutations, and/or can induce expansion of novel memory B cell clones. These processes can result in the
development of memory B cell clones and serum neutralizing activity with higher potency and breadth against different viral variants.

DEVELOPMENT OF SARS-CoV-2 NEUTRALIZING
ANTIBODIES

B cell activation and differentiation into an antibody-secreting
cell are initiated by the B cell receptor interaction with its cognate
antigen (Figure 1). Given the high prevalence of immunity to
endemic betacoronaviruses (e.g., HCoV-OC43), it was specu-
lated whether B cell reactivity to SARS-CoV-2 may preexist in
naive individuals and shape immunological outcomes of infec-
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tion. Although SARS-CoV-2 binding antibodies could be
observed in rare cases (Anderson et al., 2021; Ng et al., 2020)
and monoclonal antibodies with low neutralizing activity have
been reported in seronegative individuals (Feldman et al,
2021), SARS-CoV-2 neutralizing activity was mostly undetect-
able in prepandemic samples (Ercanoglu et al., 2022; Poston
et al., 2021). However, upon exposure to SARS-CoV-2 antigen,
activation of preexisting betacoronavirus-reactive B cells could
be detected but was not associated with protection from
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SARS-CoV-2 infection (Anderson et al., 2021; Sokal et al., 2021;
Song et al., 2021; Turner et al., 2021b). Thus, rarely observed
preexisting B cell cross-reactivity is unlikely to result in the devel-
opment of a potent SARS-CoV-2 neutralizing response, although
Fc-mediated functions of non-neutralizing antibodies might
contribute to mitigate the course of the infection (Kaplonek
et al., 2021).

Following antigen contact, B cells are typically recruited into
germinal centers in the B cell follicles of secondary lymphoid or-
gans (e.g., lymph nodes or spleen). Within the germinal center,
activated B cells proliferate, mutate, and compete for antigen
and T cell help. This multifaceted process results in the develop-
ment of affinity-matured and class-switched memory B cells as
well as long-lived plasma cells (Akkaya et al., 2020; Dorner and
Radbruch, 2007; Victora and Nussenzweig, 2022). The human
germinal center response to SARS-CoV-2 has been studied in
some detail in vaccinated individuals through aspirates of drain-
ing lymph nodes, in which vaccine mRNA and spike antigen
could be identified up to >8 weeks post-immunization (Roltgen
et al., 2022). SARS-CoV-2-reactive germinal center B and T
follicular helper cells became detectable within 2-3 weeks of im-
munization and were associated with the development of
neutralizing antibodies (Lederer et al., 2022; Mudd et al., 2022;
Schmitz et al., 2021; Turner et al., 2021b). Indicating the persis-
tence of this response, SARS-CoV-2-reactive germinal center
cells and bone marrow plasma cells could be detected
>6 months after the first immunization (Kim et al., 2022; Mudd
et al., 2022). In contrast to longitudinal observations after vacci-
nation, lymphoid follicle analyses after infection have largely
been limited to post-mortem studies. In such fatal cases of
COVID-19, disruptions and loss of germinal centers were repeat-
edly demonstrated (Kaneko et al., 2020; Roltgen et al., 2022).
Moreover, severe COVID-19 was associated with extrafollicular
germinal center-independent B cell responses that can result
in short-lived plasma cells with low or no affinity maturation
(Woodruff et al., 2020). However, higher levels of somatic muta-
tion and the development of long-lived SARS-CoV-2-reactive
plasma cells indicate an intact germinal center response in cases
of mild infection (Chen et al., 2020; Turner et al., 2021a).

Given the relative inaccessibility of human lymph node and
bone marrow samples, the majority of B cell maturation analyses
has been performed on peripheral blood memory B cells. These
studies have provided critical insights into the neutralizing anti-
body response to SARS-CoV-2: within weeks of infection, potent
neutralizing antibodies with high affinity to SARS-CoV-2 can be
isolated from memory B cells of convalescent individuals across
the full spectrum of disease severity. Although the SARS-CoV-2
antibody response is highly polyclonal and derives from a broad
spectrum of different variable immunoglobulin (Ig) gene seg-
ments, convergent antibody responses have been repeatedly
observed in different individuals (Barnes et al., 2020b; Chen
et al., 2021a; Kreer et al., 2020; Kreye et al., 2020; Robbiani
et al.,, 2020; Tan et al., 2021; Tong et al., 2021; Yuan et al.,
2020a). The development of these public clonotypes (e.g., use
of V41-58, V;3-30, V,3-53/3-66 genes) is often a consequence
of germline-encoded features favoring SARS-CoV-2 reactivity,
including binding of germline residues to the spike protein
(Chen et al., 2021a). Notably, many potent antibodies display
low levels of somatic mutations in their variable gene segments
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(e.9., >95%-100% identity to the germline V, gene), suggesting
that potent antibodies can be readily induced by vaccination
(Brouwer et al., 2020; Elsner and Shlomchik, 2020; Ju et al.,
2020; Kreer et al., 2020; Robbiani et al., 2020; Rogers et al.,
2020; Seydoux et al., 2020; Zost et al., 2020b). In the months
following infection, trapped viral antigens may be retained in
germinal centers and/or can remain expressed in tissues (Gae-
bler et al., 2021; Heesters et al., 2014). After mild infection, the
level of somatic mutation in SARS-CoV-2-reactive memory B
cells increases over time, resulting in affinity-matured cells en-
coding for antibodies with higher potency and breadth (i.e., reac-
tivity to more viral variants) (Gaebler et al., 2021; Goel et al., 2021;
Moriyama et al., 2021; Muecksch et al., 2021; Sokal et al., 2021;
Wang et al.,, 2021b). Similarly, following mRNA vaccination,
lymph node germinal center B cells and memory B cells can
evolve and acquire increasing levels of somatic mutation,
although the development of antibody potency and breadth after
vaccination appears less pronounced than after natural infection
(Cho et al., 2021; Kim et al., 2022; Wang et al., 2021c).

Administration of an mRNA-based booster vaccination several
months after infection or immunization results in profound in-
creases of serum neutralizing potency and breadth (as dis-
cussed below). These effects are likely to reflect a combination
of strong increases of overall antibody titers as well as immuni-
zation-induced differentiation of matured memory B cells into
plasma cells that release antibodies with enhanced activity.
Within the memory B cell compartment itself, booster immuniza-
tion can result in the expansion of preexisting B cell clones that
acquire additional mutations (Goel et al., 2021; Muecksch
et al., 2022; Wang et al., 2021b). Moreover, booster vaccination
can result in the expansion of novel B cell clones that may
contribute to an increase in neutralizing breadth and potency
(Muecksch et al., 2022; Wang et al., 2021b).

TARGETS AND MECHANISMS OF NEUTRALIZATION

SARS-CoV-2 neutralizing antibodies target the viral spike glyco-
protein, a trimeric structure of S1/S2 heterodimers that is ex-
pressed at a density of ~24-30 trimers per virion surface
(Figure 2A) (Ke et al., 2020). Out of the two subunits (S1 and
S2) composing each spike monomer, host cell receptor interac-
tions are mediated by the S1 domain that comprises the N-termi-
nal domain (NTD) and the receptor-binding domain (RBD)
(Figures 2B and 2C). While the functional role of the NTD has
not been fully elucidated and may involve interactions with
C-type lectins (Soh et al., 2020), the RBD binds to the primary re-
ceptor angiotensin-converting enzyme 2 (ACE2) (Hoffmann
et al., 2020b; Lan et al., 2020; Shang et al., 2020; Walls et al.,
2020; Wrapp et al., 2020; Yan et al., 2020). Following S1/S2
cleavage by host cell proteases, the spike protein undergoes
considerable conformational changes from its pre- to postfusion
state during S2-mediated cellular entry and fusion (Benton et al.,
2020; Cai et al., 2020; Fan et al., 2020; Hoffmann et al., 2020a; Tai
et al., 2021).

SARS-CoV-2 spike-targeting IgG reactivity in convalescent
and vaccinated individuals is largely directed to epitopes outside
of the RBD and many S-reactive antibodies do not neutralize the
virus (Amanat et al., 2021; Barnes et al., 2020b; Kreer et al., 2020;
Voss et al., 2021). In contrast, consistent with the receptor
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Figure 2. Targets and mechanisms of SARS-CoV-2 neutralization

(A) Schematic of a SARS-CoV-2 virion indicating the spike and nucleocapsid proteins, the two major targets of SARS-CoV-2-reactive antibodies.

(B) Schematic of the S1/S2 heterodimer domains encoded by the SARS-CoV-2 spike gene. Host protease cleavage sites are indicated in red.

(C) SARS-CoV-2 trimer structure with heterodimer domains colored as in (B) and main targets of neutralizing activity (RBD, NTD, and S2) indicated by bound
antibodies.

(D) Exemplary classification system of RBD neutralizing antibodies as defined in (Barnes et al., 2020a). Key features of different RBD antibody classes are
indicated with green ticks (present) or red crosses (absent).

(E) Examples for mechanisms of SARS-CoV-2 neutralization.

(F) Map of spike gene changes in SARS-CoV-2 variants of concern relative to the ancestral Hu-1 strain (changes found in >33% of variant sequences deposited at
GISAID (Elbe and Buckland-Merrett, 2017; Khare et al., 2021; Shu and McCauley, 2017) and as aggregated at outbreak.info (Mullen et al., 2020). Changes are
colored based on their frequency amongst variants of concern (light blue, 1; blue, 2; dark blue, 3 or more variants with identical change; with Omicron sublineages
[BA.1, BA.2, BA.4/BA.5] counted as single variant). Asterisks refer to amino acid polymorphism indicated by corresponding asterisks above. SS, signaling
sequence; NTD, N-terminal domain; RBD, receptor-binding domain; SD1/SD2, subdomain 1/2; FP, fusion peptide; HR, heptad repeat; CH, central helix; CD,
connector domain; TM, transmembrane domain; RBM, receptor-binding motif; nAb, neutralizing antibody.
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binding function of the RBD, the majority of the neutralizing
serum activity is RBD-directed and a large fraction of RBD-reac-
tive monoclonal antibodies do neutralize with high potency (Dej-
nirattisai et al., 2021a; Piccoli et al., 2020; Premkumar et al.,
2020). Within the context of the spike trimer, the RBD possesses
flexibility and can adopt different conformations (“down” and
“up,” the latter required for ACE2 interaction) that influence the
accessibility of antibody epitopes (Barnes et al., 2020a, 2020b;
Ke et al., 2020; Yao et al., 2020; Yuan et al., 2021). Based on
structural analyses, functional characteristics, and/or antigenic
mapping, different classification systems for RBD-reactive
neutralizing antibodies have been proposed (see example in
Figure 2D) (Barnes et al., 2020a; Brouwer et al., 2020; Dejniratti-
sai et al., 2021a; Hastie et al., 2021; Piccoli et al., 2020; Pinto
et al., 2020; Yuan et al., 2021).

RBD-reactive antibodies with the highest in vitro neutralizing
potency compete with ACE2 binding by targeting the immuno-
dominant receptor-binding motif (Figure 2E) (Barnes et al.,
2020a, 2020b; Dejnirattisai et al., 2021a; Ju et al., 2020; Liu
et al., 2020; Piccoli et al., 2020; Wu et al., 2020b; Yuan et al.,
2020a). These include minimally mutated antibodies derived
from the V13-53 or V43-66 gene segments that constitute a pub-
lic clonotype found in many individuals (Brouwer et al., 2020; Kim
et al., 2021c; Robbiani et al., 2020; Rogers et al., 2020). RBD in-
teractions through germline-encoded residues in the heavy
chain complementarity-determining regions 1 and 2 (CDRH1
and CDRH2) provide a structural rationale for the limited degree
of mutation in this public clonotype (Yuan et al., 2020a), although
Vu3-53 antibodies with a differing binding mode have been
described (Barnes et al., 2020a; Scheid et al., 2021; Wu et al.,
2020a). Beyond competing with ACE2 binding, targeting of the
receptor-binding motif may mimic the receptor interaction and
trigger a premature change of the spike protein conformation
to its postfusion state (Figure 2E) (Lempp et al., 2021). Most
members of the V;3-53/3-66 public clonotype can only access
their epitope in the RBD-up position (class 1, Figure 2D), while
other receptor-binding motif-targeting antibodies can bind
both the RBD-up and down positions (class 2, Figure 2D). By in-
teracting with adjacent RBDs, members of this antibody class
can lock the trimer into an “all-RBD-down” closed conformation,
thereby preventing RBD-up-dependent ACE2 binding
(Figure 2E) (Barnes et al., 2020a; Lempp et al., 2021; Liu et al.,
2020; Scheid et al., 2021; Tortorici et al., 2020). Other RBD-bind-
ing antibodies target epitopes distal to the receptor-binding
motif, to which they show no or minimal overlap (class 3,
Figure 2D) (Barnes et al., 2020a; Hansen et al., 2020; Pinto
et al., 2020). While some antibodies belonging to this group
(e.g., sotrovimab) do not directly compete with the binding to
ACE2, they can interfere with receptor binding through steric hin-
drance (Figures 2D and 2E) (Barnes et al., 2020a; Hansen et al.,
2020; Lempp et al., 2021; Pinto et al., 2020). Finally, non-ACE2-
competing RBD antibodies targeting a conserved epitope distal
of the receptor-binding motif have been identified (class 4,
Figure 2D). While their in vitro activity appears to be limited, an-
tibodies of this class have been demonstrated to act by disrupt-
ing the spike protein (e.g., resulting in premature S1 shedding;
Figure 2E) (Huo et al., 2020; Wrobel et al., 2020; Yuan et al.,
2020b) and can display broad cross-reactivity against related
zoonotic coronaviruses (Jette et al., 2021; Martinez et al., 2022).
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SARS-CoV-2 neutralizing activity is not exclusively directed at
the RBD and potent antibodies targeting the NTD have been
identified (Cerutti et al., 2021b; Chi et al., 2020; Liu et al., 2020;
Suryadevara et al., 2021; Voss et al., 2021; Wang et al., 2022).
Compared to other regions on the spike protein, the NTD has a
relatively high glycan density that limits accessibility. However,
antibodies reactive to a structurally defined site of vulnerability
(antigenic supersite) have been identified in multiple donors (Cer-
utti et al., 2021b; McCallum et al., 2021; Suryadevara et al.,
2021), in addition to neutralizing NTD antibodies showing no or
minimal contact to this site (Cerutti et al., 2021a; Li et al.,
2021a; Wang et al., 2022). Although the precise mechanism of
NTD-targeted neutralizing activity has not yet been elucidated,
it has been postulated to include interference with conforma-
tional changes required for membrane fusion after ACE2 attach-
ment (Chi et al., 2020; Suryadevara et al., 2021). Finally, neutral-
izing antibodies binding the conserved S2 domain have been
identified and can reduce viral burden in vivo (Jennewein et al.,
2021; Pinto et al., 2021; Zhou et al., 2022). While the moderate
neutralizing potency may limit their potential for clinical applica-
tion, the high degree of cross-reactivity makes S2-targeting an-
tibodies particularly informative for pan-betacoronavirus vaccine
design (Pinto et al., 2021; Zhou et al., 2022).

Despite its essential function for host cell receptor interaction
and membrane fusion, the SARS-CoV-2 spike protein has a
remarkable degree of sequence variability (Harvey et al., 2021;
Nabel et al., 2022). Although many of the potential changes in
the spike protein can adversely affect viral functions (Li et al.,
2020), mutations that increase infectivity and/or transmissibility
confer a growth advantage, as has been observed for mutations
that favor receptor-binding (e.g., D614G; Hou et al., 2020; Korber
et al., 2020; Yurkovetskiy et al., 2020), or enhance spike protein
cleavage (e.g., H655Y; Escalera et al., 2022). Similarly, mutations
resulting in antibody resistance can be advantageous to evade
antibody-mediated immune pressure (Andreano et al., 2021b;
Baum et al., 2020b; Schmidt et al., 2021; Wang et al., 2021c;
Weisblum et al., 2020). Although numerous factors determine
viral growth and persistence on a population level, the repeated
and independent emergence of SARS-CoV-2 variants with im-
mune evasive properties highlights the interplay of immune
response and viral evolution (Dejnirattisai et al., 2021b; Mlco-
chova et al., 2021; Tegally et al., 2021; Uriu et al., 2021; Viana
et al., 2022; Zhou et al., 2021a).

Notably, several mutations in viral variants of concerns have
been identified as key mediators of antibody resistance through
in vitro outgrowth experiments and/or deep mutational scanning
(Figure 2F). For example, potent class 2 antibodies can form
hydrogen bonds with spike residue E484, and mutations at this
position confer a strong reduction in polyclonal plasma binding
(Barnes et al., 2020a; Greaney et al., 2021a, 2021c; Liu et al.,
2021b). Similarly, mutations in residue K417 reduce binding of
class 1 neutralizing antibodies and were selected in the presence
of vaccine-induced monoclonal antibodies (Greaney et al.,
2021c; Wang et al., 2021c). Thus, mutations at residues K417
and E484 affect potently neutralizing antibodies targeting the re-
ceptor-binding motif. Consistently, variants harboring mutations
at both residues have repeatedly emerged (Beta, Gamma, and
Omicron) and show reduced sensitivity to antibody-mediated
neutralization compared to the ancestral strains (Carreno et al.,
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2022; Dejnirattisai et al., 2022). Beyond RBD mutations, viral var-
iants contain changes in the NTD that often include insertions or
deletions in or near the antigenic supersite (McCallum et al.,
2021; McCarthy et al., 2021). Although individual spike mutations
may have a small effect on polyclonal serum activity (e.g.,
L452R), they can confer resistance to therapeutic monoclonal
antibodies (Li et al., 2020; Starr et al., 2021c¢), and the accumula-
tion of mutations in viral variants can result in an additive effect
on polyclonal resistance. Most notably, the Omicron variants
and sublineages carry mutations in the NTD, as well as the epi-
topes of many class 1, class 2, and class 3 RBD antibodies
and have a high level of resistance against both many mono-
clonal antibodies and the polyclonal sera elicited by infection
orvaccination (Carreno et al., 2022; Dejnirattisai et al., 2022; Gar-
cia-Beltran et al., 2022; Gruell et al., 2022; Liu et al., 2022; Planas
et al., 2022; Schmidt et al., 2022).

SERUM NEUTRALIZATION IN RESPONSE TO
SARS-CoV-2 INFECTION AND VACCINATION

Establishing a correlate of protection from SARS-CoV-2 infec-
tion and/or severe courses of disease is critical to guide vaccina-
tion strategies and may facilitate regulatory approvals based on
surrogate parameters. Neutralizing activity can be determined
using various assays that differ in the type of virus used (e.g.,
authentic virus, recombinant replication-competent virus, or
replication-deficient pseudovirus), the type of target cell, expres-
sion levels of ACE2 and proteases, and/or the type of readout
(e.g., bioluminescence, plaque reduction, or cytopathic effects)
(Khoury et al., 2020). Polyclonal neutralization titers obtained
with different assays generally correlate well (Sholukh et al.,
2021), but results for individual antibodies can differ between as-
says (Lempp et al., 2021; Liu et al., 2021a). Thus, while reference
samples have been produced to facilitate calibrated and stan-
dardized reports (Kristiansen et al., 2021), assay variation as
well as the use of viral variants need to be considered when inter-
preting results of neutralization assays.

Analyses in non-human primates challenged with SARS-CoV-
2 after vaccination or adoptive transfer of convalescent IgG es-
tablished that titers of spike-reactive antibodies as well as serum
neutralization as critical immune correlates of protection (Cor-
bett et al., 2021b; McMahan et al., 2021; Mercado et al., 2020;
Yu et al., 2020). These observations could subsequently be
extended to the protection from SARS-CoV-2 infection observed
in the clinical trials of various vaccine platforms (Feng et al.,
2021; Gilbert et al., 2022; Khoury et al., 2021). Although case def-
initions as well as neutralization assays and sampling time points
differed between individual trials, the vaccine- and trial-specific
levels of reported protection strongly correlated with induced
neutralizing activity (Khoury et al., 2021). Vaccine-induced
neutralizing titers that were ~20% of those found in convales-
cent individuals were associated with ~50% protection from
symptomatic infection, while ~90% and ~95% of protective
efficacy was modeled for neutralizing titers of around 2- and
4-fold of those seen in convalescent individuals, respectively
(Khoury et al., 2021). Notably, for different vaccine platforms
(mMRNA, mRNA-1273; adenovirus, ChAdOx1-S) with similar
case definitions (virologically confirmed symptomatic COVID-
19 at >4 weeks after the second vaccine dose), neutralizing anti-
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body serum activity resulting in 90% vaccine efficacy was overall
similar (83 and 140 IUso/mL in a pseudovirus neutralization
assay, respectively) (Feng et al., 2021; Gilbert et al., 2022). While
the small number of severe COVID-19 cases prevented drawing
firm conclusions, an analysis of different vaccine trials deter-
mined protection against severe infection to be achieved at
6-fold lower neutralizing titers compared to any symptomatic
infection (Khoury et al., 2021). These results are consistent with
animal studies demonstrating higher protection in lower
compared to upper airways at low antibody titers (Corbett
et al., 2021b) and with higher clinical vaccine effectiveness
against severe disease (Andrews et al., 2022b). Interestingly,
no correlation between serum neutralizing titers and protection
from asymptomatic infection could be determined after
ChAdOx1-S vaccination (Feng et al., 2021), and the immune
correlate analysis 4 weeks after the second mRNA-1273 dose
suggested that serum neutralizing activity alone cannot fully
explain the observed vaccine efficacy (Gilbert et al., 2022).
Thus, although serum neutralizing activity provides a well-estab-
lished and highly relevant correlate of protection for symptom-
atic and severe disease, it may not be entirely representative
for vaccine-induced protection.

Seroconversion with development of SARS-CoV-2-reactive
IgM, IgA, and IgG antibodies after infection typically occurs
within 7-14 days of symptom onset and in almost all individuals
(Gudbjartsson et al., 2020; Long et al., 2020; Ripperger et al.,
2020; Suthar et al., 2020). Similarly, high seroconversion rates
are observed within 14 days of the first COVID-19 vaccination
for different vaccine platforms (Folegatti et al., 2020; Jackson
et al.,, 2020; Walsh et al., 2020; Zhang et al., 2021b). Serum
neutralizing activity correlates with the titers of binding anti-
bodies reactive to the SARS-CoV-2 spike protein and/or its re-
ceptor-binding domain that can be rapidly determined in certi-
fied high-throughput assays (Roltgen et al., 2020; Rydyznski
Moderbacher et al., 2020; Vanshylla et al., 2021). Accordingly,
serum neutralizing activity after infection can be detected within
a few days of symptom onset and peaks approximately 4 weeks
after infection in most individuals (Seow et al., 2020; Suthar et al.,
2020). However, its extent after natural infection is marked by a
wide variation that correlates with clinical characteristics. In
most individuals, infection elicits a neutralizing response with
50% serum inhibitory dilution (IDso) titers up to ~1,000 in pseu-
dovirus assays when tested ~6 weeks after disease onset
(with some assay-dependent variation) (Luchsinger et al., 2020;
Robbiani et al., 2020; Vanshylla et al., 2021). While delayed onset
of neutralizing activity has been associated with fatal outcomes,
higher neutralizing titers are observed in more severely infected
individuals and likely reflect higher antigen exposure and/or
strong activation of short-lived plasmablasts (Garcia-Beltran
et al., 2021; Lucas et al., 2021; Rydyznski Moderbacher et al.,
2020; Zohar et al., 2020). A small fraction of individuals
(1%-5%, so called “elite neutralizer”) mounts a neutralizing
serum response of outstanding potency with high betacoronavi-
rus cross-reactivity that can develop independently of disease
severity and may be of particular interest for the isolation of ther-
apeutic antibodies (Luchsinger et al., 2020; Vanshylla et al.,
2021, 2022a). Moreover, a notable fraction of up to ~20% of in-
dividuals with asymptomatic infection or mild disease does not
display detectable neutralization (Garcia-Beltran et al., 2021;
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Long et al., 2020; Luchsinger et al., 2020; Robbiani et al., 2020;
Roltgen et al.,, 2020; Rydyznski Moderbacher et al., 2020;
Seow et al., 2020; Vanshylla et al., 2021).

Compared to the variation seen after natural infection, immuni-
zation with mRNA-based vaccines results in more consistent
development of high serum titers of neutralizing antibodies (Jack-
son et al., 2020; Walsh et al., 2020). Deep mutational scanning
demonstrated that, compared to antibodies induced by infection,
mRNA vaccine-induced serum activity shows a stronger RBD-
directed focus with higher epitope breadth (Greaney et al.,
2021b). However, reduced immunogenicity is observed in elderly
and immunocompromised individuals (Apostolidis et al., 2021;
Tober-Lau et al., 2021), and vector-based vaccines generally
result in lower titers of neutralizing activity (Folegatti et al.,
2020; Stephenson et al., 2021; Zhang et al., 2021b). Strong in-
creases in serum neutralization after an initial vector-based
vaccination can be achieved through subsequent heterologous
vaccination with a more immunogenic mRNA- or protein-based
vaccine (Barros-Martins et al., 2021; Borobia et al., 2021; Hillus
et al.,, 2021; Stuart et al., 2022). Moreover, consistent with
ongoing affinity maturation and (re)stimulation of more evolved
B cells, prolonged vaccination intervals (Hall et al., 2022b; Tauzin
et al., 2022), vaccination of convalescent individuals (Keeton
et al., 2021; Reynolds et al., 2021; Stamatatos et al., 2021), and
breakthrough infections resulted in improved serum neutraliza-
tion (Bates et al., 2022; Tober-Lau et al., 2022; Walls et al., 2022).

Serum neutralizing activity after infection or vaccination
shows a biphasic decline. Following an initial drop that is also
driven by the reduction in IgM and IgA antibodies with shorter
half-life (Chia et al., 2021; Vanshylla et al., 2021), titers decay
more slowly and serum neutralization remains detectable for
>1 year in most individuals (albeit at relatively low levels)
(Chia et al., 2021; Dan et al., 2021; Doria-Rose et al., 2021;
lyer et al.,, 2020; Levin et al., 2021; Vanshylla et al., 2021;
Yang et al., 2022). However, waning serum neutralizing activity
and the emergence of immune escape variants with reduced
antibody sensitivity and higher infectivity were associated
with increasing rates of breakthrough infections and prompted
the initiation of booster campaigns (Abu-Raddad et al., 2022b;
Andrews et al., 2022a; Goldberg et al., 2021; Hall et al., 2022a;
Lopez Bernal et al., 2021; Madhi et al., 2021; Tseng et al., 2022).
Similar to booster immunizations in convalescent individuals, a
booster dose based on the original Hu-1 strain in vaccinated in-
dividuals elicited increased titers of neutralizing serum activity
and breadth against viral variants, including the particularly im-
mune evasive Omicron variants (Carreno et al., 2022; Garcia-
Beltran et al., 2022; Gruell et al., 2022; lketani et al., 2022;
Munro et al., 2021; Perez-Then et al., 2022; Planas et al.,
2022; Schmidt et al., 2022; Vanshylla et al., 2022b; Wratil
et al., 2022). Nevertheless, the evolution of SARS-CoV-2 has
prompted the development of variant-specific vaccines.
Although variant-adapted as well as Hu-1-based mRNA
boosters elicited comparable variant neutralizing activity in pre-
clinical studies and immune imprinting may shape the response
to booster antigens (Corbett et al., 2021a; Gagne et al., 2022;
Réltgen et al., 2022), further clinical analysis of variant-based
vaccines will be required (Choi et al., 2021; Pajon et al., 2022).

While booster doses provide strong protection against Omi-
cron-mediated severe disease, protection from Omicron infec-
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tion is relatively weak and short-lived despite the elicited serum
neutralizing activity (Abu-Raddad et al., 2022a; Andrews et al.,
2022a; Kuhlmann et al., 2022). Respiratory tract mucosal
neutralizing activity, which may be more relevant for protection
from infection, has been studied relatively little. Upon infection
or vaccination, SARS-CoV-2-specific IgG and IgA are detectable
in nasopharynx, saliva, and broncho-alveolar lavage (Azzi et al.,
2022; Ketas et al., 2021; Smith et al., 2021; Sterlin et al., 2021)
and have been shown to persist for several months in the nasal
mucosal lining (Froberg et al., 2021). However, the limited agree-
ment in blood vs. mucosal SARS-CoV-2 antibody levels calls for
some caution when regarding blood neutralizing antibody titers
as a definitive correlate of protection (Smith et al., 2021).

DEVELOPMENT OF THERAPEUTIC ANTIBODIES

As development of vaccines and antiviral compounds was being
initiated, harnessing the potential of antibodies in clinical prac-
tice was an immediate goal in the COVID-19 pandemic. To this
end, convalescent plasma provided a readily available source
of polyclonal antibodies targeting SARS-CoV-2 and its therapeu-
tic use was implemented in the absence of alternative options
(Joyner et al., 2020). Although most randomized trials did not
demonstrate clinical benefit of convalescent plasma administra-
tion (Begin et al., 2021; RECOVERY Collaborative Group, 2021;
Korley et al., 2021; Simonovich et al., 2021), key principles for
the effective application of antibodies could be identified. Most
notably, plasma with higher titers of SARS-CoV-2-reactive anti-
bodies and early administration after symptom onset were asso-
ciated with reduced disease progression (Joyner et al., 2021;
Libster et al., 2021).

Rapid identification of SARS-CoV-2 neutralizing monoclonal
antibodies accomplished by academia and industry was facili-
tated by strategies previously implemented and refined for other
viruses (e.g., ebolavirus, HIV-1). Many antibodies advancing into
clinical development were isolated by antibody cloning methods
relying on the identification of spike-reactive B cells from COVID-
19-convalescent individuals (Figure 3) (Andreano et al., 2021a;
Cao et al., 2020; Du et al., 2020; Gieselmann et al., 2021; Guo
et al., 2021; Hansen et al., 2020; Jones et al., 2021; Ju et al.,
2020; Kim et al., 2021a; Kreer et al.,, 2020; Robbiani et al.,
2020; Shi et al., 2020; Starr et al., 2021a; Wang et al., 2020b;
Westendorfetal., 2022; Zost et al., 2020a, 2020b). Additional an-
tibodies were obtained using phage display technology (Berto-
glio et al., 2021; Zhu et al., 2021) or from immunized mice car-
rying human immunoglobulin genes (Hansen et al., 2020; Wang
et al., 2020a). Finally, readily available samples from individuals
previously infected with the related SARS-CoV(-1) enabled the
identification of potent cross-neutralizing antibodies (Pinto
et al., 2020; Rappazzo et al., 2021; Wec et al., 2020). Consistent
with and based on their high neutralizing in vitro potency, all an-
tibodies selected for advanced clinical development target the
RBD of SARS-CoV-2. Experiments in animal models conclu-
sively demonstrated their in vivo potential, as pre- or post-expo-
sure administration of neutralizing antibodies prevented or
dampened infection, manifesting in reduced viral titers and/or
pulmonary inflammation (Baum et al., 2020a; Bertoglio et al.,
2021; Cao et al., 2020; Chen et al., 2021d; Cobb et al., 2022;
Du et al., 2020; Haagmans et al., 2021; Halwe et al., 2021; Jones
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Figure 3. Antibodies in clinical investigation

(A) Summary of key findings of clinical trials of SARS-CoV-2 neutralizing monoclonal antibodies in different study populations.

(B) Overview of antibodies in clinical investigation. Blue and gray squares indicate presence and absence of feature, respectively. White squares indicate that
information is not available. “Combo” indicates use as an antibody combination. Fc-mod indicates genetic modifications of the Fc domains (t,», mutations to
extend half-life; eff, mutations to enhance or reduce Fc-mediated effector function). “Stage” indicates the clinical stage of investigation, with 4 being assigned to
antibodies currently or previously authorized or approved for clinical use. “Indication” shows studied clinical scenarios (T, treatment; PEP, post-exposure
prophylaxis; PrEP, pre-exposure prophylaxis). “Route” indicates studied routes of administration (jv, intravenous; sc, subcutaneous; im, intramuscular; oth, other
routes referring to inhalation for DZIF-10c and nasal drips for COVI-DROPS). “Ref” indicates isolation paper reference as numbered in listing below.

(C) Fc domain mutations currently or previously studied in clinical investigation of SARS-CoV-2 neutralizing antibodies. Gray boxes indicate effects on Fc receptor
binding, blue boxes show demonstrated or putative clinical effects. Mutations highlighted in blue are eponymous for the combination of mutations.
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et al., 2021; Kim et al., 2021a; Loo et al., 2022; Martinez et al.,
2021; Schafer et al., 2021; Shi et al., 2020; Verma et al., 2021;
Wang et al., 2020b; Zost et al., 2020a).

Different approaches were taken to tackle the well-recognized
viral capacity to escape from antibody-mediated antiviral activ-
ity. More conserved epitopes might be preferential targets as a
limited degree of variation suggests restricted mutational capac-
ity. For example, the epitope of the Sarbecovirus-cross-reactive
antibody sotrovimab (S309) encompasses highly conserved res-
idues and deep mutational scanning identified only a small num-
ber of single residues conferring potential escape (Cathcart
et al., 2022; Pinto et al., 2020; Starr et al., 2021a). In addition,
structural analyses, epitope and mutational mapping, as well
as in vitro outgrowth experiments informed on the use of prefer-
ential antibody combinations. By targeting non-overlapping epi-
topes, antibody combinations can increase the mutational
threshold required to result in resistance against all of the admin-
istered antibodies (Baum et al., 2020b; Copin et al., 2021; Dong
et al., 2021; Liu et al., 2021b; Starr et al., 2021b, 2021¢c; Weis-
blum et al., 2020). Moreover, although its mechanistic principle
in the context of SARS-CoV-2 has not been studied in detail
and the phenomenon is infrequently described, antibody combi-
nations can exert synergistic effects that result in higher in vitro
neutralizing activity than would be expected for either antibody
alone (Pinto et al., 2020; Zost et al., 2020a).

An additional focus of development has been placed on the
fragment crystallizable (Fc) region in the constant antibody do-
mains (Figure 3C). Through its interaction with the neonatal Fc re-
ceptor (FcRn) that results in reduced lysosomal antibody degra-
dation, the Fc region plays a critical role in antibody half-life. By
introducing Fc mutations that do not interfere with antigen
recognition but increase FcRn affinity (e.g., LS, M428L/N434S;
YTE, M252Y/S254T/T256E), in vivo half-life extensions by about
~3-fold can be achieved (Dall’Acqua et al., 2006; Loo et al.,
2022; Zalevsky et al., 2010). In addition, as FcRn regulates
mucosal antibody levels, enhanced FcRn binding might be asso-
ciated with increased accumulation of antibodies on mucosal
surfaces (Ko et al., 2014). Moreover, the Fc regions link antibody
recognition with host effector functions. Experiments in animal
models demonstrated the relevance of Fc interactions for
SARS-CoV-2 antibody efficacy in a therapeutic setting.
Compared to treatment with unmodified antibodies, administra-
tion of variants with diminished reactivity to activating Fc recep-
tors (e.g., antibodies with LALA or GRLR mutations) was associ-
ated with higher viral burden, increased weight loss, higher levels
of pulmonary inflammation, and/or reduced survival (Chan et al.,
2021; Ullah et al., 2021; Winkler et al., 2021; Yamin et al., 2021).
Fc-mediated functions of potent monoclonal antibodies are
likely less critical when antibodies are present prior to viral expo-
sure (Lempp et al., 2021; Schafer et al., 2021; Su et al., 2021;
Winkler et al., 2021; Yamin et al., 2021). However, substantially
improved prophylactic activity could be demonstrated at low
concentrations of antibodies with enhanced binding of activating
Fc receptors (GAALIE mutations) (Yamin et al., 2021). These
mutations have previously been associated with dendritic cell
maturation as well as induction of antiviral CD8" T cell responses
(Bournazos et al., 2020), and the GAALIE variant of the SARS-
CoV-2 antibody sotrovimab is in clinical investigation (VIR-
7832) (Cathcart et al., 2022).
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Finally, Fc receptor-mediated internalization of antibody-
bound virus resulting in antibody-dependent enhancement
(ADE) of infection is a theoretical possibility for any antibody-
based antiviral strategy and was deliberated from the early
stages of vaccine and antibody development (Arvin et al,
2020; Lee et al., 2020). In vitro enhancement of antibody-medi-
ated viral uptake was reported for a small number of monoclonal
antibodies (Li et al., 2021a; Zhou et al., 2021b), but did not trans-
late into reduced protection or increased viral pathogenicity in
in vivo models (Li et al., 2021a). Moreover, antibody-mediated
opsonization of SARS-CoV-2 in monocytes did not result in
detectable productive infection although it may be associated
with increased inflammatory responses (Junqueira et al., 2022).
To date, clinical observation of vaccinated individuals as well
as patients treated with convalescent plasma or monoclonal an-
tibodies does not indicate an overt role for ADE or other anti-
body-mediated adverse effects (e.g., due to immune complex
deposition). Nevertheless, potential safety signals, including
higher-grade respiratory adverse events, in mostly unvaccinated
seropositive hospitalized patients receiving hyperimmune anti-
SARS-CoV-2 immunoglobulin or monoclonal antibodies warrant
some caution in individuals at later stages of more severe dis-
ease (ACTIV-3/TICO Bamlanivimab Study Group, 2022; Poliz-
zotto et al.,, 2022; ACTIV-3/Therapeutics for Inpatients with
COVID-19 (TICO) Study Group, 2021). Despite the contributions
of the Fc domains to in vivo efficacy, several antibodies in
ongoing clinical investigation have been modified to specifically
reduce levels of Fc receptor interactions, aiming to limit potential
ADE and/or unwanted hyperinflammatory responses (Bertoglio
et al., 2021; Gu et al., 2021; Lanini et al., 2021; Li et al., 2021b;
Loo et al., 2022; Shi et al., 2020). Whether use of antibodies
with reduced Fc-mediated interactions results in differences in
clinical efficacy and/or the safety profiles in hospitalized patients
remains to be determined.

RESULTS AND IMPLICATIONS OF CLINICAL
INVESTIGATION

Similar to the rapid initiation of COVID-19 vaccine studies, clin-
ical development of SARS-CoV-2 neutralizing monoclonal anti-
bodies occurred at a remarkable pace with first human dosing
within <6 months of the start of pandemic (Lilly, 2020). Since
then, monoclonal antibodies have been investigated in clinical
trials focusing on different target populations (Figures 3A and
3B). These included infected patients at early and late stages
of disease, individuals with recent exposure to the virus, and
uninfected participants receiving antibodies as pre-exposure
prophylaxis (Figure 3A). While the trial outcomes were largely
dependent on the clinical scenarios, the results for different an-
tibodies tested within comparable study settings were highly
consistent. Across trials, SARS-CoV-2 neutralizing monoclonal
antibodies were safe and well tolerated overall, and pharmaco-
kinetic parameters of unmodified antibodies were within in the
expected range of human IgG (ty» ~2-4 weeks) (Chen et al,,
2021b, 2021c; Kim et al., 2021b; Li et al., 2021b; Meng et al.,
2021; Weinreich et al., 2021a). Notably, the half-life of Fc-engi-
neered antibodies with enhanced FcRn affinity ranged up to
90 days (Lanini et al., 2021; Loo et al, 2022; Zhang
et al., 2021a).

Immunity 55, June 14, 2022 933




¢ CellPress

When given early after diagnosis and/or symptom onset,
potent SARS-CoV-2 neutralizing antibodies reduced the risk of
disease progression by approximately 70%-80% (Dougan
etal., 2021; Gottlieb et al., 2021; Gupta et al., 2021, 2022; Razon-
able et al., 2021; Weinreich et al., 2021b) and reduced the inci-
dence of symptomatic disease when given to asymptomatic in-
dividuals (O’Brien et al., 2022). Antibody combinations
accelerated viral clearance in respiratory samples (Dougan
et al.,, 2021; Gottlieb et al., 2021; Weinreich et al., 2021a,
2021b), and subgroup analyses revealed this to be most pro-
nounced in seronegative individuals with relatively high viral con-
centrations (Weinreich et al., 2021a, 2021b). Effects on viral
loads can be readily assessed even in populations with a low
incidence of clinical outcomes (e.g., low rate of hospitalization).
However, they may not be fully indicative of potential beneficial
clinical effects, as these have also been observed in antibody
monotherapy with less pronounced effects on viral loads (Chen
et al., 2021c; Gottlieb et al., 2021; Gupta et al., 2022). While rela-
tively high antibody doses were tested initially (e.g., up to
8,000 mg total for the combination of casirivimab/imdevimab),
there was no clear dose-response relationship and considerably
lower doses were subsequently demonstrated to result in com-
parable effects (e.g., 1,200 mg for casirivimab/imdevimab;
500 mg for sotrovimab). The outcomes of outpatient trials re-
sulted in emergency use authorizations and/or conditional ap-
provals for treatment of COVID-19 for a number of antibodies
in different countries (@amubarvimab, bamlanivimab, bebtelovi-
mab, casirivimab, etesevimab, imdevimab, regdanvimab, romlu-
sevimab, sotrovimab) (Figures 3A and 3B). In contrast to the
convincing pivotal trial results in outpatients at early disease
stages, trials in hospitalized individuals (i.e., late stages) revealed
limited or no clinical benefit of monoclonal antibodies (RECOV-
ERY Collaborative Group, 2022; ACTIV-3/TICO Bamlanivimab
Study Group, 2022; ACTIV-3/TICO LY-CoV555 Study Group,
2021; ACTIV-3/Therapeutics for Inpatients with COVID-19
(TICO) Study Group, 2021). Compared to outpatients, hospital-
ized individuals frequently receive additional treatment (e.g., glu-
cocorticoids) and, likely more importantly, a higher fraction of in-
dividuals will have developed endogenous antibodies by the
time of monoclonal antibody administration. Subgroup analyses
suggest that monoclonal antibodies can result in favorable out-
comes in seronegative hospitalized individuals (RECOVERY
Collaborative Group, 2022; ACTIV-3/TICO Bamlanivimab Study
Group, 2022; ACTIV-3/Therapeutics for Inpatients with COVID-
19 (TICO) Study Group, 2021). Thus, while SARS-CoV-2 neutral-
izing monoclonal antibodies are highly effective in preventing
disease progression, their efficacy strongly depends on timely
administration.

In addition to their use in treatment, SARS-CoV-2 neutralizing
antibodies have been investigated for their potential to prevent
infection or disease. When given in the context of outbreaks in
nursing homes, subcutaneous (s.c.) application of antibody
bamlanivimab significantly reduced the incidence of COVID-19
in unvaccinated residents that were not infected at baseline (Co-
hen et al., 2021). Similarly, s.c. administration of the combination
of casirivimab and imdevimab to unvaccinated household con-
tacts of infected index patients resulted in reduced incidences
of infection and symptomatic diseases and was associated
with lower peak viral loads in cases of breakthrough infections
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(O’Brien et al., 2021). Finally, the combination of cilgavimab
and tixagevimab (Fc-modified with extended half-life and
reduced FcRn affinity) has received emergency use authoriza-
tion for pre-exposure prophylaxis based on the results of an
interim analysis demonstrating a 77% relative risk reduction in
the incidence of symptomatic COVID-19 (Levin et al., 2022).

Interpretation of the clinical trial results for monoclonal SARS-
CoV-2 neutralizing antibodies requires some careful consider-
ation. The overwhelming majority of trial participants was unvac-
cinated and/or had no known prior infection. As the proportion of
immunized individuals increases globally (either by vaccination,
infection, or both), the effect sizes of antibody administrations
may change in an immunized real-world population. Moreover,
most clinical trials were conducted during the prevalence of viral
variants with high sensitivity to the investigated monoclonal anti-
bodies. Mutations in the spike proteins of viral variants can confer
partial or full resistance to monoclonal antibodies and their emer-
gence has led to the revocation clinical use authorizations for
several antibodies (Chen et al., 2021e; Planas et al., 2021;
Wang et al., 2021a). Most notably, the highly mutated Omicron
variants of SARS-CoV-2 demonstrate resistance to the majority
of previously used monoclonal antibodies (with some exceptions,
such as the highly active bebtelovimab) (Cao et al., 2022; Carreno
et al., 2022; Garcia-Beltran et al., 2022; Gruell et al., 2022;
Liuetal.,2022; Planas et al., 2022; Schmidt et al., 2022; Takashita
etal., 2022; VanBlargan et al., 2022; Viana et al., 2022). As muta-
tions associated with resistance have been observed to develop
during antibody monotherapy and appear to occur less
frequently during combination therapy (Choudhary et al., 2021;
Copin et al., 2021; Jensen et al., 2021; Rockett et al., 2022), the
development of novel antibodies with cross-variant activity and
a high barrier to escape is therefore warranted to provide addi-
tional options for antibody combinations.

CONCLUDING REMARKS

Upon encountering the SARS-CoV-2 spike protein, the human
immune system is able to generate potent neutralizing anti-
bodies that represent one of our strongest assets to prevent
and treat COVID-19. High incidences of SARS-CoV-2 infections
and immune-mediated selection pressure will drive continuous
viral evolution and the emergence of SARS-CoV-2 immune
escape variants. While this will challenge antibody-mediated im-
munity, recent advances in knowledge and techniques allow to
effectively prepare a potent antibody response to a more diverse
and changing viral threat. This includes adapted vaccine strate-
gies to induce a broad SARS-CoV-2 humoral immunity and the
rapid isolation and development of potent cross-neutralizing
SARS-CoV-2 monoclonal antibodies for passive immunization.
Since immune escape variants may emerge very rapidly, it will
be critical to enable neutralizing antibodies to target a broad
spectrum of viral variants. This may be achieved, for example,
by vaccination strategies exposing to a wider spectrum of
SARS-CoV-2 variants and by using combinations of highly
broadly neutralizing antibodies for passive immunization. Finally,
administrative and regulatory aspects should be prepared to
allow for a rapid response to new variants providing neutralizing
antibodies by active or passive immunization to protect individ-
uals at risk and to overcome the COVID-19 pandemic.
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