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SUMMARY

Antibodies, and the B cell and plasma cell populations responsible for their production, are key components
of the human immune system’s response to SARS-CoV-2, which has caused the coronavirus disease 2019
(COVID-19) pandemic. Here, we review findings addressing the nature of antibody responses against
SARS-CoV-2 and their role in protecting from infection or modulating COVID-19 disease severity. In just
over a year, much has been learned, and replicated in independent studies, about human immune responses
to this pathogen, contributing to the development of effective vaccines. Nevertheless, important questions
remain about the duration and effectiveness of antibody responses, differences between immunity derived
from infection compared to vaccination, the cellular basis for serological findings, and the extent to which

viral variants will escape from current immunity.

INTRODUCTION

The entry of the novel coronavirus, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), into human populations in
2019 set off a global pandemic of coronavirus disease (COVID-
19) that has begun to rival the scope and impact of the influenza
pandemic of 1918. The zoonotic origins of SARS-CoV-2 are
thought to have been from a bat species, potentially followed
by other intermediate hosts, and a possible period of cryptic
spread in humans (Andersen et al., 2020; Zhou et al., 2020). On
encountering largely immunologically naive human populations,
the resultant virus has efficiently spread worldwide and caused
over 3.8 million deaths (https://covid19.who.int/) at an acceler-
ating pace. New, effective vaccines offer the hope of controlling
the pandemic if they can be produced and, equally importantly,
distributed on a global scale. In this review, we summarize the
main lessons learned from the international effort to understand
human antibody and B cell responses to SARS-CoV-2 infection
and vaccination and anticipate challenges that lie ahead. The
flood of relevant publications has required us to select examples
to illustrate the main findings, but these are not meant to repre-
sent the first or last word on these topics.

SARS-CoV-2 belongs to the Coronaviridae family of single-
stranded RNA viruses that includes four endemic human corona-
viruses (HCoVs) that are usually associated with mild respiratory
infections: the alphacoronaviruses, NL63 and 229E, and the be-
tacoronaviruses (betaCoVs), HKU1 and OC43, as well as two
highly pathogenic betaCoVs, SARS-CoV and MERS-CoV, which
have caused deadly epidemics in the past. SARS-CoV-2 can
cause a broad spectrum of manifestations in humans, ranging
from mild respiratory and/or gastrointestinal symptoms to
severe disease with extensive pneumonia and other organ
involvement, as well as disorders that include coagulopathies
and potential progression to respiratory failure and death. At
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least one-third of infected individuals remain asymptomatic
(Oran and Topol, 2020), but can still be contagious and thus
constitute a source of infection. After recovery from acute infec-
tion, many individuals have lingering or recurrent symptoms for
many months. One of the pressing research imperatives in the
COVID-19 pandemic has been the identification of factors that
influence the outcome of infection. Apart from viral features,
such as the size of the initial viral inoculum and viral mutations
that may lead to differential pathogenicity, host determinants
including age, sex, co-morbidities, and the state of an individ-
ual’s immune system and viral exposure history might also
contribute to illness severity. Although humoral immune re-
sponses to SARS-CoV-2 infection and vaccination have been
the focus of much initial research, evidence is emerging that
innate immune mechanisms and T cell responses are also major
factors that contribute to protection against SARS-CoV-2 (Sette
and Crotty, 2021).

The genome of SARS-CoV-2 encodes four structural proteins,
including the highly immunodominant spike (S) and nucleo-
capsid (N) antigens and 25 putative nonstructural and accessory
proteins (Mariano et al., 2020). The S surface glycoprotein plays
a major role in viral attachment and entry into host cells. The S
receptor binding domain (RBD) varies among different coronavi-
ruses and determines host species range and tissue tropism.
SARS-CoV-2 RBD binds to the angiotensin-converting enzyme
2 (ACE2) receptor, which is expressed on a wide range of human
cells across a variety of organs. Virus-neutralizing antibodies are
thus primarily directed against the S protein and can prevent viral
entry into host cells. The N protein is essential for viral replication
and the packaging of viral RNA into new virions and is expressed
abundantly during infection. Upon infection, SARS-CoV-2 elicits
antibody responses mainly directed toward S and N. These an-
tigens, particularly the S protein and its RBD domain, were
rapidly and widely adopted for clinical and research serological
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assays from the early months of the pandemic, aided by the
generous and public-spirited sharing of DNA sequences, proto-
cols, and reagents within the scientific community (https://www.
ncbi.nlm.nih.gov/nuccore/MN908947) (Stadlbauer et al., 2020;
Wu et al., 2020).

More than a year later, and a few months after the rolling out of
rapidly developed and highly effective vaccines, questions
remain as to the nature and durability of SARS-CoV-2-specific
antibody responses after infection and vaccination, and the B
cell and plasma cell populations responsible for them. Waning
antibody titers after infection or vaccination and reported subse-
quent infections suggest that immunity may be transient and
incomplete, at least in a fraction of individuals. Moreover,
some new emerging viral variants show decreased vulnerability
to immunity stimulated by infection or vaccination with Wuhan-
Hu-1-like antigens.

PRE-EXISTING CROSS-REACTIVE IMMUNITY TO
SARS-CoV-2

Research on viral infections has shown that established adaptive
immunity against closely related viruses or virus variants can
protect from infection or severe disease, but in other cases
can worsen outcomes (St. John and Rathore, 2019; Welsh
et al., 2010). Serological cross-reactivity is commonly observed
in the responses to endemic HCoVs, and is associated with tran-
sient cross-protection or with attenuated symptoms (Aldridge
et al., 2020; Callow et al., 1990; Sariol and Perlman, 2020).
SARS-CoV-2 proteins and those of other HCoVs are generally
distinct but share specific regions of sequence conservation
that might be targeted by cross-reactive antibody responses.
Pre-pandemic specimens, and those from uninfected individ-
uals during the pandemic, have provided interesting insights into
pre-existing serum antibodies that bind SARS-CoV-2 antigens,
potentially stimulated by prior HCoV infection. Most pre-
pandemic/non-infected serum samples contain IgG antibodies
to endemic HCoV S proteins (Anderson et al., 2021). In contrast,
less than 1% of these samples contain IgG antibodies that bind
SARS-CoV-2 S RBD. Low-level cross-reactivity is more commonly
observed for the SARS-CoV-2 full-length S (as seenin 4% to 5% of
study participants) and against the N protein (~10% to 16% of
study participants) (Anderson etal., 2021; Ng et al., 2020). Whether
this pre-pandemic binding activity in polyclonal sera is due to
cross-reactive antibodies that bind other HCoV antigens warrants
additional study, as relatively few SARS-CoV-2 cross-reactive
monoclonal antibodies (mAbs) have been isolated from pre-
pandemic specimens (Wec et al., 2020). The S glycoprotein is pro-
teolytically processed into two subunits: S1 (which contains RBD
and the N-terminal domain [NTD]) and S2 (which mediates host-
viral membrane fusion). S2 is the main target for pre-existing
anti-S antibodies, consistent with its greater sequence conserva-
tion compared to S1, among HCoV species (Anderson et al.,
2021; Jaimes et al., 2020; Ng et al., 2020; Nguyen-Contant et al.,
2020). While RBD is the main target for virus-neutralizing anti-
bodies, responses to S epitopes outside of the RBD have been
shown to have some neutralizing activity, for example, by binding
to the S1 NTD, or by preventing protease cleavage or conforma-
tional changes required for entry into cells (Chi et al., 2020; McCal-
lumetal., 2021a; Poh etal., 2020). Antibodies to the N protein show
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little to no neutralization potential. This is consistent with reports
that the pre-existing (predominantly non-RBD binding) SARS-
CoV-2-reactive antibodies confer low to undetectable levels of
SARS-CoV-2 neutralizing activity (Anderson et al., 2021).

High-resolution, viral linear peptide epitope profiling of anti-
bodies in serum samples from pre-pandemic or non-infected
control individuals recapitulates many of the results derived
from full SARS-CoV-2 proteins or protein domains, despite not
capturing data from conformational or discontinuous epitopes.
Many pre-pandemic samples strongly recognize seasonal
HCoV peptides, but show only limited reactivity with a few
SARS-CoV-2 peptides (Ladner et al., 2021; Shrock et al,
2020). Pre-existing, cross-reactive antibodies preferentially
target specific, immunodominant epitopes located in functional
sites of the S2 subunit and show greater binding to the homolo-
gous endemic HCoV epitopes, compared to SARS-CoV-2
epitopes, while little reactivity is detected for SARS-CoV-2
RBD epitopes (Ladner et al., 2021). Notably, pre-pandemic
serum reactivity is also observed for other SARS-CoV-2 pep-
tides that do not show evidence of cross-reactive binding to
other HCoVs, suggesting that reactivities might also be gener-
ated by non-HCoV antigens (Ladner et al., 2021).

Taken together, these data indicate that some pre-existing an-
tibodies derived from prior exposure to other HCoVs recognize
SARS-CoV-2 antigens. Anti-HCoV antibodies are also boosted
by SARS-CoV-2 infection, particularly during severe COVID-19
illness (Roltgen et al., 2021). Whether these cross-reactive anti-
bodies confer any protection against infection or whether they
modulate disease severity is unclear. One report found that
levels of pre-pandemic or pre-infection cross-reactive SARS-
CoV-2-binding antibodies did not correlate with protection
from SARS-CoV-2 infection and hospitalization (Anderson
etal., 2021). In contrast, an epidemiological study based on elec-
tronic health records found that recent prior infection with
endemic HCoVs was associated with less severe COVID-19
illness (Sagar et al., 2021). It seems possible that some transient
immunological protection from SARS-CoV-2 may follow infec-
tion with other HCoVs, but if so, it remains to be determined
whether this effect is due to antibody responses or to other im-
mune system components such as T cells. Overall, it appears
that pre-existing, cross-reactive antibodies form a small fraction
of the total humoral response to SARS-CoV-2 infection.

ANTIBODY RESPONSES TO PRIMARY SARS-CoV-2
INFECTION

Systemic antibody responses

While recovery from many acute viral infections, such as from
yellow fever, measles, polio, and smallpox, can confer lifelong
humoral and cell-mediated immunity, protective immunity to
other viruses, including coronaviruses, is comparatively short-
lived. Virus-specific antibodies produced by plasma cells may
be the most important factor in the long-term prevention of rein-
fection by most viruses. As discussed in more detail below, du-
rable antibody responses appear to require coordinated T and B
lymphocyte interactions within lymphoid tissue germinal centers
(GCs) to generate long-lived plasma cells, as well as class-
switched memory B cells that can rapidly mount secondary re-
sponses after re-encountering antigens (Figures 1 and 2).
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Figure 1. Overview of the humoral immune response to SARS-CoV-2

SARS-CoV-2 antigen recognition initiates a cascade of immune responses, including the activation of naive B cells. Activated B cells can differentiate rapidly into
extrafollicular, short-lived plasma cells (SL PCs) and memory B cells (MBCs) with low rates of somatic hypermutation (SHM) (1), or they can enter germinal centers
of secondary lymphoid organs such as lymph nodes, where they undergo rounds of SHM and affinity maturation, resulting in long-lived plasma cells (LL PCs) and
MBCs (2). Antibody-secreting plasma cells and MBCs can enter the blood and (potentially) mucosa, where they help to fight viral infection and protect from
reinfection. LL PCs also transit to the bone marrow and potentially to other anatomical sites. Schematic created with biorender.com.

Upon infection with SARS-CoV-2, naive B cells or potentially
pre-existing memory B cells from prior HCoV exposures are acti-
vated by antigen recognition and CD4+ T cell help. In many viral
infections, such as those caused by Dengue and Zika virus,
serum IgM responses precede the appearance of class-
switched IgG and IgA antibodies (Ravichandran et al., 2019;
Vazquez et al., 2007). In contrast, the serum IgG responses to
SARS-CoV-2 S and N appear at approximately the same time
as serum IgM and IgA, usually within the first 2 weeks after symp-
tom onset (lyer et al., 2020; Long et al., 2020a; Roltgen et al.,
2020). The median time to seroconversion is between 11 and
13 days post-symptom onset (PSO) for RBD (lyer et al., 2020;
Long et al., 2020a). Seroconversion rates in hospitalized patients
for anti-RBD IgM, IgG, and IgA reach their maximum between 4
to 6 weeks PSO (Rdltgen et al., 2020). An IgG-based seroconver-
sion rate of >95% that is irrespective of disease severity has
been reported for assays relying on the full-length S protein
(Wajnberg et al., 2020). IgM and IgA antibodies rapidly decline
with median times to seroreversion about 7 and 10 weeks
PSO, respectively (lyer et al., 2020), although more persistent
IgA responses have also been reported (Gaebler et al., 2021).

The rate at which IgG antibody levels decay remains a topic of
some debate and differs between antigens. While anti-S levels
appear to be stable for at least 3 months post-infection and
show modest decreases after 5 to 8 months (Dan et al., 2021;
Wajnberg et al., 2020), anti-RBD and -N antibody responses
wane more rapidly (Dan et al., 2021; Ibarrondo et al., 2020;
Isho et al., 2020). It is tempting to speculate that anti-S2 anti-
bodies may account for these differences in whole-S and RBD
titer persistence, decaying more slowly due to greater contribu-
tions from boosted cross-reactive memory clones. The timing of
sample collection is a crucial factor to be considered when as-
sessing the decay of antibody titers, as during the initial months
after infection there may be a more rapid rate of decrease in IgG
produced by transient plasmablasts, followed by a slower long-
term rate of decrease that is dependent on fully differentiated
plasma cells. Longitudinal studies that are tracking patients
over longer periods of time after infection will likely soon provide
additional data about the durability and levels of protective titers
of anti-SARS-CoV-2 antibodies.

The magnitude of anti-SARS-CoV-2 antibody responses cor-
relates with COVID-19 disease severity, with the highest
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Figure 2. Anti-SARS-CoV-2 B cell responses
B cell responses to SARS-CoV-2 infection are initi-
ated primarily by the stimulation of naive B cells and
potentially some HCoV cross-reactive memory B
cells. The time frames for the development of ex-
trafollicular (EF) responses, which produce short-
lived antibody-secreting cells (plasmablasts and SL
PCs) and memory B cells (MBCs), and germinal
center (GC) responses, which provide somatically
hypermutated long-lived plasma cells (LL PCs) and
class-switched memory B cells, are not well
described for human tissues and may take place
simultaneously. The duration of these responses, as
well as the longevity of memory B cells formed in
different microanatomical sites, is still unclear. Signs
of impaired GC function have been identified in
deceased COVID-19 patients. PSO, post symptom
onset. Schematic created with biorender.com.
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antibody titers developed by the most severely ill patients, who
often also have higher viral loads in nasopharyngeal swabs
compared to patients with milder illness (Long et al., 2020b; Rolt-
gen et al., 2020) (Figures 3A and 3B). Broader antibody re-
sponses to S and N peptides with more extensive epitope
spreading are also seen in patients with severe disease (Shrock
et al., 2020). It is possible that individuals whose immune re-
sponses cannot fight the infection early, perhaps due to less
effective innate or T cell immunity or to antibody targeting of
non-neutralizing viral antigens (Atyeo et al., 2020; Roltgen
et al., 2020; Sette and Crotty, 2021), develop higher viral antigen
loads that contribute to an extended period of antibody evolution
and epitope spreading, giving rise to the observed stronger and
broader antibody responses to SARS-CoV-2. Heterogeneity in
antibody responses is also seen among different age groups.
Older adults are at higher risk of developing severe COVID-19
and are therefore also more likely to develop high antibody re-
sponses to SARS-CoV-2. Children experience predominantly
asymptomatic and mild disease and generate lower antibody re-
sponses to the S and N proteins. To date, it is unclear why chil-
dren are less affected clinically by SARS-CoV-2 and whether
specific humoral responses, in addition to factors such as
ACE2 expression, might play a role in their protection from
more severe COVID-19 disease. One study has reported that a
more diverse antibody landscape is present in children
compared to adults, featuring a higher proportion of antibodies
that target SARS-CoV-2 accessory proteins and open reading
frames (Hachim et al., 2021). A few children (~0.002% of cases)
develop severe disease in the form of a multisystem inflamma-
tory syndrome (MIS-C), but similar anti-S and -N antibody pro-
files are observed in children with and without MIS-C (Weisberg
et al., 2021).
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Year(s) PSO Neutralizing antibodies are considered a

key correlate of immunity to SARS-CoV-2,
as demonstrated by passive antibody
transfer and viral challenge studies in
nonhuman primates (McMahan et al,
2021). Once infection is established,
neutralization might play less of a role in
controlling SARS-CoV-2, as many severely
ill patients (including those who die)
develop high neutralizing antibody titers,
and lower neutralization titers are observed in most mildly in-
fected adults and children (Robbiani et al., 2020; Weisberg
et al., 2021). A threshold for protective neutralizing antibody re-
sponses has yet to be defined, and candidate thresholds will
likely be affected by viral variants and viral loads encountered
during exposures, among other factors.

The finding that a higher titer antibody response does not
necessarily correlate with milder disease has focused attention
on whether there are differences in the timing or targeting of hu-
moral responses that could contribute to patient outcomes and
to disease severity. Differences in the proportions of antibodies
that target S compared to N antigens are seen in the early humoral
responses in patients who survive compared to those who die of
COVID-19, including not only higher anti-S to anti-N antibody ra-
tios but also S-specific phagocytic and complement activity
(Atyeo et al., 2020; Roltgen et al., 2020). Despite these associa-
tions, there is still considerable heterogeneity in antibody re-
sponses within groups defined by disease severity or outcome.
A detailed examination of the time course of SARS-CoV-2 anti-
body responses in individual patients has revealed several
response patterns. Among patient groups who were admitted
to hospital but not requiring ICU care, who were admitted to
ICU, or who were dying of their illness, a range of antibody re-
sponses were observed—from undetectable to high neutralizing
titers—in different individuals by the time of their recovery or
death (Roltgen et al., 2020). These observations indicate that
some patients are able to resolve their iliness prior to the appear-
ance of antibodies in their blood, while others suffer severe dis-
ease despite mounting strong antibody responses. Notably,
although some patients who died of COVID-19 had delayed sero-
conversion, this was not generally the case, and time to serocon-
version was not significantly associated with patient outcomes.
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Figure 3. Anti-SARS-CoV-2 antibody responses
SARS-CoV-2 infection elicits robust antibody responses to the S protein.
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(A and B) Patients with severe COVID-19 develop significantly higher anti-S IgM, IgG, and IgA titers than do patients with mild manifestations.
(C) Individuals vaccinated with two doses of S protein-encoding mRNA vaccines develop IgG antibody titers comparable to those of severely ill patients, but lower

concentrations of IgM and IgA.

*Anti-RBD antibody responses show similar patterns but are in general lower than those against S and decline more rapidly. Schematic created with biorender.com.

Causation is difficult to establish in human studies, but these
discordant relationships between antibody responses and patient
outcomes strongly suggest that innate immune mechanisms and
T cell responses play major roles in determining the disease
course in the primary infection of individual patients.

Structural variations in the antibody Fc domain and in the IgG
glycome, previously associated with age, sex, and autoimmune
diseases (Gudelj et al., 2018), might also modulate the course of
SARS-CoV-2 infection. Even minor changes in the composition
of Fc-associated glycans can significantly alter Fc conforma-
tions and interaction with Fcy receptor (FcyR) family members
on leukocytes to modulate effector responses. Patients with se-
vere COVID-19 have elevated concentrations of anti-SARS-
CoV-2 IgG lacking glycan fucosylation, compared to patients
with milder illness (Chakraborty et al., 2021; Larsen et al.,
2021). Afucosylated IgG responses formed against some envel-
oped viruses have been reported to have increased binding
affinity to the activating FcyRllla, potentially promoting cytokine
storms and immune-mediated pathologies (Larsen et al., 2021).
The importance of this association for COVID-19 disease
severity warrants further evaluation.

In summary, consistent associations between greater disease
severity and higher antibody responses have been reported in
many studies, while antibody responses that target the S
compared to the N antigen are greater in patients with mild dis-
ease. Within patient groups, however, considerable heterogene-
ity in the antibody response is seen.

Mucosal antibody responses

In contrast to systemic antibody responses, less is known about
the role of mucosal immunity to SARS-CoV-2. Mucosal surfaces
of the respiratory tract are the entry point for respiratory patho-
gens such as SARS-CoV-2 and likely represent an important
site for the initiation of antibody responses (Figure 1). Secretory
IgA is the principal isotype on mucosal surfaces and may thus
play a central role in early SARS-CoV-2 defense.

Antibody kinetics in saliva samples obtained from SARS-CoV-
2-infected individuals are reported to be similar to those of serum
samples, in that anti-S and anti-RBD IgG levels are stable over
several months PSO, whereas IgM and IgA antibodies wane
more rapidly (Cervia et al., 2021; Isho et al., 2020). The sensitivity

with which antibodies could be detected in saliva samples was
lower than in serum samples, for example, the detection of anti-
SARS-CoV-2 S antibodies in 90 saliva samples from COVID-19
patients was 57% for IgM, 89% for IgG, and 51% for IgA (Isho
et al., 2020). IgM and IgG antibody levels in saliva showed a sig-
nificant positive correlation with those in serum, while the positive
correlation of saliva and plasma IgA was more limited (Cervia
et al., 2021; Isho et al., 2020). Elevated functional IgG-related
responses were apparent in nasal samples from COVID-19
convalescent donors who had experienced severe disease, while
donors with mild-to-moderate COVID-19 had elevated nasal IgA-
related responses (Butler et al., 2021). In contrast to data from
serum samples, which show pseudovirus neutralization activity
to correlate positively with disease severity, nasal wash samples
from subjects with severe disease show little to no viral neutraliza-
tion, whereas individuals with mild symptoms have elevated
mucosal neutralization activity (Butler et al., 2021). Intriguingly,
neutralization activity detected in nasal samples, but not in serum
samples, showed a positive correlation with IgA responses.
Although cohorts in all of the mucosal studies discussed here
were not large enough to enable a robust examination of trends,
the described associations between mucosal IgA binding, virus
neutralization responses, and less severe disease together suggest
that mucosal IgA might play an important role in protective immune
mechanisms and might also be a factor that contributes to disease
outcome. One study of neutralizihng mAbs has highlighted the
greater potency of dimeric IgA, the predominant secretory form
at mucosal sites (Wang et al., 2021a). A protective role for mucosal
IgA might also have important implications for vaccine develop-
ment. Vaccines that are administered intramuscularly, as opposed
to intranasally, are expected to induce mainly systemic IgG, and
not mucosal IgA, although this has not yet been determined for
approved SARS-CoV-2 vaccines. Mucosal immunity might
contribute, or even be required, to achieve protection from infection
and to prevent onward transmission of SARS-CoV-2 in humans.

B-LINEAGE CELLS IN SARS-CoV-2 INFECTION

The convenience and widespread availability of serological
testing for SARS-CoV-2 antibodies has meant that it is the pri-
mary source of data for large cohorts and for epidemiological
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(A) The S protein consists of two subdomains: S1 (shaded blue, contains the NTD and RBD) and S2 (shaded gray).

(B) S protein structure (PDB: 6ZGG; Wrobel et al., 2020), showing the RBD (dark red) and NTD (salmon) domains.

(C) S protein structure (PDB: 6MOJ; Lan et al., 2020) showing key surface residues in RBD (sphere representation, dark red) that have been reported in variants of
concern. Amino acid residues highlighted with a colored box decreased neutralization by polyclonal sera from COVID-19 convalescent patients (Greaney

et al., 2021).

(D) S protein structure (PDB: 6ZGG) showing key surface residues in NTD (sphere representation, salmon) reported in variants of concern. Amino acid residues
highlighted with a colored box are part of the NTD “supersite,” a region that is involved in binding by at least eight reported neutralizing antibodies (Cerutti

et al., 2021).

(E) Table of amino acid changes reported in currently circulating viral variants of concern (source: CDC, WHO).
*Detected in some sequences but not all. The protein and domain structures were visualized with PyMOL.

studies analyzing humoral immune responses to SARS-CoV-2
infection in human populations. However, detailed study of the
clonal populations of antigen-specific B cells and plasma cells
that are stimulated by infection or vaccination (and the immuno-
globulin gene rearrangements they express) is required to arrive
at a more complete understanding of the cellular mechanisms
that give rise to the serological data. As viral variants have arisen
in human populations, it has become increasingly important to
understand how structural changes in S, particularly in the
RBD and NTD (Figure 4) domains, affect the binding of important
classes of neutralizing antibodies. The complementary and sup-
porting roles of innate immunity, T cell immunity, and humoral
immunity, and the interactions of B cells with other immune
cell types, particularly CD4* T cells, all likely need to be consid-
ered to explain the disease course and outcomes of individual
patients. Initial findings related to these interactions have been
surveyed recently (Sette and Crotty, 2021). Here, we focus on
patient responses through the lens of B cell biology to highlight
areas of growing consensus and remaining gaps in our
knowledge.

B cells in acute infection

Models of human B cell responses to viral infection, combining
extrapolation of results from mouse data and actual observa-
tions from humans, include extrafollicular B cell responses that
provide a rapid, anti-viral function by generating short-lived anti-
body-secreting cells and non-class-switched memory B cells. In
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parallel to these events, other B cells enter the GCs of secondary
lymphoid tissues, where they undergo cell division, somatic hy-
permutation (SHM) of antibody genes, and selection for
improved antigen binding, giving rise to long-lived plasma cells
and class-switched memory B cells. Thus, in the initial weeks
of an infection, rapidly expanding plasmablasts produce high
antibody titers, which decay after the acute infection has
resolved and are followed by the more sustained production of
antibodies at lower levels due to distinct populations of longer-
lived plasma cells (Figures 1 and 2).

B cells and plasma cells from the extrafollicular and GC reac-
tions can enter the blood, which has been the most common
source of these cells in human immunological studies. Relatively
few studies of human immune responses have directly examined
lymph nodes, spleen, or other potent organizing sites of adaptive
immunity, although fine-needle aspiration of lymph node cells of-
fers a strategy to address this limitation in the future (Havenar-
Daughton et al., 2020).

Descriptions of peripheral blood B cells in the initial weeks of
an acute SARS-CoV-2 infection have reported modest relative
B cell lymphopenia, and variable increases in plasmablast fre-
quencies, in some cases exceeding 30% of total B cells, remi-
niscent of findings in other severe acute viral illnesses such as
Ebola virus infection (Kaneko et al., 2020; Mathew et al., 2020;
McElroy et al., 2015). These B cell subset changes are consis-
tent but transient, as reported in a longer follow-up study of
COVID-19 patients that analyzed plasmablast frequencies
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within 7 days of hospitalization, at discharge, and after 3 to
6 months of convalescence (Shuwa et al., 2021). This study
confirmed the finding of elevated plasmablasts in acute
COVID-19 but reported that plasmablasts returned to baseline
frequencies in convalescent samples 3 to 6 months after infec-
tion. Other B cell phenotypes have been reported in the acute
phase of infection; for example, one study performed a single-B
cell transcriptomic analysis and identified non-plasmablast
CD71*-activated B cells, CD11c*™ FcRL5" “atypical” B cells,
and a cell phenotype with intermediate characteristics between
these two (Sokal et al., 2021).

The sequencing of immunoglobulin heavy chain genes ob-
tained from peripheral blood B cells during acute COVID-19
has revealed the presence of highly polyclonal B cell populations
that have class switched, usually to IgG subtypes with a lesser
contribution of IgA subtypes, but with little or no SHM (Nielsen
et al., 2020). These cells appear in the blood at approximately
the same time that patients seroconvert and when plasmablast
frequencies are elevated. Another analysis of total immunoglob-
ulin gene repertoires in acute COVID-19 patients’ blood reported
the oligoclonal expansion of certain clones within the repertoires
(Kuri-Cervantes et al., 2020). Isotype-specific deep sequencing
of heavy chain gene repertoires in a third study confirmed the
abundance of low-SHM IgG3 or IgG1-expressing B cells in the
initial weeks following the onset of COVID-19 symptoms (Kim
et al., 2021).

Together, these data from acute COVID-19 patients suggest
that the early B cell response to infection derives from the stim-
ulation of naive B cells that class switch and differentiate to plas-
mablast and potentially to other activated phenotypes without
accumulating substantial SHM prior to their appearance in the
blood. But is there any evidence from acute COVID-19 patients
of a cross-reactive secondary response to epitopes that are
shared by SARS-CoV-2 and one or more of the endemic HCoVs?
Such a response might be expected, given reports of pre-
pandemic serum antibodies in many children and some adults
that cross-react with SARS-CoV-2 antigens, and given evidence
of pre-pandemic B cell clones that express heavy chain genes
with high sequence similarity to known SARS-CoV-2 specific an-
tibodies, with higher frequencies in children (Anderson et al.,
2021; Ng et al., 2020; Yang et al., 2021). A study of SARS-
CoV-2 S-binding mAbs isolated from a pre-pandemic donor
that had survived a SARS-CoV infection in the 2003 outbreak
demonstrated that a small proportion of these mAbs were
cross-reactive with HCoV S proteins (Wec et al., 2020). However,
the unusual circumstance of this donor’'s SARS-CoV infection
might have stimulated clones that would not be present in human
populations whose prior coronavirus exposures were limited to
endemic HCoVs. In another study, testing of the antigen speci-
ficity and cross-reactivity of large numbers of SARS-CoV-2 S-
binding memory B cells from samples collected 3 and 6 months
after SARS-CoV-2 infection showed that a significant fraction
(approximately 12% at 3 months) of clones were cross-reactive
and bound to the S proteins of HCoVs OC43, HKU1, or both (So-
kal et al., 2021). Evidence that these clones were derived from
preexisting cross-reactive memory B cells was provided by the
presence of substantially higher levels of SHM in the cross-reac-
tive clones compared to those that bound SARS-CoV-2
RBD alone.
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Germinal center versus extrafollicular B cell responses
in infection

In an effort to address the question of whether acute serological
responses to SARS-CoV-2 infection derive from GC-dependent
B cell populations, one study analyzed post-mortem lymph node
and spleen specimens obtained from patients who had died of
COVID-19. This study found GCs and the numbers of BCL-6"
GC B cells to be markedly decreased in the follicles of these sec-
ondary lymphoid tissues (Kaneko et al., 2020). These observa-
tions are suggestive of impaired GC function and of the lack of
formation of long-lived memory B cells, high-affinity antigen-
specific B cells, and, presumably, long-lived plasma cells. As
the authors note, these findings are based on the most severely
ill patients, and those with milder disease may not exhibit a com-
parable impairment of GC structures or function. Furthermore,
for severely ill patients who survive COVID-19, accumulated ev-
idence now indicates that their titers of SARS-CoV-2-specific
antibodies persist at higher levels than those of patients with
milder illness. For recovered severely ill or mildly ill patients,
class-switched memory B cells with accumulating SHM appear
to increase in frequency in their blood for several months after
the onset of symptoms and persist stably for at least 6 to
8 months, suggesting that some GC-derived clones contribute
to the responses (Dan et al., 2021; Hartley et al., 2020; Rodda
et al., 2021; Sokal et al., 2021).

A further exploration of B cell responses in COVID-19 patients
used flow cytometry to examine peripheral blood B cell pheno-
types associated with extrafollicular B cell proliferations. These
included CD11c* “activated naive” B cells that differentiate
into double-negative-type-2 (DN2) B cells classified as “dou-
ble-negative” due to their lack of CD27 and IgD expression,
and as “type-2” due to expression of CD11c but lack of CD21
(Woodruff et al., 2020). Indeed, patients with severe COVID-19
showed higher frequencies of the DN2 B cells compared to those
with mild iliness and also had higher plasmablast frequencies.
The patients in this cohort did not show the overall lymphopenia
or B cell ymphopenia noted in some other studies (Kaneko et al.,
2020; Mathew et al., 2020). A third and novel B cell population
designated by Woodruff et al. as DN3, characterized by the
lack of CD27, IgD, CD21, and CD11c expression, has also
been identified in COVID-19 patients. Consistent with other re-
ports, most of the antibody-secreting cells in the peripheral
blood showed low SHM frequencies in class-switched cells.

B cell memory

Data from other coronavirus infections indicate that, for most pa-
tients with mild or moderate disease, antibody titers wane rela-
tively rapidly, becoming negative within 2 to 3 years for most
SARS and MERS patients, and decreasing to the point where
reinfection is common in the case of endemic HCoVs (Edridge
et al., 2020; Sariol and Perliman, 2020; Tang et al., 2011; Wu
et al., 2007). However, data from limited numbers of patients
who have survived severe SARS or MERS show longer-lasting
serological responses. Similar patterns have begun to emerge
for SARS-CoV-2 serology after infection, as described above.
These data indicate that most coronavirus infections do not effi-
ciently produce long-lived plasma cells, but whether they
generate long-lived memory B cell populations that can mount
a rapid, secondary response upon re-exposure is less clear. A
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study of SARS patients 6 years after their infection found that
their serum antibody levels had decreased to undetectable
levels in 21 of 23 patients and that none of the patients had
detectable specific memory B cells in culture ELISPOT experi-
ments (Tang et al., 2011).

Data obtained from the memory B cells of convalescent
SARS-CoV-2 patients in the initial 16 months of the pandemic
appear to be somewhat more encouraging. One study detected
RBD or N-specific memory B cells in all 25 patients of a cohort
convalescing from mild, moderate, or severe COVID-19 and
found that the frequency of these cells appeared to increase
from the early weeks of infection to approximately 150 days
PSO (Hartley et al., 2020). Whether the increasing affinity of the
B cells for antigen at later time points contributed to their detec-
tion was not evaluated. IgM* memory B cells in this study formed
the largest fraction of total memory B cells in the first month PSO,
but declined in frequency at later time points, while IgG1* mem-
ory B cells predominated at later time points and showed more
stable frequencies. Notably, the absolute number of memory B
cells per ml of blood varied by up to 10-fold between different
participants convalescent from mild disease, indicating that se-
vere disease may not be necessary to form high frequencies of
memory B cells in the months after acute infection. An additional
in-depth analysis of adaptive immune memory confirmed that
memory B cells specific for S, RBD, or N increased in frequency
in the blood for the first 3 to 4 months and remained stable for up
to 8 months PSO (Dan et al., 2021). These reports of stable mem-
ory B cell frequencies are further supported by a study that
compared S-specific memory B cell frequencies in acute infec-
tion and at 3 and 6 months post infection (Sokal et al., 2021),
and an analysis of RBD-specific memory B cells at 3 months
(Rodda et al., 2021). As noted above, the Sokal et al. study iden-
tified cross-reactive memory clones that bound SARS-CoV-2
RBD, as well as the S proteins of HCoVs OC43, HKU1, or both
at 3 months, but the frequencies of these cross-reactive memory
B cell clones decreased by 6 months post-infection, whereas the
frequency of non-cross-reactive RBD binders increased in pro-
portion, suggesting that the cross-reactive clones had shorter
half-lives or were otherwise disfavored in the memory pool after
longer times. The memory B cells that bound SARS-CoV-2 S or
RBD also showed progressive increases in SHM during the
months after infection (Sokal et al., 2021).

BCR REPERTOIRES AND mAbs

An intense effort by many laboratories around the world to iden-
tify neutralizing mAbs to SARS-CoV-2 has resulted in a rich body
of knowledge about the antibodies that bind the S protein, and
the genomic rearrangements that encode them. Current data-
bases of SARS-CoV-2-specific antibody sequences are heavily
biased toward RBD binders, as these comprise most of the vali-
dated neutralizing mAbs, and were expected and subsequently
shown to be responsible for most of the neutralizing activity in
polyclonal sera (http://opig.stats.ox.ac.uk/webapps/covabdab/
) (Greaney et al., 2021; Piccoli et al., 2020).

Several strategies used to isolate neutralizing antibodies have
helped to characterize the specificities of B cells in acute and
convalescent patient samples. One illustrative study evaluating
the frequency of neutralizing antibodies in clonally expanded B
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cells from convalescent patient memory B cell populations
sequenced using single-cell transcriptomic methods found
only one neutralizing mAb of 130 tested. By contrast, mAbs
from B cells meeting the criteria of binding to RBD in flow cyto-
metric sorting, expressing IgG1, not being in clones containing
IgG2*" members, having clone members with at least 2% SHM
in the heavy chain, and not being in clones whose members all
had an exhausted B cell or naive B cell phenotype, yielded a
25% success rate in identifying neutralizing antibodies (Cao
et al., 2020). Notably, sequences with high similarity to known
SARS-CoV neutralizers were also validated as being neutralizing
in pseudotyped SARS-CoV-2 assays. Other cross-neutralizing
antibodies for SARS-CoV and SARS-CoV-2 have been isolated
from SARS and COVID-19 patient repertoires (Ju et al., 2020).

Several key epitope regions that overlap with the ACE2 bind-
ing site on RBD and appear to be the most common sites tar-
geted by neutralizing antibodies have also been identified in
numerous studies that have characterized mAbs isolated from
SARS-CoV-2 RBD or from S-binding B cells (Brouwer et al.,
2020; Dejnirattisai et al., 2021a; Ju et al., 2020; Robbiani et al.,
2020; Rogers et al., 2020; Shi et al., 2020; Tortorici et al., 2020;
Zost et al., 2020). Notable in this extensive body of work are
the structural biology studies, particularly those using cryo-elec-
tron microscopy and X-ray crystallography, which have
accelerated the process of determining the paratope:epitope in-
teractions of large numbers of mAbs and antigens (Barnes et al.,
2020; Ju et al., 2020; Robbiani et al., 2020; Shi et al., 2020; Tor-
torici et al., 2020; Yuan et al., 2020). A particular tour de force in
this regard is a paper reporting the structures of 19 Fabs bound
to SARS-CoV-2 RBD (Dejnirattisai et al., 2021a).

Some studies have also identified SARS-CoV-2 neutralizing
antibodies that bind the NTD of S1, the domain encoded by
amino acid residues upstream of the RBD (Brouwer et al.,
2020; Chi et al., 2020). Other antibodies with similar activity
appear to recognize a common glycan-free region on the NTD
surface (Cerutti et al., 2021; Dejnirattisai et al., 2021a; McCallum
et al., 2021a; Suryadevara et al., 2021). The precise neutraliza-
tion mechanism employed by these antibodies remains to be
elucidated, but it appears to involve a post-attachment step in
the virus’s infection cycle, because antibodies that are added af-
ter the virus has been allowed to adhere to cells still prevent
infection (Suryadevara et al., 2021).

CONVERGENT ANTIBODIES TO SARS-CoV-2

A surprising feature of SARS-CoV-2 antibody responses that has
emerged in the past year is the frequency of convergent or public
antibody gene rearrangements that have high sequence similar-
ity among different individuals (Nielsen et al., 2020; Robbiani
et al.,, 2020). Heavy chain gene sequencing without antibody
binding characterization has revealed that many convergent
sequence types exist among COVID-19 patients (Nielsen et al.,
2020); other convergent B cell receptors (BCRs) have been re-
vealed by single-B cell cloning and mAb expression studies (An-
dreano et al., 2021; Dejnirattisai et al., 2021a; Robbiani et al.,
2020; Yuan et al., 2020). Although each patient’s repertoire of
SARS-CoV-2-binding antibodies is predominantly composed
of clonotypes not observed in other individuals, certain common
gene rearrangements in human naive repertoires have been
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found to bind SARS-CoV-2 S antigen and even to have strong
neutralizing activity (Andreano et al., 2021; Robbiani et al.,
2020; Yuan et al., 2020). Some of the convergent neutralizing an-
tibodies for SARS-CoV-2 do not appear to require many, or any,
SHM changes from the germline gene segments that encode the
heavy and light chain variable regions (Andreano et al., 2021;
Robbiani et al., 2020; Yuan et al., 2020). These antibodies pro-
vide informative counter-examples to the idea that high-affinity
neutralizing antibodies must be the product of GC reactions
and of rounds of SHM and affinity maturation. This is not to
say that the total pool of convergent antibodies is particularly en-
riched for functionally important binders; rather, it seems most
likely that the interplay between the frequencies of particular
kinds of rearrangements in the primary human B cell repertoire,
and the constraints enforced by selection for binding to partic-
ular epitopes on the viral antigens, determine the fraction of
convergent sequences that have a protective role. Over time,
as SARS-CoV-2 persists in human populations, selective pres-
sure on the virus to escape common human neutralizing anti-
body types will likely also play a major role in the observed B
cell responses.

ANTIBODY AND B CELL RESPONSES TO SARS-CoV-2
VACCINATION

The rapid and prolonged spread of SARS-CoV-2, as well as
waning humoral immune responses, particularly after mild
infection, suggest that vaccination will be required to end the
COVID-19 pandemic while minimizing deaths and the long-
term consequences of infection. Recent regulatory authorization
and the beginning of mass vaccination programs in the US and
elsewhere, with lipid nanoparticle mRNA vaccines and adeno-
viral-vectored vaccines, each encoding the SARS-CoV-2 S,
have led to enormous interest in the magnitude, neutralizing ti-
ters, and duration of vaccine-stimulated antibody responses,
as well as in the effects on other immune cell types such as
T cells. COVID-19 vaccines currently authorized by the US
Food and Drug Administration (FDA) for emergency use include
the BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Moderna)
mRNA vaccines, which are administered intramuscularly in two
doses, and the adenoviral vector Ad26.COV2.S (Janssen) vac-
cine, which is administered intramuscularly in one dose. Phase
Ill trials showed greater than 90% efficacy at preventing
COVID-19 after two doses of the mRNA vaccines (Baden et al.,
2021; Polack et al., 2020) and ~67% efficacy for Ad26.COV2.S
(Sadoff et al., 2021). Other countries have authorized additional
vaccines such as the adenoviral vector ChAdOx1 nCoV-19
(AZD1222, AstraZeneca) vaccine, which is ~70% efficacious
(Voysey et al., 2021). While correlates of vaccine-mediated pro-
tection are not yet defined quantitatively, all of these vaccines
collectively target the SARS-CoV-2 S protein, with the aim of
inducing high viral neutralization titers.

The very high efficacy of novel mRNA-based vaccines has
been one of the most important insights from research efforts
targeting SARS-CoV-2. Both the Pfizer-BioNTech and Moderna
vaccines induce high levels of anti-S and anti-RBD IgG binding
and neutralizing antibodies that decline slightly by the studied
time points, 6 weeks and 4 months after the initial dose (Roltgen
et al., 2021; Widge et al., 2021). Peak antibody responses are
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comparable to those of severely ill COVID-19 patients (Roltgen
et al., 2021). Interestingly, serological responses to the Pfizer-
BioNTech mRNA vaccine, compared to severe SARS-CoV-2
infection, show a greater dominance of IgG over IgM and IgA iso-
types, indicating efficient IgG class switching (Figure 3). Anti-
bodies induced by this vaccine also showed decreased breadth
of binding to the S proteins of other HCoVs. We speculate that
dissimilar inflammatory environments during infection versus
vaccination, as well as the different anatomical compartments
where immune responses are initiated, might lead to the nar-
rower antibody response observed after vaccination (Roltgen
et al., 2021). A single dose of the BNT162b2 or the mRNA-
1273 vaccine in individuals that were seropositive (due to a pre-
vious SARS-CoV-2 infection) elicited post-vaccination IgG titers
that were at least as high as those of seronegative individuals af-
ter two vaccine doses (Krammer et al., 2021). Most previously
uninfected single-dose recipients mount moderate titers by
day 21, prompting discussions of dose-sparing strategies and
the fastest routes to herd immunity, in light of the limited supply
of vaccines in most countries. Initial data on the B cell popula-
tions stimulated by vaccination indicate that the frequencies of
memory B cells generated are approximately equivalent to those
seen in survivors of severe COVID-19 (Wang et al., 2021b).

Key questions about the duration of vaccine-induced antibody
titers for all of the SARS-CoV-2 vaccines await further data in the
coming months. Initial observations of decreases in titers in the
first months following vaccination suggest that booster doses
may be required to maintain sufficiently high titers for protection
over the long term.

ANTIBODY RESPONSES TO VIRAL VARIANTS

A major concern from the beginning of the SARS-CoV-2
pandemic has been the possibility that new viral variants would
evolve with increased pathogenicity, transmissibility, or escape
from human immune responses. To balance the capacity for
evolution, adaptation, and host-response escape with the need
to maintain along and complex genome, coronaviruses replicate
their RNA with an error-prone RNA polymerase, but also encode
a 3’ to 5' exonuclease with proofreading function. Unfortunately,
SARS-CoV-2 has encountered an extremely favorable environ-
ment (a large immunologically naive reservoir) to explore its
sequence space. A comparison of 3,823 representative viral ge-
nomes (https://nextstrain.org/ncov/global) to the early Wuhan-
Hu-1 strain identified that SARS-CoV-2 viruses had accumulated
around 75 heritable non-synonymous nucleotide mutations as of
January 2021 and 24 non-synonymous mutations that poten-
tially arose independently in different viral isolates (Wu et al.,
2021a). A viral variant with a D614G substitution in the S protein
appeared early in the pandemic, rapidly replacing the early Wu-
han-Hu-1 due to its enhanced viral replication and infectivity
(Yurkovetskiy et al., 2020). Since then, several amino acid
changes in the S protein and particularly in the RBD have been
identified with increasing frequency in viral isolates, showing
improved receptor binding activities and viral escape from
both therapeutic mAbs and plasma antibodies (Plante et al.,
2021; Wu et al., 2021a) (Figure 4).

Deep mutational scanning using yeast display of RBD variants
and isolation of those with reduced binding by COVID-19 patient
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plasma has revealed the importance of a few immunodominant
RBD epitopes that are targeted by neutralizing antibodies (Grea-
ney et al., 2021). This prescient work has successfully antici-
pated viral variants that have appeared singly, or recurrently, in
primary viral isolates from patients in different parts of the world.
Interestingly, E484 (and to a lesser extent, nearby residues such
as L452, L455, F456, G485, F486, and F490) was identified as
the amino acid position at which changes had the largest effect
on binding and neutralization by plasma antibodies. One poten-
tial explanation for this observation is that this site is often tar-
geted by antibodies that are common in human populations.
Indeed, two of the four predominant SARS-CoV-2 variants of
concern, as defined by the Centers for Disease Control and Pre-
vention (CDC), currently co-circulating globally, P.1 (Gamma,
first detected Brazil) and B.1.351 (Beta, emerging from South Af-
rica), share amino acid substitution E484K (in addition to K417N/
T) and are associated with resistance to antibody neutralization
in sera from infected and vaccinated individuals (Chen et al.,
2021; Edara et al., 2021; Wu et al., 2021b). I1gG titers stimulated
by Wuhan-Hu-1-like virus infection or mRNA vaccination show
remarkably consistent decreases of IgG binding to the S and
RBD antigens of major viral variants of concern, with the greatest
decreases seen for B.1.351, then P.1, and relatively minimal de-
creases in binding to a third variant, the B.1.1.7 (Alpha) virus first
reported in the UK (Roltgen et al., 2021). The amino acid change
N501Y, found in the B.1.1.7 variant, is shared with variants P.1
and B.1.351 and has likely been selected because it enhances
the binding affinity of the virus to ACE2, rather than because it
plays a major role in the evasion of humoral immune responses
(Muik et al., 2021; Starr et al., 2020; Wu et al., 2021b). Immune
sera also showed reduced neutralizing potency against a fourth
variant of concern, B.1.427/B.1.429 (Epsilon, first identified in
California), characterized by amino acid substitution L452R
(McCallum et al.,, 2021b). The World Health Organization
(WHO) has classified another variant, B.1.617.2 (Delta, first de-
tected in India) containing RBD substitutions L452R and
T478K, as being of global concern; this variant also has
decreased neutralization by Pfizer-BioNTech vaccinated sera
(Wall et al., 2021).

As would be predicted, the viral variants that contain muta-
tions in RBD amino acids in the epitopes of mAbs, including ther-
apeutic mAbs, can show partial or complete ablation of binding.
Examples of such immune escape, including loss of neutralizing
mADb activity, have been shown for B.1.1.7 (Graham et al., 2021),
B.1.351 (Hoffmann et al., 2021; Li et al., 2021), P.1 (Dejnirattisai
etal., 2021b; Hoffmann et al., 2021), B.1.427/B.1.429 (McCallum
et al., 2021b), and B.1.617.2 (Planas et al., 2021). We expect
more data on the efficacy of vaccines and antibody-based ther-
apeutics against these and other newly emerging SARS-CoV-2
variants to become available in the coming months.

SUMMARY AND OUTLOOK

A remarkable scientific effort during the past 16 months has
rapidly addressed many major questions about humoral immu-
nity to SARS-CoV-2 and about the B cell and plasma cell
populations that generate protective antibody responses. Key
questions, such as the duration of antibody titers, the thresholds
at which protective immunity will begin to be impaired, and the
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severity of illness in individuals who do become reinfected, will
require additional time and data to answer. The relative impor-
tance of systemic, as compared to mucosal, antibody responses
remains in need of more study. Without doubt, current and new
viral variants will have a major impact on the fitness and spread
of SARS-CoV-2, particularly with regard to its ability to evade
previously established antibody responses from infection or
from vaccination with antigens derived from earlier virus se-
quences. While vaccine efficacy data for SARS-CoV-2 variants
have yet to be systematically analyzed and published, vaccines
may have to be updated periodically to match relevant variants,
as they are for influenza. Whether updated vaccines for viral var-
iants will actually elicit a good immune response to the modified
epitopes, or simply boost older responses, will be a critically
important topic of research in coming years. Similarly, the ability
of cross-reactive antibody responses elicited by SARS-CoV-2
vaccination or infection to potentially protect against other
more divergent coronaviruses that could cause future pan-
demics will be an important area of investigation (Saunders
et al., 2021).
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