PLOS PATHOGENS

Check for
updates

G OPEN ACCESS

Citation: Guenthoer J, Garrett ME, Lilly M,
Depierreux DM, Ruiz F, Chi M, et al. (2024) The S2
subunit of spike encodes diverse targets for
functional antibody responses to SARS-CoV-2.
PLoS Pathog 20(8): €1012383. https://doi.org/
10.1371/journal.ppat.1012383

Editor: Catarina E. Hioe, Icahn School of Medicine
at Mount Sinai, UNITED STATES OF AMERICA

Received: February 27, 2024
Accepted: July 1, 2024
Published: August 2, 2024

Copyright: © 2024 Guenthoer et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Data are available
within the manuscript and Supporting information
files. The unprocessed phage-DMS sequencing

data generated in this study have been deposited to

the NIH Sequence Read Archive (SRA) under

accession code (https://www.ncbi.nlm.nih.gov/sra,

PRJNA1122188 and PRJNA1130943). For the
PhIP-seq data, processed data and code for data
processing and visualization after read alignments
is provided at https://github.com/matsengrp/
SARS-CoV-2-S2-Abs.

RESEARCH ARTICLE

The S2 subunit of spike encodes diverse
targets for functional antibody responses to
SARS-CoV-2

Jamie Guenthoer', Meghan E. Garrett', Michelle Lilly', Delphine M. Depierreux’,
Felicitas Ruiz', Margaret Chi', Caitlin I. Stoddard’, Vrasha Chohan', Zak A. Yaffe',
Kevin Sung?, Duncan Ralph?, Helen Y. Chu®, Frederick A. Matsen, IV24,

Julie Overbaugh@'2*

1 Human Biology Division, Fred Hutchinson Cancer Center, Seattle, Washington, United States of America,
2 Public Health Sciences Division, Fred Hutchinson Cancer Center, Seattle, Washington, United States of
America, 3 Division of Allergy and Infectious Diseases, University of Washington, Seattle, Washington,
United States of America, 4 Howard Hughes Medical Institute, Seattle, Washington, United States of America

* joverbau @fredhutch.org

Abstract

The SARS-CoV-2 virus responsible for the COVID-19 global pandemic has exhibited a strik-
ing capacity for viral evolution that drives continued evasion from vaccine and infection-
induced immune responses. Mutations in the receptor binding domain of the S1 subunit of
the spike glycoprotein have led to considerable escape from antibody responses, reducing
the efficacy of vaccines and monoclonal antibody (mAb) therapies. Therefore, there is a
need to interrogate more constrained regions of spike, such as the S2 subdomain. Here, we
present a collection of S2 mAbs from two SARS-CoV-2 convalescent individuals that target
multiple regions in S2, including regions outside of those commonly reported. One of the S2
mAbs, C20.119, which bound to a highly conserved epitope in the fusion peptide, was able
to broadly neutralize across SARS-CoV-2 variants, SARS-CoV-1, and closely related zoo-
notic sarbecoviruses. The majority of the mAbs were non-neutralizing; however, many of
them could mediate antibody-dependent cellular cytotoxicity (ADCC) at levels similar to the
S1-targeting mAb S309 that was previously authorized for treatment of SARS-CoV-2 infec-
tions. Several of the mAbs with ADCC function also bound to spike trimers from other
human coronaviruses (HCoVs), such as MERS-CoV and HCoV-HKU1. Our findings sug-
gest S2 mAbs can target diverse epitopes in S2, including functional mAbs with HCoV and
sarbecovirus breadth that likely target functionally constrained regions of spike. These
mADbs could be developed for potential future pandemics, while also providing insight into
ideal epitopes for eliciting a broad HCoV response.

Author summary

The early successes of vaccines and antibody therapies against SARS-CoV-2, the virus
responsible for the COVID-19 global pandemic, leveraged the considerable antibody
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response to the viral entry protein, spike, after vaccination or infection. These initial inter-
ventions were highly effective at protecting from infection and reducing severe disease or
death. However, the rapid emergence of new SARS-CoV-2 variants has severely compro-
mised the utility of COVID-19 vaccines and antibody-based treatments. SARS-CoV-2
shows no sign of abating, with the continued rise of new variants with distinct alterations
most significantly in regions of the spike protein that elicit most of the anti-viral func-
tional antibody response, which in turn facilitates viral escape from the immune response.
These findings suggest a critical need to identify vaccine approaches and therapies that
provide the broadest possible antibody responses, focused on regions of spike critical for
SARS-CoV-2 infection and, therefore, do not undergo changes that could lead to immune
evasion. Our study describes a panel of functional antibodies, from individuals after
SARS-CoV-2 infection, that recognize regions of spike that appear conserved across
SARS-CoV-2 variants and other closely related viruses, that could guide more effective
vaccine design in the face of continued viral evolution.

Introduction

Eliciting a durable antibody response to SARS-CoV-2 remains an essential component of pro-
tection from infection and severe disease from this rapidly evolving virus. So much of the
focus on the antibody response has been on antibodies that target the receptor binding domain
(RBD) of the spike glycoprotein [1-3], which is a subdomain of SI and contains the residues
that make direct contact with the host cell receptor angiotensin-converting enzyme 2 (ACE2)
for viral entry. These mAbs make up the majority of the neutralizing antibody response in vac-
cinated or convalescent individuals [1,4-10], making them attractive candidates for further
study both as monoclonal antibodies (mAbs) for therapeutics and vaccine design. However,
selective pressure on the epitopes of these mAbs has resulted in frequent mutations in RBD of
recent VOCs, especially Omicron subvariants [11,12], dramatically reducing the effectiveness
of established responses elicited after vaccination or infection. As a result, vaccine efficacy has
been severely compromised against these VOCs [13-16], and the previously approved thera-
peutic mAbs, which all target the RBD, are no longer effective. Therefore, antibodies that are
robust in the face of continued viral evolution and target more conserved regions of spike may
be valuable for improving immune durability.

The S2 subunit is a highly conserved region of SARS-CoV-2 spike that has not undergone
significant antigenic drift across emerging variants [17]. This region, which encompasses the
C-terminal half of spike, facilitates fusion of the SARS-CoV-2 envelope with the host cell mem-
brane [18]. Several regions of S2 with key roles in this process include the fusion peptide (FP),
two heptad repeats 1 and 2 (HR1, HR2) separated by a stem helix linker region (SH), and the
transmembrane domain (TM1) [19-22]. After the RBD binds to ACE2, spike undergoes a con-
formational change, which includes a furin cleavage at the S1/S2 boundary, resulting in S1
shedding [3,23,24]. A second proteolytic cleavage occurs within S2 (S2’ site), primarily via
transmembrane serine protease 2 (TMPRSS2) [23,24], activating a series of conformational
changes in S2, exposing the FP and facilitating membrane fusion [25-28]. This process is
highly conserved across SARS-CoV-2 variants suggesting functional constraints on this pro-
cess could be keeping the sequences of S2 conserved as well. Studies from other viruses, such
as Influenza, Ebola, and human immunodeficiency virus (HIV), have similarly revealed that
conserved regions of viral entry proteins involved in membrane fusion are common targets for
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neutralizing antibodies [29-32], highlighting the need to further explore the role of spike S2
mADbs in protection against SARS-CoV-2.

Despite studies showing that S2-targeting mAbs are an important component of the anti-
body response in SARS-CoV-2 convalescent patients [33-39], these mAbs remain understud-
ied as compared to RBD mAbs and the range of S2 epitopes they target has not been fully
defined. S2 mAbs can exhibit broad neutralization capabilities, and while the potency of these
mADbs is lower than their RBD counterparts, their breadth across SARS-CoV-2 VOCs, includ-
ing Omicron variants, gives them a distinct advantage [reviewed in [40,41]]. Most neutralizing
S2 mAbs target FP [28,42-44] or SH [44-48] and neutralize predominantly through perturb-
ing membrane fusion as opposed to directly blocking binding of spike to ACE2 [28,42,44,48-
50]. They have been shown to be protective in animal models of SARS-CoV-2 infection as well
[42,50,51]. S2-targeting mAbs make up a considerable amount of the binding IgGs in SARS-
CoV-2 vaccinated and convalescent individuals [1,52], yet as mentioned, they comprise only a
small percentage of the neutralizing IgGs; therefore, S2 antibodies could be playing a non-neu-
tralizing role as well. Recent studies increasingly suggest a role for protective non-neutralizing
antibodies in animal models where neutralization and protection are not correlated [53,54]. In
these models, ablation of Fc receptor (FcR) binding of experimental mAbs led to reduced effi-
cacy, supporting a role for FcR-mediated function in antibody protection against SARS-CoV-2
[53]. Even neutralizing mAbs, such as S309 that was previously authorized for treatment of
SARS-CoV-2 [49,55], have been shown to rely on intact Fc-effector function to achieve opti-
mal in vivo protection [56]. Several S2 mAbs that mediate Fc-effector functions, such as anti-
body-dependent cellular cytotoxicity (ADCC) or cellular phagocytosis (ADCP) have been
described [45,50,57-60]. The mAb S2P6, for example, can promote ADCC in an in vitro assay
with levels on par with S309 [55]. The Fc-effector function for S2 mAbs is also an essential
component of their activity in vivo in animal systems including protection from infection and
reducing severe disease post-infection [45,50,57-59].

The highly conserved S2 region is also a preferential target for antibodies that demonstrate
broad cross-reactivity against related human coronaviruses (HCoVs) [35,37,44,61,62]. SARS-
CoV-1 and SARS-CoV-2 both belong to the sarbecovirus family, which is comprised of a col-
lection of viruses residing in animal reservoirs capable of binding to human ACE2 with the
potential for spillover [63]. In addition, SARS-CoV-1 and SARS-CoV-2 are two of seven
HCoVs known to cause human disease. Four HCoVss are responsible for mild infections asso-
ciated with the common cold including alphacoronaviruses HCoV-229E and HCoV-NL63,
and betacoronaviruses HCoV-OC43 and HCoV-HKU1; and three betacoronaviruses that
cause more severe disease in humans (MERS-CoV, SARS-CoV-1, and SARS-CoV-2). The S2
subunit, especially the FP region, has upwards of 63-98% sequence similarity between HCoV's
[64]. Studies from early in the SARS-CoV-2 pandemic identified cross-reactive antibody
responses to the S2 region in uninfected individuals prior to the development of the vaccine
suggesting there was expansion of memory B cells that were initially elicited against endemic
HCoVs with cross-reactivity to SARS-CoV-2 [36,39,65-67]. Further, several of the reported S2
mAbs isolated from SARS-CoV-2 convalescent individuals have demonstrated broad binding
to HCoVs and sarbecoviruses and in some cases broad neutralizing activity as well [35,68].

In this study, we describe a collection of S2 mAbs isolated from two individuals following
SARS-CoV-2 infections. A subset of these mAbs demonstrated antiviral activity, notably many
of the mAbs exhibited Fc-effector function in the form of ADCC, with some antibodies show-
ing ADCC activity comparable to a mAb previously authorized for clinical use that has dual
neutralizing and Fc-effector functions, both functions contribute to the in vivo protective capa-
bilities [49,55]. Further, some of these mAbs exhibited broad reactivity to HCoVs (both beta-
and alphacoronaviruses) and closely related sarbecoviruses. These mAbs targeted diverse
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regions of S2, some that presented as linear peptides including the highly conserved and
immunogenic FP region, and others that likely bind less well described conformational
epitopes.

Results

Isolation of mAbs that target non-S1 regions of the spike glycoprotein in
SARS-CoV-2 convalescent individuals

To identify mAbs that target more conserved regions of spike outside of the S1 subunit in the
S2 region, we isolated spike-specific memory B-cells from PBMC samples collected thirty days
post-symptom onset (dpso) from two individuals recovering from SARS-CoV-2 infections.
Antibody responses to spike and the S2 subunit tend to be more robust in individuals who
have experienced a SARS-CoV-2 infection compared to vaccination alone, and particularly in
those with hybrid immunity from combined vaccination and infection [38,69], and we focused
on individuals with these types of exposure histories to isolate S2 mAbs. One participant, C20,
was infected with the original Wuhan-Hu-1 (WH-1) strain prior to the availability of SARS-
CoV-2 vaccines. The other participant, C68, had been vaccinated with two doses of the Pfizer-
BioNTech mRNA vaccine and experienced a Delta VOC breakthrough infection two months
after receiving the second dose. Memory B cells were isolated from PBMCs by single cell sort-
ing with a bait approach to enrich for spike-specific B cells. From the C20 PBMCs, we collected
memory B cells that were enriched for binding to WH-1 S2 protein; and for C68, memory B
cells were sorted based on binding to WH-1 S2 protein and/or Delta prefusion-stabilized spike
trimer, which were both used as bait [70].

mADbs with paired heavy (IgH) and light (IgL) chain sequences that had in-frame variable
regions were generated and assayed for binding to prefusion-stabilized WH-1 spike trimer
and WH-1 S1 and S2 monomers to determine their specificity. For this initial binding screen,
we tested all mAbs in an ELISA at a single concentration (1 ug/mL) that was saturating for
most antibodies that bind WH-1 Spike trimer (Fig 1). We included mAbs with known binding
specificity for S1 (LY-CoV-1404 [71]) or S2 (mAb B6 [72]), and a non-spike, HIV mAb
VRCO1 [73] as controls. We isolated 11 mAbs from C20 that bound to spike trimer and/or the
S2 monomer, and 100 mAbs from C68 that bound to at least one of the three antigens (spike
trimer, S1, or S2). For this study, to identify mAbs with S2 epitopes we focused on mAbs that
did not bind to the S1 protein (OD450nm < 0.18, threshold defined OD450nm,,. of the HIV
mAb VRCO1 + 3 standard deviations, S1 Fig), and across C68 and C20 mAbs we identified 40
that are likely S2-specific (Fig 1).

We evaluated binding to the S2 subunit in multiple ways because many of the mAbs bound
S2 protein weakly in the initial screen (OD450nm < 1.0) making it difficult to definitively ver-
ify their specificity (Figs 1 and S1). First, we tested all 40 mAbs for binding to S2 protein pro-
duced in baculovirus-infected insect cells [74] as compared to the same protein produced in
mammalian HEK293 cells used in the initial screen. Insect cell-expressed proteins can have
less complex or otherwise altered glycan structures compared to mammalian-expressed pro-
teins [75]. Therefore, some S2 epitopes could be more accessible in the insect-produced S2 in
this ELISA assay. Almost all of the mAbs demonstrated similar or increased binding to the
insect-produced S2 compared to the mammalian-produced S2 protein (Figs 1 and S1). We
further interrogated 19 mAbs with weak binding to both S2 proteins (OD450nm < 1 for both
antigens) using a higher concentration of antibody (15 ug/mL). Even at the higher concentra-
tion, none of the 19 mAbs bound to S1 protein above background (OD450nm,,. of the HIV
mADb VRCO1 + 3 standard deviations) (S1B Fig). Almost all of the mAbs exhibited increased
binding to an S2 protein at the higher concentration compared to 1 ug/mL (Fig 1). Six of the
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Fig 1. Binding profiles of S2-targeting mAbs from SARS-CoV-2 convalescent cases. Heatmap showing binding of mAbs from C68
and C20 (rows) to spike antigens by ELISAs. Spaces are colored based on the OD450nm values with higher numbers and more
binding represented in darker green. Antigens (columns) included the following: SARS-CoV-2 WH-1 S2 subunit protein produced in
mammalian cells (Mam) or insect cells (Ins), SARS-CoV-2 pre-fusion stabilized spike trimers from WH-1 and VOCs (Delta, Omicron
VOCs BA.1, BA.2 BA.5, BQ.1.1, XBB), SARS-CoV-1, MERS-CoV, HCoV-HKU1, and MERS-CoV S2 monomer protein. All mAbs
were tested at 1 ug/mL, except against the SARS-CoV-2 S2 protein the mAbs were tested at 1 pg/mL or 15 pg/mL as noted. Values
were averaged over two technical replicates.

https://doi.org/10.1371/journal.ppat.1012383.g001

mAbs demonstrated detectable, but weak binding to S2 proteins (OD450nm > 1), and one
mADb, C68.40, did not bind S1 or S2 proteins (Figs 1 and S1B). All of these mAbs bound spike
trimer well suggesting their epitopes may depend on the trimer conformation and thus would
not bind well to unstable S2 monomer alone. However, since they did not bind S1, we have
included these mAbs in this set of likely S2 mAbs for further characterization.
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These 40 mAbs were also tested for binding against a panel of spike trimers representing
different SARS-CoV-2 VOCs and HCoVs at 1 pg/mL (Fig 1). Many of the C68 S2 mAbs and
some of the C20 mAbs demonstrated binding breadth across the SARS-CoV-2 VOCs includ-
ing XBB and BQ.1.1. Further, most of those broad mAbs also bound SARS-CoV-1 spike tri-
mer. Four of the mAbs bound to spike antigens from other betacoronaviruses: C68.1 bound to
MERS-CoV and HCoV-HKU1 spike trimers, C68.287 bound near saturation to MERS-CoV
spike trimer and S2 protein and weakly to HCoV-HKUT1 trimer, C68.375 bound weakly to
HCoV-HKUI1 spike, and C20.210, bound to the S2 subunit of the MERS-CoV spike suggesting
these mAbs target highly conserved regions of S2.

V(D)] gene usage and features

We next evaluated the V(D)] gene usage across the 40 S2 mAbs described above. To identify the
inferred germline genes and annotate gene features, we used partis, a software package specifi-
cally designed for this purpose [76-78]. We noted that a few germline genes were shared
between individuals C20 and C68, such as the IGHV4 genes, but many of the genes were differ-
entially used between individuals (Fig 2A-2C and S1 Table). For the heavy chain gene (IgH),
C68 mAbs were enriched for IGHV1-69, IGHV3-30, IGHV3-7 whereas C20 mAbs used
IGHV3-30-3 more frequently (Fig 2A). On the whole, the gene usage patterns in these mAbs
were consistent with clonotypes that have been observed in other studies of SARS-CoV-2 spike-
specific mAbs [40,79-81] especially for S2-targeting mAbs, which tend to have higher usage of
IGHV1-69, IGHV3-30, IGHV3-30-3 [50,60,81-83]. For the light chain genes (IgL) encompass-
ing IGK and IGL genes, we again observed enriched usage of genes (e.g., IGLV3-10, IGKV3-11,
IGK3-20) that have previously been observed in other SARS-CoV-2 mAbs [50,83] (Fig 2B-2C).

We also assessed two mAD gene features, percent somatic hypermutation (%SHM) and
length of the complementarity-determining region 3 (CDR3), calculated with partis. The
CDR3 length ranged from 9-24 amino acids and 5-13 amino acids for the IgH and IgL genes,
respectively (Fig 2D, top). The majority of the mAbs had relatively low %SHM (<5%) in the
IgH and IgL genes (Fig 2D, bottom). We looked for associations between CDR3 length or %
SHM and binding to antigen and observed positive correlations between the IgH CDR3 length
and binding to the WH-1 S2 protein (mammalian S2 p = 0.005; insect S2 p = 0.001) (Fig 2E).
The Igl. CDR3 length was not correlated with S2 binding (S2 Fig). There were no significant
correlations observed between CDR3 length and binding to WH-1 spike trimer (S2 Fig) and
between %SHM and binding to any of the antigens (S2 Fig).

Neutralizing activity of S2 mAbs

To identify S2 mAbs that exhibit neutralization capabilities, we evaluated their potency against
spike-pseudotyped lentiviruses that can infect HEK293T-ACE2 cells, used previously [70,84].
All of the S2 mAbs were screened at 10 pg/mL for the ability to neutralize SARS-CoV-2 WH-1,
which was the strain both individuals were exposed to, through infection for C20 and the origi-
nal vaccine for C68. Only C20.119 was able to neutralize WH-1 greater than 50% neutraliza-
tion and showed 80% virus neutralization (Fig 3A). Notably, among the S2 mAbs identified
here, C20.119 had the highest IgH %SHM (12.9%SHM). We then evaluated the ability of
C20.119 to neutralize a panel of SARS-CoV-2 VOCs using full mAb dilution curves to calcu-
late IC50s. C20.119 was able to neutralize WH-1 and Delta VOCs with comparable IC50s (1.1
and 2.4 pg/mL, respectively, Fig 3B). Against the Omicron VOCs, C20.119 was still able to
neutralize but it was ~10 to 60-fold less potent (Fig 3B and 3D).

We also tested whether C20.119 could neutralize viruses pseudotyped with spikes from
SARS-CoV-1 and other closely-related, zoonotic sarbecovirus strains. The SARS-CoV-2 WH-
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analysis was used to determine the strength of the correlations.

https://doi.org/10.1371/journal.ppat.1012383.9002

1 and SARS-CoV-1 spike sequences are 86% similar [85], but the S2 subdomain sequences are
~90% conserved and several reported S2 neutralizing antibodies have broad activity across the
two sarbecoviruses [86]. C20.119 neutralized SARS-CoV-1 with an IC50 of 20 pg/mL, on par
with its potency against the SARS-CoV-2 VOCs (Fig 3C and 3D). We selected three represen-
tative sarbecoviruses to test based on their relatedness to SARS-CoV-1 and SARS-CoV-2 and
their ability to bind human ACE2 [87]. Pangolin-GD found in pangolins of the Guangdong
Province, is overall ~90% similar to SARS-CoV-2 spike [88,89], and two bat viruses RsSHC014
and WIV1, approximately 93% and 74% similar to SARS-CoV-2 spike, respectively [85,89,90].
C20.119 was able to neutralize RsSHC014 (IC50 = 20 pg/mL) and Pangolin-GD

(IC50 = 5.3 pug/mL) comparable to its potency against SARS-CoV-2. Against WIV1, while
there was a dose response, the IC50 was above the maximum concentration of 80 pg/mL.
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across two technical replicates. One mAb, C20.119, was able to neutralize greater than 50%, which was the threshold for further
assessment, shown by the dashed line. Neutralization of a panel of SARS-CoV-2 variant pseudoviruses (B) or sarbecovirus pseudoviruses
(C) by C20.119. SARS-CoV-2 pseudoviruses tested included WH-1, Delta, Omicron VOCs BA.1, BA.2, BA.5, BQ.1.1, XBB, XBB.1.5. The
related sarbecovirus pseudoviruses assessed were SARS-CoV-1, bat viruses RsSHC014 and WIV1, and Pangolin-GD. C20.119 was tested
in 12-point dilution curves starting at 20 ug/mL for WH-1 and Delta and 80 pg/mL for the other pseudoviruses. Fraction infectivity
values are the average of two technical replicates in two to three independent experiments using at least two pseudovirus batches. (D)
Pseudovirus neutralization IC50 values for C20.119.

https://doi.org/10.1371/journal.ppat.1012383.9003

Overall, C20.119 demonstrated neutralization breadth across SARS-CoV-2 VOCs and closely
related sarbecovirus, though was only weakly potent.

$2 mAbs mediate antibody-dependent cellular cytotoxicity (ADCC)

To identify S2 mAbs that might exhibit non-neutralizing functions against SARS-CoV-2, we
assessed the ability of these mAbs to mediate ADCC, which has been identified as a correlate
of protection for SARS-CoV-2 in both humans and animal models [54,91,92]. ADCC activity
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was examined using primary human effector cells (i.e., PBMCs) from two independent donors
and target cells that are resistant to direct cell killing by natural killer (NK) cells and stably
express the full length, GFP-tagged WH-1+D614G spike glycoprotein (CEM.NKTr.Spike) [93].
We selected a subset of the S2 mAbs based on their ability to bind WH-1 spike trimer in ELI-
SAs and their binding breadth across SARS-CoV-2 VOCs and SARS-CoV-1 (Fig 1). Prior to
performing the ADCC experiment, we confirmed that all 17 of the mAbs were able to bind to
the Spike protein expressed by the target cells with the same parameters to be used in the
ADCC assay. All S2 mAbs could bind to the CEM.NKTr.Spike cells (~100% of them were
stained), with variable MFI (S3 Fig). As a measure of ADCC, we quantified NK cell (CD56
+CD3-) activation (surface CD107a and intracellular IFN-vy) by flow cytometry (gating strategy
shown in S4A Fig) following incubation of PBMCs from healthy donors (containing NK
cells), spike-expressing target cells, and mAbs, a standard method for evaluating ADCC func-
tion of SARS-CoV-2 mAbs [69,94-96]. In addition, we measured CEM.NKTr.Spike target cell
death to further evaluate the non-neutralizing function of the S2 mAbs (gating strategy shown
in S4B Fig). We included the S2 mAb CV3-25, which has been shown to mediate ADCC
[54,93], and the RBD mAb S309, which was previously authorized for treatment of SARS-
CoV-2 infections and has both neutralization and ADCC function in vitro and in vivo [49,55].
The mean fluorescence intensity (MFI) of the S2 mAbs binding to CEM.NKTr.Spike cells did
not correlate with NK cell activation (%CD107a+, p = 0.8) (S3D Fig), suggesting that S2 mAb
binding is not the key determinant of the magnitude of the ADCC activity in this set of mAbs.

With Donor 1 PBMCs, all of the mAbs led to NK-cell activation above background and the
negative control HIV-specific mAb A32 ranged from 1.8 to 35.6% (Fig 4A). Five mAbs lead to
activation of over 20% of NK cells (C68.16, C68.107, C68.287, C20.36, C20.130), which was on
par with the activation seen with previously approved therapeutic mAb $309 (%CD107a+ NK
cells = 23.5%) and CV3-25 (%CD107a+ NK cells = 19.7%). Across the 17 S2 mAbs tested, the
overall NK cell response was more robust with Donor 1 PBMCs versus Donor 2 PBMCs, but
the percentages of CD107a+ NK cells with each mAb were highly correlated between the
donors (Fig 4B, r = 0.87, p<0.0001). The mAb mediating the highest NK cell activation was
C20.36 at 35.6% CD107a+ NK cells and resulted in the highest %IFN-y+ NK cells (7.8%) and
target cell death (7.9%) (Fig 4C and 4D). Across the set of mAbs, the %IFN-y+ NK cells and %
CEM.NKTr.Spike target cell death were highly correlated with the %CD107a+ NK cells (Fig 4E
and 4F). While C20.36 had the highest ADCC activity, it demonstrated limited binding
breadth across the SARS-CoV-2 VOCs (Fig 1), as was the case for C20.174 and C20.130 that
also had high ADCC among these mAbs. Notably, C68.16, C68.107, C68.1, and C68.287 all
mediated 15-20% NXK cell activation with consistently elevated target cell death (Fig 4D). They
also exhibited significant binding breadth across SARS-CoV-2 VOCs, SARS-CoV-1, and the
latter two bound other HCoV's as well (Fig 1) indicating a set of mAbs that could have con-
served, functional activity against HCoVs. ADCC activity can be protective against SARS-
CoV-2 infection [45,50,56-59], and understanding the epitopes targeted by these broad, func-
tional antibodies could be informative for designing a vaccine strategy for a robust, protective
immune response to coronaviruses.

Binding competition groups reveal a diverse landscape of shared S2 epitope
regions

Only a few epitopes of S2-specific antibodies have been characterized [68,97], and the range of
epitope targets within S2 is unclear. Therefore, we performed competition ELISAs to begin to
define S2 antibody groups with similar epitopes using published S2 mAbs. These published
mAbs with known epitopes were selected to represent the most commonly described S2
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Fig 4. Antibody-dependent cellular cytotoxicity (ADCC) activity of S2 mAbs. S2 mAbs that were able to bind WH-
1 spike trimer and exhibited breadth across SARS-CoV-2 VOCs (n = 17) were evaluated for ADCC activity in a flow
cytometry-based assay. mAbs (5 ug/mL) were incubated with target cells (CEM.NKr CCR5+ cells expressing GPF-
tagged D614G spike) and mixed with effector cells (PBMCs) isolated from a healthy donor (at a 1:10 ratio) for four
hours. Subsequently, target cell death and NK cell activation (CD107a+ and intracellular IFN-y+) were measured. (A)
Percentages of activated NK cells (CD107a+) are shown for C68 and C20 S2 mAbs, and controls HIV mAb A32, spike
RBD mAb $309, S2 mAb CV3-25, and target cells and PBMCs without mAbs (“Cells only”). Values are the average of
technical replicates from an experiment using PBMCs from a single donor (Donor 1) and the error bars indicate the
standard deviation of the average. (B) Correlation plot comparing percentage of CD107a+ NK cells after incubation of
S2 mAbs with CEM.NKTr.Spike target cells and effector cells (PBMCs) collected from two different donors. Measures
are the average of technical replicates for each donor. Percentage of activated NK cells expressing intracellular IFN-y
(C) and CEM.NKT.Spike target cell death (D) are shown for each mAb with Donor 1 PBMCs as the mean of technical
replicates with errors bars noting the standard deviation of the mean. Plots showing correlation between % IFN-y+ NK
cells (E) or % target cell death (F) with the % CD107a+ activated NK cells assessed by Pearson correlation.

https://doi.org/10.1371/journal.ppat.1012383.9004
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epitope regions: FP (76E1 [28], C13B8 and VP12E7 [42]); HR1 (COV2-2002 and COV2-2333
[81]); SH (B6 [72] and CV3-25 [54]) and COV2-2164 with a key binding residue just upstream
of FP at K814 [81], each mAb representing slightly different binding residues within the region
or different angles of binding approach. All of the C68 and C20 mAbs that were able to bind
WH-1 spike trimer at OD450nm > 1.0 at 1 ug/mL (Fig 1) were included in the competitions,
which represented 35 of the 40 S2 mAbs. Percent competition was determined for each mAb
combination (S5A Fig). Using unsupervised clustering, we defined five major competition
groups of S2 antibodies based on the clustering of the blocking mAbs (Fig 5A). Two groups,
Group 1 and Group 4, included published S2 mAbs with known epitopes, whereas Groups 2
and 3 appeared to represent new S2 antibody groups as they did not compete with the pub-
lished S2 mAbs. The final, undefined group was a diverse collection of mAbs that largely did
not compete with the other mAb tested.

We were able to predict the epitope regions of two of the S2 epitope groups based on com-
petition with published S2 mAbs. Group 1 was a large cluster consisting of ten C68 mAbs and
one C20 mAb (Fig 5A) that competed with the published antibody COV2-2164 [81]. COV2-
2164 binds residue K814 just upstream of FP suggesting these mAbs might also target regions
around FP. Group 1 mAbs and COV2-2164 bound prefusion-stabilized WH-1 spike trimer
well in ELISAs at or near saturation (Fig 1). This group also had broad binding to SARS-CoV-
2 VOCs; almost all of the Group 1 mAbs bound well to all seven of the SARS-CoV-2 spikes
tested (OD450 > half maximal) and they bound to SARS-CoV-1 spike, as indicated by the col-
ored annotations in the heatmap (Fig 5A). The C68 mAbs that demonstrated cross-reactive
binding to spike trimers from related HCoVs MERS-CoV and HCoV-HKU], C68.1, C68.287,
and C68.375, were also members of Group 1. Therefore, the Group 1 mAbs likely bind a highly
conserved region that could include a portion of the FP that is accessible in the prefusion tri-
mer. Based on competition with the published antibodies COV2-2002 and COV2-2333 [81],
the four C68 mAbs in Group 4 likely bind the HR1 domain in S2 (912-984) (Fig 5A). Similar
to the binding profile of these published mAbs, the C68-derived Group 4 mAbs exhibited very
weak binding to the S2 protein. These mAbs had reduced binding to the Omicron VOC spike
trimers as well (Fig 1), which have key amino acid mutations at Q954 and N969 in HR1 com-
pared to WH-1.

Groups 2 and 3 were two clusters of mAbs that did not compete with any of the published
antibodies we tested (Fig 5A). Group 2 was a large group of mAbs, eight from C68 and one
from C20, with strong binding to the WH-1 spike trimer and weak binding to S2 protein.
These mAbs tended to have broad but moderate binding to the SARS-CoV-2 VOCs and less
binding to SARS-CoV-1 spike compared to Group 1 mAbs. C68.204 clustered with Group 2,
but also competed strongly with several members of Group 1, specifically it was blocked by the
Group 1 mAbs but it was not able to block those mAbs. Group 3 consisted of five mAbs, four
from C68 and C20.38. All of these mAbs bound to saturation to WH-1 S2 peptide, all of the
spike trimers from SARS-CoV-2 VOCs, and SARS-CoV-1 indicating that they likely bind a
conserved, highly accessibly epitope on the spike trimer. The final group was comprised of the
remaining mAbs that did not strongly compete with other mAbs potentially because they
bound weakly to spike trimer, or they target unique epitopes. The exceptions were C20.130
and C68.81, which had strong cross competition between them and exhibited some weak com-
petition with the FP mAb C13B8 [42] (Fig 5A). C13B8 and the other reference FP mAbs (76E1
and VP12E7) did not compete with each other or the other C20/C68 mAbs, likely due to weak
binding to the trimer. Notably, the published mAbs that bind to the SH region (B6 and CV3-
25) bound well to spike and competed with each other but did not cluster with any of the S2
mAbs suggesting SH mAbs were not represented among the 40 mAbs isolated from C68 and
C20.
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Fig 5. Antibody binding competition-defined sets of S2 mAbs with shared epitope. Cross competition matrix of
C20 and C68 S2 mAbs with SARS-CoV-2 WH-1 spike trimer (A) or WH-1 S2 protein (B) as antigens. Several
reference mAbs with known epitopes were also included in the competitions: FP (76E1 [28], C13B8 and VP12E7 [42]);
HR1 (COV2-2002 and COV2-2333 [81]), and SH (B6 [72] and CV3-25 [54]) and COV2-2164 [81]. Blocking mAbs are
in the rows and biotinylated mAbs in the columns. All mAbs were tested in both directions as the blocking mAb and
biotinylated mAbs. Any biotinylated mAb that did not reach at least 40% (A) or 30% (B) of the max OD450nm when
competing with negative control mAb (HIV mAb VRCO1) were removed from the analysis and are shown as grey
boxes in the heat map. The heat map is colored based on the percent competition between any given pair of mAbs,
which are averages of two technical replicates, with more red denoting higher competition. Any percent competition
value <25% was set as white in the color scale in the heat map. Hierarchical clustering of the blocking mAbs identified
groups of competing antibodies, numbered marked on the left in each heatmap and separated into boxes. The group of
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non-competing mAbs in (A) is labeled an undefined group (UN). On the right of the matrix in (A), gradients depict
the binding features of each mAb to WH-1 spike trimer (green), WH-1 S2 protein (orange), spike trimers from
SARS-CoV-1, HCoV-HKU1, MERS-CoV and MERS-CoV S2 protein (purple), and the count of SARS-CoV-2 VOC
spike trimers bound by that mAb with at least half the maximal OD450nm to demonstrate SARS-CoV-2 breadth
(blue).

https://doi.org/10.1371/journal.ppat.1012383.9005

To evaluate competition between those antibodies that bound weakly to spike trimer, such
as the FP antibodies, we performed competition ELISAs on a selection of C20/C68 mAbs
using S2 protein produced in insect cells as the antigen, which was used in the screening ELI-
SAs in Fig 1. We selected antibodies from each of the competition groups described above
focusing on mAbs that exhibited ADCC activity or HCoV breadth, and included all mAbs that
did not compete or did not bind spike trimer (listed in S2 Table). We also included the FP ref-
erence mAbs and representative HR1 (COV-2333) and SH (CV3-25) antibodies. A set of anti-
bodies did not exhibit competition with other mAbs in the set (S5B Fig). We performed
unsupervised clustering analysis, removing those non-competing mAbs, and identified four
main competition groups (Fig 5B). We identified a new group, Group 5, that included four
C20 mabs, three of which did not bind spike trimer. In the spike trimer competitions, C20.38
clustered with Group 3 mAbs because its binding was blocked by those mAbs (Fig 5A); how-
ever, using S2 protein, it did not compete with Group 3 mAbs (C68.16 and C68.107), suggest-
ing its epitope is dependent on the structural context of the S2 subunit. C68.16 and C68.107
competed for binding with both antigens (Group 3). The epitope regions for Groups 3 and
Group 5 are still unknown.

Several of the mAbs competed with the reference FP antibodies, including mAbs from pre-
viously defined Groups 1 and 2 (Fig 5A), suggesting a collection of mAbs from C20 and C68
that target in or adjacent to the FP domain. Group 6 was comprised of the three FP reference
mAbs (76E1, VP12E7, and C13B8) and four of the newly described mAbs (C20.59, C20.119,
C20.130, C68.81) (Fig 5B). Next, we observed cross competition between Group 1 mAbs
C68.287 and COV2-2164, again in agreement with the spike trimer ELISAs; but with the S2
protein, C68.287 was blocked by the FP reference mAbs as well implicating it targets a region
adjacent to FP. COV2-2164, despite targeting a key residue just upstream of FP at K814 [81],
did not compete with the FP mAbs. Finally, we again observed broad competition with
C68.204, it was blocked by many of the other mAbs in this set including C68.287 and COV2-
2164 (Fig 5A and 5B), and several of the FP antibodies. Interestingly, C68.204 was also
blocked by the SH mAb CV3-25, though it is not clear if this competition is an artifact of the
unstable, soluble S2 protein or their epitopes are proximal in the structure. Overall, these com-
petition ELISAs have identified several mAbs that likely target conserved regions in and
around the FP.

We next examined whether mAbs in competition groups also had common V(D)] gene
usage. As noted above, IGHV1-69, IGHV3-30, IGHV3-7 were commonly used genes in the
mAbs we isolated and across reported SARS-CoV-2 mAbs [40,50,79-82]. Here we observed
enrichment of these genes in select competition groups: Group 1 mAbs, including the pub-
lished mAb COV2-2164 [81], frequently used IGHV1-69 especially when combined with
IGKV3-11, which has been observed as a public clonotype for S2 mAbs targeting an S2 epitope
that is most accessible in an open or altered conformation of spike [59,60]; Group 2 mAbs
were enriched for the IGHV3-30 gene; and the majority of the mAbs in Group 3 used the
IGHV3-7 gene (S6 Fig). The IGHV3-7 clonotype is seen in the HR1 published antibodies
COV2-2002 and COV2-2333. COV2-2333 did compete moderately with Group 3 mAbs
C68.107 and C68.228 when COV2-2333 was blocking (57% and 53% competition, respec-
tively). This result indicates that there could be some shared or overlapping epitope between
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Group 3 and HR1 antibodies. Collectively, this group also tended to have longer CDR3 seg-
ments in comparison to other C68 and C20 mAbs. The C20 mAbs in Group 6, which all com-
peted with the published FP mAbs, used the IGHV3-30-3 genes. Overall, we were able to
cluster the S2 mAbs into several competition groups, indicating shared epitope regions, and
three of the groups competed with published antibodies with epitopes in the FP (Group 6),
adjacent to FP (Group 1), and the HR1 region (Group 4) and another (Group 3) had HR1
mADb features. However, many of the mAbs did not compete with published antibodies sug-
gesting a diverse landscape of S2 epitopes that go beyond several of the commonly described
regions.

Linear epitope mapping identified C20.119 as an FP-neutralizing antibody

To date, most S2-specific neutralizing mAbs that have been identified target the FP (816-833)
or SH regions (1141-1160) [28,42,43,45,51,98]. However, these regions can be challenging to
map, especially FP, because the epitopes are often masked in prefusion-stabilized spike, which
precludes the use of many standard epitope mapping methods. Based on the competition ELI-
SAs, we have several antibodies that likely bind in or around FP, but the exact epitopes are not
known. Therefore, to determine if any of the mAbs identified here bind to linear epitopes in
S2, we comprehensively mapped binding sites across spike using a phage-display immunopre-
cipitation sequencing (PhIP-seq) approach [99,100]. Previous work by our group and others
has revealed that the FP and SH/HR2 regions can present as linear epitopes in individuals
post-SARS-CoV-2 infection [28,38,52,65,100,101], and these regions were detected as domi-
nant responses in plasma from C20 and C68 using PhIP-seq (S7 Fig). Therefore, we employed
two previously described phage-display libraries, both containing peptides spanning the com-
plete extracellular domain of the WH-1 Spike protein, to identify SARS-CoV-2 peptides
bound by the S2 mAbs.

First, C20 mAbs were screened with a library consisting of peptides 31 amino acids (aa) in
length with 30 aa of overlap [99]. Further, this library was designed for deep mutational scan-
ning (DMS) enabling us to interrogate each aa at every position within the enriched peptides
for reduced binding [99]. Therefore, this library was termed “Phage-DMS?” library. In technical
replicates, we observed strong enrichment of a series of sequential peptides for two of the 11
C20 mAbs, C20.59 and C20.119 (S8A Fig). The peptides for C20.59 spanned residues 790 to
810 in the WH-1 spike, which is just upstream of the FP region (Fig 6A), and the peptides that
were enriched for binding by C20.119 covered the region from 810 to 830 (Fig 6B), which
includes FP and the S2’ cleavage site. Binding to these residues would explain the binding com-
petition observed between C20.119, C20.59, and the FP-targeting reference mAbs (Fig 5B).
None of the nine other C20 mAbs bound to linear peptides in this library (S8A Fig). By DMS,
we observed loss of binding of C20.59 with numerous amino acid mutations to sites 794-804
(Fig 6A). Based on the ELISA binding data, C20.59 was able to bind spike trimer from WH-1
and Delta but lost the ability to bind spike trimers from Omicron VOCs (Fig 1), suggesting
that its epitope is not well conserved across SARS-CoV-2 VOCs. The region bound by C20.59
contains a mutation that first emerged in Omicron BA.1 and is present in all subsequent
VOCs at D796Y (Fig 6C), which was observed as an escape mutation in the Phage-DMS
library profile as well (Fig 6A). The escape profile for C20.119 also refined the key binding res-
idues to 813, 815-6, 818-20, and 822-5 (Fig 6B). Based on a sequence alignment of these resi-
dues across major SARS-CoV-2 VOCs over time, the C20.119 epitope, which is centered
around the S2’ cleavage site, is completely conserved (Fig 6C).

To map potential linear epitopes in the larger collection of C68 mAbs, we used a lower reso-
lution library consisting of peptides 39 aa in length that overlapped by 19 aa and
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MERS-CoV FA%VKQSSQSSP 1 IPGFG D‘ LT%LE VSISTosR oo D) C20.119 17.83 901 SSSRSFFEDLLFDKVKLSDVGFVEAYNNCTGGSEIRDLL
HCoV-HKU1 ADT LMQGVT L SSNLNTNLHEDVDNINFKSLVGCLGPHCG- SSS| D)
HCOV-OC43 ANSLMNGVT L STKLKDGYNERNVDDINF SPVLGCLGSECSKASS, D| HCoV-0C43
HCOV-229E LT FDKKAFTLA- NVSSFGDYMLSSVIPSLPRSGSRV- - - - - A S|
HCOV-NLE3 LT FDSNAFSLA NVTSF DYMLSSVLPQRNIHSSRI- - - - - S| C20.119 22.51 901 ECSKASSRSAIEDLLFDKVKLSDVGFVEAYNNCTGGAEI
A AA AM AAAA
czo 59 (Prc FP) €20.119 (FP) HCoV-229E
C20.119 36.49 661 NVSSFGDYNLSSVIPSLPRSGSRVAGRSAIEDILFSKLV
C20.119 57.73 681 GSRVAGRSAIEDILFSKLVTSGLGTVDADYKKCTKGLSI
HCoV-NL63
C20.119 56.44 841 LANVTSFGDYNLSSVLPQRNIRSSRIAGRSALEDLLFSK
C20.119 42.90 861 IRSSRIAGRSALEDLLFSKVVTSGLGTVDVDYKSCTKGL

Fig 6. Epitope mapping by PhIP-seq identified linear epitopes in and around the FP region of S2 subdomain for mAbs C20.59,
C20,119, and C68.204. (A,B) Each mAb was incubated with the phage-display spike peptide library, which consisted of 31 amino acid
(aa) peptides with a 30 aa overlap (Phage-DMS library). Along with the Wuhan-Hu-1 wildtype sequences, each peptide was also
represented with the central residue mutated to every possible amino acid to observe loss of mAb binding, or escape, with each
mutation. The top graphs display the binding enrichment of peptides in that region in the WH-1 library for each mAb, with
experimental replicates shown in the orange and blue lines for C20.59 (A) and C20.119 (B). The bottom logo plots depict the effect of
single mutations on binding of the mAb to the peptide. The height of the letter corresponds to the size of the effect that mutation had on
the binding or the scaled differential enrichment with the mutation compared to the wildtype sequence. Mutations that resulted in a
positive (>0) scaled differential enrichment are changes that increased mAb binding to the peptide, whereas a negative scaled
enrichment is due to reduced binding with that mutation. The letter color signifies the chemical property of the amino acid. The WH-1
or wildtype sequence is shown on the x axis. (C,D) Sequence alignments across SARS-CoV-2 VOCs (C) or HCoVs (E) of the region
upstream of and including FP (WH-1 aa 782-830). The key escape residues in the epitopes for C20.59 (purple) and C20.119 (orange) are
noted under the alignment by the triangles. The color of the residues in the alignment denotes the percent identify at that site across the
sequences shown. The S2’ cleavage is marked by the red line and scissors. (D) Peptides enriched in the pan-CoV library after binding
with the three S2 mAbs C20.59, C20.119, and C68.204. The pan-CoV library included peptides covering the entire spike sequence from
HCoVs SARS-CoV-2 WH-1, SARS-CoV-1, MERS-CoV, HCoV-HKU1, HCoV-OC43, HCoV-229E, and HCoV-NL63. Each mAb was
run as technical replicates and the enrichment scores were averaged. Significantly enriched peptides (p<0.5) were identified and those
peptides with an average enrichment greater than the off-target S1 regions are shown for C20.59, C20.119, and C68.204.

https://doi.org/10.1371/journal.ppat.1012383.9006

comprehensively covered the WH-1 spike sequence [100]. This library also contained peptides
covering spike protein sequences of closely related HCoVs, allowing us to examine cross reac-
tivity of these mAbs. This library was called the “pan-CoV” library. C20.119 and C20.59 were
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also assessed with the pan-CoV library to compare results between the two libraries and assess
HCoV breadth for these mAbs. As expected, we observed enrichment of peptides with
C20.119 and C20.59 (S8B Fig), and the peptides bound in this lower resolution library covered
the residues identified in the finer mapping performed with the Phage-DMS library (Figs 6D
and S8A). In technical replicates, most of the mAbs tested showed no peptide enrichment in
S2 at p-value < 0.05 and for those peptides that were identified, many had relatively low
enrichment scores, less than five as compared to >50 for C20.119 and C20.59 (S8B Fig). We
also noted some mAbs had enriched peptides that mapped to the S1 subunit. Regions of S1 are
proximal to S2 in the prefusion spike trimer (PDB 6VSB), so while it is possible a linear region
in S1 could be contacted by an S2 mADb, the fact that none of the S2 mAbs described here
bound S1 protein in ELISAs (S1 Fig) suggested S1 regions are not a major part of the epitopes.
Using the scores of the S1 peptides to set a threshold (score > S1 peptide enrichment average
+ 2SD), we identified one additional mAb, C68.204 that bound a peptide upstream of FP
(741-779) (Figs 6D and S8B), which is consistent with the competition results where its bind-
ing to S2 protein was blocked by FP-targeting antibodies (Fig 5B). None of the C20/C68 S2
mAbs bound to SH peptides in either library. We confirmed that published SH mAbs, CV3-25
[47] and 1A9 [102], could bind linear peptides in this region in our library (S9 Fig). Despite
evidence SH is an apparent epitope in the antibody plasma response in these individuals based
on our mapping (S7 Fig), these results together with the competition ELISA data suggest we
did not isolate any mAbs that bound this region.

Given the sequence conservation of the S2 region across HCoVs, broad coronavirus reactiv-
ity of S2 mAbs has been described [39,61]. Therefore, we investigated if the three C20/C68
mADbs that bound SARS-CoV-2 peptides exhibited binding to linear peptides in the pan-CoV
library [100]. C20.59 did not bind to any of the peptides in the other HCoV libraries at p-
value < 0.05, which we predicted given this region is less well conserved between the HCoV's
(Fig 6E). C68.204 bound to a peptide in the SARS-CoV-1 library (Fig 6D) that is in a region
conserved between SARS-CoV-2 and SARS-CoV-1 and overlaps with the SARS-CoV-2 pep-
tide identified (S10 Fig), which is consistent with the ability of this mAb to bind to the SARS-
CoV-1 spike trimer (Fig 1). Finally, C20.119 bound peptides in all six of the HCoV libraries
with high enrichment scores for all (Fig 6D). In the spike sequence alignment, we noted the
peptides mapped to the same highly conserved sequence across all of the HCoVs at the S2’
cleavage site of SARS-CoV-2 (Fig 6E), which included the series of residues identified in the
escape profiling with the higher resolution Phage-DMS library (Fig 6B). Overall, most of the
S2 mAbs did not bind linear peptides; however, we were able to define the epitopes of three S2
mADbs, in or upstream of the FP region, one of which, C20.119, had broad binding across alpha
and betacoronaviruses.

Discussion

In this study, we describe a collection of functional mAbs targeting diverse epitopes within the
S2 subunit of the spike glycoprotein from two SARS-CoV-2 convalescent patients. To date,
mAbs that target the more conserved S2 have been understudied as compared to those that
bind S1 regions, such as RBD, which includes those antibodies that were previously authorized
to treat or prevent infection with early strains of SARS-CoV-2 [11,103-108]. In the set of S2
antibodies presented here, we defined multiple shared epitope groups amongst the mAbs,
some targeting regions previously described, such as FP or HR1, but other mAbs appear to tar-
get epitopes in S2 beyond those commonly studied. Further, we have identified mAbs that
exhibit non-neutralizing, Fc-effector functions against a WH-1 D614G spike. A subset of these
mADbs also had binding breadth across HCoVs and sarbecoviruses, and one mAb showed
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broad neutralization activity. Both of these functions have been suggested to be correlates of
protection against SARS-CoV-2 [109] and demonstrated in vivo efficacy as prophylactics and
therapeutics in model systems [44,51,54,56,97,110].

We have identified C20.119, that targets a linear epitope in the FP region and has broad and
moderately potent neutralizing activity against SARS-CoV-2 VOCs including the more recent
Omicron VOCs XBB.1.5 and BQ.1.1. Other FP mAbs have been reported that exhibit neutrali-
zation activity [28,42,43,111], and C20.119 appears to have similar potency despite differences
in assays. Several of these published FP mAbs have demonstrated in vivo protection, as pro-
phylactics and treatments, in animal models challenged with SARS-CoV-2 virus. All of the FP
mADbs described appear to inhibit membrane fusion by binding this region [42,43,50], so we
predict C20.119 would work in a similar fashion. While there are no mutations in the epitope
of C20.119 in the Omicron VOCs, we did observe a reduction in potency against the Omicron
pseudoviruses as compared to early strains WH-1 and Delta. A possible explanation for this
finding is that Omicron variants preferentially utilize endocytosis over membrane fusion for
initial target cell entry, the latter of which is preferred by WH-1 and Delta [112], thereby atten-
uating the potential neutralizing effect of an FP-targeting mAb. This could also reflect differ-
ences in escape based on the viral background used for phage display DMS as we have seen
with other mAbs [70]. Consistent with this, mutations throughout other regions of spike in
Omicron VOCs have been shown to alter the structure of the trimer and potentially the acces-
sibility of the FP [113,114].

Despite that most of the mAbs we identified did not have neutralization activity, several
mediated potent ADCC. While neutralization is the primary correlate of protection from
SARS-CoV-2, there is growing evidence demonstrating Fc-effector functions can protect
against SARS-CoV-2 infection and/or severe disease in animal systems [45,50,57-59]. S2 anti-
bodies in particular are a significant component in the Fc-effector function in serum; depletion
of S2-targeting mAbs from sera from individuals with hybrid immunity reduces ADCC [69].
Both individuals represented in this study, C20 and C68, developed antibodies with potent
ADCQC activity despite different types of exposures, comparable to other mAbs that mediate
ADCC including S309 [56], an RBD mAb that has dual neutralizing and Fc-effector functions,
both contributing to its in vivo protective capabilities [49,55]. These ADCC-mediating mAbs
clustered into different groups based on binding competition, and several of these groups have
as yet unknown epitopes. Three of the C68 mAbs (C68.1, C68.287, C68.375) were able to bind
recombinant spike proteins from other betacoronaviruses MERS-CoV and/or HCoV-HKU1
and exhibited robust NK cell activation, making them attractive candidates to further evaluate
their efficacy broadly against HCoVs.

Collectively, many of the S2 mAbs described here with functional activity and breadth
against SARS-CoV-2 VOC:s also exhibited cross reactivity to other related viruses including
HCoVs and sarbecoviruses. The majority of the mAbs from C68 and three of the C20 mAbs,
were able to bind SARS-CoV-1 spike trimer by ELISA. Cross-reactive SARS-CoV-1/SARS-
CoV-2 antibodies are well described, as expected given that the S2 amino acid sequence iden-
tity between the two viruses is ~90% [102,115]. While the percent spike sequence similarity
drops considerably between WH-1 and these HCoVs (97% with SARS-CoV-1 spike to 30%
with HCoV-HKU1 [116]); several regions of S2, such as FP and the S2’ cleavage site, are highly
conserved suggesting they are subject to functional constraint [116,117]. Indeed, our compre-
hensive linear epitope mapping revealed that C20.119, the neutralizing FP mAb, was able to
bind linear peptides across all seven HCoVs. Further, C20.119 was able to neutralize pseudo-
viruses representing closely related, zoonotic sarbecoviruses that can utilize ACE2 for cell
entry and have highly conserved S2 regions when compared to WH-1 (>90-100% in different
regions of S2) [17]. As is evident from SARS-CoV-1 and SARS-CoV-2, zoonotic spillover of
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these sarbecoviruses is a concern, so mAbs, such as C20.119, that can maintain function across
these viruses are critical for preparing for these potential future spillover events.

The majority of previously described S2 antibodies target several common antigenic regions
that are immunodominant and highly conserved in SARS-CoV-2: FP, HR1, HR2, and the SH
region just upstream of HR2. Two of these regions, FP and SH, have been shown to be targets
for neutralizing S2 mAbs [28,42-48], but they can be challenging to map using methods that
rely on binding to prefusion-stabilized spike both because the prefusion state can mask these
regions and some of the introduced mutations to force stabilization are in these key epitopes
[118]. These regions can be detected as linear epitopes in serum after SARS-CoV-2 infection
or vaccination [38,100,119,120], and we noted significant enrichment of binding to linear pep-
tides covering these regions in the serum of C20 and C68 as well. Some monoclonal S2 anti-
bodies targeting these regions also bind linear epitopes [45,51,97]. With phage display and
deep sequencing, we were able to resolve discrete epitopes for three of the mAbs all to the Pre-
FP/FP region, and one mAb, C20.119, targeted a region that contains the S2’ cleavage site.
However, we did not identify any S2 mAbs that mapped to SH regions, nor did we observe
mADbs that could compete with known SH mAbs, suggesting that the S2 epitopes represented
in this collection of mAbs might span beyond those commonly described.

In addition to the Pre-FP/FP mAbs identified with phage display sequencing, we defined
groups of antibodies that compete for binding indicative of a shared epitope region, and three
of the groups competed with a published S2 mAb with a known epitope. Three C68 mAbs
likely bind HR1 due to competition with COV2-2333 and COV2-2002 [81]. Another group of
mADbs clearly competed with FP-targeting antibodies (76E1 [28], C13B8 and VP12E7 [42]),
and also includes C20.119 and C20.59, which bound linear peptides in or just upstream of FP,
respectively. In addition, a large group of mAbs (Group 1) that included those with binding
breadth to other HCoV's competed with published antibody COV2-2164 [81]. COV2-2164 has
been reported to bind residue at K814, just upstream of FP, but given that is does not compete
with other published FP antibodies with either spike trimer or S2 protein as an antigen, its epi-
tope likely involves domains outside of the FP present in the spike trimer. Group 1 mAbs also
had an enrichment of IGHV1-69/IGKV3-11 genes, which is a public clonotype for S2 mAbs
[60,81] that can exhibit Fc-effector functions despite being non-neutralizing and provide in
vivo protection in mouse studies [59]. Structural studies indicate mAbs in this clonotype bind
epitopes in the apex of S2 [60]. This region is more easily accessible in trimers with the open
conformation or in altered or degraded structures [59,60,81]. Our findings suggest that bind-
ing to this region might not be exclusive to IGHV1-69/IGKV3-11 antibodies, and this epitope
region could be a relatively common target after SARS-CoV-2 infection.

Antibodies in another group, Group 2, did not clearly compete with a published mAb; how-
ever, this group did include C68.204, which bound a linear peptide (741-779) in a helical
structure upstream of FP (PDB 6VSB). C68.204 also competed with COV2-2164 and the FP-
targeting mAbs, altogether suggesting these mAbs might bind epitopes that involves the FP
region. Two groups of mAbs did not compete with any of the published antibodies and cur-
rently have unknown epitopes, given that none of them bound linear peptides in the phage dis-
play, their epitopes are likely conformational. Together, based on six epitope groups identified
by competition binding and the lack of SH mAbs in our set, our results suggest a minimum of
seven epitope regions in S2 (summary figure in S11 Fig). We were not able to access a known
HR2 mAb in our competitions, so we cannot discount that some of the antibodies bind that
region of S2. However, the varied groups of antibodies suggest additional unique epitopes are
targeted is this set. Thus, the mapping data indicate broad responses to diverse targets across
S2 including a range of epitopes not commonly described.
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The combined breadth and antiviral functions of S2 antibodies suggest they are an impor-
tant component of an immune response most poised to protect against SARS-CoV-2 VOCS
and HCoVs. As we have described here, the diversity of epitopes in the S2 response spans
beyond what has been described; and understanding the array of S2 epitopes, especially those
regions that can elicit functional, protective mAbs, can provide targets for vaccine design. Sev-
eral groups have designed S2-focused vaccines in mice and have demonstrated that this strat-
egy can elicit broad, cross-reactive antibodies that are protective against both SARS-CoV-2
and other HCoVs [36,121,122]. Importantly, in mice that have a history of vaccination with
the WH-1 spike, which is similar to the human population that has seen several rounds of
SARS-CoV-2 vaccines containing WH-1 spike, additional vaccination with an S2-only vaccine
was able to induce a broader response as compared to additional WH-1 spike boosters [36].
Further, boosting the S2-targeting response might increase Fc-effector function activity in the
serum. While vaccine-induced neutralization potency wanes and loses efficacy against novel
variants, the Fc-effector functions appear more durable and longer lived [123]. Overall, these
studies support the incorporation of an S2-focused immunization strategy that could broaden
the immune response priming it for future, diverse exposures. The antibodies we describe here
provide additional information about the functional S2-targeted antibody response to SARS-
CoV-2 and can contribute to the efforts to develop such novel vaccines.

Materials and methods
Ethics statement

Peripheral blood mononuclear cells (PBMCs) were collected 30-days post symptom onset
(dpso) from two individuals following SARS-CoV-2 infections who were enrolled in the Hos-
pitalized or Ambulatory Adults with Respiratory Viral Infections (HAARVI) research study
[124]. Written, informed consent was obtained from individuals C20 and C68 at the time of
enrollment in March 2020 and July 2021, respectively. The study was approved by Institutional
Review Boards at University of Washington and Fred Hutchinson Cancer Center.

Single-cell sorting for spike-specific memory B cells

Memory B cells expressing receptors encoding SARS-CoV-2 spike-specific antibodies were
sorted from 30 dpso PBMCs using standard methods to identify memory B cells that bind the
spike antigen [70,125,126]. PBMCs were stained using a mouse anti-human antibody cocktail
to cell surface markers: CD3-BV711 (BD Biosciences, clone UCHT1), CD14-BV711 (BD Bio-
sciences, clone M¢P9), CD16-BV711 (BD Biosciences, clone 3G8), CD19-BV510 (BD Biosci-
ences, clone SJ25C1), IgM-FITC (BD Biosciences, clone G20-127), IgD-FITC (BD Biosciences,
clone IA6-2). A baiting approach was used to isolate the spike-specific B cells: C20 PBMCs
were baited with APC/PE-labeled WH-1 spike S2 protein (Acro Biosystems, cat. S2N-C52E8)
and C68 PBMCs with a pool of APC/PE-labeled Delta HexaPro spike trimer protein (obtained
from David Veesler) and WH-1 spike S2 protein (Acro Biosystems, cat. S2N-C52E8). The gat-
ing strategy used for the C20 B-cell sort is shown in the S12 Fig and the C68 B-cell sort is
shown in [70].

Reconstruction of antibodies

Antibody gene sequences were recovered from the individually sorted B cells with gene-spe-
cific primers and sequenced using a previously optimized pipeline [70,125-130]. The variable
region sequences were assessed with the IMGT database [131] to determine if they are produc-
tive, in-frame variable regions. Those sequences that did not have an intact open reading
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frame (ORF) were excluded. Productive heavy and light variable regions paired in the same
well (i.e., same B cell), were cloned into the appropriate IgG1 gamma, kappa, or lambda con-
structs and transfected into FreeStyle 293-F Cells (Invitrogen) to produce full-length mAbs for
functional characterization as previously described [70,125-130]. For C20, 251 B cells were
isolated into 96-well plates, and paired and productive (i.e., intact ORF) heavy and light chain
sequences were isolated from 31 B cell wells. Twenty-six of the 31 heavy and light chain pairs
were able to product sufficient antibody for characterization. Eleven of the antibodies bound
to SARS-CoV-2 WH-1 spike trimer or S2 protein in direct ELISAs above background (deter-
mined by absorbance at OD450nm greater than the HIV. mAb VRC01 OD450nm of + 3 stan-
dard deviations). For C68, 384 B cells were isolated into four 96-well plates, and 118 B cell
wells had paired heavy and light chain sequences that produced sufficient antibody after trans-
fection. Of those 118 mAbs, 29 were determined to be S2 specific based on binding to WH-1
spike trimer or S2 protein above background as described above. The remaining mAbs bound
to other spike subunits (45 RBD, 17 NTD, 3 CTD) or were not spike specific (n = 24).

Inference of germline genes and sequence annotation with partis

Sequences were annotated with V, D, ] genes, deletion lengths, and non-templated insertions
and grouped into clonal families using partis [77]. This includes automatic germline inference
[76] for detecting previously unknown alleles. Partis groups together sequences stemming
from a single rearrangement event with a multi-step process: first grouping together observed
sequences with similar inferred naive sequences, then applying a more accurate (but slower)
likelihood-based method for more difficult cases [78]. Since each well contained a single cell,
reads from each well were treated as if from the same 10X-style droplet for input to partis’s
paired clustering, which leverages simultaneous heavy and light chain clonal information to
improve the clustering accuracy of both chains [77]. Data analysis and visualization of mAb
gene features was performed plotted using GraphPad Prism (v10). Gene information for the
mADbs including variable region aa sequences, inferred germline, percent somatic hypermuta-
tion, and CDR3 length for the 40 S2 mAbs in this study are shown in S1 Table.

Binding determined by direct enzyme-linked immunosorbent assays
(ELISAs)

Binding of the mAbs to recombinant spike trimers and spike subunit proteins was assessed by
direct ELISAs as previously described using the single highest concentration from our typical
dilution series (1 pug/mL) for all mAbs [70]. The recombinant spike trimers used in these assays
were as follows: Wuhan-Hu-1 (Sino Biological, cat. 40589-V08H4), Delta (Sino Biological, cat.
40589-V08H10), Omicron BA.1 (Sino Biological, cat. 40589-V08H26), Omicron BA.2 (Sino
Biological, cat. 40589-V08H28), Omicron BA.4/BA.5 (Sino Biological, cat. 40589-V08H32),
Omicron XBB (Sino Biological, cat. 40589-V08H40), Omicron BQ.1.1 (Sino Biological, cat.
40589-V08H41), SARS-CoV-1 (Acro Biosystems, cat. SPN-S52Ht), MERS-CoV (Acro Biosys-
tems, cat. SPN-M52H4), HCoV-HKU1 (Acro Biosystems, cat.SPN-H52H5). The spike subdo-
main proteins were SARS-CoV-2 S1 (Sino Biological, cat. 40591-V08H), SARS-CoV-2 S2
(insect cell derived, Sino Biologics, cat. 40590-V08B), SARS-CoV-2 S2 (mammalian cell
derived, Sino Biologics, cat. 40590-V08H1), MERS-CoV S2 (Sino Biologics, cat. Cat:
40070-V08B). Data were analyzed and plotted using GraphPad Prism (v10).

Epitope groups defined by competition ELISAs

All mAbs that bound to SARS-CoV-2 WH-1 spike trimer in direct ELISAs at OD450nm > 1.0
(35 of the 40 mAbs) were assessed in the competition ELISAs. Published mAbs with known

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 20/34


https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

epitopes were included to represent the most commonly described S2 epitope regions: FP
(76E1 [28], C13B8 and VP12E7 [42]); HR1 (COV2-2002 and COV2-2333 [81]); SH (B6 [72]
and CV3-25 [54]) and COV2-2164 which binds a residue upstream of FP [81]. The competi-
tion ELISAs were performed using a similar protocol to the direct ELISAs and described previ-
ously [70], with some alterations. The WH-1 spike trimer (Sino Biological, cat. 40589-V08H4)
or S2 protein (insect cell-derived, Sino Biologics, cat. 40590-V08B) was used as the antigen in
all ELISAs at a concentration of 1ug/mL overnight at 4°C and blocked with 3% BSA in wash
buffer for one hour at 37°C. After washes, the non-biotinylated (“blocking”) mAb was applied
at 2.5 pg/mL for the spike trimer ELISAs and 25 ug/mL for the S2 protein ELISA and incu-
bated at 37°C for 15 minutes. Then, the biotinylated mAb was added at 100 ng/mL or 1 pug/mL
for the spike trimer and S2 protein ELISAs, respectively, and incubated at 37°C for 45 minutes.
The concentration of antibodies were higher in the S2 protein ELISA because the antibodies
tended to bind less well to S2 compared to spike trimer, and the concentration of the biotiny-
lated antibodies was the same concentration used in the direct ELISAs shown in Fig 1. The
remaining washes, incubation with secondary antibody (anti-streptavidin IgG-HRP), and
reaction with the TMB chromogen substrate to allow quantification of biotinylated mAb bind-
ing at absorbance OD450 was completed as previously described [70].

Each of the mAbs was tested as the blocking mAb and biotinylated mAb in every combina-
tion. As a control, each biotinylated mAb was also incubated after blocking with the non-
spike, HIV mAb VRCO1, which should not compete with the spike-specific mAbs. Any bioti-
nylated mAb that had an OD450nm <40% of the maximum OD450nm when VRCO01 was
blocking was excluded from the analysis. Again, because of weaker overall binding to S2 pro-
tein, a threshold of OD450nm <30% was used instead of the 40% for the spike trimer ELISAs.
0OD450 values for the VRCO1 wells for each mAb are shown in S2 Table. The OD450nm values
were background-subtracted using the buffer-only wells, and the percent competition for each
blocking/biotinylated mAb combination was calculated [(1-(OD450,.y/average OD450,. of
VRCO01 wells))*100]. Percent competition values were averaged across two technical replicates
and any negative values were set to zero. For the S2 ELISA analysis, blocking mAbs that did
not compete with any other mAb were removed from the clustering analysis because they did
not contribute to group formation. The matrix of percent competition values for all blocking/
biotinylated mAb combinations is shown in S6 Fig.

Competition groups were determined using a hierarchical clustering algorithm utilizing a
Pearson distance matrix and Ward’s Method, implemented as ward.D2 in the R environment
[132]. Group number was set the same for both rows and columns: five for spike trimer ELISA
and four for S2 protein ELISA. Heatmaps and determination of competition groups were
made using the ComplexHeatmap Package in the R environment (https://jokergoo.github.io/
ComplexHeatmap-reference/book/index.html). A percent competition visual cutoff was also
implemented in the heatmap where values <25% were set to the same color as 0%.

Spike-pseudotyped lentivirus neutralization

Spike-pseudotyped lentiviruses were produced and titered as previously described [52,70,84].
Codon-optimized plasmids with spike genes from SARS-CoV-2 strains (listed in Fig 3 and
generously provided by Amit Sharma, Jesse Bloom, and Marceline C6té), SARS-CoV-1
(Urbani strain, GenBank AY278741, from Marceline Co6té), and zoonotic sarbecoviruses
RsSHCO014 and WIV1 [87] (a kind gift from David Veesler) and Pangolin-GD [133] (gifted
from Pamela Bjorkman), were individually transfected with lentiviral helper plasmids into
HEK293T cells for virus production. Neutralization of the pseudoviruses by the mAbs was per-
formed as previously described [70]. HEK293T-ACE2 cells expressing high levels of ACE2
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[84,134] were used as the target cells to measure infection and neutralization. A non-neutraliz-
ing antibody (e.g., HIV mAb VRCO1) was run in parallel as a control. For each run, the average
raw relative light units (RLUs) of the virus plus cells alone wells was compared to the average
RLUs of the negative control mAb wells. The average of the virus plus cells wells was used to
determine the maximum infectivity value as is standard practice; however, in runs where the
virus plus cells RLU average was >1.3 fold higher than the negative control mAb average, the
negative control average was used. Background signal from negative control wells (no mAb,
no virus) was subtracted, replicate experiments were averaged, and the fraction of infectivity
was calculated. For screening the pseudovirus neutralization potency of the S2 mAbs, percent
neutralization at 10 pg/mL was calculated and for C20.119, two-fold mAb dilution curves were
assessed, and the half maximal inhibitory concentrations (IC50s) were calculated with a non-
linear regression fit for inhibition versus response constraining the bottom to 0, the top to 1,
and HillSlope < 0. Data were analyzed and plotted using GraphPad Prism (v10).

Antibody binding to cell-surface expressed SARS-CoV-2 spike protein

Binding of S2 mAbs to natively expressed SARS-CoV-2 spike protein on cells (kindly provided
by Andrés Finzi) was assessed by flow cytometry. Briefly, 10° CEM.NKr CCR5+ cells stably
expressing GFP-tagged D614G spike protein [93] were incubated with mAbs at 5 ug/mL for 30
minutes at 37°C (consistent with the ADCC assay conditions, see below). Cells were washed
twice, and stained with anti-human IgG, Fcy fragment-specific PE (Jackson Immuno, cat. 109-
115-098) for 30 min. Cells were then washed and fixed before acquisition on a Fortessa LSRII
instrument (BD Biosciences) with BD FACSDiva software. Data was analyzed using FlowJo
v10.7.1 (TreeStar). Positive (CV3-25 GASDALIE) and negative (HIV-specific A32) control
antibodies were included in each experiment. An example gating strategy is shown in S3 Fig.

SARS-CoV-2 Spike ADCC assay to detect activated NK cells

Cryopreserved PBMCs from healthy adult donors, used as effector cells in the assay, were
thawed and allowed to rest overnight in RPMI supplemented with 10% FBS. Effector cells
were mixed with target cells (CEM.NKr CCR5+ cells stably expressing GFP-tagged D614G
Spike protein [93]; provided by Andrés Finzi) at a 10:1 ratio, in the presence of S2 mAbs (5 ug/
mL), protein transport inhibitor cocktail (1:500, eBioscience) and anti-CD107a APC (clone
H4A3, BioLegend). In a pilot experiment with a mAb dilution series, 5 ug/mL was the concen-
tration with optimal activity before observing the prozone effect, which was consistent with
studies using a similar assay [54,93,135]. Antibody-dependent NK cell activation was allowed
to occur for 4 hours at 37°C and 5% CO,. The cells were then washed twice and stained for via-
bility (Fixable Viability Dye eFluor 780, eBioscience) and with anti-CD56 BV605 (clone
5.1H11, Biolegend) and anti-CD3-BV711 (clone UCHT1, BD Bioscience) for 30 minutes at
4°C. The cells were then washed twice, fixed/permeabilized using IC Fix/Perm (Invitrogen)
and stained with anti-IFNy-PE (clone 4 S.B3, BioLegend) for 30 minutes at room temperature.
Data was acquired on a Fortessa LSRII instrument (BD Biosciences) with BD FACSDiva soft-
ware and analyzed using Flow]Jo v10.7.1 (TreeStar). Target cells were identified according to
cell morphology by light-scatter parameters and expression of GFP and were assessed for via-
bility. NK cells were identified by gating on lymphocytes by light-scatter parameters, exclusion
of doublets and dead cells, and were defined as CD56+ CD3-. Gating strategies are shown in
S4 Fig. Each assay was performed in technical duplicates and repeated with two independent
effector cell donors. Positive (5309, CV3-25) and negative (HIV-specific A32) control antibod-
ies were included in each experiment.
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Phage-display immunoprecipitation and deep sequencing

Linear epitope mapping of S2 mAbs and human plasma by phage-display immunoprecipita-
tion sequencing (PhIP-seq) was performed as previously described [38,52,99-101]. The first,
higher resolution peptide library (termed “Phage-DMS?” library) was designed from sequence
from the Wuhan Hu-1 strain (GenBank:MN908947) covering the ectodomain of the spike
protein (aa 1-1211), excluding the transmembrane and cytoplasmic domains. The library
included peptides 31 aa long tiled every 30 aa for single residue resolution, and details on the
design have been previously described [52]. In addition, this library included variations of
every wildtype peptide where each mutant peptide contained a single variable residue at the
central position of the peptide; thereby resulting in 20 peptide sequences containing all possi-
ble mutations at each position along the protein. The second, lower resolution library (termed
“pan-CoV” library) included peptides from 17 spike coding sequences: OC43-SC0776
(MN310478), 0C43-12689/2012 (KF923902), OC43-98204/1998 (KF530069), 229E-SC0865
(MN306046), 229E-0349 (JX503060), 229E-932-72/1993 (KF514432), NL63-ChinaGDO01
(MK334046), NL63-Kilifi HH-5709_19-May-2010 (MG428699), NL63-012-31/2001
(KF530105), NL63-911-56/1991 (KF530107), HKU1-S117244 (MH90245), HKU1-N13 geno-
type A (DQ415909), HKU1-Caenl (HM034837), MERS-KFMC-4 (KT121575), SARS-Urbani
(AY278741), SARS-CoV-2-Wuhan-Hu-1 (MN908947), bat-SL-CoVZC45 (MG772933). A sin-
gle HIV-1 envelope sequence was also included for controls (BG505.W6.C2,DQ208458). Each
peptide in this library was 39 aa in length and tiled with 19 aa overlaps, design previously
described [100]. Immunoprecipitation of S2 mAbs or plasma with both phage display libraries
was performed as previously described [52,100]. In brief, deep 96-well plates were blocked
with 3% BSA in Tris-buffered saline with 0.01% Tween (TBST) overnight at 4°C. The phage
library was diluted (200,000 pfu/mL per unique peptide) and 1 mL of the diluted phage was
added to each well. mAbs (10 ng per well) or plasma (assuming plasma IgG concentrations to
be 10 ug/uL [136] added at 10 pg per well). Each mAb was run in technical replicates. After
allowing the mAbs to bind overnight at 4°C rocking, the phage:antibody complexes were
immunoprecipitated using 40 uL of a 1:1 mixture of protein A and protein G magnetic Dyna-
beads (Invitrogen) (4°C for 4 hours, rocking). The magnetic beads were separated and washed
three times and resuspended in 40 pL of water. The bound phage were lysed and stored at
-20°C until Illumina library preparation.

Mlumina library preparation was performed as previously described [52,99,100]. Phage
DNA underwent two rounds of PCR to produce Illumina libraries containing adaptor
sequences and barcodes for multiplexing. PCR products were cleaned with AMPure XP beads
(Beckman Coulter) and quantified by Quant-iT PicoGreen according to manufacturer instruc-
tions (Thermo Fisher). Samples were pooled and deep sequenced on an Illumina MiSeq with
1x125 bp single end reads using a custom sequencing primer.

Phage sequence alignment and data analysis. Processing of sequence reads from the
phage display protocols and downstream analyses of peptide enrichments are performed with
the phippery software suite [137]. In brief, phippery aligned raw reads to the corresponding
Phage-DMS or pan-CoV peptide library reference via Bowtie2 [138] and Samtools [139]. Pep-
tide enrichment was calculated as the observed relative abundance in a sample over that
observed in the input peptide library. For peptides from the Phage-DMS library, differential
selection was calculated as the log-fold-change of the mutant peptide enrichment versus the
wildtype peptide enrichment. Scaled differential selection was defined as differential selection
multiplied by the average wildtype enrichment at the locus of interest and its two adjacent loci;
the use of averaging reduces artificially enhanced values due to noise. For peptides from the
pan-CoV library, p-values of the enrichments were computed from the method described in

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 23/34


https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

[140], and accounted for multiple hypothesis testing; a peptide enrichment was considered sig-
nificant if p < 0.05 in both sample replicates. Pan-CoV peptides that were enriched with a

p < 0.05 in both replicates were considered potential binding peptides for that mAb. The cut-
off of p < 0.05 was well calibrated by checking for the enrichment of HIV-1 envelope peptides;
4.8% of the HIV-1 peptides had p < 0.05.

Supporting information

S1 Fig. Binding specificity of S2 mAbs from C20 and C68. Binding of C68 and C20 mAbs at
1 pg/mL (A) or 15 ug/mL (B) to WH-1 spike trimer (blue circles), S2 protein produced in
mammalian HEK293T cells (purple squares), S2 protein produced in insect cells (pink trian-
gles), and S1 protein (orange triangles) by ELISA. Background-corrected OD450nm measures
averaged across two technical replicates is shown. Control mAbs included CV3-25 and B6
(52), LYCoV-1404 (S1/RBD), VRCO01 (HIV mAb, negative control). Lower dashed lines repre-
sent the OD450nm,,,. of VRCO1 + 3 standard deviations to indicate measures above back-
ground. The dashed line at OD450nm = 1 in (A) identifies mAbs with binding values for S2
proteins < 1.0 that were tested at the higher concentration in (B).

(PDF)

S2 Fig. Correlation plots comparing S2 mAbs gene features (% SHM, CDR3 aa length) to
binding to WH-1 S2 protein or spike trimer. Correlation of IgL. CDR3 length (A), IgH %
SHM (B), IgL %SHM (C) to binding of S2 mAbs to WH-1 S2 protein produced in mammalian
cells (green) or insect cells (purple). Correlation of IgH CDR3 length (D), IgL CDR3 length
(E), IgH %SHM (F), IgL %SHM (G) to binding of S2 mAbs to WH-1 spike trimer (blue). All
binding values from ELISAs (OD450nm) are averages of technical duplicates. Pearson’s corre-
lation analysis was used to determine the strength of the correlation.

(PDF)

$3 Fig. Binding of S2 mAbs to spike-expressing target cells. CEM.NKr CCR5+ cells express-
ing GFP-tagged D614G spike (CEM.NKTr.Spike), which were used as target cells in the ADCC
assays, bound by S2 mAbs identified by flow cytometry. The gating strategy is shown in (A).
The % of CEM.NKr.Spike cells bound by mAbs (B) and the mean fluorescence intensity (MFI)
of cells bound by antibody (C) are shown across the mAbs and controls: CEM.NKr.Spike cells
without mAbs (cells only), CEM.NKTr.Spike cells with secondary antibody (cells + secondary),
CEM.NKTr.Spike cells incubated with HIV mAb A32. (D) Correlation plot of the MFI of mAb
bound CEM.NKr.Spike cells to CD107a+ natural killer (NK) cells. Pearson’s correlation analy-
sis showed no association between the values (r = -0.6, p = 0.8).

(PDF)

S4 Fig. Gating strategies for ADCC assay. Identification of activated NK cells (CD107a+ or
IFN-y+) (A), and CEM.NKr.Spike cell death (B).
(PDF)

S5 Fig. S2 antibody competition matrix. Percent competition values are shown for each
blocking mAb:biotinylated mAb combination with WH-1 spike trimer (A) or S2 protein (B)
as antigen. Values are background-subtracted and averages of two technical replicates. The
darker the red, the higher the percent competition. Any negative values were set to zero.
(PDF)

S6 Fig. Variable gene usage for IGH, IGL and IGK for the S2 mAbs sorted by their competi-
tion ELISA-defined epitope groups. Also shown are the IGH % SHM (red) and CDR3 aa
length (blue) where the darker colors signify a higher value. Genes enriched in a competition
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group are noted in red.
(PDF)

S7 Fig. Linear epitope mapping of the antibody-binding response to the S2 subunit of
spike in plasma samples from C20 and C68 by PhIP-seq.
(PDF)

S8 Fig. Peptide enrichment by PhIP-seq for S2 mAbs across spike. (A) Peptides enriched in
library 1 (“Phage-DMS”) with C20 mAbs (technical replicates shown as separate rows). (B)
Peptides enriched in library 2 (“pan-Cov”) with C68 mAbs (technical replicates averaged and
regions at p<0.05 are shown. The scale of the enrichment is show by the red coloring with
darker red meaning greater enrichment.

(PDF)

S9 Fig. Peptide enrichment by PhIP-seq for published S2 SH mAbs CV3-25 and 1A9.
These mAbs were incubated with the Phage-DMS library and technical replicates are shown
by the orange and blue graphs. Strong enrichment is shown for peptides in the SH region
(1140-1160 aa) as expected [47,102].

(PDF)

S10 Fig. Sequence alignment of region upstream of FP (WH-1 aa 740-810) from SARS-
CoV-2 (WH-1) and SARS-CoV-1 (Urbani). Peptides bound by S2 mAb C68.204 in PhIP-seq
(pan-CoV library) are marked with red or blue. The sequence in purple in SARS-CoV-2 is the
FP region. Conservation between SARS-CoV-1 and SARS-CoV-2 at each residue is noted
under the sequence where stars note identical residues and pink dots notes sites with a differ-
ent amino acid between the sequences.

(PDF)

S11 Fig. Schematic of the proposed epitope groups of S2 antibodies from C20 and C68.
Binding competition groups of mAbs, as described and labeled in Fig 5, are shown. Reference
antibodies with reported epitopes are in italics with the competition noted by the arrows. Pre-
dicted epitope regions for each group are noted in bold. MAbs that bound linear peptides in
PhIP-seq are written in blue text. C68.287 and C68.204 compete with other mAbs outside of
their groups and those interactions are noted in the red arrows. *C20.38 competed with two
different groups depending on the antigen used and is listed in both groups in this diagram.
(PDF)

$12 Fig. Gating strategy for memory B cell sorting for PBMCs from C20 collected 30 days
post symptom onset.
(PDF)

S1 Table. Antibody gene features (inferred germline genes, percent somatic hypermuta-
tion, CDR3 amino acid length, heavy and light chain variable region amino acid
sequences).

(XLSX)

$2 Table. Absorbance at 0D450 values for biotinylated mAbs with VRCO01 blocking from
competition ELISAs.
(XLSX)

S1 Data. Source data for manuscript figures.
(XLSX)

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 25/34


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012383.s015
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS Functional S2 spike antibodies target diverse epitopes

Acknowledgments

We thank Marceline Coté (University of Ottawa), Amit Sharma (Ohio State University), Jesse
Bloom (Fred Hutchinson Cancer Center), David Veesler (University of Washington) and
Pamela Bjorkman (Caltech) for generously providing spike plasmids for production of spike-
pseudotyped lentiviruses. We also thank David Veesler (University of Washington) for provid-
ing Delta spike trimer to use as bait to capture Spike-specific B-cells and Andrés Finzi (Univer-
sité de Montréal) for the CEM.NKr CCR5+ cells expressing spike and for sharing protocols for
the ADCC assay and providing continued advice and support. We also would like to thank the
participants and the study staff of the Hospitalized or Ambulatory Adults with Respiratory
Viral Infections (HAARVI) study.

Author Contributions
Conceptualization: Jamie Guenthoer, Meghan E. Garrett, Julie Overbaugh.

Data curation: Jamie Guenthoer, Michelle Lilly, Delphine M. Depierreux, Kevin Sung,
Duncan Ralph.

Formal analysis: Jamie Guenthoer, Michelle Lilly, Delphine M. Depierreux, Kevin Sung,
Duncan Ralph.

Funding acquisition: Frederick A. Matsen, IV, Julie Overbaugh.

Investigation: Jamie Guenthoer, Meghan E. Garrett, Michelle Lilly, Delphine M. Depierreux,
Felicitas Ruiz, Margaret Chi, Caitlin I. Stoddard, Vrasha Chohan, Zak A. Yaffe.

Methodology: Jamie Guenthoer, Meghan E. Garrett, Michelle Lilly, Delphine M. Depierreux,
Caitlin I. Stoddard, Kevin Sung, Duncan Ralph, Frederick A. Matsen, IV, Julie Overbaugh.

Project administration: Jamie Guenthoer, Julie Overbaugh.

Resources: Helen Y. Chu, Frederick A. Matsen, IV.

Supervision: Julie Overbaugh.

Validation: Jamie Guenthoer, Julie Overbaugh.

Visualization: Jamie Guenthoer, Michelle Lilly, Delphine M. Depierreux, Kevin Sung.
Writing - original draft: Jamie Guenthoer, Julie Overbaugh.

Writing - review & editing: Jamie Guenthoer, Meghan E. Garrett, Michelle Lilly, Delphine
M. Depierreux, Felicitas Ruiz, Caitlin I. Stoddard, Kevin Sung, Duncan Ralph, Helen Y.
Chu, Frederick A. Matsen, IV, Julie Overbaugh.

References

1. PiccoliL, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, Beltramello M, et al. Mapping Neutraliz-
ing and Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by Structure-
Guided High-Resolution Serology. Cell. 2020; 183(4):1024—42 e21. https://doi.org/10.1016/j.cell.
2020.09.037 PMID: 32991844

2. Suthar MS, Zimmerman MG, Kauffman RC, Mantus G, Linderman SL, Hudson WH, et al. Rapid Gen-
eration of Neutralizing Antibody Responses in COVID-19 Patients. Cell Rep Med. 2020; 1(3):100040.
https://doi.org/10.1016/j.xcrm.2020.100040 PMID: 32835303

3. Walls AC, Park YJ, Tortorici MA, Wall A, McGuire AT, Veesler D. Structure, Function, and Antigenicity
of the SARS-CoV-2 Spike Glycoprotein. Cell. 2020; 181(2):281-92.e6. https://doi.org/10.1016/j.cell.
2020.02.058 PMID: 32155444

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 26/34


https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1016/j.cell.2020.09.037
http://www.ncbi.nlm.nih.gov/pubmed/32991844
https://doi.org/10.1016/j.xcrm.2020.100040
http://www.ncbi.nlm.nih.gov/pubmed/32835303
https://doi.org/10.1016/j.cell.2020.02.058
https://doi.org/10.1016/j.cell.2020.02.058
http://www.ncbi.nlm.nih.gov/pubmed/32155444
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

CaoY, SuB, Guo X, SunW, Deng Y, Bao L, et al. Potent Neutralizing Antibodies against SARS-CoV-
2 |dentified by High-Throughput Single-Cell Sequencing of Convalescent Patients’ B Cells. Cell. 2020;
182(1):73-84 e16. https://doi.org/10.1016/j.cell.2020.05.025 PMID: 32425270

Chi X, Yan R, Zhang J, Zhang G, Zhang Y, Hao M, et al. A neutralizing human antibody binds to the N-
terminal domain of the Spike protein of SARS-CoV-2. Science. 2020; 369(6504):650-5. https://doi.
org/10.1126/science.abc6952 PMID: 32571838

Ju B, Zhang Q, Ge J, Wang R, Sun J, Ge X, et al. Human neutralizing antibodies elicited by SARS-
CoV-2infection. Nature. 2020; 584(7819):115-9. https://doi.org/10.1038/s41586-020-2380-z PMID:
32454513

Jennewein MF, MacCamy AJ, Akins NR, Feng J, Homad LJ, Hurlburt NK; et al. Isolation and charac-
terization of cross-neutralizing coronavirus antibodies from COVID-19+ subjects. Cell Rep. 2021; 36
(2):109353. https://doi.org/10.1016/j.celrep.2021.109353 PMID: 34237283

Stamatatos L, Czartoski J, Wan YH, Homad LJ, Rubin V, Glantz H, et al. mRNA vaccination boosts
cross-variant neutralizing antibodies elicited by SARS-CoV-2 infection. Science. 2021.

Liu L, Wang P, Nair MS, Yu J, Rapp M, Wang Q, et al. Potent neutralizing antibodies against multiple
epitopes on SARS-CoV-2 spike. Nature. 2020; 584(7821):450-6. https://doi.org/10.1038/s41586-020-
2571-7 PMID: 32698192

Suryadevara N, Shrihari S, Gilchuk P, VanBlargan LA, Binshtein E, Zost SJ, et al. Neutralizing and
protective human monoclonal antibodies recognizing the N-terminal domain of the SARS-CoV-2 spike
protein. Cell. 2021; 184(9):2316-31 e15. https://doi.org/10.1016/j.cell.2021.03.029 PMID: 33773105

Cao Y, JianF, Wang J, Yu Y, Song W, Yisimayi A, et al. Imprinted SARS-CoV-2 humoral immunity
induces convergent Omicron RBD evolution. Nature. 2023; 614(7948):521-9. https://doi.org/10.1038/
s41586-022-05644-7 PMID: 36535326

Cerutti G, Guo Y, Zhou T, Gorman J, Lee M, Rapp M, et al. Potent SARS-CoV-2 neutralizing antibod-
ies directed against spike N-terminal domain target a single supersite. Cell Host Microbe. 2021; 29
(5):819-33 e7. https://doi.org/10.1016/j.chom.2021.03.005 PMID: 33789084

Collier DA, De Marco A, Ferreira |, Meng B, Datir RP, Walls AC, et al. Sensitivity of SARS-CoV-2
B.1.1.7 to mRNA vaccine-elicited antibodies. Nature. 2021; 593(7857):136—41. https://doi.org/10.
1038/s41586-021-03412-7 PMID: 33706364

Garcia-Beltran WF, Lam EC, St Denis K, Nitido AD, Garcia ZH, Hauser BM, et al. Multiple SARS-CoV-
2 variants escape neutralization by vaccine-induced humoral immunity. Cell. 2021; 184(9):2372-83
€9. https://doi.org/10.1016/j.cell.2021.03.013 PMID: 33743213

Wang P, Casner RG, Nair MS, Wang M, Yu J, Cerutti G, et al. Increased resistance of SARS-CoV-2
variant P.1 to antibody neutralization. Cell Host Microbe. 2021; 29(5):747-51 e4. https://doi.org/10.
1016/j.chom.2021.04.007 PMID: 33887205

Chatterjee D, Tauzin A, Marchitto L, Gong SY, Boutin M, Bourassa C, et al. SARS-CoV-2 Omicron
Spike recognition by plasma from individuals receiving BNT162b2 mRNA vaccination with a 16-week
interval between doses. Cell Rep. 2022; 38(9):110429. https://doi.org/10.1016/j.celrep.2022.110429
PMID: 35216664

Shah P, Canziani GA, Carter EP, Chaiken |. The Case for S2: The Potential Benefits of the S2 Subunit
of the SARS-CoV-2 Spike Protein as an Immunogen in Fighting the COVID-19 Pandemic. Front Immu-
nol. 2021; 12:637651. https://doi.org/10.3389/fimmu.2021.637651 PMID: 33767706

V’Kovski P, Kratzel A, Steiner S, Stalder H, Thiel V. Coronavirus biology and replication: implications
for SARS-CoV-2. Nat Rev Microbiol. 2021; 19(3):155-70. https://doi.org/10.1038/s41579-020-00468-6
PMID: 33116300

Xia S, Liu M, Wang C, Xu W, Lan Q, Feng S, et al. Inhibition of SARS-CoV-2 (previously 2019-nCoV)
infection by a highly potent pan-coronavirus fusion inhibitor targeting its spike protein that harbors a
high capacity to mediate membrane fusion. Cell Res. 2020; 30(4):343-55.

Walls AC, Tortorici MA, Snijder J, Xiong X, Bosch BJ, Rey FA, et al. Tectonic conformational changes
of a coronavirus spike glycoprotein promote membrane fusion. Proc Natl Acad Sci U S A. 2017; 114
(42):11157-62. https://doi.org/10.1073/pnas.1708727114 PMID: 29073020

Ingallinella P, Bianchi E, Finotto M, Cantoni G, Eckert DM, Supekar VM, et al. Structural characteriza-
tion of the fusion-active complex of severe acute respiratory syndrome (SARS) coronavirus. Proc Natl
Acad Sci U S A. 2004; 101(23):8709-14. https://doi.org/10.1073/pnas.0402753101 PMID: 15161975

Tripet B, Howard MW, Jobling M, Holmes RK, Holmes KV, Hodges RS. Structural characterization of
the SARS-coronavirus spike S fusion protein core. J Biol Chem. 2004; 279(20):20836—49. https://doi.
org/10.1074/jbc.M400759200 PMID: 14996844

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 27/34


https://doi.org/10.1016/j.cell.2020.05.025
http://www.ncbi.nlm.nih.gov/pubmed/32425270
https://doi.org/10.1126/science.abc6952
https://doi.org/10.1126/science.abc6952
http://www.ncbi.nlm.nih.gov/pubmed/32571838
https://doi.org/10.1038/s41586-020-2380-z
http://www.ncbi.nlm.nih.gov/pubmed/32454513
https://doi.org/10.1016/j.celrep.2021.109353
http://www.ncbi.nlm.nih.gov/pubmed/34237283
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1038/s41586-020-2571-7
http://www.ncbi.nlm.nih.gov/pubmed/32698192
https://doi.org/10.1016/j.cell.2021.03.029
http://www.ncbi.nlm.nih.gov/pubmed/33773105
https://doi.org/10.1038/s41586-022-05644-7
https://doi.org/10.1038/s41586-022-05644-7
http://www.ncbi.nlm.nih.gov/pubmed/36535326
https://doi.org/10.1016/j.chom.2021.03.005
http://www.ncbi.nlm.nih.gov/pubmed/33789084
https://doi.org/10.1038/s41586-021-03412-7
https://doi.org/10.1038/s41586-021-03412-7
http://www.ncbi.nlm.nih.gov/pubmed/33706364
https://doi.org/10.1016/j.cell.2021.03.013
http://www.ncbi.nlm.nih.gov/pubmed/33743213
https://doi.org/10.1016/j.chom.2021.04.007
https://doi.org/10.1016/j.chom.2021.04.007
http://www.ncbi.nlm.nih.gov/pubmed/33887205
https://doi.org/10.1016/j.celrep.2022.110429
http://www.ncbi.nlm.nih.gov/pubmed/35216664
https://doi.org/10.3389/fimmu.2021.637651
http://www.ncbi.nlm.nih.gov/pubmed/33767706
https://doi.org/10.1038/s41579-020-00468-6
http://www.ncbi.nlm.nih.gov/pubmed/33116300
https://doi.org/10.1073/pnas.1708727114
http://www.ncbi.nlm.nih.gov/pubmed/29073020
https://doi.org/10.1073/pnas.0402753101
http://www.ncbi.nlm.nih.gov/pubmed/15161975
https://doi.org/10.1074/jbc.M400759200
https://doi.org/10.1074/jbc.M400759200
http://www.ncbi.nlm.nih.gov/pubmed/14996844
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bestle D, Heindl MR, Limburg H, Van Lam van T, Pilgram O, Moulton H, et al. TMPRSS2 and furin are
both essential for proteolytic activation of SARS-CoV-2 in human airway cells. Life Sci Alliance. 2020;
3(9). https://doi.org/10.26508/Isa.202000786 PMID: 32703818

Hoffmann M, Kleine-Weber H, Schroeder S, Kruger N, Herrler T, Erichsen S, et al. SARS-CoV-2 Cell
Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell.
2020; 181(2):271-80 e8. https://doi.org/10.1016/j.cell.2020.02.052 PMID: 32142651

Belouzard S, Chu VC, Whittaker GR. Activation of the SARS coronavirus spike protein via sequential
proteolytic cleavage at two distinct sites. Proc Natl Acad Sci U S A. 2009; 106(14):5871-6. https://doi.
org/10.1073/pnas.0809524106 PMID: 19321428

ShangJ, WanY, Luo C, Ye G, Geng Q, Auerbach A, et al. Cell entry mechanisms of SARS-CoV-2.
Proc Natl Acad Sci U S A. 2020; 117(21):11727-34. https://doi.org/10.1073/pnas.2003138117 PMID:
32376634

Fan X, Cao D, Kong L, Zhang X. Cryo-EM analysis of the post-fusion structure of the SARS-CoV spike
glycoprotein. Nat Commun. 2020; 11(1):3618. https://doi.org/10.1038/s41467-020-17371-6 PMID:
32681106

Sun X, YiC, ZhuY, Ding L, Xia S, Chen X, et al. Neutralization mechanism of a human antibody with
pan-coronavirus reactivity including SARS-CoV-2. Nat Microbiol. 2022; 7(7):1063-74. https://doi.org/
10.1038/s41564-022-01155-3 PMID: 35773398

Impagliazzo A, Milder F, Kuipers H, Wagner MV, Zhu X, Hoffman RM, et al. A stable trimeric influenza
hemagglutinin stem as a broadly protective immunogen. Science. 2015; 349(6254):1301-6. hitps://
doi.org/10.1126/science.aac7263 PMID: 26303961

Kong R, Xu K, Zhou T, Acharya P, Lemmin T, Liu K, et al. Fusion peptide of HIV-1 as a site of vulnera-
bility to neutralizing antibody. Science. 2016; 352(6287):828-33. https://doi.org/10.1126/science.
aae0474 PMID: 27174988

Hu W, Chen A, Miao Y, Xia S, Ling Z, Xu K, et al. Fully human broadly neutralizing monoclonal antibod-
ies against influenza A viruses generated from the memory B cells of a 2009 pandemic H1N1 influenza
vaccine recipient. Virology. 2013; 435(2):320-8. https://doi.org/10.1016/j.virol.2012.09.034 PMID:
23084424

Milligan JC, Parekh DV, Fuller KM, Igarashi M, Takada A, Saphire EO. Structural Characterization of
Pan-Ebolavirus Antibody 6D6 Targeting the Fusion Peptide of the Surface Glycoprotein. J Infect Dis.
2019; 219(83):415-9. https://doi.org/10.1093/infdis/jiy532 PMID: 30203042

Voss WN, Hou YJ, Johnson NV, Delidakis G, Kim JE, Javanmardi K, et al. Prevalent, protective, and
convergent IgG recognition of SARS-CoV-2 non-RBD spike epitopes. Science. 2021; 372
(6546):1108—12. https://doi.org/10.1126/science.abg5268 PMID: 33947773

Poh CM, Carissimo G, Wang B, Amrun SN, Lee CY, Chee RS, et al. Two linear epitopes on the
SARS-CoV-2 spike protein that elicit neutralising antibodies in COVID-19 patients. Nat Commun.
2020; 11(1):2806. https://doi.org/10.1038/s41467-020-16638-2 PMID: 32483236

Zhou P, Song G, Liu H, Yuan M, He WT, Beutler N, et al. Broadly neutralizing anti-S2 antibodies pro-
tect against all three human betacoronaviruses that cause deadly disease. Immunity. 2023; 56
(3):669-86 e7. https://doi.org/10.1016/j.immuni.2023.02.005 PMID: 36889306

Ng KW, Faulkner N, Finsterbusch K, Wu M, Harvey R, Hussain S, et al. SARS-CoV-2 S2-targeted vac-
cination elicits broadly neutralizing antibodies. Sci Transl Med. 2022; 14(655):eabn3715. https://doi.
org/10.1126/scitransimed.abn3715 PMID: 35895836

Ladner JT, Henson SN, Boyle AS, Engelbrektson AL, Fink ZW, Rahee F, et al. Epitope-resolved profil-
ing of the SARS-CoV-2 antibody response identifies cross-reactivity with endemic human coronavi-
ruses. Cell Rep Med. 2021; 2(1):100189. https://doi.org/10.1016/j.xcrm.2020.100189 PMID:
33495758

Garrett ME, Galloway JG, Wolf C, Logue JK, Franko N, Chu HY, et al. Comprehensive characteriza-
tion of the antibody responses to SARS-CoV-2 Spike protein finds additional vaccine-induced epitopes
beyond those for mild infection. Elife. 2022; 11. https://doi.org/10.7554/eLife.73490 PMID: 35072628

Nguyen-Contant P, Embong AK, Kanagaiah P, Chaves FA, Yang H, Branche AR, et al. S Protein-
Reactive IgG and Memory B Cell Production after Human SARS-CoV-2 Infection Includes Broad
Reactivity to the S2 Subunit. mBio. 2020; 11(5).

Wec AZ, Wrapp D, Herbert AS, Maurer DP, Haslwanter D, Sakharkar M, et al. Broad neutralization of
SARS-related viruses by human monoclonal antibodies. Science. 2020; 369(6504):731-6. https://doi.
org/10.1126/science.abc7424 PMID: 32540900

ChenY, Zhao X, Zhou H, Zhu H, Jiang S, Wang P. Broadly neutralizing antibodies to SARS-CoV-2 and
other human coronaviruses. Nat Rev Immunol. 2022. https://doi.org/10.1038/s41577-022-00784-3
PMID: 36168054

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 28/34


https://doi.org/10.26508/lsa.202000786
http://www.ncbi.nlm.nih.gov/pubmed/32703818
https://doi.org/10.1016/j.cell.2020.02.052
http://www.ncbi.nlm.nih.gov/pubmed/32142651
https://doi.org/10.1073/pnas.0809524106
https://doi.org/10.1073/pnas.0809524106
http://www.ncbi.nlm.nih.gov/pubmed/19321428
https://doi.org/10.1073/pnas.2003138117
http://www.ncbi.nlm.nih.gov/pubmed/32376634
https://doi.org/10.1038/s41467-020-17371-6
http://www.ncbi.nlm.nih.gov/pubmed/32681106
https://doi.org/10.1038/s41564-022-01155-3
https://doi.org/10.1038/s41564-022-01155-3
http://www.ncbi.nlm.nih.gov/pubmed/35773398
https://doi.org/10.1126/science.aac7263
https://doi.org/10.1126/science.aac7263
http://www.ncbi.nlm.nih.gov/pubmed/26303961
https://doi.org/10.1126/science.aae0474
https://doi.org/10.1126/science.aae0474
http://www.ncbi.nlm.nih.gov/pubmed/27174988
https://doi.org/10.1016/j.virol.2012.09.034
http://www.ncbi.nlm.nih.gov/pubmed/23084424
https://doi.org/10.1093/infdis/jiy532
http://www.ncbi.nlm.nih.gov/pubmed/30203042
https://doi.org/10.1126/science.abg5268
http://www.ncbi.nlm.nih.gov/pubmed/33947773
https://doi.org/10.1038/s41467-020-16638-2
http://www.ncbi.nlm.nih.gov/pubmed/32483236
https://doi.org/10.1016/j.immuni.2023.02.005
http://www.ncbi.nlm.nih.gov/pubmed/36889306
https://doi.org/10.1126/scitranslmed.abn3715
https://doi.org/10.1126/scitranslmed.abn3715
http://www.ncbi.nlm.nih.gov/pubmed/35895836
https://doi.org/10.1016/j.xcrm.2020.100189
http://www.ncbi.nlm.nih.gov/pubmed/33495758
https://doi.org/10.7554/eLife.73490
http://www.ncbi.nlm.nih.gov/pubmed/35072628
https://doi.org/10.1126/science.abc7424
https://doi.org/10.1126/science.abc7424
http://www.ncbi.nlm.nih.gov/pubmed/32540900
https://doi.org/10.1038/s41577-022-00784-3
http://www.ncbi.nlm.nih.gov/pubmed/36168054
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Low JS, Jerak J, Tortorici MA, McCallum M, Pinto D, Cassotta A, et al. ACE2-binding exposes the
SARS-CoV-2 fusion peptide to broadly neutralizing coronavirus antibodies. Science. 2022; 377
(6607):735-42. https://doi.org/10.1126/science.abq2679 PMID: 35857703

Dacon C, Tucker C, Peng L, Lee CD, Lin TH, Yuan M, et al. Broadly neutralizing antibodies target the
coronavirus fusion peptide. Science. 2022; 377(6607):728-35. https://doi.org/10.1126/science.
abq3773 PMID: 35857439

Bianchini F, Crivelli V, Abernathy ME, Guerra C, Palus M, Muri J, et al. Human neutralizing antibodies
to cold linear epitopes and subdomain 1 of the SARS-CoV-2 spike glycoprotein. Sci Immunol. 2023; 8
(81):eade0958. https://doi.org/10.1126/sciimmunol.ade0958 PMID: 36701425

Pinto D, Sauer MM, Czudnochowski N, Low JS, Tortorici MA, Housley MP, et al. Broad betacorona-
virus neutralization by a stem helix-specific human antibody. Science. 2021; 373(6559):1109-16.
https://doi.org/10.1126/science.abj3321 PMID: 34344823

Wang C, van Haperen R, Gutierrez-Alvarez J, Li W, Okba NMA, Albulescu |, et al. A conserved immu-
nogenic and vulnerable site on the coronavirus spike protein delineated by cross-reactive monoclonal
antibodies. Nat Commun. 2021; 12(1):1715. https://doi.org/10.1038/s41467-021-21968-w PMID:
33731724

Li W, Chen Y, Prevost J, Ullah |, Lu M, Gong SY, et al. Structural basis and mode of action for two
broadly neutralizing antibodies against SARS-CoV-2 emerging variants of concern. Cell Rep. 2022; 38
(2):110210. https://doi.org/10.1016/j.celrep.2021.110210 PMID: 34971573

Shi W, Wang L, Zhou T, Sastry M, Yang ES, Zhang Y, et al. Vaccine-elicited murine antibody WS6
neutralizes diverse beta-coronaviruses by recognizing a helical stem supersite of vulnerability. Struc-
ture. 2022; 30(9):1233-44 e7. https://doi.org/10.1016/j.str.2022.06.004 PMID: 35841885

Pinto D, Park YJ, Beltramello M, Walls AC, Tortorici MA, Bianchi S, et al. Cross-neutralization of
SARS-CoV-2 by a human monoclonal SARS-CoV antibody. Nature. 2020; 583(7815):290-5. https://
doi.org/10.1038/s41586-020-2349-y PMID: 32422645

Keitany GJ, Rubin BER, Garrett ME, Musa A, Tracy J, Liang Y, et al. Multimodal, broadly neutralizing
antibodies against SARS-CoV-2 identified by high-throughput native pairing of BCRs from bulk B cells.
Cell Chem Biol. 2023. https://doi.org/10.1016/j.chembiol.2023.07.011 PMID: 37586370

Zhou P, Yuan M, Song G, Beutler N, Shaabani N, Huang D, et al. A human antibody reveals a con-
served site on beta-coronavirus spike proteins and confers protection against SARS-CoV-2 infection.
Sci Transl Med. 2022; 14(637):eabi9215. https://doi.org/10.1126/scitransImed.abi9215 PMID:
35133175

Garrett ME, Galloway J, Chu HY, Itell HL, Stoddard CI, Wolf CR, et al. High-resolution profiling of path-
ways of escape for SARS-CoV-2 spike-binding antibodies. Cell. 2021. https://doi.org/10.1016/j.cell.
2021.04.045 PMID: 34010620

Schafer A, Muecksch F, Lorenzi JCC, Leist SR, Cipolla M, Bournazos S, et al. Antibody potency, effec-
tor function, and combinations in protection and therapy for SARS-CoV-2 infection in vivo. J Exp Med.
2021; 218(3). https://doi.org/10.1084/jem.20201993 PMID: 33211088

Beaudoin-Bussieres G, Chen Y, Ullah |, Prevost J, Tolbert WD, Symmes K, et al. A Fc-enhanced
NTD-binding non-neutralizing antibody delays virus spread and synergizes with a nAb to protect mice
from lethal SARS-CoV-2 infection. Cell Rep. 2022:110368. https://doi.org/10.1016/j.celrep.2022.
110368 PMID: 35123652

Case JB, Mackin S, Errico JM, Chong Z, Madden EA, Whitener B, et al. Resilience of S309 and
AZD7442 monoclonal antibody treatments against infection by SARS-CoV-2 Omicron lineage strains.
Nat Commun. 2022; 13(1):3824. https://doi.org/10.1038/s41467-022-31615-7 PMID: 35780162

Ullah I, Prevost J, Ladinsky MS, Stone H, Lu M, Anand SP, et al. Live imaging of SARS-CoV-2 infec-
tion in mice reveals neutralizing antibodies require Fc function for optimal efficacy. bioRxiv. 2021.

Planchais C, Fernandez |, Bruel T, de Melo GD, Prot M, Beretta M, et al. Potent human broadly SARS-
CoV-2-neutralizing IgA and IgG antibodies effective against Omicron BA.1 and BA.2. J Exp Med.
2022; 219(7). https://doi.org/10.1084/jem.20220638 PMID: 35704748

Shiakolas AR, Kramer KJ, Wrapp D, Richardson Sl, Schafer A, Wall S, et al. Cross-reactive coronavi-
rus antibodies with diverse epitope specificities and Fc effector functions. Cell Rep Med. 2021; 2
(6):100313. https://doi.org/10.1016/j.xcrm.2021.100313 PMID: 34056628

Tan TJC, Verma AK, Odle A, Lei R, Meyerholz DK, Matreyek KA, et al. Evidence of antigenic drift in
the fusion machinery core of SARS-CoV-2 spike. Proc Natl Acad Sci U S A. 2024; 121(15):
€2317222121. hitps://doi.org/10.1073/pnas.2317222121 PMID: 38557175

Claireaux M, Caniels TG, de Gast M, Han J, Guerra D, Kerster G, et al. A public antibody class recog-
nizes an S2 epitope exposed on open conformations of SARS-CoV-2 spike. Nat Commun. 2022; 13
(1):4539. https://doi.org/10.1038/s41467-022-32232-0 PMID: 35927266

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 29/34


https://doi.org/10.1126/science.abq2679
http://www.ncbi.nlm.nih.gov/pubmed/35857703
https://doi.org/10.1126/science.abq3773
https://doi.org/10.1126/science.abq3773
http://www.ncbi.nlm.nih.gov/pubmed/35857439
https://doi.org/10.1126/sciimmunol.ade0958
http://www.ncbi.nlm.nih.gov/pubmed/36701425
https://doi.org/10.1126/science.abj3321
http://www.ncbi.nlm.nih.gov/pubmed/34344823
https://doi.org/10.1038/s41467-021-21968-w
http://www.ncbi.nlm.nih.gov/pubmed/33731724
https://doi.org/10.1016/j.celrep.2021.110210
http://www.ncbi.nlm.nih.gov/pubmed/34971573
https://doi.org/10.1016/j.str.2022.06.004
http://www.ncbi.nlm.nih.gov/pubmed/35841885
https://doi.org/10.1038/s41586-020-2349-y
https://doi.org/10.1038/s41586-020-2349-y
http://www.ncbi.nlm.nih.gov/pubmed/32422645
https://doi.org/10.1016/j.chembiol.2023.07.011
http://www.ncbi.nlm.nih.gov/pubmed/37586370
https://doi.org/10.1126/scitranslmed.abi9215
http://www.ncbi.nlm.nih.gov/pubmed/35133175
https://doi.org/10.1016/j.cell.2021.04.045
https://doi.org/10.1016/j.cell.2021.04.045
http://www.ncbi.nlm.nih.gov/pubmed/34010620
https://doi.org/10.1084/jem.20201993
http://www.ncbi.nlm.nih.gov/pubmed/33211088
https://doi.org/10.1016/j.celrep.2022.110368
https://doi.org/10.1016/j.celrep.2022.110368
http://www.ncbi.nlm.nih.gov/pubmed/35123652
https://doi.org/10.1038/s41467-022-31615-7
http://www.ncbi.nlm.nih.gov/pubmed/35780162
https://doi.org/10.1084/jem.20220638
http://www.ncbi.nlm.nih.gov/pubmed/35704748
https://doi.org/10.1016/j.xcrm.2021.100313
http://www.ncbi.nlm.nih.gov/pubmed/34056628
https://doi.org/10.1073/pnas.2317222121
http://www.ncbi.nlm.nih.gov/pubmed/38557175
https://doi.org/10.1038/s41467-022-32232-0
http://www.ncbi.nlm.nih.gov/pubmed/35927266
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Grobben M, van der Straten K, Brouwer PJ, Brinkkemper M, Maisonnasse P, Dereuddre-Bosquet N,
et al. Cross-reactive antibodies after SARS-CoV-2 infection and vaccination. Elife. 2021; 10. https:/
doi.org/10.7554/eLife.70330 PMID: 34812143

Geanes ES, LeMaster C, Fraley ER, Khanal S, McLennan R, Grundberg E, et al. Cross-reactive anti-
bodies elicited to conserved epitopes on SARS-CoV-2 spike protein after infection and vaccination.
Sci Rep. 2022; 12(1):6496. https://doi.org/10.1038/s41598-022-10230-y PMID: 35444221

Oude Munnink BB, Sikkema RS, Nieuwenhuijse DF, Molenaar RJ, Munger E, Molenkamp R, et al.
Transmission of SARS-CoV-2 on mink farms between humans and mink and back to humans. Sci-
ence. 2021; 371(6525):172—7. https://doi.org/10.1126/science.abe5901 PMID: 33172935

Silva RP, Huang Y, Nguyen AW, Hsieh CL, Olaluwoye OS, Kaoud TS, et al. Identification of a con-
served S2 epitope present on spike proteins from all highly pathogenic coronaviruses. Elife. 2023; 12.
https://doi.org/10.7554/eLife.83710 PMID: 36942851

Shrock E, Fujimura E, Kula T, Timms RT, Lee IH, Leng Y, et al. Viral epitope profiling of COVID-19
patients reveals cross-reactivity and correlates of severity. Science. 2020; 370(6520). https://doi.org/
10.1126/science.abd4250 PMID: 32994364

Morgenlander WR, Henson SN, Monaco DR, Chen A, Littlefield K, Bloch EM, et al. Antibody
responses to endemic coronaviruses modulate COVID-19 convalescent plasma functionality. J Clin
Invest. 2021; 131(7). https://doi.org/10.1172/JCI146927 PMID: 33571169

Khan T, Rahman M, Ali FA, Huang SSY, Ata M, Zhang Q, et al. Distinct antibody repertoires against
endemic human coronaviruses in children and adults. JCI Insight. 2021; 6(4). https://doi.org/10.1172/
jci.insight. 144499 PMID: 33497357

Li CJ, Chang SC. SARS-CoV-2 spike S2-specific neutralizing antibodies. Emerg Microbes Infect.
2023; 12(2):2220582. https://doi.org/10.1080/22221751.2023.2220582 PMID: 37254830

Grant MD, Bentley K, Fielding CA, Hatfield KM, Ings DP, Harnum D, et al. Combined anti-S1 and anti-
S2 antibodies from hybrid immunity elicit potent cross-variant ADCC against SARS-CoV-2. JCI
Insight. 2023; 8(15). https://doi.org/10.1172/jci.insight.170681 PMID: 37338994

Guenthoer J, Lilly M, Starr TN, Dadonaite B, Lovendahl KN, Croft JT, et al. Identification of broad,
potent antibodies to functionally constrained regions of SARS-CoV-2 spike following a breakthrough
infection. Proc Natl Acad Sci U S A. 2023; 120(23):e2220948120. https://doi.org/10.1073/pnas.
2220948120 PMID: 37253011

Westendorf K, Zentelis S, Wang L, Foster D, Vaillancourt P, Wiggin M, et al. LY-CoV1404 (bebtelovi-
mab) potently neutralizes SARS-CoV-2 variants. Cell Rep. 2022; 39(7):110812. https://doi.org/10.
1016/j.celrep.2022.110812 PMID: 35568025

Sauer MM, Tortorici MA, Park YJ, Walls AC, Homad L, Acton OJ, et al. Structural basis for broad coro-
navirus neutralization. Nat Struct Mol Biol. 2021.

Wu X, Yang Z-Y, Li Y, Hogerkorp C-M, Schief WR, Seaman MS, et al. Rational Design of Envelope
Identifies Broadly Neutralizing Human Monoclonal Antibodies to HIV-1. Science. 2010; 329
(5993):856—61. https://doi.org/10.1126/science.1187659 PMID: 20616233

GongY, Qin S, Dai L, Tian Z. The glycosylation in SARS-CoV-2 and its receptor ACE2. Signal Trans-
duct Target Ther. 2021; 6(1):396. https://doi.org/10.1038/s41392-021-00809-8 PMID: 34782609

Jarvis DL. Developing baculovirus-insect cell expression systems for humanized recombinant glyco-
protein production. Virology. 2003; 310(1):1-7. https://doi.org/10.1016/s0042-6822(03)00120-x
PMID: 12788624

Ralph DK, Matsen FAt. Per-sample immunoglobulin germline inference from B cell receptor deep
sequencing data. PLoS Comput Biol. 2019; 15(7):e1007133. https://doi.org/10.1371/journal.pcbi.
1007133 PMID: 31329576

Ralph DK, Matsen FAt. Inference of B cell clonal families using heavy/light chain pairing information.
PLoS Comput Biol. 2022; 18(11):e1010723. https://doi.org/10.1371/journal.pcbi. 1010723 PMID:
36441808

Ralph DK, Matsen FAt. Likelihood-Based Inference of B Cell Clonal Families. PLoS Comput Biol.
2016; 12(10):e1005086. https://doi.org/10.1371/journal.pcbi.1005086 PMID: 27749910

Kreer C, Zehner M, Weber T, Ercanoglu MS, Gieselmann L, Rohde C, et al. Longitudinal Isolation of
Potent Near-Germline SARS-CoV-2-Neutralizing Antibodies from COVID-19 Patients. Cell. 2020; 182
(4):843-54 e12. https://doi.org/10.1016/j.cell.2020.06.044 PMID: 32673567

Yuan M, Liu H, Wu NC, Lee CD, Zhu X, Zhao F, et al. Structural basis of a shared antibody response
to SARS-CoV-2. Science. 2020; 369(6507):1119-23. https://doi.org/10.1126/science.abd2321 PMID:
32661058

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 30/34


https://doi.org/10.7554/eLife.70330
https://doi.org/10.7554/eLife.70330
http://www.ncbi.nlm.nih.gov/pubmed/34812143
https://doi.org/10.1038/s41598-022-10230-y
http://www.ncbi.nlm.nih.gov/pubmed/35444221
https://doi.org/10.1126/science.abe5901
http://www.ncbi.nlm.nih.gov/pubmed/33172935
https://doi.org/10.7554/eLife.83710
http://www.ncbi.nlm.nih.gov/pubmed/36942851
https://doi.org/10.1126/science.abd4250
https://doi.org/10.1126/science.abd4250
http://www.ncbi.nlm.nih.gov/pubmed/32994364
https://doi.org/10.1172/JCI146927
http://www.ncbi.nlm.nih.gov/pubmed/33571169
https://doi.org/10.1172/jci.insight.144499
https://doi.org/10.1172/jci.insight.144499
http://www.ncbi.nlm.nih.gov/pubmed/33497357
https://doi.org/10.1080/22221751.2023.2220582
http://www.ncbi.nlm.nih.gov/pubmed/37254830
https://doi.org/10.1172/jci.insight.170681
http://www.ncbi.nlm.nih.gov/pubmed/37338994
https://doi.org/10.1073/pnas.2220948120
https://doi.org/10.1073/pnas.2220948120
http://www.ncbi.nlm.nih.gov/pubmed/37253011
https://doi.org/10.1016/j.celrep.2022.110812
https://doi.org/10.1016/j.celrep.2022.110812
http://www.ncbi.nlm.nih.gov/pubmed/35568025
https://doi.org/10.1126/science.1187659
http://www.ncbi.nlm.nih.gov/pubmed/20616233
https://doi.org/10.1038/s41392-021-00809-8
http://www.ncbi.nlm.nih.gov/pubmed/34782609
https://doi.org/10.1016/s0042-6822%2803%2900120-x
http://www.ncbi.nlm.nih.gov/pubmed/12788624
https://doi.org/10.1371/journal.pcbi.1007133
https://doi.org/10.1371/journal.pcbi.1007133
http://www.ncbi.nlm.nih.gov/pubmed/31329576
https://doi.org/10.1371/journal.pcbi.1010723
http://www.ncbi.nlm.nih.gov/pubmed/36441808
https://doi.org/10.1371/journal.pcbi.1005086
http://www.ncbi.nlm.nih.gov/pubmed/27749910
https://doi.org/10.1016/j.cell.2020.06.044
http://www.ncbi.nlm.nih.gov/pubmed/32673567
https://doi.org/10.1126/science.abd2321
http://www.ncbi.nlm.nih.gov/pubmed/32661058
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

99.

Chen EC, Gilchuk P, Zost SJ, Suryadevara N, Winkler ES, Cabel CR, et al. Convergent antibody
responses to the SARS-CoV-2 spike protein in convalescent and vaccinated individuals. Cell Rep.
2021; 36(8):109604. https://doi.org/10.1016/j.celrep.2021.109604 PMID: 34411541

Wang Y, Yuan M, Lv H, Peng J, Wilson IA, Wu NC. A large-scale systematic survey reveals recurring
molecular features of public antibody responses to SARS-CoV-2. Immunity. 2022; 55(6):1105—-17 e4.
https://doi.org/10.1016/j.immuni.2022.03.019 PMID: 35397794

Tong P, Gautam A, Windsor IW, Travers M, Chen Y, Garcia N, et al. Memory B cell repertoire for rec-
ognition of evolving SARS-CoV-2 spike. Cell. 2021; 184(19):4969-80 e15. https://doi.org/10.1016/j.
cell.2021.07.025 PMID: 34332650

Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, Wolf CR, et al. Protocol and Reagents for
Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike Protein for Neutralization Assays. Viruses.
2020; 12(5). https://doi.org/10.3390/v12050513 PMID: 32384820

Mohammed MEA. The percentages of SARS-CoV-2 protein similarity and identity with SARS-CoV
and BatCoV RaTG13 proteins can be used as indicators of virus origin. J Proteins Proteom. 2021; 12
(2):81-91. https://doi.org/10.1007/s42485-021-00060-3 PMID: 33850392

Jaimes JA, Andre NM, Chappie JS, Millet JK, Whittaker GR. Phylogenetic Analysis and Structural
Modeling of SARS-CoV-2 Spike Protein Reveals an Evolutionary Distinct and Proteolytically Sensitive
Activation Loop. J Mol Biol. 2020; 432(10):3309-25. https://doi.org/10.1016/j.jmb.2020.04.009 PMID:
32320687

Starr TN, Zepeda SK, Walls AC, Greaney AJ, Alkhovsky S, Veesler D, et al. ACE2 binding is an ances-
tral and evolvable trait of sarbecoviruses. Nature. 2022; 603(7903):913-8. https://doi.org/10.1038/
s41586-022-04464-z PMID: 35114688

Nie J, LiQ, ZhangL, Cao Y, Zhang Y, Li T, et al. Functional comparison of SARS-CoV-2 with closely
related pangolin and bat coronaviruses. Cell Discov. 2021; 7(1):21. https://doi.org/10.1038/s41421-
021-00256-3 PMID: 33824288

Zhang S, Qiao S, Yu J, Zeng J, Shan S, Tian L, et al. Bat and pangolin coronavirus spike glycoprotein
structures provide insights into SARS-CoV-2 evolution. Nat Commun. 2021; 12(1):1607. https://doi.
org/10.1038/s41467-021-21767-3 PMID: 33707453

Lv L, Li G, Chen J, Liang X, Li Y. Comparative Genomic Analyses Reveal a Specific Mutation Pattern
Between Human Coronavirus SARS-CoV-2 and Bat-CoV RaTG13. Front Microbiol. 2020; 11:584717.
https://doi.org/10.3389/fmicb.2020.584717 PMID: 33424784

Ullah I, Prevost J, Ladinsky MS, Stone H, Lu M, Anand SP, et al. Live imaging of SARS-CoV-2 infec-
tion in mice reveals that neutralizing antibodies require Fc function for optimal efficacy. Immunity.
2021; 54(9):2143-58 e15. https://doi.org/10.1016/j.immuni.2021.08.015 PMID: 34453881

Forthal DN, Finzi A. Antibody-dependent cellular cytotoxicity in HIV infection. AIDS. 2018; 32
(17):2439-51. https://doi.org/10.1097/QAD.0000000000002011 PMID: 30234611

Beaudoin-Bussieres G, Richard J, Prevost J, Goyette G, Finzi A. A new flow cytometry assay to mea-
sure antibody-dependent cellular cytotoxicity against SARS-CoV-2 Spike-expressing cells. STAR Pro-
toc. 2021; 2(4):100851. https://doi.org/10.1016/j.xpro.2021.100851 PMID: 34541555

Hagemann K, Riecken K, Jung JM, Hildebrandt H, Menzel S, Bunders MJ, et al. Natural killer cell-
mediated ADCC in SARS-CoV-2-infected individuals and vaccine recipients. Eur J Immunol. 2022; 52
(8):1297-307. https://doi.org/10.1002/eji.202149470 PMID: 35416291

Alrubayyi A, Touizer E, Hameiri-Bowen D, Charlton B, Gea-Mallorqui E, Hussain N, et al. Natural killer
cell responses during SARS-CoV-2 infection and vaccination in people living with HIV-1. Sci Rep.
2023; 13(1):18994. https://doi.org/10.1038/s41598-023-45412-9 PMID: 37923825

Chromikova V, Tan J, Aslam S, Rajabhathor A, Bermudez-Gonzalez M, Ayllon J, et al. Activity of
human serum antibodies in an influenza virus hemagglutinin stalk-based ADCC reporter assay corre-
lates with activity in a CD107a degranulation assay. Vaccine. 2020; 38(8):1953-61. https://doi.org/10.
1016/j.vaccine.2020.01.008 PMID: 31959425

ChenY, Zhao X, Zhou H, Zhu H, Jiang S, Wang P. Broadly neutralizing antibodies to SARS-CoV-2
and other human coronaviruses. Nat Rev Immunol. 2023; 23(3):189-99. https://doi.org/10.1038/
s41577-022-00784-3 PMID: 36168054

Song G, He WT, Callaghan S, Anzanello F, Huang D, Ricketts J, et al. Cross-reactive serum and
memory B-cell responses to spike protein in SARS-CoV-2 and endemic coronavirus infection. Nat
Commun. 2021; 12(1):2938. https://doi.org/10.1038/s41467-021-23074-3 PMID: 34011939

Garrett ME, ltell HL, Crawford KHD, Basom R, Bloom JD, Overbaugh J. Phage-DMS: A Comprehen-
sive Method for Fine Mapping of Antibody Epitopes. iScience. 2020; 23(10):101622. https://doi.org/10.
1016/j.isci.2020.101622 PMID: 33089110

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 31/34


https://doi.org/10.1016/j.celrep.2021.109604
http://www.ncbi.nlm.nih.gov/pubmed/34411541
https://doi.org/10.1016/j.immuni.2022.03.019
http://www.ncbi.nlm.nih.gov/pubmed/35397794
https://doi.org/10.1016/j.cell.2021.07.025
https://doi.org/10.1016/j.cell.2021.07.025
http://www.ncbi.nlm.nih.gov/pubmed/34332650
https://doi.org/10.3390/v12050513
http://www.ncbi.nlm.nih.gov/pubmed/32384820
https://doi.org/10.1007/s42485-021-00060-3
http://www.ncbi.nlm.nih.gov/pubmed/33850392
https://doi.org/10.1016/j.jmb.2020.04.009
http://www.ncbi.nlm.nih.gov/pubmed/32320687
https://doi.org/10.1038/s41586-022-04464-z
https://doi.org/10.1038/s41586-022-04464-z
http://www.ncbi.nlm.nih.gov/pubmed/35114688
https://doi.org/10.1038/s41421-021-00256-3
https://doi.org/10.1038/s41421-021-00256-3
http://www.ncbi.nlm.nih.gov/pubmed/33824288
https://doi.org/10.1038/s41467-021-21767-3
https://doi.org/10.1038/s41467-021-21767-3
http://www.ncbi.nlm.nih.gov/pubmed/33707453
https://doi.org/10.3389/fmicb.2020.584717
http://www.ncbi.nlm.nih.gov/pubmed/33424784
https://doi.org/10.1016/j.immuni.2021.08.015
http://www.ncbi.nlm.nih.gov/pubmed/34453881
https://doi.org/10.1097/QAD.0000000000002011
http://www.ncbi.nlm.nih.gov/pubmed/30234611
https://doi.org/10.1016/j.xpro.2021.100851
http://www.ncbi.nlm.nih.gov/pubmed/34541555
https://doi.org/10.1002/eji.202149470
http://www.ncbi.nlm.nih.gov/pubmed/35416291
https://doi.org/10.1038/s41598-023-45412-9
http://www.ncbi.nlm.nih.gov/pubmed/37923825
https://doi.org/10.1016/j.vaccine.2020.01.008
https://doi.org/10.1016/j.vaccine.2020.01.008
http://www.ncbi.nlm.nih.gov/pubmed/31959425
https://doi.org/10.1038/s41577-022-00784-3
https://doi.org/10.1038/s41577-022-00784-3
http://www.ncbi.nlm.nih.gov/pubmed/36168054
https://doi.org/10.1038/s41467-021-23074-3
http://www.ncbi.nlm.nih.gov/pubmed/34011939
https://doi.org/10.1016/j.isci.2020.101622
https://doi.org/10.1016/j.isci.2020.101622
http://www.ncbi.nlm.nih.gov/pubmed/33089110
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

Stoddard Cl, Galloway J, Chu HY, Shipley MM, Sung K, ltell HL, et al. Epitope profiling reveals binding
signatures of SARS-CoV-2 immune response in natural infection and cross-reactivity with endemic
human CoVs. Cell Rep. 2021:109164. https://doi.org/10.1016/j.celrep.2021.109164 PMID: 33991511

Willcox AC, Sung K, Garrett ME, Galloway JG, Erasmus JH, Logue JK, et al. Detailed analysis of anti-
body responses to SARS-CoV-2 vaccination and infection in macaques. PLoS Pathog. 2022; 18(4):
e1010155. https://doi.org/10.1371/journal.ppat.1010155 PMID: 35404959

Zheng Z, Monteil VM, Maurer-Stroh S, Yew CW, Leong C, Mohd-Ismail NK, et al. Monoclonal antibod-
ies for the S2 subunit of spike of SARS-CoV-1 cross-react with the newly-emerged SARS-CoV-2.
Euro Surveill. 2020; 25(28). https://doi.org/10.2807/1560-7917.ES.2020.25.28.2000291 PMID:
32700671

Cao Y, Wang J, Jian F, Xiao T, Song W, Yisimayi A, et al. Omicron escapes the majority of existing
SARS-CoV-2 neutralizing antibodies. Nature. 2022; 602(7898):657—63. https://doi.org/10.1038/
s$41586-021-04385-3 PMID: 35016194

Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, et al. Comprehensive mapping
of mutations in the SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal human
plasma antibodies. Cell Host Microbe. 2021; 29(3):463-76 e6. https://doi.org/10.1016/j.chom.2021.
02.003 PMID: 33592168

Starr TN, Greaney AJ, Dingens AS, Bloom JD. Complete map of SARS-CoV-2 RBD mutations that
escape the monoclonal antibody LY-CoV555 and its cocktail with LY-CoV016. Cell Rep Med. 2021; 2
(4):100255. https://doi.org/10.1016/j.xcrm.2021.100255 PMID: 33842902

Greaney AJ, Starr TN, Gilchuk P, Zost SJ, Binshtein E, Loes AN, et al. Complete Mapping of Mutations
to the SARS-CoV-2 Spike Receptor-Binding Domain that Escape Antibody Recognition. Cell Host
Microbe. 2021; 29(1):44-57 €9. https://doi.org/10.1016/j.chom.2020.11.007 PMID: 33259788

Wibmer CK, Ayres F, Hermanus T, Madzivhandila M, Kgagudi P, Oosthuysen B, et al. SARS-CoV-2
501Y.V2 escapes neutralization by South African COVID-19 donor plasma. Nat Med. 2021; 27
(4):622-5. https://doi.org/10.1038/s41591-021-01285-x PMID: 33654292

Fact sheet for healthcare providers: Emergency use authorization for bebtelovimab In: Administration
USFaD, editor. 2022.

Goldblatt D, Alter G, Crotty S, Plotkin SA. Correlates of protection against SARS-CoV-2 infection and
COVID-19 disease. Immunol Rev. 2022; 310(1):6—26. https://doi.org/10.1111/imr.13091 PMID:
35661178

Zost SJ, Gilchuk P, Case JB, Binshtein E, Chen RE, Nkolola JP, et al. Potently neutralizing and protec-
tive human antibodies against SARS-CoV-2. Nature. 2020; 584(7821):443-9. https://doi.org/10.1038/
s41586-020-2548-6 PMID: 32668443

Gao X, Fan L, Zheng B, Li H, Wang J, Zhang L, et al. Binding and neutralizing abilities of antibodies
towards SARS-CoV-2 S2 domain. Hum Vaccin Immunother. 2022; 18(5):2055373. https://doi.org/10.
1080/21645515.2022.2055373 PMID: 35417303

ZhaoH, LuL, Peng Z, Chen LL, Meng X, Zhang C, et al. SARS-CoV-2 Omicron variant shows less effi-
cient replication and fusion activity when compared with Delta variantin TMPRSS2-expressed cells.
Emerg Microbes Infect. 2022; 11(1):277-83. https://doi.org/10.1080/22221751.2021.2023329 PMID:
34951565

Zhang J, Cai Y, Lavine CL, Peng H, Zhu H, Anand K, et al. Structural and functional impact by SARS-
CoV-2 Omicron spike mutations. Cell Rep. 2022; 39(4):110729. https://doi.org/10.1016/j.celrep.2022.
110729 PMID: 35452593

Gobeil SM, Henderson R, Stalls V, Janowska K, Huang X, May A, et al. Structural diversity of the
SARS-CoV-2 Omicron spike. Mol Cell. 2022; 82(11):2050—-68 e6. https://doi.org/10.1016/j.molcel.
2022.03.028 PMID: 35447081

Dejnirattisai W, Zhou D, Ginn HM, Duyvesteyn HME, Supasa P, Case JB, et al. The antigenic anatomy
of SARS-CoV-2 receptor binding domain. Cell. 2021; 184(8):2183-200 e22. https://doi.org/10.1016/].
cell.2021.02.032 PMID: 33756110

Kaur N, Singh R, Dar Z, Bijarnia RK, Dhingra N, Kaur T. Genetic comparison among various coronavi-
rus strains for the identification of potential vaccine targets of SARS-CoV2. Infect Genet Evol. 2021;
89:104490. https://doi.org/10.1016/j.meegid.2020.104490 PMID: 32745811

Madu IG, Roth SL, Belouzard S, Whittaker GR. Characterization of a highly conserved domain within
the severe acute respiratory syndrome coronavirus spike protein S2 domain with characteristics of a
viral fusion peptide. J Virol. 2009; 83(15):7411-21. https://doi.org/10.1128/JV1.00079-09 PMID:
19439480

Hsieh CL, Goldsmith JA, Schaub JM, DiVenere AM, Kuo HC, Javanmardi K, et al. Structure-based
design of prefusion-stabilized SARS-CoV-2 spikes. Science. 2020; 369(6510):1501-5. https://doi.org/
10.1126/science.abd0826 PMID: 32703906

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 32/34


https://doi.org/10.1016/j.celrep.2021.109164
http://www.ncbi.nlm.nih.gov/pubmed/33991511
https://doi.org/10.1371/journal.ppat.1010155
http://www.ncbi.nlm.nih.gov/pubmed/35404959
https://doi.org/10.2807/1560-7917.ES.2020.25.28.2000291
http://www.ncbi.nlm.nih.gov/pubmed/32700671
https://doi.org/10.1038/s41586-021-04385-3
https://doi.org/10.1038/s41586-021-04385-3
http://www.ncbi.nlm.nih.gov/pubmed/35016194
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1016/j.chom.2021.02.003
http://www.ncbi.nlm.nih.gov/pubmed/33592168
https://doi.org/10.1016/j.xcrm.2021.100255
http://www.ncbi.nlm.nih.gov/pubmed/33842902
https://doi.org/10.1016/j.chom.2020.11.007
http://www.ncbi.nlm.nih.gov/pubmed/33259788
https://doi.org/10.1038/s41591-021-01285-x
http://www.ncbi.nlm.nih.gov/pubmed/33654292
https://doi.org/10.1111/imr.13091
http://www.ncbi.nlm.nih.gov/pubmed/35661178
https://doi.org/10.1038/s41586-020-2548-6
https://doi.org/10.1038/s41586-020-2548-6
http://www.ncbi.nlm.nih.gov/pubmed/32668443
https://doi.org/10.1080/21645515.2022.2055373
https://doi.org/10.1080/21645515.2022.2055373
http://www.ncbi.nlm.nih.gov/pubmed/35417303
https://doi.org/10.1080/22221751.2021.2023329
http://www.ncbi.nlm.nih.gov/pubmed/34951565
https://doi.org/10.1016/j.celrep.2022.110729
https://doi.org/10.1016/j.celrep.2022.110729
http://www.ncbi.nlm.nih.gov/pubmed/35452593
https://doi.org/10.1016/j.molcel.2022.03.028
https://doi.org/10.1016/j.molcel.2022.03.028
http://www.ncbi.nlm.nih.gov/pubmed/35447081
https://doi.org/10.1016/j.cell.2021.02.032
https://doi.org/10.1016/j.cell.2021.02.032
http://www.ncbi.nlm.nih.gov/pubmed/33756110
https://doi.org/10.1016/j.meegid.2020.104490
http://www.ncbi.nlm.nih.gov/pubmed/32745811
https://doi.org/10.1128/JVI.00079-09
http://www.ncbi.nlm.nih.gov/pubmed/19439480
https://doi.org/10.1126/science.abd0826
https://doi.org/10.1126/science.abd0826
http://www.ncbi.nlm.nih.gov/pubmed/32703906
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS

Functional S2 spike antibodies target diverse epitopes

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Farrera-Soler L, Daguer JP, Barluenga S, Vadas O, Cohen P, Pagano S, et al. Identification of immu-
nodominant linear epitopes from SARS-CoV-2 patient plasma. PLoS One. 2020; 15(9):e0238089.
https://doi.org/10.1371/journal.pone.0238089 PMID: 32903266

LiY, Ma ML, Lei Q, Wang F, Hong W, Lai DY, et al. Linear epitope landscape of the SARS-CoV-2
Spike protein constructed from 1,051 COVID-19 patients. Cell Rep. 2021; 34(13):108915. https://doi.
org/10.1016/j.celrep.2021.108915 PMID: 33761319

Halfmann PJ, Frey SJ, Loeffler K, Kuroda M, Maemura T, Armbrust T, et al. Multivalent S2-based vac-
cines provide broad protection against SARS-CoV-2 variants of concern and pangolin coronaviruses.
EBioMedicine. 2022; 86:104341. https://doi.org/10.1016/j.ebiom.2022.104341 PMID: 36375316

Pang W, Lu Y, Zhao YB, Shen F, Fan CF, Wang Q, et al. A variant-proof SARS-CoV-2 vaccine target-
ing HR1 domain in S2 subunit of spike protein. Cell Res. 2022; 32(12):1068—-85. https://doi.org/10.
1038/s41422-022-00746-3 PMID: 36357786

Bartsch YC, Tong X, Kang J, Avendano MJ, Serrano EF, Garcia-Salum T, et al. Omicron variant
Spike-specific antibody binding and Fc activity are preserved in recipients of mRNA or inactivated
COVID-19 vaccines. Sci Transl Med. 2022; 14(642):eabn9243. https://doi.org/10.1126/scitransImed.
abn9243 PMID: 35289637

Crawford KHD, Dingens AS, Eguia R, Wolf CR, Wilcox N, Logue JK, et al. Dynamics of neutralizing
antibody titers in the months after SARS-CoV-2 infection. J Infect Dis. 2020.

Simonich CA, Williams KL, Verkerke HP, Williams JA, Nduati R, Lee KK, et al. HIV-1 Neutralizing Anti-
bodies with Limited Hypermutation from an Infant. Cell. 2016; 166(1):77-87. https://doi.org/10.1016/j.
cell.2016.05.055 PMID: 27345369

Simonich CA, Shipley MM, Doepker L, Gobillot T, Garrett M, Cale EM, et al. A diverse collection of B
cells responded to HIV infection in infant BG505. Cell Rep Med. 2021:100314. https://doi.org/10.1016/
j-xcrm.2021.100314 PMID: 34195680

Doepker LE, Simonich CA, Ralph D, Shipley MM, Garrett M, Gobillot T, et al. Diversity and function of
maternal HIV-1-specific antibodies at the time of vertical transmission. J Virol. 2020. https://doi.org/10.
1128/JV1.01594-19 PMID: 32075936

Williams KL, Wang B, Arenz D, Williams JA, Dingens AS, Cortez V, et al. Superinfection Drives HIV
Neutralizing Antibody Responses from Several B Cell Lineages that Contribute to a Polyclonal Reper-
toire. Cell Rep. 2018; 23(3):682-91. https://doi.org/10.1016/j.celrep.2018.03.082 PMID: 29669274

Williams KL, Stumpf M, Naiman NE, Ding S, Garrett M, Gobillot T, et al. Identification of HIV gp41-spe-
cific antibodies that mediate killing of infected cells. PLoS Pathog. 2019; 15(2):e1007572. https://doi.
org/10.1371/journal.ppat.1007572 PMID: 30779811

Williams KL, Cortez V, Dingens AS, Gach JS, Rainwater S, Weis JF, et al. HIV-specific CD4-induced
Antibodies Mediate Broad and Potent Antibody-dependent Cellular Cytotoxicity Activity and Are Com-
monly Detected in Plasma From HIV-infected humans. EBioMedicine. 2015; 2(10):1464—77. https://
doi.org/10.1016/j.ebiom.2015.09.001 PMID: 26629541

Lefranc MP, Giudicelli V, Ginestoux C, Jabado-Michaloud J, Folch G, Bellahcene F, et al. IMGT, the
international ImMunoGeneTics information system. Nucleic Acids Res. 2009; 37(Database issue):
D1006—-12. https://doi.org/10.1093/nar/gkn838 PMID: 18978023

Murtagh F, Legendre P. Ward’s Hierarchical Agglomerative Clustering Method: Which Algorithms
Implement Ward’s Criterion? Journal of Classification. 2014; 31(3):274-95.

Cohen AA, van Doremalen N, Greaney AJ, Andersen H, Sharma A, Starr TN, et al. Mosaic RBD nano-
particles protect against challenge by diverse sarbecoviruses in animal models. Science. 2022; 377
(6606):eabq0839. https://doi.org/10.1126/science.abq0839 PMID: 35857620

Farrell AG, Dadonaite B, Greaney AJ, Eguia R, Loes AN, Franko NM, et al. Receptor-Binding Domain
(RBD) Antibodies Contribute More to SARS-CoV-2 Neutralization When Target Cells Express High
Levels of ACE2. Viruses. 2022; 14(9).

Anand SP, Prevost J, Nayrac M, Beaudoin-Bussieres G, Benlarbi M, Gasser R, et al. Longitudinal
analysis of humoral immunity against SARS-CoV-2 Spike in convalescent individuals up to 8 months
post-symptom onset. Cell Rep Med. 2021; 2(6):100290.

Mabuka J, Nduati R, Odem-Davis K, Peterson D, Overbaugh J. HIV-specific antibodies capable of
ADCC are common in breastmilk and are associated with reduced risk of transmission in women with
high viral loads. PLoS Pathog. 2012; 8(6):e1002739. https://doi.org/10.1371/journal.ppat.1002739
PMID: 22719248

Galloway JG, Sung K, Minot SS, Garrett ME, Stoddard CI, Willcox AC, et al. phippery: a software suite
for PhIP-Seq data analysis. Bioinformatics. 2023; 39(10). https://doi.org/10.1093/bioinformatics/
btad583 PMID: 37740324

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 33/34


https://doi.org/10.1371/journal.pone.0238089
http://www.ncbi.nlm.nih.gov/pubmed/32903266
https://doi.org/10.1016/j.celrep.2021.108915
https://doi.org/10.1016/j.celrep.2021.108915
http://www.ncbi.nlm.nih.gov/pubmed/33761319
https://doi.org/10.1016/j.ebiom.2022.104341
http://www.ncbi.nlm.nih.gov/pubmed/36375316
https://doi.org/10.1038/s41422-022-00746-3
https://doi.org/10.1038/s41422-022-00746-3
http://www.ncbi.nlm.nih.gov/pubmed/36357786
https://doi.org/10.1126/scitranslmed.abn9243
https://doi.org/10.1126/scitranslmed.abn9243
http://www.ncbi.nlm.nih.gov/pubmed/35289637
https://doi.org/10.1016/j.cell.2016.05.055
https://doi.org/10.1016/j.cell.2016.05.055
http://www.ncbi.nlm.nih.gov/pubmed/27345369
https://doi.org/10.1016/j.xcrm.2021.100314
https://doi.org/10.1016/j.xcrm.2021.100314
http://www.ncbi.nlm.nih.gov/pubmed/34195680
https://doi.org/10.1128/JVI.01594-19
https://doi.org/10.1128/JVI.01594-19
http://www.ncbi.nlm.nih.gov/pubmed/32075936
https://doi.org/10.1016/j.celrep.2018.03.082
http://www.ncbi.nlm.nih.gov/pubmed/29669274
https://doi.org/10.1371/journal.ppat.1007572
https://doi.org/10.1371/journal.ppat.1007572
http://www.ncbi.nlm.nih.gov/pubmed/30779811
https://doi.org/10.1016/j.ebiom.2015.09.001
https://doi.org/10.1016/j.ebiom.2015.09.001
http://www.ncbi.nlm.nih.gov/pubmed/26629541
https://doi.org/10.1093/nar/gkn838
http://www.ncbi.nlm.nih.gov/pubmed/18978023
https://doi.org/10.1126/science.abq0839
http://www.ncbi.nlm.nih.gov/pubmed/35857620
https://doi.org/10.1371/journal.ppat.1002739
http://www.ncbi.nlm.nih.gov/pubmed/22719248
https://doi.org/10.1093/bioinformatics/btad583
https://doi.org/10.1093/bioinformatics/btad583
http://www.ncbi.nlm.nih.gov/pubmed/37740324
https://doi.org/10.1371/journal.ppat.1012383

PLOS PATHOGENS Functional S2 spike antibodies target diverse epitopes

138. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9(4):357—
9. https://doi.org/10.1038/nmeth.1923 PMID: 22388286

139. Danecek P, Bonfield JK, Liddle J, Marshall J, Ohan V, Pollard MO, et al. Twelve years of SAMtools
and BCFtools. Gigascience. 2021; 10(2). https://doi.org/10.1093/gigascience/giab008 PMID:
33590861

140. Chen A, Kammers K, Larman HB, Scharpf RB, Ruczinski |. Detecting antibody reactivities in Phage
ImmunoPrecipitation Sequencing data. BMC Genomics. 2022; 23(1):654. https://doi.org/10.1186/
$12864-022-08869-y PMID: 36109689

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012383  August 2, 2024 34/34


https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1093/gigascience/giab008
http://www.ncbi.nlm.nih.gov/pubmed/33590861
https://doi.org/10.1186/s12864-022-08869-y
https://doi.org/10.1186/s12864-022-08869-y
http://www.ncbi.nlm.nih.gov/pubmed/36109689
https://doi.org/10.1371/journal.ppat.1012383

