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Abstract

Isolation and characterization of the functional breadth of neutralizing antibodies that cross-react

with diverse sarbecovirus strains

Felicitas Ruiz

Chair of the Supervisory Committee:
Michael Emerman

Department of Microbiology and Department of Global Health

Coronaviruses, specifically viruses in the Betacoronavirus genus, recurrently spillover into
humans from other animal reservoirs and are a cause of substantial morbidity and mortality
globally. Severe acute respiratory syndrome coronavirus (SARS-CoV-1) and severe acute
respiratory syndrome coronavirus-2 (SARS-CoV-2) have caused significant outbreaks, and there
are numerous diverse SARS-like coronavirus strains (sarbecoviruses) circulating in animal
reservoirs with human spillover potential. In the context of SARS-CoV-2, the viral entry protein,
spike (which is the major target of neutralizing antibodies), continues to accumulate mutations
leading to reduced efficacy of therapeutic monoclonal antibodies (mAbs) and the elicited plasma
response against variants of concern. Cross-reactive mAbs, defined here as antibodies capable
of recognizing SARS-CoV-2 as well as diverse sarbecovirus strains, have been isolated from
SARS-CoV-2 convalescent and vaccinated individuals. This indicates there are conserved

sarbecovirus spike epitopes recognized by cross-reactive mAbs, though many are not durable



against SARS-CoV-2 evolution. Harnessing what has been learned from studying the immune
response to SARS-CoV-2, could inform what a protective immune response may look like and
minimize the impact of future outbreaks. To improve our understanding of the development of
broad mAbs that can neutralize across sarbecoviruses and gauge their durability against evolving
SARS-CoV-2, here we conducted two studies to comprehensively characterize a collection of
cross-neutralizing antibodies elicited in different SARS-CoV-2 contexts.

We previously identified a cross-reactive mAb in one individual, C68, that experienced a
vaccine breakthrough infection with the Delta SARS-CoV-2 variant, which led us to hypothesize
the existence of additional broad neutralizing antibodies in this individual. In chapter Il, | explore
the functional activities of multiple cross-reactive mAbs isolated from this individual that target
epitopes within the receptor binding domain (RBD) of the spike protein. Not all cross-reactive
mADbs are equal and | describe some mAbs displaying broad and potent binding and neutralizing
activity against recently circulating SARS-CoV-2 variants and animal sarbecoviruses with
spillover potential. Given this finding, | collaborated on studies to identify the escape pathways of
these antibodies in a SARS-CoV-2 deep mutational scanning assay. In most instances, these
identified sites of escape would negatively impact viral functions (like proper RBD folding), and
thus SARS-CoV-2 spike would be less tolerant to variation at these sites. For cross-reactive mAbs
with limited breadth, these escape maps largely predicted loss of neutralization activity against
SARS-CoV-2 variants or explained loss of activity against sarbecovirus strains (due to variation
at these sites). Since the identified broadly neutralizing antibodies have complementary
neutralization profiles and minimal to no overlapping escape maps, they could form the basis for
a pan-sarbecovirus antibody cocktail.

In the studies of chapter Ill, we sought to determine whether mAbs with even greater
breadth or potency might be present in C68 after subsequent exposures to SARS-CoV-2 based
on studies showing that multiple antigen exposures and antigenic diversity may drive the

development of enhanced neutralizing antibody responses. To address this, we examined the



affinity maturation of clonal lineage members using a longitudinal sample from C68 after additional
vaccination and breakthrough infection (Omicron strain). We applied an antibody isolation
approach using both SARS-CoV-1 and SARS-CoV-2 spike protein to select for broadly active
memory B cells and did identify a collection of cross-reactive mAbs from multiple expanded clonal
lineages, some of which exhibited enhanced neutralizing activity relative to clonal lineage
members from the earlier time point. We also identified a broadly reactive mAb that exhibited pan-
sarbecovirus binding and robust neutralization activity against every single sarbecovirus tested in
a multi-clade virus panel.

Overall, the major targets for mAbs with broad sarbecovirus activity were epitopes within
conserved regions of the RBD. This includes RBD class 5 (explored in chapter Il) that rarely
mutates in nature for SARS-CoV-2 variants and may be functionally constrained from evolving.
In addition, it includes the RBD class 4 epitope (explored in chapter Ill) that is highly conserved
across all sarbecoviruses assessed though targeting an interface that is susceptible to evolving
SARS-CoV-2. Thus, these studies describe a diversity of broad-spectrum, and in some cases
potent, mAbs targeting different epitopes that could be valuable medical countermeasures against
sarbecoviruses with spillover potential. Additionally, these studies demonstrate that exposure to
SARS-CoV-2 can lead to cross-reactive mAbs that target conserved epitopes and additional
exposure to diverse SARS-CoV-2 spike can lead to enhancement of neutralizing activity for clonal
lineage members. Future studies should focus on characterizing cross-reactive mAbs from
individuals with multiple diverse exposures to SARS-CoV-2 antigen to inform how to elicit broadly

neutralizing antibodies by vaccination.
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Chapter 1:

Introduction

Coronaviruses pose a serious health threat to humans as three major human coronaviruses
have spilled over from animal reservoirs to cause severe disease in the twenty-first century:
severe acute respiratory syndrome coronavirus (SARS-CoV-1) (1, 2), severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) (3, 4), and Middle East respiratory syndrome coronavirus
(MERS-CoV) (5). The catastrophic global disease burden of human coronaviruses is highlighted
with the recent pandemic caused by SARS-CoV-2, resulting in more than 7 million deaths and
775 million cases of COVID-19 worldwide as of 2024 (6). SARS-CoV-2 continues to accumulate
adaptive mutations and circulate in the human population, entering an endemic phase. Other
known human endemic coronaviruses that generally cause mild respiratory symptoms, such as
OC43 and 229E, have circulated in the human population for some time (7).

With the emergence of SARS-CoV-2 in late 2019, the scientific community investigated
SARS-CoV-2 biology (including structural and functional characterization of the surface protein,
spike, involved in viral attachment and entry), immune response in convalescent serum and
antigenicity of the spike glycoprotein (3, 8). These efforts were aided by previous research on the
closely-related SARS-CoV-1 (3, 8), including studies in animal models that support a protective
role of spike targeting antibodies in SARS-CoV-1 infection (9-11). These collective efforts led to
several nucleic acid and protein-based vaccines that were developed and deployed to elicit
antibodies targeting the spike protein (12).

Despite widespread SARS-CoV-2 exposure by vaccination or prior SARS-CoV-2 infection,
reinfection and vaccine breakthrough cases can occur, in large part due to immune evasion from

emerging variants (13, 14). Given that SARS-CoV-2 continues to acquire mutations, and several



SARS-like coronaviruses have been identified in animal reservoirs with emergent potential, it is
critical to understand what a protective and robust immune response looks like. Isolation and
characterization of monoclonal antibodies (mAbs) can inform a protective pan-coronavirus
vaccine against SARS-CoV-2 and related coronaviruses and serve as both pre- and post-
exposure prophylactics that are important medical countermeasures to contain future infectious
diseases before evolving into pandemics (15). Thus, the need for broad-spectrum and durable
mAbs has become increasingly apparent for pandemic preparedness.

Below, | will provide an introduction on SARS-CoV-2 and related coronaviruses genetic

diversity, biology and the antibody response following antigen exposure.

1.1 Overview into taxonomy and recent outbreaks of pathogenic human coronaviruses
Coronaviruses are within the order Nidovirales, the family Coronaviridae and the subfamily
of Coronavirineae (Figure 1-1) (16). The Coronavirineae subfamily can be further divided into
four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus
based on rooted phylogenetic clustering and pairwise evolutionary distances in the replicase-
transcriptase polyprotein (16). Gamma- and deltacoronaviruses primarily infect avian species,
whereas alpha- and aetacoronaviruses infect mammalian hosts and will be the focus of this
chapter because viruses in these genera have caused human disease (16). In particular, the
Betacoronavirus genus includes five out of the seven coronaviruses known to infect humans.
Viruses within each genus are sorted by amino acid sequence identity based on the more
sequence conserved replicase domains, specifically the RNA-dependent RNA polymerase
(RdRp) of the replicase-transcriptase polyprotein (16, 17). Within the Alphacoronavirus genus,

the two known human coronaviruses include 229E and NL63 (7).



Order: Nidovirales
Family: Arteriviridae
Family: Roniviridae
Family: Mesoniviridae
Family: Coronaviridae

Subfamily: Torovirinae
Subfamily: Coronavirinae Alphacoronavirus 1

— Genus: Alphacoronavirus H HCoV-229E
HCoV-NL63

Murine coronavirus
Lineage A { HCoV-0C43

HCoV-HKU1

LineageB —— SARS-CoV
— Genus: Betacoronavirus MERS-CoV
Lineage C { BtCoV-HKU4
BtCoV-HKU5
LineageD — BtCoV-HKU9
— Genus: Gammacoronavirus ——————————Avian coronavirus
— Genus: Deltacoronavirus =——————— BuCoV-HKU11

Figure 1.1. Classification of human and other coronaviruses according to the
International Committee on Taxonomy of Viruses.

Taxonomy, from order to lineage, of human and other coronaviruses with classification based
on the replication-transcriptase polyprotein sequence. Order, family and subfamily of
betacoronaviruses depicted in red. In blue are coronaviruses known to infect humans (H-
CoVs), with the exception of SARS-CoV-2, which spilled over at a later time. Lineage (A-D) is
an outdated term and has been replaced by the following subgenera: embecoviruses replacing
lineage A, sarbecoviruses representing lineage B (SARS-like betacoronavirus), merbecovirus
(MERS-like betacoronavirus) representing lineage C, nobecovirus replacing lineage D and
hibecovirus. Other abbreviations include BtCoV for bat coronavirus and BuCoV for bulbul
coronavirus. The old classification shown here is adapted from Fung and Liu et al 2019 with
permission from Copyright Clearance Center license # 1553852-1 (CCC Online Granting
service) (12).

International Committee on Taxonomy of Viruses (ICTV) further divides the betacoronavirus
genus into 5 subgenera: Embecovirus, Sarbecovirus (SARS-like betacoronavirus), Merbecovirus
(MERS-like betacoronavirus), Nobecovirus and Nibecovirus (the first 4 subgenera were formerly
known as lineages A, B, C, and D, respectively) (18). The subgenera Nobecovirus and
Hibecovirus consists only of mammalian coronaviruses that infect Rousettus and Hipposideros
bats, respectively (18). The two alphacoronaviruses, 229E and NL63, along with the
betacoronaviruses, OC43 and HKU1 (which are in the subgenus Embecovirus) typically cause
mild upper respiratory tract infections and “common cold” like symptoms, though severe infection

can occur in elderly and immunocompromised individuals (19, 20). In stark contrast, MERS-CoV



(in the subgenus Merbecovirus), SARS-CoV-1 and SARS-CoV-2 (both in the subgenus
Sarbecovirus) are more pathogenic and cause severe lower respiratory tract infections, that have
caused two epidemics and one pandemic.

Emergence of SARS-CoV-1:

In the fall of 2002, a mysterious respiratory illness emerged in China and resulted in 8096
cases with 774 deaths over the course of nine months (21, 22). A novel coronavirus was identified
as the etiological agent of severe acute respiratory syndrome (SARS) and named severe acute
respiratory syndrome related coronavirus, or SARS-CoV (herein referred to as SARS-CoV-1) (1,
2). It is widely accepted that SARS-CoV-1 had a zoonotic origin (23) as viral RNA recovered from
convalescent individuals were subjected to PCR, sequenced and found to closely align with viral
sequences isolated from masked palm civets and raccoon dogs in a nearby live animal market
(consistent with zoonosis transmission) (21). Analysis of mutations and deletions in recovered
human and animal viral sequences suggested that these sequences may be phylogenetically
distinct with palm civets representing an intermediate host (24). Since then, horseshoe bats have
been identified as the likely natural reservoir for SARS-CoV-1 (and related coronaviruses) (23),
as a plethora of viral genome sequences have been isolated that closely matched that of SARS-
CoV-1 (25-27).

When that initial outbreak occurred, it was unknown if SARS-related coronavirus outbreaks
would strike again. In just a year after the 2002-03 outbreak, 5 additional SARS-CoV-1 cases
were reported that were likely due to zoonosis (28), but additional SARS-CoV-1 cases have not

been identified since then.

Repeated outbreaks of MERS-CoV:

Like SARS-CoV-1, MERS-CoV is a respiratory virus that can result in acute respiratory
distress syndrome with a high case fatality rate (29, 30). MERS-CoV has repeatedly spilled over

into the human population with cases in 2012, 2015 and 2024 due to zoonotic transmission from



dromedary camels in Saudi Arabia (31). Similar to SARS-CoV-1, while dromedary camels are
thought to be intermediate hosts, the natural reservoir is believed to be bats (32). Both SARS-
CoV-1 and MERS-CoV share less than 50% sequence identify in the spike protein, and as stated
above both are classified in the Betacoronavirus genus though cluster in different subgenera (30).
While this thesis will focus on the immune response to SARS-related coronaviruses in the
sarbecovirus subgenera, MERS-CoV represents a noteworthy example of a more divergent
coronavirus that threatens human populations (5, 28, 31).

SARS-CoV-2 Pandemic:

In December 2019, cases of a pneumonia-like respiratory iliness emerged, and by January
2020, the causative agent was identified as a pathogenic coronavirus named severe acute
respiratory syndrome related-coronavirus-2 (SARS-CoV-2) (3, 33). The scientific community,
including scientists at the Chinese CDC, deposited viral genome sequences within a few weeks
of initial cases (34, 35), which led to the identification of the viral entry receptor and structural
characterization of the viral entry protein (further discussed below). By February 2020, over
83,000 global cases had been reported, which was over 10 times the number of the entire SARS-
CoV-1 outbreak (33).

Relative to SARS-CoV-1, SARS-CoV-2 appeared to have increased person-to-person
transmission, and infected individuals transmitted the virus before symptom onset (36). Also,
relative to SARS-CoV-1, SARS-CoV-2 had a shorter incubation window for shedding of infectious
viral particles and delayed symptom onset or more presymptomatic transmission (36) contributing
to increased transmissibility of SARS-CoV-2. This increased person-to-person transmission may
in part be because SARS-CoV-2 spike has increased affinity to the host receptor, angiotensin-
converting enzyme 2 (ACE2; discussed later) compared to SARS-CoV-1 (37). SARS-CoV-2
shares approximately 80% genomic identity to SARS-CoV-1, 74% in the RBD of spike, and only
shares approximately 50% identity in the receptor-binding motif (RBM; contains residues critical

for ACE2 recognition within the RBD) (37). These alterations in the RBM:ACE2 interaction site



can enhance binding of RBD to the human receptor, which may contribute to increased

transmissibility of SARS-CoV-2 (38, 39).

1.2 Genome replication and basic biology of human coronaviruses

Coronaviruses are enveloped, positive-sense, single-stranded RNA viruses with large
genomes approximately 30 kb and a largely similar genomic replication and organization across
members of the Coronaviridae family (16, 40) (Figure 1-2). The coronavirus genome is flanked
by 5 and 3’ untranslated regions (UTRs) that are required for RNA synthesis (41). The 5’ end
contains two overlapping large open reading frames (ORF1a and ORF1b) that consists of three-
fourths of the RNA genome that mediates the synthesis of two polyproteins. These polyproteins
are proteolytically processed into 15-16 non-structural proteins (nsp; number of nsps vary among
coronaviruses) by the viral protease nsp3 and nsp5 which contain papain-like (PL) and 3C-like
(3L) protease domains (Figure 1-2) (42, 43). These nsps are broadly involved in shutting down
host RNA replication, subgenomic RNA transcription and driving full-length viral plus-strand
genome RNA replication (Figure 1-2) (44). In particular, nsp7, nsp8 and nsp12 together encode
the RdRp and cofactors involved in the replication-transcription complex (RTC) that mediates
genome replication (44). Complete genome sequencing and analysis of animal and human
SARS-CoV-1 isolates suggests that regions encoding the RdRp are under much less selective
pressure than other regions, such as the spike coding region (45, 46), which is why the RdRp
coding region has been used for coronavirus taxonomy. Other nsps also play vital roles in viral
replication, such as nsp14, including encoding proteins involved in proofreading, exonuclease
activity and viral mRNA capping activities.

In subgenomic RNA (sgRNA) transcription, a set of negative-strand sgRNAs are produced
that are used to synthesize a nested set of positive-sense sgRNAs that encode structural and
accessory proteins (Figure 1-2) (42). This viral RNA synthesis step involves discontinuous RNA

transcription, template switching, in which the viral RdRp will recognize virus-specific



transcriptional regulatory sequences (TRSs) that are found upstream of each subgenomic ORF
(42). The RdRp will either read through to the next TRS or pauses RNA synthesis at the 3’ end,
dissociates from the template strand and relocates to 5 end of the template, generating
overlapping subgenomic templates for RNA synthesis (42). These negative-strand sgRNAs will
serve as templates for plus strand transcription of structural proteins, such as the spike protein,
and accessory proteins, such as 3a, from the 3’ end of the virus genome (Figure 1-2). This
template switching during RNA replication and discontinuous transcription, along with the
presence of full-length and sgRNA templates may be one avenue by which genetic diversity and

recombination occurs in coronaviruses (42, 47).
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Figure 1.2. Overview of the coronavirus genome replication and organization.
Basic gene organization and replication is similar for all coronaviruses. Depicted is primary
translation of the viral genome along with the nonstructural proteins that are generated after two
polyproteins are processed (purple arrows and blue triangles denote cleavage sites). Also
depicted are the subgenomic RNAs that encode the viral structural and accessory proteins.
Relevant abbreviations include nsp corresponding to the nonstructural proteins, UTR =
untranslated region, RNA-dependent RNA polymerase= RdRp, S= spike, ORF= open-reading
frame. Credit to SwissBioPics and adapted from Viralzone (48) with permission under Creative
Commons Attribution 4.0 International License (CC BY 4.0).



The remaining portion of the genome encodes the structural proteins, which vary in number
among the different coronaviruses. There are four ‘universal’ coronavirus structural proteins: the
surface protein spike (further discussed later), a transmembrane protein (M), an envelope (E)
protein and a nucleocapsid (N) protein (49). Though, members of the subgenus Embecovirus
employ a second type of surface protein comprised of the hemagglutinin-esterase glycoprotein
(49). For sarbecoviruses, the spike protein mediates attachment and entry (8). The M protein is
an integral membrane protein that interacts with all structural proteins and plays a role in virion
assembly (49). The E protein is responsible for wrapping viral genomic RNA into helical structures
in the cytoplasm, plays a role in virion assembly, and identified as a virulence factor for SARS-
CoV-1 and SARS-CoV-2 (50). The N protein is an RNA-binding phosphoprotein involved in
forming the helical capsid and, in the context of SARS-CoV-2, antagonizes the interferon
response (49, 51). While the antibody response is largely focused on the structural protein spike
(because of its involvement in attachment and entry), the N protein is also highly immunogenic
and relatively more sequence conserved than spike (52-54). High titers of N targeting antibodies
have been identified in convalescent serum and thus used in diagnostics of SARS-CoV-2 infection

(52-54).

1.3 Coronavirus spike protein

Spike is the viral entry protein expressed on the surface of sarbecovirus viral particles and
is the main target of neutralizing antibodies due to its role essential role in infection. Spike is
synthesized as a polypeptide chain of 1100-1600 amino acid residues (depending on the virus)
and is a class 1 fusion protein, meaning it is a homotrimeric glycoprotein that exhibits both pre-
and post-fusion conformations for attachment and entry (Figure 1-3) (55-57). During maturation
of the virus, spike is cleaved by cellular proteases into two functional subunits, S1 and S2, (at the

S1/S2 site) that form a homotrimer of heterodimers (Figure 1-3) (55, 56). This cleavage can occur



in the host cell by cellular proteases and the two subunits remain non-covalently linked until host

receptor engagement (19).
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Figure 1.3. Pre-fusion and post-fusion confirmations of the coronavirus spike
glycoprotein and the different domains and motifs of spike (SARS-CoV-2 represented
here).
Panel A depicts a space-filled structure of spike in a pre-fusion conformation (a ribbon structure
rendering to the right) with each domain color coded as the coding region in the bottom panel.
Panel B depicts spike in a post-fusion conformation. The sequences of the domains and motifs
of spike are marked by the locations of the different regions shown according to the Wuhan-Hu-
1 strain with residue numbers indicated in the bottom panel. S1/S2 cleavage site denoted with a
black triangle in the bottom panel. Figure adapted from (58), used under Creative Commons
Attribution License (CC BY 4.0).

In the prefusion conformation (Figure 1-3), the S1 subunit is found at the apex of the spike
trimer and mediates recognition of host receptors by adopting open or closed conformations. In
the prefusion open state, at least one RBD swings up (open) to facilitate host receptor attachment,
while all RBDs are down in the closed state (8, 55). These conformational dynamics of the RBD
in the open and closed state can expose or occlude RBD antibody epitopes and may thus
contribute to immune evasion (59, 60) (RBD epitopes further discussed later). In the case of

SARS-CoV-2, multiple variants have emerged that alter RBD conformational dynamics and thus



contribute to altered transmissibility and resistance to neutralizing antibodies by conformational
masking of epitopes (61-63).

Following binding to its receptor, host proteases (such as the cell surface serine protease
TMPRSS2) will trigger fusion of the viral envelope with the host membrane (8, 57). The S2 subunit
is the functional subunit that mediates fusion and connects to the viral membrane. The S2 gene
sequence is highly conserved among betacoronaviruses, presumably due to its integral function
in mediating fusion of the viral envelope with the host cellular membrane (56). The S2 subunit
contains the fusion peptide (FP: a hydrophobic domain that is inserted into the cell membrane
during fusion) along with two heptad repeat regions (HR1 and HR2) and stem helix (SH: involved
in fusion). Engagement of the RBD to the host receptor induces conformational changes inducing
S1 shedding and subsequent membrane fusion that also exposes or occludes S2 antibody
epitopes (Figure 1-3) (19, 55, 56) (S2 epitopes further discussed later).

Host receptor usage and avenue for viral tropism expansion:

Betacoronaviruses demonstrate complexity across subgenera in the primary host receptor
or attachment factor they use to gain entry. For instance, the embecoviruses, OC43 and HKU1,
use 9-O-acetylated sialic acids (64), whereas the merbecoviruses, MERS-CoV and bat
coronavirus NeoCoV, use human dipeptidyl peptidase 4 (hDPP4) (65) and ACE2 (66).
Sarbecovirus receptor dependency has generally been assessed using cell lines expressing
different known human endemic coronavirus receptors (human aminopeptidase N, hDPP4,
human ACEZ2), attachment factors and cells expressing different ACE2 bat orthologs (67—69). The
majority of SARS-related coronaviruses in the Sarbecovirus subgenus utilize the host receptor
ACE2 to gain entry (67, 68, 70—72), but for some sarbecoviruses entry receptor usage has not
been determined.

Some studies have found that certain sarbecovirus spike proteins mediate ACE2-
independent, trypsin-dependent host cell entry (73). The ACE2-independent bat sarbecoviruses,

Rs4237 and Rs4081, were unable to mediate entry into the human cell lines 293T-ACE2 (kidney
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cell line overexpressing ACE2), Calu-3 (lung cell line overexpressing ACE2 and TMPRSS2), and
Huh-7 (liver cell line) the African green monkey Vero cells (kidney cell line overexpressing
TMPRSS2 along with ACE2) (72, 74). Yet, pre-treatment of viral particles with trypsin promoted
viral entry into some cell lines and different ACE2 expression levels did not promote entry
suggesting these Spike proteins might mediate entry in an ACE2-independent manner (72, 74).
These alternative ACE2-independent, trypsin-dependent, pathways to entry are worth noting
because these pathways are associated with reduced susceptibility to antibody-mediation
neutralization (74).

Some sarbecoviruses remain largely uncharacterized because the entry receptor is
unknown. As of result of this, characterizing the antibody response against these sarbecoviruses
has been limited to binding assays (68, 75) but capacity to bind viral antigen does not necessarily
indicate capacity to neutralize virus. While pseudotyping platforms, such as lentiviral viral particles
expressing full-length sarbecovirus spike with human ACE2-expressing target cells, have been
helpful in assessing efficacy of neutralizing antibodies against ACE2-dependent sarbecoviruses,
this platform would not be applicable to ACEZ2-independent viruses for which receptor
engagement is unknown (75, 76).

Recombination may drive the evolution of sarbecoviruses and contribute to cross-species
transmission of viruses. As mentioned earlier, coronavirus genome replication involves template
switching resulting in full-length and subgenomic RNA, which is an avenue by which shuffling
portions of the viral genome may occur. In line with this, full-genome analysis of multiple
sarbecoviruses has found several recombination events upstream, downstream and within the
spike-coding sequence, which suggests that portions of the surface entry protein may be
transferred between coronaviruses upon coinfection of the same host (45, 46, 77). Reconstruction
of bat SARS-like coronaviruses spikes by replacing the bat-SARS-CoV RBD with RBDs from
human SARS-CoV isolates led to infectious progeny with enhanced receptor engagement in cell

culture meaning the recombinants exhibited enhanced infectivity (78). So while some
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sarbecoviruses lack the ability to bind human ACE2 (the host receptor shared by both SARS-
CoV-2 and SARS-CoV-1), or utilize an unknown entry receptor, capacity for recombination during
viral replication may lower the barrier to cross-species transmission (18). Additionally,
recombination may contribute to genetic diversity and immune evasion, as has been observed
with SARS-CoV-2 variants that have emerged from recombination events with portions of the
receptor-binding domain (which is the major antigenic target of neutralizing antibodies) from

different SARS-CoV-2 strains (79, 80).

1.4 Diversity and classification of viruses within the Sarbecovirus subgenus based on
spike genome sequence

When the epidemic of SARS-CoV-1 occurred, extensive efforts were made to identify the
animal origins of SARS-CoV-1, as well as other mammalian coronaviruses that could spill over,
leading to the identification of additional SARS-like coronaviruses in animal reservoirs (81, 82).
Multiple genera of bat species have been assessed for the presence of coronaviruses and it is
believed that the genus, Rhinolophus, is the primary natural reservoir of sarbecoviruses. Within
the Rhinolophus genus, there are 69 species that are geographically distributed from Australia to
Europe (83, 84). Isolated sarbecovirus genome sequences usually phylogenetically cluster
according to the geographic region and host species, meaning viral sequences isolated in Europe
are most related to other isolates from Europe (83, 84). Most epidemiological surveillance has
been focused on China but only recently have sampling efforts extended into Africa and Europe.
This has yielded the isolation of highly divergent sarbecovirus sequences relative to SARS-CoV-
1, SARS-CoV-2 and other sarbecoviruses sampled in Asia thus far (84—86). As Rhinolophus bats
geographic distribution range from Australia and Japan to Europe and Africa, there could be even
greater genetic diversity in animal reservoirs than is currently appreciated.

One early classification of sarbecoviruses was based on partial RdARp sequences with the

premise that the RdRp would be functionally constrained from evolving due to its role in replication
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(83, 84). However, this classification proved difficult because full-length viral sequences from bat-
derived isolates were limited and arduous to obtain due to shallow or lack of sequencing data. In
order to explore the phylogenetic relationship of closely related sarbecovirus strains, recent
studies have examined other regions with enough variability to separate viruses into different taxa
(3, 84). Specifically, phylogenetic analysis of SARS-related coronaviruses has applied the spike
gene sequence (3) or the RBD of spike (67, 87), for generating phylogenetic trees. One study
found that phylogenetic analysis of a large panel of RBD sequences clustered all ACE2-
dependent viruses separately from the ACE2-independent viruses (Figure 1-4, phylogenetic tree
that clusters sarbecoviruses based on RBD). ACE2-independent sarbecoviruses clustering
separately from ACE2-dependent viruses based on the RBD sequence makes sense given that
ACE2-independent viruses are much more closely related in the RBD than the RdRp. And the
RBM, which contacts the host receptor and thus determines viral tropism, is found in the RBD.
Thus, while clustering based on the RdRp has historically been used for coronavirus taxonomy,
classifying sarbecoviruses into clades based on the RBD sequence identity (as in Figure 1-4 from
Starr et al (44)) could cluster viruses based on sequence in a more informative approach (Figure

1-4) (18, 68, 75).
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Figure 1.4. Maximum likelihood phylogeny tree based on RBDs sequences across
sarbecoviruses.
In panel A, sarbecovirus RBD sequences phylogenetically cluster into four clades, with the
hibecovirus sequence Hp-BetaCoV/Zhejiang2013 was used as an outgroup to root the
sarbecovirus phylogeny tree. These RBD sequences tend to cluster by the countries of origin of
the virus and known host receptors usage (ACE2-dependency). As such, clade 3 represents
closely related sarbecoviruses found in Africa and Europe depicted in purple. Clade 1a depicts
SARS-CoV-1 and closely related sarbecoviruses in green. Clade 1b depicts SARS-CoV-2 and
closely related sarbecoviruses in blue. Clade 2 are closely related sarbecoviruses that are ACE2-
indpendent cluster in yellow. Panel B depicts a heatmap representing ability for yeast-displaying
RBDs from multiple sarbecoviruses to bind ACE2 orthologues (including ACE2 orthologues of
human, bat, civet, pangolin and mouse) with darker blue indicating higher affinity and white
depicting lack of binding. The Adapted from (68) with Creative Commons CC BY license.

Using RBD phylogenetic analysis, there is additional clustering within the ACE2-dependent
viruses. The clade 1 sarbecoviruses include SARS-CoV-1 (clade 1a), SARS-CoV-2 (clade 1b)
and closely related viruses that are more generalists in their ACE2 binding. These sarbecoviruses

have been shown to bind human ACE2 (hACEZ2) and certain bat strain ACE2 orthologues (Figure
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1-4). For example in 2013, WIV1 and RsSHCO014 clade 1a sarbecoviruses were isolated from
Chinese horseshoe bats and at that time were the closest related virus to SARS-CoV-1 (26).
WIV1 was shown to share 11 out of 14 ACE2 contact residues that are targeted by SARS-CoV-
1. Ge et al (26) showed that WIV1 can infect HeLa cells expressing human, civet or Chinese
horseshoe bats ACE2, as well infect primary human airway epithelial (HAE) cells, indicating they
have the potential to infect diverse species including humans. This in vitro broad species tropism
has been observed by other clade 1a and 1b sarbecoviruses (68). While these clade 1 viruses
collectively can bind different ACE2 orthologs, affinities differ between host ACE2s in vitro (shown
in Figure 1-4) and this may be due to substitutions found in the RBM of these different
sarbecoviruses (as is the case for SARS-CoV-1 and SARS-CoV-2 which exhibit different ACE2
affinities) (67, 68).

Isolates from Africa and Europe cluster separately than isolates from Asia. These isolates
from Africa and Europe form the clade 3 sarbecoviruses (Figure 1-4) which exhibit host-specific
ACE2 binding (68, 83, 88). The key differences found among clade 3 viruses relative to clade 1
sarbecoviruses is that they have one deletion in the RBM and have different key residues
responsible for ACE2 binding (83, 89, 90). These amino acid differences at the ACE2 interface in
the RBM may explain their narrow host species ACE2 usage relative to SARS-CoV-1 and SARS-
CoV-2 (67, 68) (Figure 1-4). For example, the clade 3 sarbecovirus BTKy72 exhibits limited
species tropism: does not bind human and civet ACE2 and only binds to some Rhinolophus
species ACE2 (68). The clade 3 sarbecovirus Khosta-2 exhibits broader species tropism: can bind
hACE2 and infect human cell lines (68, 69, 75). Mutations in the RBM has been shown to confer
hACE2 binding in a number of clade 3 sarbecoviruses, suggesting that single mutations can
expand species tropism and poise some sarbecoviruses to spillover (68, 88).

The ACE2-independent viruses, which form sarbecovirus clade 2, have two large deletions
in the RBM, which is critical for ACE2 binding, and may explain their lack of binding to human and

host ACE2 (67, 75). Though as noted earlier, sarbecoviruses have the potential for recombination,
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SARS-CoV-2 has shown the potential for these viruses to tolerate mutations (particularly in the
RBM), and single mutations have been shown to expand receptor tropism (in vitro) meaning there

is a plethora of viruses with spillover potential.

1.5 Vaccines and sarbecovirus spike antibodies

Through tremendous effort from the scientific community, it is quite extraordinary how far
antibody-based therapeutics have come in the management and treatment of SARS-CoV-2
infections due to the extensive characterization of the antibody response to SARS-CoV-1 and
SARS-CoV-2. These efforts began during the SARS-CoV-1 outbreak and accelerated
considerably with the recent SARS-CoV-2 pandemic. This led to the identification of therapeutic
monoclonal antibodies and has informed the development of vaccines.

Vaccine efforts and therapeutic antibodies in the setting of SARS-CoV-1:

During the SARS-CoV-1 outbreak, initial treatment was supportive care to minimize acute
respiratory distress syndrome and hypoxemia (7). ACE2 analogues, protease inhibitors, and
interferons showed promise in vitro and in animal studies but few antiviral compounds were
clinically evaluated (91). The potential to use mAbs as therapeutics was evaluated extensively in
animal models where the passive transfer of spike-targeting mAbs reduced viral load and helped
clear infection after viral challenge in animals (92). However, these therapeutic antibodies, which
have been shown to be efficacious in animal models, were never used in humans as that outbreak
resolved quickly. Though, in some cases, the passive transfer of convalescent serum did lead to
management of viral load in humans.

mADbs also have a role in prevention. The passive transfer of spike-targeting mAbs prior to
exposure reduced viral load upon virus challenge (10). In vitro, neutralizing antibodies can
mediate protection by preventing viral replication (93). Interestingly, a two antibody cocktail

targeting different regions of SARS-CoV-1 spike prevented viral replication in macrophages in
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vitro (92), meaning antibodies targeting different regions can synergize to provide optimal
neutralizing titers.

The efficacy in controlling SARS-CoV-1 infection in animal models upon the passive transfer
of spike targeting antibodies and the management of viral load upon passive transfer of
convalescent serum lead to numerous spike targeting vaccines (91, 94). Animals immunized with
a range of vaccines (inactivated whole virus, Adenovirus-vector based) did elicit spike-specific
neutralizing antibodies that conferred protection against viral challenge in animal models (95).
Vaccines that lacked spike protein expression did not induce a detectable SARS-CoV-1
neutralizing antibody response and did not protect against virus challenge (96), reinforcing the
idea that a vaccine conferring protective immunity would need to induce spike targeting
antibodies.

Antibody development in response to SARS-CoV-1:

Serum IgG and neutralizing antibodies against SARS-CoV-1 peaked at 4 months following
infection but dramatically decreased overtime, with undetectable neutralizing antibody titers at 36
months in 16% of patients (94, 97). China and US initiated early stage clinical trials to assess
toxicity and immunogenicity in response to immunogens, though similar to infection-elicited
antibodies, vaccine-elicited antibodies rapidly declined just weeks after exposure (94, 97, 98). It
was then not known if these vaccine candidates would have been protective against emerging
SARS-related coronaviruses.

Overview into the antibody response in the context of SARS-CoV-2:

Knowing the importance of spike-targeting antibodies in neutralizing SARS-CoV-1, spike-
specific antibodies against SARS-CoV-2 were a major focus of research to inform vaccine and
therapeutic development (and a major focus of my thesis). Within the first few months of the
SARS-CoV-2 outbreak, the antibody response was evaluated. In SARS-CoV-2, high levels of
neutralizing antibodies targeting the spike protein correlated with positive disease outcomes (99,

100). The efficacy of passively transferred mAbs targeting the spike protein has also been
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evaluated and shown to reduce viral load in animal studies of SARS-CoV-2 (87, 101, 102).
Passively transferred plasma from SARS-CoV-2 recovered individuals was correlated with
improved patient outcomes (103).

Screening of large cohorts has revealed that SARS-CoV-2-infected individuals develop
neutralizing antibodies targeting the RBD, NTD and C-terminal subdomain (also known as sub-
domain-1 and sub-domain-2) of the S1 domain (59, 104-109) and epitopes in the S2 domain. It
has been shown that most (approximately 90%) of the plasma neutralizing response is mediated
by antibodies directed at the RBD, as depletion of RBD-targeting antibodies greatly reduces the
plasma neutralizing response (104, 105). Potent neutralizing antibodies have also been described
against the NTD (110, 111), C-terminal subdomain (107, 111, 112), and less potent antibodies
directed at the S2 domain (107, 111, 113-116). Within the S2 domain, neutralizing antibodies
targeting the fusion peptide or the stem helix (SH) linker region have been discovered (107, 111,
113-116). Though, most potent neutralizing antibodies target the RBD (59, 104—106) and will be
a focus of this introduction and the topic of my thesis.

S2-targeting neutralizing antibodies:

Relative to the S1 domain, the S2 domain exhibits a high degree of sequence conservation
not only among sarbecoviruses but also among other betacoronaviruses. Broad-spectrum SH
mAbs exhibit cross-reactive binding across sarbecoviruses and human endemic coronaviruses,
like the embecovirus OC43 (114-116). Other SH targeting mAbs (Figure 1-5) have been
identified that broadly neutralize against clade 1a/b (SARS-CoV-1, WIV1, SHC014, SARS-CoV-
2) sarbecoviruses and the merbecovirus MERS-CoV but are generally weakling neutralizing
(114). SH mAbs can bind both prefusion and postfusion SARS-CoV-2 spike (Figure 1-3)
indicating the epitope is accessible in both conformations (116). Pinto et al (116) also showed
that the mAb S2P6 blocked cell fusion of Vero-E6 cells expressing full-length SARS-CoV-2 spike
suggesting that the mechanism of action for this antibody is inhibiting membrane fusion by

blocking S2 fusion machinery rearrangement. Likewise, FP antibodies (Figure 1-5) target a
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conserved region of the viral spike protein, exhibit broad betacoronavirus activity and act by
preventing cell fusion (111).

While antibodies directed at the S2 domain have been presented as viable broadly
neutralizing antibodies due to the high-sequence conservation among sarbecoviruses and other
betacoronaviruses (116, 117), these antibodies tend to be less potent than RBD-directed
antibodies (113, 114, 118). As noted above, the mechanism of action for S2 directed antibodies
includes inhibition of viral fusion, which would contribute to low neutralization potencies for these
S2 antibodies, whereas most potent neutralizing antibodies inhibit viral attachment to the host
receptor (i.e. RBD-directed antibodies) (114, 118). Additionally, S2-directed neutralizing
antibodies are subdominant in the plasma neutralizing response and S2 epitopes may be partially
occluded by the S1 domain in the prefusion conformation (116, 119). Aside from neutralization,
the effector functions of S2-directed antibodies may be important for protection (116) (further
described in the next section). Thus, S2 targeting antibodies may contribute to protection from
SARS-CoV-2 infection due to their Fc-mediated effector functions rather than neutralization,

though the Fc effector function of antibodies is still a field being investigated.
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Figure 1.5. Schematic representing some epitope targets of neutralizing antibodies on
the SARS-CoV-2 spike trimer.
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Panel A: Different domains of the spike protein are denoted and color coded. Panel B, left: The
ribbon structure of SARS-CoV-2 spike is depicted in the pre-fusion open conformation state
(with one RBD up). NTD targeting mAbs shown in orange, in blue are RBD targeting mAbs, in
red are fusion peptide targeting mAbs and in green are stem-helix targeting mAbs. This is not
an exhaustive figure as it does not represent the entire antigenic landscape of spike (SD-1
targeting mAbs additionally contribute to the antibody response).

Panel B, right: Classification of neutralizing antibodies targeting the RBD and representative
mAbs. Epitope targets and the Barnes et al (59, 120) RBD classification. Representative mAbs
directed at each epitope denoted. For instance, the class 3 mAb, S309, ribbon structure is
shown in green bound to a space-filled RBD structure in grey. Adapted from Chen et al. (111)
with permission provided by Springer Nature and Copyright Clearance Center under license
number: 5926600752165.

NTD targeting mAbs:

Within the NTD, there are five structural loops (N1-N5) that are targeted by neutralizing
antibodies (121). In terms of neutralization, NTD targeting antibodies, in some cases, have similar
neutralization potency as RBD-directed antibodies (121, 122). Structural studies of NTD Fab-
bound spike particles showed structures where all RBD protomers were in a down confirmation,
suggesting that NTDs act by locking RBD down in the closed conformation preventing viral
attachment (109). Like the RBD, the NTD accumulates mutations across SARS-CoV-2 variants
and is highly divergent across sarbecoviruses. In summary, while in some cases NTDs may match
RBD neutralizing antibodies as far as potency, these epitopes are sites of immense variation and
these mAbs marginally contribute to the plasma neutralizing response (104, 105).

RBD targeting mAbs:

Antibodies to different epitopes within the RBD arise after infection or vaccination (59, 104,
106, 120) (Figure 1-5). One of the earliest comprehensive RBD epitope classification came from
structural studies of eight monoclonals antibodies isolated from SARS-CoV-2 convalescent
individuals (59). Utilizing cryo-electron microscopy to resolve the Fab—RBD crystal structure, 4
RBD-classes were created to minimally overlapping epitopes. RBD class 1, which include the
mAb REGN10933, recognize residues at the apex of the RBD when spike is in the prefusion
“RBD-up” open conformation (123). LYCoV-555 is one example of a RBD class 2 mAb that can

bind RBD in an “RBD -up or -down” confirmation (124). Both classes heavily overlap with the
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ACE2 binding motif and thus can directly block RBD-ACE?2 interaction. These mAbs also tend to
be more potently neutralizing relative to other classes and other domain targeting antibodies due
to their mechanism of neutralization, by directly blocking ACE2 engagement. A number of these
class 1/2 (RBD-class 1 and 2 mAbs) potent neutralizing antibodies have advanced to clinical
application, though they have lost activity against SARS-CoV-2 variants that have emerged (125).
mADbs targeting these class 1/2 epitopes tend to be SARS-CoV-2 variant specific, as this interface
is highly variable not only between SARS-CoV-2 variants but also across sarbecoviruses (87).

RBD class 3 and 4 mAbs target residues distal from the RBM in the RBD core, which are
residues that are highly sequence conserved across sarbecovirus strains (60, 87, 126). As such,
cross reactive class 3 and 4-directed mAbs have been isolated from both SARS-CoV-1 and
SARS-CoV-2 convalescent individuals (112, 127-130). A notable example of a class 3 mAb is
S309 (131), which was isolated from a SARS-CoV-1 individual but approved for treatment against
SARS-CoV-2 due to its cross-neutralizing activity. Class 3 mAbs can bind the RBD in and up and
down confirmation, whereas class 4 mAbs can only bind in the RBD down confirmation (59, 120).
Meaning, class 4 mAbs may be subject to greater neutralization escape by conformational
masking of epitopes exhibited by some SARS-CoV-2 variants (wherein some SARS-CoV-2
variants alter RBD up/down conformational dynamics and thus epitope accessibility) (60).
Though, class 4 mAbs target cryptic sites in RBD that contacts other spike trimer regions in the
closed RBD down conformation, suggesting they may be functionally constrained from evolving
as substitutions may affect these interactions (132). As SARS-CoV-2 continued to evolve, most
of these mAbs exhibited dramatic losses in neutralization activity meaning their epitopes are
subject to antigenic drift (126, 133). Thus, while antibodies targeting class 3/4 epitopes may
represent plausible broadly neutralizing antibodies across sarbecovirus clades, they display
reduced neutralizing activity against SARS-CoV-2 variants.

Since the initial Barnes et al (59, 120) classification, RBD class 5 mAbs have been

described that are incredibly resistant to SARS-CoV-2 antigenic drift and display broad
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sarbecovirus cross-reactivity (87, 134, 135). These mAbs are targeting a cryptic region in the RBD
core between class 3 and 4 mAbs that is accessible in the RBD up conformation. In the closed
conformation, this region of the RBD would contact NTDs from a neighboring protomer in both
SARS-CoV-2 and SARS-CoV-1 (134), meaning mutations in this region would be functionally
constrained among sarbecovirus strains. RBD class 5 mAbs are a plausible component of a as
therapeutic cocktail for pandemic preparedness because they are target functionally constrained
regions on the RBD surface and have exhibited minimal reduction in neutralization activity across
SARS-CoV-2 variants and sarbecoviruses.

Antibody epitope profiling:

Investigating the epitope specificity of antibodies is important for understanding the
interactions occurring at the antibody-antigen interface and so | will briefly describe epitope
profiling antibodies in the context of SARS-CoV-2. Structural characterization of antibody antigen
binding domain (Fab) bound to SARS-CoV-2 spike trimer has allowed a greater appreciation of
the structural correlates of SARS-CoV-2 neutralization and these structural epitopes led to the
classification of four distinct RBD-directed antibody classes in the Barnes et al (59) classification.
Piccoli et al (104) is another commonly cited classification based on structural characterization
that proposed 6 epitope classes that largely overlap with the Barnes classification (136). In this
thesis, we have used the Barnes et al (59) antibody epitope classification because multiple
comparisons have been made between this classification schema and epitope profiling by deep
mutational scanning (DMS) and generally there is strong agreement between sites of escape and
contact sites identified by structural determination (87, 129, 137-139).

Epitope profiling using DMS of the RBD is one approach to define the epitopes involved in
the functional properties of antibodies. In this approach, every possible single mutation in the
SARS-CoV-2 RBD is displayed on yeast and antibody-protein interaction is assessed to identify
the sites and specific amino acids that facilitate viral escape from antibody binding. Epitope

profiling using DMS of the RBD has generally aligned well with contact residues identified by
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structural studies (137, 139), though there is some overlap in escape profiles among the different
RBD classes (87, 137). Yunlong Cao, in the labs of Youchun Wang and Xiaoliang Sunney Xie,
performed DMS of thousands of mAbs isolated from SARS-CoV-2 and SARS-CoV-1
convalescent individuals providing insights into the contribution of antibodies directed at different
RBD epitopes in different exposure histories (a feat that would be difficult to achieve with other
techniques) (140-142). These antibody escape profiles have been useful for predictions of
neutralization escape against emerging strains of SARS-CoV-2.

Selection experiments have also been conducted to identify escape mutations in the
presence of mAbs and replication competent pseudotyped virus (143, 144). These escape
mutations largely align with residues identified by structural studies and DMS (137, 145).
However, selection experiments may not identify all the mutations revealed by DMS and can
include stochastic mutations that only arise due to cell culture (146).

Collectively, these profiling techniques can offer amino acid level insights into the escape

profiles and help predict the durability and failure of neutralizing antibodies.

1.6 Non-neutralizing Fc effector function of antibodies

In addition to neutralization, antibodies can also mediate non-neutralizing Fc-effector
functions. The Fc-mediated effector function of spike-targeting antibodies has also been
associated with protection against SARS-CoV-2 infection both after vaccination and infection in
animal and human cohort studies (147, 148). Cohort studies have found that compromised Fc-
effector responses to SARS-CoV-2 were significantly associated with increased mortality rates,
with higher Fc effector functions observed in survivors (149). Fc effector function also correlated
with improved disease outcomes in hospitalized individuals (147). In an 8-month study of
convalescent individuals, spike targeting antibodies exhibited decreased neutralization titers while

the Fc effector response antibody-dependent cellular cytotoxicity (ADCC) activity remained
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relatively stable (150). Vaccination can also induced spike-binding antibodies that mediate robust
ADCC (151).

In some cases, intact Fc effector function contributes to optimal protection afforded by
neutralizing antibodies. This has been shown in animal models where intact Fc effector function
of passively administered mAbs was required for optimal protection from lethal SARS-CoV-2
challenges (152—-155).

Overall, the presence of binding antibodies and Fc-effector responses seems to be more
stable to antigenic drift than neutralization activity against evolving SARS-CoV-2 overtime (156).
Thus, eliciting antibodies that target more conserved regions in RBD for optimal neutralization

activity and that exhibit Fc-effector functions might offer insights into achieving durable immunity.

1.7 Affinity maturation of the antibody response and vaccine boosters

Since its emergence in 2019, SARS-CoV-2 has rapidly evolved throughout the course of
the pandemic, accumulating mutations throughout the spike glycoprotein. This has been
described as waves of variants, with the Delta variant emerging in India and becoming dominant
in late 2020, followed by Omicron in South Africa, which emerged in late 2021 (157). These SARS-
CoV-2 variants harbor numerous mutations throughout the spike protein, some of which have
been linked to increased replication efficiency, altered viral transmissibility (due in part to altered
ACE2 affinity), and immune evasion from elicited and therapeutic antibodies (13, 125, 133, 158,
159). For instance, compared to the ancestral strain (Wuhan-Hu-1) and early lineages (Kappa
variant) of SARS-CoV-2, the Delta variant exhibited increased replication rate and reduced
susceptibility in vitro to neutralizing antibodies in sera from infection and vaccinated individuals
(157). This may have contributed to altered transmissibility of the Delta variant as it outcompeted
pre-existing lineages, like the Kappa variant, in India despite high a prevalence of prior infection

and vaccination (157).
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Among Omicron variants, a number of mutations have been identified that increase ACE2
affinity, such as mutations at site 493, and have been linked to reduction in neutralization activity
by infection and vaccine elicited sera (160). Likewise, mutations that negatively impact the ability
of RBD to bind human ACE2 (161-164), such as mutations at site 505 and 417, have also been
found to contribute to immune evasion (125, 160). Variants with these mutations may be predicted
to have lower infectivity yet, other Omicron mutations have been found that promote ACE2 binding
and compensate for these negative effects (125, 160, 165). Thus, numerous mutations have been
identified that collectively contribute to increased immune evasion of Omicron variants and
subvariants while also increasing viral fitness (125, 140, 166).

A major concern against SARS-CoV-2 continuing to acquire mutations is that pre-Omicron
vaccination and infection elicited sera have greatly reduced neutralization titers against emerging
highly mutated variants like Omicron, which may lead to SARS-CoV-2 reinfections (141, 142).
However, repeated exposure by vaccination or infection (in particular exposure to Omicron) is
able to increase neutralization activity against Omicron variants (140, 167-169). The strong
immune evasion displayed by recent Omicron Variants (subvariants of XBB, JN.1 and KP.3
variants) highlights the need for updated vaccine boosters and isolation of neutralizing antibodies
that could serve as therapeutics (170).

One important aspect of vaccine boosting and selecting the optimal vaccine antigen is
antigenic distance and immune imprinting (171). Antigenic distance is a measure of antigen
recognition (can be determined by neutralization titer), and is a useful metric for interpreting
immune imprinting, which is when prior antigen exposure negatively affects responses to a
second exposure (172). This antigenic distance metric has been used to interpret the variable
efficacies of influenza vaccine formulations (172). One strategy to overcome immune imprinting
is to vaccinate with an antigenically distant strain (173) as this more likely to re-activate memory
B cells against conserved epitopes. In the context of animal models, animals that are vaccinated

with ancestral spike and then boosted with a SARS-CoV-2 Omicron variant (XBB) spike have
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enhanced neutralization titers against Omicron variants compared to animals vaccinated with
ancestral spike and then boosted with Omicron BA5 (167). This difference in elicited neutralization
titers between Omicron BA5 and XBB boosting could be because there is greater antigenic
divergence from the ancestral spike to Omicron XBB than to Omicron BA5 that may aid in
overcoming immune imprinting (171). Enhancement of neutralizing titers have also been
observed in cohort studies after vaccination with updated vaccines (167, 174).

Omicron antigen exposure by infection elicited higher levels of broadly-reactive (defined
here as reactive against multiple SARS-CoV-2 variants) memory B cells in Omicron breakthrough
infections compared to multiple exposures of early strains of SARS-CoV-2 (non-Omicron) (140,
175). Additionally, multiple Omicron breakthrough infections elicited higher neutralization titers
than a single Omicron breakthrough infection (140, 167). In these contexts, broadly-reactive mAbs
elicited in repeat Omicron breakthrough infections elicited higher levels of somatic hypermutation
(SHM) compared to a single Omicron BTI (167). Thus, in the context of repeat and diverse antigen
exposure, affinity maturation of the B cell repertoire can contribute to enhanced neutralization
activity. However, few studies have looked at the affinity maturation of B cell lineages after
repeated antigen exposure to SARS-CoV-2 (176) to understand how antibodies evolve overtime
and what affect this has on functional properties. Understanding the affinity maturation of
monoclonal antibodies in the face of repeated exposure could inform the development of next-

generation vaccines and the isolation of broad mAbs.

1.8 Thesis Overview

The continued emergence of SARS-CoV-2 variants and the possibility of future SARS-like
sarbecoviruses spill over events underscores the need to understand how antibodies maintain
breadth and cross react with these viruses and identify broad-spectrum therapeutics. Capacity to
tolerate mutations displayed by coronaviruses like SARS-CoV-2 demonstrates the adaptability

and large mutational space of the spike protein while maintaining critical viral functions like ability
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to properly fold and bind the host receptor. This capacity to tolerate mutations presents significant
hurdles in developing a broadly protective vaccine and identification of durable neutralizing
antibodies. We sought to identify antibodies targeting conserved sarbecovirus spike epitopes with
the hypothesis that cross-reactive mAbs may inform functionally constrained epitopes.

In chapter 2, we demonstrate that neutralizing antibodies can provide valuable insight into
the epitopes of cross-reactive antibodies and potential sites of vulnerability of the sarbecovirus
spike protein. We provide a comprehensive functional characterization of cross-reactive
antibodies against a panel of sarbecovirus antigens and pseudoviruses. To understand the
evolution of the antibody response after additional exposure to SARS-CoV-2, we isolated and
characterized mAbs from longitudinal samples (chapter 3), some of which are clonal to
neutralizing antibodies isolated at an earlier time point (chapter 2). We identified clonal mAbs that
exhibited increased levels of SHM and enhanced neutralization activity. We also modified our
antibody isolation approach to select for cross-reactive antibodies using diverse spike antigens
and successfully identified a broadly-reactive neutralizing antibody that is highly potent against all
sarbecoviruses tested. Meaning this strategy could be applied in other exposure contexts, such
as more recently circulating Omicron variants, to discover additional cross-reactive antibodies
against evolving viruses. Among them, we identified mAbs targeting conserved regions across
sarbecovirus clades that can neutralize human and animal sarbecoviruses.

In summary, the following chapters describe the characterization of antibodies elicited in
different antigen exposure contexts targeting conserved RBD regions across SARS-CoV-2
variants and sarbecoviruses that can serve as therapeutics for pandemic preparedness as well

as blueprints for the design of immunogens capable of eliciting cross-neutralizing responses.
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Chapter 2:
Delineating the functional activity of antibodies with cross-reactivity

to SARS-CoV-2, SARS-CoV-1 and related sarbecoviruses

The text in this chapter was adapted from (135). Sections of text in this chapter have been
modified from the following manuscript:

Felicitas Ruiz*, Will Foreman”, Michelle Lilly, Viren A. Baharani, Delphine M. Depierreux,
Vrasha Chohan, Ashley L. Taylor, Jamie Guenthoer, Duncan Ralph, Frederick A. Matsen 1V,
Helen Y. Chu, Paul D. Bieniasz, Marceline Cété, Tyler N. Starr, Julie Overbaugh. Delineating
the functional activity of antibodies with cross-reactivity to SARS-CoV-2, SARS-CoV-1 and
related sarbecoviruses. PLoS Pathog. 2024 Oct 28;20(10):e1012650.
doi:10.1371/journal.ppat.1012650. eCollection 2024 Oct.

ACo-contributors.

| lead antibody isolation, the functional studies, including binding and neutralization assays, data
interpretation and wrote the manuscript. Will Foreman performed the RBD DMS profiling, yeast-

display pan-sarbecovirus binding assay and Alphafold predictions.

ABSTRACT

The recurring spillover of pathogenic coronaviruses and demonstrated capacity of
sarbecoviruses, such SARS-CoV-2, to rapidly evolve in humans underscores the need to better
understand immune responses to this virus family. For this purpose, we characterized the
functional breadth and potency of antibodies targeting the receptor binding domain (RBD) of the
spike glycoprotein that exhibited cross-reactivity against SARS-CoV-2 variants, SARS-CoV-1 and
sarbecoviruses from diverse clades and animal origins with spillover potential. One neutralizing

antibody, C68.61, showed remarkable neutralization breadth against both SARS-CoV-2 variants
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and viruses from different sarbecovirus clades. C68.61, which targets a conserved RBD class 5
epitope, did not select for escape variants of SARS-CoV-2 or SARS-CoV-1 in culture nor have
predicted escape variants among circulating SARS-CoV-2 strains, suggesting this epitope is
functionally constrained. We identified 11 additional SARS-CoV-2/SARS-CoV-1 cross-reactive
antibodies that target the more sequence conserved class 4 and class 5 epitopes within RBD that
show activity against a subset of diverse sarbecoviruses with one antibody binding every single
sarbecovirus RBD tested. A subset of these antibodies exhibited Fc-mediated effector functions
as potent as antibodies that impact infection outcome in animal models. Thus, our study identified
antibodies targeting conserved regions across SARS-CoV-2 variants and sarbecoviruses that
may serve as therapeutics for pandemic preparedness as well as blueprints for the design of
immunogens capable of eliciting cross-neutralizing responses.
AUTHOR SUMMARY
There is a large collection of sarbecoviruses related to SARS-CoV-2 circulating in animal
reservoirs with the potential to spillover into humans. Neutralizing antibodies have the potential to
protect against infection, although viral escape is common. In this study, we isolated several
monoclonal antibodies that show broad activity against different sarbecoviruses. The antibodies
target epitopes in the core of the receptor binding domain that are highly conserved in sequence
across sarbecoviruses and emerging SARS-CoV-2 variants. One antibody showed remarkable
breadth against both SARS-CoV-1 variants as well as diverse sarbecoviruses. The results of deep
mutational scanning suggest that mutations at these predicted sites of escape may functionally
constrain viral fitness. Our functional profiling of cross-reactive antibodies highlights vulnerable
sites of sarbecoviruses, with some antibodies poised as broadly neutralizing candidates for
therapeutic use against future sarbecovirus emergence.
INTRODUCTION

In the past two decades, zoonotic betacoronaviruses, most notably SARS-CoV-1 and

SARS-CoV-2 (sarbecoviruses), have infected humans and caused large-scale outbreaks with
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significant associated morbidity and mortality (1-3, 5). Humans are permissive to many members
of the sarbecovirus family because they encode a functional cellular receptor that permits viral
entry. Both SARS-CoV-1 and SARS-CoV-2 initiate entry by binding to the angiotensin-converting
enzyme 2 (ACE2) receptor via the receptor-binding domain (RBD) in the spike glycoprotein (8,
71). Many bat sarbecoviruses that utilize human ACE2 for entry in vitro have been identified
through epidemiological surveillance of animal reservoirs in East and Southeast Asia, suggesting
the potential for more introduction of sarbecoviruses into humans (25, 67-69, 177). Most bat
isolates from Africa and Europe cannot infect human cells and exhibit more narrow host species
ACE2 usage (68, 75). Recently, one of these clade 3 sarbecovirus has been found to utilize
human ACE2 to infect cells, and human ACE2-independent clade 3 sarbecoviruses can acquire
mutations that permit binding to human ACE2 with just two substitutions thus potentially
broadening their host cell range to include humans as well (68, 88). The COVID-19 pandemic has
demonstrated the ability of the SARS-CoV-2 RBD to tolerate mutations (161, 163), and evidence
of recombinants (79) highlights the diversity of RBD that can be generated within a single
sarbecovirus lineage that has circulated in the human population in just a few years. The large
number of sarbecoviruses in animal reservoirs that can use the human ACE2 receptor for entry,
coupled with the pathways for diversity and mutational tolerance among these viruses,
underscores the urgent need to understand the immune responses that may be useful for eliciting
in future spillover events.

Because of its role in viral entry, the RBD is a major target of neutralizing antibodies and
many RBD-specific monoclonal antibodies (mAbs) have been characterized, providing insights
into the major antigenic sites in the SARS-CoV-2 RBD (59, 104, 106, 178). Several of the potent
neutralizing mAbs identified to date target residues overlapping the ACE2 footprint (receptor
binding motif; RBD class 1/2 mAbs based on Barnes et al (59) classification) and directly interfere
with RBD-ACE2 binding (133, 179). However, this binding interface is highly variable not only

within the SARS-CoV-2 lineage but also across more diverse sarbecoviruses; thus class 1/2
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mAbs typically show limited breadth against SARS-CoV-2 variants and limited cross-reactivity
against other sarbecoviruses (87, 180, 181). In contrast, neutralizing antibodies that target the
RBD core (class 4-5) target regions with high sequence conservation, which is thought to be
driven by functional constraints in this region (134, 182). These antibodies have been found to
exhibit breadth in binding and neutralization across SARS-CoV-2 variants as well as some cross-
reactive activity against animal sarbecoviruses indicating that broadly active RBD-targeting mAbs
can be elicited by SARS-CoV-2 infections (87, 129, 131, 133, 183). However, few mAbs with
cross-reactivity across the diverse classes of sarbecoviruses have been comprehensively
characterized despite the potential utility of these for future spillover events (87, 112, 129-131,
183, 184).

mADbs that cross-react with diverse sarbecoviruses have been isolated from both SARS-
CoV-1 and SARS-CoV-2 infected individuals (87, 112, 129-131, 183-185). S309, which is a class
3 neutralizing mAb isolated from a SARS-CoV-1 infected individual (131), previously received
emergency authorization for the treatment of SARS-CoV-2 infection (186). S309 not only showed
neutralizing activity, but also the ability to kill infected cells via antibody-dependent cellular
cytotoxicity (ADCC), and both neutralization and ADCC have been implicated in protection from
infection and disease progression (154, 187). Several class 4 cross-reactive mAbs have
demonstrated protection against SARS-CoV-2 in animal models (129, 184, 188) although they
have more limited clinical value because they show reduced breadth across SARS-CoV-2
variants (127, 189). One class 5 mAb, S2H97, which has broad neutralization activity against
SARS-CoV-2 Omicron variants and some animal sarbecoviruses, showed protection against
SARS-CoV-2 challenge in animal models (87). Studies have suggested that S2H97 class 5-like
mAbs contribute to less than ~17% of infection- and vaccine-elicited antibody responses and are
thus understudied (140, 142).

We previously described a class 5-like neutralizing antibody C68.61, isolated from an

individual with a Delta breakthrough infection, that binds a conserved epitope in the core of RBD
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and demonstrates neutralization breadth across SARS-CoV-2 variants as well as cross reactivity
with SARS-CoV-1 (112). In this study, we demonstrate cross-reactivity of the C68.61 mAb across
sarbecovirus clades and show that it is refractory to viral escape both in cell culture and in nature.
We further isolate additional mAbs from this individual, including several class-4 and class-5 RBD-
specific mAbs that display neutralization activity across multiple sarbecoviruses in an in vitro
pseudovirus neutralization assay. One such mAb, C68.185, displayed extensive binding and
retained potent neutralization across tested bat-derived sarbecoviruses. Some mAbs also
displayed potent ADCC activity in-line with the activity of therapeutic antibodies shown to reduce
SARS-CoV-2 viral load in animal models (154). Taken together, these cross-reactive mAbs with
differential functional activity and distinct epitope footprints in the RBD may contribute to pan-
coronavirus pandemic preparedness and inform vaccine efforts.
RESULTS
Isolation of C68 cross-reactive antibodies targeting the RBD

We previously reported the identification of four potent neutralizing mAbs from an
individual (C68) at 30 days after a SARS-CoV-2 Delta breakthrough infection, three were directed
to epitopes in the RBD and the fourth to an epitope in SD1 (112). These mAbs were reconstructed
from memory B cells that bound the SARS-CoV-2 Delta prefusion-stabilized spike trimer and/or
the Wuhan-Hu-1 S2 spike subunit. To explore the range of RBD cross-reactive neutralizing
antibodies elicited in this Delta breakthrough infection case, in this study we recovered additional
antibodies from this 30-day post-infection time point. We identified 42 antibodies that bound the
SARS-CoV-2 spike trimer and RBD protein in an enzyme-linked immunosorbent assay (ELISA).
All C68 antibodies bound the SARS-CoV-2 Wuhan-Hu-1 (WH-1) vaccine strain trimer and RBD
subunit to comparable levels (Figure 2.1A, C) when tested at a fixed concentration (500 ng/ml)
and to higher levels than the negative control FI6v3 (190), an influenza-specific mAb. Of the newly
isolated C68 antibodies, we identified 11 additional antibodies that exhibited cross-reactive

binding between SARS-CoV-2 and SARS-CoV-1 (Figure 2.1A, C). Ten of the 11 (91%) cross-

32



reactive mAbs exhibited binding activity against the SARS-CoV-2 Omicron XBB trimer; in
contrast, a much smaller fraction (3 of 31; 10%) of the SARS-CoV-2 specific mAbs retained

binding activity against the Omicron XBB trimer.
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Figure 2.1. Identification and molecular characteristics of SARS-CoV-1 and SARS-CoV-
2 cross-reactive mAbs.
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(A) C68 mAbs binding to SARS-CoV-2 or SARS-CoV-1 recombinant spike glycoprotein by
ELISA (OD450nm values). C68 antibodies that bound SARS-CoV-2 trimer and SARS-CoV-1
trimer (designated by green closed circles; SARS-CoV-2 trimer-specific mAbs shown in black
closed circles). Antibodies tested at 500 ng/ml, represents the average of two technical
replicates shown as background-corrected OD450nm values. Dotted line represents 3 standard
deviations above the negative control FI6v3, (190) an influenza-specific mAb. (B) Neutralization
of spike-pseudotyped lentiviruses by C68 mAbs against SARS-CoV-2 WH-1. C68 antibodies
that bound SARS-CoV-2 trimer and SARS-CoV-1 trimer are indicated (in green). IC50 values
(ng/mL) were calculated by nonlinear regression analysis in the statistical software package
PRISM from at least two independent experiments. Black dotted line represents the median
IC50 value for the SARS-CoV-2 specific mAbs. Green line represents the median IC50 value for
the cross-reactive mAbs. (C) Summary table representing gene family usage, somatic
hypermutation percent (% SHM relative to germline), and a heatmap of functional activity of C68
mAbs. OD450 values indicate absorbance at OD450nm values where each mAb was tested at

500 ng/ml from technical replicates and background-corrected.

We next assessed the neutralization potencies of both SARS-CoV-2-specifc and cross-
reactive mAbs using a pseudovirus-based neutralization assay with spike-pseudotyped
lentiviruses and HEK293T-hACE2 expressing target cells (76). We calculated the 50% inhibitory
concentration (IC50) values for all 42 mAbs and observed variation in neutralizing activities
against the SARS-CoV-2 WH-1 pseudovirus, ranging from an IC50 of 0.01 to >20 pug/mL (Figure
2.1C). Generally, SARS-CoV-2 specific mAbs were more potent neutralizers (median IC50 = 0.05
ug/mL; 1C50 range 0.01 pug/mL to >20 ug/mL) than cross-reactive mAbs (median IC50 = 5.3
ug/mL; IC50 range 0.06 ug/mL to >20 pug/mL; Figure 2.1C).

We next evaluated the genotypic properties of these mAbs, including somatic
hypermutation (SHM), V(D)J gene usage and clonal diversity. We used partis, a computational
tool designed to assess levels of SHM using a distance-based clustering on the inferred naive
sequence, along with a hidden Markov model to infer clonality (191, 192). There was a high
degree of clonal diversity among these 42 mAbs with antibodies representing 39 clonal lineages

(Figure 2.1C, S2.1 Fig; S2.1 Table). Low levels of SHM were observed among SARS-CoV-2-
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specific and cross-reactive mAbs (geomean 2.9% and 3.3% SHM relative to germline in the heavy
chain genes, respectively). We observed overrepresentation of V43-23 among cross-reactive
mAbs, and this has been shown to be a common gene family elicited from COVID-19
convalescent individuals (193-196).
Cross-reactive mAbs exhibit binding across SARS-CoV-2 variants and human and animal
sarbecoviruses

To determine whether the 11 newly identified cross-reactive mAbs that bound both SARS-
CoV-1 and SARS-CoV-2 exhibited breadth across SARS-CoV-2 variants, we tested binding to
various recombinant SARS-CoV-2 spike proteins. C68.61, one of the RBD-specific mAbs
described in our prior study that showed consistent activity against SARS-CoV-2 variants as well
as SARS-CoV-1 (112) was included in this study for a total of 12 cross-reactive C68-derived
mAbs. All twelve antibodies bound SARS-CoV-2 WH-1 and the Delta spike proteins with half-
maximal effective concentrations (EC50s) ranging from 6 to 21 ng/mL and 5 to 28 ng/ml,
respectively (Figure 2.2A, S2.2 Fig). Of these, 10 out of 12 mAbs, including C68.61, retained
similar binding breadth across SARS-CoV-2 variants, including Omicron XBB and BQ.1.1 variants
(EC50s 9 to 45 ng/ml and 11 to 62 ng/ml; Figure 2.2A, S2.2 Fig); only two mAbs, C68.88 and
C68. 239, did not bind Omicron variants. Together, these 12 mAbs bound SARS-CoV-1 spike
glycoprotein with EC50s ranging from 12 to 237 ng/ml (Figure 2.2A), with 10 mAbs displaying
EC50s less than 25 ng/ml, which is comparable to what has previously been reported for the

SARS-CoV-1 cross-reactive mAb S309 (112).
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Figure 2.2. Comprehensive functional characterization of C68 cross-reactive mAbs.
(A) C68 mAbs binding to SARS-CoV-2 variants and SARS-CoV-1 recombinant spike glycoprotein
by ELISA (OD450nm values). Half-maximal effective concentrations (EC50 values) calculated by

nonlinear regression analysis from at least two independent replicates. *Binding activity for
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C68.61 from (112). (B) SARS-CoV-2 variants and sarbecovirus neutralization activity. IC50 values
(ug/mL) were calculated by nonlinear regression analysis from at least two independent
experiments with technical replicates. Samples with IC50 values above 20 ug/mL were plotted at
20 pg/mL (no activity). *Neutralization activity for C68.61 and S309 against SARS-CoV-2 variants
and SARS-CoV-1 from (112). S309 neutralizing activity against WH-1 was not determined (ND).
(C) Pan-sarbecovirus RBD binding of select mAbs. Each antibody (row) was experimentally
measured for binding to each sarbecovirus RBD (column) via a multiplexed FACS-seq titration
assay with a yeast-display library of sarbecovirus RBDs. EC50 (ng/ml) value represents the
geometric mean across internally replicated barcodes within the library linked to the same
sarbecovirus RBD. (D) C68 mAbs can mediate antibody dependent cellular cytotoxicity. Cells
expressing SARS-CoV-2 D614G spike cells were incubated with C68 mAbs and effector cells
(PBMC) for 4h. NK cell degranulation (% CD107a+) was measured as a proxy for ADCC. The
assay was run in technical duplicate with two independent PBMC donors. Background subtracted

values (target cells + PBMC only) from a single donor are shown.

Using the pseudovirus-based neutralization assay described above, we assessed the
neutralizing potencies of these cross-reactive mAbs against a panel of SARS-CoV-2 variants and
bat SARS-like sarbecovirus strains known to utilize human ACE2 to infect cells: Pangolin GD,
WIV1, RsSHCO014, LYRa3 (67). WIV-1 and LyRa3 are 96% and 95% sequence similar to SARS-
CoV-1 (Urbani strain) RBD whereas Pangolin GD is closely related to SARS-CoV-2 WH-1 (96%
sequence similarity to RBD; S$2.3A Fig). Among the SARS-CoV-1 related bat-derived isolates,
RsSHCO014 shares 82% amino acid similarity in the RBD to SARS-CoV-1 and 77% similarity to
SARS-CoV-2 WH-1 RBD. We also examined neutralization against two representative clade 3
viruses that have been shown to utilize human ACE2 to infect cells in vitro, including Khosta-2
and the BtKY72 (K493Y/T498W mutant that confers human ACE2 binding) which share 70% and
74% similarity to SARS-CoV-1 (68, 69). We included four previously described cross-reactive
mAbs with functionally defined properties and epitopes for comparison: S309, S2H97, S2X259

and CR3022 (87, 128, 131, 133).
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C68.61, which was previously described as having breadth against SARS-CoV-2 variants
((112) and Figure 2.2B), also showed breadth against SARS-CoV-1-related sarbecoviruses
WIV1 (IC50s 0.23 pg/mL) and LyRa3 (IC50s 2.0 ug/mL) (Figure 2.2B). C68.61 did not neutralize
the more sequence divergent RsSHC014. We further examined neutralization against the more
distantly-related clade 3 sarbecoviruses Khosta-2 and the BtKY72 (68, 69). C68.61 neutralized
BtKY72 at an IC50 of 0.12 ug/mL but did not neutralize Khosta-2. S2H97 (129), which partially
overlaps the epitope escape profile of C68.61 defined by deep mutational scanning (DMS) (112),
exhibited similar cross-neutralization but reduced potency against more diverse sarbecoviruses
tested in parallel.

Among the 11 other newly isolated cross-reactive C68 mAbs, we observed limited breadth
and potency against SARS-CoV-2 Omicron variants. These 11 mAbs had geometric mean IC50s
ranging from 4.2 to 18 pg/mL among SARS-CoV-2 viruses (S2.3B Fig). Among animal
sarbecovirus strains, all mAbs tested were able to potently neutralize Pangolin-GD, which is highly
similar in sequence to SARS-CoV-2 WH-1 RBD and is generally an easy to neutralize SARS-
CoV-2-related strain, with IC50s ranging from 0.03 to 2.4 ug/mL (Figure 2.2B). Seven of these
eleven mAbs neutralized SARS-CoV-1 with IC50s ranging from 0.04 to 11 ug/mL. Several of
these mAbs also neutralized various clade 1a viruses, including some mAbs that did not neutralize
SARS-CoV-1, such as C68.239. Most notably, C68.88 neutralized all four SARS-CoV-1-related
viruses tested (IC50s ranging from 0.02 to 0.11 ug/mL), which was similar to some of the most
potent cross-reactive mAbs described to date, such as S2X259 (130) and S309 (131, 179) tested
here in parallel. C68.185 also showed similar potency against select SARS-CoV-1-related strains
as S309, and neither neutralized RsSHC014 (60, 112). C68.239 neutralized RsSHC014 with IC50
of 0.01 ug/mL, effectively complementing the activity of C68.185 against clade 1a viruses. There
was more limited activity against clade 3 viruses among these 11 mAbs; only C68.185 neutralized

both Khosta-2 and BtKY72.
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Thus, this complete set of 12 cross-reactive mAbs identified from C68 included examples
with: 1) activity against nearly all SARS-CoV-1 and SARS-CoV-2 variants tested (C68.61), 2)
activity against all SARS-CoV-1 clade 1a variants, but limited breadth against SARS-CoV-2
(C68.88) and 3) potent activity against select non-SARS-CoV-2 sarbecoviruses (C68.185 and
C68.239). While C68.61 showed the greatest overall breadth against the full virus panel tested
(neutralization of 12/14 viruses tested with geometric mean IC50 across the 12 viruses of 0.62
ug/mL; S2.3C Fig), the previously described S2X259 showed breadth against SARS-CoV-1-
related viruses (geomean IC50 of 0.32 ug/mL against human and animal sarbecovirus strains),
although it loses neutralization activity against the SARS-CoV-2 Omicron variants as previously
described (130, 133).
Exceptional binding breadth of C68 mAbs across sarbecoviruses

Given the cross neutralization profiles we observed for some mAbs, we explored the
extent of their cross reactivity using a yeast library displaying diverse sarbecovirus RBD proteins
from across the known evolutionary clades (87). The clades, which were defined based on
phylogenetic classification of their RBD sequence, share ~62-96% sequence similarity to SARS-
CoV-2 RBD (87). We tested four mAbs displaying high cross-neutralization activity (C68.61,
C68.88, C68.185, and C68.239) as well as one of the mAbs with more limited activity (C68.183)
and the RBD mAb C68.3, which we identified previously from C68 and has broad SARS-CoV-2
activity but does not bind SARS-CoV-1 (112). The other mAbs were not run with this assay due
to limitations in experimental throughput. We incubated the yeast-display library of sarbecovirus
RBDs across a mAb concentration gradient, sorted yeast into bins of weak, intermediate, or strong
mADb binding at each mAb concentration, and used deep sequencing to visualize the binding curve
of each RBD variant, yielding an EC50 measure of binding strength of each mAb to each RBD

isolate.
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C68.3 displayed a narrow binding profile with functional activity (dark blue squares) mostly
restricted to the SARS-CoV-2-related sarbecoviruses as well as weak binding (light blue square)
to Khosta-2 (Figure 2.2C). The weak, limited binding of C68.3 is consistent with other SARS-
CoV-2-specific mAbs that lack SARS-CoV-1 cross-reactivity (87, 185). C68.61, C68.88 and
C68.185 exhibited broad binding against the more sequence divergent sarbecovirus clades,
whereas C68.183 and C68.239 showed more restricted binding. Both C68.183 and C68.239
displayed restricted or weak binding against clade 2 viruses, which are ACE2-independent and
display low sequence similarity (~62-65%) to SARS-CoV-2 RBD (Figure 2.2C). C68.61, C68.88
and C68.185 not only bound to clade 2 viruses, but also clade 3 viruses, in which only Khosta-2
strain can bind human ACE2 (Figure 2.2C; S2.4A Fig). These mAbs showed distinct binding
cross-reactivity for specific RBDs and a pattern that suggests differential preference for binding
to certain clades. For example, C68.61 exhibited higher binding to clade 1b RBDs (geomean
EC50 0.25 ng/ml across clade 1b sarbecoviruses) than clade 1a (geomean EC50 1.9 ng/ml)
RBDs whereas the opposite was true for C68.185, which bound with a higher affinity to the clade
1a RBDs than clade 1b RBDs (geomean EC50 0.66 ng/ml and 1.3 ng/ml, respectively) consistent
with their differential neutralization profiles (Figure 2.2B; $S2.4A-B Fig). Both C68.61 and C68.185
displayed the broadest binding profiles; they potently bound nearly all RBDs evaluated (EC50
values less than 10,000 ng/ml), including RBDs from ACE2-independent clade 2 viruses,
suggesting they are targeting an epitope that is highly conserved across sarbecoviruses. Of note,
C68.61, C68.88, C68.183, C68.185, and C68.239 all showed cross-reactive binding to the
RsSHC014 RBD in the yeast assay, but only C68.88 and C68.239 showed detectable
neutralization of RsSHC014 spike-pseudotyped lentivirus. The two RsSHCO014-neutralizing
antibodies bind to a similar class 4 epitope while the three non-neutralizers bind to the class 5
epitope (see below), suggesting that RsSHC014 might exhibit conformational dynamics that limit
access to the class 5 epitope in the full spike context. In line with this, a recent cryo-electron

microscopy study of RsSHCO014 trimer revealed only structures with fully closed conformations
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where all RBD protomers are in ‘down’ position (197). This is unlike SARS-CoV-2 and SARS-
CoV-1 wherein at least one RBD protomer is in the “up” open conformation (8, 198, 199), and
thus may impact epitope accessibility and mAb neutralization.
Several cross-reactive C68 mAbs display Fc-mediated effector function

Given that ADCC, an Fc-dependent effector function largely mediated by natural killer
(NK) cells, has been associated with protection from SARS-CoV-2 infection in animal models and
human studies (154, 187, 200, 201), we tested the ability of the 12 cross-reactive mAbs to trigger
ADCC in primary human NK cells in the presence of SARS-CoV-2 spike expressing cells (target
cells). We adapted a validated SARS-CoV-2 specific ADCC assay (gating strategy shown in $2.5
Fig) (150, 202, 203) to quantify NK cell activation (surface CD107a (a proxy for degranulation)
and intracellular IFN-y) against target cells expressing SARS-CoV-2 D614G spike protein. We
included two spike-specific mAbs previously shown to mediate ADCC activity, CV3-25 and S309,
which induced robust NK cell activation in this assay (20% and 21% CD107a+ expression,
respectively; Figure 2.2D) (154, 187). The negative control mAbs, A32 (HIV-specific mAb) (204)
and S2X259 (a SARS-CoV-2 mAb previously reported to lack ADCC activity) (129), did not show
appreciable activity in this assay with less than 0.5% NK activation. Two C68 mAbs, C68.175 and
C68.239, induced the most robust NK cells CD107a expression (Figure 2.2D) to similar levels to
CV3-25 and S309, the latter of which has been shown to mediate ADCC and improve infection
outcome in animal studies (154, 203). Most of the C68 mAbs demonstrated intermediate levels
of CD107a expression, that were above the negative control mAbs, suggesting low level ADCC
activity. These data were observed for two independent donors (S2.6A Fig) indicating that this
phenotype is not donor dependent. CD107a expression also correlated with NK cell production of
intracellular IFN-y (§2.6D-E Fig), another marker for NK cell activation, and cell death of SARS-
CoV-2 spike expressing target cells (S2.6F-G Fig). All antibodies bound target cells expressing

the D614G spike above the negative control mAb (A32), except CR3022 and C68.121. Among
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the antibodies that could bind target cells, mAbs like C68.88 did not mediate ADCC functions,
suggesting that this was not due to absence of binding ability (S2.6B Fig). Consistent with this,
CD107a expression did not correlate with binding activity (S2.6C Fig). Overall, these data
demonstrate that in addition to neutralization, some C68 RBD antibodies induce robust NK cell-

mediated ADCC.

Epitope profiling of cross-reactive antibodies suggest they cluster within two major
epitope domains

To identify mutations that facilitate escape from antibody binding and assess the potential for
antigenic variation at these sites, we employed a yeast display deep mutational scanning library
encoding all possible amino-acid mutations in the RBD (87, 138, 161). This approach defines the
functional epitope and generally captures key residues important for antibody-RBD interaction
while also highlighting the mutations that are tolerant for viral functional activity, as mutations that
decrease ACE2 binding or RBD expression in the yeast-display platform also decrease spike-
mediated cell entry (162, 205). This approach has been used to map escape from structurally
defined antibody classes, and for the ~2 dozen antibodies that have been mapped via this same
deep mutational scanning method together with structural analysis, the escape maps have always
agreed with the structural mapping (87, 129, 130, 137-139, 164, 185, 206-208). Using this
approach, we classified C68 mAbs into two epitope profile groups: one which most resembles
class 4-like mAbs and another which resembles class 5-like mAbs. The class 4-like mAbs include
C68.88 and C68.239, which show activity against clade 1a sarbecoviruses (Figure 2.2C), while
the class 5-like mAbs includes C68.61 and C68.185, which shows breadth across clade 1a/b
sarbecoviruses and clade 3 viruses (Figure 2.2C).

Among the class-4 like mAbs, there is heterogeneity in the escape pathways. For example,
both C68.88 and C68.239 share escape mutations centered on sites that include 374 - 377

(Figure 2.3A) but C68.239 has additional sites that confer escape from binding. Additionally,
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these escape profiles generally aligned well with the functional data. For example, substitutions
at sites S375 and T376 occurred early in Omicron variants (Figure 2.3B) and are predicted to
facilitate escape from C68.88 and C68.239, which is consistent with the observed losses in
binding and neutralization against Omicron variants (Figure 2.2A-B). For this reason, the epitope
of these two mAbs were profiled in SARS-CoV-2 WH-1 RBD backgrounds as they retain binding
activity against this viral library. C68.88 appears to target residues that are relatively conserved
across SARS-CoV-1-related sarbecoviruses (Figure 2.3B), consistent with the observed
neutralization of these viruses (Figure 2.2C). C68.83, C68.121 and C68.348 show more limited
overlap in specific amino acids that drive escape but in general, the mAbs in this class target

epitopes distal from the ACE2 binding footprint (182).
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Figure 2.3. Epitope profiling by deep mutational scanning identifies a group of C68
mAbs targeting class 4 epitopes.
(A) Complete escape maps of antibody-binding escape mutations for C68 mAbs using a yeast-
displayed SARS-CoV-2 RBD deep mutational scanning system (Wuhan-Hu-1 RBD DMS for
C68.88 and C68.239; Omicron BA.2 RBD DMS for C68. 83, C68.121, C68.348). Residue colors
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are assigned based on effect these mutations have on RBD expression (with yellow indicating
mutations deleterious for RBD expression). The height of letters in the logo plots indicate level of
escape by that amino acid at that site. Logo plot residue numbering is based on SARS-CoV-2
WH-1 numbering. Experiments were performed in biological duplicate using independent mutant
RBD libraries (14) that correlate well (S2.10B Fig) so escape fractions represent the average of
these two independent biological replicates. On the right, sites of escape for C68 mAbs are
mapped onto the RBD structure and gradient of red coloring indicates magnitude of escape
fraction at each indicated site. (B) Multiple sequence alignments of select SARS-CoV-2 variants
and sarbecoviruses are shown corresponding to sites of escape. Residue numbering based on
SARS-CoV-2 Wuhan-Hu-1 sequence with shared amino acids denoted by dots (.) and differences
across sarbecoviruses relative to the reference sequence (SARS-CoV-2 Wuhan-Hu-1) indicated.
Pink triangles depict the sites of escape identified by the escape maps (Figure 2.3A).

The second cluster of C68 mAbs target regions that are spatially distinct from the first mAb
group. Many mutations at these regions are not well tolerated, indicated by decreasing RBD
expression at predicted escape pathways (Figure 2.4A). For example, some of the mutations that
allow escape from binding at sites 464-466 reduce RBD expression (yellow and orange colors;
defects in expression are predictive of defects in spike-mediated entry in orthogonal DMS
measurements (205); Figure 2.4A) and this is true for many of the predicted escape mutations
for class 5-like mAbs. Whereas the class 4-like mAbs are escaped by at least some mutations
that have minimal effects on SARS-CoV-2 RBD functional properties (Figure 2.3A; see the
volume of dark-colored letters, though positions in both epitopes may experience further
constraint beyond these isolated-RBD measurements due to quaternary packing in full spike
trimers). As previously described, C68.61 mAb escape mutations included sites K462, E465,

R466, and 1468, which are conserved sites across all SARS-CoV-2 variants and some

sarbecoviruses (Figure 2.4B).
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Figure 2.4. C68 mAbs target class 5 epitopes that are relatively invariant regions on the
Spike Protein.
(A) Complete escape maps of antibody-binding escape mutations for C68 mAbs using a yeast-
displayed SARS-CoV-2 RBD deep mutational scanning system (Omicron BA.2 RBD DMS for all
class 5 mAbs). Residue colors are assigned based on effect these mutations have on RBD
expression. The height of letters in the logo plots indicate escape scores. Logo plot residue
numbering is based on SARS-CoV-2 Omicron BA.2. Experiments were performed in biological
duplicate using independent mutant RBD libraries (14) that correlate well (§2.10B Fig) so escape
fractions represent the average of these two independent biological replicates. On the right, sites
of escape for C68 mAbs are mapped onto the RBD structure and gradient of red coloring indicates
magnitude of escape fraction at each indicated site. (B) Multiple sequence alignments of select
SARS-CoV-2 variants and sarbecoviruses are shown corresponding to sites of escape. Residue
numbering based on SARS-CoV-2 Wuhan-Hu-1 sequence with shared amino acids denoted by
dots (.) and differences across sarbecoviruses relative to the reference sequence (SARS-CoV-2
Wuhan-Hu-1) indicated. Pink triangles depict the sites of escape identified by the escape maps
(Figure 2.3A).

The key C68.185 mAb-escape mutations included sites 1396, K462, F464, S514, E516, and
L518, and, with the exception of K462, are all highly conserved among all sarbecoviruses (Figure
2.4A-B). Inspection of the logo plots of mutational effects indicates that these mutations are
largely not tolerated as they would be deleterious for SARS-CoV-2 RBD expression. In some
instances where we observed substitutions, there was a differential effect on neutralization in
different sarbecoviruses. SARS-CoV-1-related sarbecoviruses encode an arginine at position 462
as opposed to lysine in SARS-CoV-2, and we observed increased binding affinity (S2.4A-B Fig)
and neutralization potency (Figure 2.2B) to the SARS-CoV-1 viruses compared to SARS-CoV-2
viruses, suggesting that the arginine at this position may be preferred for C68.185 binding. The
K462N mutation found in RsHC014 may account for a loss in neutralization activity as C68.185
bound RsSHC014 RBD ~10-fold lower than SARS-CoV-1 RBD (Figure 2.2C; S2.4 Fig) and
studies have suggested that SARS-CoV-2 RBD binding is correlated with neutralization potency

(209-212). Overall, we see that these core-RBD-directed mAbs target epitopes that are
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mutationally constrained with respect to RBD expression and are highly conserved across the
sarbecovirus family.

We additionally chose to epitope profile a selection of C68 mAbs that broadly bind SARS-
CoV-2 variants but not SARS-CoV-1 spike trimer. We selected 2 additional mAbs to epitope
profile, C68.10 and C68.201, which share the heavy chain variable gene usage with C68.61 and
retain XBB spike trimer binding activity (Figure 2.1C). Interestingly, these mAbs are not clonally
related (do not share V(D)J gene rearrangement) to C68.61, yet the key alterations in the spike
protein that facilitate escape for these mAbs are centered around K462 similar to C68.61 (S2.7A
Fig). These sites are mutationally intolerant as substitutions would functionally constrain RBD
expression (Figure 2.4B; S2.7A Fig). Because these mAbs are targeting the RBD core, we
wanted to assess their pan-sarbecovirus RBD binding breadth. Despite overlapping escape maps
from SARS-CoV-2, these mAbs display different binding profiles across sarbecoviruses. Both
mADbs exhibit limited SARS-CoV-1-related protein reactivity (Figure 2.1C; S2.7B Fig) but C68.201
can additionally bind the sequence divergent clade 2 and clade 3 sarbecoviruses.
Computationally predicting RBD-bound antibody structures using AlphaFold 3
With advances in Al modeling of protein-protein interactions, we wanted to explore computational
tools for modeling antibody-antigen complexes. We used the deep neural network model,
AlphaFold 3 (AF3) (213, 214), which has the potential to predicts protein or complex structures
based on underlying protein sequence in some cases. We tested the ability of AF3 to predict
RBD-bound structures for each of the 12 mAbs presented here (S2.8A Fig.; sequences in
Supplemental Table 2.1). We then compared the predicted structural epitopes to the functional
epitopes (215) revealed by DMS experiments (Figure 2.3A and 2.4A), which has been shown to
always map precisely to within the structural epitope for multiple SARS-CoV-2 mAbs (87, 129,
137-139, 164, 185, 206-208). Overall, AF3 failed to accurately predict antibody epitopes in most
of this sampling of antibody:RBD complexes. Of the 12 models, two generally place the mAb at

the same epitope revealed by DMS with antibody:RBD side chain interactions that could be
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plausible (C68.61:RBD and C68.203:RBD). In the other 10, the AF3 model places the antibody
at an epitope that disagrees with the experimental DMS data. In these models, the antibodies
were predicted by AF3 to bind the RBD’s ACE2-contact surface; this would be inconsistent with
the observed cross-clade sarbecovirus breadth that we observed for these antibodies, as it has
previously been shown that antibodies to this surface have limited cross-reactive breadth (87,
141). Furthermore, in many cases of disagreement between AF3 prediction and DMS data, the
AF3-generated RBD structure does not resemble solved RBD structures, leading to predicted
epitopes that do not exist in the actual RBD (S2.8B Fig). Overall, we find that AF3 does not
accurately predict the epitopes of these RBD mAbs, which is consistent with the reduced accuracy
of protein-antibody structures observed in the original AF3 test data (216).
Resilience and exceptional mutation tolerance of C68 mAbs

To further assess the potential for escape from C68 cross-reactive mAbs, we employed a
replication competent recombinant vesicular stomatitis virus system (rVSV) where viruses bearing
spike in the presence of antibody select for antibody escape mutants (144, 217). rVSV with either
SARS-CoV-2 or SARS-CoV-1 spikes were cultured in the presence of antibody to select for
mutations, which were identified by next-generation sequencing. C68.185 drove selection for a
single substitution at site L504R (SARS-CoV-1 numbering) in rVSV-SARS-CoV-1 at 10 pg/mL
(Figure 2.5A), which is a site and residue that led to loss of antibody binding in DMS experiments
(Figure 2.4; L518R in SARS-CoV-2 WH-1 numbering). At a lower concentration (1 ug/mL),
selection occurred at additional sites centered at Y383H, R449G and Q523R (SARS-CoV-1
numbering). Two of these escape mutations were also identified by the SARS-CoV-2 DMS (Y396,
K462 in SARS-CoV-2 numbering). The third substitution identified is outside of the RBD and thus
not selected for in the RBD DMS experiments. For this reason, we cannot determine if this
mutation directly affects mAb binding or it was selected for other stochastic reasons, or is a

stochastic ‘passenger’ mutation in this single culture (143, 146).
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Figure 2.5. Selection experiments to identify escape mutation in the presence of SARS-
Cov-1 and SARS-CoV-2 encoding VSV in cell culture and SARS-CoV-2 evolution observed
in nature.

(A) C68 mADbs selection experiments in the context of SARS-CoV-1 replication competent VSV-
G. Frequency of variants in viral population in the presence of C68 mAbs (variant defined as
occurring at a frequency greater than 3%). (B) Neutralization activity of C68 mAbs (C68.61 in red
and C68.185 in blue) and S309 (in grey) against recently circulating and dominant SARS-CoV-2
variant spike-pseudotyped lentiviruses. Antibodies were two-fold serially diluted and tested
starting at 20 and/or 30 pg/mL. Samples with IC50 values above the tested concentration were
plotted at that concentration (>20 pg/mL is no activity). (C) Phylogeny of SARS-CoV-2 Pangolin
clade sequences containing C68 mAb RBD binding escape mutations (from Figure 2.4A)
(Nextstrain) for C68.61 (top panel) and C68.185 (bottom panel). Circles in teal are the residues
found in SARS-CoV-2 Wuhan-Hu-1 whereas viral genomes containing escape mutations are
indicated by yellow/blue circles. Depicts 3900 SARS-CoV-2 viral genomes that are sampled
between December 2019 and March 2024. (Nextstrain: https://nextstrain.org, CC-BY-4.0 license)

Remarkably, C68.61 did not drive escape in this replicating virus system bearing SARS-CoV-
1 or SARS-CoV-2 spikes (Figure 2.5A). C68.61 was then tested against three SARS-CoV-2
variants spikes (WH-1, Omicron BA.2 and XBB.1.5) that it neutralized in single-cycle infection
assays. This included a more recent Omicron variant XBB.1.5, which was tested because
previous DMS and replication competent VSV selection studies suggest there may broadening of
pathways of escape with later SARS-CoV-2 variants (144, 164). Thus, while there are amino acid
mutations that are predicted to disrupt C68.61 binding to RBD (by DMS experiments), viruses
with these substitutions were not selected in a replicating virus system, suggesting they may be
functionally constrained sites.

Given the lack of predicted escape in cell culture among SARS-CoV-2 variants, we next
evaluated the ability of two C68 broadly cross-reactive mAbs to neutralize the most recent
dominant circulating variants, JN.1 and EG.5.1 (218). C68.185 exhibited moderate neutralization

activity against both SARS-CoV-2 variants (EG.5.1 IC50s of 5.9 ng/mL and JN.1 IC50s of 1.6
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ug/mL; Figure 2.5B). C68.61 retained potent neutralization activity at <1 pug/mL against both
viruses with minimal fold differences in activity compared to SARS-CoV-2 WH-1 neutralization,
emphasizing this antigenic site is highly conserved. We also observed dramatic losses in
neutralization activity by S309 against JN.1 (IC50s >20 ug/mL), as has been observed by other

studies (219), suggesting this antigenic interface is sequence diverse (220).

Antibody-escape mutations are present at a low frequency in SARS-CoV-2 evolution

To examine antigenic variation in SARS-CoV-2 spike residues that disrupt antibody binding,
we used the bioinformatics tool Nextstrain to assess mutation frequency of SARS-CoV-2 spike
residues (221, 222). This tool has been used throughout the pandemic to understand SARS-CoV-
2 viral evolution by sampling temporal viral sequences from diverse geographic locations (Figure
2.5C, top panel; S2.9 Fig; 3900 genomes). Viral sequences that contained the C68.61 RBD
binding escape mutations at sites 357, 462, 465, 466, and 468 amounted to low viral diversity
with substitutions accounting for<2% frequencies at a given time. For instance, a R357K
substitution occurred but did not increase in frequency, further suggesting that this mutation may
have a fitness disadvantage. We observed a similar lack of viral diversity in these regions for
C68.185 (Figure 2.5C, bottom panel; S2.9 Fig). These epitope targets are not sites that are
commonly mutated throughout SARS-CoV-2 evolution (140, 223, 224) have also not been
observed in wastewater sequencing where “cryptic’” mutated lineages have been found (225, 226)

demonstrating that the C68.61 and C68.185 epitope has remained relatively unchanged.

DISCUSSION
Here, we have identified a collection of cross-reactive mAbs from a Delta breakthrough
infection that display cross-reactive neutralizing activity against diverse sarbecoviruses with high

spillover risk. Some mAbs displayed potent neutralization (half maximal inhibitory concentration
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<0.05 pg/mL) against SARS-CoV-1 as well as more divergent animal sarbecoviruses from Africa
and Europe. Notably, many of the isolated mAbs additionally demonstrated ADCC activity against
SARS-CoV-2 spike and two mAbs exhibited activity on par with another cross-reactive mAb,
S309, which has been shown to provide in vivo protective efficacy due to its neutralizing and non-
neutralizing effector functions (154). One mAb, C68.61, showed unattenuated neutralization
against all SARS-CoV-2 variants and several SARS-CoV-1 related sarbecoviruses as well as a
more divergent clade 3 bat sarbecovirus. Remarkably, C68.61 did not select for escape mutants
in the presence of replication competent virus and SARS-CoV-2 strains harboring C68.61 escape
mutations have not increased in prevalence in nature indicating constraints on escape from this
mAb. While deep mutational scanning indicates that all these mAbs target one of two regions in
the RBD core, previously defined as class 4 and 5 epitopes (59, 87), there is heterogeneity in the
escape pathways even among mAbs targeting a similar region.

While there was some overlap in the escape mutations among class 4 mAbs, each mAb had
a unique escape and neutralization profile. For instance, C68.88 exhibits a narrowly focused
epitope that partially overlaps that of C68.239, yet it shows greater cross-reactivity. While these
mADbs target epitopes distal to the ACE2 binding site, these antibodies exhibit potent neutralization
of a subset of SARS-CoV-2 and SARS-CoV-1 variants. Potent neutralization has been observed
by some class 4 mAbs whose angle of approach partially blocks ACE2 access as well as induces
S1 shedding (126, 129).

Among the class 4 mAbs previously characterized, there is diversity of contact residues that
encapsulate the mAb-RBD interface that may account for functional differences observed among
C68 mAbs. For instance, the structural footprint of mAb S2X35 includes residues adjacent but not
overlapping the receptor binding motif whereas the contact residues for mAb S304 are further
from the RBM (104). As a result, S2X35’s closer proximity to the ACE2 footprint resulted in greater
competition with ACE2 than S304 and this correlated with neutralization potency (104). Thus,

differences in angle of approach as well as antigen affinity could also contribute to differential
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functional activities including C68.239’s ability to mediate potent ADCC against SARS-CoV-2.
While class 4 targeting mAbs were posited as potential SARS-CoV-2 broadly neutralizing
antibodies (60, 111, 129), we and others have shown that these mAbs lose activity against SARS-
CoV-2 Omicron variants (126, 133). Still, their epitope is conserved across SARS-CoV-1-related
and ACE2-independent sarbecoviruses tested here and we extend the functional characterization
of this class of antibody by showing that a subset can display Fc-effector activation of immune
cells that can eliminate infected cells. If these findings extend to a larger virus panel, these mAbs
could hold promise as broad-spectrum antibodies against potential spillover sarbecoviruses (126,
129, 182).

The second cluster of C68 mAbs recognize a highly conserved cryptic epitope in RBD
designated class 5. While few class 5 mAbs have been comprehensively characterized, its known
that these mAbs target a conserved quaternary epitope that is accessible when spike has one-
RBD-up open conformation, while occupying the space of the N-terminal domain in an adjacent
protomer (87, 134, 183, 227, 228). Upon binding, tight packing of RBD-mADb interactions induces
further opening of the RBD protomer (87, 228) leading to conformational changes that induce S1
shedding. Many of the identified escape mutations were predicted to be functionally intolerant,
which is in agreement with published studies (112, 133, 183, 227), and may also be structurally
intolerant as these residues are involved in RBD-NTD interactions (134). DMS experiments
suggested that C68 mAbs bind to a similar cryptic antigenic region on the spike glycoprotein
shared with the class 5 antibody S2H97, which has been shown to reduce viral load in animal
studies when given prior to exposure (87). Additionally, some C68 class 5 mAbs displayed cross-
reactivity with SARS-CoV-1-related sarbecoviruses and can also neutralize the more divergent
African and European animal sarbecoviruses (87, 130). This breadth in sarbecovirus activity is
exemplified by C68.185, which shows notable binding activity against a diverse array of
sarbecovirus RBDs, as well as neutralization of clade 1a and clade 3 ACEZ2-dependent

sarbecoviruses, suggesting the sequence of this epitope is highly conserved among members of
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these viral clades. However, neutralization is weak against SARS-CoV-2 variants, perhaps
because the mechanism of neutralization for this class of mAbs lacks ACE2 blocking.

While binding to spike trimer and high sequence conservation of the binding residues were
largely predictive of neutralization activity, this was not always the case. For example, four of
twelve mAbs that were cross reactive based on binding to SARS-CoV-1 spike trimer did not
neutralize the corresponding virus. This discrepancy in binding and neutralization could be due to
differences in RBD dynamics between sarbecoviruses, as has been suggested for the class 4
mAb CR3022, which binds the one-RBD-up open conformation in SARS-CoV-1 but would
sterically clash with a neighboring RBD in SARS-CoV-2 (128). This may explain the ability of mAb
C68.121 to bind but not neutralize sarbecoviruses, since it overlaps in contact residues with
CR3022. While SARS-CoV-2, SARS-CoV-1 and other sarbecoviruses require one RBD in an “up”
conformation to bind host cell receptor (8, 198, 199), studies have indicated that SARS-CoV-2
variants also alter RBD conformational dynamics (229-231). This could indirectly affect binding
affinity and neutralization of mAbs whose epitopes are highly sequence conserved but may be
occluded in the closed RBD conformation (232), such as C68.175 and C68.203. Another
explanation for this differential effect in neutralization despite sequence conservation across
sarbecoviruses may be due to epistatic shifts as the accumulation of mutations outside the
antibody binding site may lead to shifts in the effect of residues on antibody function, which has
been observed in other viral contexts (233, 234) as well as in SARS-CoV-2 variants (144, 164).
While we performed our DMS experiments in the genetic background of the SARS-CoV-2 WH-1
or Omicron BA.2, the effects of mutations may differ in different viral contexts (144, 163).

SARS-CoV-2 evolution is likely shaped by both mutation and positive selection to evade
immunity, yet the capacity to escape antibody recognition can be limited by selection to maintain
functional capabilities (142). To examine this, we used a replicating virus system to select for
escape for two of the mAbs that neutralized SARS-CoV-1 and SARS-CoV-2 and show activity

against more diverse sarbecoviruses. In the case of C68.185, which neutralized several clade 1a
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and clade 3 sarbecoviruses, escape mutants against SARS-CoV-1 virus were selected. Some of
the selected mutations are highly sequence conserved across sarbecoviruses including SARS-
CoV-2 emerging variants. Remarkably, there was no evidence of escape from C68.61 for either
SARS-CoV-1 or SARS-CoV-2 in this same assay, including different SARS-CoV-2 variants. In
agreement with this finding, SARS-CoV-2 variants that contain these spike substitutions occur at
very low frequency in nature and there is no evidence of expansion of these rare mutants. Thus,
mADbs like C68.61 that can functionally constrain sarbecovirus spike evolution could lead to
broadly protective interventions for current and emerging SARS-CoV-1 and SARS-CoV-2 variants
and inform pan-sarbecovirus vaccine strategies.

This study identified new antibodies with a range of cross-reactivity that target diverse
epitopes within the core of RBD, including functionally constrained epitopes. Several of these
mAbs have complementary neutralization and DMS epitope profiles that suggest they have
minimal or non-overlapping escape mutations. Thus, a combination of these mAbs could form the
basis for an antibody cocktail that would show activity across very diverse sarbecoviruses to be

used in the event of another pandemic (123, 235).

MATERIALS AND METHODS
Human PBMC specimen

Peripheral blood mononuclear cell (PBMC) sample was collected at 30 days after a
breakthrough infection from an individual, C68, who received two doses of the Pfizer-BioNTech
mRNA vaccine and was subsequently infected with the Delta variant. C68 was enrolled in the
study and followed prospectively as part of the Hospitalized or Ambulatory Adults with Respiratory
Viral Infections cohort (study approved by the University of Washington Protocol
#STUDY00000959 and Fred Hutch Cancer Center Institutional Review Boards). Written, informed
consent was obtained from individual C68 at the time of enroliment in July 2021.

SARS-CoV-2 memory B cell isolation and antibody reconstruction

57



The methods of isolation of SARS-CoV-2 memory B cells from C68 were previously
described (112, 113). In brief, cells were incubated with a cocktail of anti-CD3-BV711 (BD
Biosciences, clone UCHT1), anit-CD14-BV711 (BD Biosciences, clone M@P9), anti-CD16-BV711
(BD Biosciences, clone 3G8), anti-CD19-BV510 (BD Biosciences, clone SJ25C1), anti-IgM-FITC
(BD Biosciences, clone G20-127), anti-lgD-FITC (BD Biosciences, clone IA6-2) along with
APC/PE-labeled Delta HexaPro spike protein (a generous gift from David Veesler) and spike S2
peptide (Acro Biosystems, cat. S2N-C52E8) for 30 minutes on ice. Single B cells defined as CD3",
CD147, CD167, CD19%, IgD", IgM~, PE*, APC" and live cells (Ghost Dye Red 780; Tonbo
Biosciences cat: 13-0865-T500) were sorted (BD Biosciences, FACS Ariall) into a total of four 96-
well PCR plates containing RNA storage buffer and stored at -80C. RNA storage buffer consists
of RNAse OUT, 5X first-strand buffer, 0.1 M DTT, Igepal, carrier RNA, ultrapure water.

A total of 384 SARS-CoV-2 Delta trimer and/or S2 subunit specific B cells were recovered
from C68. Reconstruction of antibodies was conducted as previously described (112, 113, 236—
238). RT-PCR amplification of IgG antibody heavy and light chain variable regions was performed
followed by nested chain-specific amplification PCRs (112, 236, 239). Two different primer sets
were used to maximize recovery of antibody chain DNA (240, 241). Amplicons were sequenced
and the sequences were initially assessed for the presence of an intact open-reading frame (in-
frame junction and no stop codons) by comparing the sequences to IMGT V-QUEST (242, 243).
Functional sequences were then subcloned into their respective IgK or IgL expression vectors
and all heavy chain were expressed as IgG1 (237, 238). To determine levels of somatic
hypermutation, clonality, and germline inference were performed with the partis software package

(https://github.com/psathyrella/partis/ and https://arxiv.org/abs/2203.11367). Of the 384 B

cells recovered, 118 had paired functional heavy and light chain sequences and of these 45 (42
newly identified mAbs characterized here and 3 RBD-targeting mAbs in (112)) were found to be

RBD specific based on binding to the RBD subunit. The remaining mAbs have been characterized
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here (112, 113) and were found to be NTD (17), CTD (3), S2 (29) or not binding reactive to SARS-
CoV-2 antigen.
Antibody binding profiling by enzyme-linked immunosorbent assays

Antibody binding to SARS-CoV-2 or SARS-CoV-1 recombinant spike protein was
performed using ELISA as previously shown (112, 244). Briefly, 384-well maxisorp plates (Nunc,
Thermo Fisher Scientific) were coated with SARS-CoV-2 or SARS-CoV-1 antigen 25 uL at 1 pg/ml
in 1x phosphate buffered saline (PBS) coating buffer overnight at 4°C. The recombinant spike
protein included: Wuhan- Hu-1 (Sino Biologics; cat. 40589-V08H4), Delta (Sino Biologics; cat.
40589-V08H10), Omicron BA.1 (Sino Biologics; cat. 40589-V08H26), Omicron BA.2 (Sino
Biologics; cat. 40589-V08H28), Omicron BA.4/BA.5 (Sino Biologics; cat. 40589-V08H32),
Omicron XBB (Sino Biologics; cat. 40589-V08H40), Omicron BQ.1.1 (Sino Biologics; cat. 40589-
VO8H41), and SARS-CoV-1 (Acro Biosystems, CUHK-W1 strain) as well as the SARS-CoV-2
RBD subunit (Sino Biologics; cat. 40592-V08H). The following day, plates were washed 4x with
100 uL of PBS-T (1x PBS, 0.05% Tween-20) using a plate washer. Plates were then blocked in
50 uL of 3% non-fat dry milk in PBS-T for 1 hour at ambient temperature. Blocking buffer was
removed and plates were incubated with 25uL monoclonal antibody dilutions for 1 hour at 37 °C.
Plates were then washed and incubated with HRP-conjugated goat anti-human IgG antibody
(Sigma-Aldrich) (diluted 1:2500 in PBS-T) for 1 hour at ambient temperature. Plates were washed
and incubated with TMB substrate (Thermo Fisher Scientific) for ~3-5 minutes until the reaction
was quenched with 1N sulfuric acid. Finally, plates were read at absorption 450 nm (BMG
Labtech). For ELISAs that were used to screen for SARS-CoV-2 specificity (Figure 2.1A), the
binding assay was performed at a single antibody dilution (500 ng/ml) and background in the 1x
PBS control was subtracted to determine binding activity (OD450). Results presented were the
average of technical duplicates. For experiments to determine the 50% effective concentration
(EC50), ELISAs were performed at a starting concentration of 1000 ng/ml antibody and serially

diluted 2-fold for at least 12 dilutions. OD450 nm values minus background from 1x PBS only
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wells were averaged from technical duplicates and the final results presented are the average of
two biological replicates in technical duplicate. EC50 was calculated using GraphPad Prism
software (v10) by fitting a four-parameter (agonist vs response) nonlinear regression curve with
the bottom fixed at 0 and the top constrained to the highest OD450 nm value observed.
Spike-pseudotyped lentiviral particle production and neutralization assays
Spike-pseudotyped lentiviral particle production was performed in 293T cells expressing
high levels of ACE2 as previously described (76, 112, 244, 245). Sarbecovirus spike plasmids
with spike genes specific for SARS-CoV-2 variants WH-1, Delta, Omicron BA.1, Omicron BA.2,
Omicron BA.4/BA.5, as well as SARS-CoV-1 (Urbani strain), BtKY72 (K493Y/T498W mutant),
Khosta-2, WIV1, LYRa3, Pangolin-GD, RsSHC014 were provided as follows: BA.4/5, XBB.1.5,
BQ.1.1, EG.5.1, JN.1 and SARS-CoV-1 were generated as previously described (246); WH-1,
BA.1, BA.2 were provided by Jesse Bloom (76, 245); Delta was a gift from Amit Sharma; BtKY72,
Khosta-2, WIV1, LYRa3, Pangolin-GD, RsSHC014 were gifts from Pamela Bjorkman (182).
Supernatant from transfected 293T cells was harvested 72-hour post-transfection and sterile
filtered through a 0.2-um filter and concentrated using Amicon Ultra Centrifugal Filters (Sigma-
Aldrich). Pseudovirus was then used to infect 293T cells constitutively expressing human ACE2
(generously provided by Jesse Bloom) (76), and viral titer was determined by measuring
luminescence using Bright-Glo Luciferase Assay System (Promega) at 48 hours post-infection.
In vitro spike-pseudotyped neutralization assays were performed as previously described
(76, 112, 244). Briefly, 2.5e5 cells/ml of HEK293T-hACE2 cells were plated in 15 ul of complete
media per well in a 384-well plate (Fisher Scientific; cat. 142761). Twelve to sixteen hours later,
pseudotyped lentiviral particles were added to obtain 2-5 x 10° relative luciferase units (RLUs) of
luminescence signal per well to an equal volume of serially diluted antibody sample. To determine
the inhibitory concentration at 50% (IC50), antibody dilutions were prepared at a starting

concentration of 20 or 30 pg/mL and two-fold mAb dilution curves were assessed. Antibody-
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pseudovirus mix were then added to a pre-seeded plate of HEK293T-hACE2 cells. Forty-eight
hours later, 30 ul of virus-mAb mixture was removed and 9 pl of Bright-Glo Luciferase Assay
Reagent (Promega; cat. E2610) was added to the plated cells. Plates were then read by
measuring luminescence. Background values were subtracted using the “cells only” condition as
background signal. Percent neutralization was then calculated as a reduction in RLUs of each
antibody-pseudovirus mix compared to cells infected with virus in the absence of antibody (cells
and virus only). If the “cells and virus only” condition was 1.3x higher than the average
luminescence signal from the non-neutralizing wells (highest diluted mAb plus virus condition),
then the non-neutralizing wells were defined as the background signal to minimize potential
variability due to edge effects. Spike-pseudotyped neutralization assays were done in technical
duplicate and replicate experiments were averaged, and the fraction of infectivity was calculated.
We calculated the IC50 using GraphPad Prism software by fitting a four-parameter (agonist vs
response) nonlinear regression curve with the bottom fixed at 0, the top constrained to 1 and

HillSlope > 1.

SARS-CoV-2 spike antibody-dependent cellular cytotoxicity assay

To measure Fc-mediated function of C68 mAbs, we adapted a validated SARS-CoV-2 specific
ADCC assay (113, 150, 151, 203). CEM.NKTr cells stably expressing a full length GFP-tagged
SARS-CoV-2 spike (variant D614G; target cells) were generously provided by Andrés Finzi.
Cryopreserved PBMCs (effector cells; acquired from Bloodworks Northwest or kindly given from
Andrés Finzi) from healthy donors were thawed and rested overnight in RPMI (Gibco)
supplemented with 10% FBS (Gibco), 4.0mM Glutamax (Gibco) and 1% antibiotic-antimycotic
(Life Technologies). The following day, effector cells were mixed at a 10:1 ratio with target cells
with C68 mAbs in a 96-well v-bottom non-TC treated plates. All C68 monoclonal antibodies were
diluted in 1x PBS and tested at 5000ng/ml. This concentration of 5000ng/ml was chosen because

it was the highest activity observed before reaching the prozone effect based on previous studies
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(203) and in-house experiments comparing ADCC activity at different dilutions (not shown).
Effector cells, target cells and antibodies were mixed and incubated with anti-CD107a-APC (clone
H4A3, BioLegend) and protein transport inhibitor cocktail (1:500 dilution in 1x PBS, eBioscience).
The plates were subsequently centrifuged for 1 min at 100xg, and incubated at 37°C, 5% CO: for
4 hrs. After incubation, cells were washed and centrifuged at 400xg for 3 minutes. Cells were
stained with an antibody cocktail consisting of: viability dye (Viability Dye eFluor 780; Thermo
Fisher Scientific), anti-CD3-BV711 (Clone UCHT1, Biolegend), anti-CD56-BV605 (clone 5.1H11,
BioLegend), and anti-CD16-BUV395 (clone 3G8, BD Horizon) on ice for 30 minutes. Cells were
washed, fixed and permeabilized (eBioscience Intracellular Fixation & Permeabilization Buffer
Set) before staining for intracellular IFN-y-PE (clone 4S.B3, BioLegend) for 20 minutes at room
temperature. Cells were acquired on a Fortessa LSR instrument (Fortessa X50, BD Biosciences).
ADCC was measured as the percentage of NK cells (defined as live, singlets, GFP-, CD3-, CD56+
cells) positive for CD107a or intracellular IFN-y (gating strategy shown in S5 Fig.). Target cell
death was measured as percentage of spike expressing target cells positive for cell death marker
(gating strategy shown S5 Fig.). Data analysis was performed using FlowJo v10.7.1. Each
experiment was performed in technical duplicates and with two independent PBMC donors.
Experimental values shown are background subtracted (background defined as spike expressing
target cells and effector cells in the absence of antibodies).
Epitope mapping and escape profiling by yeast display RBD DMS

To determine the epitope targets and the escape profiles of mAbs, we used a yeast library
displaying RBD proteins with nearly every single amino acid mutation in the RBD of Wuhan-Hu-
1 or Omicron BA.2, as previously described (87, 112, 138). First, a yeast strain expressing the
unmutated RBD of Wuhan-Hu-1 or Omicron BA.2 and flow cytometry were used to identify an
EC90 concentration for antibody binding to the wildtype yeast-displayed RBD construct. Then,

approximately 5 OD units of yeast libraries were incubated with that EC90 concentration of mAb.
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Cells were washed and incubated with 1:200 PE-conjugated goat anti-human-lgG antibody
(Jackson ImmunoResearch; clone 109-115-098), and 1:100 FITC-conjugated chicken anti-Myc-
tag (Immunology Consultants Lab; clone CYMC-45F). A FACS-based approach was used to
identify antibody escape mutants by gating on yeast mutants with reduced antibody binding, with
gates drawn on wildtype control cells labeled at 10% of the library selection mAb concentration to
approximate an escape bin of 10x or greater loss of binding (S$2.10 Fig). Approximately, 4 million
RBD+ cells were sorted on a FACS Ariall.

Pre-sort and sorted antibody-escape cells were sequenced using an lllumina NovaSeq and a
16-nucleotide barcode linked to each RBD mutant was used to identify the mutant sequence. Raw
sequence reads are available on NCBI Sequence Read Archive (SRA), BioProject
PRJINA770094, BioSample SAMN40905401. Sequencing reads were then compiled and
compared to the pre-sort population frequencies to generate the “escape fraction” visualized on
logoplots. Experiments were performed in biological duplicate using independent mutant RBD
libraries (161) that correlate well (S2.10B Fig) so escape fractions represent the average of these
two independent biological replicates. Wuhan-Hu-1 RBD library backgrounds (used to profile
C68.88 and C68.239) and Omicron BA.2 (used to profile C68.61, C68.83, C68.121, C68.175,
C68.183, C68.185, C68.200, C68.203, C68.327, C68.348) were chosen based on initial binding
experiments assessing ability to bind either Wuhan-Hu-1 RBD or Omicron BA.2 RBD expressed
on the surface of yeast (not shown but aligns with ELISA binding experiments, Figure 2-2A). Final
escape fraction measurements averaged across two replicates are available from GitHub:

https://qithub.com/tstarrlab/SARS-CoV-2-

RBD_ Omicron MAP_Overbaugh_v2/tree/main/results/supp data. The entire pipeline for

epitope escape profiling is available from GitHub: https://github.com/tstarrlab/SARS-CoV-2-

RBD Omicron MAP Overbaugh v2.
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Antibody selection experiments using replication competent VSV expressing sarbecovirus
spike
To assess what escape mutants arise in the presence of C68 mAbs in the context of virus
replication, we used a recombinant replication-competent vesicular stomatitis virus (rVSV)
expressing the SARS-CoV-2 variants (rVSV/SARS-CoV-2/GFP) or rVSV/SARS-CoV-1/GFP
spike as previously described (137, 144). Generation and titering of rVSV/SARS-CoV-2/GFP
chimeric viruses using 293T cells expressing ACE2 has been previously described (144, 217).
Antibodies were incubated with rVSV at 1 million infectious units and tested at either 1 or

10 ug/mL with concentration determined by potency of a given mAb. The antibody-virus mix was
incubated for 1 hour at 37°C before infecting ACE2 expressing 293Ts (Passage #1). Twenty-four
hours later, supernatant was removed and replenished with fresh media containing mAb at the
same antibody concentration. After an additional 24 hours, 100 uL of the virus-containing
supernatant was filtered and incubated with antibody at the same concentration for 1 hour at 37
C. This virus-antibody mixture was then used to inoculate fresh 293T-ACE2 cells for a second
passage with the above passaging steps repeated. After two passages, viral supernatant was
harvested and viral RNA was extracted. RT-PCR was used to amplify the RBD and RBD
amplicons were then tagged for sequencing analysis using Nextera TDE1 Tagment enzyme
(Nlumina) and then i5/i7 barcoded primers were added to tagmented cDNA using Illlumina Nextera
XT Index Kit v2 and KAPA HiFi HotStart ReadyMix (Roche) to barcode amplicons. The barcoded
library was then pooled and sequenced. Sequencing reads were filtered and compared to the
parental spike sequence with mutation counts compiled. A mutation was defined as a true variant
if substitution occurred at a frequency greater than 3%.
Yeast display of sarbecovirus RBDs binding assays

To evaluate the ability to bind a panel of sarbecovirus RBDs, we used yeast libraries
displaying RBDs from sarbecoviruses representing different clades as previously described (68,

87). A full list of all RBDs and sequence accession numbers is available on GitHub:
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https://qithub.com/tstarrlab/SARSr-CoV mAb-breadth Overbaugh/blob/main/data/data-

supp RBD-sequences.csv. Briefly, sarbecovirus clades were phylogenetically defined based

on RBD sequence, with the Hibecovirus RBD sequence (GenBank: KF636752) used to root the
sarbecovirus phylogeny tree. Each sarbecovirus RBD is represented by >100 barcodes such that
technical pseudo-replicates can be ascertained within each binding experiment. Antibodies were
incubated with sarbecovirus libraries at five concentration points (10,000 ng/mL and four serial
25-fold dilutions to 0.0256 ng/mL; plus zero mAb condition). Approximately 1 OD units of yeast
libraries were incubated with serially diluted mAb. Cells were washed and incubated with 1:200
PE-conjugated goat anti-human-IgG antibody (Jackson ImmunoResearch; clone 109-115-098),
and 1:100 FITC-conjugated chicken anti-Myc-tag (Immunology Consultants Lab; clone CYMC-
45F). At each concentration, approximately 1 million RBD+ cells were sorted and binned
representing 4 cell populations of low and high mAb binding. Barcodes were counted within each
FACS bin via lllumina sequencing, with raw sequence reads available on NCBI SRA, BioProject
PRJINA714677, BioSample SAMN40905419. EC50s were calculated using the sequence data of
each serially diluted bin allowing us to visualize approximate differences in affinity between
different sarbecovirus RBDs. EC50 scores are the geometric mean across the independent
barcodes. Violin plots show distribution of Log10 EC50 values from independent barcodes. The
computational pipeline for computing sarbecovirus mAb-binding breadth is available on GitHub:

https://qithub.com/tstarrlab/SARSr-CoV mAb-breadth Overbaugh.

AlphaFold 3 modeling of antibody-antigen interactions

Sequences of the heavy and light-chain of the 12 cross-reative mAbs modeled (sequences in
Supplemental Table 2.1) and the SARS-CoV-2 WH1 RBD sequence with residues 333-526 were
input as 3 separate proteins into the GUI at https://alphafoldserver.com/ as molecule type: protein,
copies = 1 (213). Predictive structures were generated using AlphaFold3, with 5 predicted

structures created for each mAb:RBD complex and the structure with the highest overall
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confidence score (which also corresponded to the highest RBD score) was selected for further
analysis. Predictive structures were aligned to the RBD chain of PDB: 6M0J (247) using the align

function in Pymol version 2.5.0 (https://pymol.org), generating an RMSD value and a structural

overlay for use in figures and interpretation.
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INTRODUCTION
(introduction adapted from JO HB pilot grant with modifications)

SARS-CoV-2 vaccines have improved COVID-19 disease outcomes and neutralizing
monoclonal antibodies were effective at preventing and treating early strains of SARS-CoV-2
infection (235, 248-251). Therapeutic antibodies play a crucial role in treating SARS-CoV-2

infections to minimize disease-severity. They are invaluable for individuals who cannot receive
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vaccinations due to health conditions and for immunocompromised individuals who are unable to
mount a protective immune response even after vaccination. However, the ongoing evolution of
SARS-CoV-2 has led to the emergence of Omicron variants with numerous mutations, which have
significantly diminished the efficacy of antibodies elicited by infection and vaccination, as well as
therapeutic monoclonal antibodies (mAbs) (133, 140-142, 252, 253). At present, there is only one
currently authorized mAb by the Food and Drug Administration to protect certain
immunocompromised individuals (254), meaning the options for treatment of serious cases of
COVID-19 are limited in both number and efficacy.

Because the immune response from vaccination and infection is not sterilizing, the virus
replicates for days, sometimes weeks, in the face of neutralizing antibodies generated by these
exposures, most of which target the receptor binding domain (RBD) in the S1 subunit of the viral
spike glycoprotein (104—106, 178, 255). Not surprisingly then, the antibody escape observed for
SARS-CoV-2 variants is driven mostly by mutations in the RBD, which shows remarkable ability
to tolerate variation while retaining function through epistatic interactions with other mutations
(140, 144, 163, 256). Many of these mutations are located at sites targeted by therapeutic mAbs,
and are no longer active because they target variable regions within the RBD (133, 140-142,
252). For instance, the JN.1 variant and its sub-lineages are the dominant circulating lineages of
this year and are distinguished by the D339H, R346T, F456L, and L455S mutations in RBD (218).
S309 (131) was a previously authorized therapeutic mAb that exhibited broad-spectrum
neutralizing activity but was recently escaped by JN.1 subvariants due, in part, to the changes in
chemical properties at these substitution sites (135, 219, 257, 258).

For these reasons, there is a critical need to understand the properties of antibodies that retain
breadth and potency against SARS-CoV-2 variants that target more conserved epitopes.
Numerous studies have pursued this goal by identifying mAbs that exhibit broad sarbecovirus

neutralizing activity, the hypothesis being these cross-reactive antibodies would target highly
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conserved sarbecovirus epitopes that may represent functional constraints to viral evolution (60,
87,112, 126, 127, 129, 131, 133-135, 185, 210, 259, 260). While a number of these antibodies
have been escaped by SARS-CoV-2 Omicron variants, this extensive body of research has
shown that there are conserved sarbecovirus epitopes with minimal antigenic variation. We
previously identified several such antibodies in one individual that experienced a heterologous
antigen exposure of SARS-CoV-2 spike through a Delta breakthrough infection (BTI) subsequent
to WH-1 mRNA vaccination (112) (and Chapter 2). One of these mAbs (C68.61) target more
sequence conserved regions in the core region of the RBD where there has been minimal
antigenic variation in SARS-CoV-2 variants. Interestingly, we have recently discovered that
C68.61 shows breadth not only across SARS-CoV-2 variants, but also against diverse
sarbecovirus variants (135) (Chapter 2) and selection for resistance against SARS-CoV-2 or

SARS-CoV-1 could not be driven in vitro.

Given the resilient functional properties of mAbs from this individual after a breakthrough
infection, we sought to determine whether mAbs with even greater breadth or potency might be
present after subsequent vaccinations and heterologous antigen exposure to genetically diverse
SARS-CoV-2. Several studies have shown an increase in breadth and potency in plasma
responses with repeated exposure to spike antigen (261, 262), as would be predicted with
increased somatic hypermutation (SHM). Likewise, SARS-CoV-2 genetic diversity may provide
antigenic diversity that drives the development of a more potent and or broad neutralizing antibody
response. In line with this, individuals with an Omicron variant exposure developed higher and
broader neutralizing titers against Omicron variants than individuals with multiple exposure to the
parental mRNA strain by vaccination (140, 169, 174, 263). Thus, we isolated spike-specific B cells
from a later time point in this individual, a time where the last breakthrough infection was during
a period when the Omicron BA.5 lineage was the dominant circulating variant (264, 265). To

maximize our chances to isolate mAbs to relevant SARS-CoV-2 variants as well as to diverse
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sarbecoviruses, we used SARS-CoV-2 Omicron XBB.1.5 and SARS-CoV-1 spike glycoprotein as
bait for identifying B cells of interest. We characterized the genetic (clonality, somatic
hypermutation) and functional (binding and neutralization activity) properties of mAbs
reconstructed from these bound B cells. In this chapter, | will present the data that we have
acquired to-date to gain an improved understanding of the antibody response after an Omicron
BTI.

MATERIALS AND METHODS

Participant information

Peripheral blood mononuclear cell (PBMC) sample was collected at 30 days after a breakthrough
reinfection (likely Omicron BA5 based on dominant circulating variants at the time of reinfection)
from an individual, C68. C68 has previously received three doses of the Pfizer-BioNTech mRNA
vaccine and was previously infected with the Delta variant. Study participant C68 was enrolled in
a study of convalescent adults with respiratory viral infections in the Hospitalized or Ambulatory
Adults with Respiratory Viral Infections (HAARVI). This study was approved by University of
Washington Protocol #STUDY00000959 and institutional review boards at the Fred Hutchinson
Cancer Center.

B cell isolation approach

A PBMC sample from 30 days post-reinfection containing 11.2 million viable cells was stained on
ice and sorted as described in (112, 113, 135) with modifications. In brief, cells were washed and
stained on ice for 30 minutes using a cocktail of antibodies recognizing the fluorescent proteins
APC or PE and the following cell markers: CD3, CD14, CD16, CD19, IgM, and IgD. PBMCs were
also incubated with protein APC/PE-labeled with biotinylated SARS-CoV-2 Omicron XBB.1.5
Spike Trimer Protein (Acro Biosystems, cat. SPN-C82Ez-25ug) and biotinylated SARS-CoV-1
Spike trimer (Acro Biosystems, cat. SPN-S82E3-25ug; CUHK-W1 strain, accession#:
AY278554.2). Biotinylated spike proteins were conjugated to streptavidin-fluorophores APC/PE

(from BioLegend), overnight at 4°C the day before cell sorting. Cells were then washed once and
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loaded onto a BD FACS Aria Il cell sorter, and IgG expressing antigen-specific B cells were
identified as CD3-, CD14-, CD16-, CD19+, IgD-, IgM-, PE+, APC+ and live cells (Ghost Dye
Red 780; Tonbo Biosciences cat: 13-0865-T500) and were sorted into a total of four 96-well PCR
plates containing RNA storage buffer and stored at —80C.

Recombinant antibody production and purification:

Amplification of variable heavy and light chain genes (VH and VL) were performed as described
(112, 113, 135, 236-238). A total of 384 SARS-CoV-2 Omicron XBB.1.5 spike trimer and/or
SARS-CoV-1 spike trimer specific B cells were recovered from C68. A total of 265 VH, with 253
yielding productive VH genes (VDJ rearrangement with in-frame open reading frame and with no
premature stop codons) were successfully amplified from 384 samples.

The recombinant antibodies were expressed in HEK293F cells through transient transfection with
equal amounts of paired heavy and light chain plasmids as described by us elsewhere (112, 113,
135). Antibody gene analysis was conducted with the B cell repertoire genetic analysis software
partis (191, 266) to assess somatic hypermutation, clonality, and germline inference. In total, 50
VH and VL combinations were produced for testing. Of these 50 mAbs, 24 were RBD-targeting
mADbs, 3 N-terminal domain (NTD) mAbs, 3 subdomains | (SD1) mAbs, and 15 S2 subunit-
targeting mADs.

ELISA binding assay

Antibody binding to SARS-CoV-2 or SARS-CoV-1 recombinant spike protein was performed using
ELISA as previously described (112, 113, 135, 244). For ELISAs performed in Figure 3.5, all
antibodies were tested at a single concentration (1000 ng/ml) with OD450 nm values representing
the average of technical duplicates with background subtracted from 1x PBS only wells.

For experiments to determine the 50% effective concentration (EC50) of C68.490, ELISAs were
performed at a starting concentration of 1000 ng/ml antibody and serially diluted 2-fold for at least

10 dilutions. EC50 was calculated using GraphPad Prism software by fitting a four-parameter
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(agonist vs response) nonlinear regression curve with the bottom fixed at 0 and the top
constrained to the highest OD450 nm value observed.

Pseudoviral Neutralization assay

Antibodies were tested against pseudotyping lentiviral particles on 293T-ACE2 expressing cells
as described previously (112, 113, 135). Sarbecovirus spike plasmids with spike genes specific
for SARS-CoV-2 variants, SARS-CoV-1 (Urbani strain), BtKY72 (K493Y/T498W mutant), Khosta-
2, WIV1, LYRa3, Pangolin-GD, RsSHC014 were generated as previously described (113, 135).
Neutralization assays were carried out with 293T-ACE2 cells stably over-expressing human ACE2
(76). To determine the inhibitory concentration at 50% (IC50) for all mAbs in Figure 3.6, antibody
dilutions were prepared at a starting concentration of 20 ug/mL and three-fold mAb dilution curves
were assessed in a 384-well format. For C68.490 (Figure 3.9), antibody dilutions were prepared
at a starting concentration of 20 ug/mL and two-fold mAb dilution curves were assessed in a 384-
well format. IC50 was calculated in PRISM statistical software by fitting a four-parameter (agonist
vs response) nonlinear regression curve with the bottom fixed at 0, the top constrained to 1 and
HillSlope > 1.

Alphafold antibody-antigen interaction prediction
Variable domains of the heavy and light chain antibody sequences for C68.490 and the SARS-

CoV-2 WH1 RBD sequence (residues 331-531) were input as 3 separate proteins into the GUI at
https://alphafoldserver.com/ as molecule type: protein, copies = 1 (213). Predictive structures
were generated using AlphaFold3, with 5 predicted structures created for each mAb:RBD
complex and the structure with the highest overall confidence score was selected for further
analysis. For C68.490, the predictive structures were aligned to the RBD chain of PDB: 6M0J

(247) using the align function in Pymol (v2.x) (https://pymol.org), generating an RMSD value

and a structural overlay for use in Figures 3.10 and 3.11. For S2X259, the AF3 predictive
structures were aligned to the experimental determined structure of Fab bound to SARS-CoV-2

WH1 RBD (7M7W) and an RMSD value was similarly calculated.

72



RESULTS

Isolation of broad SARS-CoV-2 and SARS-CoV-1 spike-specific monoclonal antibodies

To examine the evolution of the antibody response in C68 after additional exposures to SARS-
CoV-2, we collected peripheral blood mononuclear cells (PBMCs) from C68 after an Omicron BTI
(Figure 3.1). We previously used a “bait” approach to enrich for S2 domain- and Delta-spike
trimer-specific memory B cells from C68 after this individual received two doses mRNA vaccine
and experienced a Delta BTI (Figure 3.1) and characterized mAbs from this individual (112, 113,
135). Here, we examined a later time-point in which C68 received one additional vaccination and
then experienced an Omicron BTI. To identify antigen-specific B cells, we updated our “bait’
approach to enrich for memory B cells that bound to SARS-CoV-2 Omicron XBB.1.5 and or SARS-
CoV-1 (CUHK-W1 strain) pre-fusion stabilized spike trimer. Previous studies indicated that
approximately 6-22% of the SARS-CoV-2 antibody response after an Omicron BTI was directed
at WH-1 RBD (267). While it is possible that our gating strategy would select against WH-1
specific mAbs that contribute to the antibody response, we were interested in SARS-CoV-2
broadly neutralizing and cross-reactive antibodies. Thus, in an effort to identify Omicron-specific
memory B cells (MBCs) as well as MBCs with broad sarbecovirus activity we applied this

heterologous bait approach.
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Figure 3.1. C68 exposure history and outline of screening approach for antibody
isolation.
From the Delta breakthrough infection (BTI), all memory B cells that bound to Delta spike trimer
and S2 domain were reconstructed and functionally characterized (Chapter 2) (112, 113, 135).
For the Omicron BTI time point, all heavy chain genes were amplified, sequenced and genes
analyzed for clonality and % SHM (criteria elaborated in Figure 3.2) to select 50 candidates for
downstream antibody production and characterization. Created in BioRender. Ruiz, F. (2024)
https://BioRender.com/u080014.

We isolated 384 MBCs that bound to either SARS-CoV-2 XBB.1.5 or SARS-CoV-1 trimer
(spike trimers were biotinylated with both PE and APC, so bound MBCs were PE" and APC”*
double positive). Given the low-throughput nature of single B cell cloning for antibody discovery,
we chose to streamline our screening process and focus on select samples for further
downstream analysis. Our initial antibody amplification approach (Figure 3.1) included using
antibody heavy chain-specific primers to amplify samples and then sequencing all heavy chain
genes to assess gene characteristics (clonality, SHM, in-frame VDJ rearrangement). Amplifying
the VH genes allowed us to apply a single primer set for efficient identification of antibody genes.

Of the 384 total MBCs, we successfully amplified 265 VH genes, with 253 yielding productive VH
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genes (VDJ rearrangement with in-frame open reading frame and with no premature stop codons;
Figure 3.2).

Our screening process included i) selecting antibody variable heavy chain (VH) genes that
are clonal to mAbs identified after the Delta BT (first BTI, Chapter 2) (112, 113, 135), ii) VH genes
that are clonal to other Omicron BTI (second BTI) VH genes and iii) VH genes that exhibit high
levels of SHM (Figure 3.2). Clonality was determined by assessing if a VH gene has the same
variable, diversity and joining (V(D)J) gene segment rearrangement using partis (in collaboration
with Duncan Ralph of the Matsen group), a BCR sequence annotation software designed for
antibody sequence analysis (191, 266). We identified 16 antibody VH genes that were clonal to
the Delta BTl mAbs, 8 of which were clonal to RBD-targeting mAbs. 6 VH genes were clonal to
S2 or NTD-targeting mAbs and 2 VH genes were clonal to an SD1 targeting mAb. We focused on
the 8 candidates that were clonal to RBD targeting mAbs from the Delta BT time-point using this
antibody isolation approach, as mAbs targeting other domains were typically non-neutralizing in
the Delta BTI time point. Of the 8 VH genes that were clonal to mAbs from the 15 BTI, 1 VH gene
was identical to the 1% BTI mAb C68.121, this was excluded as well. In total, we identified 7
candidates (for criteria i) related to RBD-specific neutralizing mAbs isolated from an earlier time

point to analyze their genetic properties (clonality, SHM).
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Figure 3.2. Selection criteria and gene characteristics for Omicron BTI isolated

antibody variable heavy chain (VH) genes to produce.
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We used partis to identify clonally related VH genes (based solely on VDJ gene) and assess
somatic hypermutation relative to inferred germline genes. A total of 265 VH genes were
successfully amplified (all shown above) and found a total of 253 to yield productive VH
immunoglobin genes (in-frame VDJ rearrangement and no premature stop codons). 50 VH
candidates for downstream antibody production and further characterization were chosen based
on clonality to 15! BTI VH genes (pink dots), or clonality to other 2" BTl VH genes (green), or high
levels of SHM for single lineage members (blue). Within an Omicron BTI clonal family, a single
representative lineage member was chosen (based on %SHM). Arrows denote an example of 2
representative lineage members chosen from the 2 clonally expanded families that have 6 clonal

members. Unproductive VH immunoglobulin genes are shown in orange.
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Figure 3.3. Percent SHM among Omicron VH clonal lineage members relative to Delta
BTI VH.
We used partis to identify clonally related VH genes (based solely on VDJ gene usage) and
assess somatic hypermutation relative to inferred germline genes (see Figure 3.2). %SHM were
plotted and median values were calculated in PRISM. Depicted are the 1% BTI VH genes (“Delta
BTI VH)), wherein full recombinant IgGs are known to target RBD of spike, and their clonal lineage
members isolated at a later time point (“Clonal to Delta”).
In our analysis of the 2" BTI time point, we observed increased SHM levels and clonal
expansion in the mAb sequences compared to the 1% BTI time point. Of the 265 VH genes
analyzed from Omicron BTI, 216 diverse clonal lineages were identified, with 22 clonally related

families (~85% unique clonal families). In contrast, mAbs isolated from the Delta BTI showed

minimal clonal expansion with 118 mAbs representing 111 clonal families (~94% unique clonal
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families) (135). Given these findings, along with other studies (176, 268, 269), we hypothesized
that the presence of clonally expanded antibody sequences could be of note. We selected at least
1 representative lineage member from the 22 clonally expanded families within this time point
(criteria ii) with a preference for those with high levels of %SHM, as higher SHM is associated
with improved binding and neutralization activity (210, 270, 271). Among the antibody lineages
related to the 1 BTI, the 2" BTI VH genes showed higher levels of SHM (Figure 3.3; median 1°
BTI clonal SHM= 3.1%, median 2" BTI clonal SHM= 6.0%). Finally, to complete our selection of
50 candidate VH genes to produce and test as full IgGs, we selected unique clones (no relation
to either 15 BTI VH or 2™ BTI VH clones) with high levels of SHM (criteria iii; Figure 3.2).
Affinity maturation garners increased binding and neutralizing activities

Of the 50 antibody candidates selected, 7 were clonal to RBD targeting mAbs from the 1°
BTl and thus also likely to be RBD targeting. To assess which domains the rest of these antibodies
are targeting (so that we may focus on the RBD-specific mAbs), we assessed binding by ELISA.
We assessed subdomain specificities and identified 17 additional RBD-targeting mAbs, 3 N-
terminal domain (NTD) mAbs, 3 subdomains | (SD1) mAbs, and 15 S2 subunit-targeting mAbs
(Figure 3.4, Figure 3.5). We also confirmed that the 8 mAbs clonal to the 1% BTI did bind RBD

antigen.
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Figure 3.4. C68 reinfection mAbs are targeting different domains within the SARS-CoV-

2 spike trimer.
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Frequency of mAbs binding to different SARS-CoV-2 domains by ELISA. ELISA plates were
coated with 25 pl per well of SARS-CoV-2 protein diluted to 1 ug/ml in PBS and incubated

overnight at 4 °C. mAbs were tested in technical duplicate at a set concentration of 1000 ng/ml.

With the 24 identified RBD-specific mAbs, we assessed binding activity against a panel of
SARS-CoV-2 and SARS-CoV-1 antigens by ELISA. Additionally, we wanted to determine whether
subsequent antigen exposure impacted binding breadth of clonal mAbs, so we included RBD
mAbs from the 1% BTI time point (Figure 3.5). From these 24-RBD targeting mAbs, 18 out of 24
were able to bind XBB trimer and 16 out of 24 bound SARS-CoV-1 trimer (Figure 3.5), which
were antigens used in our B cell sort. Considering, we previously isolated 12 cross-reactive RBD
mAbs out of 118 mAbs pairings from our previous antibody discovery campaign (the 1% BTI time
point (135)), identifying 16 cross-reactive RBD mAbs out of 50 suggests our isolation approach
did enrich for mAbs with broad and cross-reactive binding activity. Interestingly, for some Delta
BTl mAb lineage members that lacked BQ.1.1 and XBB trimer reactivity, their Omicron BTI
counterparts acquired binding to those SARS-CoV-2 variants (Figure 3.5). While we observed an
increase in binding breadth against SARS-CoV-2 variants, we did not observe acquisition of

binding activity against SARS-CoV-1 trimer.
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Figure 3.5. C68 Omicron BTI RBD mAbs binding profiles in comparison to clonal Delta

BTI mAbs.
Heatmap showing OD450 nm ELISA binding activity of unique and clonal to the Omicron BTl time
point are indicated on the left (light green indicates lack of activity while darker green indicates
binding). Arrows indicate clonal lineage members on the right. ELISA plates were coated with
25 yl per well of SARS-CoV-2 protein diluted to 1 ug/ml in PBS and incubated overnight at 4 °C.
mADbs were tested in technical duplicate at a set concentration of 1000 ng/ml.

To assess the impact of affinity maturation on the functionality of SARS-CoV-2 antibodies, we
next compared the neutralization activity between clonal mAbs using a spike pseudotyped
lentivirus neutralization assay against a panel of sarbecoviruses that utilize ACE2 for entry (205).
The 7 clonal RBD mAbs representing six clonal families were examined (clonal families 1-6;
Figure 3.6). In most instances, 2" BTl mAbs had either no change or increased sarbecovirus
neutralization compared to their clonal lineage members from the 1% BTI time point (Figure 3.6).

For example, C68.477 and C68.753 acquired the ability to neutralize Omicron BA.5 and BQ.1.1

compared to their clonal counterpart for the 15 BTI, C68.79 and C68.233. Likewise, C68.699 and
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C68.720 are cross-reactive mAbs that not only acquired enhanced neutralization against SARS-
CoV-1 relative to their clonal counterparts, C68.83 and C68.200, but also cross-neutralized
multiple SARS-related viruses more potently. In total, six of seven 2" BTI mAbs displayed lower
(at least 2-fold) geometric mean IC50s (Figure 3.7) and exhibited enhanced breadth and potency

relative to lineage members isolated at an earlier time point.

I Clonal Lineage 1 I Clonal Lineage 2 I Clonal Lineage 3 Clonal Lineage 4 Clonal Lineage 5 I Clonal Lineage 6 Control mAbs
I C68.102 C68.602 | C68.285 C68.696 | C68.83 C68.699 | C68.200 C68.203 C68.720 | C68.79 C68.233 C68.477 C68.753 | C68.10 C68.560 | C68.88 C68.61
o Delta 3.2 0.96 >20 3.6 21 0.51
>° BAS >20 4.5 >20 17 >20 >20 >20 24 1.1
g BQ.1.1 >20 3.0 >20 8.4 >20 1.0
E XBB.1.5 >20 0.66 >20 18 0.76
L JN.1 >20 >20 >20 >20 0.84
5w SARS-CoV-1 >20 >20 >20 >20 0.99
<< LYRa3 - - - - 1.6
- WIV1 -
2538 RsSHC014 >20
n<: E g Pangolin-GD 0.01 0416
ns s BtKY72 0.03 >20
e Khosta-2 >20 -
ion (IC50) 1stBTI |
Not determined - 2nd BT |
>20 (No activity)
5.0-20
0.50-4.9
0.05-.49 ‘
0.01-0.04

Figure 3.6. Affinity matured C68 mAbs display enhanced neutralization activity.
Heatmap showing the neutralization 1C50s (half maximal inhibitory concentration) of the clonal
C68 antibodies against a panel of sarbecoviruses. IC50 values are averaged from 2-3
experiments performed in technical duplicate. Values are color coded so that the darker shade of
blue correlates with IC50 potency. White/grey indicates not tested or no activity (values greater
than the tested concentration). All mAbs were tested starting at 20 ug/ml in 3-fold dilutions over a
six-point dilution series. IC50 values were calculated with GraphPad Prism, with a four-parameter
non-linear regression model. C68.88 and C68.61 are positive control mAbs that have activity

across sarbecoviruses.

Statistics for all sarbecovirus neutralization
mAb ID Geomean 95% ClI
C68.102 8.7 (73, 1)
C68.602 3.1 (20, 0.48)
C68.285 7.2 (100, 0.52)
C68.696 6.6 (65, 0.68)
C68.83 9.6 (22,4.2)
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C68.699 16 (9.5, 0.26)
C68.200 12 (31, 4.5)
©68.203 3.4 (12, 1)
C68.720 15 (4.4, 0.54)
C68.79 6.8 (110, 0.43)
C68.233 7.1 (100, 0.49)
C68.477 0.88 (38, 0.02)
C68.753 0.87 (38, 0.02)
C68.10 3.0 (15, 0.6)
C68.560 13 (5.8, 0.27)
C68.88 0.13 (2.2, 0.01)
C68.61 13 (4, 0.43)

Figure 3.7. Geometric mean IC50s of C68 mAbs along with 95% confidence interval (Cl).
Geometric means of the IC50 values were calculated with GraphPad Prism along a 95% CI.
Indicated in pink are mAbs from the 1! BTI time point and in white are mAbs from the 2" BTI time

point. C68.88 and C68.61 are positive control mAbs that have activity across sarbecoviruses.

We also evaluated the neutralizing ability of the 2" BTI mAbs that were selected to represent
clonal families present at the 2" BTI, but not found in the 1% BTI (clonal families 7-21) against
SARS-CoV-2 Omicron XBB.1.5 and SARS-CoV-1 spike-pseudotyped lentivirus (pseudoviruses
bearing the screening spike). With the exception of C68.459 and C68.661, all mAbs were capable
of neutralizing one or both screening pseudoviruses with moderate to potent activity (Figure 3.8).
Against SARS-CoV-2 XBB.1.5, IC50s ranged from non-neutralizing to 0.57 ug/ml (average 1C50
= 9.7 ug/ml). Interestingly, all mAbs more potently neutralized SARS-CoV-1 than XBB.1.5 with
IC50s ranging from non-neutralizing to 0.02 ug/ml (average IC50 = 4.2 ug/ml). While these
antibody responses were elicited in a viral context that did not include XBB.1.5 or SARS-CoV-1,

RBD-targeting mAbs isolated from this individual cross-neutralized either or both viruses.
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C68.459 and C68.661’s lack of neutralizing activity against either screening virus could be
explained by their limited binding activity to the corresponding spike trimer. Both of these mAbs
bound BQ.1.1 trimer exhibited little to no binding to XBB or SARS-CoV-1 trimer (Figure 3.5). Key
residues that differ between Omicron XBB, Omicron BQ.1.1 and SARS-CoV-1 spike trimer include
sites 445, 446 and 490 which are sites where mutations convergently arise in multiple SARS-

CoV-2 variant lineages and may be targeted by these two C68 mAbs (140).

Neutralization data (IC50)
Clonal SARS-CoV-2 | SARS-CoV-1 i
Family mAb XBBAS5 (Urbani strain) Neutralization data (IC50)
6 C68.470 >20 0.60 Not determined] -
C68.773 >20 >20 (No activity)
7 C68.459 >20 >20 5.0-20
8 C68.490 1.3 0.50-4.9
9 C68.498 0.89 0.05-.49
10 C68.529 8.3 1.9 0.01-0.04
11 C68.554 3.5 0.46
12 C68.571 3.6 11
13 C68.586 14 1.0
14 C68.592 0.57 >20
15 C68.654 7.2
16 C68.661 >20
17 C68.685 14
18 C68.715 13
19 C68.736 0.58
20 C68.745 >20
21 C68.757 10

Figure 3.8. Characterizing the functional properties of C68 Omicron mAbs.
Neutralization IC50 (ug/ml) for each mAb against pseudoviruses bearing the screening spike.
Antibodies were serially diluted and tested at a starting dilution concentration of 20 ug/ml and
diluted 3-fold over 6 dilutions. Data indicate the cumulative IC50 from represent duplicate
measurements from two independent experiments. IC50 values (ug/mL) were then calculated by
nonlinear regression analysis using Graphpad Prism. IC50 values greater than the highest tested

concentration were set to the highest concentration for this calculation.

Functional characterization of a broad and potent cross-neutralizing mAb C68.490
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We isolated several antibodies that cross-neutralized SARS-CoV-1, but only C68.490 potently
neutralized (< 0.1 ug/ml) such that we sought to assess neutralization against other SARS-like
viruses. C68.490 potently neutralized all ACE2-utilizing sarbecovirus clades in our virus panel
(Figure 3.9), including BtKY72 from clade 3 and RsSHC014 from clade 1A, which have less than
75% sequence similarity to SARS-CoV-2 WH-1. C68.490 exhibited broad specificity to
sarbecoviruses in all clades on par with the cross-reactive mAb S2X259 (129), but surpassed its
neutralization activity against SARS-CoV-2 Omicron BA.2 and above variants. We observed
minimal folds in reduction against a recently circulating Omicron subvariants JN.1 and EG.5.1,
which have caused severe reduction in neutralization in other broadly neutralizing mAbs, like
S309 (131, 135). For all Omicron variants tested, we observed IC50s of 3 ug/ml or less, a similar

neutralization profile as the class 5 core RBD-targeting mAb C68.61 (112, 113, 135).

C68.490 displayed approximately an 8-fold reduction in neutralizing activity against Omicron
BA.2 compared to BA.1, meaning alterations in spike between BA.1 and BA.2 may partially impact
neutralization. In analyzing the mutations that occur in the RBD between Omicron BA.1 and
Omicron BA.2, there are three mutations: T376A, D405N, and R408S (264). These mutations
may account for the reduced neutralization pattern against Omicron sub-lineages starting at BA.2.
Of note, these are also carried in Omicron subvariants including the recently circulating JN.1

variant; neutralization of this variant was intermediate to BA.1 and BA.2.
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C68.490 | S2X259 | C68.61

BA.2 . d
BA.5 1.0 >20 0.53
BQ.1.1 1.3 >20 1.0
XBB.1.5 1.7 >20 0.80
EG.5.1
JN.1
SARS-CoV-1
Pangolin-GD

SARS-CoV-2

RsSHC014

BtKY72

SARS-CoV-1
related and other
sarbecoviruses

Khosta-2

Neutralization (IC50)
Not determined] -
>20 (No activity)

5.0-20
0.50-4.9

0.05-49
0.01-0.04

Figure 3.9. Broad and potent neutralization to sarbecoviruses in all clades by C68.490.

Neutralization of pseudotyped Omicron subvariants including recently circulating JN.1 and EG.5.1
as well as sarbecoviruses identified in various animal reservoirs. Antibodies were serially diluted
and tested at a starting dilution concentration of 20 ug/ml and diluted 2-fold over at least 10
dilutions. IC50 values (ug/mL) were then calculated by nonlinear regression analysis using PRISM
from the average of at least two independent experiments with technical replicates. IC50 values
greater than the highest tested concentration were set to the highest concentration for this
calculation.
Computational approaches for determining C68.490 interaction with SARS-CoV-2 WH-1
RBD

To further dissect the key residues involved in C68.490s recognition of SARS-CoV-2 RBD
protein, we used Alphafold3 (AF3; Google DeepMind and Isomorphic Labs collaboration, version

Beta) a protein folding deep learning system that models protein—protein interactions (213, 214,

272). Acquiring experimental structural data is technically challenging and time intensive.
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Advances in applying computational tools for modeling antibody-antigen complexes may facilitate
expedited pathways for understanding these interactions (272).

The latest version of Alphafold, AF3, exhibited improved success at modeling antibody-
antigen interactions than previous iterations. AF3 is estimated to have a ~75% success rate at
modeling protein-protein interfaces that have been experimentally defined, although the accuracy
rate for antibody-antigen interactions is expected to be lower (213). Still, coupling our functional
dataset (informs which residues on the viral surface are relevant for antibody binding) with
computational approaches (predictions of residues at the antigen and antibody interface) can
provide insights into the molecular interactions at the antibody-antigen interface.

Using AF3’s interactive web-service (https://alphafoldserver.com/), we generated predicted
structures of S2X259. S2X259 is a monoclonal with an experimentally determined structure and
the residues on the viral surface contributing to escape from antibody recognition have been
defined by deep mutational scanning approaches (129). The experimentally determined structure
of S2X259 bound to WH-1 RBD (WH-1 in grey, S2X259 in blue) aligned well with the AF3
predicted-structure (WH-1 in pink, S2X259 in green), with a root-mean-square distance (RMSD)
value of 0.461 (Figure 3.10, panel A). This indicates a low level of structural deviation of this
modeled antibody-antigen complex relative to the experimentally determined complex. We then
compared the S2X259-RBD AF3 predicted-structure to the WH-1 RBD structure displaying the
predicted escape mutations by DMS. The predicted antibody-antigen interactions defined by AF3

generally aligned well and were near residues identified by DMS (Figure 3.10, panel B).
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Figure 3.10. Comparing S2X259 structurally defined by predicted antibody-antigen
interaction with SARS-CoV-2 WH-1 RBD.
Panel A) We superimposed the experimentally determined structure of S2X259 (PDB: 7M7W)
bound to WH-1 RBD (WH-1 in grey, S2X259 in blue) with the AF3 predicted-structure (WH-1 in
pink, S2X259 in green), using “cartoon” representation in Pymol. In this comparison, both the
predicted antibody-antigen complex structure are compared to the experimentally determined
structure using the “align” function in Pymol. Panel B) With a space-filled WH-1 RBD structure,
we highlighted the escape sites of S2X259 defined by RBD DMS in red. We aligned the escape
profile to the AF3 predicted structure of S2X259 bound to WH-1 RBD.

We assessed AF3’s ability to predict structures for C68.490 bound to WH-1 RBD, in
comparison to predicted antigen interactions by DMS. The escape pathways for C68.490
identified by DMS, provided by Will Foreman and Tyler Starr (preliminary data, private
correspondence) suggest escape occurs at sites K378, P384 and K386. We first superimposed
a reference SARS-CoV-2 WH-1 RBD structure (PDB: 6M0J) to the AF3 predicted structure of
C68.490 bound to WH-1 RBD. First, the predicted RBD structure aligned well to the reference

RBD sequence (RMSD= 0.418) (Figure 3.11, panel A), this was a quality control check as we
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previously applied Alphafold with mixed results due in large part to incorrect RBD modeling (see
Chapter 3; (135)). We then aligned the AF3 predicted structure of C68.490 bound to WH-1 RBD
with a space-filled WH-1 RBD structure depicting the escape profile for C68.490. Yet again, we
see that C68.490 is predicted to interact with RBD near residues relevant for antibody recognition

identified by DMS (Figure 3.11, panel B).

A.
AF3_WH-1 RBD
AF3_C68.490
DMS_C68.490
C.

AF3_WH-1 RBD

AF3_C68.490
DMS_C68.490

Figure 3.11. Comparing predicted C68.490-RBD interaction with experimentally
determined antibody recognition sites defined by DMS.
Panel A) We superimposed the experimentally defined structure of WH-1 RBD (WH-1 in grey)
with the AF3 predicted-structure (WH-1 in pink, C68.490 in green), using “cartoon representation”
in Pymol. Panel B) With a space-filled WH-1 RBD structure, we highlighted the escape sites of
C68.490 defined by RBD DMS in red. We aligned the escape profile to the AF3 predicted structure
of C68.490 bound to WH-1 RBD. Panel C) To identify residues that may be in close contact in the
AF3 antibody-antigen interface, we used the “select within” command in Pymol to select close
contact residues between WH-1 RBD and C68.490 (residues within 4A; highlighted in yellow and
displayed on the RBD). Residues that overlap with sites identified by DMS are shown in orange,
with the 3 DMS escape sites labeled. Panel D) Residues on C68.490 that may be in close contact
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with site K378 (escape site on the viral RBD) were identified with the “select within” command in
Pymol (residues within 4A; highlighted in yellow and displayed on C68.490 predicted structure)

and labeled.

To interrogate the plausible residues in this antibody-antigen interface, we applied a 4A
distance cutoff to assess residues that may be in close contact (273). We identified close to 2
dozen residues on the viral RBD that are within 4A (Figure 3.11, panel C), but only one residue
(K378) overlaps with the DMS dataset. It is possible that a number of these predicted sites could
be antibody-contact sites, despite not appearing in the escape dataset, as some mutations in this
interface may not strongly disrupt antibody binding (137). Also, our strict distance cutoff would not
identify potential proximal contact sites (between 4-10 A). Based on both the preliminary DMS
functional epitope profiling and sites identified by antigen-antibody modeling, C68.490 appears to
target residues in the SARS-CoV-2 RBD class 4 epitope. We also identified a potential antibody
site in close contact to K378, particularly residue D50 (complementarity-determining region 2) on

the light chain that could form a salt-bridge with K378 (Figure 3.11, panel D).

Overall, AF3 did predict antibody-antigen contact sites in the antibody epitope that to a limited
extent overlapped with the experimental dataset. We also identified plausible contact sites on the
antibody, though, experimental data will be needed to corroborate identified residues in the
paratope as AF3s predictions of intermolecular interactions can be inaccurate, particularly

between antibody-antigen complexes.

DISCUSSION

To address the diminished effectiveness of therapeutic monoclonal antibodies against
SARS-CoV-2 Omicron sub-lineages, some studies have pursued identifying and characterizing
monoclonals elicited by exposure to Omicron variants. Other studies have focused on discovering

antibodies with broad sarbecovirus reactivity that may target conserved regions that are
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functionally constrained and less likely to evolve. The preliminary findings outlined in this chapter
demonstrate the potential of applying both methods for the identification of broadly cross-reactive
mAbs. We characterized the antibody response of an individual who experienced a heterologous
antigen exposure of WH-1, Delta and Omicron spike through vaccination and multiple vaccine-
breakthrough infections. We identified RBD-targeting antibody lineages that were clonally related
to an earlier time point and these mAbs neutralized multiple sarbecoviruses more potently or
broadly than some of their lineage members. We also identified multiple cross-reactive antibodies
with enhanced binding and neutralizing activity against Omicron variants and other animal-derived
sarbecoviruses. Notably, one mAb exhibits broad sarbecovirus neutralizing activity and is highly
potent against recently circulating Omicron variants highlighting its potential application against
emerging SARS-CoV-2 variants and zoonotic sarbecoviruses.

Characterization of mAbs isolated after multiple exposures to SARS-CoV-2 including an
Omicron breakthrough infection, illustrated a largely polyclonal response with antibodies
originating from multiple B cell lineages. We observed high clonal diversity and a small percentage
of clonally expanded families detected at both time points, consistent with previous studies (274).
mAbs isolated from the 2" BTI time point had significantly more VH nucleotide mutations
compared with lineage members isolated from an earlier time point, consistent with studies that
clonal evolution (higher SHM levels) can result in enhanced functional properties like broader and
increased neutralization activity (275).

Lack of isolation of affinity matured or clonal sequences relative to the first BTI for all
lineages could be due to multiple factors in our experimental approach. The first, we adjusted our
antigen-specific memory B cell isolation approach with the goal of selecting for more broad and
cross-reactive mAbs. Using an Omicron spike and SARS-CoV-1 spike trimer could have selected
against clonal memory B cells mAbs that exhibited minimal levels of affinity maturation and thus
minimal changes in binding affinity (for instance memory B cells that are WH-1 or Delta specific

exhibited little to no enhancement in binding breadth) that would not be picked up in our
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experimental approach. Also, some studies have found that ~6-22% of the memory B response
is WH-1 specific after Omicron BTI subsequent to a WH-1 vaccine (169, 267) or Omicron bivalent
vaccination exposure (267), so while it is possible that by updating our bait approach we could
have missed these minimally affinity matured B cell lineages, this may represent a small
frequency of the antibody subset. We also used a single primer set to amplify the top 50 candidate
samples, thus additional antibody discovery of novel and clonal mAbs is possible.

Whether or not the Omicron and SARS-CoV-1-binding memory B cells were reactivated
by a 3 dose of wild-type vaccine (which occurred between breakthrough infections) or
breakthrough infection or are the result of de novo responses is unclear given our experimental
design. Memory B cells are stable for several months post-vaccination (275) and infection (274,
276) and they can be broadly-neutralizing (i.e. Omicron BA1 exposure can elicit antibodies that
neutralize Omicron XBB) and cross-neutralizing (elicit core RBD mAbs that exhibit SARS-CoV-1
binding activity). Thus, additional antibody discovery efforts that target mAbs after each exposure
would help to fully understand the evolution of the antibody response in this individual with multiple
SARS-CoV-2 exposures.

In characterizing the antibody response after exposure to Omicron BTI, we identified a
neutralizing antibody that is highly potent against current Omicron variants and broadly
neutralizes across multiple clades of sarbecoviruses. Our modeling of the predicted contact
interface between C68.490:RBD and preliminary escape mutations by DMS (Foreman and Starr,
personal communication) suggested that this mAbs targets the more sequence conserved RBD
core region (RBD class 4 mAb). The epitopes of class 4 antibodies target regions that are
conserved across sarbecovirus strains, which explains C68.490’s ability to neutralize across
sarbecovirus clades. Unlike other class 4 mAbs (126, 133), C68.490 retains potent activity against
Omicron variants such as the recently circulating JN.1 variant. The JN.1 sublineages that have
emerged (JN.1.11.1, KP.3) harbor mutations outside of the predicted escape sites and is thus

predicted to maintain neutralizing activities as we observed here for JN.1.
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We applied computational approaches to further understand the antibody-antigen
interactions. In comparison with the experimentally determined viral residues pertinent for
C68.490 recognition, we found antibody C68.490 engages a similar RBD interface as predicted
by DMS profiling. Although AF3 can greatly expedite our understanding of antibody-antigen
interactions, these predictions can fail (213) and they do not directly indicate the functional
residues relevant for neutralization or the viral mutations that escape these interactions. Yet, DMS
escape profiling can also be limited by library design and escape mutations may be strain specific
(215). A combination of both approaches can be useful for predicting the functional and structural
contact sites between antibody-antigen and provide insights into viral pathways of escape from
antibody recognition. Additionally, understanding the molecular basis of these antibody-antigen
interactions can be used to then guide the design of affinity matured antibodies.

Overall, subsequent exposures through vaccination or infection elicited antibodies
enhanced neutralizing potency and breadth relative to clonally related antibodies from a previous
time point. Additionally, our experimental approach did enrich for broadly active antibodies. In
particular, C68.490 displayed one of the broadest neutralization profiles against ACE2-utilizing
sarbecoviruses with spillover risk of any C68 mAb isolated to date. This strategy could be applied
in other exposure contexts, such as more recently circulating Omicron variants, to discover

additional cross-reactive antibodies against evolving viruses.
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Chapter 4:

Conclusions

4.1 Implications for pan-coronavirus vaccine efforts, future directions

Cross-reactive broadly neutralizing sarbecovirus antibodies can develop in SARS-CoV-2
convalescent and vaccinated individual’s but typically account for a fraction of elicited antibodies
(142). Pan-coronavirus vaccine efforts to elicit cross-reactive antibody responses to conserved
epitopes between sarbecovirus strains has included immunizing animal models with diverse
sarbecovirus RBDs. While these studies have elicited multi-sarbecovirus clade reactivity in
binding and neutralization (277, 278), serum responses typically have poor reactivity against
evolving SARS-CoV-2. The goal of this thesis was to investigate cross-neutralizing antibody
responses in SARS-CoV-2 exposure contexts and how these responses may change after
additional heterologous antigen exposure. The studies presented in this thesis investigated the
functional properties of cross-reactive neutralizing antibodies that developed in response to
diverse antigen and characterization of these responses that could contribute to the development
of a protective pan-coronavirus vaccine.

In this thesis, | showed that a broad range of cross-reactive monoclonals antibodies could
be elicited in SARS-CoV-2 infection contexts and, through collaborative studies, that these mAbs
target different epitopes within the RBD core. In chapter 2, while the class 4-like mAbs we
discovered were exceptionally potent, their breadth is limited. Conversely, the class 5-like mAbs
displayed breadth against multiple clades of sarbecoviruses but their potency was limited. In
chapter 3, in the same individual with an Omicron breakthrough infection subsequent to the Delta
breakthrough, we identified C68.490, a broadly active class-4 antibody that displays activity

against every single sarbecovirus variant tested by neutralization. While it exhibits a 10-fold loss
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in activity against evolving SARS-CoV-2 compared to its activity against SARS-CoV-2 parental
strain WH-1, this is nonetheless quite broad and potent compared to other described antibodies.

These antibodies we isolated from this one individual collectively represent a polyclonal
response with less than 10% somatic hypermutation, genetic diversity and diversity in the epitope
targets. These near-germline levels of SHM suggests the developmental pathway of these
responses could be elicited by vaccination. Importantly, a vaccine will likely require the elicitation
of a polyclonal response with mAbs targeting multiple epitopes to obtain a protective pan-
coronavirus response.

Given what we have learned about the antibody response over the course of the
pandemic, including the studies in this thesis, and the advances made in methods and
technologies to tackle infectious disease with antibody-based therapeutics, the following chapter

will consider a number of future directions.

4.2 Characterizing affinity matured and novel SARS-CoV-2 monoclonal antibodies
Various studies have been conducted to understand the SARS-CoV-2 antibody responses
over time, and their durability against SARS-CoV-2 evolution. Several studies have described
isolating and characterizing cross-reactive antibodies (87, 123, 128, 129, 131, 140, 184) from
SARS-CoV-1 and SARS-CoV-2 vaccine and infection elicited contexts. Yet, most of these cross-
reactive antibodies lose activity against SARS-CoV-2 variants, like Omicron, and were isolated
prior to Omicron exposure. Given that individuals that have heterologous exposure to SARS-
CoV-2, by vaccination (vaccinated with different spike antigens) (159) or breakthrough infection
with Omicron variants (175), developed increased overall neutralizing activity against Omicron
variants. These would plausible contexts to understand the development of broadly neutralizing
antibodies.
Thus, two questions naturally arise that can be addressed concurrently: what is the affinity

maturation pathway of previously isolated cross-reactive antibodies and are there novel
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antibodies elicited overtime and after additional exposure to Omicron antigen by vaccination or
infection? We would examine the memory B cell compartment overtime in individual C68 to
understand the affinity maturation of previously isolated antibodies and how these mutations may
contribute to neutralization breadth and potency. This would also allow us to isolate novel broad
antibodies and characterize their development. Our group is poised to address this because we
have access to longitudinal PBMC samples from individual C68, whose SARS-CoV-2-specific
antibody responses we have studied in detail (112, 113, 135), including additional exposure to
SARS-CoV-2 antigen (see Figure 4.1).

Chapter 3 represents our initial efforts to understand the affinity maturation of cross-
reactive antibodies after additional heterologous Omicron spike exposure in this individual. We
isolated SARS-CoV-1 and or SARS-CoV-2 cross-reactive memory B cells using a bait approach.
Due to limited timing, we chose to perform RT-PCRs and amplification of the variable region of
the heavy chain immunoglobulin genes to select antibody lineages that were clonal to the Delta
breakthrough infection (chapter 2) to reconstruct antibodies for functional characterization. While
we found affinity matured versions of a subset of cross-reactive antibodies, it is worth noting that
we used a single primer set to amplify the VH antibody gene fragments. Thus, the use of
alternative primer sets (237, 279) could yield additional affinity matured antibody genes, though

this can be low-throughput.
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Figure 4.1. C68 longitudinal sample availability and example of lineage tracing
developmental pathway for broadly reactive mAbs.

(A) Available longitudinal PBMC samples from C68 post SARS-CoV-2 infection and vaccination.
(B) Single-cell RNA sequencing of the B cell repertoire coupled with antibody lineage tracing using
the software package partis (191), could infer clonality and the likely developmental pathway of
isolated antibodies. Created in BioRender. Ruiz, F. (2024) https://BioRender.com/u080014.

To understand the development of affinity matured and de novo cross-reactive antibodies
over time and in the setting of SARS-CoV-2 reinfection in high-throughput, | suggest performing
single cell B cell receptor (BCR) sequencing of C68’s antibody repertoire using longitudinal
PBMC samples. Single cell RNA sequencing approaches using 10X Genomics would generate
paired sequencing data to reconstruct antibodies. For this experiment, | would perform bulk
isolation of IgG+ memory B cells by fluorescence activated cell sorting. To examine the evolution
of the B-cell lineages from antibody repertoire sequencing, we would collaborate with the Matsen
group to analyze BCR libraries using the software package partis (191). We (280, 281) and
others (282) have previously performed longitudinal antibody sequencing and used partis for
antibody lineage tracing.

Lineage tracing from longitudinal timepoints could inform the inferred developmental

pathway of affinity matured antibodies overtime, as well as the development of diversified or non-

clonal antibodies following additional SARS-CoV-2 exposure. Thus, we could not only isolate
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affinity matured and novel antibodies from longitudinal samples, we could also assess what
mutations in the antibody sequence contribute to neutralization. In particular, if we find affinity
matured lineage members of C68.61 and C68.490 (which target different epitopes), they may
exhibit enhanced neutralization activity and could contribute to a broad-spectrum antibody
cocktail that would be readily deployable in the event of an outbreak. These results could also
offer a detailed dissection of the B cell response, and specifically the maturation of cross-reactive
immunity generated overtime and following additional SARS-CoV-2 antigen exposure that could

guide strategies to mimic the affinity maturation of the antibody response.

4.3 Use of synthetic biology and protein engineering to affinity mature cross-reactive
monoclonal antibodies

There is the possibility that we would not find affinity matured versions of C68 mAbs
because these cross-reactive responses constitute a small subset of the antibody response (140)
and may not persist overtime. In chapter 3, we found an antibody sequence in the Delta
breakthrough infection time point that had not acquired mutations in the Omicron breakthrough
infection time point. We also found very little clonality between the two time points. Thus,
alternative approaches may be needed to improve the affinity of monoclonals towards
sarbecovirus spike trimer.

Advances in synthetic biology with yeast surface display coupled with deep mutational
scanning tools have increasingly been employed throughout the SARS-CoV-2 pandemic to
understand viral pathways that escape antibody recognition (87, 112, 129, 135, 138-142) and for
antibody discovery efforts (283, 284). Yeast surface display techniques can also be used for the
engineered affinity maturation of antibodies by introducing random V(D)J mutations into the
antibody of interest and using fluorescence-activated cell sorting or magnetic bead binding to
SARS-CoV-2 antigen to select for high affinity antibody variants (285). This form of directed

evolution by introducing random single V(D)J mutations can lead to no change in affinity, subtle

96



changes or unproductive antibodies, thus multiple rounds of mutation and selection are conducted
that can be quickly screened through using this high-throughput approach (286).

Yeast surface display technology was used by Laura Walker’s group to engineer affinity
matured versions of multiple SARS-CoV-2 neutralizing antibodies and led to the identification of
antibody variants that exhibited improvements in both SARS-CoV-2 spike binding affinity and
neutralization potency (210). Additionally, they engineered antibodies that exhibited >10-fold
improvement in neutralization against SARS-CoV-1 and related sarbecoviruses relative to the
parental mAb.

Thus, | would apply this approach to engineer antibodies with higher affinity towards a
recently circulating variant like SARS-CoV-2 JN.1 or an animal sarbeocvirus. Our cross-reactive
mAbs, C68.490 and C68.61, display potent activity against sarbecoviruses found in animal
reservoirs but have reduced or weak neutralization against SARS-CoV-2 variants. These efforts
could increase affinity of mAbs towards SARS-CoV-2 variants. Thus, yeast display technologies
can be used to engineer antibodies to enhance binding affinity, neutralization potency and breadth
against SARS-CoV-2 and or animal sarbecoviruses. Antibodies that are targeting functionally
conserved epitopes and non-overlapping epitopes that are affinity matured towards SARS-CoV-
2 could be combined with another mAb resilient to SARS-CoV-2 evolution, such as the recently
identified VIR-7229 (287), and could be considered a promising component for next-generation
antibody therapeutics against future SARS-CoV-2 evolution. Antibodies that are affinity matured
towards an animal sarbecovirus can form the basis of a pan-sarbecovirus antibody cocktail that

can be stockpiled for pandemic preparedness.

4.4 Structural studies of C68 Fabs bound to SARS-CoV-2 and other sarbecovirus trimers
to understand RBD interactions and conservation of epitope residues
To better identify which residues contribute to the pan-sarbecovirus inhibitory activity of

C68 mADbs, like C68.61 and C68.490, we would next determine the residues involved at the
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binding interface using cryo—electron microscopy of spike trimer bound to C68 antigen-binding
fragments (Fabs). This would identify the critical residues relevant to antigen recognition.
Additionally, understanding these interactions is important to understanding C68 mAbs
mechanism of restriction not only against SARS-CoV-2 but against other sarbecoviruses found
in nature.

Conformational differences can exist between sarbecovirus spike trimers in the open
confirmation such that the RBD protomers can be in different angles or a different number of
RBDs may be up in the open confirmation whereby affecting antibody recognition. Such is the
case for the antibody 47D11 bound to spike trimer (288). Feldry and colleagues found that the
47D11 Fabs could bind each of the three RBD protomers of SARS-CoV-1 spike trimer but Fabs
could only bind two RBD protomers in the partially open conformation of SARS-CoV-2 spike
trimer. Additionally, they observed a potential stabilizing salt bridge between the light chain of
47D11 and SARS-CoV-1 spike trimer, which is an electrostatic interaction not observed with
SARS-CoV-2. This may partially explain why 47D11 binds to the SARS-CoV-1 spike with higher
affinity than SARS-CoV-2 spike. Conformational differences in the spike trimer affecting antibody
recognition to SARS-CoV-2 and SARS-CoV-1 spike trimer have been observed with other cross-
reactive mAbs (128, 289). Thus, differences in amino acid residues between sarbecovirus spike
trimers can affect intermolecular interactions between antibody and trimer, which effect
functional properties of antibodies, and can be resolved with structural methods.

In most cases, structurally defined epitopes align with and partially explains the escape
maps and epitope profiling using DMS (137). Yet, others have previously shown that not all
structurally defined contact sites contribute to the functional epitope, and thus DMS escape
mutations occur only at a subset of sites (137, 215, 290). While DMS can identify sites and
residues on the viral surface that are relevant for antibody binding, these residues are limited to
those that escape antibody recognition and may be context or strain dependent (215), so escape

profiles may vary across diverse sarbecovirus strains. Since, we have mapped the escape
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profiles of C68 mAbs using SARS-CoV-2 WH-1 deep mutational scanning libraries, | would
recommend additionally structurally defining the epitope of these mAbs bound to a currently
circulating strain of SARS-CoV-2 and a highly sequence divergent clade 3 sarbecovirus spike
trimer, like Khosta-2 spike trimer. The rationale being, that while we know the escape profile in
the context of SARS-CoV-2 WH-1, the potential pathways of escape maybe altered and widened
in different SARS-CoV-2 variants and in different sarbecoviruses. Thus, there is a need to
understand the structural epitope in these different viral backgrounds to assess antibody-antigen
contact sites and aid in predicting neutralization (or escape) against these viruses.

As noted above, structural contacts may explain how some C68 cross-reactive mAbs
accommodate residues that are substituted between SARS-CoV-2 and other sarbecoviruses.
For example, RBD DMS identified K462 in SARS-CoV-2 as a site of escape for C68.61and this
residue is substituted to R462 in SARS-CoV-1 and SARS-related viruses (112). Arginine and
Lysine are both polar amino acids and C68.61 retains neutralization activity against both viruses
(in chapter 2). Yet, in the case of Khosta-2 that contains the same R462 as SARS-CoV-1, C68.61
loses binding and consequently neutralization against this sarbecovirus despite no other amino
acid changes in contact residues identified by RBD DMS. Structural studies with another clade
3 sarbecovirus like Khosta-1 (which shares 68% sequence identity to Khosta-2) or BtkY72 could
reveal the potential differences in binding mode and the electrostatic interactions that are formed
that allows this mAb to accommodate residues altered between sarbecoviruses.

At this moment, a crystal structure or electron micrograph of antibody Fabs bound to clade
3 sarbecovirus trimer do not exist. Few cryo-electron microscopy structures exist of non-SARS-
CoV-2 sarbecovirus trimers likely because this is a low-throughput and technically challenging
technique. Only last year was there a cryo-EM structure of the clade 3 sarbecovirus PRD-0038
RBD bound to its host Rhinolophus ACE2 (88). In this paper, Lee and colleagues found several
substitutions and deletions in the PRD-0038 RBD relative to SARS-CoV-2 and SARS-CoV-1 that

led to new electrostatic interactions and RBD remodeling and may explain PRD-0038 RBDs
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inability to bind human ACE2. They also resolved the prefusion structure of PRD-0038 trimer
using cryo-EM and found primarily closed PRD-0038 Spike trimers which could be due to
glycosylation differences between PRD-0038 and SARS-CoV-2 (230, 291). Understanding
these conformational changes is relevant because conformational states modulate the
accessibility of certain epitopes. Thus, it is pivotal to not only understand the residues relevant
for C68 mAbs to interact with SARS-CoV-2 spike trimer but also other sarbecoviruses.
Ultimately, this structural information can contribute to immunogen design such as
structure-based immunogen design (292). In structure-based vaccine design, the antibody-
antigen binding sites are used to design immunogens to these antibody responses. The C68.61,
C68.490 and other C68 antibody lineages should be considered an attractive template for
vaccine design given their near-germline levels of SHM (<10 %SHM) (112, 135). Considering
that class 4 and class 5 RBD targeting antibodies appear to be subdominant compared to other
antibody classes, immunofocusing may be one approach to try and elicit these responses.
Immunofocusing is an approach to direct the antibody response toward certain epitopes by
occluding or masking other epitopes. Peter Kim’s group recently published a preprint applying
this immunofocusing approach towards eliciting S2x259-like antibodies (a cross-reactive, class
4 targeting antibody) (293). By harnessing the relevant contact sites defined by the structural
(experimental structural determination) and functional (binding residues identified by DMS)
epitope of S2x259, they used protein engineering to focus the response and succeeded in
eliciting increased cross-reactive responses. This approach could be extended to eliciting
C68.61- and C68.490-like cross-reactive antibodies that may be durable not only against SARS-

CoV-2 variants but also other animal sarbecoviruses.

4.5 Conclusion
Eliciting cross-reactive neutralizing antibodies that target conserved sarbecovirus

epitopes is a major goal of pan-coronavirus vaccine efforts. Antibodies that exhibit durable
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neutralizing activity against diverse sarbecoviruses appear to be rare. Studying the contexts in
which these responses develop and how antibodies affinity mature after additional antigen
exposure can inform how to elicit these protective responses and identify broad neutralizing
antibodies that could readily be deployed in the event of an outbreak. It's clear that core RBD
epitopes may represent functionally conserved epitopes that may be targeted by resilient and
broad neutralizing antibodies, like the class 4 and class 5 mAbs described in this thesis. Focusing
the immune response towards these epitopes may have broader implications for eliciting not only
SARS-CoV-2 vaccines durable to evolving virus but also pan-sarbecovirus immunity. Additionally,
these antibodies display potent neutralization against animal sarbecovirues and could be

stockpiled for pandemic preparedness.
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Supplementary Figure 2.1. Antibody heavy and light chain V-gene family
characteristics.
Counts for the heavy and light chain V-gene segments among C68 RBD mAbs (related to Figure
2.1C) based on partis computational software analysis. Antibody heavy (left panel) and light (right
panel) chain amino acid sequences found in $2.1 Table.
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Supplementary Figure 2.2. Binding curves for C68 mAbs to SARS-CoV-2 variants and
SARS-CoV-1 recombinant spike glycoprotein by ELISA.
Binding of C68 mAbs to SARS-CoV-2 WH-1, SARS-CoV-2 variants (Delta, Omicron BA.1,
Omicron BA.2, Omicron XBB, Omicron BA.4/BA.5, Omicron BQ.1.1) or SARS-CoV-1 recombinant
spike trimers. The concentration of each mAb (ng/mL) is plotted on a log10 scale versus
absorbance (OD450nm values). Half-maximal effective concentrations (ECso values) calculated

by nonlinear regression analysis from at least two independent technical replicates. Each mAb
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was serially diluted 2-fold for 11-12 total dilutions. Curves represent nonlinear regression fits with

error bars that indicate SEM.
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Supplementary Figure 2.3. Sarbecovirus percent sequence identity relative to SARS-
CoV-2 or SARS-CoV-1 RBD and neutralization statistics.
(A) Sarbecovirus percent sequence identity to SARS-CoV-2 WH-1 RBD or SARS-CoV-1 RBD.

(B) Geometric means (geomeans) of the IC50s and 95% confidence interval (95% CI) across

SARS-CoV-2 variants only (left panel) and all tested sarbecoviruses (right panel) tested in Figure

2.2B.
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Supplementary Figure 2.4. Violin plots showing Log10 EC50 values from pan-

coronavirus RBD yeast display assay.

(A) We assessed the cross-reactivity of C68.61 (upper panel) and C68.185 (lower panel) (data
from Figure 2.2C) with 61 RBDs from sarbecovirus clades (indicated by different colors where
clade 1b SARS-CoV-2-related sarbecoviruses are in blue, clade 1a SARS-CoV-1-related
sarbecoviruses are in green, clade 2 ACEZ2-independent sarbecoviruses in yellow, clade 3
African/European sarbecoviruses in purple, and clade 4 sarbecoviruses in orange) analyzed by
flow cytometry. The lower the EC50 (log10 ng/ml), the stronger binding response. Represents
data from at least two independent experiments. (B) Geometric means of the EC50s (ng/ml; data
from Figure 2.2C) and 95% confidence interval (95% CI) across clade 1b SARS-CoV-2-related
sarbecoviruses and clade 1a SARS-CoV-1-related sarbecoviruses tested.
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Supplementary Figure 2.5. Gating strategy for ADCC.
(A) The ability of candidate mAbs to trigger ADCC was determined by flow cytometry. NK cell
(gated as live, single cells, CEM.NKr.spike", CD3", CD56" cells) activation was measured by

120



surface expression of CD107a (a proxy for degranulation) and intracellular IFN-y (113). (B)

Representative gating strategy for CEM.NKr.spike cell death.
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Supplementary Figure 2.6. Assessment of Fc-mediated functions of C68 mAbs.
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(A) Correlation plot of the ability of C68 mAbs and control mAbs (control mAbs: S309, CV3-25,
A32, S2H97, S2H97) to trigger NK cell activation (%CD107a+) from two independent PBMC
donors using Pearson’s correlation. (B) Measurement of the degree of binding to CEM.NKTr cells
expressing D614G SARS-CoV-2 spike (target cells). Control mAbs are shown in grey and C68
mADbs in pink. (C) Correlation plot between the degree of binding to target cells and the ability to
trigger NK cell activation (%CD107a+). Pearson’s correlation analysis showed no association
between NK cell activation (%CD107a+) and MFI (r = 0.3, p = 0.2). (D) Assessment of the ability
of C68 mADbs to trigger NK cell activation (%intracellular IFN-y). (E) Correlation between the ability
of C68 mADbs to trigger NK cell activation as measured by percent cell surface CD107a or percent
intracellular IFN-y. (F) Percent of cell death within the target cell population. (G) Correlation plot
between target cell death and %CD107a expression. Correlation plots between NK activation
measurements (%CD107a, %intracellular IFN-y, %target cell death) and binding of targets cells
by mAbs (MFI) were assessed by Pearson correlation using PRISM. Results represent assays
run in technical duplicate with background subtracted values, data shown from a single donor (for
B-G).
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Supplementary Figure 2.7. Epitope profiling and pan-sarbecovirus RBD binding

activity for C68 mAbs.

(A) Complete escape maps of antibody-binding escape mutations for C68 mAbs using a yeast-
displayed SARS-CoV-2 RBD deep mutational scanning system (Omicron BA.2 RBD). Line plots
(left panel) show escape at each site in RBD. Residue colors are assigned based on effect these
mutations have on RBD expression (with yellow indicating mutations deleterious for RBD
expression). The height of letters in the logo plots indicate level of escape by that amino acid at
that site. Logo plot residue numbering is based on SARS-CoV-2 Omicron BA.2 (B) Pan-
sarbecovirus RBD yeast display to assess C68 mAbs sarbecovirus RBD binding breadth. EC50

value represents the geometric mean across the independent barcodes for corresponding
sarbecovirus RBD.
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Supplementary Figure 2.8. Predictive Alphafold 3 modeling of mAb:RBD structures.
(A) Concordance between predicted AF3 and experimental DMS epitopes. For each antibody,
views from two equivalent angles are shown for the predicted AF3 model on the left and the DMS
epitope on the right (details as in Figs. 2.3A and 2.4A). (B) Example of an improperly predicted
RBD structure from the C68.183:RBD AF3 model. A structural alignment is shown between the
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experimentally determined RBD structure from PDB 6MO0J (gray) and the predicted C68.183-
bound RBD (purple), with predicted C68.183 chains shown in light blue, demonstrating accurate
modeling of the RBD core but inaccurate modeling of the ACE2-contact loops.
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Supplementary Figure 2.9. Frequency of viral genomes containing C68 RBD binding

escape mutants.

Area plot indicating the frequency of RBD binding escape mutants (from Figure 2.4A) found in
SARS-CoV-2 sequences (Nextstrain) for C68.61 (top panel) and C68.185 (bottom panel) over
time. Circles in teal are the residues found in the SARS-CoV-2 reference sequence (Wuhan-Hu-
1) whereas mutations or deletions are indicated by yellow/blue circles. Depicts 3900 SARS-CoV-
2 viral genomes sampled between Dec 2019 and Mar 2024 (S2.2 Table). (Nextstrain:
https://nextstrain.org, CC-BY-4.0 license)
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Supplementary Figure 2.10. Yeast displaying SARS-CoV-2 RBD deep mutational
scanning library gating strategy and correlation between screens using independently
generated libraries.

(A) Gating strategy to identify antibody escape mutants by gating on yeast mutants with reduced
antibody binding. A yeast strain expressing the unmutated RBD of Wuhan-Hu-1 or Omicron BA.2
and flow cytometry were used to identify an EC90 and then yeast libraries were incubated with
that EC90 concentration of mAb. Cells are incubated with PE-conjugated 1:200 goat anti-human-
IgG and 1:100 FITC-conjugated chicken anti-Myc-tag. Cells are then gated on unmutated WH-1
or Omicron BA.2 control cells to identify escape mutants with >10x loss in antibody binding. (B)

Correlation of mutation-level escape from independently generated mutant RBD libraries.
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Supplementary Table 2.1. Amino acid sequences for C68 cross-reactive antibodies
characterized in this study.

From (135), accessed here: https://ndownloader.figstatic.com/files/50045907

Supplementary Table 2.2. SARS-CoV-2 sequence accession IDs and
acknowledgements table.

From (135), accessed here: https://ndownloader.figstatic.com/files/50045910
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