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Abstract

Properties of coronavirus spike proteins and the antibody responses against them

Amin Addetia

Chair of the Supervisory Committee:
David Veesler

Biochemistry

Coronaviruses have a propensity to spillover from zoonotic reservoirs and cause
significant morbidity and mortality in the human population. Three coronaviruses
emerged and caused significant human outbreaks in recent history: severe acute
respiratory syndrome coronavirus (SARS-CoV-1) in 2003, Middle East respiratory
syndrome coronavirus (MERS-CoV) in 2012, and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in 2019. The coronavirus spike protein facilitates viral
entry into target cells by engaging the host receptors and fusing the viral and host
membrane together. As the primary determinant of viral entry into target cells, the
coronavirus spike protein is the target of most vaccines and therapeutics. Antibodies
induced by prior infection and vaccination and therapeutics may select for spike protein

mutations that evade these antibodies without disrupting the spike protein’s ability to



engage the host receptor and mediate membrane fusion. In the following dissertation, |
detail a unique mechanism of antibody evasion induced by a mutation in the receptor
binding domain of the SARS-CoV-2 spike protein. | additionally describe the impact of
spike protein mutations observed in the SARS-CoV-2 Omicron variants on receptor
engagement, fusogenicity, and evasion from infection- and vaccine-elicited antibodies. |
further examine how updated SARS-CoV-2 vaccine formulations shape the humoral
immune response. Finally, | detail the contribution of spike protein domains and
epitopes to the neutralizing activity of convalescent plasma collected from individuals
infected with MERS-CoV. Collectively, my work is informing the development of the next

generation of coronavirus vaccines and therapeutics.
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Chapter 1. Introduction

1.1 Viruses and the immune response against them

Viruses are obligate intracellular organisms that hijack the machinery within host
cells to replicate and disseminate (Knipe & Howley, 2013). Viruses infect organisms
belonging to all three domains of life and display remarkable diversity, ranging in
everything from size to composition with some viruses nearly resembling prokaryotic
cells and forming their own organelle-like structures (Chaikeeratisak et al., 2017; Devoto
et al., 2019) to some viruses just consisting of a single strand of RNA that solely
encodes an RNA-dependent RNA-polymerase (Rodriguez-Cousifio et al., 1991).
Viruses infecting human cells form infectious particles, known as virions, that consist of
genetic material, either RNA or DNA, bundled into capsids composed of proteins (Knipe
& Howley, 2013). Some viruses will further surround their capsids with a lipid membrane
snatched from their host cell. The surfaces of these enveloped viruses are generally
decorated with glycoproteins that facilitate release from the current host cell and entry
into the next cell. Once inside a cell, viruses will produce a number of other proteins that
antagonize the defenses and function of the host cell and that promote the production of
more viral nucleic acid and protein. Alternatively, some human viruses hide within host
cells, remaining dormant until external factors promote re-activation and replication.

In the arms race between viruses and their hosts, host species have evolved to
produce defenses that limit the replication and spread of viruses. In humans, both the
innate and adaptive immune response act to counter viral infection (Knipe & Howley,
2013; Murphy & Weaver, 2016). Innate immunity is non-specific for pathogens and

consists of barriers, such as skin, that prevent viruses from reaching target cells, and



innate immune cells, such as macrophages, that signal upon encountering pathogens,
release antivirals to kill infecting viruses, and stimulate responses that recruit of
additional immune cells to sites of infection. In addition, innate immune cells also
promote an adaptive immune response against an invading virus (Murphy & Weaver,
2016). The adaptive immune response is trained on the invading pathogen and consists
of T and B cells. T cells encode T cell receptors that bind to fragments of viral proteins
presented on the major histocompatibility complexes of infected cells or innate immune
cells. Conventional T cells can further be classified as CD4* or CD8" T cells with CD4*
T cells generally secreting factors to modify the response of other immune cells and
CD8* T cells recognizing and killing infected cells (Kumar et al., 2018; Murphy &
Weaver, 2016).

B cells encode B cells receptors (BCRs) on their surface that will recognize and
bind to viral antigens (Hoffman et al., 2016; Murphy & Weaver, 2016). During the
development of B cells, unique BCRs are generated through recombination of the V(D)J
locus generating the heavy- and light-chains of BCRs. This recombination event results
in each naive B cell having a unique antigen-specificity. Upon binding a viral antigen,
naive B cells differentiate into plasmablasts and secrete immunoglobulins (Ig; also
known as an antibody) (Murphy & Weaver, 2016). Alternatively, activated B cells may
enter germinal centers and undergo maturation in which additional mutations are
introduced into the antigen-recognizing Ig variable regions, enhancing affinity for the
targeted antigen. Additionally, germinal center B cells may undergo class-switching
where the Ig constant region is swapped resulting in secretion of a different Ig isotype

(Cyster & Allen, 2019; Murphy & Weaver, 2016). Antibodies can prevent viral infection
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by binding to a viral protein and preventing the virus from entering its target cells or
promoting recognition and destruction of the pathogen by innate immune cells (Burton,
2002; Murphy & Weaver, 2016).

Besides leaving germinal centers as plasma cells that secrete antibodies, affinity
matured B cells may leave as memory B cells (Akkaya et al., 2020; Murphy & Weaver,
2016). These memory B cells retain their membrane anchored BCRs and, upon re-
encountering their target antigen, can proliferate and differentiate into plasma cells that
secrete antibodies against the targeted antigen. This memory response allows for a
rapid antibody response should reinfection with the same pathogen occur in the future

(Cyster & Allen, 2019; Murphy & Weaver, 2016).

1.2 Vaccines and therapeutic antibodies against viral pathogens

From the earliest documented vaccines that involved using cowpox virus to
prevent of smallpox by Edward Jenner in 1798 to the recent SARS-CoV-2 spike-
encoding mRNA vaccines (Knipe & Howley, 2013; Pollard & Bijker, 2021), vaccines
have fundamentally improved outcomes against infectious diseases, significantly
reducing both disease severity and mortality rates. Vaccines aim to the train the
adaptative immune to recognize viral antigens, thereby inducing a rapid memory recall
response upon infection. A number of different vaccines platforms are currently used for
the prevention of infectious diseases. These platforms include live attenuated,
inactivated, viral vectored, virus like particle, protein subunit, and nucleic acid vaccines
(Murphy & Weaver, 2016; Pollard & Bijker, 2021). Live attenuated and inactivated

vaccines both induce a robust immune response against the entirety of a virus as whole
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virions are supplied in these vaccines. In contrast, viral vectored, virus like particle,
protein subunit, and nucleic vaccines present or encode one or a subset of virus’s
proteins to the immune system. The one or subset of antigens included in these
vaccines often follows studies on the immune correlates of protection from infection for
the targeted virus to ensure these vaccines induce an immune response that mirrors a
protective immune response for that virus (Burton, 2002; Pollard & Bijker, 2021).

For many viruses, the primary immune correlate of protection is a neutralizing
antibody response against the glycoproteins that recognize receptors on host cells and
mediate fusion between the viral and host membranes (Burton, 2023). These
neutralizing antibodies typically protect against viral infection by blocking interactions
between the viral glycoprotein and host receptor or by preventing the glycoproteins from
completing membrane fusion. As such, these neutralizing antibodies generally
recognize the prefusion conformation of viral glycoprotein rather than the post-fusion
conformation. Recent vaccine design has centered around identifying stabilizing
mutations that lock viral glycoproteins in the prefusion conformation (Hsieh et al., 2020;
Pallesen et al., 2017). Vaccination with these prefusion stabilized glycoproteins have
proved to induce significantly greater neutralizing antibody titers and provide superior
protection from disease as exemplified by the recently approved respiratory syncytial
virus prefusion F protein vaccines (McLellan et al., 2013; Simdes et al., 2022).

Monoclonal antibodies are emerging therapeutics used for both the prevention
and treatment of infectious diseases (Corti et al., 2021). Therapeutic monoclonal
antibodies are typically discovered by first isolating antigen-specific memory B cells

from infected or vaccinated individuals or vaccinated humanized mice (Corti et al., 2021;
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Laffleur et al., 2012). The BCRs of these memory B cells are sequenced and expressed
as antibodies. The antibodies are then selected for desirable properties, including
neutralization potency and resilience to mutations in the targeted viral antigens, and
may be further modified to enhance these properties or extend their half-lives when
administered to humans (Kontermann, 2011; Starr, Czudnochowski, et al., 2021). As
these antibodies recognize specific epitopes on viral antigens, the effectiveness of
these therapeutics is highly susceptible to mutations in viral proteins that accumulate as

the virus evolves (Corti et al., 2021; Starr, Greaney, et al., 2021).

1.3 Coronaviruses and their spike proteins

Coronaviruses are enveloped, positive-sense RNA viruses with large
glycoproteins decorating their surface and giving them a characteristic “solar corona”
appearance when viewed with an electron microscope (Knipe & Howley, 2013;
“Virology,” 1968). Coronaviruses are among the largest RNA viruses due to the unique
proof-reading ability of their RNA-dependent RNA polymerase that limits the number of
mutations that accumulate in the viral genome during replication. Coronaviruses encode
numerous proteins that are either structural, getting incorporated into infectious virions,
or nonstructural, being expressed once the virus infects a host cell (Knipe & Howley,
2013; V’kovski et al., 2021).

The Orthocoronavirinae subfamily is divided into four genera: Alphacoronavirus,
Betacoronavirus, Gammacoronavirus, and Deltacoronavirus (Knipe & Howley, 2013).
Seven coronaviruses infecting humans have been identified to date, including 229E,

NL63, OC43, HKU1, SARS-CoV-1, SARS-CoV-2, and MERS-CoV. Two of these human
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coronaviruses, 229E and NL63, belong to the Alphacoronavirus genus with the
remaining 5 belonging to the Betacoronavirus genus. The Betacoronavirus genus is
further stratified into the Embecovirus (OC43 and HKU1), Sarbecovirus (SARS-CoV-1
and SARS-CoV-2), Merbecovirus (MERS-CoV), Nobecovirus, and Hibecovirus
subgenera. A number of betacoronaviruses have been identified in bat and other
mammalian reservoirs. Many of these viruses can infect human cells after accumulating
few or no mutations, highlighting the risk of additional potential zoonotic spillovers of
coronaviruses (Knipe & Howley, 2013; Starr, Zepeda, et al., 2022).

The primary glycoprotein found on the surface of the coronavirus virion is known
as the spike protein (Bosch et al., 2003; Knipe & Howley, 2013; Tortorici & Veesler,
2019). The spike protein is cleaved by cellular proteases forming two subunits, S4 and
S2. The S1 subunit contains the N-terminal domain (NTD), also referred to as domain A,
and the receptor binding domain (RBD), also known as domain B. The S1 subunit is
responsible for attachment to host cells through interactions with carbohydrates and
protein receptors on surface of the host cell. The S, subunit is anchored in the viral
membrane and is the membrane fusion machinery (Bosch et al., 2003; Tortorici &
Veesler, 2019). Furthermore, the Sz subunit is activated by cellular proteases, which
cleave Sz into S2’. Following engagement with host receptors, the S1subunit is shed
from the spike protein allowing the S2 subunit to insert its fusion peptide into the host
membrane (Bosch et al., 2003; Tortorici & Veesler, 2019). The Sz subunit undergoes a
dramatic conformational change pinching together the viral and host membranes (Walls

et al., 2017). As the spike protein is responsible for entry into host cells, vaccines and
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therapeutic monoclonal antibodies against coronaviruses target or generate an immune

response against the spike protein (Barouch, 2022; Huang et al., 2020).

1.4 Severe acute respiratory syndrome coronavirus 2

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in
December 2019 and rapidly spread across the globe (P. Zhou et al., 2020; Zhu et al.,
2020). SARS-CoV-2 is the causative agent of Coronavirus Disease 2019 (COVID-19)
and is responsible for the COVID-19 pandemic. SARS-CoV-2 causes significant
respiratory iliness in infected individuals and, to date, has caused over 700 million
infections and 7 million deaths (Allan et al., 2022). SARS-CoV-2 entry into target cells is
facilitated by interactions between the SARS-CoV-2 spike protein and the host receptor,
angiotensin-converting enzyme 2 (ACE2) (Hoffmann, Kleine-Weber, Schroeder, et al.,
2020; Walls, Park, et al., 2020; P. Zhou et al., 2020). In addition, the host
transmembrane serine protease 2 (TMPRSS2) participates in viral entry by cleaving the
S2 subunit of the spike protein, priming the protein to mediate fusion (Hoffmann, Kleine-
Weber, & Pohimann, 2020; Hoffmann, Kleine-Weber, Schroeder, et al., 2020). We and
others demonstrated the primary immune correlate of protection against SARS-CoV-2
infections is a neutralizing antibody response directed against the SARS-CoV-2 spike
protein (Addetia et al., 2020; Fong et al., 2022; Gilbert et al., 2022). Accordingly, SARS-
CoV-2 vaccines encode or present the viral spike protein and aim to elicit a robust
humoral immune response against the spike protein (Barouch, 2022). Additionally, all
licensed therapeutic monoclonal antibodies used for the treatment of COVID-19 target

neutralizing epitopes on the spike protein (Corti et al., 2021).
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The recent advancements in next generation sequencing technologies along with
the prioritization of diagnostic testing for SARS-CoV-2 has assisted in the identification
of viral variants as the virus has continued to evolve (“An Integrated National Scale
SARS-CoV-2 Genomic Surveillance Network,” 2020; Grubaugh et al., 2021; Rambaut et
al., 2020). The swift dissemination of genomic information has permitted prompt
assessments on the effectiveness of therapeutics and vaccines against these viral
variants. Furthermore, global tracking of SARS-CoV-2 variants has allowed for vaccine
updates to provide more robust protection against the circulating viral strains (Chalkias

et al., 2023).

1.5 Middle East respiratory syndrome coronavirus

Middle East respiratory syndrome coronavirus (MERS-CoV) was first identified in
2012 and human infections continue to occur in endemic regions (Bermingham et al.,
2012; Zaki et al., 2012). Human-to-human transmission occurs infrequently with MERS-
CoV and, instead, transmission occurs from camels, a reservoir species for MERS-CoV,
to humans (Dudas et al., 2018). The mortality rate associated MERS-CoV infection has
been estimated at approximately 35% (Arabi et al., 2014; Ebrahim et al., 2021). The
human receptor for MERS-CoV is dipeptidyl peptidase-4 (DPP4) (Lu et al., 2013; Raj et
al., 2013; N. Wang et al., 2013). In addition to interacting with DPP4, the MERS-CoV
attaches to sialosides on the surface of host cells through a binding pocket in the NTD
of the spike protein (W. Li et al., 2017; Y.-J. Park et al., 2019). Currently, no vaccines

are licensed for MERS-CoV, however, the ones in development aim to develop a
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response against the viral spike protein (Folegatti et al., 2020; Koch et al., 2020;

Modjarrad et al., 2019; L. Wang et al., 2015).

The work | will present in the subsequent chapters begins with studies on SARS-
CoV-2 and concludes with a study on MERS-CoV. The first story describes a unique
mutation that prevented some of the earliest SARS-CoV-2 therapeutics from
neutralizing the virus. The second and third stories focus on the SARS-CoV-2 Omicron
lineage variants and COVID-19 vaccines. The final story examines the antibody

response generated against the MERS-CoV spike protein following infection.
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Chapter 2. Structural changes in the SARS-CoV-2 spike E406W

mutant escaping a clinical monoclonal antibody cocktail

The first story included here was initiated early in the COVID-19 pandemic when
monoclonal antibodies targeting the SARS-CoV-2 spike protein were becoming
approved for the treatment of COVID-19. We identified a single mutation that influenced
the ability of multiple therapeutic monoclonal antibodies to bind the SARS-CoV-2
protein. In the subsequent sections, | detail our efforts to understand how this unusual
mutation influences the binding of many different antibodies to the SARS-CoV-2 spike

protein.

Adapted from: Addetia, A., Park, Y., Starr, T., Greaney, A., Sprouse, K., Bowen, J.,
Tiles, S., Van Voorhis, W., Bloom, J., Corti, D., Walls, A., Veesler. Structural changes in
the SARS-CoV-2 spike E406W mutant escaping a clinical monoclonal antibody cocktail.

Cell Reports. 2023. doi: 10.1016/j.celrep.2023.112621.

2.1 Chapter Introduction

The receptor-binding domain (RBD) of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) spike glycoprotein is responsible for interacting with the host
receptor ACE2 and initiating viral entry into cells (Hoffmann, Kleine-Weber, Schroeder, et
al., 2020; Walls, Park, et al., 2020; P. Zhou et al., 2020). The SARS-CoV-2 RBD is the
target of the majority of neutralizing antibodies elicited by SARS-CoV-2 infection and
COVID-19 vaccination, of virtually all vaccine-elicited cross-variant neutralizing

antibodies and of monoclonal antibodies (mAbs) used prophylactically or therapeutically
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(Bowen, Park, et al., 2022; Corti et al., 2021; Greaney, Loes, Gentles, et al., 2021;
McCallum, De Marco, et al., 2021; Piccoli et al., 2020; Stamatatos et al., 2021). Binding
and neutralization of SARS-CoV-2 by individual mAbs can be escaped by single RBD
residue mutations, which led to the development of therapeutic cocktails comprising two
mADbs recognizing non-overlapping epitopes (Baum et al., 2020; Hansen et al., 2020;
Starr, Czudnochowski, et al., 2021; Starr, Greaney, et al., 2021). These cocktails have a
higher barrier for the emergence of neutralization escape mutants than the individual
constituting mAbs, as typically at least two distinct amino-acid substitutions are required
to evade neutralization by a two-mAb cocktail.

The REGEN-CQV cocktail consists of two mAbs, casirivimab (REGN10933) and
imdevimab (REGN10987) that bind non-overlapping RBD epitopes in the receptor-
binding motif (RBM), and block ACE2 attachment (Baum et al., 2020; Hansen et al.,
2020). We previously mapped all possible RBD residue mutations that permit escape
from the REGEN-COV mAb cocktail and the COV2-2130 mAb, which led us to identify
that the E406W substitution abrogated binding and neutralization of both REGEN-COV
mADbs individually and the cocktail (Starr, Greaney, et al., 2021) as well as binding of
COV2-2130 (Dong et al., 2021). Unexpectedly, residue E406 is located outside of the
epitopes recognized by REGN10933, REGN10987 and COV2-2130, suggesting that this
mutation might influence the overall structure of the RBD (presumably through an
allosteric effect) while retaining detectable binding to dimeric human ACE2 (Starr,

Greaney, et al., 2021).
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2.2 Elucidating structural changes in the SARS-CoV-2 E406W spike protein using
cryo-EM

To understand the molecular basis of the E406W-mediated escape from the
REGEN-COV cocktail and COV2-2130 mAb, we characterized the SARS-CoV-2 spike
(S) ectodomain trimer structure harboring the E406W mutation using single-particle cryo-
electron microscopy. 3D classification of the dataset revealed the presence of two
conformational states: one with three RBDs closed and one with one RBD open
accounting for approximately 70% and 30% of particles, respectively. We determined a
structure of the closed S state at 2.3 A resolution applying C3 symmetry (Figure 2.1,
Figure 2.2 and Table 2.1). Symmetry expansion, focused classification, and local
refinement yielded an RBD reconstruction at 3.4 A resolution, which was used for model
building (enabling resolving the complete RBD) and analysis (Figure 2.1, Figure 2.2 and

Table 2.1).

2.3 Structural basis for escape from the REGEN-COV and COV2-2130 antibodies
The E406W substitution places the introduced side-chain indol ring in a position
sterically incompatible with the neighboring Y495 phenol side chain, inducing a
rotameric rearrangement of the latter residue relative to the ACE2-bound RBD structure
(Lan et al., 2020) or apo S ectodomain trimer structures (Walls, Park, et al., 2020;
Wrobel et al., 2020). This results in major conformational reorganization of residues
443-450 and 495-503 which experience up to 4.5 A shift relative to previously
determined structures (Walls, Park, et al., 2020; Wrobel et al., 2020) (the overall root-
mean-square deviation [RMSD] between ACE2-bound RBD and E406W RBD is 1.37 A

over 194 C-alpha pairs). Although the organization of residues 475-484 are only subtly
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different in the E406W RBD relative to apo S structures (Walls, Park, et al., 2020;
Wrobel et al., 2020), it deviates more from the REGEN-COV-bound RBD structure
(Hansen et al., 2020) (Figure 2.1a, Figure 2.3). REGN10987 recognizes an epitope
residing at the interface between antigenic sites la and lla (Piccoli et al., 2020) and
forms extensive interactions with residues 440-449 that would sterically clash with the
mADb heavy chain in the E406W RBD structure (Figure 2.1b). REGN10933 interacts
with residues 417, 453-456 and 475-490 (within antigenic site la (Piccoli et al., 2020))
and the distinct conformation of the latter residues in the REGEN-COV-bound RBD and
E406W apo S structures possibly precludes mAb binding through steric clash with the
mAD light chain (Figure 2.1c). Our data therefore shows that the E406W mutation
disrupts the antigenic sites recognized by REGN10933 and REGN10987 allosterically,
which are positioned 5 and 20 A away, respectively (Starr, Greaney, et al., 2021).
Similar to REGN10987, the loss of COV2-2130 binding to the E406W RBD (Dong et al.,
2021) is explained by the structural reorganization of residues 443-450 which are

recognized by this mAb (Figure 2.4).

2.4 Impact of E406W-induced conformational changes on ACE2 binding

These RBD conformational changes also alter the ACE2-interacting surface
resulting in the predicted loss of several hydrogen bonds formed between the ACE2
D38 and SARS-CoV-2 Y449 side chains as well as the ACE2 Q42 side chain and the
SARS-CoV-2 Y449 side chain and G446 main chain carbonyl (Figure 2.1d). Moreover,
repositioning of residues 496-502 would likely also hinder ACE2 binding sterically.

Accordingly, we observed that the monomeric human ACE2 ectodomain bound with a
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14-fold reduced affinity to immobilized SARS-CoV-2 E406W RBD (Kp=1.34 uM) relative
to wildtype (Wuhan-Hu-1) RBD (Kp=93.9 nM) using biolayer interferometry (Figure
2.5a-c and Table 2.2). This reduction of ACEZ2 binding affinity is expected to dampen
viral fitness, as previously observed for another point mutation decreasing ACE2
binding (Y.-J. Park, De Marco, et al., 2022) (Figure 2.5d) and for XBB.1 relative to

XBB.1.5 (Yue et al., 2023).

2.5 Assessing the impact of the E406W mutation on the neutralization of other
monoclonal antibodies and vaccine-elicited sera

Several broadly neutralizing sarbecovirus human mAbs recognizing distinct RBD
antigenic sites have been described. Some of them were shown to be (partially) resilient
to the ongoing SARS-CoV-2 evolution and to protect small animals against challenge
with SARS-CoV-2 variants of concern or other sarbecoviruses (Jette et al., 2021;
Martinez et al., 2022; Y.-J. Park, De Marco, et al., 2022; Y.-J. Park, Pinto, et al., 2022;
Pinto et al., 2020; Starr, Czudnochowski, et al., 2021; Tortorici et al., 2020, 2021;
Westendorf et al., 2022). To evaluate the influence of the aforementioned structural
changes on neutralization by these mAbs, we compared the concentration-dependent
inhibition of S309, S2E12 and S2X259 against VSV particles pseudotyped with the
Wuhan-Hu-1 spike harboring the G614 or the W406/G614 mutations. Each of these
three mAbs neutralized with comparable potency the G614 and W406/G614
pseudoviruses (Table 2.3), indicating they retain activity against this mutant (Figure
2.6a and Figure 2.7). As predicted based on structural data (Piccoli et al., 2020; Starr,

Czudnochowski, et al., 2021), the S2H14 mAb failed to neutralize the spike W406/G614
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pseudovirus due to the reorganization of the receptor-binding motif (Figure 2.5a and
Figure 2.6). Moreover, these data are consistent with the fact that binding to the SARS-
CoV-2 W406 RBD was unaffected for S2E12 and abrogated for S2H14 (Starr,
Czudnochowski, et al., 2021).

Finally, we set out to assess the impact of the E406W mutation on vaccine-
elicited plasma neutralizing activity using samples obtained from individuals who had
received a primary vaccine series (2 doses) of either Pfizer BNT162b2 or Moderna
MRNA-1273 COVID-19 vaccine (Table 2.3). We observed 2.5-fold (BNT162b2, range:
1.2-4.6) and 2.4-fold (mMRNA-1273, range: 1.5-3.8) reduction in neutralization potencies
against the W406/G614 spike pseudovirus compared to G614 spike-harboring
pseudovirus (Figure 2.6b-c and Figure 2.7). These data indicate that the single E406W
mutation leads to moderate erosion of vaccine-elicited polyclonal neutralizing
antibodies, comparable to the SARS-CoV-2 Epsilon variant (McCallum, Bassi, et al.,

2021) or the Delta variant (Y. Liu et al., 2021).

2.6 Chapter Discussion

The ongoing SARS-CoV-2 evolution yielded variants harboring numerous
mutations, some of them altering transmissibility, immune evasion, replication kinetics
or disease severity relative to the ancestral SARS-CoV-2 strain (Cameroni et al., 2022;
Cele et al., 2022; Davies et al., 2021; Deng et al., 2021; Edara et al., 2021; Faria et al.,
2021; C. Liu et al., 2021; Y. Liu et al., 2021; McCallum, Bassi, et al., 2021; McCallum,
De Marco, et al., 2021; McCallum et al., 2022; Meng et al., 2022; Plante et al., 2021,

Tegally et al., 2021; The CITIID-NIHR BioResource COVID-19 Collaboration et al.,
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2021; Thomson et al., 2021; Wibmer et al., 2021). We note that the E406W mutation
requires multiple nucleotide substitutions from the Wuhan-Hu-1 spike sequence and has
a deleterious effect on ACE2 binding. However, several currently circulating variants
harbor amino acid mutations generated through multiple nucleotide substitutions (e.g
BA.1 S371L, BA.2.3.20 E484R, or XBB.1.5 G339H, V445P, and F486P) as well as
mutations that dampen ACEZ2 binding in the Wuhan-Hu-1 background but are tolerated
through epistatic interactions with other mutations (e.g. Q498R found in Omicron
lineages) (Dejnirattisai et al., 2022; Starr, Greaney, Hannon, et al., 2022; Viana et al.,
2022). This suggests that epistasis might allow for the future emergence of variants
harboring the E406W mutation or other mutations remodeling RBD antigenic sites
allosterically, especially as existing immunity drives selection of variants with enhanced
capacity to evade neutralizing antibodies (Greaney, Starr, et al., 2022). Furthermore,
several emerging variants which were initially detected in wastewater are accumulating
mutations in the antigenic sites affected by the E406W mutation (Gregory et al., 2022),
underscoring its potential importance. The identification of the N501Y substitution,
which enhances ACE2 binding, before its emergence in the Alpha variant and fixation in
Omicron variants (Starr et al., 2020) highlights the power of deep-mutational scanning
for prospective mapping of the effect of mutations to the SARS-CoV-2 RBD and
motivates the characterization of unusual mutants, such as E406W. These results are
reminiscent of the BA.2 and BA.4/5 S371F mutation which dampens S309 binding via
remodeling of the RBD helix comprising residues 364-372, which are outside the
epitope of this mAb, likely by altering the N343 glycan conformation (Y.-J. Park, Pinto,

et al., 2022). To conclude, our data showcase the structural and functional plasticity of
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the SARS-CoV-2 RBD (Starr et al., 2020), suggesting mutations influencing the
organization of RBD may accumulate and can be functionally tolerated within emerging

SARS-CoV-2 strains.

2.7 Experimental Model, Study Participant Details, and Method Details

Cell culture

Expi293 cells were grown in Expi293 media at 37°C and 8% CO: rotating at 130
RPM. HEK-293T cells and HEK-293T cells stably expressing the human ACE2 receptor
(HEK-ACEZ2) (Crawford et al., 2020) were grown in DMEM supplemented with 10% FBS
and 1% PenStrep at 37°C and 5% COa. Vero cells stably expressing the human
protease TMPRSS2 (Vero-TMPRSS2) were grown in DMEM supplemented with 10%

FBS, 1% PenStrep, and 8 ug/mL puromycin at 37°C and 5% CO..

Study patrticipants

Blood samples were collected from individuals 7-30 days after receiving the
second dose of either Pfizer's BNT162b2 or Moderna’s mRNA-1273 COVID-19 vaccine.
All study participants were enrolled in the UWARN: COVID-19 in WA study at the
University of Washington. The study protocol was approved by the University of
Washington Human Subjects Division Institutional Review Board (STUDY00010350).
Demographic information, including age and sex, for sera donors is provided in Table

2.4.

Constructs
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The construct encoding spike ectodomain harboring the E406W mutation was
obtained from the Institute for Protein Design. The spike ectodomain was codon
optimized, stabilized with the hexapro mutations (Hsieh et al., 2020) and mutation of the
furin cleavage site (682RRARG685 to 682GSAS685), and inserted into the pCDNAS3.1
vector containing a C-terminal foldon followed by an avi tag and an octa-histidine tag.

The construct encoding the E406W RBD was generated by performing around-
the-horn mutagenesis using a pCMVR vector encoding the wildtype SARS-CoV-2 RBD
containing an N-terminal mu-phosphatase signal peptide and a C-terminal avi tag and
octa-histidine tag. The boundaries for the SARS-CoV-2 RBD in this construct were

328RFPN331 to 528KKST531.

Recombinant protein expression and purification

To produce the SARS-CoV-2 spike ectodomain containing the E406W mutation,
125 mL of Expi293 cells were grown to density of 2.5 x 106 cells per mL and transfected
with 125 ug of DNA using PEI MAX diluted in Opti-MEM. The cells were grown for four
days after which the supernatant was clarified by centrifugation. The recombinant
ectodomain was purified using a nickel HisTrap FF affinity column, washed with 10
column volumes of 20 mM imidazole, 25 mM sodium phosphate pH 8.0, and 300 mM
NaCl, and eluted with a 500 mM imidazole gradient. The purified proteins were buffer
exchanged and concentrated in 20 mM sodium phosphate pH 8 and 100 mM NaCl
using a 100 kDa centrifugal filter. The proteins were flash frozen and stored at -80°C

until use.
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The wildtype, B.1.1.7, and E406W RBDs were produced by transfecting 25 mL of
Expi293 cells at a density of 2.5 x 106 cells per mL with 25 pug of DNA using the
ExpiFectamine 293 Transfection Kit. The cells were grown for four days and the
resulting supernatant was collected and clarified by centrifugation. The recombinant
RBD was purified using a nickel HisTrap HP affinity column, washed with 10 column
volumes of 20 mM imidazole, 25 mM sodium phosphate pH 8.0, and 300 mM NaCl, and
eluted using a 500 mM imidazole gradient. The resulting protein was buffer exchanged
and concentrated using a 10 kDa centrifugal filter. Next, the purified RBDs were
biotinylated using the BirA biotin-protein ligase reaction kit (Avidity). The biotinylated
proteins were re-purified and concentrated as described above. The proteins were flash

frozen and stored at -80°C until use.

Cryo-EM sample preparation and data collection

3 uL of purified SARS-CoV-2 spike ectodomain harboring the E406W mutation at
a concentration of 1.6 mg/mL was added to a freshly glow discharged 2.0/2.0 UltraFoil
grid52 (200 mesh). The grid was then plunge frozen using a Vitrobot MarkIV
(ThermoFisher) with a blotting force of 0 and time of 6.5 seconds at 100% humidity and
23°C. Data were acquired on a FEI Titan Krios transmission electron microscope
operated at 300 kV and equipped with a Gatan K3 direct detector and Gatan Quantum
GIF energy filter, operated in zero-loss mode with a slit width of 20 eV. Automated data
acquisition was carried out using Leginon (Suloway et al., 2005). The dose rate was
adjusted to 15 counts/pixel/s and each movie was acquired in 75 frames of 40 ms with

pixel size of 0.843 A and a defocus range comprised between -0.1 and -2.6 ym.
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cryo-EM data processing

Movie frame alignment, estimation of the microscope CTF, particle picking, and
extraction (with a downsampled pixel size of 1.686 A and box size of 260 pixels) were
completed using WARP (Tegunov & Cramer, 2019). Reference-free 2D classification
was performed using cryoSPARC to select for well-defined particle images (Punjani et
al., 2017). These selected particles were then used for 3D classification with 50
iterations (angular sampling 7.5° for 25 iterations followed by 1.8° with local search for
25 iterations) using Relion and a previously reported closed model for the SARS-CoV-2
spike ectodomain (PBD: 6VXX) as the initial model without imposing any symmetry. 3D
refinements were carried out using non-uniform refinement along with per-particle
defocus refinement in cryoSPARC (Punjani et al., 2020) after which particles images
were subjected to Bayesian polishing using Relion (Zivanov et al., 2019) and re-
extracted with a box size of 512 pixels and a pixel size of 1 A. Another round of non-
uniform refinement followed by per-particle defocus refinement followed by another non-
uniform refinement was conducted in cryoSPARC. Next, 86 optics groups were defined
based on the beamtilt angle used for data collection and another round of non-uniform
refinement with global and per-particle defocus refinement concurrently was conducted
in cryoSPARC. To better resolve the RBD, focus 3D classification was carried out using
symmetry expanded particles and a mask over residues 440-452 and 495-505 of the
RBD using a tau factor of 200 in Relion (Zivanov et al., 2018, 2019). Particles from the
classes with the best resolved local density were selected and then subjected to local

refinement using cryoSPARC. Reported resolutions are based on the gold-standard
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Fourier shell correlation of 0.143 criterion and Fourier shell correlation curves were
corrected for the effects of soft masking by high-resolution noise substitution (S. Chen

et al., 2013; Rosenthal & Henderson, 2003).

Model building and refinement

USCF Chimera (Pettersen et al., 2004) and Coot (Emsley et al., 2010) were used
to fit atomic models of the SARS-CoV-2 RBD and ectodomain (PBD: 6M0J, 7LXY).
Models were refined and rebuilt into the map using Coot (Emsley et al., 2010) and
Rosetta (Frenz et al., 2019; R. Y.-R. Wang et al., 2016) with the RBD model being built
using the map obtained from local refinement of the RBD and the ectodomain model

being built using the map obtained for the three-fold symmetric ectodomain.

Biolayer interferometry

Biotinylated wildtype, B.1.1.7, or E406W RBD at a concentration of 5 ng/pL in
10X kinetics buffer was loaded at 30C onto pre-hydrated streptavidin biosensor to a 1
nm total shift. The loaded tips were then dipped into a 1:3 dilution series of monomeric
hACEZ2 beginning at 900 nM, 300 nM, or 7,500 nM for 300 seconds followed by
dissociation in 10X kinetics buffer for 300 seconds. The resulting data were baseline
subtracted and curves were fitted using Octet Data Analysis HT software v12.0 and

plotted in GraphPad Prism 9.

Pseudotyped VSV production
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E406W and wildtype pseudotyped VSV particles were produced as previously
described (McCallum, Bassi, et al., 2021; McCallum, Walls, et al., 2021). Briefly, 5 x 106
HEK-293T cells were seeded in 10 cm2 poly-D-lysine coated plates and grown
overnight until they reached ~70% confluency. The cells were then washed 5 times with
Opti-MEM (Life Technologies) and transfected with 24 ug of plasmid encoding either the
wildtype or E406W SARS-CoV-2 spike protein using Lipofectamine 2000 (Life
Technologies). Four hours at transfection, an equal volume of DMEM supplemented
with 20% FBS and 2% PenStrep was added to the cells. Twenty to 24 hours following
transfection, the cells were washed 5 times with DMEM and infected with VSVAG/Fluc.
Two hours after infection, the cells were washed 5 times with DMEM and grown in
DMEM supplemented with 10% FBS and 1% PenStrep along with an anti-VSV-G
antibody (I1-mouse hybridoma supernatant diluted 1:25, from CRL-2700, ATCC).
Twenty to 24 hours later, the supernatant was collected, clarified by centrifugation at
2,500xg for 10 minutes, filtered through a 0.45 pym filter, and concentrated 10x using a

30 kDa filter (Amicon). The resulting pseudovirus was frozen at -80°C until use.

Neutralization assays with vaccine-elicited sera and monoclonal antibodies

For neutralization assays using vaccine-elicited sera, HEK-ACE2 cells were
seeded in 96-well poly-D-lysine coated plates at a density of 30,000 cells per well and
grown overnight until they reached approximately 80% confluency. E406W and wildtype
pseudoviruses were diluted 1:25 in DMEM and incubated with vaccine-elicited sera for
30 minutes at room temperature. Growth media was removed from the HEK-ACE2 cells

and the virus-sera mixture was added to the cells. Two hours after infection, an equal
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volume of DMEM supplemented with 20% and 2% PenStrep was added to each well
and the cells were incubated overnight. After 20-24 hours, ONE-Glo EX (Promega) was
added to each well and the cells were incubated for 5 minutes at 37°C. Luminescence
values were measured using a BioTek plate reader.

For neutralization assays using monoclonal antibodies, Vero-TMPRSS2 cells
were seeded in 96-well plates at a density of 18,000 cells per overnight until they
reached approximately 80% confluency. Neutralizations were conducted as described
above with one modification: prior to the addition of the virus-antibody mixture, Vero-
TMPRSS2 cells were washed 3 times with DMEM.

Luminescence readings from the neutralization assays were normalized and
analyzed using GraphPad Prism 9. The relative light unit (RLU) values recorded from
uninfected cells were used to define 0% infectivity and RLU values recorded from cells
infected with pseudovirus without sera or antibodies were used to define 100%
infectivity. ID50 and IC50 values for sera and monoclonal antibodies, respectively were
determined from the normalized data points using a [inhibitor] vs. normalized response

— variable slope model.

Quantification and statistical analysis

GraphPad Prism 9 and Octet Data Analysis HT software v12.0 were used to
analyze neutralization and binding data, respectively. Details regarding number of
replicates and data analysis can be found in the respective figure legends and Method

Details.
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Data and code availability

Cryo-EM maps and atomic models have been deposited at the Electron
Microscopy Data Bank and the Protein Data Bank under the following accession codes:
EMD: EMD-26058 and PDB: 7TPK (SARS-CoV-2 E406W RBD) and EMD: EMD-26056

and PDB: 7TPI (SARS-CoV-2 E406W Ectodomain).
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2.8 Figures & Tables

Figure 2.1. The E406W mutation remodels the SARS-CoV-2 RBD allosterically.
A B

Imdevimab

475-484 (REGN10987)

Casirivimab
(REGN10933)

A, Structural superimposition of the Wuhan-Hu-1 RBD (E406, gold, PDB 6M0J, ACE2
not displayed) and the W406 RBD (light blue). B-C, Structural superimposition of the
REGN10987/REGN10933-bound Wuhan-Hu-1 RBD (E406, gold, PDB 6XDG) and the
W406 RBD (light blue). Steric clashes indicated with red stars. D, Structural
superimposition of the ACE2-bound Wuhan-Hu-1 RBD (E406, gold, PDB 6M0J) and the
W406 RBD (light blue). Hydrogen bonds shown as dotted lines.
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Figure 2.2. Cryo-EM processing and validation for the SARS-CoV-2 E406W spike

dataset.
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a, Representative electron micrograph and b, 2D class averages obtained for the
SARS-CoV-2 E406W spike ectodomain. Scale bar: 100 nm. ¢, Gold-standard fourier
shell correlation curves for the closed E406W S trimer (solid line) and locally refined
E406W RBD (dashed line). d, Local resolution calculated using CryoSPARC for the
E406W S ectodomain trimer (left, unsharpened map) and the locally refined RBD (right,
sharpened map). e, cryo-EM processing workflow.
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Figure 2.3. Support for the structural rearrangements in the W406 RBD with the
locally refined cryo-EM map.

Cryo-EM map, represented as a black mesh, obtained from local refinement of the RBD
and the W406 RBD model compared to show the areas in which the W406 RBD
diverges most significantly from the E406 RBD, including a, the Y495 sidechain, b,
residues 440-450, c, residues 473-484, and d, residues 494-505.
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Figure 2.4. Repositioning of residues 443-450 in the W406 RBD interferes
sterically with cilgavimab binding.

Cilgavimab
(AZD1061)

"
Y/
/{

Structural superimposition of the cilgavimab (AZD1061)-bound Wuhan-Hu-1 RBD
(E406, gold, PBD 7L7E) and the W406 RBD (light blue). Key reorganized regions are
labeled and the steric clash is indicated by a red star.



Figure 2.5. The E406W mutation dampens ACE2 binding severely.
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A-C, Biolayer interferometry binding analysis of monomeric human ACEZ2 to immobilized
Wuhan-Hu-1 (A), Alpha (N501Y, B), or E406W (C) RBDs. D, Mutation effects on avidity
for dimeric human ACE2 as measured by yeast surface display (Starr et al., 2020) for the
E406W mutation and RBD mutations found in human-derived SARS-CoV-2 isolates
deposited in GISAID as of 27 September 2021 across increasing frequency thresholds.
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Figure 2.6. Evaluation of the neutralizing activity of several sarbecovirus broadly
neutralizing mAbs and vaccine-elicited polyclonal antibodies.

A Monoclonal B Pfizer Cc Moderna
Antibodies BNT162b2 mRNA-1273
- S 104 S 101
= E E 8
_EI 10°A / © S2E12 3 10%- -~ 5 10°%- g 8
> 1024 @ S309 © = 8
5 e:ﬁ 8 102' 8 102"
B © S2x259| 2 o
g 107 o s2Hi4 | B e '
-_— (3] 1 [*] 1
o] g 10 10
- = 3 3
101 T T d?’ 100 T T d?: 100 T T
WT (G614) E406W = WT (G614) E406W - WT (G614) E406W
Pseudovirus Pseudovirus Pseudovirus

A, Neutralization potency (50% inhibition concentration, 1C50) of the monoclonal
antibodies S309, S2E12, S2X259, and S2H14 against VSV pseudotyped with either the
wildtype (G614) or the E406W mutant spike protein. Non-neutralizing values are shown
as 2 x 10* ng/mL, the limit of detection of the assay, as indicated by a dotted line. b-c,
Neutralization potency (50% inhibition dilution, ID50) of sera collected from individuals
vaccinated with either Pfizer Comirnaty (B) or Moderna’s mRNA-1273 (C) against VSV
pseudotyped with SARS-CoV-2 wildtype (G614) or E406W spike. ID50 values measured
against the two pseudoviruses for each sample are connected by a line. The dotted line
indicates the limit of detection of the assay.
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Figure 2.7. Neutralization curves for E406W/G614 or wildtype (G614) pseudotyped
VSV using four monoclonal antibodies targeting the SARS-CoV-2 RBD.
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Neutralization assays were performed in triplicate and replicated twice with two batches
of pseudovirus.
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Figure 2.8. Neutralization curves against E406W/G614 S or wildtype (G614) S

pseudotyped VSV for 30 sera samples collected from individuals vaccinated with
either Pfizer BNT162b2 or Moderna mRNA1273 COVID-19 vaccines.
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Neutralization assays were performed in triplicate and repeated at least twice with at least
two distinct batches of pseudovirus.
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Table 2.1. Cryo-EM data collection, refinement and validation statistics.

SARS-CoV-2 S SARS-CoV-2 S
E406W E406W RBD
Ectodomain (local refinement)
(EMDB-26056) (EMDB-26058)
(PDB 7TPI) (PDB 7TPK)

Data collection and processing
Magnification 105,000 105,000
Voltage (kV) 300 300
Electron exposure (e—/A?) 63 63
Defocus range (um) 0-2.6 0-2.6
Pixel size (A) 0.843 0.843
Symmetry imposed C3 C1
Initial particle images (no.) 950,136 1,281,585
Final particle images (no.) 427,195 113,154
Map resolution (A) 2.3 3.4

FSC threshold 0.143 0.143
Map resolution range (A) 2.2-8.9 2.8-9.1
Refinement
Initial model used (PDB code) 7LXY 6M0J
Model resolution (A) 2.4 3.4

FSC threshold 0.143 0.143
Map sharpening B factor (A?) -71 -104
Model composition

Non-hydrogen atoms 21,168 1,446

Protein residues 2,862 194

Ligands 54 1
B factors (A?)

Protein 38.08 26.84

Ligand 21.98 23.50
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R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran plot
Favored (%)
Allowed (%)
Disallowed (%)

0.012
1.434

1.01
2.21
0.49

97.95
2.05

0.012
1.867

94.27
5.21
0.52
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Table 2.2. Binding kinetics of the RBD to human ACE2 as measured by biolayer
interferometry.

Kb (nM) Kon (M-15-1) Kot (5-1)

WT 93.9+33 | 1.4x10% |1.2x102

Alpha | 109+09 | 2.3x10° [2.5x103

E406W | 1,335+195| 7.6x10* |[1.0x 10"

Values are presented as mean + standard error.



Table 2.3. IC50 values for the four monoclonal antibodies tested against wildtype
(G164) and E406W pseudoviruses.

IC50 against WT
pseudovirus (ng/mL)

IC50 against E406W
pseudovirus (ng/mL)

S309 26.6 + 3.7 27324
S2E12 0.81+0.19 0.98 £0.17
S2X259 39.4+9.2 33.8+15.6
S2H14 535 + 224 > 20,000

Values are presented as mean + standard error.
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Table 2.4. Demographic information for vaccine-elicited sera donors.

Days after second

Study ID | Age | Vaccine Type vaccination Sex Race Ethnicity
23 60 Pfizer 11 M White Not Hispanic or Latino
24 65 Pfizer 10 M White Not Hispanic or Latino
25 55 Pfizer 18 M White Not Hispanic or Latino
26 42 Pfizer 9 F White Not Hispanic or Latino
27 66 Moderna 8 F White Not Hispanic or Latino
28 63 Pfizer 10 M White Not Hispanic or Latino
29 27 Pfizer 8 F White Not Hispanic or Latino
30 38 Pfizer 8 F Asian Not Hispanic or Latino
31 37 Pfizer 21 F Black Not Hispanic or Latino
32 36 Moderna 7 M White Not Hispanic or Latino
33 62 Pfizer 15 M | Pacific Islander | Not Hispanic or Latino
34 54 Pfizer 14 F White Not Hispanic or Latino
35 60 Pfizer 14 F White Not Hispanic or Latino
36 32 Pfizer 13 F White Not Hispanic or Latino
37 52 Pfizer 11 M White Not Hispanic or Latino
38 61 Pfizer 9 M White Not Hispanic or Latino
39 32 Pfizer 22 F White Not Hispanic or Latino
40 40 Moderna 20 M White Not Hispanic or Latino
41 64 Moderna 16 M White Not Hispanic or Latino
42 34 Moderna 23 F Asian Not Hispanic or Latino
43 22 Moderna 20 F White Not Hispanic or Latino
44 24 Moderna 18 F White Not Hispanic or Latino
45 35 Moderna 20 M White Not Hispanic or Latino
46 40 Moderna 24 M White Not Hispanic or Latino
47 55 Moderna 20 M White Not Hispanic or Latino
48 25 Moderna 22 M | White and Asian| Not Hispanic or Latino
49 26 Moderna 18 F White Not Hispanic or Latino
50 36 Moderna 27 F Asian Not Hispanic or Latino
51 53 Moderna 20 F White Not Hispanic or Latino
52 47 Moderna 21 M White Not Hispanic or Latino

46




Chapter 3. Omicron spike function and neutralizing activity elicited by

a comprehensive panel of vaccines

The next two stories are centered on the Omicron lineage variants. The Omicron
lineage was the first major antigenically divergent SARS-CoV-2 lineage to emerge.
These variants contained far more spike protein mutations than the previously
circulating variants. In the following chapter, | describe our investigations into the
functional consequences of the Omicron spike protein mutations and into the capacity of

vaccine-elicit plasma to neutralize this lineage of variants.

Adapted from: Bowen, J.*, Addetia, A.*, Dang, H., Stewart, C., Brown, J., Sharkey, W.,
Sprouse, K., Walls, A., Mazzitelli, |., Logue, J., Franko, N., Czudnochowski, N., Powell,
A., Dellota, E., Ahmed, K., Ansari, A., Cameroni, E., Gori, A., Bandera, A., Posavad, C.,
Dan, J., Zhang, Z., Weiskopf, D., Sette, A., Crotty, S., Igbal, N., Corti, D., Geffner, J.,
Snell, G., Grifantini, R., Chu, H., Veesler, D. “Omicron spike function and neutralizing
activity elicited by a comprehensive panel of vaccines.” Science. 2022. doi:

10.1126/science.abq0203.

3.1 Chapter Introduction

The ongoing COVID-19 pandemic has led to the emergence of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) variants with increased
transmissibility, viral fithess, and immune evasion (Collier et al., 2022; Hodcroft et al.,

2021; McCallum et al., 2022; McCallum, Walls, et al., 2021, 2021; Micochova et al.,
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2021; R. P. Payne et al., 2021; Tegally et al., 2021, 2021; Viana et al., 2022). The most
recently named variant of concern, Omicron, is characterized by the greatest known
genetic divergence from the ancestral virus (Wuhan-Hu-1) and consists of several
sublineages, including BA.1, BA.2, BA.3, BA.4, and BA.5. BA.1 was first detected in late
2021 and rapidly replaced Delta to become the globally dominant SARS-CoV-2 strain
(McCallum, Walls, et al., 2021; Micochova et al., 2021; Saito et al., 2022), aided by its
high transmissibility and escape from neutralizing antibodies (Allen et al., 2023;
Cameroni et al., 2022; Dejnirattisai et al., 2022; Meng et al., 2022; R. P. Payne et al.,
2021; Schmidt et al., 2022; Starr, Greaney, Hannon, et al., 2022; Wilhelm et al., 2022).
In early March of 2022, BA.2 became the most prevalent SARS-CoV-2 variant globally
(Suzuki et al., 2022; Yamasoba et al., 2022) (Fig. 3.1A), and the proportion of
BA.2.12.1 in sequenced viruses peaked at >30% worldwide and >60% in the United
States by late May of 2022 (Fig. 3.1B). However, BA.4 and BA.5, which share the same
spike (S) glycoprotein sequence, are expected to reach global dominance owing to their
increasing prevalence and successful replacement of BA.2 in South Africa (Tegally et
al., 2021) (Fig. 3.1C).

The receptor-binding domain (RBD) of the SARS-CoV-2 S glycoprotein interacts
with the receptor angiotensin-converting enzyme 2 (ACE2) (Hoffmann, Kleine-Weber,
Schroeder, et al., 2020; Letko et al., 2020; Walls, Park, et al., 2020; Wrapp et al., 2020;
P. Zhou et al., 2020), promoting S conformational changes that lead to membrane
fusion and viral entry (Cai et al., 2020; Walls et al., 2017, 2019). S is the main target of
neutralizing antibodies, which have been shown to be a correlate of protection against

SARS-CoV-2 (Arunachalam et al., 2021; Corbett et al., 2021; Corti et al., 2021; Gilbert
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et al., 2022; Greaney, Loes, Gentles, et al., 2021; Khoury et al., 2021; McMahan et al.,
2021; Piccoli et al., 2020; Stamatatos et al., 2021), with RBD-targeting antibodies
accounting for most neutralizing activity against vaccine-matched virus (Greaney, Loes,
Gentles, et al., 2021; Piccoli et al., 2020) and nearly all cross-variant neutralizing activity
(Bowen, Park, et al., 2022). SARS-CoV-2 vaccines are based on the S glycoprotein
[sometimes the RBD only (Arunachalam et al., 2021; Walls et al., 2021; Walls, Fiala, et
al., 2020)] or (inactivated) virus, and they utilize a variety of delivery technologies. Lipid-
encapsulated prefusion-stabilized S-encoding mRNA vaccines include Moderna mRNA-
1273 and Pfizer-BioNTech BNT162b2. Viral-vectored vaccines encoding for the SARS-
CoV-2 S sequence include Janssen Ad26.COV2.S (human adenovirus 26),
AstraZeneca AZD1222 (chimpanzee adenovirus), and Gamaleya National Center of
Epidemiology and Microbiology Sputnik V (human adenovirus 26 and 5 for prime and
boost, respectively). Novavax NVX-CoV2373 is a prefusion-stabilized S protein subunit
vaccine formulated with a saponin-based matrix M adjuvant, whereas Sinopharm
BBIBP-CorV comprises inactivated virions. The primary vaccine series consisted of two
doses for all of these vaccines except for Ad26.COV2.S, which was administered as a

single dose.

3.2 Impact of mutations in the Omicron spike proteins on ACE2 binding and cell
fusion

We first aimed to understand how the different S mutations in the Omicron
variant sublineages affect host receptor engagement and membrane fusion. Whereas

the Delta RBD recognized human ACE2 with a comparable affinity to that of the Wuhan-
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Hu-1 RBD [1.1-fold enhancement by biolayer interferometry (BLI) (McCallum, Walls, et
al., 2021) and 1.5-fold enhancement by surface plasmon resonance (SPR)], the ACE2
binding affinity was greater for the BA.1 RBD (4.4-fold by BLI and 2.6-fold by SPR)
(Cameroni et al., 2022; McCallum et al., 2022; The CITIID-NIHR BioResource COVID-
19 Collaboration et al., 2021) and for the BA.2 RBD (3.7-fold by BLI and 2.3-fold by
SPR) (Fig. 3.1, D and E; Fig. 3.2 and 3.3; and Tables 3.1 and 3.2). The BA.2.12.1
RBD—uwhich differs from the BA.2 RBD only by the L452Q (substitution of leucine for
glutamine at position 452) mutation—had an ACEZ2 binding affinity similar to that of the
Wuhan-Hu-1 RBD (1.1-fold and 1.7-fold enhancements determined by BLI and SPR,
respectively). The ACE2 binding affinity of the BA.4/BA.5 (BA.4/5) RBD was the
greatest among the RBDs evaluated in this work, with 6.1-fold and 4.2-fold increases
relative to Wuhan-Hu-1, as determined by BLI| and SPR, respectively (Fig. 3.1, D and
E; Fig. 3.2 and 3.3; and Tables 3.1 and 3.2).

We next compared the kinetics and magnitude of cell-cell fusion mediated by the
Wuhan-Hu-1/G614, Delta, BA.1, BA.2, BA.2.12.2, and BA.4/5 S glycoproteins using a
split green fluorescent protein (GFP) system (Kodaka et al., 2015) with
VeroE6/TMPRSS2 (VeroEG cells stably expressing TMPRSS2) target cells (expressing
GFP B strands 1 to 10) and BHK-21 effector cells (expressing GFP  strand 11) and
transiently transfected with S. We observed slower and markedly reduced overall
fusogenicity for all tested Omicron sublineage S glycoproteins compared with Wuhan-
Hu-1/G614 S and even more so relative to Delta S (Meng et al., 2022; Suzuki et al.,
2022) (Fig. 3.1, F to H; Fig. 3.4), despite the higher apparent BA.4/5 S cell surface

expression compared with other S trimers (Fig. 3.5).
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3.3 Neutralization potency of vaccine-elicited plasma against Omicron variants
We next assessed the plasma neutralizing activity elicited in humans by each of
the seven vaccines or SARS-CoV-2 infection and evaluated the immune evasion
associated with the constellation of S mutations present in the BA.1, BA.2, BA.2.12.1,
and BA.4/5 Omicron sublineages (Table 3.3). We measured entry of vesicular stomatitis
virus (VSV) pseudotyped with the SARS-CoV-2 Wuhan-Hu-1 S harboring the D614G,
BA.1, BA.2, BA.2.12.1, or BA.4/5 mutations into VeroE6/TMPRSS2 target cells (Lempp
et al., 2021) in the presence of vaccinee or convalescent plasma (Table 3.4). Plasma
was obtained from individuals previously infected with a Washington-1-like SARS-CoV-
2 strain based on time of infection. These samples were obtained early in the pandemic,
so individuals had not been vaccinated. We determined a plasma neutralizing geometric
mean titer (GMT) of 39 against Wuhan-Hu-1/G614 VSV S pseudovirus, and only 5 of 24
individuals had detectable, albeit very weak, neutralizing activity against any of the four
tested Omicron sublineages (Fig. 3.6 and Fig. 3.7A). Plasma from subjects that
received two doses of Moderna mRNA-1273 ~4 weeks apart had Wuhan-Hu-1/G614,
BA.1, BA.2, BA.2.12.1, and BA.4/5 S VSV neutralizing GMTs of 633, 33, 44, 30, and 22,
respectively, whereas plasma from subjects that received two doses of Pfizer
BNT162b2 ~3 weeks apart had neutralizing GMTs of 340, 20, 29, 24, and 19,
respectively (Fig. 3.6 and Fig. 3.7, B and C). In total, 19 of 28, 21 of 28, 19 of 28, and
16 of 28 mRNA-vaccinated subjects retained neutralizing activity against BA.1, BA.2,
BA.2.12.1, and BA.4/5 S VSV, respectively. The combined Moderna and Pfizer cohorts

experienced =18-fold, =213-fold, 217-fold, and =223-fold GMT reductions against BA.1,
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BA.2, BA.2.12.1, and BA.4/5 S VSV, respectively. A similar trend was observed for
plasma from individuals that received two doses of Novavax NVX-CoV2373 (Z. Zhang
et al., 2022) in a double-blinded manner; however, these plasma samples were not
obtained at peak titers owing to the design of the clinical trial (Figs. 3.8 and 3.9). From
this group, we determined a neutralizing GMT of 252 against Wuhan-Hu-1/G614 S VSV
with only 2 of 10 individuals having detectable neutralizing activity against BA.1 (GMT:
12, 222-fold drop), 7 of 10 against BA.2 (GMT: 15, 216-fold drop), 4 of 10 against
BA.2.12.1 (GMT: 13, 220-fold drop), and 1 of 10 against BA.4/5 (GMT: 11, 223-fold
drop) (Fig. 3.6 and Fig. 3.7D). Plasma from individuals vaccinated with Janssen
Ad26.COV2.S were obtained 9 to 142 days (mean, 79) after their single dose—a time
frame expected to capture peak neutralizing titers (Barouch et al., 2021). This resulted
in a Wuhan-Hu-1/G614 S VSV GMT of 55, and only 1 of 12 subjects had detectable
plasma neutralizing activity against any of the Omicron sublineages (Fig. 3.6 and Fig.
3.7E). Two doses of AZD1222 4 weeks apart induced Wuhan-Hu-1/G614, BA.1, BA.2,
BA.2.12.1, and BA.4/5 S VSV neutralizing GMTs of 165, 14, 19, 15, and 14,
respectively, with 13 of 16 and 4 of 16 individuals having detectable neutralizing activity
against any or all tested subvariants, respectively (Fig. 3.6 and Fig. 3.7F). Sputnik V
vaccinee plasma after two doses had Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, and
BA.4/5 S VSV GMTs of 69, 13, 17, 14, and 11, respectively (Fig. 3.6 and Fig. 3.7G).
Detectable neutralizing activity against any or all Omicron sublineages was observed for
7 of 13 and 2 of 13 individuals, respectively. Finally, plasma from subjects vaccinated
with two doses of Sinopharm BBIBP-CorV had a neutralizing GMT against G614 S VSV

of 135, with 3 of 12 samples retaining detectable neutralizing activity against BA.1
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(GMT: 14), 7 of 12 against BA.2 (GMT: 17), 5 of 12 against BA.2.12.1 (GMT: 15), and 4
of 12 against BA.4/5 (GMT: 11) (Fig. 3.6 and Fig. 3.7H). Overall, these data underscore
the magnitude of evasion of polyclonal plasma neutralizing antibody responses for
Omicron sublineages in humans after primary vaccine series or infection [resulting from
the accumulation of S mutations (Cameroni et al., 2022)], with a subtle but consistently
more marked effect for BA.1 and even more so for BA.4/5 compared with BA.2 and

BA.2.12.1.

3.4 An additional booster dose increases the neutralizing activity in vaccine-
elicited plasma against Omicron variants

The emergence of the SARS-CoV-2 Delta and subsequently Omicron variants of
concern led to an increasing number of reinfections and vaccine breakthrough cases
(Bates et al., 2022; Collier et al., 2022; Y.-J. Park, Pinto, et al., 2022; Walls et al., 2022).
Public health policies were therefore updated worldwide to recommend administration of
an additional vaccine dose (booster) several months after the primary vaccine series,
which has been shown to increase the breadth and potency of neutralizing antibodies
(Cameroni et al., 2022; Dejnirattisai et al., 2022; Garcia-Beltran et al., 2022; Walls et al.,
2022). We thus assessed and compared the benefits provided by homologous or
heterologous vaccine boosters on vaccinee plasma neutralizing activity against Wuhan-
Hu-1/G614, BA.1, BA.2, BA.2.12.1, and BA.4/5 S VSV pseudotypes. Plasma samples of
subjects that received three mRNA vaccine doses had neutralizing GMTs of 2371, 406,
448, 472, and 392 against Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, and BA.4/5 S

VSV, respectively (Fig. 10 and Fig. 3.11A). The five- to sixfold potency losses against
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these variants are marked improvements over the >13- to >23-fold reductions observed
after two vaccine doses, underscoring an increase in overall neutralizing antibody
potency and breadth (Cameroni et al., 2022; Walls et al., 2022). Individuals vaccinated
with two doses of NVX-CoV2373 followed by a booster of mMRNA-1273 (1 of 5
individuals) or NVX-CoV2373 (4 of 5 individuals) had neutralizing GMTs of 6978 for
Wuhan-Hu-1/G614, 505 for BA.1 (14-fold reduction), 948 for BA.2 (sevenfold reduction),
935 for BA.2.12.1 (sevenfold reduction), and 330 for BA.4/5 (21-fold reduction) (Fig. 3
and fig. S8B). Plasma from individuals who received one dose of Ad26.COV2.S
followed by either a homologous Ad26.COV2.S (12 of 14 individuals) or a heterologous
BNT162b2 booster (2 of 14 individuals) ~4 months later had neutralizing GMTs of 363,
23, 50, 46, and 29 against Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, and BA.4/5 S
VSV, respectively, corresponding to dampening ranging between 27- and 216-fold with
9 of 14 individuals maintaining neutralizing activity against all sublineages (Fig. 3.10
and Fig. 3.11C). We also investigated individuals that received two doses of AZD1222
4 weeks apart followed by a BNT162b2 (17 of 18 individuals) or mMRNA-1273 (1 of 18
individuals) booster ~6 months later. This cohort had respective neutralizing GMTs of
2167, 186, 269, 273, and 135 against Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, and
BA.4/5 S VSV, corresponding to 8- to 16-fold potency reductions (Fig. 3.10 and Fig.
3.11D). Individuals vaccinated with two doses of Sputnik V and boosted with AZD1222
(11 of 12 individuals) or BNT162b2 (1 of 12 individuals) ~9 months later had neutralizing
GMTs of 351, 68, 77, 72, and 35 for Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, and
BA.4/5, respectively, amounting to 5- to 10-fold reductions of potency (Fig. 3.10 and

Fig. 3.11E). BBIBP-CorV vaccinees boosted with either BNT162b2 (14 of 18
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individuals) or mRNA-1273 (4 of 18 individuals) had GMTs of 2047 for G614, 439 for
BA.1 (fivefold reduction), 375 for BA.2 (fivefold reduction), 430 for BA.2.12.1 (fivefold
reduction), and 252 for BA.4/5 (eightfold reduction) (Fig. 3.10 and Fig. 3.11F). The
marked improvement in plasma neutralizing activity for subjects that received a booster
dose over those that did not highlights the importance of vaccine boosters for eliciting
potent neutralizing antibody responses against Omicron sublineages.

To assess the effect of target cell lines on apparent Omicron immune escape, we
compared the aforementioned VeroE6/TMPRSS2 cells (Lempp et al., 2021) with a
stable ACE2-overexpressing HEK293T cell line (HEK293T/ACE2) (Crawford et al.,
2020) to determine plasma neutralizing activity for a cohort of mMRNA-vaccinated
individuals. After primary vaccine series, only three subjects had detectable neutralizing
activity against any of the tested Omicron sublineage VSV pseudotypes when using
HEK293T/ACE2 target cells. By contrast, all but one subject had detectable, albeit very
weak, neutralizing activity against Omicron VSV pseudotypes using VeroE6/TMPRSS2
target cells, resulting in >17-fold, >14-fold, >20-fold, and >22-fold reductions against
BA.1, BA.2, BA.2.12.1, and BA.4/5, respectively (Figs. 3.12A and 3.13A). After a
booster dose, we observed respective 7-fold, 7-fold, 11-fold, and 13-fold reductions of
neutralizing activity against BA.1, BA.2, BA.2.12.1, and BA.4/5 VSV pseudotypes using
HEK293T/ACE2 target cells, as compared with respective sevenfold, sixfold, fivefold,
and eightfold reductions when using VeroE6/TMPRSS2 target cells (Figs. 3.12B and
3.13B). This indicates that the target cell lines used in neutralization assays may affect
the observed plasma neutralizing escape of SARS-CoV-2 variants, which may be

further compounded on the basis of preferential entry routes (Hoffmann, Kleine-Weber,
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& Pohlmann, 2020; Hoffmann, Kleine-Weber, Schroeder, et al., 2020; Meng et al.,

2022).

3.5 Chapter Discussion

We report that the BA.1, BA.2, BA.2.12.1, and BA.4/5 Omicron sublineages,
which account for >99% of all infections worldwide over the first half of 2022, have
increased ACE2 binding affinity, have decreased fusogenicity, and markedly evade
neutralizing antibody responses relative to the Wuhan-Hu-1 and Delta strains
(McCallum, Walls, et al., 2021). Collectively, these data suggest that enhanced receptor
engagement and immune evasion are key changes that may have promoted the rapid
spread of these Omicron sublineages and could contribute to the current rise in
prevalence of BA.4 and BA.5.

The development of life-saving vaccines is regarded as one of humanity’s
greatest medical and scientific achievements, which is exemplified by COVID-19
vaccines (Corbett et al., 2020; Walsh et al., 2020; Wu et al., 2021). Primary COVID-19
vaccine regimens or infection-elicited plasma neutralizing activity was severely
dampened by Omicron sublineages BA.1, BA.2, BA.2.12.1, and BA.4/5. However,
administration of a booster dose increased neutralizing antibody titers and breadth
against all Omicron sublineages to appreciable levels regardless of the vaccine
evaluated, concurring with findings for BA.1 (Cameroni et al., 2022; Dejnirattisai et al.,
2022; Garcia-Beltran et al., 2022; Meng et al., 2022; Pérez-Then et al., 2022; Planas et
al., 2022; Walls et al., 2022). These results are consistent with previous studies

demonstrating that a third vaccine dose results in the recall and expansion of
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preexisting SARS-CoV-2 S-specific memory B cells, as well as de novo induction,
leading to production of neutralizing antibodies with enhanced potency and breadth
against variants (Goel et al., 2022; Muecksch et al., 2022). Vaccinees receiving two
doses of Ad26.COV2.S (4 months apart) had lesser Omicron immune escape than that
in other two-dose vaccine recipients (3 to 4 weeks between doses) but greater than that
observed in three-dose vaccinees. These findings suggest that the time interval
between immunizations may affect the breadth and potency of vaccine-elicited plasma
neutralizing activity and that a third dose may be beneficial for this cohort as well (Meng
et al., 2022; Parry et al., 2022; R. P. Payne et al., 2021; Voysey et al., 2021). Moreover,
the induction by several currently available vaccines of robust cross-reactive cellular
immunity against SARS-CoV-2 Omicron is likely playing a key role in the retained
protection observed against severe disease (J. Liu et al., 2022; Tarke et al., 2022).

As SARS-CoV-2 progressively becomes endemic in the human population,
vaccination strategies will need to be carefully considered and optimized to provide
long-lasting immunity. So far, elicitation of high titers of variant-neutralizing antibodies
and protection against severe disease can be accomplished by dosing with the Wuhan-
Hu-1 S antigen, as shown in animal models and studies of vaccine efficacy in humans
(Accorsi et al., 2022; Andrews et al., 2022; Y.-J. Park, Pinto, et al., 2022; Walls et al.,
2022). In fact, an Omicron BA.1 (or other variant) S boost does not offer mice or
nonhuman primates significantly more BA.1 protection than a Wuhan-Hu-1 S boost
(Arunachalam et al., 2022; Gagne et al., 2022; Hawman et al., 2022; |.-J. Lee et al.,
2022; Ying et al., 2022), and Omicron primary infections elicit neutralizing antibody and

memory responses of narrow breadth (Richardson et al., 2022; Rdssler et al., 2022;
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Stiasny et al., 2022). However, continued SARS-CoV-2 evolution will accentuate the
antigenic divergence from the ancestral strain, and it is unknown whether vaccines
based on Wuhan-Hu-1 S alone will provide satisfactory protection, either as boosters in
vaccinated or infected individuals or as an initial vaccine in naive individuals (mainly
children). The recent evaluation of intranasal vaccine administration could also be
important to not only prevent severe disease but also curtail viral infection and
transmission through induction of mucosal immunity (Hassan et al., 2021; Langel et al.,
2022; Mao et al., 2022; Oh et al., 2021). For these reasons, it is important to monitor
new variants, assess the effectiveness of currently available vaccines, and continue to
test and implement new vaccination strategies that may provide stronger, longer-lasting,
or broader protection against SARS-CoV-2 and the entire sarbecovirus subgenus

(Cohen et al., 2021; Martinez et al., 2021; Walls et al., 2021).

3.6 Methods
Variant incidence analysis

Average daily prevalence for Alpha (containing B.1.1.7 and all Q sublineages),
Delta (containing B.1.617.2 and all AY sublineages), BA.1 (containing all BA.1
sublineages), BA.2 (containing all BA.2 sublineages, including BA.2.12.1), BA.2.12.1,
BA.4 (containing all BA.4 sublineages), and BA.5 (containing all BA.5 sublineages) were
obtained from GISAID using outbreak.info and RStudio and plotted using GraphPad

PRISM software version 9.4.0.

Cell lines
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Cell lines used in this study were obtained from ThermoFisher Scientific
(HEK293T), Kerafast (BHK-21 clone WI-2), or were kindly gifted by Florian Lempp
(VeroE6/TMPRSS2 cells (Lempp et al., 2021)) or Jesse Bloom (HEK293T/ACE2)
(Crawford et al., 2020). Cell lines stably expressing components of the split GFP system
were generated as described below. None of the cell lines used were authenticated

ortested for mycoplasma contamination.

Generation of split GFP stable lines

To generate cell lines stably expressing either GFP1-10 or GFP11, MLV
retrovirus was generated as previously described (Walls, Park, et al., 2020) using either
the transfer vector pQCXIP-GFP1-10 (Addgene; a gift from Yutaka Hatat) or pQCXIP-
BSR-GFP11 (Addgene; a gift from Yutaka Hatat) (Kodaka et al., 2015). BHK-21 or
Vero/TMPRSS2 were transduced with MLV-GFP1-10 or MLV-GFP11, respectively, and
stable lines were selected for using 2 ug/mL of puromycin or 4 ug/mL of blasticidin. The
BHK-21-GFP1-10 line was maintained in DMEM supplemented with 10% FBS, 1% Pen-
strep, and 2 pg/mL puromycin. The Vero/TMPRSS2-GFP11 line was maintained in
DMEM supplemented with 10% FBS, 1% Pen-strep, 8 ug/mL puromycin, and 4 pg/mL

blasticidin.

Sample donors
Convalescent plasma, Ad26.COV2.S, and some BNT162b2 samples were
obtained from the HAARVI study approved by the University of Washington Human

Subjects Division Institutional Review Board (STUDY00000959). mRNA-1273 and the
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rest of BNT162b2 samples were obtained from individuals enrolled in the UWARN:
COVID-19 in WA study approved by the University of Washington Human Subjects
Division Institutional Review Board (STUDY00010350). AZD1222 samples were
obtained from the Pollmmune-COVID study conducted by INGM and IRCCS Ca’
Granda Ospedale Maggiore Policlinico of Milan, approved by INMI “Lazzaro
Spallanzani” Ethics Committee (286_2021). Samples from NVX-CoV2373 immunized
individuals were collected in the San Diego region by the La Jolla Institute for
Immunology (Z. Zhang et al., 2022). This work was approved by the institutional review
board (IRB) of the La Jolla Institute (IRB#: VD-214). Sputnik V samples were obtained
from Samples from NVX-CoV2373 immunized individuals were collected in the San
Diego region by the La Jolla Institute for Immunology (Z. Zhang et al., 2022). This work
was approved by the institutional review board (IRB) of the La Jolla Institute (IRB#: VD-
214). Sputnik V samples were obtained from healthcare workers at the hospital de
Clinicas "José de San Martin", Buenos Aires, Argentina. BBIBP-CorV samples were
obtained from Aga Khan University, Karachi, Pakistan. Demographic data for these
individuals are summarized in Table S4. All samples were tested for binding to the
SARS-CoV-2 nucleocapsid by ELISA and plasma with area under the curve values 24.0
were excluded from the neutralization assay due to likely prior infection (fig. S11-12).
Excluded samples (with predicted prior infection) included two individuals that received
two Sputnik V doses and two individuals that received two Sputnik V doses followed by

a single AZD1222 dose.

Plasmid construction
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Full length S constructs used for pseudovirus production: the SARS-CoV-2 G614
S (YP 009724390.1) gene was placed into the HDM vector with a 21 residue C-terminal
deletion, as previously described (McCallum, Walls, et al., 2021; Ou et al., 2020; Walls
et al., 2021). The plasmids encoding the SARS-CoV-2 Omicron S variants BA.1 and
BA.2 were generated by overlap PCR mutagenesis of the wildtype plasmid,
pcDNA3.1(+)-spike-D19 (Cameroni et al., 2022; Hsieh et al., 2020). The SARS-CoV-2
BA.2.12.1 and BA.4/5 Omicron subvariant S genes were subcloned by Genscript via
mutagenesis of the G614 S construct.

Proteins used for BLI: the SARS-CoV-2 Wuhan-Hu-1 RBD construct was
synthesized by GenScript into pcDNA3.1- with an N-terminal mu-phosphatase signal
peptide and a C-terminal octa-histidine tag, flexible linker, and avi tag
(GHHHHHHHHGGSSGLNDIFEAQKIEWHE). The boundaries of the construct are N-
328RFPN331 and 528KKST531-C (Walls, Fiala, et al., 2020). The SARS-CoV-2 Delta
(B.1.617.2) RBD (L452R, T478K) construct and the SARS-CoV-2 Omicron BA.1 RBD
construct (G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H) are described as above and were
cloned into the CMVR plasmid by GenScript. The SARS-CoV-2 Omicron BA.2 RBD
(G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, S477N,
T478K, E484A, Q493R, Q498R, N501Y, Y505H) construct was synthesized by
Genscript into pcDNA3.1(+) with a BM40+A (for Kozak) signal peptide and a C-terminal
avi tag, flexible linker, and octa-histidine tag
(GGLNDIFEAQKIEWHEGSGHHHHHHHH*). The boundaries of the construct are N-

328RFPN331 and 528KKST531-C. Genscript mutagenized the BA.2 RBD construct to
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produce the SARS-CoV-2 BA.2.12.1 (BA.2 mutations with L452Q) and BA.4/5 (BA.2
mutations with L452R, F486V, R493Q (Wuhan-Hu-1 reversion)) RBD constructs.
Proteins used for SPR: The SARS-CoV-2 Wuhan-Hu-1 RBD construct contains S
residues 328- 531 (GenBank NC_045512.2) with an N-terminal signal peptide and a C-
terminal 8xHis-AviTag. RBDs from other SARS-CoV-2 variants were obtained by
Gibson Assembly (New England Biolabs) or In-Fusion (Takara) using the digested
wildtype plasmid and gBlocks Gene Fragments (IDT) encoding the variant RBD
sequences. All plasmids were verified by sequencing. The ACE2 construct encodes for
residues 19-615 from Uniprot Q9BYF1 with an N-terminal signal peptide and a C-

terminal thrombin cleavage site-TwinStrep-10xHis-GGG-tag.

Recombinant protein production for BLI and ELISA

SARS-CoV-2 S or RBDs were produced in Expi293F Cells (ThermoFisher
Scientific) grown in suspension using Expi293 Expression Medium (ThermoFisher
Scientific) at 37°C in a humidified 8% CO2 incubator rotating at 130 rpm. Cells grown to
a density of 3 million cells per mL were transfected using the ExpiFectamine 293
Transfection Kit (ThermoFisher Scientific) and cultivated for 3-5 days. Proteins were
purified from clarified supernatants using a nickel HisTrap HP affinity column (Cytiva)
and washed with ten column volumes of 20 mM imidazole, 25 mM sodium phosphate
pH 8.0, and 300 mM NaCl before elution on a gradient to 500 mM imidazole, 25 mM
sodium phosphate pH 8.0, and 300 mM NaCl. Proteins were buffer exchanged into 20
mM sodium phosphate pH 8 and 100 mM NaCl and concentrated using centrifugal

filters (Amicon Ultra) before being flash frozen.
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Recombinant protein production for SPR assays

SARS-CoV-2 RBDs were expressed in Expi293F cells (Thermo Fisher Scientific)
at 37 °C and 8% COZ2. Transfections were performed using the ExpiFectamine 293
Transfection Kit (Thermo Fisher Scientific). Cell culture supernatants were harvested
five days after transfection by spinning at 4,000 xg for 20 min. Supernatants were then
filtered through a 0.22-uym filter and supplemented with 10x PBS to a final concentration
of 2.5x PBS (342.5 mM NacCl, 6.75 mM KCI and 29.75 mM phosphates). SARS-CoV-2
RBDs were purified using HisPur Cobalt resin (Thermo Fisher Scientific) or 5 ml
HisTALON Superflow cartridges (Takara) followed by buffer exchange into PBS using
Amicon centrifugal filters (MilliporeSigma) or by size exclusion chromatography using a
Superdex 200 Increase 10/300 GL column (Cytiva). Recombinant human ACE2 was
expressed in Expi293F cells at 37°C and 8% COZ2. Transfection was performed using
the ExpiFectamine 293 transfection kit (Thermo Fisher Scientific). Cell culture
supernatant was collected 7-8 days after transfection and supplemented to a final
concentration of 80 mM Tris-HCI pH 8.0, 100 mM NaCl, and then incubated with
BioLock (IBA GmbH) solution. ACE2 was purified using a 1 mL StrepTrap HP column
(Cytiva) followed by size exclusion chromatography using a Superdex 200 Increase

10/300 GL column (Cytiva) pre-equilibrated in PBS.

Pseudotyped VSV production

SARS-CoV-2 G614 and Omicron BA.1, BA.2, BA.2.12.1, and BA.4/5

pseudotypes were prepared similarly as previously described (McCallum, Walls, et al.,
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2021). Briefly, HEK293T cells seeded in poly-D-lysine-coated 100 mm dishes at ~75 %
confluency were washed five times with Opti-MEM and transfected using 24 pg of the S
glycoprotein plasmid with Lipofectamine 2000 (Life Technologies). After 5 h at 37°C,
media supplemented with 20% FBS and 2% PenStrep was added. After 20 hours, cells
were washed five times with DMEM and cells were transduced with VSVAG-luc before
a 2 h incubation at 37°C. Infected cells were then washed an additional five times with
DMEM prior to adding media supplemented with anti-VSV-G antibody (I1-mouse
hybridoma supernatant diluted 1:25, from CRL-2700, ATCC) to reduce parental
background. After 18-24 h, the supernatant was harvested and clarified by low-speed
centrifugation at 2,500 g for 10 min. The supernatant was then filtered (0.45 pm) and
concentrated 10 times using a 30 kDa centrifugal concentrator (Amicon Ultra). The

pseudotypes were then aliquoted and frozen at -80 °C.

Pseudotyped VSV neutralization assay

To evaluate neutralization of SARS-CoV-2 G614 and Omicron BA.1, BA.2,
BA.2.12.1, and BA.4/5 pseudotypes by plasma of vaccinees or previously infected
individuals, VeroE6/TMPRSS2 or HEK293T/hACEZ2 cells in DMEM supplemented with
10% FBS, 1% PenStrep, and 8 ug/mL puromycin were seeded at 60-70% confluency
into white clear-bottom 96 well plates (Corning) and incubated at 37°C. The following
day, a half-area 96-well plate (Greiner) was prepared with eight 3-fold serial plasma
dilutions. An equal volume of DMEM with pseudovirus and 1:20 anti- VSV-G antibody
(I1-mouse hybridoma supernatant from CRL-2700, ATCC) was then added to the half-

area plate. Added pseudovirus was 1:15-1:50 depending on the batch to normalize
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entry levels, and the same dilution was added regardless of target cell line. The mixture
was incubated at room temperature for 20-30 minutes. Media was removed from the
cells and 40 pL from each well (containing plasma and pseudovirus) was transferred to
the 96-well plate seeded with Vero/TMPRSS2 cells and incubated at 37°C for 2 h. After
2 h, an additional 40 yL of DMEM supplemented with 20% FBS and 2% PenStrep was
added to the cells. After 16-20 h, 40 uL of One-Glo-EX substrate (Promega) was added
to each well and incubated on a plate shaker in the dark for 5 min. Relative luciferase
units were read using a Biotek plate reader. Relative luciferase units were plotted and
normalized in Prism (GraphPad): 100% neutralization being cells lacking pseudovirus
and 0% neutralizing being cells containing virus but lacking plasma. Prism (GraphPad)
nonlinear regression with “[inhibitor] versus normalized response with a variable slope”
was used to determine ID50 values from curve fits with 2-3 repeats. 2-4 biological

replicates consisting of distinct pseudovirus batches were carried out for each sample.

Cell-cell Fusion Assay

The day prior to the cell fusion assay, Vero-TMPRSS2-GFP11 cells were split
into 96-well, glass bottom, black walled plates (CellVis) at a density of 18,000 cells per
well. BHK-21-GFP1-10 cells were split into 6-well plates at a density of 1x106 cells per
well. The following day, the growth media was removed and replaced with DMEM
containing 10% FBS and 1% Pen-strep and the cells were transfected with 4 pg of S
protein using Lipofectamine 2000 (Life Technology). Twenty- four hours after
transfection, BHK-21-GFP1-10 expressing the S protein were washed three times using

FluoroBrite DMEM (Thermo Fisher) and detached using an enzyme-free cell
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dissociation buffer (Gibco). The Vero/TMPRSS2-GFP11 were washed three times with
FluoroBrite DMEM and 12,000 BHK-21-GFP1-10 cells were plated on top of the
Vero/TMPRSS2-GFP11 cells. The cells were incubated at 37°C for 18 h and then
imaged with a Cytation 7 Imager (BioTek). Fusogenicity was determined by measuring
the area showing GFP fluorescence for each image using Gen5 Image Prime v3.11
software and comparisons between the different S variant proteins were assessed using
the Wilcoxon Rank Sum Test in Prism 9.

To measure S expression at the surface of BHK-21-GFP1-10 cells, 1x106 cells
were collected by centrifugation at 1,000 x g for 5 mins. The cells were washed once
with flow staining buffer (1% BSA, 1 mM EDTA, 0.1% NaN3 in PBS) and labeled with
250 pg/mL of S2L20 (McCallum, De Marco, et al., 2021), for 45 mins, an NTD-directed
antibody that binds to all currently characterized SARS-CoV-2 variants. The cells were
washed twice with flow staining buffer and labeled with a PE-conjugated anti-Human
IgG Fc antibody (Thermo Fisher) for 30 mins. The cells were washed twice with flow
staining buffer and once with PBS. The cells were fixed with 2% paraformaldehyde for
15 mins and washed twice with PBS. The labeled cells were analyzed using a BD
FACSAria lll. Cells were gated on singleton events and a total of 10,000 singleton
events were collected for each sample. The fraction of S- positive cells was determined
in FlowJo 10.8.1 by gating singleton events for the mock transfected cells on PE

intensity.

Biolayer interferometry
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All steps of the affinity measurements using biolayer interferometry were carried
out at 300C with a shaking speed of 1,000 r.p.m. Biotinylated Wuhan-Hu-1, Delta, BA.1,
BA.2, BA.2.12.1, or BA.4/5 RBDs were diluted to a concentration of 5 ng/pL in 10X
kinetics buffer and loaded onto pre- hydrated streptavidin biosensors to a 1 nm total
shift. The loaded tips were dipped into a 1:3 dilution series of monomeric human ACE2
starting at 900 nM or 300 nM for 300 seconds followed by dissociation in 10X kinetics
buffer for 300 seconds. The resulting data were baseline subtracted and curves were
globally fitted using a 1:1 binding model with Octet Data Analysis HT software v12.0 and

plotted in GraphPad Prism 9.

Surface plasmon resonance

Measurements were performed using a Biacore T200 instrument. A CMS5 chip
with covalently immobilized anti-Avi polyclonal antibody (GenScript, Cat #: A00674-40)
was used for surface capture of His-Avi tag-containing RBDs. Running buffer was HBS-
EP+ pH 7.4 (Cytiva) and measurements were performed at 25 °C. Experiments were
performed with a 4-fold dilution series of monomeric ACE2 protein: 11.11, 33.33, 100,
300 mM and were run as single-cycle kinetics. Data were double reference-subtracted
and fit to a binding model using Biacore Evaluation software. The 1:1 binding model
was used to estimate the kinetics parameters. Each RBD-ACEZ2 pair were measured in
at least 4 replicates consisting of a single biological replicate for the BA.1 RBD and two

for all other tested RBDs.

Enzyme-linked immunosorbent assay (ELISA)
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30 pL of 3 pg/mL prefusion SARS-CoV-2 nucleocapsid protein (The Native
Antigen Company) was diluted in PBS and incubated on a 384-well Nunc Maxisorp
plate (ThermoFisher 464718) for one hour at 37 'C. Plates were slapped dry before
addition of 80 pL blocker Casein in PBS (ThermoFisher) and incubation for one hour at
37 C. Plates were slapped dry and a 1:4 serial dilution of plasma in 30 yL TBST was
added and incubated for one hour at 37 C. Plates were slapped dry and washed 4x with
TBST using a BioTek plate washer followed by addition of Invitrogen anti-Human IgG
(ThermoFisher A18817) and one hour incubation at 37 'C. Plates were once again
slapped dry and washed 4x with TBST before addition of room temperature TMB
Microwell Peroxidase (Seracare 5120-0083). The reaction was quenched after 1-2
minutes with 1 N HCI and the absorbance at 450nm (A450) of each well was read using
a BioTek plate reader. The x axes were log transformed and Prism (GraphPad) “Area

Under Curve” was used to determine binding strength.
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3.7 Figures & Tables

Figure 3.1. Omicron sublineage RBDs bind ACE2 with enhanced affinity but
exhibit impaired S-mediated fusogenicity relative to the ancestral virus.
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(A to C) Prevalence of the different variants of concern measured globally (A), in the
United States (B), or in South Africa (C). Alpha comprises B.1.1.7 and all Q
sublineages; Delta comprises B.1.617.2 and all AY sublineages; and BA.1, BA.2, BA 4,
and BA.5 comprise their respective sublineages (including BA.2.12.1 for BA.2).
Prevalence calculations rely on shared GISAID (Global Initiative on Sharing Avian
Influenza Data) sequences and may be biased by sampling. (D and E) Equilibrium
dissociation constants (Kp) of binding of the monomeric ACE2 ectodomain to
immobilized biotinylated Wuhan-Hu-1, Delta, BA.1, BA.2, BA2.12.1, and BA.4/5 RBDs
assessed by BLI (D) or SPR (E). Data presented are the results of at least two
independent biological replicates for BLI and for SPR (except for the BA.1 RBD SPR
data, which come from four technical replicates). (F) Quantification of cell-cell fusion
after 24 hours mediated by Wuhan-Hu-1/G614, Delta, BA.1, BA.2, BA.2.12.1, and
BA.4/5 S glycoproteins expressed as the fraction of the total area with GFP
fluorescence assessed using a split GFP system. Data are from 16 fields of view from a
single experiment and are representative of results obtained from two independent
biological replicates. Comparisons between fusion mediated by the Wuhan-Hu-1/G614
S and other S variants were completed using the Wilcoxon rank sum test. **P < 0.01;
***P < 0.001; ****P < 0.0001. (G) Kinetics of cell-cell fusion mediated by Wuhan-Hu-
1/G614, Delta, BA.1, BA.2, BA.2.12.1, and BA.4/5 S glycoproteins expressed as the
fraction of the total area with GFP fluorescence assessed using a split GFP system.
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Figure 3.2. Biolayer interferometry binding analysis of monomeric human ACE2

to RBDs.
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interferometry binding analysis of monomeric human ACE2 to biotinylated Wuhan-Hu-1
(A), Delta (B), BA.1 (C), BA.2 (D), BA.2.12.1 (E), or BA.4/5 (F) RBDs immobilized at the

surface of SA biosensors. Kinetic rate constants and affinities are presented in Table

3.1.
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Figure 3.3. Representative surface plasmon resonance binding analysis of

monomeric human ACE2 to RBDs
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Representative surface plasmon resonance binding analysis of monomeric human
ACE2 to Wuhan-Hu-1 (A), Delta (B), BA.1 (C), BA.2 (D), BA.2.12.1 (E), or BA.4/5 (F)
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RBDs immobilized at the surface of a SPR chip coated with anti-Avi polyclonal antibody.

Experiments were performed with a 3-fold dilution series of Fab: 11.11, 33.33, 100,
300nM, and were run as single-cycle kinetics. Gray blocks denote the dissociation

phase.
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Figure 3.4. Representative cell-cell fusion fluorescence images after 24 h.

Scale bar: 1 mm.
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Figure 3.5. Evaluation of cell surface S expression determined by labeling effector
cells with the broadly reactive NTD-directed S2L20 antibody and measuring PE
intensity by flow cytometry.

Negative
G614 } 91.3%
Delta e 91.3%
BA.1 ' 91.4%
BA.2 i 94.2%
BA.2.121 e eceeemeeceeaeemeeeeeaeeeee et aeemes et eeeet et meemeeeeemeeceteesmeeees 91.8%
BA.4/5 | 94.6%
L S PR S
S2L20 PE

The y-axis of each histogram is presented as a modal scale proportional to the
maximum cell count for that plot. The percentage of S-positive cells based on gating for
singleton events for the mock transfected (negative) cells, represented by the dashed
lines, for each sample is shown above each histogram.
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Figure 3.6. SARS-CoV-2 Omicron sublineages evade human plasma neutralizing
antibodies elicited by infection or primary vaccine series.
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Plasma neutralizing antibody titers elicited by primary COVID-19 vaccination series
determined using SARS-CoV-2 S VSV pseudotypes using VeroE6/TMPRSS2 as target
cells. One-time (1x) infected samples (n = 24) were obtained 26 to 78 days (mean, 41)
after symptom onset, two-dose (2x) mMRNA-1273 samples (n = 14) were obtained 6 to
50 days (mean, 13) after second dose, 2x BNT162b2 samples (n = 14) were obtained 6
to 33 days (mean, 14) after second dose, 2x NVX-CoV2373 samples (n = 10) were
obtained 17 to 168 days (mean, 82) after second dose, one-dose (1x) Ad26.COV2.S
samples (n = 10) were obtained 9 to 142 days (mean, 79) after first dose, 2x AZD1222
samples (n = 16) were obtained ~30 days after second dose, 2x Sputnik V samples (n =
12) were obtained 60 to 90 days after second dose, and BBIBP-CorV samples (n = 12)
were obtained 9 to 104 days (mean, 69) after second dose. Individual points are
representative geometric mean titers from two independent experiments consisting of
two replicates each. Bars represent geometric means, and error bars represent
geometric standard deviations for each group. Statistical significance between groups of
paired data was determined by Wilcoxon rank sum test. ***P < 0.001; ****P < 0.0001.
Patient demographics are shown in table S4. Normalized curves and fits are shown in
Fig. 3.7. G614 indicates Wuhan-Hu-1/G614. IDso, median inhibitory dose.
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Figure 3.7. Normalized neutralization curves following infection or primary

vaccine series.
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cells and plasma from subjects previously infected (A) or administered with a primary
vaccine series (B-H).
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Figure 3.8 Double blinded immunization scheme for individuals vaccinated with
two doses of NVX-CoV2373.

Dose 1 2 3 4
Cohort 1 ‘ ‘ ' ' e A
\\.._,777_;7,.'/ \\_777_7/.«/ ‘ ‘ I:/ ‘ Placebo
or
y W N Vaccine

Each subject received two doses of NVX-CoV2373 (either at time points 1 and 2 or at
time points 3 and 4) and two doses of placebo (at the other two time points). Each
individual thus received a total of two doses of NVX-CoV2373 as part of their primary
vaccine series, although the time since vaccination is unknown for some donors (as a

result of study double blinding).
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Figure 3.9 Analysis of neutralizing activity versus days post symptom onset or
last vaccine dose.
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Plasma neutralizing activity against SARS-CoV-2 G614 VSV pseudovirus plotted against the
number days since symptoms onset (for 1x infected subjects) or since administration of the last
vaccine dose (for all other samples) following primary vaccine series (A) or booster dose (B).
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Figure 3.10. Administration of a booster dose rescues neutralization potency
against Omicron sublineages for all vaccines.
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Plasma neutralizing antibody titers elicited by COVID-19 vaccine boosters determined
using SARS-CoV-2 S VSV pseudotypes and VeroE6/TMPRSS2 as target cells. Three-
dose (3%x) mMRNA-1273 or BNT162b2 samples (n = 13) were donated 13 to 97 days
(mean, 30) after third dose; 2x NVX-CoV2373 plus 1x BNT162b2 or NVX-CoV2373
samples (n = 5) were donated 14 to 20 days (mean, 15) after third dose; 1x
Ad26.COV2.S plus 1x Ad26.COV2.S or BNT162b2 samples (n = 14) were donated 12
to 16 days (mean, 14) after second dose; 2x AZD1222 plus 1x BNT162b2 or mRNA-
1273 samples (n = 18) were donated 30 to 123 days (mean, 87) after third dose; 2x
Sputnik V plus 1x AZD1222 or BNT162b2 samples (n = 14) were donated 45 to 60 days
after third dose; and 2x BBIBP-CorV plus 1x BNT162b2 or mRNA-1273 samples (n =
18) were donated 29 to 89 days (mean, 50) after third dose. Individual points are
representative geometric mean titers from two to four independent experiments
consisting of two replicates each. Bars represent geometric means, and error bars
represent geometric standard deviations for each group. Statistical significance between
groups of paired data was determined by Wilcoxon rank sum test. **P < 0.01; ***P <
0.001; ****P < 0.0001. Patient demographics are shown in Table 3.4. Normalized
curves and fits are shown in Fig. 3.11.
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Figure 3.11. Normalized neutralization curves following booster dose.
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Normalized neutralization curves using VSV pseudovirus containing the SARS-CoV-2
Wuhan-Hu-1/G614, BA.1, BA.2, BA.2.12.1, BA.4/5 S on VeroE6/TMPRSS2 cells using
plasma from subjects that received a booster dose.
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Figure 3.12. Neutralizing antibody titers determined using VeroE6/TMPRSS or
HEK293T-ACE2 as the target cell line.
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Plasma neutralizing antibody titers elicited by COVID-19 vaccine boosters determined
using SARS-CoV-2 S VSV pseudotypes and VeroE6/TMPRSS2 or HEK293T stably
expressing human ACE2 (HEK293T/ACE2) as target cells. Individual points are
representative geometric mean titers from two independent experiments consisting of
two replicates each. Bars represent geometric means and error bars represent
geometric standard deviations for each group. Patient demographics are shown in
Table 3.4. Normalized curves and fits are shown in Figure 3.13. G614: Wuhan-Hu-

1/G614.
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Figure 3.13. Neutralization curves using VeroE6/TMPRSS or HEK293T-ACE2 as
the target cell line.
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Normalized neutralization curves using VSV pseudotyped with the SARS-CoV-2 S
harboring the G614, BA.1, BA.2, BA.2.12.1, or BA.4/5 mutations with HEK293T/ACE2
target cells using plasma from mRNA-vaccinated subjects after their (A) primary series or
(B) booster dose.
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Figure 3.14. Nucleocapsid antibody binding titers.
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Area under curve of log transformed SARS-CoV-2 nucleocapsid antibody binding titers
of plasma samples obtained after primary vaccine series (A) or booster dose (B).
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Figure 3.15. ELISA curves against the SARS-CoV-2 nucleocapsid.
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Raw ELISA curves for plasma binding to the SARS-CoV-2 nucleoprotein following
infection (A) or administration of two doses of MRNA-1273 (B), two doses of BNT162b2
(C), two doses of NVX-CoV2373 (D), one dose of Ad26.COV2.S (E), two doses of
AZD1222 (F), two doses of Sputnik V (G), two doses of BBIBP-CorV (H), three doses of
MRNA-1273 or BNT162b2 (I), two doses of NXV-CoV2373 followed by one dose of
BNT162b2 or mRNA-1273 (J), two doses of Ad26.COV2.S (K), two doses of AZD1222
followed by one dose of BNT162b2 or mRNA-1273 (L), two doses of Sputnik V followed
by one dose of AZD1222 or BNT162b2 (M), or two doses of BBIBP-CorV followed by one
dose of BNT162b2 or mRNA-1273 (N).
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Table 3.1. Kinetics of human ACE2 binding to immobilized SARS-CoV-2 RBDs

determined by biolayer interferometry.

Kb (nM) kon (M-1s"1) kot (s7)
Wuhan-Hu-1 88.7+24 1.6 x 10° 1.4 x 1072
Delta 78204 1.2x10° 9.2x103
BA.1 19.7 11 2.2x10° 4.4 x10°%
BA.2 23921 1.6 x 10° 3.8x1073
BA.2.12.1 81.6+6.5 8.7 x10° 6.9x 1073
BA.4/5 14.4+0.3 1.4 x10° 2.0x103

Values are presented as mean + standard error.
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Table 3.2. Kinetics of human ACE2 binding to immobilized SARS-CoV-2 RBDs
determined by SPR binding assays.

ACE-2 binding

RBD Kb (nM) Kon (1/Ms) | stdeV (Kon) | Kot (1/8) stdev (ko)
Wuhan-Hu-1 87.00£10.80 |7.11E+04 7.71E+03 6.12E-03 1.41E-04
Delta 65.66 + 5.01 5.78E+04 1.84E+03 3.79E-03 2.09E-04
BA.1 36.94 £ 4.58 5.30E+04 5.70E+03 1.97E-03 3.61E-04
BA.2 44.96 + 3.23 4.31E+04 1.06E+03 1.94E-03 1.32E-04
BA.2.12 52.56 £ 3.36 4.39E+04 2.31E+03 2.30E-03 4.07E-05
BA.4/5 28.06 £ 3.15 3.52E+04 1.34E+03 9.85E-04 1.01E-04

Kb, kon, and koff values are reported as the average with the standard deviation from at

least 4 replicates.
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Table 3.3. SARS-CoV-2 Omicron S mutations as compared to Wuhan-Hu-1.

BA.1

BA.2

BA.2.12.1

BA.4/5

A67V, del69/70,
T95I, G142D,
del143/145, del211,
L2121, ins214EPE,
G339D, S371L,
S373P, S375F,
K417N, N440K,
G446S, S477N,
T478K, E484A,
Q493R, G496S,
Q498R, N501Y,
Y505H, T547K,
D614G, H655Y,
N679K, P681H,
N764K, D796Y,
N856K, Q954H,
N969K L981F

T19I1, L24S,
del25/27, G142D,
V213G, G339D,
S371F, S373P,
S375F, T376A,
D405N, R408S,
K417N, N440K,
S477N, T478K,
E484A, Q493R,
Q498R, N501Y,
Y505H, D614G,
H655Y, N679K,
P681H, N764K,
D796Y, Q954H,
N969K

T19I, L24S,
del25/27, G142D,
V213G, G339D,
S371F, S373P,
S375F, T376A,
D405N, R408S,
K417N, N440K,
L452Q, S477N,
T478K, E484A,
Q493R, Q498R,
N501Y, Y505H,
D614G, H655Y,
N679K, P681H,
S704L, N764K,
D796Y, Q954H,
N969K

T19I1, L24S,
del25/27, del69/70,
G142D, V213G,
G339D, S371F,
S373P, S375F,
T376A, D405N,
R408S, K417N,
N440K, L452R,
S477N, T478K,
E484A, F486V,
Q498R, N501Y,
Y505H, D614G,
H655Y, N679K,
P681H, N764K,
D796Y, Q954H,
N969K
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Table 3.4. Demographics data of enrolled plasma donors.

Days
since
symptoms Days
. onset or . Since
Vaccine | Sample | Age | Sex last Vaccine Sample | Age | Sex Last
vaccine Dose
dose
10C | 31 | F 31 1 47 | F 79
114C | 54 | F 41 10 27 | M 84
13 54 | M 32 11 28 | F | 102
135C | 43 | M 49 12 36 | M | 22
144C | 30 | M 48 13 26 | F | 102
149C | 25 | M 40 2 14 26 | F | 100
151 67 | M - 8 15 32 | F | 104
151C | 69 | F 41 o 16 39 | M 97
157 | 42 | F - 2 2 36 | M | 78
182C | 75 | M 78 o 3 41 | F 9
3 200C | 61 | M 42 & 4 25 | F | 74
3 21C | 36 | F 26 5 26 | F 71
S 235C | 65 | M 31 6 34 | F | 82
x 244C | 57 | F 68 7 29 | M 76
26C | 25 | F 28 8 34 | F 15
28C | 64 | F 42 9 33 | F 15
30C | 60| F 35 8H 79 | M 78
32C | 36 | M 30 ~ 12H 42 | F 18
54C | 37 | M 36 & 15H 52 | M | 13
57C | 56 | F 35 2 29H 64 | M 13
65C | 73 | M 42 E 35H 60 | M | 47
73C | 60 | M 49 e 51H 50 | F 25
98C | 33 | M 38 N 53H 38 | F 14
9C 37 | F 41 - 54H 34 | F 15
12H | 42 | F 10 < 55H 52 | F | 18
o 136040 | 40 | M 20 DEC 56H 46 | M 97
= 20H [ 33 | F 6 < 72H 35 | F 15
<Z': 24H 24 | M 7 o 76H 38 | F 14
& 27H 50 | M 11 80H 35 | F 25
S 2x NVX-
& 38H 26 | F 10 CoV2373 1x 6085.2 36 | M | 20
mRNA-1273
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41H [ 36 | F 13 38 30| F 87
67H | 40 | F 13 40 52 | F | 114
77TH | 28 | F 14 41 40 | F 88
78H | 22 | M 15 ~ 43 48 | M | 92
79H |27 | F 20 & 45 49 | F 83
58402 | F | 73 165 g 47 32 | F 81
60822 | M | 21 103 z 48 38 | F 81
© 60851 | M | 36 | 17 0r92 @ 51 30 | F 88
Q 60902 | F | 36 55 - 52 47 | M | 87
2 60941 | F | 46 | 22 0r 127 § 53 38 | F 88
Q 60962 | M | 18 155 = 54 30 | F 88
X 60972 | M | 18 78 N 57 46 | F 94
z 6099.2 | M | 20 | 69 or 156 ZE 58 29 | F 90
& 62591 | F | 42 172 N 59 48 | M | 84
62611 | M | 60 191 62 41 | F 79
63222 | F | 41 168 67 42 | F 90
31H | 49 | F 9 69 24 | M | 30
2x AZD1222
46H | 60 | M 15 1x mRNA- 68 26 | M | 123
1273
n 2x Sputnik V 1x
S 82H | 28 | M 57 BNT162b2 P643 61 | F |45-60
@) 83H | 23 | M 24 P142 45 | F | 45-60
5,3 85H | 29 | M 102 N P297 47 | F | 4560
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Chapter 4. Neutralization, effector function and immune imprinting of

Omicron variants.

In this chapter, | will describe our efforts to understand the impact of the
additional spike protein mutations of the more recently Omicron variants on ACE2
binding and fusogenicity. | will then detail the role of bivalent vaccines and breakthrough

infections on shaping the humoral immune response.
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4.1 Chapter Introduction

The emergence of the SARS-CoV-2 Omicron (B.1.1.529) variant at the end of
2021 marked a new phase of the COVID-19 pandemic (Cao, Jian, et al., 2022; Viana et
al., 2022), with lineages harbouring tens of amino acid mutations in their spike (S)
glycoprotein leading to enhanced receptor engagement, an altered cell internalization
route and unprecedented evasion from neutralizing antibodies (Bowen, Addetia, et al.,
2022; Cameroni et al., 2022; McCallum et al., 2022; Meng et al., 2022) (nAbs). As a
result, repeated waves of infections driven by successive lineages (such as
BA.1/BA.1.1, BA.2 and BA.5) occurred globally, including in individuals who had
received multiple COVID-19 vaccine doses.

RBD-directed antibodies account for most of the neutralizing activity against
vaccine-matched and mismatched viruses, whereas the N-terminal domain is mostly
targeted by variant-specific nAbs (Bowen, Park, et al., 2022; McCallum, De Marco, et
al., 2021; Piccoli et al., 2020; Robbiani et al., 2020). Owing to convergent evolution,
currently circulating Omicron variant lineages independently acquired identical or similar
amino acid mutations at key antigenic sites in the RBD and in the N-terminal domain
(NTD), relative to their presumed BA.2 and BA.5 ancestors (Cao, Jian, et al., 2022). The
BA.2.75.2 lineage increased in frequency in multiple countries (such as India) and has
the RBD mutations D339H, R346T, G446S, N460K, F486S and R493Q relative to BA.2
(Fig. 4.1a). CH.1.1 emerged in November 2022 and later accounted for around 12% of
infections in Europe and carries the K444T and L452R RBD residue mutations relative
to BA.2.75.2. BN.1 descended from BA.2.75 and harbours D339H, R346T, K356T,

G446S, N460K, F490S and R493Q RBD mutations relative to BA.2. The BN.1 lineage,
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which accounted for more than half of the SARS-CoV-2 genomes sequenced in South
Korea in January 2023, features an additional RBD N-linked glycosylation sequon at
position N354 due to the K356T mutation (Walls, Park, et al., 2020). XBB is a
recombinant from BJ.1 and BM.1.1.1 (BA.2.75 sublineage) and addition of the G252V
mutation in S yielded XBB.1, which has D339H, R346T, L368I, V445P, G446S, N460K,
F486S, F490S and R493Q RBD substitutions relative to BA.2 (Fig. 4.1a). Furthermore,
the XBB.1.5 lineage, which contains a proline at position 486 instead of a serine (F486
in the Wuhan-Hu-1 strain (hereafter referred to as Wu)), had become globally dominant
by early March 2023. BQ.1 and BQ.1.1 were dominant in several Western countries and
accounted for up to 55% of all sequenced SARS-CoV-2 genomes in the USA in January
2023. BQ.1.1 has R346T, K444T and N460K RBD mutations relative to BA.5 (Fig.
4.1a). In this Article, we set out to understand how the constellation of S mutations in
circulating SARS-CoV-2 variants affects viral functional properties and the available
clinical countermeasures, including vaccines and therapeutic antibodies. Furthermore,
we investigate humoral and memory immune responses in human cohorts
representative of real-world exposures to SARS-CoV-2 and COVID-19 vaccines to

study immune imprinting and guide future vaccine design and deployment.

4.2 Properties of BQ.1.1, XBB.1.5 and BA.2.75.2 S

We first determined the binding kinetics and affinity of the monomeric human
ACE2 ectodomain to immobilized variant RBDs using biolayer interferometry (BLI)
(Figs. 4.1b and 4.2 and Table S1). We measured similar affinities for the BQ.1.1 and

BA.5 RBDs (equilibrium dissociation constant (Kq) = 12.8 nM and 13.7 nM, respectively),
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indicating that the additional BQ.1.1 mutations, which map outside of the ACE2-binding
interface, do not influence receptor engagement (Figs. 4.1b and 4.2 and Table S1).
The enhanced ACE2 binding affinity of the BA.2.75.2 RBD (Kq = 26.2 nM) relative to
BA.2, results from the R493Q reversion, as G446S has a negligible effect and F486S
has a deleterious effect on ACE2 engagement (Starr et al., 2020). ACE2 bound to the
XBB.1 RBD with an affinity similar to that of the Wu RBD (K4 = 88.4 nM
and Kq=101.1 nM, respectively) whereas it bound more tightly to the XBB.1.5 RBD
(Ka=26.8 nM), owing to substitution of a serine for a proline at S residue 486 enhancing
receptor engagement (Starr, Greaney, Stewart, et al., 2022; Yue et al., 2023). We
observed a similar ranking of these variant RBDs using surface plasmon resonance
(SPR) to determine ACEZ2 binding affinities (Figs. 4.1c and 4.2 and Table 4.2).
Modulation of ACE2 binding affinities resulted largely from off-rate differences, in
agreement with observations made with previous variants (Bowen, Addetia, et al., 2022;
McCallum et al., 2022; Starr et al., 2020; Starr, Greaney, Stewart, et al., 2022). BQ.1.1,
BA.2.75.2, XBB.1.5 and BA.5 have similarly high ACE2 binding affinity, suggesting that
their viral fitness is not limited by this step of host cell invasion. The markedly higher
ACE2 binding affinity of the XBB.1.5 RBD relative to XBB.1 is likely to explain the rapid
rise of XBB.1.5 worldwide, as RBD position 486 is the only difference distinguishing
these two genomes.

We next compared the kinetics and magnitude of cell—cell fusion promoted by the
Wu-G614, Delta, BA.1, BA.2, BA.5, BQ.1.1, BA.2.75.2, XBB.1 and XBB.1.5 S
glycoproteins using a split-GFP system (Bowen, Addetia, et al., 2022). We observed

slower and reduced fusogenicity for the BA.5, BA.2 and BA.1 S glycoproteins compared
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with Wu-G614 and even more so relative to Delta S (MIcochova et al.,

2021) (Figs. 4.1d and 4.3), in line with previous findings and the lack of syncytia
formation observed with authentic viruses (Bowen, Addetia, et al., 2022; Peacock et al.,
2022). BQ.1.1, BA.2.75.2, XBB.1 and XBB.1.5 S, however, promoted membrane fusion
more efficiently than the earlier Omicron variants (Figs. 4.1d and 4.3), suggesting
enhanced fusogenicity, which could augment viral replication kinetics, as described for
the Delta variant (Y. Liu et al., 2022; Saito et al., 2022).

BA.1, BA.2 and BA.5 have an altered cell entry pathway relative to previous
SARS-CoV-2 variants, and enter preferentially through the endosomal (cathepsin
mediated) route as opposed to the plasma membrane (TMPRSS2-mediated) route
(Hoffmann, Kleine-Weber, Schroeder, et al., 2020; Meng et al., 2022; Peacock et al.,
2022; Willett et al., 2022). To assess the preferred cell entry route of currently
circulating variants, we investigated the effect of protease inhibitors on entry of non-
replicative vesicular stomatitis virus (VSV) pseudotyped with S glycoproteins into Vero
E6-TMPRSS2 cells (which enables both plasma membrane and endosomal entry
routes) and HEK293T ACEZ2 cells (which enable endosomal entry only). The serine
protease (TMPRSS2) inhibitors camostat and nafamostat potently blocked entry of Wu-
G614 and Delta S VSV in Vero E6-TMPRSS2 cells, but had a limited effect on the
Omicron variants (Fig. 4.1e). Reciprocally, the cathepsin B and L inhibitor E64d
reduced the entry of BA.1, BA.2 and BA.5 S VSV, whereas there was no significant
difference in entry for Delta, BA.2.75.2, BQ.1.1 or XBB.1 S VSV compared with Wu-
G614 in Vero E6-TMPRSS2 cells (Fig. 4.1e). Furthermore, entry mediated by BQ.1.1

and XBB.1 S was reduced by E64d to a lower extent than all other variant S proteins
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evaluated in HEK293T-ACE2 cells (Fig. 4.1f). This inefficient use of TMPRSS2 concurs
with the identical BQ.1.1, BA.2.75.2 and XBB.1 sequences in the C-terminal part of the
S1 subunit and the entire S> subunit, which were proposed to mediate the switch in entry

route (Meng et al., 2022; Peacock et al., 2022; Willett et al., 2022).

4.3 BQ.1.1, XBB.1 and BN.1 RBD structures

To reveal how amino acid substitutions in the BQ.1.1 and XBB.1 RBDs alter
receptor recognition and key antigenic sites, we determined cryo-electron microscopy
(cryo-EM) structures for each RBD bound to the human ACE2 ectodomain and to the
fragment antigen-binding (Fab) region of the S309 antibody (Figs. 4.2a,b and 4.5 and
Table 4.3). The R493Q reversion enhances ACE2 binding relative to BA.212, possibly
owing to the removal of the positively charged arginine side chain restoring a network of
local interactions similar to that made with the Wu RBD (Lan et al., 2020) (Figs. 4.2c
and 4.6a—c). As V445P does not change the conformation of the ACE2-bound XBB.1
RBD in our structure, relative to BQ.1.1, and none of the three residue substitutions
relative to BA.2.75.2 involve side-chain-mediated contacts with the host receptor, the
V445P mutation might alter the backbone conformational dynamics of the free XBB.1
RBD and possibly dampen ACE2 binding. The BQ.1.1 RBD structure shows that the
K444T substitution would abrogate salt bridges with the carboxyl side chains of the LY-
CoV1404 (bebtelovimab parent) heavy chain residues D56 and D58 or of the COV2-
2130 (cilgavimab parent) heavy chain residue D107 (Fig. 4.6d,e). Moreover, R346T
(present in BQ.1.1 and XBB.1) would abrogate a salt bridge with the COV2-2130 heavy

chain residue D56 (Fig. 4.6e); G446S (present in XBB.1) is expected to reduce COV2-
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2130 binding sterically (McCallum et al., 2022) and V445P (XBB.1) probably reduces
binding to LY-CoV1404, owing to a loss of van der Waals interactions (Fig 4.6d). These
data explain the markedly reduced binding and neutralization of LY-CoV1404, COV2-
2130 and the COV2-2130/COV2-2196 (Evusheld parent) cocktail against the BQ.1.1
and XBB.1 variants (Cao, Jian, et al., 2022; Starr, Greaney, Stewart, et al., 2022; Q.
Wang et al., 2023).

The structures demonstrate that S309 binds to both the BQ.1.1 and XBB.1 RBDs
and reveal the molecular basis for the accommodation of the H339 residue in the XBB.1
epitope, involving extensive H339 side-chain interactions with S309 heavy chain
complementarity-determining region 1 (CDRH1) and CDRH3 (Fig. 4.4f). The S309
binding pose is indistinguishable from that observed when it is bound to the Wu (Pinto
et al., 2020) or the BA.1 (McCallum et al., 2022) RBD (Fig. 4.4f). The S371F mutation,
which is present in BA.2, BA.5, BQ.1.1, XBB.1, XBB.1.5 and BA.2.75.2, leads to
conformational changes of the RBD helix comprising residues 364—-372 that are
sterically incompatible with the glycan N343 conformation observed in S309-bound S
structures (Y.-J. Park, Pinto, et al., 2022). In the S309-BQ.1.1 complex structure, helix
364-372 is weakly resolved and adopts a conformation similar to that observed in the
S309-bound BA.1 structure (McCallum et al., 2022) but distinct from apo BA.2 (Stalls et
al., 2022) or apo BA.5 S (Cao, Yisimayi, et al., 2022) structures (Fig. 4.4f). Residues
368-373 are disordered in the cryo-EM map of the S309—XBB.1 RBD complex—as is
the case for the adjacent residues 380—392—and were therefore not modelled

(Fig. 4.4f). These findings underscore the conformational frustration of helix 364—-372,

which is constrained to adopt an energetically disfavoured conformation for a F371-

98



harbouring mutant owing to S309 binding, which could explain the reduced neutralizing
activity of S309 against these variants (Akerman et al., 2023; Cao, Jian, et al., 2022;
Planas et al., 2023; Q. Wang et al., 2023; Yue et al., 2023) (Figs. 4.7a and Table 4.4).
On the basis of the cryo-EM visualization of S309 binding to the BQ.1.1 and
XBB.1 RBDs and the fact that sotrovimab remains the only therapeutic antibody with in
vitro neutralizing activity against currently circulating variants, we investigated the
binding kinetics and affinity of the S309 Fab to the immobilized Wu, Delta, BA.1, BA.2,
BA.2.75.2, BQ.1, BQ.1.1, BN.1, XBB.1, XBB.1.5, CH.1.1 and Wu-E340A RBDs using
SPR (Fig. 4.7b and Tables 4.4 and 4.5). As expected, the E340A escape mutant in the
Wu RBD abolished S309 binding (Pinto et al., 2020; Starr, Czudnochowski, et al.,
2021). The binding affinity of S309 against Omicron variant RBDs decreased up to
around 160-fold, primarily owing to faster dissociation rates compared with the Wu
RBD. For the BN.1 RBD, however, the S309 Fab exhibited a decrease of around 100-
fold in the on-rate compared with that of the Wu RBD, resulting in an approximately
370-fold decrease in affinity (Figs. 4.7b and 4.8 and Table 4.5). The K356T mutation is
likely to abolish a crucial salt bridge formed with S309 heavy chain variable region (VH)
E108 (as resolved in PDB entry 7TN05), as (1) the BN.1 RBD harbouring the T356K
reversion bound S309 similarly to the BA.2.75.2 RBD (the BN.1 RBD is distinguished by
K356T, S486F and F490S, with only residue 356 being involved in the epitope); and (2)
sotrovimab did not neutralize BA.2 S (K356T) VSV pseudovirus (Figs. 4.8a,b and
Table 4.4). Moreover, deglycosylation of the BN.1 RBD with peptide:N-glycosidase F
(PNGase) did not improve S309 binding compared with untreated BN.1, despite

complete removal of the N354 glycan introduced by the K356T mutation, as confirmed
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by mass spectrometry (Figs. 4.8c,d and Table 4.5). Finally, we determined a cryo-EM
structure of the BN.1 RBD bound to the human ACE2 ectodomain and the S309 Fab
(sotrovimab parent) (Figs. 4.5 and Table 4.3) which resolves the N-acetylglucosamine
linked to N354, which is located near—but does not make contact with—the S309
CDRHa3 (Fig. 4.9). Collectively, these results indicate that the loss of the K356(RBD)—
E108(S309 VH) salt bridge is the main mechanism of dampened binding affinity to and
neutralization of BN.1 and that the newly introduced N354 glycan has a minimal effect
on S309.

As illustrated by our cryo-EM structures (Fig. 4.4f), S309-induced selection of a
structurally frustrated backbone conformation around position F371 and of a subset of
amino acid side chain rotamers compatible with Fab binding at position 339 (McCallum et
al., 2022), along with the extensive interactions formed between the RBD H339 side
chain and S309 CDRH1 and CDRH3, probably participate in modulating the distinct
affinities observed by SPR. Moreover, the reduction of S309 neutralization potency
against BQ.1.1 relative to BQ.1 is probably due to R346T in BQ.1.1, as this mutation
abrogates electrostatic interactions with the S309 light chain variable region (VL) D93.
Nevertheless, we found that the sotrovimab IgG cross-reacted with full-length, cell-
surface-expressed BQ.1.1, XBB.1 and XBB.1.5 S trimers to a similar or greater degree
than those observed for BA.2 S, and to a lesser extent with BN.1 S (Figs. 4.7c and
4.10a). These data show that sotrovimab I1gG bound avidly to all currently dominant
Omicron SARS-CoV-2 variants, although its neutralization potency varied widely,
ranging from a 6.5-fold reduction in potency against XBB.1 to a 94-fold reduction

against BQ.1.1 and 778-fold reduction against BN.1 relative to Wu (Figs. 4.7a and
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4.11a,b), in line with recent reports (Akerman et al., 2023; Cao, Jian, et al., 2022;

Planas et al., 2023; Q. Wang et al., 2023; Yue et al., 2023).

4.4 S309 protects against BQ.1.1 and XBB.1.5

We next evaluated the ability of sotrovimab to activate antibody-dependent
cellular cytotoxicity (ADCC) using primary natural killer effector cells and antibody-
dependent cellular phagocytosis (ADCP) with ExpiCHO-S target cells expressing
SARS-CoV-2 S of the different Omicron variants at their surface. Sotrovimab efficiently
promoted ADCC and ADCP of cells expressing Wu-D614, BA.2, BQ.1.1, XBB.1,
XBB.1.5 and BN.1 S in a concentration- and Fc-dependent manner, but did not do so
with the BA.2-E340A S (negative control (Pinto et al., 2020; Starr, Czudnochowski, et
al., 2021)) escape mutant or with the S309(G236R/L328R) (hereafter S309-GRLR) Fc
mutant, which cannot engage human Fcy receptors (Bournazos et al., 2020) (Figs. 4.7d
and 4.10c,d and Table 4.4). Although we observed a linear relationship between the
Fab binding affinity and IgG neutralization potency of S309, we found no correlation with
the magnitude of ADCC or ADCP, which was similar for all variants despite up to 100-
fold differences in their monovalent binding affinities (Figs. 4.7e and 4.10b).

To determine the in vivo relevance of these findings, we prophylactically
administered S309 (human IgG1) at doses of 3, 10 or 30 mg kg™ to K18-hACE2
transgenic mice (which express human ACEZ2 under the control of the
human KRT18 promoter) 1 day before challenge with BQ.1.1 (Fig. 4.7f). S309
administration completely protected mice from weight loss and reduced lung viral RNA

loads and infectious virus titres at all doses compared with animals receiving a control
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antibody (Figs. 4.7f and 4.10e), consistent with recent reports on BQ.1.1-challenged
hamsters (Driouich et al., 2023) and non-human primates (Hérate et al., 2023). To
investigate the role of effector functions in protection, we evaluated the in vivo efficacy
of S309-GRLR, which is unable to engage human or mouse Fcy receptors (Bournazos
et al., 2020). Our data reveal that although effector functions are not necessary for
S309-mediated protection from weight loss, they participate in reducing lung viral RNA
burden at 3 and 10 mg kg™' doses (Fig. 4.7f). Moreover, prophylactic administration of 5
or 15 mg kg™ S309 (hamster IgG2a) to Syrian hamsters challenged with XBB.1.5
reduced weight loss and viral burden (Fig. 4.7g), with a similar effect on body weight
loss to that observed against Delta (Y.-J. Park, Pinto, et al., 2022), highlighting a
disconnect between in vivo efficacy and in vitro neutralization potency. Collectively,
these data demonstrate that S309 protects animals from challenge with two of the most
immune-evasive circulating SARS-CoV-2 variants and that the elicited effector functions

contribute to this activity at low antibody doses in a prophylactic setting.

4.5 Bivalent vaccines elicit cross-nAbs

Vaccination represents a main line of defense against SARS-CoV-2, and recent
MRNA vaccine updates have led to the administration of bivalent formulations. To
assess the effects of the constellation of S mutations in the currently dominant variants
on vaccine-elicited antibody responses, we quantified plasma neutralizing activity using
VSV pseudotyped with Wu-G614, BA.1, BA.5, BQ.1.1, XBB.1, XBB.1.5 or BA.2.75.2 S.
We compared plasma from individuals obtained 15-30 days after vaccination or PCR-

confirmed breakthrough infection in 8 cohorts: (i) vaccinated 4 times with the Wu
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monovalent S mRNA vaccine, with no known infection (Wus vaccinated); (ii) vaccinated
3 times with Wu monovalent S mRNA vaccine and then 1 time with Wu/BA.5 bivalent S
mRNA vaccine, with no known infection (Wu/BA.5 bivalent vaccinated); (iii) infected in
2020 and subsequently vaccinated 3 to 4 times with Wu monovalent S mRNA vaccine
and then 1 time with Wu/BA.5 bivalent S mRNA vaccine (pre-Omicron infected—
Wu/BA.5 bivalent vaccinated); and (iv) vaccinated with Wu monovalent S mRNA
vaccine before experiencing a breakthrough infection with Omicron BA.1, BA.2,
BA.2.12.1 or BA.5, followed by a vaccination with the Wu/BA.5 bivalent S mRNA
vaccine (Omicron BT-Wu/BA.5 bivalent vaccinated). We also studied 4 additional
cohorts from Switzerland, where a Wu/BA.1 bivalent S mRNA booster was available: (v)
vaccinated 3 times with Wu monovalent S mRNA vaccine, with no known infection

(Wu3 mono); (vi) vaccinated 3 times with Wu monovalent S mRNA vaccine after pre-
Omicron infection (pre-Omicron—Wus mono); (vii) vaccinated 3 times with Wu
monovalent S mRNA vaccine and then 1 time with Wu/BA.1 bivalent S mRNA vaccine,
with no known infection (Wu/BA.1 biv); and (viii) vaccinated 3 times with Wu monovalent
S mRNA vaccine and then 1 time with Wu/BA.1 bivalent S mRNA vaccine, with a BA.1
or a BA.2 breakthrough infection (Omicron BT-Wu/BA.1 biv).

Vaccination with Wu/BA.5 or Wu/BA.1 bivalent S mRNA vaccine elicited similar
nAb titres against Wu-G614 S pseudovirus to those observed in matched cohorts
vaccinated against Wu S but increased nAb titres against BA.1 S and BA.5 S
pseudoviruses (Fig. 4.12a,b, 4.13, and 4.14). Moreover, bivalent vaccination elicited
detectable neutralizing activity against vaccine-mismatched XBB.1, XBB.1.5, BA.2.75.2

and BQ.1.1 S pseudoviruses, irrespective of prior infection status, whereas little to no
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neutralization of these variants was detected after vaccination with monovalent Wu S
mRNA vaccine (Fig. 4.12a,b). Moreover, plasma neutralizing activity against currently
circulating Omicron variants after four doses of monovalent Wu S vaccine was low for
patients on maintenance dialysis and undetectable against any variants for
immunosuppressed individuals following kidney transplantation, underscoring the
difficulties associated with protecting these at-risk populations (Fig. 4.15a,b). Overall,
these data suggest that bivalent Wu/BA.1 and Wu/BA.5 mRNA vaccines elicit more
potent and broader antibody responses against vaccine-matched and mismatched

Omicron variants than the monovalent Wu S mRNA vaccine.

4.6 Plasma antibodies promote effector functions

On the basis of the findings that Fc-mediated effector functions contribute to
S309-mediated protection in a mouse model of BQ.1.1 infection, we assessed binding
to RBD and S as well as ADCC mediated by plasma antibodies from cohorts v to viii.
The marked reduction of nAb titres against currently dominant Omicron variants was not
paralleled by a similar decrease in IgG binding titres to matched RBDs or S trimers
(Fig. 4.12c). The lack of plasma antibodies competing for binding of an RBD site la
(class 1) monoclonal antibody to BQ.1.1 and XBB.1 S (Fig. 4.15¢c) suggests that the
reduction of neutralizing activity against these variants is driven by dampened cross-
reactivity of receptor-binding motif (RBM)-directed antibodies, a correlate of
neutralization potency (Piccoli et al., 2020). This is consistent with the notion that
SARS-CoV-2 is evolving primarily to escape nAb responses (Cao, Jian, et al., 2022).

Whereas binding titres remained equivalent against all Omicron variants for healthy
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individuals and patients undergoing dialysis, the strong immunosuppression of kidney
transplant recipients was associated with limited or no detectable binding and
neutralizing plasma antibodies (Fig. 4.15a,b). Plasma antibodies retained the ability to
promote cell lysis mediated by natural killer cells (ADCC) and activation of Fcy receptor
llla (FcyRllla) (V158 allele) against BA.5, BQ.1.1 and XBB.1 S variants expressed at
the surface of ExpiCHO target cells (Figs. 4.12d and 4.16). Integrating these findings
with the in vivo data for S309 presented above suggests that antibodies triggering Fc-
mediated effector functions are broadly reactive with Omicron variants and contribute to

protection against COVID-19.

4.7 Cross-reactive MBC dominance

We next compared memory B cell (MBC) populations in the Wu4 vaccinated and
the Wu/BA.5 bivalent vaccinated cohorts (which includes one individual (31H) who
received the Janssen adenovirus-vectored (Ad26.COV2.S) COVID-19 vaccine rather
than the Moderna (MRNA-1273) or Pfizer (BNT162b2) mRNA COVID-19 vaccines as
their primary vaccine series), pre-Omicron infected—\Wu/BA.5 bivalent vaccinated, and
Omicron BT-Wu/BA.5 bivalent vaccinated subjects (cohorts i—iv) by measuring the
frequency of Wu RBD-binding, pooled Omicron (BA.1, BA.2 and BA.5) RBD-binding,
and both Wu and pooled Omicron (BA.1, BA.2 and BA.5) RBD-binding cross-reactive
MBCs by flow cytometry. Individuals who were exposed to Wu S only (Wus vaccinated)
exhibited the highest frequency of Wu RBD-binding MBCs (mean frequency: 25.8%)
and the lowest frequency of cross-reactive MBCs (mean frequency: 71.1%) of the four

cohorts (Figs. 4.17a,b and 4.18). Individuals who were exposed only once to Omicron
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S through vaccination had few Omicron RBD-specific MBCs (mean frequency: 4.7%),
regardless of whether they had experienced a pre-Omicron SARS-CoV-2 infection
(Wu/BA.5 bivalent vaccinated and pre-Omicron infected—\Wu/BA.5 bivalent vaccinated
cohorts). Most RBD-binding MBCs in these cohorts cross-reacted with the Wu RBD and
the pooled Omicron (BA.1, BA.2 and BA.5) RBDs, with uninfected individuals having
similar frequencies of cross-reactive MBCs (mean: 77.5%) to individuals who had
experienced a pre-Omicron infection (mean frequency: 77.1%) (Figs. 4.17a,b and
4.18). These data are consistent with previous analyses of MBC populations in
individuals vaccinated against Wu who had experienced an Omicron breakthrough
infection, and suggest that immune imprinting limits the development of new Omicron-
specific MBCs, although there is efficient recall of cross-reactive MBCs after a single
exposure to Omicron S (Cao, Jian, et al., 2022; Y .-J. Park, Pinto, et al., 2022; Quandt et
al., 2022). Although Omicron BT-Wu/BA.5 bivalent vaccinated subjects had two
exposures to Omicron S (one through infection and one through vaccination), they had
few Omicron-specific MBCs (mean: 5.6%), similar to individuals who received only the
bivalent booster. MBCs cross-reactive with the Wu RBD and the Omicron (BA.1, BA.2
and BA.5) RBD pool were further enriched (mean frequency: 81.1%) in this cohort
compared with the cohort vaccinated with Wu/BA.5 bivalent vaccine without Omicron
BT infection (Figs. 4.17a,b and 4.18).

We then assessed whether MBCs recognizing the Omicron (BA.1, BA.2 and
BA.5) RBD pool could bind the BQ.1.1 RBD (Figs. 4.17c and 4.19a,b). Most MBCs that
were cross-reactive to Wu and Omicron (BA.1, BA.2 and BA.5) RBDs also recognized

the BQ.1.1 RBD (mean frequency: 66.3%), whereas a smaller fraction of MBCs that
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bound to the Omicron (BA.1, BA.2 and BA.5) RBD pool but not the Wu RBD also
recognized the BQ.1.1 RBD (mean frequency: 16.9%), regardless of infection and
vaccination status. These Omicron (BA.1, BA.2 and BA.5) RBD pool-specific MBCs
were probably elicited de novo upon exposure to Omicron S (through infection and/or
vaccination) and their breadth towards currently dominant Omicron variants may
increase over time through affinity maturation, similar to observations made after
infection with Wu or the WA-1 variant, or after monovalent Wu vaccination (Cho et al.,
2021; Dan et al., 2021; Marzi et al., 2023; Muecksch et al., 2021; Turner et al., 2021; Z.
Wang et al., 2021).

We next determined whether the bivalent boosters formulated against BA.5 or
BA.1 differentially affected the composition of the RBD-binding MBC population
(Figs. 4.17d-f and 4.19c-e). We assessed the cross-reactivity of IgGs secreted by in
vitro-stimulated MBCs to the Wu, BA.1, BQ.1.1 and XBB.1 RBDs 2—4 weeks and 3
months following bivalent Wu/BA.1 S vaccination of uninfected individuals and
individuals who had experienced an Omicron breakthrough infection (cohorts vii and
viii). We did not detect Omicron RBD-specific MBCs after bivalent Wu/BA.1 S
vaccination in uninfected or Omicron breakthrough cohorts. Most RBD-binding IgGs,
including those that inhibited binding of ACE2 to the Wu RBD, were cross-reactive with
the BA.1 RBD, regardless of infection status (mean frequencies at 3 months: 87% in
uninfected individuals and 89% in Omicron breakthrough cohorts), whereas a smaller
fraction cross-reacted with the BQ.1.1 (66% and 64 %, respectively) and XBB.1 (70%
and 64%, respectively) RBDs. Consistent with the loss of plasma antibodies cross-

reacting with the BQ.1.1 and XBB.1.1 RBMs (Fig. 4.15c), we observed a low frequency
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of MBC-derived IgGs that blocked binding of BQ.1.1 and XBB.1.1 RBDs to ACE2, most
of which were cross-reactive with the Wu RBD (Fig. 4.20). Analysis of cohorts vii and
viii by flow cytometry and of cohorts i—iv by in vitro stimulation of MBCs confirmed that
there was limited de novo elicitation of MBCs in these individuals (Figs. 4.18 and 4.19f-
j)-

Thus, two exposures to Omicron S were not sufficient to overcome the immune
imprinting induced by repeated exposures to Wu S, but instead mostly enriched for
MBCs cross-reacting with multiple RBD variants. These results concur with the broader
plasma nAb responses that we observed upon bivalent mMRNA vaccination compared

with monovalent Wu mRNA vaccination.

4.8 Chapter Discussion

Here we report that recently emerged SARS-CoV-2 Omicron variants show
unprecedented immune evasion, reducing nAb titres up to ~150-fold for XBB.1 and
XBB.1.5. BQ.1.1, XBB.1.5 and BA.2.75.2 retain high ACE2 binding affinity, similar to
earlier Omicron variants, whereas XBB.1 has a lower affinity, similar to that of the Wu
RBD. Although XBB.1 and XBB.1.5 are the most immune-evasive of these Omicron
variants, the reduced affinity of XBB.1 for ACEZ2 relative to other co-circulating strains
may have hindered its spread. The enhanced ACE2 binding affinity of the more recently
emerged XBB.1.5 variant, which harbours the S486P RBD mutation (relative to XBB.1),
may explain the current rapid spread of this variant (Yue et al., 2023). Our findings
illustrate the interplay of immune evasion, fusogenicity and ACE2 binding affinity driving

SARS-CoV-2 evolution.
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ADCC and ADCP are Fc-mediated effector functions that can promote virus
clearance and enhance adaptive immune responses in vivo, independently of direct
viral neutralization. Indeed, both neutralizing and binding antibody titres were reported
as correlates of protection in a phase 3 clinical study (Feng et al., 2021). Sotrovimab
retains in vitro effector functions against BA.2 and conferred Fc-dependent protection in
the lungs of mice infected with BA.2 (Case et al., 2022), in line with the low rate of
hospitalization and death during the BA.2 and BA.5 waves in patients treated with
sotrovimab (Cheng et al., 2023; Harman et al., 2023; Martin-Blondel et al., 2022). Here
we show that sotrovimab triggered in vitro effector functions against all Omicron variants
assessed at levels similar to that observed with Wu. Prophylactic administration of S309
(the sotrovimab parent antibody) protected mice against BQ.1.1 challenge with a
contribution of effector functions, and protected hamsters against XBB.1.5 challenge,
despite a reduced in vitro neutralizing activity against these variants. Our observation
that vaccine-elicited polyclonal plasma antibodies cross-reacted and promoted ADCC
upon recognition of the BA.1, BA.5, BQ.1.1 and XBB.1 S glycoproteins concur with
observations made with previous Omicron variants (Bartsch et al., 2022; Mackin et al.,
2023) and further hint at a protective role for broadly reactive antibodies with effector
functions. Our findings suggest that the erosion of nAb titres is associated with an
increased frequency of breakthrough infections, and the persistence of cross-reactive
antibodies mediating effector functions may contribute to protection against severe
COVID-19.

Immune imprinting—also known as ‘original antigenic sin'—describes how the

first exposure to a virus shapes the immunological outcome of subsequent exposures to
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antigenically related strains. For instance, antibodies secreted by plasmablasts obtained
one to two weeks after infection with the antigenically shifted H1N1 influenza virus
(formerly known as swine flu) that caused the 2009 flu pandemic were recalled from
pre-existing, cross-reactive MBCs (Corti et al., 2011; Wrammert et al., 2011), whereas
plasma cells obtained after the subsequent antigenic exposure (through vaccination)
were subtype-specific (that is, targeting non-conserved epitopes). Similarly, Omicron
breakthrough infections of Wu-vaccinated subjects primarily recall cross-reactive MBCs
specific for epitopes shared by multiple SARS-CoV-2 variants rather than priming naive
B cells that recognize Omicron RBD-specific epitopes (Cao, Jian, et al., 2022; Y .-J.
Park, Pinto, et al., 2022; Quandt et al., 2022). We observed an unexpectedly small
number of MBCs specific for Omicron RBDs (and not cross-reacting with the Wu RBD)
even after two exposures to Omicron S antigens, including after Wu/BA.5 or Wu/BA.1
bivalent mMRNA vaccination. This may be owing to strong immune imprinting resulting
from repeated Wu-like S exposures, and possible antigenic dominance of the Wu S
antigen in bivalent vaccines (Vu et al., 2023). However, relative to monovalent Wu
mRNA vaccination, bivalent Wu/BA.5 mRNA vaccination results in enrichment for MBCs

that are cross-reactive with vaccine-matched and mismatched RBD variants.

4.9 Methods
Cells and viruses

Cell lines used in this study were obtained from ATCC (HEK293T and Vero EG6),
Thermo Fisher Scientific (ExpiCHO-S cells, FreeStyle 293-F cells and Expi293F cells),

Takara (Lenti-X 293T cells), a gift from J. Bloom (HEK293T-ACEZ2) (Crawford et al.,
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2020), or generated in-house (Vero E6-TMPRSS2, BHK-21-GFP+_10 and Vero EG-
TMPRSS2-GFP+4) (Bowen, Addetia, et al., 2022; Lempp et al., 2021). None of the cell
lines used were authenticated or tested for mycoplasma contamination. SARS-CoV-2
isolates used in this study were obtained through BEI Resources, NIAID, NIH: (hCoV-
19/USA-WA1/2020, NR-52281 deposited by the Centers for Disease Control and
Prevention; Lineage B.1.1.529, BA.2; Omicron Variant Isolate hCoV-19/USA/CO-
CDPHE-2102544747/2021, NR-56520; Lineage XBB.1.5; Omicron Variant Isolate
hCoV-19/USA/MD-HP40900/2022, NR-59104, contributed by A. S. Pekosz). Viruses
were propagated and titrated on Vero E6-TMPRSS2 cells in house. The genomic

sequences of all strains were confirmed by Sanger and/or next generation sequencing.

Human donors

Samples from cohorts v-viii along with those from patients undergoing dialysis
(DP) kidney transplant recipients (KTR) and healthcare workers (HCW) were obtained
from SARS-CoV-2 convalescent and vaccinated individuals under study protocols
approved by the local institutional review boards (Canton Ticino and Canton Aargau
Ethics Committees, Switzerland). PBMCs for effector function experiments were
collected from healthy human donors under the informed consent and authorization of
the Comitato Etico of Canton Ticino (Switzerland). All donors provided written informed
consent for the use of blood and blood derivatives (such as peripheral blood
mononuclear cells, sera or plasma) for research. Sera and PBMCs from cohorts i—iv

were obtained from the HAARVI study approved by the University of Washington
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Human Subjects Division Institutional Review Board (STUDY00000959). Demographic

data for these individuals is presented in Tables 4.6 and 4.7.

Constructs

The full-length Wu/G614, Delta, BA.1, BA.2, and BA.4/5 S constructs with a 21-
amino-acid C-terminal deletion used for pseudovirus assays were previously described
elsewhere (Bowen, Addetia, et al., 2022; McCallum, Walls, et al., 2021). The full-length
BA.2.75.2 and XBB.1 S constructs containing a 21-amino-acid C-terminal deletion were
codon optimized, synthesized, and inserted the HDM vector by Genscript. The full-
length BQ.1.1 S construct containing a 21-amino acid C-terminal deletion was
generated by mutagenesis of the BA.4/5 S construct and the full-length XBB.1.5
containing a 21-amino-acid C-terminal deletion was generated by mutagenesis of the
XBB.1 S construct by Genscript.

S expression plasmids used for the generation of VSV pseudoviruses harbour
the following mutations. BA.1: A67V, A69-70, T95I, G142D, A143-145, A211, L212I,
ins214EPE, G339D, S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K,
E484A, Q493R, G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K,
P681H, N764K, D796Y, N856K, Q954H, N969K, L981F; BA.2: T19I, L24-, P25-, P26-,
A27S, G142D, V213G, G339D, S371L, S373P, S375F, D405N, R408S, K417N, N440K,
S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, D614G, H655Y, N679K,
P681H, N764K, D796Y, N856K, Q954H, N969K; K417N, N440K, G446S, N460K,
S477N, T478K, E484A, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,

N764K, D796Y, Q954H, N969K; BA.2.75.2: T19I, L24-, P25-, P26-, A27S, G142D,
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K147E, W152R, F157L, 1210V, V213G, G257S, G339H, R346T, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A,
F486S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y,
Q954H, N969K, D1199N; BQ.1: T19I, L24-, P25-, P26-, A27S, A69-70, G142D, V213G,
G339D, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, K444T,
L452R, N460K, S477N, T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G,
HB55Y, N679K, P681H, N764K, D796Y, Q954H, N969K; BQ.1.1: T19I, L24-, P25-, P26-
, A27S, A69-70, G142D, V213G, G339D, R436T, S371F, S373P, S375F, T376A,
D405N, R408S, K417N, N440K, K444T, L452R, N460K, S477N, T478K, E484A,
F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y,
Q954H, N969K; BF.7: T19l, L24-, P25-, P26-, A27S, A69-70, G142D, V213G, G339D,
R436T, S371F, S373P, S375F, T376A, D405N, R408S, K417N, N440K, L452R, S477N,
T478K, E484A, F486V, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K; XBB.1: T19I, L24-, P25-, P26-, A27S, V83A, G142D,
Y144-, H146Q, Q183E, V213E, G252V, G339H, R346T, L368I, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K,
E484A, F486S, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K; XBB.1.5: T19l, L24-, P25-, P26-, A27S, V83A, G142D,
Y144-, H146Q, Q183E, V213E, G252V, G339H, R346T, L368I, S371F, S373P, S375F,
T376A, D405N, R408S, K417N, N440K, V445P, G446S, N460K, S477N, T478K,
E484A, F486P, F490S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H,
N764K, D796Y, Q954H, N969K; CH.1.1: T19I, del24-26, A27S, G142D, K147E,

W152R, F157L, 1210V, V213G, G257S, G339H, R346T, S371F, S373P, S375F, T376A,
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D405N, R408S, K417N, N440K, K444T, G446S, L452R, N460K, S477N, T478K,
E484A, F486S, Q498R, N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K,
D796Y, Q954H, N969K; BN.1: T19I, del24-26, A27S, G142D, K147E, W152R, F157L,
1210V, V213G, G257S, G339H, R346T, K356T, S371F, S373P, S375F, T376A, D405N,
R408S, K417N, N440K, G446S, N460K, S477N, T478K, E484A, F490S, Q498R,
N501Y, Y505H, D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K.

For BLI and cryo-EM, the SARS-CoV-2 Wu RBD construct containing an N-
terminal mu-phosphatase secretion signal and a C-terminal octa-histidine tag followed
by flexible linker and Avi tag was previously described elsewhere (Walls, Park, et al.,
2020). The BA.4/5 RBD construct containing an N-terminal BM40 secretion tag and a C-
terminal octa-histidine tag followed by flexible linker and Avi tag was previously
described elsewhere (Bowen, Addetia, et al., 2022). The BA.2.75.2, BQ.1.1, XBB.1, and
XBB.1.5 RBD constructs containing an N-terminal BM40 secretion tag and a C-terminal
octa-histidine tag followed by flexible linker and Avi tag were codon optimized,
synthesized, and inserted into the pcDNA3.1(+) vector by Genscript. The boundaries of
the construct are N-328RFPN331 and 528KKST531-C. The monomeric human ACE2
ectodomain (residues 19-615) construct used for BLI contains an N-terminal signal
peptide and a 10x His tag and was synthesized and inserted into pTwist-CMV by Twist
Bioscience.

For SPR, SARS-CoV-2 RBD plasmids encoding residues 328-531 of the S
protein from GenBank NC_045512.2 with an N-terminal signal peptide and a C-terminal
8xHis—Avi Tag or thrombin cleavage site—8xHis—Avi tag. The ACE2 construct used for

SPR and cryo-EM, encodes for residues 19-615 from Uniprot entry Q9BYF1 with a C-
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terminal thrombin cleavage site—TwinStrep—10xHis— GGG tag, and N-terminal signal

peptide.

Generation of VSV pseudoviruses

Replication-defective VSV pseudovirus expressing SARS-CoV-2 Wu and variant
S were generated as previously described (Cameroni et al., 2022) with some
modifications to evaluate cohorts v—viii, DP, KTP and HCW, and monoclonal antibodies.
Lenti-X 293T cells (Takara) were seeded in 15-cm? dishes at a density of 10 x 10° cells
per dish and the following day were transfected with 25 ug of S expression plasmid with
TransIT-Lenti (Mirus, 6600) according to the manufacturer’s instructions. One day after
transfection, cells were infected with VSV-luc (VSV-G) with a multiplicity of infection
(MOI) of 3 for 1 h, rinsed three times with PBS containing Ca?* and Mg?*, then
incubated for an additional 24 h in complete medium at 37 °C. The cell supernatant was
clarified by centrifugation, aliquoted, and frozen at —80 °C.

Pseudotyped VSV was produced as previously described (Bowen, Addetia, et al.,
2022) to evaluate cohorts i-iv. In brief, HEK293T cells were split into poly-D-lysine-
coated 15-cm plates and grown overnight until they reached approximately 70-80%
confluency. The cells were washed 3 times with Opti-MEM (Gibco) and transfected with
either the Wu-G614, Delta, BA.1, BA.2, BA.4/5, BA.2.75.2, BQ.1.1, XBB.1, or XBB.1.5 S
constructs using Lipofectamine 2000 (Life Technologies). After 4—6 h, the medium was
supplemented with an equal volume of DMEM supplemented with 20% FBS and 2%
penicillin-streptomycin. The cells were incubated for 20-24 h, washed 3 times with

DMEM, and infected with VSVAG-luc. Two hours after VSVAG-Iuc infection, the cells
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were washed an additional five times with DMEM. The cells were grown in DMEM
supplemented with anti-VSV-G antibody (11-mouse hybridoma supernatant diluted 1:25,
from CRL-2700, ATCC) for 18-24 h, after which the supernatant was harvested and
clarified by low-speed centrifugation at 2,500g for 10 min. The supernatant was then
filtered (0.45 ym) and some virus stocks were concentrated 10 times using a 30-kDa
centrifugal concentrator (Amicon Ultra). The pseudotyped viruses were then aliquoted

and frozen at =80 °C.

VSV pseudovirus neutralization

For cohorts v—viii, DP, KTP and HCW, and monoclonal antibodies, Vero E6 cells
were grown in DMEM supplemented with 10% FBS and seeded into white-walled 96-
well plates (PerkinElmer, 6005688) at a density of 20,000 cells per well. The next day,
monoclonal antibodies were serially diluted in pre-warmed complete medium, mixed
with pseudoviruses and incubated for 1 h at 37 °C in round bottom polypropylene plates.
Medium from cells was aspirated and 50 ul of pseudovirus—monoclonal antibody
complexes were added to cells, which were then incubated for 1 h at 37 °C. An
additional 100 pl of pre-warmed complete medium was then added on top of complexes
and cells were incubated for an additional 16—24 h. Conditions were tested in duplicate
or triplicate wells on each plate and 6-8 wells per plate contained untreated infected
cells (defining the 0% of neutralization (MAX RLU) value) and uninfected cells (defining
the 100% of neutralization (MIN RLU) value). Virus—monoclonal antibody-containing
medium was then aspirated from cells and 50 or 100 pl of a 1:2 dilution of SteadyL.ite

Plus (PerkinElmer) or Bio-Glo (Promega) in PBS with Ca?* and Mg?* was added to cells.
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Plates were incubated for 15 min at room temperature and then analysed on the
Synergy-H1 (BioTek). The average relative light units (RLU) of untreated infected wells
(MAX RLUave) were subtracted by the average of MIN RLU (MIN RLUave) and used to
normalize percentage of neutralization of individual RLU values of experimental data
according to the following formula: (1 - (RLUx —MIN RLUave)/(MAX RLUave — MIN
RLUave)) x 100. Data were analysed with Microsoft Excel (v16) and Prism (v.9.1.0).
ICs0 values were calculated from the interpolated value from the log(inhibitor) versus
response, using variable slope (four parameters) non-linear regression with an upper
constraint of <100. Each neutralization experiment was conducted on at least two
independent experiments—that is, biological replicates—in which each biological
replicate contains a technical duplicate or triplicate.

For cohorts i-iv, Vero E6-TMPRSS2 were split into white-walled, clear-bottom
96-well plates (Corning) and grown overnight until they reached approximately 70%
confluency. Plasma was diluted in DMEM starting at a 1:10 dilution and serially diluted
in DMEM at a 1:3 dilution thereafter. Pseudotyped VSV was diluted at a 1:25 to 1:100
ratio in DMEM and an equal volume was added to the diluted plasma. The virus—plasma
mixture was incubated for 30 min at room temperature and added to the Vero E6-
TMPRSS2 cells. After two hours, an equal volume of DMEM supplemented with 20%
FBS and 2% penicillin-streptomycin was added to the cells. After 20—24 h, ONE-Glo EX
(Promega) was added to each well and the cells were incubated for 5 min at 37 °C.
Luminescence values were measured using a BioTek Synergy Neo2 plate reader.
Luminescence readings from the neutralization assays were normalized and analysed

using GraphPad Prism 9.1.0. The RLU values recorded from uninfected cells were used
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to define 100% neutralization and RLU values recorded from cells infected with
pseudovirus without plasma were used to define 0% neutralization. IDso were
determined from the normalized data points using a [inhibitor] versus normalized
response—variable slope model using at least two technical repeats to generate the
curve fits. At least two biological replicates with two distinct batches of pseudovirus

were conducted for each sample.

Neutralization of authentic SARS-CoV-2 viruses

Vero E6-TMPRSS2 cells were seeded into black-walled, clear-bottom 96-well
plates at 20,000 cells per well and cultured overnight at 37 °C. The next day, 9-point
fourfold serial dilutions of monoclonal antibodies were prepared in growth medium
(DMEM + 10% FBS). The different SARS-CoV-2 strains were diluted in infection
medium (DMEM + 2% BSA) at a final MOI of 0.01 plaque-forming units per cell, added
to the monoclonal antibody dilutions and incubated for 30 min at 37 °C. Medium was
removed from the cells, monoclonal antibody—virus complexes were added and
incubated at 37 °C for 18 h (WA-1 and XBB.1.5) or 24 h (BA.2). Cells were fixed with 4%
PFA (Electron Microscopy Sciences, 15714S), permeabilized with Triton X-100 (SIGMA,
X100-500ML) and stained with an antibody against the viral nucleocapsid protein (Sino
Biologicals, 40143-R001) followed by a staining with the nuclear dye Hoechst 33342
(Fisher Scientific, H1399) and a goat anti-rabbit Alexa Fluor 647 antibody (Invitrogen, A-
21245). Plates were imaged on a Cytation5 plate reader. Whole well images were
acquired (12 images at 4x magnification per well) and nucleocapsid-positive cells were

counted using the manufacturer’s software.
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Pseudotyped VSV entry assays with protease inhibitors

Vero E6-TMPRSS2 or HEK293T-ACE2 were split into white-walled, clear-bottom
96-well plates (Corning) at a density of 18,000 or 36,000 cells, respectively, and grown
overnight. The following day, the growth medium was removed and, for assays
conducted with Vero E6-TMPRSS2, the cells washed once with DMEM. The cells were
incubated for 2 h with DMEM containing 50 uM of Camostat (Sigma), Nafamostat
(Sigma), E64d (Sigma), or 0.5% DMSO. All three protease inhibitors were dissolved in
DMSO to a concentration of 10 mM and diluted in DMEM. The protease inhibitors were
removed and pseudovirus diluted 1:50 or 1:200 in DMEM was added to the cells. After
2 h, an equal volume of DMEM supplemented with 20% FBS and 2% penicillin-
streptomycin was added to the cells. After 20—24 h, ONE-Glo EX (Promega) was added
to each well and the cells were incubated for 5 min at 37 °C. Luminescence values were
measured using a BioTek Synergy Neo2 plate reader. Luminescence readings from the
neutralization assays were normalized and analysed using GraphPad Prism 9.1.0. The
RLU values recorded from uninfected cells were used to define 0% infectivity and RLU
values recorded from cells incubated with 0.5% DMSO only and infected with
pseudovirus were used to define 100% infectivity. Twelve technical replicates were
performed for each inhibitor and pseudovirus and at least two biological replicates with

two distinct batches of pseudovirus were conducted.

Recombinant protein production for BLI, FACS and cryo-EM
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SARS-CoV-2 RBDs and human ACE2 were produced and purified from
Expi293F cells as previously described (Bowen, Addetia, et al., 2022). In brief, cells
were grown to a density of 3 x 108 cells per ml and transfected using the ExpiFectamine
293 Transfection Kit (Thermo Fisher Scientific). Three to five days post-transfection,
proteins were purified from clarified supernatants using HisTrap HP affinity columns
(Cytiva) and washed with ten column volumes of 20 mM imidazole, 25 mM sodium
phosphate pH 8.0, and 300 mM NacCl before elution on a gradient to 500 mM imidazole,
25 mM sodium phosphate pH 8.0, and 300 mM NaCl. Proteins were buffer exchanged
into 20 mM sodium phosphate pH 8 and 100 mM NaCl and concentrated using
centrifugal filters (Amicon Ultra) before being flash frozen.

For cryo-EM, recombinant ACE2 was expressed in ExpiCHO-S cells at 37 °C and
8% CO2 with kifunensine added to 10 uyM. Cell culture supernatant was collected eight
days post-transfection, supplemented with buffer to a final concentration of 80 mM Tris-
HCI pH 8.0, 100 mM NaCl, and then incubated with BioLock (IBA) solution. ACE2 was
purified using a 5-ml StrepTrap HP column (Cytiva) followed by isolation of the
monomeric ACE2 by size-exclusion chromatography using a Superdex 200 Increase
10/300 GL column (Cytiva) pre-equilibrated in PBS.

Recombinant S309 Fab used for cryo-EM was expressed by ATUM Bio using
HEK293-derived suspension cells (lacking the N55Q mutation introduced for improving
its manufacturability), purified using CaptureSelect IgG-CH1 resin and buffer exchanged

into PBS (ATUM Bio).
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Recombinant protein production for SPR binding assays and antigen-specific MBC
repertoire analysis by ELISA

Proteins were expressed in Expi293F cells (Thermo Fisher Scientific) at 37 °C
and 8% CO:. Transfections were performed using the ExpiFectamine 293 Transfection
Kit (Thermo Fisher Scientific). Cell culture supernatants were collected 4-5 days after
transfection and supplemented with 10x PBS to a final concentration of 2.5x PBS
(342.5 mM NacCl, 6.75 mM KCI and 29.75 mM phosphates). SARS-CoV-2 RBDs were
purified by IMAC using Cobalt or Nickel resin followed by buffer exchange into PBS
using Amicon centrifugal filters (Milipore Sigma) or by size-exclusion chromatography
using a Superdex 200 Increase 10/300 GL column (Cytiva). For SPR binding
measurements, recombinant ACE2 (residues 19-615 from Uniprot entry Q9BYF1 with a
C-terminal thrombin cleavage site—TwinStrep—10xHis—GGG tag and N-terminal signal
peptide) was expressed in Expi293F cells at 37 °C and 8% CO.. Transfection was
performed using the ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific). Cell
culture supernatant was collected 7—-8 days after transfection, supplemented to a final
concentration of 80 mM Tris-HCI pH 8.0, 100 mM NaCl, and then incubated with
BioLock solution (IBA GmbH). ACE2 was purified using a 1-ml StrepTrap HP column
(Cytiva) followed by isolation of the monomeric ACE2 by size-exclusion chromatography
using a Superdex 200 Increase 10/300 GL column (Cytiva) pre-equilibrated in PBS.
Recombinant S309 Fab used for SPR binding studies was produced in either ExpiCHO-
S cells and purified using a Capture Select CH1-XL MiniChrom Column (Thermo

Fisher), followed by buffer exchange into PBS using a HiPrep 26/10 Desalting Column
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(Cytiva) or in HEK293 suspension cells, purified using CaptureSelect IgG-CH1 resin

and buffer exchanged into PBS (ATUM Bio).

Biolayer interferometry

BLI was used to assess binding of SARS-CoV-2 RBDs to human ACEZ2 using an
Octet Red96 (Sartorius) and the Octet Data acquisition v11.1. Biotinylated Wu, BA.4/5,
BA.2.75.2, BQ.1.1, XBB.1, and XBB.1.5 RBDs were diluted to a concentration of
5ng pl-1in 10X Octet kinetics buffer (Sartorius) and loaded onto pre-hydrated
Streptavidin biosensors to a 1 nm total shift. The loaded tips were dipped into a 1:3
dilution series of monomeric human ACE2 starting at 900 nM or 300 nM for 300 s
followed by dissociation in 10x kinetic buffer for 300 s. All steps of the affinity
measurements using BLI were carried out at 30 °C with a shaking speed of 1,000 rpm.
The resulting data were baseline subtracted and affinity measurements were calculated
using a 1:1 global fit binding model with Octet Data Analysis HT software v12.0. Binding

curves were plotted using GraphPad Prism 9.1.0.

In vivo studies

Mouse studies were carried out in accordance with the recommendations in the
Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocols were approved by the Institutional Animal Care and Use Committee at the
Washington University School of Medicine (assurance number A3381-01). Virus
inoculations were performed under anaesthesia that was induced and maintained with

ketamine hydrochloride and xylazine, and all efforts were made to minimize animal
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suffering. Heterozygous K18-hACE2 C57BL/6 J mice (strain: 2B6.Cg-Tg(K18-
ACE2)2Prlmn/J) were obtained from The Jackson Laboratory. All animals were housed
in groups of 3 to 5 and fed standard chow diets. The photoperiod was 12 h on/12 h off
dark/light cycle. The ambient animal room temperature was 21 °C, controlled within

+1 °C and the room humidity was 50%, controlled within £5%. Eight- to ten-week-old
female K18-hACE2 mice were administered indicated doses of S309 or isotype control
(anti-WNV hE16 (Oliphant et al., 2005)) antibody by intraperitoneal injection one day
before intranasal inoculation with 10* FFU of BQ.1.1. Weight was recorded daily, and
animals were euthanized on day 6 after virus inoculation.

All hamster experiments were performed according to the French legislation and
in compliance with the European Community Council Directives (2010/63/UE, French
Law 2013-118, 6 February 2013) and according to the regulations of Pasteur Institute
Animal Care Committees. The Animal Experimentation Ethics Committee (CETEA 89)
of the Institut Pasteur approved this study (200023) before experiments were initiated.
Hamsters were housed by groups of 4 animals and manipulated in class Il biosafety
cabinets in the Pasteur Institute animal facilities accredited by the French Ministry of
Agriculture for performing experiments on live rodents. All animals were handled in strict
accordance with good animal practice. Male golden Syrian hamsters (Mesocricetus
auratus; RjHan:AURA) of 5—6 weeks of age (average weight 60—80 grams) were
purchased from Janvier Laboratories and handled under specific pathogen-free
conditions. The animals were housed and manipulated in isolators in a Biosafety level-3
facility, with ad libitum access to water and food. Before manipulation, animals

underwent an acclimation period of one week. Twenty-four hours before infection, the
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hamsters received an intraperitoneal injection of different concentrations of the
monoclonal antibodies S309 (0.6, 1.7, 5 and 15 mg kg™, hamster IgG2a), or the control
isotype MPE8 (15 mg kg™', hamster IgG2a). Animal infection was performed as
previously described (de Melo et al., 2021). In brief, the animals were anaesthetized
with an intraperitoneal injection of 200 mg kg~! ketamine (Imalgéne 1000, Merial) and
10 mg kg™' xylazine (Rompun, Bayer), and 100 pl of physiological solution containing

6 x 10* plaque-forming units of SARS-CoV-2/Omicron_XBB.1.5 (GISAID ID:
EPI_ISL_16353849, kindly provided by O. Schwartz and colleagues) was then
administered intranasally to each animal (50 pl per nostril). Mock-infected animals
received the physiological solution only. Infected and mock-infected hamsters were
housed in separated isolators and were followed-up daily, for four days, when the body
weight and the clinical score were noted. At day 4 post-inoculation, the animals were
euthanized with an excess of anaesthetics (ketamine and xylazine) and exsanguination.
Blood samples were collected by cardiac puncture; after coagulation, the tubes were
centrifuged at 2,000g during 10 min at 4 °C, the serum was collected and frozen at

—-80 °C until further analyses. The lungs were collected, weighted and frozen at —-80 °C

until further analyses.

Measurement of viral RNA levels

Mouse tissues were weighed and homogenized with zirconia beads in a MagNA
Lyser instrument (Roche Life Science) in 1 ml of DMEM medium supplemented with 2%
heat-inactivated FBS. Tissue homogenates were clarified by centrifugation at

approximately 10,000g for 5 min and stored at —80 °C. RNA was extracted using the
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MagMax mirVana Total RNA isolation kit (Thermo Fisher Scientific) on the Kingfisher
Flex extraction robot (Thermo Fisher Scientific). RNA was reverse transcribed and
amplified using the TagMan RNA-to-CT 1-Step Kit (Thermo Fisher Scientific). Reverse
transcription was carried out at 48 °C for 15 min followed by 2 min at 95 °C. Amplification
was accomplished over 50 cycles as follows: 95 °C for 15 s and 60 °C for 1 min. Copies
of total (genomic and subgenomic) SARS-CoV-2 N gene RNA in samples were
determined using a previously published assay (Case et al., 2020). In brief, a TagMan
assay was designed to target a highly conserved region of the N gene (forward primer:
ATGCTGCAATCGTGCTACAA,; reverse primer: GACTGCCGCCTCTGCTC; probe: /56-
FAM/TCAAGGAAC/ZEN/AACATTGCCAA/3IABKFQ/). This region was included in an
RNA standard to allow for copy number determination down to 10 copies per reaction.
The reaction mixture contained final concentrations of primers and probe of 500 and
100 nM, respectively.

For hamster studies, frozen lung fragments were weighted and homogenized
with 1 ml of ice-cold DMEM (31966021, Gibco) supplemented with 1%
penicillin/streptomycin (15140148, Thermo Fisher) in Lysing Matrix M 2 ml tubes
(116923050-CF, MP Biomedicals) using the FastPrep-24 system (MP Biomedicals), and
the following scheme: homogenization at 4.0 m s™' for 20 s, incubation at 4 °C for 2 min,
and new homogenization at 4.0 ms™ for 20 s. The tubes were centrifuged at
10,0009 for 1 min at 4 °C. Afterwards, 125 pl of the tissue homogenate supernatant
were mixed with 375 pl of Trizol LS (10296028, Invitrogen) and the total RNA was
extracted using the Direct-zol RNA MiniPrep Kit (R2052, Zymo Research). The

presence of SARS-CoV-2 RNA in these samples was evaluated by one-step
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quantitative PCR with reverse transcription in a final volume of 12.5 ul per reaction in
384-wells PCR plates using a thermocycler (QuantStudio 6 Flex, Applied Biosystems).
In brief, 2.5 ul of RNA were added to 10 ul of a master mix containing 6.25 pl of 2x
reaction mix, 0.2 pl of MgSQO4 (50 mM), 0.5 pl of Superscript Il RT/Platinum Taq Mix
(2Ul uI") and 3.05 pl of nuclease-free water containing the nCoV_IP2 primers
(nCoV_IP2-12669Fw: 5'-ATGAGCTTAGTCCTGTTG-3'; nCoV_IP2-12759Rv: 5'-
CTCCCTTTGTTGTGTTGT-3') at a final concentration of 400 nM, and the nCoV_IP2
probe (5-FAM-AGATGTCTTGTGCTGCCGGTA-3-TAMRA) at a final concentration of
200 nM. The amplification conditions were as follows: 55 °C for 20 min, 95 °C for 3 min,
50 cycles of 95 °C for 15 s and 58 °C for 30 s, and a last step of 40 °C for 30 s. Viral load
quantification (expressed as RNA copy number per mg of tissue) was assessed by
linear regression using a standard curve of six known quantities of RNA transcripts

containing the RdRp sequence (ranging from 107 to 102 copies).

Viral plaque assay

Vero E6-TMPRSS2-ACE?2 cells were seeded at a density of 1 x 10° cells per well
in 24-well tissue culture plates. The following day, medium was removed and replaced
with 200 ul of material to be titrated diluted serially in DMEM supplemented with 2%
FBS. One hour later, 1 ml of methylcellulose overlay was added. Plates were incubated
for 72 h, and then fixed with 4% paraformaldehyde (final concentration) in PBS for
20 min. Plates were stained with 0.05% (w/v) crystal violet in 20% methanol and washed

twice with distilled, deionized water.
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End-point virus titration in hamsters

Lung tissues were homogenized as described above for measurement of viral
RNA. To quantify infectious SARS-CoV-2 particles, lung homogenates titrations were
performed on confluent Vero EG cells in 96- well plates. Viral titres were expressed as

50% tissue culture infectious dose (TCIDso) per mg tissue (Lindenbach, 2009).

Transient expression of recombinant SARS-CoV-2 S and flow cytometry

ExpiCHO-S cells were seeded at 6 x 10° cells per ml in a volume of 5ml in a 50-
ml bioreactor. The following day, cells were transfected with SARS-CoV-2 S
glycoprotein-encoding pcDNA3.1(+) plasmids (BetaCoV/Wuhan-Hu-1/2019, accession
number MN908947, Wu-D614; Omicron BA.2, BQ.1.1, XBB.1, XBB.1.5, BN.1 or BA.2-
E340A generated by overlap PCR mutagenesis of the Wu-D614 plasmid) harbouring
the A19 C-terminal truncation. S-encoding plasmids were diluted in cold OptiPRO SFM
(Life Technologies, 12309-050), mixed with ExpiFectamine CHO Reagent (Life
Technologies, A29130) and added to cells. Transfected cells were then incubated at
37 °C with 8% CO2 with an orbital shaking speed of 250 rpm (orbital diameter of 25 mm)
for 24 to 48 h. Transiently transfected ExpiCHO-S cells were harvested and washed
twice in wash buffer (PBS 2% FBS, 2mM EDTA). Cells were counted and distributed
into round bottom 96-well plates (Corning, 3799) and incubated with serial dilutions of
mADb starting at 10 ug ml~'. Alexa Fluor 647-labelled Goat anti-human IgG secondary
antibody (Jackson ImmunoResearch, 109-606-098) was prepared at 2 ug ml~! and
added onto cells after two washing steps. Cells were then washed twice and

resuspended in wash buffer for data acquisition at Ze5 cytometer (Bio-Rad).
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Measurement of effector functions triggered by monoclonal antibodies

ADCC assays were performed using ExpiCHO-S cells transiently transfected
with SARS-CoV-2 S glycoproteins (Wu-D614, BA.2, BQ.1.1, XBB.1, XBB.1.5, BN.1 or
BA.2-E340A) as target cells. Natural killer cells were isolated from fresh blood of healthy
donors using the MACSxpress WB NK cell isolation kit, human (Miltenyi Biotec, 130-
127-695). Target cells were incubated with titrated concentrations of monoclonal
antibody for 10 min and then with primary human natural killer cells at an effector to
target ratio ranging from 6:1 to 9:1. ADCC was measured using the LDH release assay
(Cytotoxicity Detection Kit (LDH) (Roche, 11644793001)) after 4 h incubation at 37 °C.

ADCP assays were performed using ExpiCHO-S cells transiently transfected with
SARS-CoV-2 S glycoproteins and labelled with PKH67 (Sigma-Aldrich) as target cells.
PMBCs from healthy donors were labelled with CellTrace Violet (Invitrogen) and used
as source of phagocytic effector cells. Target cells (10,000 per well) were incubated with
titrated concentrations of monoclonal antibody for 10 min and then mixed with PBMCs
(200,000 per well). The next day, cells were stained with APC-labelled anti-CD14
antibody (BD Pharmingen), BV605-labelled anti-CD16 antibody (Biolegend), BV711-
labelled anti-CD19 antibody (Biolegend), PerCP/Cy5.5-labelled anti-CD3 antibody
(Biolegend), APC/Cy7-labelled anti-CD56 antibody (Biolegend) for the identification of
CD14" monocytes. After 20 min, cells were washed and fixed with 4%
paraformaldehyde before acquisition on a ZE5S Cell Analyzer (Bio-Rad). Data were
analysed using FlowJo software (v10.8.1). The percentage ADCP was calculated as the

percentage of monocytes (CD3"CD19-CD14" cells) positive for PKH67.
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Measurement of effector functions triggered by plasma antibodies

Antibody-dependent activation of human FcyRllla by plasma antibodies was
quantified using a bioluminescent reporter assay. ExpiCHO-S cells transiently
expressing full-length SARS-CoV-2 S from Wu-D614, BA.5, BQ.1.1 or XBB.1 (target
cells) were incubated with serial dilutions of plasma from immune donors. After a 20-min
incubation, Jurkat reporter cells stably expressing FcyRllla V158 and a NFAT-driven
luciferase reporter gene (effector cells) were added at an effector to target ratio of 6:1.
Signalling was quantified by the luciferase signal produced via activation of the NFAT
pathway. Luminescence was measured after 22 h of incubation at 37 °C with 5%
CO2 with a luminometer using the Bio-Glo-TM Luciferase Assay Reagent according to
the manufacturer’s instructions (Promega).

Natural killer cell-mediated ADCC induced by plasma antibodies was measured
as described for ADCC except that ExpiCHO-S cells transiently expressing full-length
SARS-CoV-2 S from Wu-D614, BA.1, BA.5, BA.2.75.2, BQ.1.1 or XBB.1 (target cells)

were incubated with plasma from immune donors at a single dilution (1:200).

Antigen-specific MBC repertoire analysis of secreted IgGs

Replicate cultures of total unfractionated PBMCs obtained from SARS-CoV-2
infected and/or vaccinated individuals were seeded in 96 U-bottom plates (Corning) in
RPMI1640 supplemented with 10% fetal calf serum (Hyclone), sodium pyruvate, MEM
non-essential amino acids, stable glutamine, 2-mercaptoethanol, penicillin-streptomycin,

kanamycin and transferrin. MBC stimulation and differentiation was induced by adding
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2.5 ugml~" R848 (3 M) and 1,000 U mI~' human recombinant IL-2 at 37 °C and 5% COx,
as previously described (Pinna et al., 2009). After 10 days, the cell culture supernatants

were collected for ELISA analysis.

Enzyme-linked immunosorbent assay

Ninety-six half-area well plates (Corning, 3690) were coated overnight at 4 °C
with 25 pl of sarbecovirus RBDs prepared at 5 ug ml~' in PBS pH 7.2. Plates were then
blocked with PBS 1% BSA (Sigma-Aldrich, A3059) and subsequently incubated with
serial dilutions of monoclonal antibodies for 1 h at room temperature. After 4 washing
steps with PBS 0.05% Tween-20 (PBS-T) (Sigma-Aldrich, 93773), goat anti-human IgG-
AP secondary antibody (Southern Biotech, 2040-04, diluted 1/500) was added and
incubated for 1 h at room temperature. Plates were then washed four times with PBS-T
and 4-nitrophenyl phosphate (pNPP, Sigma-Aldrich, 71768) substrate was added. After
30 min incubation, absorbance at 405 nm was measured using a plate reader (BioTek)
and data were plotted using Prism GraphPad 9.1.0. To test plasma and MBC-derived
antibodies, Spectraplate-384 with high protein binding treatment (custom made from
PerkinElmer) were coated overnight at 4 °C with 3 ug ml™" of different SARS-CoV-2
RBDs (produced in house) and S trimers (Acrobiosystems AG, SPN-C52H3, SPN-
C522a, SPN-C522e, SPN-C522r, SPN-C522s, SPN-C522t and SPN-C524i) in PBS pH
7.2 or PBS alone as control. Plates were subsequently blocked with Blocker Casein
(1%) in PBS (Thermo Fisher Scientific, 37528) supplemented with 0.05% Tween-20
(Sigma-Aldrich, 93773-1KG). The coated plates were incubated with diluted B cell

supernatant for 1 h at room temperature. Plates were washed with PBS containing
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0.05% Tween-20 (PBS-T), and binding was revealed using secondary goat anti-human
lgG-AP (Southern Biotech, 2040-04). After washing, pNPP substrate (Sigma-Aldrich,

71768-25G) was added and plates were read at 405 nm after 1 h or 30 min.

Blockade of RBD binding to human ACE2

MBC culture supernatants were diluted in PBS and mixed with SARS-CoV-2 Wu
RBD mouse Fc-tagged antigen (Sino Biological, 40592-V05H) or with biotinylated
BQ.1.1 or XBB.1 RBDs (Acrobiosystems) at a final concentration of 20 ng ml~" and
incubated for 30 min at 37 °C. The mix was added for 30 min to ELISA 384-well plates
(NUNC, P6366-1CS) pre-coated overnight at 4 °C with 4 ug ml~" human ACE2
(produced in house) in PBS. Plates were washed with PBS containing 0.05% Tween-20
(PBS-T), and RBD binding was revealed using secondary goat anti-mouse 1gG-AP
(Southern Biotech, 1032-04) or Streptavidin-AP (Jackson ImmunoResearch). After
washing, pNPP substrate (Sigma-Aldrich, 71768-25G) was added and plates were read

at 405 nm after 1 h.

Blockade of binding to S

Human anti-S monoclonal antibodies (S2V29 for RBD site la, SA55 for RBD site
lla, S309 for RBD site IV (Pinto et al., 2020), S3H3 for domain C/SD1 (Hong et al.,
2022) and S2P6 for the stem helix (Pinto et al., 2021)) were biotinylated using the EZ-
Link NHS-PEO solid phase biotinylation kit (Pierce). Labelled monoclonal antibodies
were tested for binding to Wu-G614, BQ.1.1 and XBB.1 S by ELISA and the optimal

concentration of each monoclonal antibody to achieve 80% maximal binding was
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determined. Plasma samples were serially diluted and added to ELISA 96-well plates
(Corning) pre-coated overnight at 4 °C with 1 yg ml™" of S (Acrobiosystems) in PBS.
After 30 min, biotinylated anti-S monoclonal antibodies were added at the concentration
achieving 80% maximal binding and the mixture was incubated at room temperature for
30 min. Plates were washed and antibody binding was revealed using alkaline
phosphatase-conjugated streptavidin (Jackson ImmunoResearch). After washing, pNPP
substrate (Sigma-Aldrich) was added and plates were read at 405 nm. The percentage
of inhibition was calculated as follow: (1 — (absorbance of sample — absorbance of
negative control)/(absorbance of positive control — absorbance of negative

control)) x 100.

PNGase F reaction to remove N-linked glycans on BN.1 RBD

Twenty micrograms of purified BN.1 RBD was combined with 2 yl PNGase F
(500 units per pl, New England BioLabs, P0704S) and 5 pl of 10x GlycoBuffer 3and
H20 (if necessary) to bring the total reaction volume to 50 pl. The reaction was
incubated at room temperature overnight and used for SPR and mass intact mass

spectrometry.

Intact mass spectrometry analysis and liquid chromatography—mass spectrometry
analysis

Four micrograms of PNGase F-treated BN.1 RBD was used for each injection on
the liquid chromatography—mass spectrometry (LC-MS) system to acquire intact mass

spectrometry signal after separation of protease and protein by liquid chromatography
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(Agilent PLRP-S reversed phase column). Thermo MS (Q Exactive Plus Orbitrap) was
used to acquire intact protein mass under denaturing conditions. BioPharma Finder 3.2
software was used to deconvolute the raw m/z data to protein average mass.

Peptide mapping with LC—MS was used to profile the site-specific glycosylation
sites on BN.1 RBD. Glycopeptides containing only one specific glycan were achieved by
selectively digesting with chymotrypsin protease. Twenty micrograms of each digest
product (peptide with a single glycan) was analysed by LC-MS (Agilent AdvanceBio
peptide mapping column and Thermo Q Exactive Plus Orbitrap MS). Peptide mapping

data were analysed on Biopharma Finder 3.2 data analysis software.

SPR assays to measure binding of ACE2 and S309 Fab to RBDs

Measurements were performed using a Biacore T200 instrument or a Biacore 8k
instrument using the Biacore Evaluation software (v.3.2.1). CM5 chips with covalently
immobilized anti-Avi polyclonal antibody diluted to a final concentration of
25 ug ml~" (GenScript, A00674-40) were used for surface capture of His—Avi tag
containing RBDs. Running buffer was HBS-EP+ pH 7.4 (Cytiva) and measurements
were performed at 25 °C. Experiments were performed with a fourfold dilution series of
monomeric S309 Fab or ACE2 at 300, 75, 18.8 and 4.7 nM and were run as single-cycle
kinetics. Data were double reference-subtracted and fit to a binding model using
Biacore Insight software (v4.0.8.20368). The 1:1 binding model was used to determine
the kinetic parameters. 2—14 replicates were performed for each ligand (RBDs) and
analyte (ACE2 or S309 Fab) pair. For BN.1 RBD-S309 Fab binding, due to a low

binding signal because of a slow association rate constant, a constant Rmax calculated

133



from a control analyte was applied to calculate the kinetic parameters. Kq values are
reported as the average of all replicates with the corresponding standard deviation

(Table 4.2 for ACE2 binding data and Table 4.5 for S309 Fab binding data)

Cell-cell fusion assay

Cell—cell fusion assays using a split-GFP system was conducted as previously
described(Bowen, Addetia, et al., 2022). In brief, Vero E6-TMPRSS2-GFP11 cells were
split into 96-well, glass bottom, black-walled plates (CellVis) at a density of 36,000 cells
per well. BHK-21-GFP1_1o cells were split into 6-well plates at a density of 1 x 10° cells
per well. The following day, the growth medium was removed and replaced with DMEM
containing 10% FBS and 1% penicillin-streptomycin and the cells were transfected with
4 ug of S protein using Lipofectamine 2000. Twenty-four hours after transfection, BHK-
21-GFP1-10 cells expressing the S protein were washed three times using FluoroBrite
DMEM (Thermo Fisher) and detached using an enzyme-free cell dissociation buffer
(Gibco). The Vero E6-TMPRSS2-GFP11 were washed 3 times with FluoroBrite DMEM
and 9,000 BHK-21-GFP+_1¢ cells were plated on top of the Vero E6-TMPRSS2-
GFP11 cells. The cells were incubated at 37 °C and 5% CO2 in a Cytation 7 plate Imager
(BioTek) and both bright-field and GFP images were collected every 30 min for 18 h.
Fusogenicity was assessed by measuring the area showing GFP fluorescence for each
image using Gen5 Image Prime v3.11 software.

To measure surface expression of the variant SARS-CoV-2 S protein,
1 x 106 transiently transfected BHK-21-GFP+_1o cells were collected by centrifugation at

1,000g for 5 min. The cells were washed once with PBS and fixed with 2%
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paraformaldehyde. The cells were washed twice with flow staining buffer (1% BSA, 1
mM EDTA, 0.1% NaNs in PBS) and labelled with 25 ug ml~' S2L20, an NTD-directed
antibody that recognizes all currently and previously circulating SARS-CoV-2 variants,
for 45 min. The cells were washed three times with flow staining buffer and labelled with
a PE-conjugated anti-human IgG Fc antibody (Thermo Fisher) for 30 min. The cells
were washed an additional three times and resuspended in flow staining buffer. The
labelled cells were analysed using a BD FACSymphony A3. Cells were gated on
singleton events and a total of 10,000 singleton events were collected for each sample.
The fraction of S-positive cells was determined in FlowJo 10.8.1 by gating singleton

events for the mock transfected cells on PE intensity.

Flow cytometry analysis of SARS-CoV-2 RBD-reactive MBCs

RBD-streptavidin tetramers conjugated to fluorophores were generated by
incubating biotinylated Wu, BA.1, BA.2, BA.4/5 or BQ.1.1 with streptavidin at a 4:1
molar ratio for 30 min at 4 °C. Excess free biotin was then added to the reaction to bind
any unconjugated sites in the streptavidin tetramers. The RBD-streptavidin tetramers
were washed once with PBS and concentrated with a 30-kDa centrifugal concentrator
(Amicon). An additional streptavidin tetramer conjugated to biotin only was generated
and included in the staining.

Approximately 5 to 15 million PMBCs were collected 572 days post-vaccination
for individuals who received either the Wu monovalent mRNA booster or Wu/BA.5
bivalent mMRNA booster. The cells were collected by centrifugation at 1,000g for 5 mins

at 4 °C and washed twice with PBS. The cells were then stained with Zombie Aqua dye
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(Biolegend; diluted 1:100 in PBS) for 30 min at room temperature after which the cells
were washed twice with FACS staining buffer (0.1% BSA, 0.1% NaNs in PBS). The cells
were then stained with antibodies for CD20-PECy7 (BD), CD3-Alexa eFluor780
(Thermo Fisher), CD8-Alexa eFluor780 (Thermo Fisher), CD14-Alexa eFluor780
(Thermo Fisher), CD16-Alexa eFluor780 (Thermo Fisher), IgM-Alexa Fluor 647
(BioLegend), IgD-Alexa Fluor 647 (BioLegend), and CD38-Brilliant Violet 785
(BioLegend), all diluted 1:200 in Brilliant Stain Buffer (BD), along with the RBD-
streptavidin tetramers for 30 min at 4 °C. The cells were washed three times,
resuspended in FACS staining buffer, and passed through a 35-um filter. The cells were
examined using a BD FACSAria Il and FACSDiva for acquisition and FlowJo 10.8.1 for
analysis. Single live CD20*CD3"CD8 CD14 CD167IgM"°IgD'°CD38°RBD* cells were
sorted based on reactivity to the Omicron and Wu RBDs into RNAlater and stored at

-80°C.

Cryo-EM sample preparation, data collection and data processing

Cryo-EM grids of BQ.1.1 RBD-ACE2-S309, XBB.1 RBD—ACE2-S309 or BN.1
RBD-ACE2-S309 complex were prepared fresh after purification by size-exclusion
chromatography. For BQ.1.1 RBD-ACE2-S309 complex, 3 ul of 0.25 mgml~' BQ.1.1
RBD-ACE2-S309 were loaded onto freshly glow-discharged R 2/2 UltrAuFoil grids
(Russo & Passmore, 2014), prior to plunge freezing using a vitrobot Mark IV (Thermo
Fisher Scientific) with a blot force of 0 and 6 s blot time at 100% humidity and 22 °C.
Data were acquired using an FEI Titan Krios transmission electron microscope operated

at 300 kV and equipped with a Gatan K3 direct detector and Gatan Quantum GIF
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energy filter, operated in zero-loss mode with a slit width of 20 eV. For BQ.1.1 RBD-
ACE2-S309 data set, automated data collection was carried out using Leginon v3.4
(Suloway et al., 2005) at a nominal magnification of 105,000x% with a pixel size of
0.843 A and stage tilt angle of 0° and 30°. 6,487 micrographs were collected with a
defocus range comprised between —0.5 and -2.5 ym. For XBB.1 RBD-ACE2-S309
complex, samples were prepared using a Vitrobot Mark 1V (Thermo Fisher Scientific)
with R 2/2 UltrAuFoil grids and a Chameleon (SPT Labtech) with self-wicking nanowire
Cu R1.2/0.8 holey carbon grids. For XBB.1 RBD-ACE2-S309 data set, 6,355
micrographs from UltrAuFoil grids were collected with a defocus range comprised
between -0.2 and -3 pym and stage tilt angle of 0° and 30° and 2,889 micrographs from
chameleon grids were collected with a defocus range comprised between -0.2 and -3
um without tilting the stage. For BN.1 RBD—-ACE2-S309 complex, samples were
prepared using a Vitrobot Mark IV (Thermo Fisher Scientific) with R 2/2 UltrAuFoil grids,
manual blotting/plunging with C-flat holey thick carbon grids and Chameleon (SPT
Labtech) with self-wicking nanowire Cu R1.2/0.8 holey carbon grids. For BN.1 RBD—
ACE2-S309 data set, 3,822 micrographs from UltrAuFoil grids, 2,000, micrographs from
chameleon grids and 1,915 micrographs from C-flat holey thick carbon grids were
collected with a defocus range comprised between —0.2 and —-3.5 ym and stage tilt
angle of 0° and 30°. The dose rate was adjusted to 15 counts per pixel per s, and each
movie was acquired in super-resolution mode fractionated in 75 frames of 40 ms. Movie
frame alignment, estimation of the microscope contrast transfer function parameters,
particle picking, and extraction were carried out using Warp (Tegunov & Cramer,

2019) (v1.0.9).
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Two rounds of reference-free 2D classification were performed using cryoSPARC
(Punjani et al., 2017) (v4.2.2) to select well-defined particle images. These selected
particles were subjected to two rounds of 3D classification with 50 iterations each
(angular sampling 7.5° for 25 iterations and 1.8° with local search for 25 iterations)
using Relion (Scheres, 2012; Zivanov et al., 2018) (v3.1) with an initial model generated
with ab-initio reconstruction in cryoSPARC. 3D refinements were carried out using non-
uniform refinement (Punjani et al., 2020) along with per-particle defocus refinement in
CryoSPARC. Selected particle images were subjected to the Bayesian polishing
procedure (Zivanov et al., 2019) implemented in Relion before performing another
round of non-uniform refinement in cryoSPARC followed by per-particle defocus
refinement and again non-uniform refinement. To further improve the density of the
BQ.1.1 RBD and XBB.1 RBD, the particles were subjected to focus 3D classification
without refining angles and shifts using a soft mask encompassing the ACE2, RBD and
S309 variable domains using a tau value of 60 in Relion. To further improve the density
of the BN.1 RBD, the particles were subjected to cryoSPARC heterogeneous
refinement. Particles belonging to classes with the best resolved local density were
selected and subjected to non-uniform refinement using cryoSPARC. Local resolution
estimation, filtering, and sharpening were carried out using CryoSPARC. Reported
resolutions are based on the gold-standard Fourier shell correlation (FSC) with 0.143
criterion and Fourier shell correlation curves were corrected for the effects of soft
masking by high-resolution noise substitution (S. Chen et al., 2013; Rosenthal &

Henderson, 2003).
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Model building and refinement

UCSF Chimera (Pettersen et al., 2004) (v1.17.1) and Coot (Emsley et al.,
2010) (v0.9.6) were used to fit atomic models into the cryo-EM maps. RBD, ACE2 and
S309 Fab models were refined and relaxed using Rosetta using sharpened and

unsharpened maps (Frenz et al., 2019; R. Y.-R. Wang et al., 2016).

Statistical analysis

All statistical tests were performed as described in the indicated figure legends
using Prism v9.1.0. The number of independent experiments performed are indicated in
the relevant figure legends. Comparisons of means between multiple groups of
unpaired data were made with Kruskal-Wallis rank test and corrected with Dunn’s test.
Statistical significance is set as P <0.05, and P values are indicated with: NS, not
significant; *P < 0.05; **P < 0.01; ***P <0.001, ****P < 0.0001. EDso, 80% of the
maximum binding response (BDso), IDso and ICso titres were calculated from the
interpolated value from the log(agonist) and the log(inhibitor), versus response using
variable slope (four parameters) non-linear regression. Data were plotted and analysed

with GraphPad Prism software (version 9.1.0).
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4.10 Figures and Tables

Figure 4.1 Functional properties of the BQ.1.1, XBB.1, XBB.1.5 and BA.2.75.2
variant S glycoproteins
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a, Schematic view of S mutations in SARS-CoV-2 variants evaluated in this study. Ins,
insertion; SD1/2, subdomains 1 and 2. b,c, Equilibrium dissociation constants (Kq)
measured by BLI (b; n=2 or 3 independent experiments) and SPR (c) for binding of the
monomeric human ACE2 (hACEZ2) ectodomain to the indicated immobilized variant
RBDs. d, Left, cell-cell fusion (indicated as the percentage of GFP* area) between cells
expressing the indicated variant S glycoproteins and Vero E6-TMPRSS2 cells
measured over an 18-h time-course experiment using a split-GFP system. Right, cell-
cell fusion at 18 h (mean £ s.e.m.). Data are from six fields of view from a single
experiment and representative of results from two biological replicates. Comparisons of
fusogenicity mediated by BA.1, BA.2, or BA.4/5 S to BA.2.75.2, BQ.1.1, XBB.1 and
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XBB.1.5 S were completed using the one-sided Dunnett’s test; colours of asterisks
indicate the reference group for the comparison (BA.1, gold; BA.2, green; BA.4/5,

red). e,f, Relative entry of VSV pseudotyped with the indicated S variant in Vero E6-
TMPRSS2 (e) or HEK293T-ACEZ2 (f) cells treated with 50 yM camostat, nafamostat or
E64d. Normalized entry was calculated on the basis of entry values obtained for Vero
E6-TMPRSS2 or HEK293T-ACE2 cells treated with DMSO only for each pseudovirus.
Data are mean = s.d. Twelve technical replicates were performed for each pseudovirus
and inhibitor and one experiment representative of two independent biological replicates
is shown. Comparison of relative entry values were made between Wu-G614 S VSV
pseudovirus and each of the examined SARS-CoV-2 variant S VSV pseudoviruses
using the one-sided Dunnett’s test. *P <0.05; **P<0.01; ***P<0.001; ****P < 0.0001.
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Figure 4.2 Evaluation of human ACE2 binding to SARS-CoV-2 variant RBDs
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a, Biolayer interferometry binding curves obtained for monomeric human ACEZ2 binding
to biotinylated Wu, BA.4/5, BA.2.75.2, BQ.1.1, XBB.1 or XBB.1.5 RBDs immobilized at
the surface of streptavidin biosensors. Kinetic rate constants and affinities are shown in
Table 4.1. Fits are shown as solid black lines. b, Sensorgrams of monomeric human
ACEZ2 binding to the Wu, BA.2.75.2, BA.4/5, BQ.1.1, XBB.1, XBB.1.5 and Wu E340A
RBDs immobilized at the surface of an SPR chip coated with anti-Avi polyclonal Ab.
Experiments were performed with serial dilutions of Fabs and run as single-cycle
kinetics. Gray blocks denote the dissociation phase. Fits are shown as dashed grey
lines. Kinetic rate constants and affinities are shown in Supplementary Table 4.2.
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Figure 4.3 Membrane fusion assay
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a, Representative cell-cell fusion images showing reconstitution of GFP fluorescence
after 18 h. Scale bar: 1 mm. Six images were collected at each 30 minute interval for
each variant S analyzed and two independent biological replicates were conducted. b,
Quantification of SARS-CoV-2 S surface expression by flow cytometry using the NTD-
directed Ab S2L.208%4 for BHK-21 GFP1.1¢ cells transfected with Wu-G614, Delta, BA.1,
BA.2, BA.4/5, BA.2.75.2, BQ.1.1, XBB.1, or XBB.1.5 S proteins. The y-axis is presented
as a modal scale scaled to maximum singleton events for that plot. The percentage of
S-positive cells is indicated in the top right corner based on the PE intensity relative to
mock transfected (negative) cells and represented by the dashed line above each plot.
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Figure 4.4 Structural analysis of BQ.1.1 and XBB.1 RBDs

R357 ACE2
Y41 Q42 E35 Y83

Helix  Helix G339D/H
383-390 364-372

S309 (Vi-Vi)

a,b, Cryo-EM structures of the BQ.1.1 RBD (a; cyan) or the XBB.1 RBD (b; pink) bound
to the human ACE2 ectodomain (green) and the S309 Fab fragment (VH in purple and
VL in magenta). Amino acid residues mutated relative to Omicron BA.2 are shown as
red spheres. ¢, Zoomed-in view of the BQ.1.1 RBD interactions formed with human
ACE2 with select amino acid residue side chains shown as sticks. N-linked glycans are
shown as dark blue spheres in a—c. d,e, RBD-based superimposition of the LY-
CoV1404-bound Wu RBD structure (d; purple, Protein Data Bank (PDB) ID: 7MMO) or
of the COV2-2130-bound Wu RBD structure (e; purple, PDB ID: 7L7E) onto the BQ.1.1
RBD cryo-EM structure, highlighting the expected disruptions of electrostatic
interactions with the monoclonal antibodies resulting from the K444T and the R346T
RBD mutations. f, RBD-based superimpositions of the S309-bound BA.1 S (gold, PDB
ID: 7TLY), apo BA.2 S (green, PDB ID: 7UB0), S309- and ACE2-bound BQ.1.1 (cyan)
and XBB.1 (pink) RBD cryo-EM structures. The N343 glycan along with select side
chains are rendered as sticks. The expected N343 glycan clashes with BA.2 residues
N370 and F371 (sticks) are indicated with a red star. Residues 368-373 are disordered
in the XBB.1 RBD cryo-EM map, as is the case for the adjacent residues 380-392 and
were not modelled. Select electrostatic interactions are highlighted with dotted lines

in c—e.
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Figure 4.5 CryoEM data processing of the BQ.1.1, XBB.1 and BN.1 RBDs bound to

ACE2 and S309
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a-b, Electron micrographs representative of 6,487, 6,355, or 3,822 micrographs,
respectively, (a) and 2D class averages (b) of the BQ.1.1 RBD (left), the XBB.1 RBD
(middle) or BN.1 RBD (right) bound to the human ACE2 ectodomain and the S309 Fab
fragment embedded in vitreous ice. The scale bar represents 100 nm (a) or 100 A (b). c-
d, Gold-standard Fourier shell correlation curves (c) and local resolution maps along
with angular distribution heat maps calculated using cryoSPARC (d) for the 3D
reconstructions of the BQ.1.1 RBD (left), the XBB.1 RBD (middle) or BN.1 RBD (right)
bound to the human ACE2 ectodomain and the S309 Fab fragment. The 0.143 cutoff is
indicated by a horizontal dashed line. e, Data processing flowchart. CTF: contrast
transfer function; NUR: non-uniform refinement.
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Figure 4.6 Structural comparisons of the Wu, BA.1, BQ.1.1 and XBB.1 RBD
interactions with human ACE2 or therapeutic antibodies
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XBB.1 RBD

a-c, Zoomed-in views of the BA.1 RBD (PDB 7TNO, cyan), BQ.1.1 RBD (cyan) or XBB.1
RBD (cyan) interactions with the human ACE2 ectodomain (green). Select side chains
are shown and electrostatic interactions are highlighted with dotted lines. d,
Superimposition of the LYCoV1404-bound Wu RBD (gold, PDB 7MMO) crystal structure
to the ACE2- and S309-bound XBB.1 RBD (pink) cryoEM structure (S309 and ACE2
are not shown for clarity).
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Figure 4.7 S309-mediated neutralization, effector functions and in vivo protection

a 1045 b
’5 —
< 2 778.0 = 1 0 o5
€ 2 4004 Q < g3
o ] e} [a) " s =
£ s o] o) 10%4 <o) 3w
g 10T R8N s = 94.0 % @) e = ;
Q o 742 i o) o\ M @»
5 g 102 s %o % 12a < 104 & 23
g 5 160 ‘oo 113 2 S A @Yco 2
£ 1000 ; £ 10°9 & T
2 k] e 6.5 & & 4 ) o<
= o 10 ofRc® 0 2 - I=N%}
5 - * 5 B & 10043 oo
7] & 7] 1% £ o
: B L
AN AR UV ANNA RN BN 10° 102 100 100 10°
B AL N K oA PO A G NN !
QLRGN UGV VR S VSRR log, [sotrovimab] (ug mol-)
SRS S W2 e 0
NS + & +
d . WSotrovimab O0S309-GRLR e 10°y 50
BN.1" ~E340A 2 XBB.15
—~ i i °
S o0 10*7 BQ11g” - 1 BQ.1.1
< 40q0° = ! o XBB.1
> € TBQL— 2 30—. !
% g ¢ 'E‘A-2-.75i2'/./BAZ 3 wupsta  BA2 OV
s A @ 89xEB1 Q 20
209 o BB.1 ®BA1 <
8 1024 . !
2 : ®Wu-D614 | 104 :
< R?=0.6403 | | EB40A
] P=0.0054 |
0 10 o o T T 0 T T v Sl
b\b( oS 10" 10° 10 102 108 107 100 10 102 10%
\$"9 N K, (M) K, ("M)
f g9 Body weight 10 Lung viral RNA 8 Lung viral load
Liid N . * NSNS T = INSNS 5 wxx NS NS
o 1209 o o — 9 — o 5 2 ° 2
£ e *kkk —_— e fuladel {00 o=
5 NS s Ns £ == i B = ‘ A} = 2 749
21104 &0 8 5 8 6 @ NS S m A g ® o 2 &
> & % ° T a - o 2 5 = \4 s 94 ®
g @ 8o 33 o ©° z a ve 8 °
8100 F8-—gF o F S8 7 3 ve g |o 78 % o
g oo °8° 238 % % g 3 o = Ay 8 5] ¢
£ 90 ° o 2 506 8 o B v 8 gl® A;:“ 3 w
i3 % & ° g S 2 % é @lsotype S ;’ ¥ ©° n t O 44 * »
£ 804 9 %5 8 owT T _104 ¢ g ] E
8 ® o < o & 3 < A 5
o ° o OGRLR s o 5 Bu a g sl
& 70— T T 4 T . . —————— 2 Tl —
3 10 30 3 10 30 IC 15 5 1.7 0.6 IC 15 5 1.7 0.6 IC 15 5 1.7 0.6
Dose (mg kg™") Dose (mg kg™) S309 IgG2a (mg kg™) S309 IgG2a (mg kg™") S309 IgG2a (mg kg™")

a, Sotrovimab-mediated neutralization of SARS-CoV-2 variant S VSV pseudoviruses
presented as absolute potency (half-maximal inhibitory concentration (ICsp)) (left) or
relative to neutralization of Wu-D614 S VSV (right). Each symbol represents individual
biological replicates (n=5-20). b, SPR analysis of S309 Fab binding to SARS-CoV-2
RBD variants. Each symbol represents K4 values from independent experiments (n=3—
10). ¢, Binding of sotrovimab immunoglobulin G (IgG) to cell-surface expressed SARS-
CoV-2 S variants. d, Left, natural killer cell-mediated ADCC in the presence of
sotrovimab or S309-GRLR. Data are presented as mean area under the curve

(AUC) £ s.d. of percentage killing (n=4-10 donors). Right, ADCP of target cells via
CD14" peripheral blood mononuclear cells in the presence of sotrovimab or S309-
GRLR. Data are presented as mean AUC + s.d. (n=4-8 donors). e, Correlation of
sotrovimab Fab binding affinity (from b) with neutralizing activity (from a) or ADCC
(from d). Dotted lines indicate the limit of detection for neutralization and binding affinity
or the mean S309-GRLR AUCs for different variants. R? and P values are derived from
two-tailed Pearson correlation. f, Body weight loss (left) and lung viral RNA load (right)
on day 6 after infection of K18-hACE2 mice receiving S309, S309-GRLR or

30 mg kg™ of an isotype-matched control antibody (anti-WVN51) one day before
challenge. Solid lines represent the median; dotted lines represent the lower limit of
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quantification; n =9-20 mice per group. Kruskal-Wallis ANOVA with Dunn’s post-
test. g, Body weight (left), viral genomic RNA (middle) and replicating viral titres (right)
measured in lungs on day 4 after infection of Syrian hamsters receiving S309 hamster
lgG2a or 15 mg kg™ of an isotype control (IC) monoclonal antibody (MPES8 IgG2a) one
day before challenge. n =6 hamsters per group. Kruskal-Wallis ANOVA with Dunn’s
post-test between isotype control and S309. NS, not significant.
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Figure 4.8 Cross-reactivity of S309 with SARS-CoV-2 variant RBDs
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a, Representative sensograms of S309 Fab binding to the SARS-CoV-2 Wu, Wu
E340A, Delta, BA.1, BA.2, BA.2.75.2, BA.5, BQ.1, BQ.1.1, CH.1.1, XBB.1, XBB.1.5,
BN.1 (deglycosylated or not with PNGase F) and BN.1-T356K RBDs immobilized at the
surface of a SPR chip coated with anti-Avi polyclonal Ab. Experiments were performed
with serial dilutions of Fabs and were run as single-cycle kinetics. Gray blocks denote
the dissociation phase. Fits are shown as dashed grey lines. Kinetic rate constants and
affinities are shown in Table 4.5. b, Sotrovimab-mediated neutralization of Wu-D614,
BA.2 and BA.2-K356T S VSV pseudoviruses using VeroE6 as target cells. Dose-
response curves of one representative experiment out of 2. ¢, Intact mass-spectrometry
analysis of PNGase F-treated BN.1 RBD showing complete removal of N-linked
glycans. d, Individual glycan profiling of the three glycosylation sites of the BN.1 RBD
(N331, N343, N354) by LC-MS peptide map analysis. nG: no glycan detected.
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Figure 4.9 BN.1 cryoEM structure

BN.1 cryoEM structure showing the position of the N354 glycan relative to S309.
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Figure 4.10 Sotrovimab promotes Fc-mediated effector functions and protects
against viral challenge with the SARS-CoV-2 BQ1.1 and XBB.1.5 variants
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a, Binding of the S2V29 monoclonal Ab to SARS-CoV-2 S variants expressed at the
surface of ExpiCHO-S cells as measured by flow cytometry. S2V29 retains potent and
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equal binding against Wu-D614, BQ.1.1, XBB.1, XBB.1.5, BA.2, BN.1 and BA.2-E340A
VSV pseudoviruses and was therefore used for quantifying cell-surface S expression. b,
Correlation of sotrovimab Fab binding affinity with ADCP. The ADCP AUC values from
Fig. 4.7d are plotted on the y-axis and the binding affinity to each RBD variant obtained
in Fig. 4.7b is plotted on the x-axis. Dotted lines indicate the limit of detection for binding
affinity and the mean of S309-GRLR AUCs from the different variants. ¢, ExpiCHO cells
transiently transfected with S variants were incubated with the indicated concentrations
of sotrovimab or S309-GRLR (G236R/L328R loss-of-function mutations introduced in
the Fc domain of the human IgG1 heavy chain) and mixed with NK cells isolated from
healthy donors in a range from 6:1 to 9:1 (NK:target cells). Target cell lysis was
determined by a lactate dehydrogenase release assay. Data are presented as mean
values +/— standard deviations (SD) from duplicates obtained using NK cells from two
representative donors, both being homozygous for genotype V/V158 FcyRllla. d,
ExpiCHO cells transiently transfected with S variants were fluorescently labelled with
PKHG67, incubated with the indicated concentrations of sotrovimab or S309-GRLR mAb
and mixed with PBMCs labelled with CellTrace Violet from two healthy donors
heterozygous for genotype R/H131 FcyRlla at a ratio of 20:1 (PBMC:target cells).
Association of CD14* monocytes with S-expressing target cells (ADCP) was determined
by flow cytometry. e, Eight-week-old female K18-hACEZ2 mice received 3, 10 or

30 mg/kg of S309 (parent of sotrovimab) or S309-GRLR or 30 mg/kg of an isotype-
matched control monoclonal Ab (anti-West Nile virus hE1651) by intraperitoneal
injection one day before intranasal inoculation with 10* FFU of SARS-CoV-2 BQ.1.1.

n =9-20 animals per group. Tissues were collected at six days after infection. Lung live
virus titer (left panel) and nasal turbinate (center panel) or nasal wash (right panel) viral
RNA determined by RT-gPCR on day 6 are plotted (short, solid lines indicate the
median; dotted lines indicate the LLOQ; n = 9-20 mice per group; Kruskal-Wallis
ANOVA with Dunn’s post-test; ns, not significant; *P < 0.05, **P <0.01, ***P <0.001,

**** P <0.0001). f, Serum concentration of S309 hamster IgG2a measured by ELISA at
day 4 post-infection. n = 6 hamsters per group.The horizontal bar represents the
median.
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Figure 4.11 Sotrovimab neutralization of SARS-CoV-2 Omicron variants
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a, Sotrovimab-mediated neutralization of Wu-D614, BA.2, BA.2.75.2, BQ.1, BQ.1.1,
BF.7, XBB.1, BN.1, XBB.1.5. and CH.1.1 S VSV pseudoviruses using VeroEG6 as target
cells. Dose-response curves displaying the means of triplicates £ SD of one
representative experiment out of at least 5 experiments are shown. b, Sotrovimab-
mediated neutralization of WA1/2020 (2019-nCoV/USA-WA1/2020), Omicron BA.2
(hCoV-19/USA/MDHP24556/2022) and Omicron XBB.1.5 (hCoV-
19/USA/MDHP40900/2022) authentic viruses using VeroE6-TMPRSS2 as target cells.
Neutralization data (left panel) represent the means of triplicates + standard deviation
from one representative of n =10 biologically independent experiments. Shown is also
the geometric mean 1Cso and average fold-change relative to wild-type of the 10
performed experiments (right panel).
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Figure 4.12 Neutralization, binding and Fc-dependent effector functions of
vaccine- and infection-elicited antibodies against emerging Omicron variants
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a,b, Neutralization of VSV pseudotyped with the indicated SARS-CoV-2 variant S by
plasma samples from cohorts i—iv (a) and cohorts v-viii (b). Plasma neutralizing titres
are expressed as half-maximal inhibitory dilution (IDso) values from n = 2 biological (a)
and technical (b) replicates. Bars and values above graphs represent geometric mean
titre (GMT). The fold loss of neutralization against each Omicron variant compared with
Wu-G614 is shown above each bar. Horizontal dashed lines indicate the limit of
detection (In a, IDspo = 10; in b, IDso =40). Cohorts: (i) vaccinated 4 times with the Wu
monovalent S mRNA vaccine, with no known infection (Wus mono); (ii) vaccinated 3
times with Wu monovalent S mRNA vaccine and then 1 time with Wu/BA.5 bivalent S
mRNA vaccine, with no known infection (Wu/BA.5 biv); (iii) infected in 2020 and
subsequently vaccinated 3 to 4 times with Wu monovalent S mRNA vaccine and then 1
time with Wu/BA.5 bivalent S mRNA vaccine (pre-Omicron—Wu/BA.5 biv); (iv)
vaccinated with Wu monovalent S mRNA vaccine before experiencing a breakthrough
infection with Omicron BA.1, BA.2, BA.2.12.1 or BA.5, followed by a vaccination with the
Wu/BA.5 bivalent S mRNA vaccine (Omicron BT-Wu/BA.5 biv); (v) vaccinated 3 times
with Wu monovalent S mRNA vaccine, with no known infection (Wuz mono); (vi)
vaccinated 3 times with Wu monovalent S mRNA vaccine after pre-Omicron infection
(pre-Omicron—Wus mono); (vii) vaccinated 3 times with Wu monovalent S mRNA
vaccine and then 1 time with Wu/BA.1 bivalent S mRNA vaccine, with no known
infection (Wu/BA.1 biv); and (viii) vaccinated 3 times with Wu monovalent S mRNA
vaccine and then 1 time with Wu/BA.1 bivalent S mRNA vaccine, with a BA.1 or a BA.2
breakthrough infection (Omicron BT-Wu/BA.1 biv). ¢, Binding of plasma IgGs to SARS-
CoV-2 RBDs and S trimers from indicated variants as measured by ELISA. Bars and
values above the graphs represent GMT from n = 2 technical replicates. The fold
change of binding titre to the Omicron variant compared with Wu is shown above each
bar. Horizontal dashed lines indicate the cut-off in the assay based on binding to
uncoated plates (median effective dose (EDso) = 50). d, ADCC as measured by natural
killer cell-mediated cell lysis of ExpiCHO-S cells transiently transfected with Wu-D614,
BA.5, BQ.1.1 or XBB.1 S and incubated with plasma samples. The percentage of cell
lysis is shown for each donor plasma sample diluted 1/200 from cohorts v—viii (n=5
donors for cohort v, n =5 for cohort vi, n =6 for cohort vii and n =5 for cohort viii). Bars
and values above the graphs represent GMT. Error bars show s.d. The fold change of
activation with Omicron variants compared with Wu-G614 is shown above each bar.
NA, not assayed. Demographics are summarized in Table 4.6. Statistically significant
differences of mean neutralization and binding titres within and between cohorts are
shown in Supplementary Table 4.8. Samples from cohorts i—iv were obtained in Seattle,
USA; samples from cohorts v-viii were obtained from Ticino, Switzerland.
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Figure 4.13 Dose-response plasma neutralization curves for cohorts i-iv.
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Figure 4.14. Dose-response plasma neutralization curves for cohorts v-vi
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Figure 4.15 Neutralization, binding and fine specificity of vaccine- and infection-
elicited plasma Abs against emerging Omicron variants in dialysis patients,
kidney transplant recipients and healthy individuals
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a,b, Neutralization of SARS-CoV-2 pseudotyped VSV carrying Wu-G614, BA.1, BA.5,
BA.2.75.2, BQ.1.1, XBB.1 and XBB.1.5 (upper panels) by plasma Abs and binding to
matched RBDs by plasma IgGs from dialysis patients (DP) (a) or kidney transplant
recipients (KTR) (b) after receiving 4 (Wusvacc) doses. Samples are compared to those
from healthcare workers (HCW) collected 2—4 weeks (a) or 2—4 months (b) after
receiving 3 or 4 doses of monovalent Wu vaccine. Shown are IDso values from n=2
technical replicates. Bars and values on top represent geometric mean |Dsg titers
(GMT). Fold-loss of neutralization against Omicron variants as compared to Wu-G614 is
shown above each corresponding bar. Horizontal dashed lines indicate the limit of
detection in the neutralization assay (IDso = 40) and the cut-off in the ELISA assay
based on binding to uncoated plates (EDso = 50). Cohort demographics are summarized
in Table 4.6. Statistically significant differences of mean neutralization and binding titers
within and between cohorts are shown in Table 4.9. ¢, Competition ELISA (blockade of
binding) between individual S site-specific monoclonal Abs and plasma from vaccinated
individuals (cohorts v-viii). S2V29 binds to the RBM. Each plot shows the magnitude of
inhibition of binding to immobilized Wu-G614, BQ.1.1 and XBB.1 S in the presence of
each monoclonal Ab, expressed as reciprocal plasma dilution blocking 80% of the
maximum binding response (BDsgo). Points represent the BDgp measured for each
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individual plasma donor as determined from n =1 experiment and bars represent
geometric mean BDsgpo titers.
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Figure 4.16 Activation of FcyRllla by individual plasma samples.
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a Activation of high-affinity (V158) FcyRllla measured using Jurkat reporter cells and
SARS-CoV-2 Wu-G614, BA.5, BQ.1.1 and XBB.1 S-expressing ExpiCHO as target
cells. Luminescence (RLU) values from one experiment are shown with plasma
samples from cohorts v-viii (n =5 donors for cohort v, n =5 for cohort vi, n =6 for cohort
vii and n =5 for cohort viii) and compared to sotrovimab. Horizontal dotted line indicates
the lowest limit of detectable activation (RLU = 115,737). b, AUC values from one
experiment. Bars and values on top represent geometric mean AUC titers (GMT). Fold-
change of activation with Omicron variants as compared to Wu-G614 is shown above
each corresponding bar. Horizontal dashed line indicates the lowest limit of detectable
activation (AUC = 150). n.a., not assayed.
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Figure 4.17 Cross-reactivity of vaccine- and infection-elicited SARS-CoV-2 RBD-
binding MBCs
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a,b, Frequency of Wu RBD-binding (grey), Omicron (BA.1, BA.2 and BA.5) RBD pool-
binding (red) and cross-reactive (blue) MBCs from donors of cohorts i-iv, as measured
by flow cytometry. Data are individual frequencies for each donor (a) and mean
frequency + s.d. for each cohort (n=4-16 donors) (b). ¢, Analysis of cross-reactivity
with the BQ.1.1 RBD of Omicron (BA.1, BA.2 and BA.5) RBD pool-binding (red bars

in b) and Wu/Omicron (BA.1, BA.2 and BA.5) RBD pool-cross-reactive (CR) (blue bars
in b) MBCs. Data are mean frequency % s.d. for each cohort (n =4-16 donors). d,
Cumulative cross-reactivity with the Wu RBD and the Omicron BA.1, BQ.1.1 or XBB.1
RBDs of IgGs secreted from in vitro-stimulated MBCs, as measured by ELISA. Data are
mean absorbance values with the blank subtracted from n = 2 replicates of MBC
cultures analysed from donors in cohorts vii and viii approximately 3 months after
receiving their last vaccine dose. RBD-directed IgGs inhibiting binding of ACE2 to the
Wu RBD are depicted in red. The total number (nvsc) and the number of ACE2-
inhibiting (ACEZ2inn) RBD-directed IgG-positive cultures are indicated on top of each
graph. Percentages of total (black) and ACE2-inhibiting (red) Wu-binding, Omicron-
binding and Wu/Omicron-cross-reactive IgG-positive cultures are indicated within each
quadrant. e,f, Individual frequencies (e) and mean (z s.d.) frequencies for each cohort
(n=5-6 donors) (f) of Wu RBD-specific, Omicron-specific and RBD cross-reactive
(BA.1, BQ.1.1 and XBB.1) IgG-positive cultures from donors of cohorts vii and viii.
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Figure 4.18 MBC analysis by flow cytometry
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a, Gating strategy to identify Omicron (BA.1/BA.2/BA.5) RBD pool- and Wu RBD-
recognizing MBCs. Dump includes markers for CD3, CD8, CD14, and CD16. Gating for
RBD-positive memory B cells was based on staining of PBMCs from healthy donors
collected in 2019 prior to the COVID-19 pandemic. Individual plots showing Omicron
(BA.1/BA.2/BA.5) RBD pool- and Wu RBD-positive MBCs for Wus vaccinated (b),
Wu/BA.5 bivalent vaccinated (c), pre-Omicron infected-Wu/BA.5 bivalent vaccinated (d),
Omicron BT-Wu/BA.5 bivalent vaccinated (e), Wu/BA.1 bivalent vaccinated (f), and
Omicron BT-Wu/BA.1 bivalent vaccinated individuals (g). h, Gating strategy to
determine whether Omicron (BA.1, BA.2, and BA.4/5) RBD pool-positive MBCs
recognize the BQ.1.1 RBD. Individual plots showing Omicron (BA.1, BA.2, and BA.4/5)
RBD pool and BQ.1.1 RBD-recognizing memory B cells for Wu4 vaccinated (i),
Wu/BA.5 bivalent vaccinated (j), pre-Omicron infected-Wu/BA.5 bivalent vaccinated (k),
Omicron BT-Wu/BA.5 bivalent vaccinated (l), Wu/BA.1 bivalent vaccinated (m), and
Omicron BT-Wu/BA.1 bivalent vaccinated individuals (n). Proportion and counts of
memory B cells recognizing one or more RBD(s) is presented for each individual.
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Figure 4.19 Antigen-specific MBC repertoire analysis of secreted IgG.
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Figure 4.20 Subanalysis of cross-reactivity of vaccine- and infection-elicited
MBCs.
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a,b, Analysis of cross-reactivity with the BQ.1.1 RBD of Omicron (BA.1/BA.2/BA.5) RBD
pool-specific (a) and Wu/Omicron (BA.1/BA.2/BA.5) RBD pool-cross-reactive (b) MBCs.
Om.pool: MBCs reactive with the Omicron (BA.1/BA.2/BA.5) RBD pool in cohorts i—iv. ¢,
Cumulative cross-reactivity with the Wu RBD and the Omicron BA.1, BQ.1.1 or XBB.1
RBDs of IgGs secreted from in vitro stimulated MBCs as measured by ELISA. Data
represent average OD values with blank subtracted from n =2 replicates of MBC
cultures analyzed from donors of cohorts vii and viii at about 14 days after receiving the
last vaccine dose. RBD-directed IgGs inhibiting binding of ACE2 to the Wu RBD are
depicted in red. Number of total and ACE2-inhibiting (ACE2inn) RBD-directed 1gG
positive cultures are indicated on top of each graph. Percentages of Wu-specific,
Omicron-specific and Wu/Omicron-cross-reactive IgG positive cultures are indicated
within each quadrant. d,e, Individual frequencies (d) and mean frequencies + SD for
each cohort (n = 5-6) (e) of Wu RBD-specific (grey), Omicron-specific (red) and RBD
cross-reactive (blue for BA.1, yellow for BQ.1.1 and purple for XBB.1) IgG positive
cultures from donors of cohorts vii and viii at about 14 days after receiving the last
vaccine dose. f,g, Frequency of Wu RBD-specific (grey), Omicron (BA.1/BA.2/BA.5)
RBD pool-specific (red) and cross-reactive (blue) MBCs from donors of cohorts vii-viii at
about 14 days after receiving the last vaccine dose, as measured by flow cytometry.
Individual frequencies are shown in panels f and and mean frequencies + SD for each
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cohort (n =4-16) are shown in g. h, Analysis of cross-reactivity with the BQ.1.1 RBD of
Omicron (BA.1/BA.2/BA.5) RBD pool-specific (red bars of panel g) and Wu/Omicron
(BA.1/BA.2/BA.5) RBD pool-cross-reactive (blue bars of panel g) MBCs. Om.pool,
MBCs recognizing the Omicron (BA.1/BA.2/BA.5) RBD pool. Mean frequencies + SD
are presented for each cohort (n = 5-6). i,j, Frequency of IgGs specific for the Wu RBD
(grey), cross-reactive with the Wu/BA.5 RBDs (blue), the Wu/BQ.1.1 RBDs (orange),
the Wu/XBB.1 RBDs (purple) or specific for either the BA.5, BQ.1.1 or XBB.1 RBD (red)
as measured by ELISA after in vitro stimulation of MBCs from cohorts i—iv. Individual
frequencies and mean + SD (n =4-16) are shown in panels i and j, respectively.
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Table 4.1 Kinetics of monomeric human ACE2 binding to immobilized SARS-CoV-

2 variant RBDs as measured by biolayer interferometry

Ko (NM) | Kon (M7's™) |  ko(s™)
Wu 101173 1.30x 10° 1.31x102
BA.4/5 12.8+22 | 145x10° | 1.82x103
BA.2.75.2 262+17 | 135x105 | 3.52x10°
BQ.1.1 13.7+14 1.39 x 10° 1.89x103
XBB.1 88.4+119 1.47 x 10° 1.29 x 102
XBB.1.5 26.8+50 | 1.20x105 | 3.14x10°

Values are presented as mean + standard deviations obtained from 2-3 batches of each

RBD and ACE2.
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Table 4.2 Kinetics of monomeric human ACE2 binding to immobilized SARS-CoV-
2 variant RBDs as measured by surface plasmon resonance

‘Average kon ,Wt_mlwf—‘mmage - #of

RBD (1/Ms) stdev(ka) (1/s) stdev(kd) Kbo(nM) stdev(Ko) replicates
Wu 7.18E+04 | 6.39E+03 | 6.19E-03 1.62E-04 86.91 8.82 7
Wu-E340A | 5.66E+04 | 8.96E+03 | 6.01E-03 | 8.01E-04 106.71 4.78 6
BQ.1.1 422E+04 | 7.97E+03 | 7.91E-04 | 2.08E-05 19.26 3.21 6
BA.2.75.2 | 3.53E+04 | 7.28E+02 | 1.50E-03 | 5.43E-05 42.38 1.32 3
BA.4/5 3.31E+04 | 3.97E+03 | 9.32E-04 1.30E-04 28.22 2.74 8
XBB 448E+04 | 8.15E+03 | 4.19E-03 | 8.52E-04 93.48 4.72 3
XBB.1.5 5.58E+04 | 1.20E+03 | 1.48E-03 | 2.45E-05 26.58 0.16 4
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Table 4.3 Cryo-EM data collection, refinement and validation statistics

SARS-CoV-2 BQ.1.1
RBD-ACE2-S309

SARS-CoV-2 XBB.1
RBD-ACE2-S309

SARS-CoV-2 BN.1
RBD-ACE2-S309

PDB 8FXC PDB 8FXB PDB 8S9G
EMD 29531 EMD 29530 EMD 40240
Data collection and
processing
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e—/A2) 60 60 60
Defocus range (pm) -0.5--25 -0.2--3.0 -0.2--35
Pixel size (A) 0.843 0.843 0.843
Symmetry imposed C1 C1 C1
Initial particle images (no.) 3,647,278 5,046,130 5,613,712
Final particle images (no.) 564,989 281,957 1,852,290
Map resolution (A) 3.2 3.1 3.0
FSC threshold 0.143 0.143 0.143
Refinement
Model resolution (A) 35 36 34
FSC threshold 0.5 0.5 0.5
hggp sharpening B factor -150 -120 -121
(A%)
Model composition
Non-hydrogen atoms 7639 7347 7004
Protein residues 1002 976 986
Ligands 8 7 10
B factors (A?)
Protein 21.36 25.87 17.23
Ligand 26.64 27.33 17.43
R.m.s. deviations
Bond lengths (A) 0.010 0.010 0.009
Bond angles (°) 1.242 1.221 1.105
Validation
MolProbity score 1.70 1.62 1.47
Clashscore 4.61 6.34 5.1
Poor rotamers (%) 1.76 0.96 1.43
Ramachandran plot
Favored (%) 95.95 96.05 97.63
Allowed (%) 3.34 3.64 2.16
Disallowed (%) 0.71 0.31 0.21
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Table 4.4 Statistically significant differences of mean neutralization titers

Fig. 3a Mean rank diff. | Significant? Adjusted P Value
Wu-D614 vs. BA.2 -40.4 i <0.001
Wu-D614 vs. BQ.1 -44.9 i <0.001
Wu-D614 vs. BQ.1.1 -61.5 o <0.001
Wu-D614 vs. BF.7 -56.5 o <0.001
Wu-D614 vs. BN.1 -67 o <0.001

Fig. 3b Mean rank diff. | Significant? Adjusted P Value
Wuhan vs. BA.2 -48.4 Yes <0.001
Wuhan vs. BQ.1 -35.1 Yes 0.01
Wuhan vs. BQ.1.1 -43.1 Yes <0.001
Wuhan vs. BN.1 -56.3 Yes <0.001
Wuhan vs. E340A -60.3 Yes <0.001

Fig. 3d Mean rank diff. | Significant? Adjusted P Value
sotrovimab vs. S309-GRLR 35.2 * 0.04
sotrovimab vs. S309-GRLR 422 * 0.003
sotrovimab vs. S309-GRLR 40.7 * 0.02

Fig. 3d Mean rank diff. | Significant? Adjusted P Value
sotrovimab vs. S309-GRLR 40.3 * 0.007
sotrovimab vs. S309-GRLR 37 * 0.02
sotrovimab vs. S309-GRLR 34.6 * 0.04
sotrovimab vs. S309-GRLR 48.3 * 0.009
sotrovimab vs. S309-GRLR 415 * 0.05
sotrovimab vs. sotrovimab 53.8 * 0.002
sotrovimab vs. S309-GRLR 48.8 * 0.008
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Table 4.5 Kinetics of S309 Fab binding to immobilized SARS-CoV-2 variant RBDs
as measured by surface plasmon resonance

average Kon average average Kp number of

RBD (1/Ms) | stdev(kon) | kott (1/s) | stdev (kot) (nM) stdev(Kb) | replicates
Wu 8.86E+04 | 8.76E+03 | 1.38E-05 | 1.05E-05 0.20 0.12 12
Wu-E340A NB N/A NB N/A NB N/A 6
Delta (His avi) 8.42E+04 | 1.02E+04 | 2.56E-05 | 4.89E-06 0.33 0.08 4
BA.1 2.21E+04 | 2.27E+03 | 2.48E-04 | 2.54E-05 11.35 2.08 6
BA.2 2.16E+04 | 2.01E+03 | 7.05E-04 | 5.25E-05 32.88 2.79 8
BA.2.75.2 2.55E+04 | 3.14E+03 | 2.80E-05 | 5.52E-06 0.86 0.25 6
BQ.1 2.51E+04 | 1.39E+03 | 4.40E-04 | 3.60E-05 17.63 2.31 5
BQ.1.1 2.27E+04 | 1.67E+03 | 6.43E-04 | 7.37E-05 28.47 3.89 8
XBB 2.57E+04 | 2.24E+03 | 4.12E-05 | 2.00E-05 1.56 0.74 6
XBB.1.5 2.76E+04 | 2.41E+03 | 4.45E-05 | 3.01E-06 1.61 0.08 8
CH.1.1 3.33E+04 | 6.40E+02 | 1.67E-05 | 4.56E-07 0.50 0.02 4
BN.1 8.92E+02 | 1.14E+02 | 6.85E-05 | 3.08E-05 74.70 28.01 5
BN.1 + PNGase F 1.50E+03 | 1.97E+02 | 2.59E-04 | 3.58E-06 174.4 20.5 2
BN.1-T356K 2.09E+04 | 8.70E+00 | 4.50E-05 | 4.27E-06 2.16 0.2 2

NB: no binding; N/A: not applicable
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Table 4.6 Donors’ demographics

Donor ID | Gender Age | Vaccine COovID SARS-CoV-2 variant A sample- Cohort
doses diagnosis vaccine (days)
8H M 79 4 no / 72 Wuavacc
15H M 52 4 no / 5 Wuavacc
17H M 76 4 no / 21 Wuavacc
25H M 60 4 no / 16 Wuavacc
27H M 59 4 no / 42 Wuavacc
30H - 4X F 61 4 no / 17 Wuavacc
46H M 60 4 no / 15 Wuavacc
69H F 68 4 no / 97 Wuavacc
71H - 4x F 58 4 no / 48 Wuavacc
76H - 4x F 38 4 no / 13 Wuavacc
12H F 42 4 no / 34 Wu/BA .5biv
16H F 46 4 no / 33 Wu/BA .5biv
17H M 76 5 no / 18 Wu/BA .5biv
29H M 64 5 no / 37 Wu/BA.5biv
30H - 5x F 61 5 no / 30 Wu/BA.5biv
31H* F / 3 no / 54 Wu/BA .5biv
46H M 60 5 no / 16 Wu/BA.5biv
51H F 50 4 no / 33 Wu/BA.5biv
54H F 34 4 no / 27 Wu/BA .5biv
57H M 36 5 no / 46 Wu/BA.5biv
69H F 68 5 no / 42 Wu/BA.5biv
71H - 5x F 58 5 no / 20 Wu/BA .5biv
76H - 5x F 38 5 no / 60 Wu/BA .5biv
110C M 51 5 yes WA-1 38 preOm+biv
245C F 28 4 yes WA-1 25 preOm+biv
63C F 36 4 yes WA-1 33 preOm+biv
71C F 69 5 yes WA-1 28 preOm+biv
87C M 76 5 yes WA-1 30 preOm+biv
269C M 41 4 yes Gamma/P.1 & Om. BA.1 | 30 Om.BT+biv
318C F / 4 yes Omicron 42 Om.BT+biv
319C M / 4 yes Omicron 28 Om.BT+biv
324C F 24 4 yes Omicron 32 Om.BT+biv
331C M 25 5 yes Omicron 33 Om.BT+biv
345C M / 4 yes Omicron 28 Om.BT+biv
388C M 34 4 yes Omicron BA.5 45 Om.BT+biv
392C M / 6 yes Omicron BA.5 40 Om.BT+biv
400C F 21 4 yes Omicron BA.2 22 Om.BT+biv
403C F 21 4 yes Omicron BA.2.12.1 33 Om.BT+biv
407C F 33 4 yes Omicron BA.2 34 Om.BT+biv
414C M / 4 yes Omicron BA.4 51 Om.BT+biv
415C F / 4 yes Omicron BA.2 30 Om.BT+biv
422C F 20 4 yes Omicron BA.2 27 Om.BT+biv
424C F 21 4 yes Omicron BA.2.12.1 29 Om.BT+biv
425C M 45 4 yes Omicron BA.2.12.1 31 Om.BT+biv
428C F 22 4 yes Omicron BA.5 13 Om.BT+biv
445C F / 4 yes Omicron BA.5 36 Om.BT+biv
56H M 46 4 yes Omicron® 28 Om.BT+biv
HCW199 M 67 3 no / 18 Wusvacc
HCW225 F 50 3 no / 25 Wusvacc
HCw229 F 45 3 no / 20 Wusvacc
HCW239 | F 33 3 no / 26 Wusvacc
HCW243 | F 29 3 no / 27 Wusvacc
HCW198 M 52 3 yes pre Omicron 18 preOm-+vacc
HCW200 F 41 3 yes pre Omicron 13 preOm-+vacc
HCW202 M 46 3 yes pre Omicron 13 preOm-+vacc
HCW221 F 39 3 yes pre Omicron 20 preOm-+vacc
HCW224 F 49 3 yes pre Omicron 18 preOm-+vacc
HCW226 F 48 3 yes pre Omicron 25 preOm-+vacc
HCWw228 M 35 3 yes pre Omicron 20 preOm-+vacc
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HCW232 F 32 3 yes pre Omicron 25 preOm-+vacc
HCW234 | M 27 3 yes pre Omicron 19 preOm-+vacc
HCW236 F 34 3 yes pre Omicron 27 preOm+vacc
HCWwW237 F 45 3 yes pre Omicron 20 preOm-+vacc
HCW238 M 27 3 yes pre Omicron 26 preOm-+vacc

§TP, timepoint. *Donor 31H received the Janssen COVID-19 vaccination as the primary

vaccine series.

&determined by longitudinal N ELISA.
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Table 4.7 Kidney transplant recipients’ and healthcare workers’ demographics

Donor ID Gender | Age No. of immuno- Vaccine coviD SARS-CoV- | Asample- | Cohort

suppressive doses diagnosis 2 variant vaccine

drugs* (days)
KTR-004 M 68 2 4 no / 83 KTR Wuasvacc
KTR-007 M 77 3 4 no / 140 KTR Wuasvacc
KTR-009 M 72 2 4 no / 46 KTR Wuasvacc
KTR-010 F 70 3 4 no / 51 KTR Wuasvacc
KTR-011 M 56 2 4 no / 80 KTR Wuasvacc
KTR-013 F 46 1 4 no / 92 KTR Wuasvacc
KTR-026 M 37 2 4 no / 63 KTR Wuasvacc
KTR-027 F 66 3 4 no / 35 KTR Wuasvacc
KTR-030 M 58 2 4 no / 71 KTR Wuasvacc
KTR-039 M 66 2 4 no / 77 KTR Wuasvacc
KTR-042 M 78 3 4 no / 40 KTR Wuasvacc
KTR-047 M 52 2 4 no / 76 KTR Wuasvacc
KTR-050 M 34 2 4 no / 84 KTR Wuasvacc
KTR-054 M 70 2 4 no / 18 KTR Wuasvacc
KTR-056 M 74 2 4 no / 70 KTR Wuasvacc
KTR-059 M 63 2 4 no / 78 KTR Wuasvacc
KTR-060 M 50 2 4 no / 71 KTR Wuasvacc
KTR-061 M 71 2 4 no / 54 KTR Wuasvacc
KTR-071 F 59 3 4 no / 35 KTR Wuasvacc
KTR-083 M 71 3 4 no / 82 KTR Wuasvacc
KTR-085 F 59 2 4 no / 71 KTR Wuasvacc
KTR-094 M 66 2 4 no / 41 KTR Wuasvacc
KTR-095 M 63 3 4 no / 74 KTR Wuasvacc
KTR-096 M 62 2 4 no / 43 KTR Wuasvacc
KTR-101 M 61 2 4 no / 72 KTR Wuasvacc
KTR-102 M 72 3 4 no / 133 KTR Wuasvacc
KTR-017 F 81 2 4 yes pre Omicron | 58 KTR preOm+Wusvacc
KTR-021 M 45 2 4 yes pre Omicron | 84 KTR preOm+Wuavacc
KTR-031 F 77 2 4 yes pre Omicron | 59 KTR preOm+Wuasvacc
KTR-084 F 24 3 4 yes pre Omicron | 65 KTR preOm+Wuavacc
KTR-099 M 52 2 4 yes pre Omicron | 93 KTR preOm+Wuasvacc
HCW-001 M 52 / 3 no / 90 HCW Wusvacc
HCW-002 F 44 / 3 no / 78 HCW Wusvacc
HCW-003 F 41 / 3 no / 76 HCW Wusvacc
HCW-004 M 48 / 3 no / 90 HCW Wusvacc
HCW-005 F 57 / 3 no / 83 HCW Wusvacc
HCW-008 F 48 / 3 no / 86 HCW Wusvacc
HCW-009 F 54 / 3 no / 81 HCW Wusvacc
HCW-011 M 69 / 3 no / 93 HCW Wusvacc
HCW-012 F 60 / 3 no / 94 HCW Wusvacc
HCW-013 F 43 / 3 no / 55 HCW Wusvacc
HCW-016 F 62 / 3 no / 6 HCW Wusvacc
HCW-017 F 33 / 3 no / 50 HCW Wusvacc
HCW-018 M 33 / 3 no / 110 HCW Wusvacc
HCW-019 F 62 / 3 no / 29 HCW Wusvacc
HCW-020 F 64 / 3 no / 90 HCW Wusvacc
HCW-021 M 44 / 3 no / 28 HCW Wusvacc
HCW-022 F 44 / 3 no / 28 HCW Wusvacc
HCW-023 F 46 / 3 no / 22 HCW Wusvacc
HCW-024 M 63 / 3 no / 35 HCW Wusvacc
HCW-025 F 54 / 3 no / 94 HCW Wusvacc
HCW-026 F 63 / 3 no / 28 HCW Wusvacc
HCW-027 F 49 / 3 no / 38 HCW Wusvacc
HCW-028 F 56 / 3 no / 29 HCW Wusvacc
HCW-031 F 58 / 3 no / 35 HCW Wusvacc
HCW-033 F 59 / 3 no / 31 HCW Wusvacc
HCW-037 F 59 / 3 no / 45 HCW Wusvacc
HCW-038 F 22 / 3 no / 61 HCW Wusvacc
HCW-039 F 60 / 3 no / 23 HCW Wusvacc
HCW-010 F 39 / 3 yes pre Omicron | 69 HCW preOm+Wusvacc
HCW-014 F 29 / 3 yes pre Omicron | 89 HCW preOm+Wusvacc
HCW-015 F 36 / 3 yes pre Omicron | 86 HCW preOm+Wuszvacc
HCW-029 F 49 / 3 yes pre Omicron | 77 HCW preOm+Wuszvacc
HCW-030 F 56 / 3 yes pre Omicron | 35 HCW preOm+Wuszvacc
HCW-034 F 38 / 3 yes pre Omicron | 28 HCW preOm+Wuszvacc
HCW-036 F 49 / 3 yes pre Omicron | 34 HCW preOm+Wuszvacc

*any of the following: cyclosporin, tacrolimus, MMF/MPA, azathioprine,

everolimus/sirolimus, belatacept or glucocorticoids
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Table 4.8 Statistically significant differences of mean neutralization and binding

titers within and between cohorts

Fig. 4a Mean rank diff. | Significant? | Adjusted P Value Cohort
Wu-G614 vs. BQ.1.1 169 * 0.03 Wu4vacc (i)
Wu-G614 vs. XBB.1 192 ** 0.003 Wudvacc (i)
Wu-G614 vs. XBB.1.5 187 ** 0.004 Wu4vacc (i)
Wu4vacc
BA.1 vs. BA.1 -145 * 0.04 (iYOm.BT+biv (iv)
Wu4vacc
BA.5 vs. BA5 -148 * 0.03 (iYOm.BT+biv (iv)
Wu4vacc
BA.2.75.2vs. BA.2.75.2 -151 * 0.02 (i)/Om.BT+biv (iv)
Wu-G614 vs. BA.2.75.2 148 * 0.03 Wu/BA.5biv (ji)
Wu-G614 vs. BQ.1.1 147 * 0.03 Wu/BA.5biv (ji)
Wu-G614 vs. XBB.1 202 o <0.001 Wu/BA.5biv (ji)
Wu-G614 vs. XBB.1.5 198 o <0.001 Wu/BA.5biv (ji)
BA.1 vs. XBB.1 148 * 0.03 Wu/BA.5biv (ii)
BA.1vs. XBB.1.5 144 * 0.04 Wu/BA.5biv (ii)
Wu-G614 vs. BQ.1.1 129 * 0.01 Om.BT+biv (iv)
Wu-G614 vs. XBB.1 162 b <0.001 Om.BT+biv (iv)
Wu-G614 vs. XBB.1.5 152 o <0.001 Om.BT+biv (iv)
BA.1vs. BQ.1.1 129 * 0.01 Om.BT+biv (iv)
BA.1 vs. XBB.1 162 b <0.001 Om.BT+biv (iv)
BA.1vs. XBB.1.5 152 b <0.001 Om.BT+biv (iv)
BA.5 vs. XBB.1 149 o <0.001 Om.BT+biv (iv)
BA.5 vs. XBB.1.5 139 ** 0.002 Om.BT+biv (iv)
Fig.4b Mean rank diff. | Significant? | Adjusted P Value Cohort
Wu-G614 vs. XBB.1 159 * 0.01 Wu3vacc (v)
Wu-G614 vs. XBB.1.5 161 * 0.01 Wu3vacc (v)
Wu-G614 vs. BA.2.75.2 114 b <0.001 preOm-+vacc (vi)
Wu-G614 vs. BQ.1.1 108 b <0.001 preOm+vacc (vi)
Wu-G614 vs. XBB.1 151 b <0.001 preOm+vacc (vi)
Wu-G614 vs. XBB.1.5 151 b <0.001 preOm+vacc (vi)
BA.1 vs. XBB.1 99.6 ** 0.005 preOm-+vacc (vi)
BA.1vs. XBB.1.5 98.9 * 0.006 preOm+vacc (vi)
BA.5 vs. XBB.1 97 * 0.009 preOm+vacc (vi)
BA.5 vs. XBB.1.5 96.3 * 0.01 preOm-+vacc (vi)
Fig. 4c RBD Mean rank diff. | Significant? | Adjusted P Value Cohort
Wu-G614 vs. BA.1 108 b <0.001 preOm+vacc (vi)
Wu-G614 vs. BA.5 94.9 b <0.001 preOm+vacc (vi)
Wu-G614 vs. BQ.1.1 90.9 * 0.001 preOm+vacc (vi)
Wu-G614 vs. XBB.1 90.8 * 0.001 preOm+vacc (vi)
Fig. 4c S Mean rank diff. | Significant? | Adjusted P Value Cohort
preOm-+vacc
BA.1vs. BA1 -112 * 0.04 (vi)/Wu/BA.5biv (ii)
preOm-+vacc
BA.2.75.2vs. BA.2.75.2 -116 * 0.02 (vi)/Wu/BA.5biv (ii)
preOm-+vacc
BQ.1.1vs. BQ.1.1 -117 * 0.02 (vi)/Wu/BA.5biv (ii)
preOm-+vacc
XBB.1 vs. XBB.1 -113 * 0.04 (vi)/Wu/BA.5biv (ii)
Fig. 4d Mean rank diff. | Significant? | Adjusted P Value Cohort

no
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*** (p-value < 0.001); ** (p < 0.002), * (p < 0.033) Kruskal-Wallis rank test and corrected
with Dunn’s test
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Table 4.9 Statistically significant differences of mean neutralization and binding
titers within and between cohorts

Adjusted

ED Fig. 7a (neutralization) Mean rank diff. | Significant? P Value Cohort
Wu-G614 vs. BA5 127 * 0.004 DP Wudvacc
Wu-G614 vs. BA.2.75.2 194 e <0.001 DP Wu4vacc
Wu-G614 vs. BQ.1.1 224 ok <0.001 DP Wu4vacc
Wu-G614 vs. XBB.1 229 e <0.001 DP Wu4vacc
Wu-G614 vs. XBB.1.5 238 ek <0.001 DP Wudvacc
BA.1vs. BA.2.75.2 113 * 0.03 DP Wu4vacc
BA.1vs. BQ.1.1 144 ek <0.001 DP Wu4vacc
BA.1 vs. XBB.1 148 ek <0.001 DP Wu4vacc
BA.1vs. XBB.1.5 157 ek <0.001 DP Wu4vacc
BA.5 vs. XBB.1.5 111 * 0.03 DP Wu4vacc
Wu-G614 vs. BA.2.75.2 156 ek <0.001 HCW Wu3/4vacc
Wu-G614 vs. BQ.1.1 179 ek <0.001 HCW Wu3/4vacc
Wu-G614 vs. XBB.1 261 ek <0.001 HCW Wu3/4vacc
Wu-G614 vs. XBB.1.5 262 e <0.001 HCW Wu3/4vacc
BA.1vs. BQ.1.1 121 * 0.009 HCW Wu3/4vacc
BA.1 vs. XBB.1 203 o <0.001 HCW Wu3/4vacc
BA.1vs. XBB.1.5 204 e <0.001 HCW Wu3/4vacc
BA.5 vs. XBB.1 185 ek <0.001 HCW Wu3/4vacc
BA.5 vs. XBB.1.5 186 ek <0.001 HCW Wu3/4vacc
ED Fig. 7a (binding) Mean rank diff. | Significant? Al‘,d{;l;tues Cohort
Wu-G614 vs. BA.5 111 b 0.004 DP Wu4vacc
Wu-G614 vs. BQ.1.1 98.9 * 0.02 DP Wudvacc
Wu-G614 vs. XBB.1 103 * 0.01 DP Wu4vacc
Wu-G614 vs. BA1 191 o <0.001 HCW Wu3/4vacc
Wu-G614 vs. BA.5 162 ox <0.001 HCW Wu3/4vacc
Wu-G614 vs. BQ.1.1 147 o <0.001 HCW Wu3/4vacc
Wu-G614 vs. XBB.1 146 o <0.001 HCW Wu3/4vacc
BA.1vs. BA.2.75.2 -116 b 0.002 HCW Wu3/4vacc
ED Fig. 7b (neutralization) Mean rank diff. | Significant? Al‘,d{;l;tues Cohort
Wu-G614 vs. Wu-G614 -208 ek <0.001 KTR Wvl\;ﬁgsggé HeW
Wu-G614 vs. Wu-G614 224 b 0.003 Kglfevgfnt\@i%:cccw
BA.1vs. BA.1 -217 ek <0.001 TR Wvl\;ﬁgsggé new
BA.1vs. BA.1 -247 <0.001 KL?eg%1ﬁ3%¢;:%W
BA.5vs. BAS5 -178 ek <0.001 TR Wvl\;ﬁgsggé new
BA.5vs. BA5 -220 b 0.004 K-Lsevg?nt@i%cgg:w
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| Wu-G614 vs. BA.2.75.2 | 238 | | <0.001 | Howwudvace |

*** (p-value < 0.001); ** (p < 0.002), * (p < 0.033) Kruskal-Wallis rank test and corrected
with Dunn’s test
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Chapter 5. Dissecting immunodominant sites on the MERS-CoV spike

protein in convalescent plasma

The final chapter of this dissertation examines the antibody response generated
against the spike protein following infection with MERS-CoV. In this chapter, | describe
how we determined which domains and epitopes of the spike protein are targeted by

plasma binding and neutralizing antibodies.

5.1 Chapter Introduction

Coronaviruses (CoV) have a propensity to cross zoonotic barriers and cause
significant morbidity and mortality in humans as exemplified by the recent emergence of
severe acute respiratory syndrome coronavirus (SARS-CoV-1), Middle East respiratory
syndrome coronavirus (MERS-CoV), and severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2) (Bermingham et al., 2012; Drosten et al., 2003; Peiris et
al., 2003; Zaki et al., 2012; P. Zhou et al., 2020; Zhu et al., 2020). MERS-CoV first
emerged in 2012 and human infections have continued to be documented in endemic
regions (Ebrahim et al., 2021). MERS-CoV causes severe respiratory illness in infected
individuals with a reported case fatality rate of approximately 35% (Arabi et al., 2014;
Ebrahim et al., 2021). Sustained human-to-human MERS-CoV transmission infrequently
occurs with the majority of new cases occurring between infected camels and humans
(Alshukairi et al., 2018; Dudas et al., 2018).

MERS-CoV entry into target cells is facilitated by the viral spike (S) protein (Millet
& Whittaker, 2014; Raj et al., 2013), which consists of two subunits, S1 and Sz (Tortorici

& Veesler, 2019). The S1 subunit contains the receptor binding domain (RBD) and the
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N-terminal domain (NTD), that permit attachment to the target cell through interactions
with dipeptidyl peptidase 4 (DPP4) and sialosides, respectively (W. Li et al., 2017; Lu et
al., 2013; Y.-J. Park et al., 2019; Raj et al., 2013; N. Wang et al., 2013). The Sz subunit
is the machinery promoting fusion of the viral and host membranes to initiate infection
(Tortorici & Veesler, 2019; Walls et al., 2017). To mediate fusion, the MERS-CoV S
protein first undergoes proteolytic cleavage by either furin during viral morphogenesis or
cathepsins after virions are endocytosed generating the S1and Sz subunits. The So
subunit is again cleaved by TMPRSS2 at surface of the cell membrane or cathepsins in
endosomes to form S2’, which then undergoes dramatic conformational changes to fuse
the two membranes together (Earnest et al., 2017; Millet & Whittaker, 2014; J.-E. Park
et al., 2016; Walls et al., 2017). Similar to SARS-CoV-2, neutralizing antibodies against
the S protein have been suggested to be the primary correlate of protection against
MERS-CoV infection (L. Wang et al., 2015; Widjaja et al., 2019; Zhao et al., 2017). As
such, MERS-CoV vaccines currently under development encode the MERS-CoV spike
protein and aim to develop a neutralizing antibody response that blocks viral entry
(Folegatti et al., 2020; Koch et al., 2020; Modjarrad et al., 2019; L. Wang et al., 2015).
MERS-CoV vaccine and therapeutic design will benefit from a detailed
understanding of the contribution of different domains and epitopes on the spike protein
to neutralization. Several neutralizing antibodies targeting the MERS-CoV S protein
have been isolated and characterized to date (Corti et al., 2015; Jiang et al., 2014; Y. Li
et al., 2015; Pallesen et al., 2017; Pinto et al., 2021; Sauer et al., 2021; Silva et al.,
2023; Sun et al., 2022; Tang et al., 2014; Tse et al., 2023; Walls et al., 2019; N. Wang

et al., 2019; S. Zhang et al., 2018; H. Zhou et al., 2019). These antibodies target the
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RBD, NTD, and S subunit, suggesting each of these domains can contribute to
neutralization. However, the identification of neutralizing antibodies does not indicate
whether the targeted epitopes are immunodominant and contribute significantly to the
overall neutralizing activity of convalescent plasma.

The contribution of domains and epitopes to the neutralization potency of
convalescent plasma can be deciphered by leveraging structural epitope mapping
approaches, as exemplified by studies conducted on the antibody response in
convalescent sera against the SARS-CoV-2 S (Bowen, Park, et al., 2022; Greaney,
Equia, et al., 2022; Greaney, Loes, Crawford, et al., 2021; Greaney, Starr, et al., 2022;
Piccoli et al., 2020). These studies revealed the SARS-CoV-2 RBD is immunodominant
(Piccoli et al., 2020; Premkumar et al., 2020). Furthermore, these studies indicated
antibodies targeting the SARS-CoV-2 RBD account for the majority of sera neutralizing
activity and are responsible for nearly all sera cross-neutralization against viral variants
(Bowen, Park, et al., 2022; Greaney, Eguia, et al., 2022; Greaney, Loes, Crawford, et
al., 2021; Greaney, Starr, et al., 2022). A similar analysis of convalescent sera collected
from MERS-CoV infected individuals may provide insights into the best spike domains
and epitopes to target in MERS-CoV vaccines and therapeutics.

Here, we analyzed binding and neutralizing antibody titers in plasma samples
collected from individuals who were hospitalized with MERS-CoV infections prior to the
SARS-CoV-2 pandemic. We further examined the contribution of the different subunits
and domains of the MERS-CoV spike protein to plasma neutralizing activity. Finally, we

dissected the immunodominant epitopes on the MERS-CoV S protein. Our findings
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reveal the immunodominant sites on the MERS-CoV S protein that contribute to the

neutralization potency of convalescent plasma.

5.2 MERS-CoV infection induces S-directed plasma binding and neutralizing
antibodies

To understand humoral immune responses against MERS-CoV, we collected
plasma samples from 30 individuals hospitalized with MERS between 2017 and 2019
(i.e. prior to the COVID-19 pandemic). A total of 98 plasma samples were collected with
individuals contributing between 1 and 12 samples collected 3 to 191 days post-
symptom onset or hospitalization (Table 5.1).

We first measured plasma binding antibody titers against the prefusion MERS-
CoV S 2P ectodomain trimer EMC/2012 strain; GenBank accession no. NC_019843.3)
by ELISA. We detected S-directed IgG binding titers in 97 out of 98 plasma samples
with half-maximal effective dilution (EDso) titers ranging from <10 to 55,978 (GMT: 875;
Figure 5.1A and 5.2). We next evaluated the neutralizing antibody titers of these
plasma samples using VSV pseudotyped with the MERS-CoV EMC/2012 S protein.
Detectable neutralizing antibody titers were observed for 95 out of 98 samples with half-
maximal inhibitory dilution (IDso) values ranging from <10 to 2,120 (GMT: 192; Figure
5.1B and 5.3). We then examined the relationship between S-directed binding and
neutralizing antibody titers. Plasma binding antibody titers were positively correlated
with neutralizing antibody titers (Spearman r = 0.79) when all 98 samples were included
in the analysis as well as when only the sample with the highest IgG binding titer from

each individual was included (Spearman r = 0.81; Figure 5.4).
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5.3 Durability of S-directed IgG binding and neutralizing antibodies in MERS
convalescent plasma

To understand the kinetics of elicitation and waning of antibody responses in
MERS-CoV convalescent plasma, we examined S IgG binding and neutralizing antibody
titers across 90 plasma samples from 22 individuals who contributed two or more
samples. Time points were recorded as the number of days post symptom onset or
hospitalization. All 22 individuals exhibited detectable S IgG binding (Figure 5.1D) and
neutralizing antibody titers (Figure 5.1E) by 12 days post symptom onset or
hospitalization. Furthermore, we observed detectable S IgG binding and neutralizing
antibody titers as early as 3 days post symptom onset or hospitalization. For the 21
individuals with at least two samples collected within 60 days after symptom onset or
hospitalization, we observed peak S IgG binding titers occurring between 7 to 38 days
post symptom onset or hospitalization and neutralization antibody titers peaking
between 6 to 45 days after symptom onset or hospitalization. We next examined S 1gG
binding and neutralizing antibody titers in the 6 individuals with at least one sample
collected 46 or greater days post symptom onset or hospitalization. All of these
individuals had detectable S IgG binding titers at least 49 and up to 191 days post
symptom onset or hospitalization. One individual had neutralizing antibody titers below
the limit of detection of our assay at 109 days post symptom onset or hospitalization,
while another had detectable neutralizing antibody titers at 191 days after symptom
onset or hospitalization. These data are consistent with previous reports on the antibody

response following MERS-CoV infection in which titers peak soon after symptom onset
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and can persist for several years following infection (Alshukairi et al., 2021; Cheon et

al., 2022; Choe et al., 2017; W. B. Park et al., 2015; D. C. Payne et al., 2016).

5.4 MERS-CoV infection elicits broadly neutralizing antibodies against variants

Next, we examined the neutralization potency of the plasma samples against
VSV pseudotyped with the S glycoprotein of four additional MERS-CoV strains: United
Kingdom/H123990006/2012 (GenBank accession no. NC_038294.1), Hu/Riyadh-KSA-
3181/2015 (GenBank accession no. KT806049.1), Korea/Seoul/168-1-2015 (GenBank
accession no. KT374056.1), and Camel/Kenya/M23C14/2019 (GenBank accession no.
OK094446.1). Relative to MERS-CoV EMC/2012, these S variants contain between 2
and 8 amino acid substitutions (Table 5.2). One of these variants,
Camel/Kenya/M23C14/2019, was identified from a MERS-CoV outbreak in Kenya
(Ngere et al., 2022), while the other three variants and the EMC/2012 strain were
identified from humans. Both the United Kingdom/H123990006/2012 and
Korea/Seoul/168-1-2015 strains harbor S mutations previously shown to reduce the
neutralizing activity of monoclonal antibodies or convalescent sera (Jang et al., 2022;
Kleine-Weber et al., 2019; Tai et al., 2017). The D510G S mutation of the
Korea/Seoul/168-1-2015 strain has further been shown to reduce DPP4 binding affinity
and impair viral entry in human cells (Kim et al., 2016; Wong et al., 2021). The sample
with the highest spike 1gG binding titers for each individual was tested for neutralization
breadth.

Relative to the EMC/2012 strain (GMT: 338), neutralization titers were reduced

1.35-fold against the United Kingdom/H123990006/2012 S VSV (GMT: 250; Figure
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5.1E and 5.5), 1.13-fold against the Hu/Riyadh-KSA-3181/2015 S VSV (GMT: 298) and
slightly increased against Korea/Seoul/168-1-2015 S VSV (GMT: 389). Strikingly,
plasma neutralizing activity was enhanced 2.3-fold against Camel/Kenya/M23C14/2019
S VSV (GMT: 750). These data indicate recent human MERS-CoV infections are likely
driven by zoonotic spillover of strains circulating in camel reservoirs, consistent with
prior phylodynamic analysis that suggested MERS-CoV transmission occurs primarily
from repeated spillover from camels to humans (Dudas et al., 2018). Furthermore, these
data demonstrate that the few mutations observed in MERS-CoV strains to date do not
completely dampen the neutralizing activity of convalescent plasma.

To assess neutralization breadth against a phylogenetically distant merbecovirus,
we measured plasma neutralizing activity against the recently described HKU4-related
isolate from pangolins (MjHKU4). MjHKU4 S shares 65.4% amino acid sequence
identity with MERS-CoV S, including conservation of 8 out of 16 residues in the
receptor-binding motif, likely explaining retention of human DPP4 utilization (J. Chen et
al., 2023). Only 2 out of 30 plasma samples had detectable but weak neutralization of
MjHKU4 S VSV, suggesting that although a single MERS-CoV infection elicits
neutralizing antibodies against variants, it is insufficient to induce pan-merbecovirus

neutralizing antibodies (Figure 5.1E and 5.5).

5.5 Sq-directed antibodies account for most plasma neutralizing activity
Given that S+-directed plasma antibodies, particularly those targeting the RBD,
account for virtually all neutralizing activity against SARS-CoV-2 upon infection or

vaccination (Bowen, Park, et al., 2022; Piccoli et al., 2020), we sought to determine if
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MERS-CoV infection-elicited antibodies share a similar specificity. To answer this
question, we first assessed IgG binding titers against the MERS-CoV S EMC/2012 S+
subunit by ELISA and found that they ranged from < 10 to 20,101 (GMT: 936; Figure
5.6A and 5.7) for the 29 plasma samples evaluated. Examination of the relationship
between plasma binding and neutralizing antibody titers revealed that Ss-directed IgG
binding titers were positively correlated with neutralizing activity (Spearman r = 0.68;
Figure 5.6B), as was the case for S IgG binding titers.

To further understand the contribution of S¢-directed antibodies to plasma
neutralizing activity, we depleted the plasma samples of S1-directed antibodies by
incubation with magnetic beads coupled to the MERS-CoV S+ subunit. The sample with
the highest S 1gG binding titer from each individual was included in the analysis with
samples from individual 2 and individual 31 excluded due to low plasma spike 1gG
binding and neutralizing titers and from individual 22 excluded due to insufficient sample
volumes. Following incubation with the S4-coated beads, IgG binding titers were
undetectable for 13 out of 27 samples (EDso < 10; Figure 5.6C and 5.8A) and reduced
74.5 to 98.7% for the remaining 14 samples.

We first compared the residual spike IgG binding titers of the mock- and anti-S+
antibody depleted plasma samples. The spike IgG binding titers were significantly
reduced after depleting S+-directed antibodies (p = 0.0002; Mock-depleted GMT: 1002
versus Si-depleted GMT: 150; Figure 5.6D and 5.8B). We observed an 89.5%
reduction in S IgG binding titers upon depletion of S¢-directed antibodies with 3 of the
27 samples having binding titers below the limit of detection (EDso < 10). These data

suggest that S+-directed antibodies account for the majority of S IgG binding antibodies
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in convalescent plasma. Furthermore, depletion of Si-directed antibodies resulted in a
near complete loss of neutralizing activity with a single sample retaining detectable
neutralizing activity (IDso > 10; Figure 5.6E and 5.8C), which was, however, reduced by
95.2%. These data suggest that S1-directed antibodies account for nearly all of the

neutralizing activity in convalescent plasma post MERS-CoV infection.

5.6 Antibodies targeting the MERS-CoV RBD account for the majority of the
neutralizing activity of convalescent plasma

As the S+ subunit comprises at least two domains targeted by neutralizing
antibodies, namely the RBD and the NTD (Tortorici & Veesler, 2019), we set out to
understand the contribution of antibodies directed against each of these domains to
plasma neutralizing activity. We first measured the RBD and NTD IgG binding titers in
these samples including the plasma sample with the highest S IgG binding titer from
each individual in the analysis. RBD IgG binding titers ranged from < 10 to 14,253
(GMT: 1,023; Figure 5.9A and 5.10A) and NTD IgG binding titers ranged from < 10 to
821 (GMT: 45; Figure 5.9C and 5.10B). We observed that both RBD and NTD IgG
binding titers were positively correlated with neutralizing antibodies titers (Spearman r =
0.79 and 0.70, respectively; Figure 5.9B and 5.9D), concurring with the fact that the S+
subunit is the main target of neutralizing antibodies.

To further resolve the contribution of RBD-directed and NTD-directed antibodies
to spike binding and neutralizing activity, we depleted the plasma samples of domain-
specific antibodies using RBD- or NTD-coated magnetic beads. The sample with the

highest S IgG binding titer from each individual was included in the analysis with
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samples from individual 2 and individual 31 excluded due to low plasma spike 1gG
binding and neutralizing titers. Twenty-six out of 28 plasma samples had RBD-directed
IgG binding titers below the limit of detection (EDso < 10; Figure 5.9E and 5.11)
following incubation with the RBD-coated beads whereas the remaining 2 samples
experienced 96.6% and 99.0% reductions. Following depletion with the NTD-coated
magnetic beads, none of the plasma samples had detectable NTD IgG binding titers
(Figure 5.9F and 5.11).

We then examined the spike IgG binding titers in the mock-, anti-RBD-, and anti-
NTD-antibody depleted samples. We observed a significant reduction in spike IgG
binding titers for both plasma samples depleted of RBD-directed antibodies (p = <
0.0001; GMT: 460; Figure 5.9G and 5.11) and of NTD-directed antibodies (p = <
0.0001; GMT: 512) compared to the mock-depleted plasma (GMT: 1,014). Depletion of
RBD-directed antibodies resulted in a 54.6% reduction in spike IgG binding titers across
the 28 samples while depletion of NTD-directed antibodies resulted in a 49.5%
reduction in spike IgG binding titers with one sample having a residual spike IgG binding
below the limit of detection.

Next, we examined the residual neutralization potency of the depleted samples.
Neutralizing antibody titers were significantly reduced in plasma samples depleted of
RBD-directed antibodies (p = <0.0001; Figure 5.9H and 5.11) or of NTD-directed
antibodies (p = 0.0151) compared to the mock-depleted samples (GMT: 282). For the
samples depleted of RBD-directed antibodies, we observed an 85.8% (GMT: 40)
reduction in neutralization potency with 6 of the 28 samples having neutralizing antibody

titer below the limit of detection (IDso < 10). In contrast, we observed a 29.4% (GMT:
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199) reduction in neutralization potency of the samples depleted of the NTD-directed
antibodies. Only 1 of the NTD antibody-depleted samples exhibited a neutralizing
antibody titer below the limit of detection. Together, these data suggest that both RBD-
directed and NTD-direct antibodies contribute to spike binding and neutralizing antibody
titers, however, RBD-direct antibodies account for the majority of the neutralizing activity

of convalescent plasma.

5.7 MERS-CoV infection induces neutralizing antibodies targeting S1 but rarely S:
epitopes

Several MERS-CoV S epitopes targeted by neutralizing antibodies have been
identified through structural and functional studies (Corti et al., 2015; Jiang et al., 2014;
Y. Li et al., 2015; Pallesen et al., 2017; Pinto et al., 2021; Sauer et al., 2021; Silva et al.,
2023; Sun et al., 2022; Tang et al., 2014; Tse et al., 2023; Walls et al., 2019; N. Wang
et al., 2019; S. Zhang et al., 2018; H. Zhou et al., 2019). To determine the epitopes
targeted by antibodies in convalescent patient plasma, we selected a panel of
monoclonal antibodies that target unique epitopes on MERS-CoV S spanning the RBD,
NTD, and S2 subunit. We then performed competition ELISAs using these monoclonal
antibodies as probes to quantify the magnitude of plasma antibodies targeting each site.
The sample with highest IgG S biding titer for individual was included in the analysis.

We examined the magnitude of competition to bind to MERS-CoV S of
convalescent plasma with the RBD-directed antibodies LCA60, S41, and 4C2, along
with the receptor, human DPP4, by ELISA (Figure 5.12A). LCAG0 binds the saddle of

the receptor binding motif, overlapping partially with the DPP4 binding site (Corti et al.,
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2015; Walls et al., 2019). The S41 epitope overlaps entirely with the DPP4 binding site,
but is narrower than the RBM (S. Zhang et al., 2022). 4C2 binds the face of the RBD
that remains exposed in the closed S trimer, partially overlapping with the RBM (Y. Li et
al., 2015). Of the 28 convalescent plasma samples tested, 37% (n = 11; Figure 5.12B)
had detectable competition (half-maximum blocking titers, BD50 > 10) with DPP4
binding whereas 33% (n = 10), 20% (n = 6) and 53% (n = 16) competed with LCAG0,
S41 and 4C2, respectively. These data suggest that antibody responses elicited by
MERS-CoV infection more prevalently target RBD antigenic sites that are fully exposed
in the closed S trimer relative to epitopes that are fully or partially occluded.

We further examined the capacity of convalescent plasma to block binding of the
NTD-directed neutralizing antibody G2 to the spike protein. G2 binds the viral
membrane distal side of the NTD, which is the only NTD neutralizing epitope identified
to date (Figure 5.12A) (N. Wang et al., 2019). Only 23% (n = 7) of the convalescent
plasma samples had detectable blocking titers against G2 (Figure 5.12B). The low
frequency of G2-blocking antibodies in convalescent plasma is consistent with the
depletion data, which suggest that NTD-directed antibodies make a smaller overall
contribution to plasma neutralizing activity, relative to RBD-directed antibodies.

We next measured competition in convalescent plasma against a panel of S-
directed antibodies including RAY53, 76E1, G4, and B6 (Figure 5.12C). RAY53 is a
weakly neutralizing antibody that binds to the hinge region of the S2 subunit in the
prefusion conformation (Silva et al., 2023). 76E1 targets the fusion peptide and broadly
reacts with both alphacoronaviruses and betacoronaviruses (Sun et al., 2022). G4 binds

specifically to a variable loop in the MERS-CoVS2 connector domain (Pallesen et al.,
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2017). B6 targets the S stem helix and cross-react with all human-infecting
betacoronaviruses (albeit weakly with HKU1) (Sauer et al., 2021). 27% (n = 8) of
samples competed with RAY53 binding (BDso > 10; Figure 5.12D) and four of these
samples had RAY53 blocking titers (BDso: 404 to 2,588) greater than those observed for
the RBD- and NTD-directed antibodies. We speculate that RAY53 binding may be
hindered by some RBD-directed antibodies, particularly those that lock the spike protein
in the closed conformation, as observed for some SARS-CoV-2 mAbs (Tortorici et al.,
2020). For the remaining three S2-directed monoclonal antibodies, 7% (n= 2) of plasma
samples had detectable competition with 76E1 and none of the 28 samples tested could
compete with G4 or B6. These findings coupled with the Si-antibody depletion data
suggest that MERS-CoV infection does not induce a robust neutralizing antibody

response towards the MERS-CoV Sz subunit.

5.8 Chapter Discussion

Here, we examined the antibody response in convalescent plasma samples
obtained from individuals hospitalized with MERS-CoV infections between 2017-2019.
We observed S binding titers and neutralizing antibody titers peaking between 1 to 6
weeks post symptom onset or hospitalization. We determined plasma antibodies
neutralize MERS-CoV variants with similar potencies, but display minimal neutralizing
activity against the related merbecovirus MjHKU4. We further showed the S+ subunit is
immunodominant with S¢-direct antibodies accounting for the majority of the
neutralization potency of convalescent plasma. Additionally, we determined both the

RBD and NTD contribute to the S IgG binding activity of convalescent plasma, but RBD-
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directed antibodies were responsible for most of the neutralizing activity. Finally, we
used a panel of structurally characterized neutralizing antibodies to show plasma
antibodies target neutralizing epitopes on the S1 subunit, but not those on the S»
subunit.

Prior studies on the plasma antibody response generated against the SARS-
CoV-2 S following either SARS-CoV-2 infection or vaccination with S-encoding mRNA
vaccines demonstrated the RBD is immunodominant accounting for the majority of
plasma neutralizing activity (Bowen, Park, et al., 2022; Greaney, Eguia, et al., 2022;
Greaney, Loes, Crawford, et al., 2021; Greaney, Starr, et al., 2022; Piccoli et al., 2020).
These studies further indicated that NTD-directed antibodies contribute to plasma
neutralizing activity against infection- or vaccine-matched variants, albeit to a lesser
extent than RBD-directed antibodies (Bowen, Park, et al., 2022; McCallum, De Marco,
et al., 2021). Our results on the contribution of MERS-CoV S domains to the neutralizing
activity of convalescent plasma are consistent with the observations noted for SARS-
CoV-2 convalescent and vaccine-elicited plasma. As RBD-directed antibodies are
responsible for the majority of plasma neutralizing activity for both SARS-CoV-2 and
MERS-CoV, we speculate RBD-directed antibodies will account for most of the plasma
neutralization activity for all betacoronaviruses. As such, betacoronavirus RBD-based
vaccines will likely confer high neutralizing antibody titers and robust protection across
this genus (Walls et al., 2021; Walls, Fiala, et al., 2020).

Our plasma epitope mapping analysis indicated the ridge of the RBM exposed in
the closed S trimer is frequently targeted by plasma antibodies, while RBD epitopes

partially or fully occluded in the closed S conformation are less frequently targeted.
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These data for MERS-CoV convalescent plasma are consistent with epitope mapping
data for SARS-CoV-2 convalescent plasma, which suggested the analogous site on the
SARS-CoV-2 RBD (site Ib) is frequently targeted by plasma antibodies and occluded
sites (sites lla, llb, and llc) are less commonly targeted (Piccoli et al., 2020). However,
as far fewer neutralizing RBD-directed antibodies for MERS-CoV (Corti et al., 2015;
Jiang et al., 2014; Y. Li et al., 2015; Walls et al., 2019; S. Zhang et al., 2018) have been
characterized than SARS-CoV-2 (Barnes et al., 2020; Piccoli et al., 2020; Starr,
Czudnochowski, et al., 2021), it is likely there are additional neutralizing epitopes on the
MERS-CoV RBD that contribute to the neutralizing activity of convalescent plasma.
Additional studies focused on discovering and characterizing antibodies targeting the
MERS-CoV RBD will further resolve immunodominant epitopes as well as elucidate
those epitopes that are resilient to viral evolution and contribute to the cross-
neutralization of related merbecoviruses (Tse et al., 2023).

We observed minimal contribution of the Sz subunit to the neutralization potency
of convalescent plasma and determined Sz neutralizing epitopes are rarely targeted by
plasma antibodies. We speculate the lack of plasma antibodies targeting Sz neutralizing
epitopes may be due to these epitopes being inaccessible until the S1 subunit binds
DPP4 or is shed, as is the case for 76E1 and RAY53 (Silva et al., 2023; Sun et al.,
2022), or being located close to the viral membrane and likely less accessible to
recognition by B cells, as is the case for G4 and B6 (Pallesen et al., 2017; Sauer et al.,
2021). While the development of Sz subunit antigens has been a recent goal for SARS-
CoV-2 vaccine design due to the resiliency of So-directed antibodies to the rapid

evolution of SARS-CoV-2 (Halfmann et al., 2022; Hsieh et al., 2021; J. Lee et al., 2023;
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Ng et al., 2022; Nuqui et al., 2023; Pang et al., 2022; P. Zhou et al., 2023), similar
vaccine antigens may not be necessary for MERS-CoV. Our demonstration of the
retention of plasma neutralizing activity against human and camel MERS-CoV strains
along with the relatively few S1 mutations in MERS-CoV strains sequenced to date
(Dudas et al., 2018; Wong et al., 2021) suggest vaccination with prefusion S or RBD-
based vaccines may be sufficient for resiliency against MERS-CoV evolution.

In conclusion, our data demonstrate MERS-CoV RBD-directed antibodies
account for the majority of neutralizing activity of convalescent plasma, consistent with
similar studies on SARS-CoV-2 convalescent plasma, and suggest vaccines in
development for MERS-CoV and other betacoronaviruses should focus on eliciting a

robust RBD-directed neutralizing antibody response.

5.9 Methods
Cell culture

Expi293 cells were grown in Expi293 media at 37°C and 8% CO- rotating at 130
RPM. HEK-293T cells were grown in DMEM supplemented with 10% FBS and 1%
PenStrep at 37°C at 5% CO.. Vero EG6 cells stably expressing the human protease
TMPRSS2 (Vero-TMPRSS2) were grown in DMEM supplemented with 10% FBS, 1%

PenStrep and 8 ug/mL puromycin at 37°C and 5% CO2 (Lempp et al., 2021).

Plasma donors
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Plasma samples were collected from individuals hospitalized with MERS-CoV
infections by 2017-2019 at King Faisal Specialist Hospital Research Center in Riyadh,

Saudi Arabia.

Constructs

The construct encoding the prefusion stabilized MERS-CoV spike (S2P)
ectodomain was previously described (Y.-J. Park et al., 2019; Walls et al., 2019).
Constructs encoding the B6 heavy and light chains were previously described (Sauer et
al., 2021), those encoding the G2 and G4 heavy and light chains were gifted by Jason
McLellan (Pallesen et al., 2017; N. Wang et al., 2019), those encoding the RAY53
heavy and light chains were gifted by Jennifer Maynard (Silva et al., 2023), and the
construct encoding the full-length MERS-CoV EMC/2012 spike protein was gifted by
Gary Whittaker (Millet & Whittaker, 2014).

The full-length MERS-CoV United Kingdom/H123990006/2012, MERS-CoV
Hu/Riyadh-KSA-3181/2015, MERS-CoV Camel/Kenya/M23C14/2019, MERS-CoV
Korea/Seoul/168-1-2015 and MjHKU4r-CoV-1 A16 spike proteins were codon
optimized, synthesized, and inserted into pcDNA3.1(+) by Genscript. The heavy chain
Fab sequences for LCAGO, S41, 4C2, and 76E1 fused to an N-terminal y-phosphatase
or mouse |g heavy signal peptide sequence and C-terminal human FC tag were codon
optimized, synthesized, and inserted into pcDNA3.1(+) by Genscript. The light chain
Fab sequence for these antibodies with an N-terminal y-phosphatase or mouse Ig
heavy signal peptide sequence were codon optimized, synthesized, and inserted into

pcDNAS.1(+) by Genscript. The MERS-CoV NTD (1-357) with a C-terminal octa-his tag,
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MERS-CoV RBD (382-588) with an N-terminal y-phosphatase signal peptide and C-
terminal thrombin cleavage site followed by an octa-his tag, and MERS-CoV S1 (1-747)
with a C-terminal octa-his tag were codon optimized, synthesized, and inserted into
pcDNA3.1(+), pPCMVR, and pcDNA3 .4, respectively, by Genscript. The human DPP4
ectodomain (39-766) with a N-terminal CD5 leader sequence and C-terminal human FC

tag was synthesized and inserted into pcDNA3.1(-).

Recombinant protein expression and purification

The MERS-CoV RBD, MERS-CoV NTD, and MERS-CoV S+ were expressed and
purified as previously described (Addetia, Park, et al., 2023; Addetia, Piccoli, et al.,
2023; Bowen, Addetia, et al., 2022; Y.-J. Park et al., 2019; Walls et al., 2019). In brief,
Expi293 cells were grown to a density of 3 x 10 cells/mL and transfected using the
Expifectamine293 transfection kit following the manufacturer’'s recommendations. Four
to five days following transfection, the supernatants were collected, clarified by
centrifugation, and flowed over HisTrap FF or HP affinity columns. The columns were
then washed with ten column volumes of 20 mM imidazole, 25 mM sodium phosphate
pH 8.0, and 300 mM NaCl after which the proteins were eluted using a gradient up to
500 mM imidazole. The proteins were then buffer exchanged into 20 mM sodium
phosphate pH 8.0 and 100 mM NaCl and concentrated using centrifugal filters, flash
frozen, and stored at -80°C until use.

The MERS-CoV S2P was expressed and purified similar to above. Following
elution from the affinity column, the protein was further purified by size-exclusion

chromatography using a Superose 6 Increase 10/300 GL column. The protein was
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concentrated, flash frozen, and stored at -80°C. For the biotinylated MERS-CoV S2P,
MERS-CoV S2P was expressed and purified as described above. After elution from the
affinity column, the protein was buffer exchanged into 25 mM Tris-HCI pH 8.0 and 150
mM NaCl. The purified spike protein was biotinylated using the BirA biotin-protein ligase
reaction kit (Avidity) following the manufacturer’'s recommendation. The biotinylated
protein was re-purified using an HisTrap HP column followed by size-exclusion
chromatography using a Superose 6 Increase 10/300 GL column. The protein was
concentrated, flash frozen, and stored at -80°C.

Recombinant monoclonal antibodies were produced by transfecting Expi293 cells
at a density of 3 x 10° cells/mL with equal masses of the heavy and light chain
constructs using Expifectamine293. Four to five days following transfection, the
supernatants were harvested and clarified by centrifugation. The recombinant
antibodies were captured using HiTrap Protein A HP affinity columns after which the
columns were washed with ten column volumes of 20 mM sodium phosphate pH 8.0
and the proteins were eluted 0.1 M citric acid pH 3.0, which was neutralized with 1 M
Tris-HCI pH 9.0. The antibodies were buffer exchanged into 20 mM sodium phosphate
pH 8.0 and 100 mM NaCl and concentrated using centrifugal filters and stored at 4°C
until use. The human DPP4 ectodomain was expressed and purified as described

above, flash frozen, and stored at -80°C until use.

Enzyme-linked immunosorbent assay (ELISA)

The MERS-CoV S2P, RBD, NTD, or S1 recombinant proteins were diluted to

0.003 mg/mL and added to 384-well Maxisorp plates overnight at room temperature.
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The following day, plates were slapped dry and blocked with Blocker Casein for 1 hour
at 37°C. The plates were slapped dry and plasma samples diluted in Tris-buffered
saline with 0.1% Tween 20 (TBST) at a starting dilution of 1:10 to 1:270 and serially
diluted 1:3 thereafter were added to the plates. The plates were incubated for 1 hour at
37°C, slapped dry, and washed four times with TBST. A goat anti-human 1gG (H+L)
HRP conjugated antibody (diluted 1:5,000 in TBST; Seracare) was added to each well.
The plates were again incubated for 1 hour at 37°C, slapped dry, and washed four times
with TBST. SureBlue Reserve TMB 1-Component Microwell Peroxidase Substrate was
added to each well and allowed to develop for 90 seconds after which an equal volume
of 1 N HCI was added to quench the reaction. The absorbance at 450 nm was
immediately measured using a BioTek Synergy Neo2 plate reader. The resulting data
were analyzed in GraphPad Prism 10 using a four parameter logistic curve to determine
the EDso for each sample. At least two biological replicates using two distinct batches of

recombinant protein were performed for each sample and antigen.

Pseudotyped VSV production

VSV pseudotyped with the MERS-CoV or MjHKU4r-CoV-1 spike proteins were
produced as previously described (Addetia, Park, et al., 2023; Addetia, Piccoli, et al.,
2023; Bowen, Addetia, et al., 2022; Xiong et al., 2022). In brief, HEK293T cells were
seeded onto poly-D-lysine coated 10 cm? plates at a density of 5 x 108 cells and grown
overnight until they reached approximately 80-90% confluency. The following day, the
growth media was exchanged to DMEM containing 10% FBS and the cells were

transfected with the spike constructs using Lipofectamine 2000. After 20 to 24 hours,
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the cells were washed three times with DMEM and infected with VSVAG/luc. Two hours
after infection, the cells were washed five times with DMEM and left overnight in DMEM
supplemented with an anti-VSV-G antibody (I1-mouse hybridoma supernatant diluted
1:25, from CRL-2700, ATCC). Twenty to 24 hours later, the supernatant was harvested,
clarified by centrifugation at 4,200 RPM for 10 minutes, filtered using a 0.45 um filter,
and concentrated with a 100 kDa filter (Amicon). The resulting pseudovirus was frozen

at -80°C until use.

Pseudovirus neutralization assays

Neutralization assays were performed as previously described (Addetia, Park, et
al., 2023; Addetia, Piccoli, et al., 2023; Bowen, Addetia, et al., 2022; Xiong et al., 2022).
In brief, Vero-TMPRSS2 cells were split in white-walled, clear bottom plates at a density
of 18,000 cells per well. The cells were grown overnight until they reached 90-95%
confluency. Plasma samples were diluted in DMEM starting at a 1:10 dilution and
serially diluted 1:3 thereafter and mixed with an equal volume of pseudotyped VSV
diluted 1:50 to 1:100 in DMEM. The virus-plasma mixtures were incubated for 30
minutes at room temperature after which the growth media was removed from the Vero-
TMPRSS2 cells and replaced with the virus-plasma mixture. The cells were incubated
for 2 hours at 37°C after which an equal volume of DMEM supplemented with 20% FBS
and the 2% PenStrep was added to each well. Twenty to 24 hours later, ONE-Glo EX
was added directly to each well, the plates were then incubated for 5 minutes at 37°C,
and the luminescence values were recorded using a BioTek Synergy Neo2 plate reader.

The data were normalized in GraphPad Prism 10 using the relative light unit (RLU)
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values measured for uninfected cells to define 0% infectivity and RLU values recorded
for cells infected with pseudovirus without plasma to define 100% infectivity. IDso values
for sera samples were determined from the normalized data using a [inhibitor] vs.
normalized response — variable slope model using two technical replicates to generate
the curve fits. At least two biological replicates using distinct batches pseudoviruses

were performed for each sample.

Depletion Assays

Dynabeads His-Tag Isolation and Pulldown beads (ThermoFisher) were washed
once with Tris-buffered saline (TBS) containing 0.01% Tween 20. His-tagged MERS-
CoV RBD, NTD, or S4 was added to the magnetic beads at a 1.5-fold mass excess
relative to the reported binding capacity of the beads. The beads and proteins were
incubated for 30 minutes at room temperature with constant rotation. Unbound protein
was then removed by washing the beads three times with TBS with 0.01% Tween 20.
The antigen coated beads were resuspended in TBS with 0.01% Tween 20 and stored
at 4°C until use.

Plasma samples were mixed with the RBD, NTD or S1 coated beads in TBS with
0.01% Tween 20 at a 1:4 volume ratio and incubated at 37°C for 1 hour. Following this
incubation, the supernatant was transferred to a new tube that contained an additional 4
volumes of beads. The mixture was incubated for an additional hour at 37°C after which
the supernatant was transferred to a new tube. A mock depletion was performed
concurrently following the same protocol as above except the plasma was incubated

with uncoated beads. ELISAs against the depleting antigen and MERS-CoV spike and
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neutralization assays against VSV pseudotyped with the MERS-CoV EMC/2012 spike
were performed as described above using the depleted plasma as input. The starting
1:10 dilution factor incorporates the dilutions performed to deplete the plasma of the
domain-specific antibodies. At least two biological replicates using distinct batches of

proteins and pseudoviruses were performed for each sample.

Competition ELISA

To determine the ECso of the antibodies used in the competition ELISAs, the
antibodies were diluted to 0.003 mg/mL, plated on 384-well Maxisorp plates, and
incubated overnight at room temperature. The following day, the plates were slapped
dry and blocked with Blocker Casein at 37°C for 1 hour. The plates were again slapped
dry and biotinylated MERS-CoV S2P diluted to 0.3 mg/mL and serially diluted 1:3 in
TBST thereafter was added to each well. The plates were incubated for 37°C for 1 hour,
slapped dry, and washed four times with TBST. Ultra streptavidin-HRP diluted 1:2,000
in TBST was added to each well after which the plates were again incubated at 37°C for
1 hour, slapped dry, and washed four times with TBST. SureBlue Reserve TMB 1-
Component Microwell Peroxidase Substrate was added to each well and allowed to
develop for 120 seconds after which an equal volume of 1 N HCI| was added to quench
the reaction. The absorbance at 450 nm was immediately measured using a BioTek
Synergy Neo2 plate reader. The resulting data were analyzed in GraphPad Prism 10
using a four parameter logistic curve to determine the ECso for each antibody.

For the competition ELISAs, 384-well Maxisorp plates were coated with the

monoclonal antibodies and blocked as described above. Plasma samples were diluted
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in non-binding 384-well plates beginning with a 1:5 dilution in TBST followed by a 1:3
serial dilution thereafter. Biotinylated MERS-CoV S2P was diluted to a concentration
twice the determined ECso in TBST and added to each well of the non-binding plates.
The plasma-spike mixtures were incubated for 1 hour at 37°C after which the plasma-
spike mixtures were transferred to monoclonal antibody coated plates. The plates were
incubated for 1 hour at 37°C, slapped dry, and washed four times with TBST. Ultra
streptavidin-HRP diluted 1:2,000 in TBST was added to the plates and the plates were
incubated for 1 hour at 37°C, slapped dry, and washed four times with TBST. SureBlue
Reserve TMB 1-Component Microwell Peroxidase Substrate was added to each well
and allowed to develop for 120 seconds after which an equal volume of 1 N HCI was
added to quench the reaction. The absorbance at 450 nm was immediately measured
using a BioTek Synergy Neo2 plate reader. The resulting data was normalized using the
absorbance values from wells without spike added to define 0% binding and the
absorbance values from wells with spike but no plasma added to define 100% binding.
BDso values were determined using the [inhibitor] vs. normalized response — variable
slope model using two technical replicates to generate the curve fits. Two biological
replicates using distinct batches of spike protein and monoclonal antibodies were

performed for each sample.
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5.10 Figure and Tables

Figure 5.1. MERS-CoV infection induces robust S binding and neutralizing
antibody responses.
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A) 1gG binding titers (half-maximal effective dilution [EDso]) against the prefusion MERS-
CoV EMC/2012 S ectodomain trimer and B) neutralizing antibody titers (half-maximal
inhibitory dilution [IDso]) against VSV pseudotyped with the MERS-CoV EMC/2012 S
measured for 98 convalescent plasma samples collected from 30 individuals
hospitalized with MERS-CoV infection between 2017-2019 in Saudi Arabia. The
geometric mean titer (GMT) is represented by the black bar and displayed above the
plot and the limit of detection (EDso or IDso: 10) is represented by the dashed line. Data
reflect results obtained from one biological replicate and are representative of data
obtained from at least two biological replicates conducted with unique batches of spike
protein or pseudovirus. C) Correlation analysis between neutralizing antibody and spike
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IgG binding titers in the 98 convalescent plasma samples analyzed in this study.
Kinetics of the D) S IgG binding titers and E) neutralizing antibody titers for 90
convalescent plasma samples collected from 22 individuals who contributed two or
more samples. Samples collected from the same individual are connected with gray
lines. F) Neutralization potency (IDso) of convalescent plasma samples against VSV
pseudotyped with the spike protein of the indicated MERS-CoV variant or the related
merbecovirus MjHKU4r-CoV-1. GMTs are represented by the bars and displayed above
the plot. The fold-change in GMT compared to MERS-CoV EMC/2012 pseudovirus is
indicated below the GMT for each pseudovirus. Data reflect results obtained from one
biological replicate and are representative of data obtained from at least two biological
replicates conducted with unique batches of pseudoviruses.
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Figure 5.2. Spike IgG binding titers.
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Figure 5.3. Neutralization curves for MERS-CoV EMC/2012.
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Figure 5.4 Correlation analysis between spike IgG binding titers versus
neutralizing antibody titers.
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Figure 5.5 Neutralization curves for MERS-CoV variants and MjHKU4r-CoV-1.
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Figure 5.6. Antibodies directed against the S4 subunit of the MERS-CoV spike
protein are responsible for nearly all neutralizing activity of convalescent plasma.
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A) IgG binding titers (EDso) against the MERS-CoV EMC/2012 S subunit measured for
convalescent plasma samples. One sample per individual was included in the analysis.
The GMT is represented by the black bar and displayed above the plot. The limit of
detection (EDso: 10) of the assay is represented by the dashed line. Data reflect results
obtained from one biological replicate and are representative of data obtained from at
least two biological replicates conducted with unique batches S protein. B) Correlation
analysis between S1 1gG binding titers and neutralizing antibody titers. C) S+ and D)
spike 1gG binding titers and E) neutralizing antibody titers in mock-depleted and S1-
depleted plasma samples. One sample per individual was included in the analysis with
27 samples being included in total. Mock- and S1-depleted samples from the same
individual are connected with a gray line. GMTs are displayed above the plot and the
limit of detection (EDso or IDso: 10) is represented by the dashed line. Data reflect
results obtained from one biological replicate and are representative of data obtained
from at least two biological replicates conducted with unique batches of S1 and spike
proteins and pseudovirus. Comparisons between mock- and S1-depleted groups were
made using the Wilcoxon matched-pairs signed rank test. ****p < 0.0001.
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Figure 5.7. S1 IgG binding curves.
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S11gG binding curves for the 29 convalescent plasma samples included in the analysis.
Data obtained from one representative biological replicate are presented. Two biological
replicates using distinct batches of S1 protein were completed for each sample.
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Figure 5.8 IgG binding and neutralization curves following depletion with MERS-
CoV S..
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A) S1 and B) spike IgG binding curves in mock- and S1-depleted plasma for each of the
27 samples included in the analysis. C) Neutralization curves for the mock- and S1-
depleted plasma samples analyzed in this study. Neutralization data are presented as
mean + standard error for the two technical replicates conducted. Data presented are
from one representative biological replicate. Two independent biological replicates were
performed using distinct batches of S1 protein for the antibody depletions as well as
unique batches of S1 and spike proteins and pseudovirus for the ELISAs and
neutralization assays, respectively.
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Figure 5.9 RBD-directed antibodies account for the majority of neutralizing
activity in convalescent plasma.
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A) IgG binding titers (EDso) against the MERS-CoV EMC/2012 RBD measured for the
convalescent plasma samples. One sample was included per individual in the analysis.
The GMT is displayed above the plot and indicated by the black bar. The limit of
detection (EDso: 10) is represented by the dashed line. The data for one biological
replicate are presented and the data are reflective of at least two biological replicates
conducted with two distinct batches of RBD protein. B) Correlation analysis between
RBD IgG binding titers and neutralization potency of the convalescent plasma samples.
C) IgG binding titers (EDso) against the MERS-CoV EMC/2012 NTD determined for the
convalescent plasma samples. One sample per individual was included in the analysis.
The GMT is represented by the black bar and presented above the plot. The limit of
detection (EDso: 10) of the assay is indicated by the dashed line. Data reflect results
obtained from one biological replicate and are representative of data obtained from at
least two biological replicates conducted with unique batches of NTD protein. D)
Correlation analysis between NTD IgG binding titers and neutralizing antibody titers in
the convalescent plasma samples. E) RBD IgG binding titers for mock- and RBD-
depleted plasma samples. F) NTD IgG binding titers for mock- and NTD-depleted
plasma samples. G) Spike 1gG binding titers and H) neutralizing antibody titers for
mock-, RBD-, and NTD-depleted plasma. One sample per individual was included in the
analysis. Data presented are from one biological replicate and reflective of two
biological replicates completed with unique batches of RBD, NTD, and spike proteins as
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well as distinct batches of pseudovirus. GMTs are displayed above the plots and the
limit of detection (EDso or IDso: 10) is indicated by the dashed line. Comparisons
between RBD or NTD IgG binding titers of the mock- and RBD or NTD-depleted groups,
respectively, were made using the Wilcoxon matched-pairs signed. Comparison
between the spike 1gG bindings titers and neutralizing antibody titers of mock-, RBD-

and NTD-depleted groups were made using Dunn’s multiple comparison test. *p<0.05;
****n < 0.0001.
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Figure 5.10 RBD and NTD IgG binding curves.
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A) RBD and B) NTD IgG binding curves for the 30 convalescent plasma samples
included in this analysis. Data are presented from one representative biological
replicate. At least two biological replicates were conducted using distinct batches of
RBD or NTD proteins.
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Figure 5.11 IgG binding and neutralization curves following depletion with MERS-

CoV RBD and NTD.
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A) RBD IgG binding curves for mock- and RBD-depleted plasma for each of the 28
samples included in the analysis. B) NTD IgG binding curves for mock- and NTD-
depleted samples. C) Spike IgG binding curves and D) Neutralization curves for the
mock-, RBD-, and NTD-depleted plasma samples analyzed in this study. Neutralization
data are presented as mean + standard error for the two technical replicates conducted.
Data presented are from one representative biological replicate. Two independent
biological replicates were performed using distinct batches of RBD and NTD proteins for
the antibody depletions as well as unique batches of RBD, NTD, and spike proteins and
pseudovirus for the ELISAs and neutralization assays, respectively.
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Figure 5.12 Convalescent plasma antibodies target S1 neutralizing epitopes, but
rarely Sz epitopes.
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A) Epitopes targeted by Si-directed antibodies included for the competition ELISAs. The
RBM is outlined in black. B) Blocking titers (half-maximal blocking dilution [BDso])
measured for convalescent plasma samples against the indicated S+-directed
antibodies. One sample per individual was included in the analysis. GMTs are displayed
above the plot and represented by the black bar. The percentage of individuals having
blocking titers above the limit of detection (BDso > 10; indicated by the dashed line) is
displayed below the GMT for each antibody tested. Data reflect results obtained from
one biological replicate and are representative of data obtained from at least two
biological replicates conducted with unique batches antibodies and biotinylated spike
protein. C) Epitopes targeted by S>-directed antibodies included in the competition
ELISAs. D) Blocking titers (BDso) in convalescent plasma samples against the specified
Sq-directed antibodies. One sample per individual was analyzed. GMTs are displayed
above the plot (indicated by black bar) and the portion of individuals exhibiting
detectable blocking titers is displayed below the GMT for each antibody. Data presented
are from one biological replicate and representative of data collected from at least two
biological replicates conducted with distinct batches of antibodies and biotinylated spike
protein.
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Figure 5.13. Competition ELISA curves.
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Competition ELISA curves for the 30 plasma samples analyzed against the indicated A)
S1- and B) Sz-directed monoclonal antibodies. Data are presented as mean * standard
error for two technical replicates from one representative biological replicate. Two
independent biological replicates using unique batches of biotinylated spike protein as
well as monoclonal antibodies were performed for each sample.
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Table 5.1. Collection timepoints for the convalescent plasma samples analyzed in

this study.
Individual | Sample ID Days post symptom onset or
hospitalization
1C 23
1F 45
1G 51
1H 58
1) 65
1) 73
1
1K 79
1L 86
1M 93
1N 100
Q 120
1R 191
2 2A 12
5A 14
5 58 21
5C 29
6A 6
6
6B 12
7B 20
7
7C 26
8B 13
8
8C 23
9 98B 18
10 10A 3
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10B 9
10C 16
10D 23
10E 29
11A 16
11B 23
11
11C 30
11D 40
12 12A NA
13A 12
13 13B 19
13C 26
14 14B 15
15A 12
15B 19
15
15C 26
15D 33
16A 11
16B 18
16 16C 25
16D 32
16E 39
17A 5
17B 12
17 17C 19
17E 33
17F 40
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17G 47
17H 54
171 61
17J 68
17K 74
17L 82
17M 89
18 18A 10
19A 6
19
19B 15
20A 12
20B 17
20 20C 24
20D 31
20G 52
21 21A 7
22A 13
22
22B 20
23A 7
23
23B 14
24C 15
24
24D 22
25B 81
25 25C 88
25F 109
26A 7
26 26B 14
26C 21
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26F 42
26G 49
27A 10
27D 31
27
27E 38
27F 45
28 28A 10
29A 10
29C 24
29D 31
29
29F 45
29H 59
29I 66
31 31A 20
32A 5
32
32B 12
33B 26
33 33C 33
33D 40
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Table 5.2. Spike protein mutations in MERS-CoV variants used in this study
relative to MERS-CoV EMC/2012 (NC_019843.3).

MERS-CoV Variant Genbank Accession | Spike Protein Mutations
Number
United Kingdom/H123990006/2012 | NC_038294.1 L506F, Q1020H
Hu/Riyadh-KSA-3181/2015 KT806049.1 L507R, Q1020R
Korea/Seoul/168-1-2015 KT374056.1 HO1Y, D510G, Q1020R
Camel/Kenya/M23C14/2019 OK094446.1 V26A, D158Y, H194Y, S390F,
L450F, V597A, R626P, A1158S
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Chapter 6. Concluding Remarks

From the studies | have presented here, we have learned that the SARS-CoV-2
spike protein, and especially the receptor binding domain of the spike protein, shows
incredible plasticity. The receptor binding can both incorporate mutations that alter the
structure of the receptor binding motif (Chapter 2) and accumulate numerous mutations
at the ACEZ2 binding interface (Chapter 3 and 4). Despite acquiring these mutations, the
spike retains its capacity to bind ACE2 with high affinity and mediate membrane fusion.
From these findings, we can expect SARS-CoV-2 to accumulate more mutations in its
spike protein that balance immune evasion, ACE2 affinity, and fusogenicity.

As viruses evolve, updated vaccine formulations can help induce a humoral
immune response that better targets the circulating viral strains. The COVID-19
vaccines were updated twice to reflect the ongoing emergence of new SARS-CoV-2
variants — first a bivalent vaccine encoding either the Wuhan-Hu-1 and Omicron BA.1 or
Wuhan-Hu-1 and Omicron BA.5 spike proteins was introduced and then a monovalent
vaccine just encoding the Omicron XBB.1.5 spike protein (Chalkias et al., 2023;
Scheaffer et al., 2023). We showed these vaccines do increase neutralizing antibody
titers against the Omicron variants as well as increase titers of spike binding antibody
titers that can mediate effector functions (Chapter 4). However, both the bivalent
vaccine and, as we recently demonstrated (Tortorici et al., 2023), the monovalent
XBB.1.5 booster do not generate a humoral response specific to the variant spike
protein encoded by these vaccines. Instead, immune imprinting induced by the primary
Wuhan-Hu-1 vaccine series limits the development a de novo humoral immune

response. As progressively more immune evasive variants emerge, | suspect the
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central questions surrounding COVID-19 vaccine updates will be: Can we overcome
immune imprinting? And do we need to?

Another central question that should be considered is whether we can design a
SARS-CoV-2 vaccine antigen that primes the humoral immune response for a
continuingly evolving virus better than current vaccine strategies. With rising vaccine
hesitancy and low rates of uptake of the XBB.1.5 booster (Larson et al., 2022), shifting
to a strategy that induces an immune response that favors breadth of neutralization
against historical, current, and future variants rather than potency towards the currently
circulating variant may prove beneficial.

The COVID-19 pandemic accelerated science, particularly the immunology,
virology, and vaccinology fields. We can apply the lessons we learned from this
pandemic to both currently circulating viruses and those viruses that may emerge or re-
emerge in the future. Understanding which domains and epitopes on viral glycoproteins
contribute to neutralizing activity (Chapter 5) as well as identifying those epitopes that
are immutable and targeted by broadly neutralizing antibodies will guide the future
vaccine and therapeutic design. Furthermore, we can expect more vaccines to
incorporate prefusion stabilizing mutations given the success of the SARS-CoV-2 spike
2P vaccines and the recently licensed RSV prefusion F vaccines (McLellan et al., 2013;
Pallesen et al., 2017). Lastly, we can anticipate both monoclonal antibodies and other
antivirals will be increasingly used for prophylaxis and therapy.

My scientific career these past few years has been intertwined with the COVID-
19 pandemic. In the months prior to starting graduate school, | was testing and

implementing SARS-CoV-2 sequencing methods, investigating the function of the
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SARS-CoV-2 accessory proteins, and examining immune correlates of protection. The
studies | have led and participated in while in graduate school have followed both
SARS-CoV-2 vaccines and therapeutics as they were successively approved for use
and the viral variants that emerged. It has been a surreal experience seeing my work
and findings shape public policy and inform SARS-CoV-2 vaccine design. As | continue

with my career, | hope to continue doing science that makes positive impacts.
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