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Two sarbecoviruses, severe acute respiratory syndrome coronavirus (SARS-CoV) in
2003 and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in 2019,
have crossed species barriers and spilled over to humans. The latter of the two resulted
in a pandemic exerting an unprecedented toll on global healthcare capacity, claiming
millions of lives while simultaneously inflicting collateral damage to the world economy.
Pandemic experience has deepened our understanding of sarbecoviruses and shaped
our frameworks for developing therapeutics and vaccines against them. Sarbecovirus
spike glycoprotein is the key molecular machinery for viral entry and fusion into the host
cell, making it the principal target when developing countermeasures against
sarbecoviruses. The primary goal of therapeutics and vaccines is to directly neutralize

the virus and/or to confer protection by eliciting immune responses. In the following



chapters of this dissertation, | detail our efforts to develop pan-sarbecovirus
countermeasures with a broad spectrum. First, | will describe a de novo designed
miniprotein against the SARS-CoV-2 receptor binding domain that retained its inhibitory
functions across multiple SARS-CoV-2 variants. Then, | will delineate the potential of
receptor tropism and zoonotic spillover of a clade 3 sarbecovirus and what
countermeasures might be applicable, propelling us to prepare better for a pandemic
should there be another one from sarbecoviruses. In the final sections of the
dissertation, | will focus on the development and assessment of broad-spectrum
pan-sarbecovirus vaccines focusing on the highly conserved prefusion-stabilized fusion
machinery of sarbecoviruses. Our focus on prefusion-stabilized sarbecovirus fusion
machinery vaccines provides a roadmap for the development of next-generation
pan-sarbecovirus vaccines. Our work, collectively, highlights the importance of
sarbecovirus countermeasures and provides a foundation for developing broadly

applicable therapeutics and vaccines.
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CHAPTER 1. INTRODUCTION

1.1 Sarbecoviruses and their spike glycoproteins

Coronaviruses are enveloped, positive-strand RNA viruses that display surface
glycoproteins that infect a wide range of species including humans (V’kovski et al.,
2021). Coronavirus constitutes the Orthocoronavirinae subfamily which is divided into
four  genera: alphacoronavirus, betacoronavirus, deltacoronavirus, and
gammacoronavirus (V’kovski et al., 2021). Betacoronavirus is further divided into
subgenuses embecovirus, merbecovirus, sarbecovirus, nobecovirus, and hibecovirus.
Throughout the subsequent chapters in this dissertation, | will focus on sarbecoviruses.

Sarbecoviruses have been reported to infect several animal species such as bats
and occasionally jump species over to humans with SARS-CoV (severe acute
respiratory syndrome coronavirus, referred to as SARS-CoV-1 from here after) and
SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2) from the subgenus
causing a global outbreak in 2002 and a pandemic in 2019 implementing significant
threat on global health and economy (Boni et al., 2020; B. Liu et al., 2023). Each
spillover event resulted in over 500 and 7 million deaths worldwide, respectively, urging
the development of countermeasures against them (CDC SARS Response Timeline,
2023, COVID-19 Cases, n.d.). Furthermore, more sarbecovirus samples are being
discovered and isolated to this date with many of its host and animal reservoirs
remaining yet to be identified (Boni et al., 2020; Crook et al., 2021; Evans et al., 2023;
Seifert et al., 2022; Wells et al., 2021). Many of these newly discovered sarbecoviruses

have the potential to infect humans after undergoing a few or no mutations in their
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genome, which highlights the risk of potential zoonotic spillover (Lee et al., 2023; Seifert
et al., 2022; Starr, Zepeda, et al., 2022; Wells et al., 2021).

Sarbecovirus genome consists of several non-structural proteins (nsps) that are
involved in viral RNA synthesis and other various functions, and four structural proteins
(S: spike protein, E: envelope protein, M: membrane protein, and N: nucleocapsid
protein) that are critical for viral assembly (V’kovski et al., 2021). The spike (S)
glycoprotein is a large homotrimer glycoprotein that coats the surface of the virus,
thereby giving the virus its name Coronavirus, and is responsible for host cell
recognition, initiating viral entry into host cells (Pennington, 2004; Tortorici & Veesler,
2019). The spike glycoprotein has two key structural subunits, S; and S,. The S, subunit
that sits at the top of the spike interacts with host cell receptors and carbohydrates, and
includes the N-terminal domain (NTD, also known as domain A) and receptor binding
domain (RBD, also known as domain B). S; subunit is the most diverse region of the
spike across sarbecoviruses, resulting in a wide range of receptor tropism among
sarbecoviruses. The S, subunit, which is also known as the fusion machinery, is
anchored to the viral membrane and is responsible for triggering the fusion of the viral
membrane and the host cell membrane upon cleavage by a cellular protease at the S,’
site (Belouzard et al.,, 2009; Bosch et al.,, 2003; Kirchdoerfer et al., 2016). Spike
glycoprotein is a class 1 fusion glycoprotein, which is a type of fusion machinery that is
well represented by envelope protein (Env) gp41 of HIV-1 and hemagglutinin (HA) of
influenza virus. S, subunit has key features of class 1 fusion protein such as two heptad
repeat (HR) regions called HR1 and HR2 that will come together in space to form a

six-helix bundle structure at the end of the fusion process (Harrison, 2008; Shi et al.,
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2023). Due to the transient nature of the fusion process, fusion intermediate structures
of the spike glycoprotein are not well described. In a recent study, a group of
researchers reported an early fusion intermediate (EFIC) conformation of SARS-CoV-2
spike where HR1 ejected towards the host cell membrane before protease cleavage at
S,’ site (Xing et al., 2025). Upon activation by cellular proteases cleaving S, subunit
upstream (S, site) of the fusion peptide, S, subunits are shedded and S, subunit
undergoes dramatic conformational change from prefusion state to postfusion state,
inserting hydrophobic fusion peptide into the host cell membrane, and bringing the two
membranes together completing the fusion process (Bosch et al., 2003; Heald-Sargent
& Gallagher, 2012; Millet & Whittaker, 2015; A. C. Walls et al., 2017). Some
coronaviruses like SARS-CoV-2 spike glycoprotein harbor an additional cleavage site
between the S, and the S, subunits by furin-like proteases (S,/S, site) that is cleaved
during biogenesis of the virus (Y. Wu & Zhao, 2021; W. Zhu et al., 2023). Despite the
different characteristics of the spike glycoprotein within sarbecovirus, it is often the most
targeted and most effective viral protein when developing countermeasures against the
viruses since the spike glycoprotein in sarbecoviruses are involved in host cell

engagement and fusion.

1.2 Immune responses against viruses

Viral infections induce a complex defense mechanism in humans, which is a
sophisticated combination of a more rapid innate immunity and a relatively slower but
more specific adaptive immunity. Once a virus infects humans, the immune system

starts responding at the infection site and nearby lymph nodes or spleen (Rich et al.,
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n.d.). At the infection site, innate immunity is the first response against a virus with
antigen-presenting cells (APCs) and lymphocytes drawn to the tissue by chemokines
and cytokines. This is the first line of defense, which will slow down the viral infection to
allow time for the more specific adaptive immune response to begin.

Adaptive immune responses can be divided into two major types: humoral
immunity, driven by antibodies produced by B cells, and cellular immunity, driven by T
cells. At the site of infection, dendritic cells (DCs), in general, will bring viral antigens to
lymph nodes or spleen, where they will encounter B-cells in the B-cell follicles (Rich et
al., n.d.). Antigens on viruses interact with B-cell receptors (BCRs) that are expressed
on the surface of B cells (Janeway et al., 2001). B cells recognize the exposed surface
of an antigen. Downstream signaling produced by sufficient binding will activate
transcription factors to trigger B cell activation where some will become short-lived
plasma cells while others interact with helper T cells (CD4+ T cells) (Rich et al., n.d.).
These B cells will initiate germinal center (GC) reactions where somatic hypermutation
happens. B cells that have undergone successful affinity maturation, meaning their
BCRs have been selected to have high-affinity against the presented antigen, will either
partly become long-lived plasma cells that produce antibodies or partly become memory
B cells to provide long-term memory. T cell responses also happen within lymphoid
tissues. T cells recognize antigens through processed peptides presented by major
histocompatibility complexes (MHCs). MHC class | presents viral peptides from inside
the cell, and MHC class Il presents peptides from endocytosed extracellular antigens.

CD8+ T cells recognize virus-derived peptides presented on MHC class | and will kill
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infected cells. CD4+ T cells recognize virus-derived peptides presented on MHC class II
and primarily function as helper cells for CD8+ T cell and B cell responses.
Immunoglobulins (Ig) or antibodies are Y-shaped proteins produced by plasma
cells. Antibodies are composed of fragment antigen binding (Fab) regions, where it
recognize and bind to a specific antigen, and fragment crystallizable (Fc) region. Two
classes of antibodies to consider in immune responses against a virus are neutralizing
antibodies (nAb) and non-neutralizing antibodies. Neutralizing antibodies disrupt the
viral lifecycle mostly by binding to the viral glycoprotein that mediates entry and fusion,
thus blocking such processes. Also, they can bind to viral glycoproteins that are
expressed on the surface of infected cells and prevent progeny viruses from budding
out, which stops the spread of infection from one cell to another. Non-neutralizing
antibodies also play a critical role in in vivo protection against viruses, mainly through
their Fc region, which interacts with Fc gamma receptors (FcyRs) on effector cells to
facilitate effector functions. Fc-mediated effector functions include antibody-dependent
cell-mediated cytotoxicity (ADCC), where antibodies are bound to viral protein
expressed on the surface of infected cells and interact with FcyRIIIA to induce release
of cytotoxic granules from effector cells such as natural killer (NK) cells (van Erp et al.,
2019). These cytotoxic granules contain perforins and granzymes that kill infected cells
(van Erp et al.,, 2019). Antibody-dependent cellular phagocytosis (ADCP) is another
example of Fc-mediated effector function where phagocytic cells take up and traffick the
virus-antibody complex or antibody-coated infected cells to lysosomes for degradation
(van Erp et al.,, 2019). Complement-dependent cytotoxicity (CDC) results from C1q

molecule binding to the Fc domain of antibodies that are bound to infected cells
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expressing viral proteins, which leads to downstream cascade reactions that result in
the formation of membrane attack complexes (MACs), which create holes in membrane,

followed by subsequent cell lysis (van Erp et al., 2019).

1.3 Therapeutic miniproteins against viral pathogens

Viral inhibitors are drugs that disrupt steps in the general viral lifecycle, including
interfering with viral entry to the host cell, viral protein production and assembly, and
viral egress. De novo designed miniproteins using computational protein design has
emerged to be cutting-edge tools in various fields, such as designing
agonists/antagonists or designing viral inhibitors. Several miniproteins have been
designed and are currently being designed against multiple viral pathogens, including
HB36.6 targeting influenza haemagglutinin (Chevalier et al., 2017; Fleishman et al.,
2011; Koday et al., 2016), and cb3 targeting the RBD of MERS-CoV (Ragotte et al.,
2025). These miniproteins hold potential advantages over conventional monoclonal
antibody therapeutics. First, miniproteins, due to its small size, typically ranging around
5 kDa, allows direct intranasal administration, nebulization, or dry powder aerosol,
which can be benéeficial for treating infection with respiratory viruses. Moreover, with a
successful design engineering, miniproteins can be hyper-stable, maximizing the
delivery efficacy and eliminating the need for cold chain supply. Miniproteins can also be
rapidly produced from the design step to the manufacturing step, aided with the recent
development of computational tools. Miniproteins often exhibit picomolar affinity,

resulting in exceptionally high potency. Overall, miniproteins could hold promising
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potential as therapeutics with their high stability and maximal efficacy coming from high

potency and high local density of inhibitory domains.

1.4 Fusion machinery vaccines against viral pathogens

Vaccines are biological products that are used to elicit an immune response
against a pathogen-induced disease in a safe manner. The main goal of vaccines is to
train the adaptive immune system to recognize pathogens readily upon encounter and
confer protection against the pathogen. Vaccines are therefore composed of antigens
that are either directly from the pathogen or recombinantly produced in vitro. There are
many platforms of vaccines that have been developed, ranging from the more traditional
live attenuated vaccines to subunit vaccines, virus-like particle (VLP) vaccines, and
mRNA vaccines (Pollard & Bijker, 2021). Vaccinated individuals also develop immune
memory via memory cells that, upon reencountering the same or related pathogen, will
rapidly start producing antibodies. Vaccines can confer protection not just in vaccinated
individuals but also in unvaccinated individuals through herd immunity if enough
population in a community has been vaccinated (Pollard & Bijker, 2021). Finding the
right vaccine candidate, along with an appropriate adjuvant if needed, and optimizing
vaccination doses and schemes are key factors to consider when developing a new
vaccine candidate.

The fusion machinery of a virus is a crucial component of viral proteins that
mediates the fusion of the viral membrane and the host cell membrane. Due to its
significant functional role, it is therefore often the highest conserved part of viral proteins

across different virus variants, making it an ideal target for broad-spectrum vaccine

21


https://paperpile.com/c/423Qqb/vPWN
https://paperpile.com/c/423Qqb/vPWN

development. However, fusion machinery of a virus is frequently metastable, meaning it
readily changes conformation from a highly unstable prefusion state to an energetically
favorable postfusion state, which is often less effective as a vaccine target. Fusion
machinery that has been successfully engineered to be stabilized in prefusion
conformation will be an optimal immunogen and will elicit antibodies against the fusion
machinery, thereby locking the virus fusion protein in prefusion state and abrogating the
subsequent fusion process.

Respiratory syncytial virus (RSV) fusion protein (F) is one successful example of
developing prefusion stabilized fusion machinery vaccines. Researchers discovered
potent RSV-neutralizing antibodies that did not bind to the postfusion state but
recognized the apex of the prefusion F, unraveling a critically susceptible site on the
virus (Magro et al., 2012; McLellan, Chen, Leung, et al., 2013). RSV fusion protein was
engineered to be locked in a prefusion state by incorporating disulfide bonds and
cavity-filling mutations (McLellan, Chen, Joyce, et al., 2013). Prefusion-stabilized RSV F
protein generated potent neutralizing antibodies leading to FDA approval of Pfizer
Abrysvo and GSK Arexvy vaccines in 2023 (McLellan, Chen, Joyce, et al., 2013).

Hemagglutinin (HA) facilitates influenza virus binding and entry into host cells,
followed by membrane fusion of the virus and the host cell, making it the main target for
influenza vaccine development. The stem of HA is highly conserved across different flu
strains compared to the constantly-changing head domain and is the main target of
broadly neutralizing antibodies (Corti et al., 2011; Ekiert et al., 2009, 2011; Sui et al.,
2009; Throsby et al., 2008). However, HA is metastable in prefusion conformation,

especially in the absence of the HA head, and undergoes extensive conformational
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rearrangements when exposed to low pH, which requires extensive protein engineering
to develop an HA stem-derived immunogen (Skehel et al., 1982; Skehel & Waterfield,
1975; Wilson et al., 1981). Consequently, there have been intensive efforts in
developing a universal flu vaccine that focuses on presenting the stem of the HA in a
stabilized prefusion conformation (Impagliazzo et al., 2015; Krammer et al., 2013;
Yassine et al., 2015).

Similarly, the fusion protein Env of human immunodeficiency virus (HIV) has
been a popular target for vaccine design (Houser et al., 2022; Olia et al., 2023; Pancera
et al.,, 2014). The hurdle here is that Env is heavily glycosylated, resulting in epitopes
shielded by glycans. Env, also being highly unstable, makes it a difficult target for

vaccine design despite its high sequence identity between different HIV strains.

1.5 Severe acute respiratory syndrome coronavirus 2 pandemic and

countermeasures

Severe acute respiratory syndrome coronavirus 2, more well known as
SARS-CoV-2, emerged late 2019 in Hubei Province, China. Thereafter, it has spread
worldwide rapidly, causing the COVID-19 pandemic, resulting in over 700 million
positive cases and over 7 million deaths reported as of December 2025 (COVID-19
Cases, n.d.). SARS-CoV-2 is highly transmissible and primarily spreads through
droplets and aerosols from infected individuals, making contact with mucous
membranes in the respiratory tract of another. Once infected with SARS-CoV-2,
individuals can have symptoms varying from mild cold-like symptoms to severe

respiratory disorders and subsequent organ failures (Argenziano et al., 2020; Chu et al.,
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2005; Connors & Levy, 2020; Giamarellos-Bourboulis et al., 2020; C. Huang et al.,
2020; Lin et al., 2020; L. Mao et al., 2020).

SARS-CoV-2 interacts with host cell receptor angiotensin-converting enzyme 2
(ACE2) via spike protein RBD to enter the host cell followed by the host cell
transmembrane serine protease 2 (TMPRSS2) cleaving the S, site (upstream of fusion
peptide) to mediate fusion of the viral membrane and the host cell membrane
(Hoffmann, Kleine-Weber, & Péhlmann, 2020; Hoffmann, Kleine-Weber, Schroeder, et
al., 2020; Ou et al., 2020; P. Zhou et al., 2020). Due to its significant role in the host cell
interaction process, the spike protein has been the primary target of countermeasures
against SARS-CoV-2. All therapeutic monoclonal antibodies that have been licensed for
COVID-19 treatment target the spike protein, primarily the RBD of the spike protein, to
neutralize the virus by blocking the virus’s interaction with the host cell receptor (Corti et
al., 2021).

Accordingly, the vaccine developed to tackle SARS-CoV-2 intends to elicit
neutralizing antibodies against the spike glycoprotein. Thus, all approved vaccines for
COVID-19 composed of the spike protein or subunits of the spike protein either by
encoding the gene or delivering the spike glycoprotein as a component of the vaccine
(Chi et al., 2022). The two mRNA-LNP vaccines, mRNA-1273 from Moderna and
BNT162b from Pfizer/BioNTech, encode membrane anchored prefusion-stabilized spike
(S2P) (Jackson et al., 2020; Vogel et al., 2021). Our previous work with collaborators
resulted in the development of the protein subunit vaccine SKYCovione that utilizes
self-assembling nanoparticles that display RBD on its surface (A. C. Walls, Fiala, et al.,

2020). Another example of a protein subunit vaccine is NVX-CoV2373 from Novavax,
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which contains S2P formulated into nanoparticles (Keech et al., 2020). Ad26.COV2.S
from Janssen/Johnson & Johnson and AZ1222 from Oxford/AstraZeneca are examples
of non-replicating viral vector vaccines that deliver DNA encoding S2P and wild-type
spike, respectively (Bos et al., 2020; Folegatti et al., 2020). Other types of vaccines
include inactivated viruses such as CoronaVac from Sinovac (Efficacy Safety COVID-19
Inactivated Vaccine Healthcare Professionals Brazil: PROFISCOV Study, n.d.).

Despite all aforementioned efforts, the constant evolution of SARS-CoV-2,
especially the immune pressure on the RBD, has resulted in the emergence of variants
that carry mutations that evade therapeutic monoclonal antibodies and polyclonal
antibodies elicited by vaccines, resulting in the need for frequent updates on the
vaccines. Considering the potential zoonotic spillover events of other sarbecoviruses as
well, the necessity of developing broadly applicable sarbecovirus therapeutics and
vaccines is crucial. This is why many researchers, including ourselves, whose work will
be described in this dissertation focuses on developing vaccine candidates
concentrating on the fusion machinery of SARS-CoV-2 (Halfmann et al., 2022; Ng et al.,
2022). In our works, we target the whole ectodomain or full length of SARS-CoV-2 S,,
whereas some others concentrate on smaller domains such as fusion peptide or HR1
and HR2 (Ma et al., 2020; Maeda et al., 2021; Pang et al., 2022).

In this dissertation, | describe our efforts to develop various countermeasures
that are broadly applicable to not just SARS-CoV-2 variants, but sarbecoviruses,
focusing on SARS-CoV-1 (clade 1a), SARS-CoV-2 (clade 1b), and PRD-0038 (clade 3)

as our representative model system.
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CHAPTER 2. The computationally designed TRI2-2 miniprotein

inhibitor protects against multiple SARS-CoV-2 Omicron variants

In this chapter, | describe how previously studied de novo designed miniprotein
TRI2-2 still retains its function against multiple SARS-CoV-2 Omicron variants that are
highly immune-evasive. This study was initiated in early 2022, only a few months after
the first identification of the SARS-CoV-2 Omicron variant, and it covers representative
Omicron variants from then to up until mid 2024. In the subsequent sections, | detail
how TRI2-2 confers protection against these Omicron variants in vivo. This chapter
highlights the robustness of de novo miniprotein and its potential role as an effective

sarbecovirus therapeutics.

Adapted from: Lee, J., Case, J. B., Park, Y.-J., Ravichandran, R., Asarnow, D.,
Tortorici, M. A., Brown, J. T., Sanapala, S., Carter, L., Baker, D., Diamond, M. S., &
Veesler, D. (2026). The computationally designed TRI2-2 miniprotein inhibitor protects
against multiple SARS-CoV-2 Omicron variants. Communications Biology.

https://doi.org/10.1038/s42003-025-09499-2

2.1 Chapter Introduction

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike (S)
glycoprotein interacts with its host receptor ACE2 and initiates viral entry into cells
(Hoffmann, Kleine-Weber, Schroeder, et al., 2020; Letko et al., 2020; A. C. Walls, Park,

et al., 2020; P. Zhou et al., 2020). The emergence of SARS-CoV-2 Omicron variants at
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the end of 2021 and afterwards have reduced the efficacy of vaccines and monoclonal
antibodies, increased the number of reinfections or breakthrough infections, and led to
successive waves of global infection (Bowen, Addetia, et al., 2022; Cameroni et al.,
2022; Y. Cao et al., 2023; Tegally et al., 2022; Viana et al., 2022; A. C. Walls et al.,
2022).

We previously described a computationally-designed, homotrimeric miniprotein
inhibitor, designated TRI2-2, that binds with high avidity to SARS-CoV-2 S as a result of
simultaneously engaging all three receptor-binding domains (RBDs) within an S trimer
(L. Cao et al., 2020; Hunt et al., 2022). We showed that intranasal administration of
TRI2-2 after viral exposure protected mice from challenge with the SARS-CoV-2 Beta
and Delta variants (Hunt et al., 2022). Here, we show that TRI2-2 retains in vitro
neutralization and in vivo protective activity against virtually all Omicron variants that
have emerged for 5 years of the COVID-19 pandemic, highlighting its robustness as a

possible next-generation therapeutic.

2.2 Cross-reactivity and neutralizing activity of TRI2-2 minibinder against
SARS-CoV-2 Omicron variants

To investigate the ability of TRI2-2 to recognize SARS-CoV-2 Omicron variants
associated with recent infection waves, we assessed binding to a panel of biotinylated
RBDs immobilized on biolayer interferometry (BLI) biosensors. TRI2-2 bound to the
Wuhan-Hu-1 and Delta RBDs with single digit picomolar avidities and to the BA.1, BA.2,
BA.2.12.1, BA.2.75.2, BA.5, BQ.1.1, XBB.1.5, BA.2.86, and JN.1 variant RBDs with

nanomolar avidities. However, no binding to the KP.3 RBD was detected (Figure 2.1a
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and Figure 2.2). These data establish that TRI2-2 binds avidly (i.e. with slow off-rates)
to most Omicron variants evaluated despite accumulation of RBD mutations in the
receptor-binding motif (ACE2-binding site), which overlaps with the TRI2-2-binding site.
We subsequently tested the ability of TRI2-2 to inhibit vesicular stomatitis virus (VSV)
particles pseudotyped with the Wuhan-Hu-1 D614G, Delta, BA.1, BA.2, BA.2.12.1,
BA.2.75.2, BA.5, BQ.1.1, XBB.1.5, BA.2.86, JN.1, or KP.3 S using HEK293T target cells
stably expressing human ACE2 (Crawford et al., 2020). TRI2-2 potently neutralized all
pseudoviruses tested, in a concentration-dependent manner, with half-maximal
inhibition concentrations ranging between ~0.5 and ~5 nM except for JN.1, for which its
potency was reduced to ~300 nM and KP.3 that was not inhibited in our assay,
concurring with its lack of binding to this variant RBD (Figure 2.1b and Figure 2.3).
Comparatively, the AHB2 minibinder, which is the monomer from which TRI2-2 derives
(through genetic fusion to a trimerization motif), inhibited Wuhan-Hu-1 D614G S- and
Delta S VSV pseudoviruses but failed to block any of the Omicron variants evaluated
(Figure 2.1b and Figure 2.3). These findings demonstrate that harnessing the binding
avidity resulting from trivalent engagement of S trimers endows TRI2-2 with broadly
neutralizing activity.

We subsequently assessed the ability of TRI2-2 to inhibit syncytia formation
between cells using a split green fluorescent protein (GFP) system with Vero
E6/TMPRSS2 target cells (Vero E6 cells stably expressing TMPRSS2 and GFP (3 strand
11) and BHK-21 effector cells (stably expressing GFP B strands 1 to 10) transiently
transfected with Wuhan-Hu-1 D614G, BQ.1.1, XBB.1.5 or BA.2.86 S (Bowen, Addetia,

et al., 2022; Kodaka et al., 2015). Consistent with the broadly neutralizing activity
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observed, addition of TRI2-2 decreased S-mediated syncytia formation with all variants

tested (Figure 2.1c and Figure 2.4) (Bussani et al., 2020).

2.3 Molecular basis of TRI2-2 minibinder and SARS-CoV-2 BA.2.86 spike
interaction

To determine the molecular basis of the exceptional resilience to antigenic
changes that have emerged in the S glycoprotein of SARS-CoV-2 variants, we
determined a cryoEM structure of the BA.2.86 S trimer bound to TRI2-2 at 2.4 A
resolution (Figure 2.1d and Figure 2.5). Local refinement of the region comprising the
RBD and TRI2-2 yielded a reconstruction at 3.2 A resolution with improved local
resolution, revealing key interacting residues that are mutated or conserved in the
SARS-CoV-2 Wuhan-Hu-1 RBD and BA.2.86 RBD (Figure 2.1e). The BA.2.86 S
K417Ngsprs.cov-2 (Figure 2.1e-i) and Q498Rgars.cov-2 (Figure 2.1e-ii) mutations abolish
hydrogen bonds formed with N36.x,, and E3r;,.,, respectively, possibly contributing to
the reduced binding avidity observed for Omicron variants relative to SARS-CoV-2
Wuhan-Hu-1 and Delta. The Q498R and N501Y mutations are sterically incompatible
with the positioning of the TRI2-2 147 side chain observed in the Wuhan-Hu-1 complex
structure and leads to reorganization of the minibinder region comprising the C-terminal
part of the second helix and loop connecting to the third helix (Figure 2.1e-ii,
highlighted with black arrows). Our structure also suggests that the JN.1 L455Sgars.cov-2
residue substitution would reduce van der Waals packing at the interface with the
minibinder (Figure 2.1e-iii), thereby decreasing TRI2-2 binding avidity and

consequently neutralizing activity (Figure 2.1a-b). However, hydrogen bonds formed
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between H18:g,,., and D420gprs.cov2 (Figure 2.1e-i), H22:z,., and Y4215xrs.cov-2 (Figure
2.1e-i), E30grp., and N487sprs.cov.2 (Figure 2.1e-iii), T40gr.0/E4 1R and Q493sars.cov-2
(Figure 2.1e-iii), are conserved in the Wuhan-Hu-1 and BA.2.86 RBD complex
structures. We note that although BA.1 and BA.2 harbored the Q493R substitution
(Bowen, Addetia, et al.,, 2022; Cameroni et al.,, 2022), TRI2-2 retained potent
neutralizing activity against these variants (Figure 2.1b,f). However, the KP.3
Q493Esprs.cov.2 Mutation (Figure 2.1e-iii) would introduce charge repulsion with the
nearby E41.z,, residue (Figure 2.1e-iii), which likely explains the loss of binding and
of neutralizing activity of this variant. Contacts in several regions are remodeled by
residue changes between Wuhan-Hu-1 and BA.2.86, as revealed by our structural data.
The BA.2.86 S Y505H substitution leads to formation of a salt bridge triad with TRI2-2
residues E4 and D11, whereas D11 is salt bridged and hydrogen bonded to K403 and
N405 (which are mutated from R403 and D405 in Wuhan-Hu-1 S), respectively (Figure
2.1e-iv). Moreover, the BA.2.86 S N460Kgars.cov2 mutation replaces the hydrogen bond
formed with H22.z,., by a cation-pi interaction with the same residue (Figure 2.1e-i).
Overall, TRI2-2 buries a comparable surface at the interface with the Wuhan-Hu-1 and
the BA.2.86 RBDs despite the aforementioned residue mutations. These data explain
the retained TRI2-2 binding and neutralization of virtually all SARS-CoV-2 variants

tested despite variations within the targeted epitope that are accommodated.
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2.4 TRI2-2 minibinder therapeutically protects mice against SARS-CoV-2 BQ.1.1,
XBB.1.5, and BA.2.86

To study the protective efficacy of TRI2-2 in vivo against immune evasive
SARS-CoV-2 Omicron variants, we intranasally inoculated highly susceptible
K18-hACE2 mice (Winkler et al., 2020) with 10* FFU of BQ.1.1, XBB.1.5, or BA.2.86.
One day later, we intranasally administered a single 10 mg/kg dose of TRI2-2 or an
influenza virus control minibinder (L. Cao et al., 2022). For all variants evaluated,
post-exposure TRI2-2 treatment protected against weight loss throughout the duration
of the experiments and reduced viral titers in the lungs and nasal turbinates six days
post-challenge as compared to the control minibinder (Figure 2.6 and Figure 2.7).
These results indicate that intranasal administration of TRI2-2 confers protection against
SARS-CoV-2 challenge in a stringent model of disease with three key SARS-CoV-2

Omicron variants.

2.5 Chapter Discussion

Intramuscular vaccination results in lower neutralizing antibody titers within the
human upper respiratory tract compared to natural infection (Park, Pinto, et al., 2022;
Tang et al., 2022; Yisimayi et al., 2024). These findings, coupled with waning natural
immunity and viral antigenic changes, likely contribute to susceptibility to SARS-CoV-2
breakthrough infections. This results in the continued transmission of SARS-CoV-2
globally, and motivates the development of next-generation countermeasures that may
be administered intranasally or orally. Preclinical assessment of intranasally

administered influenza and sarbecovirus vaccine candidates demonstrated the
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induction of lung-resident protective mucosal humoral and cellular immunity at the site
of viral entry (Hassan et al., 2021; Langel et al., 2022; T. Mao et al., 2022; Oh et al.,
2021; Ying et al., 2024) and lipopeptide fusion inhibitors prevented SARS-CoV-2
direct-contact transmission in ferrets (de Vries et al., 2021). Furthermore, post-exposure
prophylaxis nasal spray administration of the SA58 monoclonal antibody in humans was
shown to markedly reduce the risk of contracting COVID-19 (R. Song et al., 2023).

The computationally-designed TRI2-2 minibinder mediates broadly neutralizing
activity and in vivo protection of mice in both the upper and lower airways against the
highly immune evasive SARS-CoV-2 BQ.1.1, XBB.1.5, and BA.2.86 variants. These
data show that TRI2-2 can accommodate residue substitutions within its epitope and
provide a molecular framework to explain the remarkable neutralization breadth of
SARS-CoV-2 variants that have emerged since the pandemic more than five years ago,
with the exception of KP.3 due to the Q493E residue mutation. TRI2-2 is therefore
endowed with exceptionally broad neutralizing activity, outperforming all monoclonal
antibodies developed against SARS-CoV-2 except VIR-7229 (Rosen et al., 2024) and
SA55 (Y. Cao, Jian, et al., 2022). Moreover, TRI2-2 has exceptional biophysical stability,
enabling cost-effective, large-scale production, setting it apart from monoclonal
antibodies that are expensive to manufacture and more challenging to scale.

Recent advances in computational protein design have markedly accelerated the
workflow enabling design and optimization of minibinders (Dauparas et al., 2022;
Pacesa et al., 2025; Watson et al., 2023; Zambaldi et al., 2024). Additionally, our
cryo-EM structure of the BA.2.86 RBD bound to TRI2-2 will guide the future design of

TRI2-2 derivative minibinders to accommodate new mutations that abrogate the binding
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between TRI2-2 and the SARS-CoV-2 KP.3 variant. The low manufacturing cost and the
rapid design workflow along with its antiviral efficacy when delivered to the upper
respiratory tract are attractive properties of minibinders that could change the drug
development paradigm against rapidly evolving respiratory viruses of public health

concern.

2.6 Methods
Cells

Cell lines used in this study were DH10B competent cells (Thermo Fisher
Scientific), HEK293T (ATCC, CRL-11268), Vero E6-TMPRSS2-GFP,; and
BHK-21-GFP1.10 gowen, Addetia, et a1, 20020 @and HEK293T cells with stable human ACE2
expression (kindly provided by Jesse Bloom) (Crawford et al., 2020). Cells were
cultured in 10% FBS (Fisher Scientific-Cytiva), 1% penicillin-streptomycin (Thermo
Fisher Scientificy DMEM at 37°C, 5% CO,. BHK-21-GFP,,, and Vero
E6-TMPRSS2-GFP,, cells were generated in-house and were cultured supplemented
with 2 pg/mL of Puromycin for BHK and 8 pg/mL of Puromycin and 4 ug/mL of
Blasticidin for Vero cells in 10% FBS (Fisher Scientific-Cytiva), 1%
penicillin-streptomycin (Thermo Fisher Scientific) DMEM at 37°C, 5% CO,. Expi293F
(Thermo Fisher Scientific) were cultured at 37°C and 8% CO,. None of the cell lines
were authenticated or tested for mycoplasma contamination.

Vero-TMPRSS2 (R. E. Chen et al., 2021) cells were cultured at 37°C in
Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum

(FBS), 10 mM HEPES pH 7.3, 1 mM sodium pyruvate, 1x non-essential-essential
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amino acids, and 100 U/mL of penicillin-streptomycin. Vero-TMPRSS2 cells were
supplemented with 5 pg/mL of blasticidin. Vero-hACE2-TMPRSS2 cells were
supplemented with 10 pg/mL of puromycin. All cells routinely tested negative for

mycoplasma using a PCR-based assay.

Production of recombinant SARS-CoV-2 S RBDs

The SARS-CoV-2 RBDs were expressed in Expi293 cells (Thermo) at 37°C and
8% CO.,. Cells were transfected with the corresponding plasmids using Expifectamine
(Thermo) following the manufacturer's protocol. Four days post-transfection,
supernatants were clarified by centrifugation at 3000 g for 30 min, supplemented with
25 mM phosphate pH 8.0, and 300 mM NaCl and then passed through a 0.22 um sterile
filter. Supernatants were then bound to 1 mL Histrap excel columns (Cytiva) previously
equilibrated in 25 mM phosphate pH 8.0, 300 mM NaCl. Nickel columns were washed
with 25 mM phosphate pH 8.0, 300 mM NaCl, and 10 mM imidazole prior to elution with
25 mM phosphate pH 8.0, 300 mM NaCl and 300 mM imidazole. After buffer
exchanging into 20 mM phosphate pH 8.0 and 100 mM NaCl using a centrifugal filter
device with a MWCO of 10 kDa, the purified RBDs were biotinylated using the BirA
biotin-protein ligase reaction kit (Avidity). The biotinylated RBD’s were bound, washed,
and eluted again on the same affinity column. Purified biotinylated RBD’s were then
concentrated and eluted on a Superdex200 increase 10/300 size-exclusion column
(Cytiva) equilibrated in 20 mM phosphate pH 8.0 and 100 mM NaCl. Fractions
containing monomeric and monodisperse RBDs were flash frozen and stored at -80°C

until use.
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Production of recombinant TRI2-2 and influenza virus minibinders

The TRI2-2 and influenza virus minibinders were cloned into pET29b between
the Ndel and Xhol restriction sites by Genscript. The TRI2-2 minibinder was cloned with
a C-terminal polyhistidine tag and the influenza minibinder was cloned with an
N-terminal polyhistidine tag
(MHHHHHHGSDDDSHKKKLEDELESLIKKARNPEARKMVEWLARKAKKAADLGNKISV
EFLLRLARQFAEASAR) (L. Cao et al., 2022). Minibinders were expressed in
Lemo21(DE3) cells (NEB) in TB Il Media (MP Bio) at 37°C with IPTG induction. After
cell harvest, pellets were resuspended in Gibco dPBS and lysed by microfluidization at
18,000 psi. Whole cell lysates were clarified by centrifugation at 18000 g for 30 minutes
and supernatants were then bound to a 5 mL Histrap Nickel Sepharose FF column
(Cytiva) previously equilibrated in Gibco dPBS supplemented with 30mM Imidazole.
Nickel columns were washed with Gibco dPBS (ThermoFisher) supplemented with
30mM imidazole prior to elution with Gibco dPBS supplemented with 500mM Imidazole.
Using a centrifugal filter device with a MWCO of 3 kDa, the IMAC fractions containing
minibinders of interest were concentrated and then further purified by size-exclusion
chromatography using an Superdex S75 Increase 10/300 GL column (Cytiva)
equilibrated in Gibco dPBS as running buffer. Fractions containing TRI2-2 or Influenza
minibinders were concentrated (as needed), filtered with a 0.2 pm filter, and then tested
for endotoxin (LAL Charles River) prior to being flash frozen and stored at -80°C until

use.
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Binding analysis using biolayer interferometry (BLI)

BLI binding assays were performed on an Octet Red (Sartorius) instrument
operated at 30°C with shaking (1000 rpm). Streptavidin biosensors were hydrated in a
10x kinetics buffer (Sartorius) for 10 min prior to the experiment. Biosensors were
incubated in a 10x kinetics buffer for 60s followed by the loading of biotinylated RBDs to
the tip, all to a final level of 1 nm. Loaded biosensors were equilibrated in a 10x kinetics
buffer for 120 s. For affinity binding assays to determine K, values, RBD-loaded tips
were dipped into a concentration series of TRI2-2 (3-fold serial dilution from 25 nM to
0.9 nM) for 300 s followed by 300 s of dissociation in a 10x kinetics buffer. Global fits
were used to calculate Ky values using a 1:1 binding fit model. Data were plotted using
GraphPad Prism. Assays were replicated with two biological replicates (recombinant
RBD proteins generated on different days) and representative graphs and values are

shown in Figure 2.2 and Table 2.1, respectively.

Production of VSV pseudoviruses

SARS-CoV-2 spike VSV pseudoviruses were produced using HEK293T cells
seeded on BioCoat Cell Culture Dish: poly-D-Lysine 100 mm (Corning). The following
day, cells were transfected with spike constructs using Lipofectamine 2000 (Thermo
Fisher Scientific) in Opti-MEM transfection medium. After 5 h of incubation at 37 °C with
5% CO,, cells were supplemented with DMEM containing 10% of FBS. On the next day,
cells were washed with three times with DMEM and infected with VSV
(G*AG-luciferase) for 2 h, followed by five washes with DMEM medium before addition

of anti-VSV G antibody (I1-mouse hybridoma supernatant diluted 1:40, ATCC
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CRL-2700) and medium. After 18-24 h of incubation at 37°C with 5% CO,,
pseudoviruses were collected and cell debris removed by centrifugation at 3,000 x g for
10 min. Pseudoviruses were further filtered using a 0.45 pm syringe filter and

concentrated 10x prior to storage at -80°C.

Neutralization assays

For SARS-CoV-2 S VSV neutralization with TRI2-2 and AHB2, HEK293T cells
with stable human ACE2 expression in DMEM supplemented with 10% FBS and 1%
PenStrep were seeded at 40,000 cells/well into 96-well plates [3610] (Corning) coated
with poly-lysine [P4707] (Sigma) and incubated overnight at 37°C. The following day, a
half-area 96-well plate (Greiner) was prepared with 3-fold serial dilutions of TRI2-2 and
AHB2 with a starting concentration of 1 uM. An equal volume of DMEM with diluted
pseudoviruses was added to each well. All pseudoviruses were diluted between 1:3 -
1:27 to reach a target entry of ~10° RLU. The mixture was incubated at room
temperature for 45-60 min. Media was removed from the cells, and 40 yL from each
well of the half-area 96-well plate containing minibinder and pseudovirus were
transferred to the 96-well plate seeded with cells and incubated at 37°C for 1 h. After 1
h, an additional 40 pyL of DMEM supplemented with 20% FBS and 2% PenStrep was
added to the cells. After 18-20 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 before reading the
relative luciferase units using a BioTek Neo2 plate reader. Relative luciferase units were
plotted and normalized in Prism (GraphPad): 0% entry being cells lacking pseudovirus

and 100% entry being cells containing virus but lacking minibinder. Prism (GraphPad)
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nonlinear regression with “[Inhibitor] versus normalized response with a variable slope”
was used to determine ICy, values from curve fits with 3 technical repeats. 3 biological

replicates were carried out for each sample-pseudovirus pair.

Fusion assays

Cell to cell fusion assay using a split-GFP system was conducted as previously
described. BHK-21-GFP.,, cells were split into 6-well plates at a density of 250,000
cells per well. The following day, the growth medium was removed from the 6-well
plates and cells were washed with DMEM followed by addition of the growth medium.
Then, the cells were transfected with 4 ug of S protein DNA using Lipofectamine 2000
transfection kit. Vero E6-TMPRSS2-GFP,, cells were plated into 96-well, glass bottom,
black-walled plates (CellVis) at a density of 36,000 cells per well. Twenty-four hours
after transfection, BHK-21-GFP,, cells expressing the S protein were washed three
times using FluoroBrite DMEM (Thermo Fisher) and detached using an enzyme-free
cell dissociation buffer (Gibco). 9,000 BHK-21-GFP,.,, cells were added to each well
with or without TRI2-2 with the 1:4 serial dilution starting from the initial concentration of
70 nM, and the mixture was incubated at 37°C and 5% CO, for 2 h before being
transferred on top of the Vero E6-TMPRSS2-GFP,, that was washed three times with
FluoroBrite DMEM. The mixture was incubated at 37°C and 5% CO, 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. Raw grayscale 16-bit images

were pseudocolored in Imaged using Green Hot Look Up Table.
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Production of recombinant SARS-CoV-2 S BA.2.86

The SARS-CoV-2 BA.2.86 hexapro S ectodomain construct includes its native
signal peptide, hexapro mutations (F817P, A892P, A899, A942P, K986P, V987P), and a
C-terminal foldon, avi tag, and a 8x histidine tag. SARS-CoV-2 BA.86 hexapro S
ectodomain was expressed in Expi293 cells (Thermo) at 37°C and 8% CO,. Cells were
transfected using Expifectamine293 (Thermo) following the manufacturer’s protocol.
Four days post-transfection, Expi293 cell supernatant was clarified by centrifugation at
4,121g for 30 min, supplemented with 25 mM phosphate pH 8.0, 300 mM NaCl.
Supernatant was then bound to His-Trap Excel column (Cytiva) previously equilibrated
in 25 mM phosphate pH 8.0, 300 mM NaCl. Nickel columns were washed with 20-40mL
of 25 mM phosphate pH 8.0, 300 mM NaCl, and 40 mM Imidazole. S protein was eluted
using 25 mM phosphate pH 8.0, 300 mM NaCl, and 300 mM imidazole prior to being
buffer exchanged to 50 mM Tris-HCI pH 8.0, 150 mM NaCl using a centrifugal filter

device with a MWCO of 100 kDa. Protein was then flash frozen and stored at -80°C.

Cryo-EM sample preparation and data collection

The SARS-CoV-2 BA.2.86 S complex with TRI2-2 at a molar ratio of 1:8 just
before the grid preparation. The cryo-EM dataset was collected over two different
sessions which were combined to be processed together. 3 uL of SARS-CoV-2 BA.2.86
S (Acro Biosystems, SPN-C524y) complex with TRI2-2 at 0.6mg/mL was added to a
glow discharged (30s at 15 mA) UltraAuFoil R1.2/1.3:Au300 grid (Russo & Passmore,

2014) prior to plunge freezing using a vitrobot MarklV (ThermoFisher Scientific) with a
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blot force of -1, wait time of 10s, and 6 sec blot time at 100 % humidity and 22°C. 3.5 yL
of SARS-CoV-2 BA.2.86 S produced following the aforementioned protein production
complex with TRI2-2 at 0.2mg/mL was added to a glow discharged (10s at 15mA)
Quantifoil 2nm C Au300 grid prior to plunge freezing using a vitrobot MarklV
(ThermoFisher Scientific) with a blot force of -1, 4 sec blot time, and 10s wait 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 energy filter, operated in zero-loss mode with a slit width of 20
eV. Automated data collection was carried out using serialEM (Mastronarde, 2005) at a
nominal magnification of 105,000x with a pixel size of 0.829 A. The dose rate was
adjusted to 53e/A%, and each movie was acquired in counting mode fractionated in 79
frames of 50ms for UltraAuFoil and 99 frames of 40ms for Quantifoil dataset,
respectively. A total of 20,217 and 15,703 micrographs were collected for each
datasets, respectively. Stage was tilted 0, 30, and 45 degrees for collection with the

UltraAuFoil grid.

Cryo-EM data processing, model building and refinement

Particles were extracted with a box size of 320 pixels with a pixel size of 1.658 A
using WARP. Two rounds of reference-free 2D classification were performed using
CryoSPARC (Punjani et al., 2017) to select well-defined particle images from each
dataset. Particles belonging to classes with the best resolved spike protein density were
selected. To improve particle picking further, we trained the Topaz (Bepler et al., 2019)

picker on Warp-picked particle sets belonging to the selected classes after 2D
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classification. The particles picked using Topaz were extracted and subjected to 2D
classification using cryoSPARC. The two different particle sets picked from Warp and
Topaz were merged and duplicate particle picks were removed using a minimum
distance cutoff of 90 A. Initial model generation was done using ab-initio reconstruction
in cryoSPARC and used as references for a heterogenous 3D refinement in
cryoSPARC. After two rounds of ab-initio reconstructions and heterogeneous
refinements to remove junk particles, 3D refinement was carried out using non-uniform
refinement in cryoSPARC (Punjani et al., 2020) and the particles were transferred from
cryoSPARC to Relion using pyem (Asarnow et al., 2019)
(https://github.com/asarnow/pyem) to be subjected to the Bayesian polishing procedure
implemented in Relion (Zivanov et al., 2019) during which particles were re-extracted
with a box size of 512 pixels and a pixel size of 1.0 A. After ab-initio reconstructions and
heterogeneous refinements to select best class, subsequent 3D refinement used
non-uniform refinement along with per-particle defocus refinement in cryoSPARC to
yield the final reconstruction at 2.4 A resolution comprising 811,069 particles. To further
improve the density at the RBD:TRI2-2 interface, 3D classification and local refinement
was performed using Relion and cryoSPARC with a soft mask comprising the RBD and
TRI2-2 yielding a reconstruction at 3.2 A resolution enabling model building. Reported
resolutions are based on the 0.143 gold-standard Fourier shell correlation (FSC)
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). To further improve the N terminus domain (NTD) density, particles

belonging to the best selected classes were subjected to another round of
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heterogeneous refinement, followed by non-uniform refinement with per-particle
defocus. Particles were then symmetry expanded following the C3 axis and local
refinement was performed using cryoSPARC with a soft mask comprising the NTD
domain yielding a reconstruction at 2.8 A resolution enabling model building. UCSF
Chimera, UCSF ChimeraX, ModelAngelo (Jamali et al., 2024), and Coot were used to fit
and rebuild atomic models into the cryoEM maps utilizing sharpened and unsharpened
maps. The models were refined and relaxed using Rosetta (Frenz et al., 2019; R. Y.-R.
Wang et al.,, 2016) and Phenix (Liebschner et al., 2019), and validated using Phenix,

Molprobity (V. B. Chen et al., 2010) and Privateer (Agirre et al., 2015).

Virus

The BQ.1.1 (hCoV-19/USA/CA-Stanford-106_S04/2022; EPI_ISL_15196219)
and XBB.1.5 hCoV-19/USA/MD-HP40900-PIDYSWHNUB/2022; EPI_ISL_16026423
strains were obtained from nasopharyngeal isolates and provided as generous gifts by
Mehul Suthar (Emory University) and Andrew Pekosz (Johns Hopkins), respectively. All
virus stocks were generated in Vero-TMPRSS2 cells and subjected to next-generation
sequencing as described previously (R. E. Chen et al., 2021) to confirm the presence
and stability of expected substitutions. All virus experiments were performed in an

approved biosafety level 3 (BSL-3) facility.

Mouse experiments

Animal 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.
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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 anesthesia that was induced and maintained with
ketamine hydrochloride and xylazine, and all efforts were made to minimize animal
suffering. We have complied with all relevant ethical regulations for animal use.
Heterozygous K18-hACE2 C57BL/6J mice (strain:
2B6.Cg-Tg(K18-ACE2)2Primn/J) were obtained from The Jackson Laboratory. All
animals were housed in groups and fed standard chow diets. For all mouse
experiments, 8-week-old female K18-hACE2 mice were administered 10* FFU of the
respective SARS-CoV-2 strains by intranasal administration. One day later, animals
were administered a single 10 mg/kg dose of influenza-specific control or TRI2-2
minibinder intranasally. All animals were monitored for body weight loss until being
humanely euthanized at the indicated time post-infection. /n vivo studies were not
blinded, and mice were randomly assigned to treatment groups. No sample-size
calculations were performed to power each study. Instead, sample sizes were

determined based on prior in vivo virus challenge experiments.

Measurement of viral RNA levels

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 10,000
rpom for 5 min and stored at -80°C. RNA was extracted using the MagMax mirVana Total

RNA isolation kit (Thermo Fisher Scientific) on the Kingfisher Flex extraction robot
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(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
SARS-CoV-2 N gene RNA in samples were determined using a previously published
assay (Case et al., 2020). Briefly, 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 probes of

500 and 100 nM, respectively.

Viral plaque assay

Vero-TMPRSS2-hACE?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. After 1 h, 1 mL of methylcellulose overlay was added. Plates were incubated for
72 h, then fixed with 4% paraformaldehyde (final concentration) in phosphate-buffered
saline (PBS) for 20 min. Plates were stained with 0.05% (wt/vol) crystal violet in 20%

methanol and washed twice with distilled, deionized water.

Statistics and reproducibility
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All statistical tests were performed as described in the indicated figure legends
using Prism 9.4.1 or 10.1.1. When comparing against control value in fusion assay, one
sample t test was performed to determine statistical significance. When comparing two
groups in viral challenge studies, a Mann-Whitney test was performed to determine
statistical significance. The number of independent experiments performed is indicated

in the relevant figure legends.

Data availability

The sharpened and unsharpened cryoEM reconstructions and atomic models of
SARS-CoV-2 BA.2.86 S in complex with TRI2-2 minibinder, SARS-CoV-2 BA.2.86 RBD
in complex with TRI2-2 minibinder, and SARS-CoV-2 BA.2.86 NTD have been
deposited in the Electron Microscopy Data Bank and the Protein Data Bank with
accession codes EMD-45972 and PDB 9CWR (SARS-CoV-2 BA.2.86 S in complex with
TRI2-2 minibinder), EMD-45969 and PDB 9CWP (SARS-CoV-2 BA.2.86 RBD in
complex with TRI2-2 minibinder), and EMD-45971 and PDB 9CWQ (SARS-CoV-2

BA.2.86 NTD).
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2.7 Figures & Tables

Figure 2.1. TRI2-2 cross-reacts with and potently neutralizes SARS-CoV-2
Omicron variants.
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(a) Binding of TRI2-2 to variant RBDs immobilized at the surface of BLI biosensors.
Means of two biological replicates (each replicate is shown as a circle) are shown as
bar graphs with lines representing SD. (b) Neutralization of SARS-CoV-2 S VSV
pseudoviruses harboring the Wuhan-Hu-1 D614G, Delta, BA.1, BA.2, BA.2.121,
BA.2.75.2, BA.5, BQ.1.1, XBB.1.5, BA.2.86, or JN.1 S. Means of three biological
replicates (each replicate is shown as a circle) rendered as bar graphs with SD. (c)
Cell-cell fusion assay between BHK21 cells expressing SARS-CoV-2 D614G, BQ.1.1,
XBB.1.5, or BA.2.86 S glycoprotein and VeroE6-TMPRSS2 cells in the absence of
TRI2-2 (control) or in the presence of 70nM TRI2-2. Each dot represents replicate from
four different biological replicates. SDs shown as lines. One sample t tests between
control and TRI2-2 treatment; ns, not significant; *p<0.05, **p<0.01, ***p<0.001,
****n<0.0001, p=0.0035 (Wuhan-Hu-1), p=0.0009 (BQ1.1), p=0.0113 (XBB.1.5),
p=0.0018 (BA.2.86). The schematic of the cell-cell fusion assay was created in
BioRender. Tortorici, A. (2026) https://BioRender.com/xjsmgd6. Scale bar: 1mm. (d-e)
CryoEM structure of TRI2-2 bound to the BA.2.86 S glycoprotein trimer (electron
potential map shown as a semi-transparent gray surface) (d) and close-up views of the
binding interface between TRI2-2 and BA.2.86 RBD compared to that obtained in
complex with the Wuhan-Hu-1 RBD (PDB 7UHB) (e) Black arrows highlight the
conformationally reorganized loop in (e-ii). (f) Amino acid sequences of the key
residues at the binding interface. Coloring scheme follows ESPript 3 (Robert & Gouet,
2014).
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Figure 2.2. Kinetic analysis of TRI2-2 binding to SARS-CoV-2 variant RBDs using

biolayer interferometry.
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Figure 2.3. Dose-response curves for neutralization of SARS-CoV-2 S variant VSV
pseudoviruses by the TRI2-2 and AHB2 miniprotein inhibitors.
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Figure 2.4. Dose-response

SARS-CoV-2 S variants.
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Figure 2.5. CryoEM data collection and refinement of TRI2-2 bound to the BA.2.86
S glycoprotein trimer.
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(a-b) Representative electron micrograph (a) and 2D class averages (b) of
SARS-CoV-2 BA.2.86 S in complex with TRI2-2. The scale bar represents 100nm (a)
and 210A (b). (c) Gold-standard Fourier shell correlation curves for the cryoEM
reconstructions. The 0.143 cutoff is indicated with a gray dashed line. Black, gray, and
blue curves correspond to the global, RBD, and NTD reconstructions, respectively. (d)
Data processing flowchart. NUR: non-uniform refinement. Masks used for local
refinement are shown in red. (e-g) CryoEM map of SARS-CoV-2 BA.2.86 S in complex
with TRI2-2 (e), locally refined map of the BA.2.86 RBD in complex with TRI2-2 (f), and
locally refined map of the BA.2.86 NTD (g) colored by local resolution as determined
using cryoSPARC.
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Figure 2.6. Post-exposure TRI2-2 administration protects mice challenged with
the SARS-CoV-2 BQ.1.1, XBB.1.5, and BA.2.86 variants.
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Nasal turbinate infectious viral titers for mice challenged with BQ.1.1 (e), XBB.1.5 (f), or
BA.2.86 (g). (h-j) Lung infectious viral titers for mice challenged with BQ.1.1 (h),
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XBB.1.5 (i), or BA.2.86 (j) (solid lines indicate median values; dotted lines indicate limit
of detection of assay, n=10 mice per group per challenge virus, two experiments;
Two-tailed Mann-Whitney test between control and TRI2-2 treatment; ****p<0.0001 (e-j).
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Figure 2.7. Quantification of viral RNA loads.
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group per virus challenge, two experiments; Two-tailed Mann-Whitney test between
control and TRI2-2 treatment; ns, not significant; *p<0.05, **p<0.01, ***p<0.001,
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***0<0.0001, p=0.0089 (a), p<0.0001 (b), p=0.4359 (c), p=0.0089 (d), p=0.0185 (e),
p=0.2176 (f), p<0.0001 (g), p<0.0001 (h), p=0.0015 (i).
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Table 2.1. Representative TRI2-2 binding kinetics and avidities (apparent affinities
denoted KD,app)

to SARS-CoV-2 variant

interferometry.
KD,app | KD,app kon kon error koff koff
(M) error (1/Ms) (1/s) error
D614G | 1.21E-12 N/A 2.86E+05 | 2.42E+02 | 3.46E-07 N/A
Delta 1.14E-12 N/A 2.59E+05 | 4.17E+02 | 2.95E-07 N/A
BA.1 9.28E-10 | 6.07E-12 | 2.84E+05 | 5.09E+02 | 2.64E-04 | 1.66E-06
BA.2 4 93E-10 | 5.82E-12 | 2.97E+05 | 5.47E+02 | 1.47E-04 | 1.71E-06
BA.2.12.1 | 8.51E-10 | 8.90E-12 | 1.37E+05 | 2.93E+02 | 1.17E-04 | 1.20E-06
BA.2.75.2 | 5.42E-10 | 6.40E-12 | 1.65E+05 | 2.67E+02 | 8.93E-05 | 1.05E-06
BA.5 3.06E-11 | 4.60E-12 | 3.25E+05 | 4.97E+02 | 9.92E-06 | 1.49E-06
BQ.1.1 | 2.10E-10 | 5.49E-12 | 1.60E+05 | 2.23E+02 | 3.36E-05 | 8.78E-07
XBB.1.5 | 6.58E-10 | 7.02E-12 | 1.60E+05 | 2.78E+02 | 1.05E-04 | 1.11E-06
BA.2.86 | 3.88E-10 | 5.79E-12 | 3.39E+05 | 6.69E+02 | 1.31E-04 | 1.95E-06
JN.1 6.19E-09 | 6.11E-11 | 2.82E+05 | 2.42E+03 | 1.75E-03 | 8.53E-06
KP.3 N/A N/A N/A N/A N/A N/A

Values shown here are calculated from the curve fit from Figure 2.2.

RBDs obtained by biolayer
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Table 2.2. CryoEM data collection and refinement statistics.

SARS-CoV-2 S | SARS-CoV-2 SARS-CoV-2
BA.2.86 in | BA.2.86 RBD in |BA.2.86 NTD
complex with | complex with
TRI2-2 minibinder | TRI2-2 minibinder
Data collection and | EMD-45972 EMD-45969 EMD-45971
processing PDB 9CWR PDB 9CWP PDB 9CWQ
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e /A?) 53.25 53.25 53.25
Defocus range (pm) -0.8 --1.8 -0.8 --1.8 -0.8 --1.8
Pixel size (A) 0.829 0.829 0.829
Symmetry imposed C1 Cc1 C1
Final particle images (no.) | 811,069 299,537 2,330,259
Map resolution (A) 2.4 3.2 2.8
FSC threshold 0.143 0.143 0.143
Map sharpening B factor | -76.2 -117.8 -91.7
(A?)
Validation
MolProbity score 1.04 0.82 1.64
Clashscore 2.21 0.79 2.33
Poor rotamers (%) 0.88 0.54 2.69
Ramachandran plot
Favored (%) 97.80 97.68 95.73
Allowed (%) 2.20 232 4.27
Disallowed (%) 0.00 0.00 0.00
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CHAPTER 3. Broad receptor tropism and immunogenicity of a clade 3

sarbecovirus

Here, | discuss the potential of zoonotic sarbecovirus spillover, focusing on a
clade 3 sarbecovirus called PRD-0038. In the following sections, | describe what factors
in PRD-0038 spike could potentially play a role in utilizing human ACE2 receptors and
their impacts on countermeasures that have already been developed against
SARS-CoV-1 and SARS-CoV-2. This study hypothesizes a zoonotic sarbecovirus
spilling over to the human population, possibly resulting in a pandemic, and emphasizes
what countermeasures could be employed for better pandemic preparedness, such as

monoclonal antibody therapeutics and vaccination schemes, should such cases arise.

Adapted from: Lee, J., Zepeda, S. K., Park, Y.-J., Taylor, A. L., Quispe, J., Stewart, C.,
Leaf, E. M., Treichel, C., Corti, D., King, N. P., Starr, T. N., & Veesler, D. (2023). Broad
receptor tropism and immunogenicity of a clade 3 sarbecovirus. Cell Host & Microbe,

31(12), 1961-1973.e11. hitps://doi.org/10.1016/].chom.2023.10.018

3.1 Chapter Introduction

Two sarbecoviruses have crossed the species barrier and spilled over to humans
in the past two decades. SARS-CoV-1 emerged in 2002 and spread worldwide through
air travel routes, leading to an epidemic with 8,098 cases and 774 deaths (Drosten et
al., 2003; Ksiazek et al., 2003). SARS-CoV-2 emerged at the end of 2019 and led to the

devastating COVID-19 pandemic that claimed millions of lives worldwide (P. Zhou et al.,
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2020; N. Zhu et al., 2020). Both viruses enter human cells via spike (S)-mediated fusion
of the viral and host membranes upon binding to the angiotensinconverting enzyme 2
(ACE2) receptor (Hoffmann, Kleine-Weber, Schroeder, et al., 2020; Letko et al., 2020;
W. Li et al., 2003; A. C. Walls, Park, et al., 2020; P. Zhou et al., 2020).

Reports of additional sarbecovirus spillovers to humans (Evans et al., 2023; N.
Wang et al., 2018) along with detection of numerous sarbecoviruses in bats and other
wild animals (Ge et al., 2013; Hu et al., 2017; Lam et al., 2020; Temmam et al., 2022;
Wacharapluesadee et al., 2021; Yang et al., 2015; P. Zhou et al., 2020) underscore the
recurrent zoonotic threat to public health posed by these viruses. The S glycoprotein of
some of these sarbecoviruses harbors a receptor-binding domain (RBD) that utilizes the
human ACE2 receptor to enter host cells, indicating that they could possibly cross the
species barrier to infect humans (Letko et al., 2020; Menachery et al., 2015, 2016; Niu
et al., 2022; Temmam et al., 2022; Wrobel et al., 2021).

Phylogenetic classification of sarbecoviruses based on their RBD sequences led
to the definition of at least four clades: clade 1a (e.g., SARS-CoV-1), clade 1b (e.g.,
SARS-CoV-2), clade 2 (e.g., RmYNO2), and clade 3 (e.g., BtKY72) (Starr et al., 2021;
Tortorici et al., 2021). Clade 3 sarbecoviruses have been identified in bats in Europe
and Africa (Alkhovsky et al., 2022; Crook et al., 2021; Drexler et al., 2010; Tao & Tong,
2019; Tong et al., 2009; Wells et al., 2021), such as BtKY72 and PRD-0038 for which
sequences were found in Kenya and Rwanda, respectively. We recently showed that
the S glycoprotein of one of them (BtKY72) could utilize two Rhinolophus affinis (R.
affinis) ACE2 alleles to promote entry into cells (Starr, Zepeda, et al., 2022).

Furthermore, two amino acid residue substitutions in the BtKY72 RBD enabled
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S-mediated entry into human ACE2-expressing cells, broadening the range of
sarbecoviruses with spillover potential (Starr, Zepeda, et al., 2022). The importance of
this observation was further underscored by the recent discovery of the clade 3
Khosta-2 virus (Alkhovsky et al., 2022), which independently acquired the ability to bind
(Starr, Zepeda, et al., 2022) and enter cells (Seifert et al., 2022) using the human ACE2
receptor. Studying the structure and functional properties of clade 3 sarbecovirus S
glycoproteins is therefore crucial to understand spillover risk and assist in pandemic
preparedness.

Here, we report that the S glycoprotein of the clade 3 sarbecovirus PRD-0038,
which is a member of the largely uncharacterized African bat-borne sarbecoviruses, has
a broad ACE2 usage and that PRD-0038 RBD mutations further expand entry receptor
tropism to additional Rhinolophus bat species and human ACE2. We determined
structures of the PRD-0038 RBD bound to Rhinolophus alcyone (R. alcyone) ACE2 and
of the PRD-0038 S trimer, explaining receptor tropism and the distinct antigenicity of
clade 3 sarbecoviruses relative to SARS-CoV-2 and SARS-CoV-1. Evaluation of a panel
of monoclonal antibodies enabled identification of PRD-0038 cross-neutralizing
antibodies that could be deployed for outbreak response. Vaccination of mice with
PRD-0038 S elicited greater titers of antibodies cross-reacting with vaccine mismatched
clade 2 and clade 1a sarbecoviruses, relative to SARS-CoV-2 S immunization,
indicating that addition of clade 3 antigens in vaccine formulations could enhance the
resilience of antibody responses to viral evolution. Our findings highlight a molecular
pathway for possible zoonotic spillover of a clade 3 sarbecovirus and the necessity of

developing pan-sarbecovirus vaccines and countermeasures.
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3.2 PRD-0038 S can utilize a broad spectrum of Rhinolophus bat ACE2 orthologs
as entry receptors

To investigate the promiscuity of clade 3 sarbecovirus host receptor usage, we
first assessed binding of a panel of Rhinolophus bat ACE2 orthologs harboring a
C-terminal human Fc fusion to the immobilized PRD-0038 RBD using biolayer
interferometry (BLI) (Figures 3.1a and 3.1b). We selected PRD-0038 as a
representative member of African bat-borne sarbecoviruses due to its more ancestral
phylogenetic positioning relative to the other two sarbecoviruses isolated on the same
continent (Starr, Zepeda, et al., 2022) (BtKY72 and PDF-2370) and the high sequence
similarity of their S glycoproteins. Our ACE2 panel comprised eight distinct Rhinolophus
sinicus (R. sinicus) alleles and two distinct R. affinis alleles, which were defined based
on polymorphisms within the region recognized by sarbecovirus RBDs (Guo et al.,
2020; Starr, Zepeda, et al., 2022) as well as R. alcyone and Rhinolophus landeri (R.
landeri) orthologs. R. sinicus Asian bats are probable reservoir hosts for SARS-CoV-1
(Ge et al., 2013), R. affinis bats have been shown to host closely related viruses to
SARS-CoV-2 (P. Zhou et al., 2020), whereas R. alcyone and R. landeri bats are found in
sub-Saharan Africa, overlapping with the regions of sampling of several clade 3
sarbecoviruses (the exact Rhinolophus species from which PRD-0038 and BtKY72
have been sampled is unknown) (Tao & Tong, 2019; Wells et al., 2021) (Figure 3.1c).
We observed the strongest binding to the PRD-0038 RBD with R. alcyone ACE2, which
exhibited the slowest dissociation kinetics in our panel (Figure 3.1a). The PRD-0038

RBD also interacted with both R. affinis ACE2s, albeit more tightly with the 9479 allele
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than the 787 allele, and with R. landeri ACE2 (Figure 3.1a). Finally, we detected binding
to four out of the eight R. sinicus alleles evaluated (Figure 3.1b).

To further evaluate receptor tropism, we pseudotyped vesicular stomatitis virus
(VSV) particles with PRD-0038 S and assessed entry into HEK293T cells transiently
transfected with the corresponding set of full-length, membrane-anchored ACE2s
(Figure 3.1d). Concurring with our binding data, R. alcyone enabled robust entry of
PRD-0038 S VSV (Figure 3.1d), in line with a previous study (Roelle et al., 2022).
Moreover, we also detected efficient entry into cells expressing R. affinis 9479 and 787
ACE2 alleles, R. landeri ACE2, and the four R. sinicus ACE2 alleles for which binding
was detected by BLI (Figure 3.1d). Collectively, these data show that PRD-0038 S
recognizes and can utilize a broad spectrum of Rhinolophus bat ACE2 orthologs as
entry receptors, including those from bat species known to be found in geographic

areas proximal to the site of PRD-0038 discovery.

3.3 Molecular basis of PRD-0038 RBD engagement of the R. alcyone ACE2
receptor

To reveal the structural determinants of ACE2 recognition by clade 3
sarbecoviruses, we determined a reconstruction of the PRD-0038 RBD bound to the
natively dimeric R. alcyone ACE2 (RaACE2) ectodomain using single-particle
cryoelectron microscopy (cryo-EM) (Figures 3.1e and 3.2; Table 3.2). Symmetry
expansion and local refinement yielded a structure at 3.2 A° resolution of the ACE2
peptidase domain bound to the RBD revealing the molecular interactions mediating

complex formation. An average surface of ~750 A°? is buried at the ACE2/RBD interface
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as compared with ~840A°2 for the complexes of human ACE2 (hACE2) bound to the
SARS-CoV-2 RBD (Lan et al., 2020) or to the SARS-CoV-1 RBD (F. Li et al., 2005). The
relative orientation of the binding partners is similar for these three structures, likely due
to the conservation of several key ACEZ2-interacting residues including
L4440r0.0038/L455sars.cove @nNd  F445p50.0036/F456sars.cov.as  L475prp-0038/L4 7 25pRs-Cov-15
Y478prp.0038 Y489sars.cov-2/ Y47 5sars-Cov-1s G485prp.0038/ G496 sprs-cov-o/ G4825ars-Cov-15
G491prp.0038/G5025prs.covo/ G488sars.cov.1,  anNd Y494 prp 0038/ Y505sars.cov-2/ Y491 sars-cov-1
(Figures 3.1f-3.1i). However, the salt bridge formed between K417g5srscov2 and
D30ace2 is absent due to substitution to V408prp.o03s and V404sars.cov.1 (Figures 3.1f,
3.1g, and 3.1j). Furthermore, the electrostatic interactions involving residues D38, ¢k
and Q42,ce, With Y449grs.cov2 and Q498gars.covz OF Y436sars.cov.1 and Y484 sars cov.1
are lost due to truncation and remodeling of the PRD-0038 433-440 loop along with
substitution of Q498gars.covz 0 T487prp.00ss (Figures 3.1f-3.1h, 3.1k, and 3.3). The
interface between T500/N501gars.cov2 (Or Y501 in currently circulating variants) and
Y41,.ace2 IS replaced by tenuous contacts between the topologically equivalent residues
T489/V490prp.003s and H41g.ace2 (Figures 3.1f, 3.1g, and 3.1k). Q493gxrs.cov-2 Optimally
interacts with K31,aceo/E35:ace2, Whereas the topologically equivalent residue
K482prp.003s IS better adapted to N31r,ace2/E35rance2, due to swapping of the position of a
positively charged amino acid side chain across the interface (Figures 3.1f, 3.1g, and
3.11). These findings concur with (1) the enhanced entry of the closely related BtKY72
RBD-harboring pseudovirus into cells expressing a human ACE2 K31D mutant relative
to wild-type ACE2 (Roelle et al., 2022); (2) the isolation of a mouse-adapted

SARS-CoV-2 isolate harboring the Q493K substitution (Leist et al., 2020) that promotes
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favorable interactions with mouse ACEZ2, the latter ortholog also possessing residues
N31/E35 (Cameroni et al., 2022; McCallum et al., 2022); and (3) the emergence of
R493¢prs.cov2 iN Omicron BA.1 and BA.2 (Cameroni et al., 2022; McCallum et al., 2022),
which was subsequently reverted to the more favorable Q493gsrs.cov2 iN subsequent
variants, likely due to relieving electrostatic repulsion with K31,.ce. (Starr, Greaney,
Stewart, et al., 2022). Overall, most of the PRD-0038 RBD binding interface with R.
alcyone ACE2 is remodeled as compared with human ACE2 bound to SARS-CoV-2 or

SARS-CoV-1, thereby explaining the shift in receptor species tropism.

3.4 PRD-0038 RBD mutations enable human ACE2 utilization and expand receptor
tropism to additional geographically relevant bat species

To investigate how viral evolution could alter the PRD-0038 receptor species
tropism for pandemic preparedness, we evaluated the impact of RBD mutations on
utilization of several ACE2 orthologs. Using BLI, we observed that human ACE2-Fc did
not bind to the wild-type PRD-0038 RBD (Figure 3.4a). However, we found that two
amino acid residue substitutions promoted binding of human ACE2-Fc to the
immobilized PRD-0038 K482Y/T487W RBD mutant (Figure 3.4a, SARS-CoV-2
numbering 493Y/498W) (Starr, Zepeda, et al., 2022), in line with their ability to enable
BtKY72 S-mediated utilization of human ACE2 (Starr, Zepeda, et al., 2022). Moreover,
we found that human ACE2-Fc interacted with the T487W RBD, albeit weakly (Figure
3.4a). We validated these findings using deep mutational scanning (DMS) of the
yeast-displayed PRD-0038 RBD showing that T487W is the only single amino acid

mutation enabling detection of human ACE2-Fc binding (Figures 3.4b and 3.5). The
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geographically relevant R. alcyone and R. landeri ACE2 orthologs exhibited enhanced
binding to the PRD-0038 T487W RBD relative to the wild-type RBD, with 1:1 binding
affinity improvements corresponding to 2- and greater than 1 order of magnitude,
respectively (Figures 3.4c and 3.4d; Table 3.3). These data concur with our DMS
measurements showing that T487W mutation had the most marked positive effect on R.
landeri ACE2 binding (Figures 3.4b and 3.5). Furthermore, the PRD-0038 T487W RBD
mutation enhanced binding to the R. affinis 787 allele as well as to the R. sinicus alleles
recognized by the wildtype PRD-0038 RBD and enabled detectable binding to the R.
sinicus WJ1 allele (Figures 3.6a and 3.6b). By contrast, the K482Y mutation was
deleterious for binding to R. alcyone, R. landeri, R. affinis, and R. sinicus ACE2
orthologs (Figures 3.4e, 3.4f, 3.5, 3.6¢c, and 3.6d). We observed that wild-type
PRD-0038 S and all three mutants (K482Y, T487W, and K482Y/T487W) promoted entry
of VSV pseudotypes in HEK293T cells transiently transfected with R. alcyone ACE2 or
with R. landeri ACE2 except for PRD-0038 K482Y S VSV that did not enter R. landeri
ACE2-expressing cells (Figures 3.4g, 3.4h, and 3.6e), suggesting that binding avidity
could overcome to some extent the observed differences in affinity. To broaden our
understanding of PRD-0038 tropism, we also examined cell entry promoted by transient
transfection of ACE2 alleles from Rhinolophus ferrumequinum (R. ferrumequinum) bats,
which are found in northern Africa, southern Europe, and southeast Asia. We observed
that R. ferrumequinum ACE2 allele XM_033107295.1 promoted entry of wild-type and
T487W PRD-0038 S VSV, whereas R. ferrumequinum ACE2 allele FJ598617.1 enabled
entry of T487W and even more so of K482Y/T487W PRD-0038 S VSV (Figures 3.4i

and 3.4j). Finally, we observed entry of PRD-0038 T487W S and even more so of
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PRD-0038 K482Y/T487W S VSV pseudoviruses in HEK293T cells stably expressing
human ACE2 (Figure 3.4k). These findings indicate that a single RBD residue mutation
is sufficient for broadening the Rhinolophus bat ACE2 tropism and for enabling
PRD-0038 S-mediated entry into cells overexpressing the human ACE2 receptor,
highlighting the possible future zoonotic risk of this virus and related clade 3

sarbecoviruses.

3.5 Architecture of the PRD-0038 S trimer

To unveil the three-dimensional (3D) organization of the clade 3 sarbecovirus
infection machinery, we determined the structure of prefusion PRD-0038 S using
single-particle cryo-EM. After 3D classification and refinement, we obtained a 2.8 A°
resolution reconstruction (Figures 3.7a, 3.7b, 3.7c, and 3.8; Table 3.2) of the trimer
with the three RBDs in the closed conformation applying C3 symmetry, as we did not
detect particle images corresponding to S trimers with open RBD conformations (Figure
3.8). We used local refinement to improve the resolution of the N-terminal domain (NTD)
within the S trimer yielding a map at 2.9 A° resolution (Figure 3.8). The final model
contains residues 18-1,125 with chain breaks between residues 667-673 and 812-830.

The overall architecture of the PRD-0038 S trimer is similar to that of
SARS-CoV-1 and SARS-CoV-2, and a PRD-0038 S protomer can be superimposed
with root-mean-square deviation values of 4.9 and 7.2 A° to SARS-CoV-1 S and
SARS-CoV-2 S with which it shares 75% and 72% amino acid sequence identity,
respectively (Figure 3.9). Glycosylation at RBD residue N360, which is present in most

sarbecoviruses except SARS-CoV-2 (position N370), has been reported to favor the

67



closed S conformation (Harbison et al., 2022; Zhang et al., 2022), which could possibly
explain the sole observation of closed PRD-0038 S trimers in our cryo-EM dataset.
However, glycosylation at this site is also present in SARS-CoV-1, which spontaneously
adopts open RBD conformations (Kirchdoerfer et al., 2018; A. C. Walls et al., 2019;
Yuan et al., 2017). The closed PRD-0038 S RBD conformation is most similar to the
linoleic acid (LA)-bound form of SARS-CoV-2 S previously described (Toelzer et al.,
2020) (Figures 3.7d and 3.9). Indeed, the conformation of the RBD helix containing
residues 354-359 (equivalent to SARS-CoV-2 residues 364-369) closely resembles that
of the linoleic acid-bound SARS-CoV-2 S (Figure 3.7d) or that of F371-harboring
SARS-CoV-2 Omicron variants (Addetia et al., 2023b; Y. Cao, Yisimayi, et al., 2022;
Park, Pinto, et al., 2022; Stalls et al., 2022). This conformation, however, is distinct from
that observed in the structure of the isolated PRD-0038 RBD bound to R. alcyone ACE2
described above (Figure 3.7e). No linoleic acid density is resolved in our cryo-EM map,
although the RBD pocket that accommodates this ligand is conserved in the PRD-0038
S structure, including residues R399 and Q400 (equivalent to SARS-CoV-2 R408 and
Q409 forming electrostatic interactions with the linoleic acid carboxylate). Instead, we
found that the Y355 side chain (equivalent to SARS-CoV-2 Y365) partially obstructs the
hydrophobic pocket, which would have otherwise been occupied by the linoleic acid
hydrocarbon tail (Figure 3.7f). The PRD-0038 S Y355 side chain rotamer resembles
that of apo SARS-CoV-2 S (PDB: 6VXX (A. C. Walls, Park, et al.,, 2020)) and apo
SARS-CoV-1 S (PDB: 5X58 (Yuan et al.,, 2017)), suggesting that this rotameric
configuration is accessible to SARS-CoV-2 Y365 and likely changes to allow linoleic

acid binding (Toelzer et al., 2020).
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3.6 Antigenicity of the PRD-0038 S trimer

To define the antigenic landscape of clade 3 sarbecoviruses, we probed binding
of a panel of monoclonal antibodies with broadly neutralizing activity against
sarbecoviruses (Park, De Marco, et al., 2022; Park, Pinto, et al., 2022; Piccoli et al.,
2020; Starr et al., 2021; Tortorici et al., 2021) and a- and - coronaviruses (Low et al.,
2022; Pinto et al., 2021; Sauer et al., 2021; Silva et al., 2023) to prefusion-stabilized
PRD-0038 S harboring the HexaPro mutations (Hsieh et al., 2020) using an
enzyme-linked immunosorbent assay (ELISA) (Figure 3.7g). We found that S2X259
(Tortorici et al., 2021) and S2X35 (Piccoli et al., 2020) (antigenic site Il) as well as
S2H97 (Starr et al., 2021) (antigenic site V) cross-reacted with PRD-0038 S, whereas
S309 (Pinto et al.,, 2020) (antigenic site 1V) bound very weakly (Figure 3.7g). The
markedly dampened S309 binding likely results from the
E340SARS-CoV-2/Q330PRD-0038 escape substitution previously identified by DMS of
the yeast-displayed SARS-CoV-2 Wuhan-Hu-1 RBD21 (Figure 3.10). The S2X324
(Park, Pinto, et al., 2022) antibody (antigenic site Ib), which neutralizes a broad panel of
SARS-CoV-2 variants and resembles LY-COV1404 (Westendorf et al., 2022),
recognizes the SARS-CoV-2 437-448 loop, which is truncated and remodeled in the
PRD-0038 RBD, explaining the lack of binding observed (Figure 3.10). The S2K146
(Park, De Marco, et al., 2022) antibody (antigenic site la), which contacts an epitope
sharing several residues with the ACE2-binding site, bound very weakly to wild-type
PRD-0038 S, whereas S2M11 (Tortorici et al., 2020) (antigenic site la) did not bind at

all, as a result of extensive RBM (receptor-binding motif) mutations (Figure 3.10).
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Nevertheless, we previously showed that S2K146 weakly neutralized VSV pseudotyped
with BtKY72 S (clade 3) harboring the K482Y/T487W mutations (SARS-CoV-2
numbering 493Y/498W) (Park, De Marco, et al., 2022), underscoring the possible
usefulness of this antibody if such mutations arose in related clade 3 sarbecoviruses.

The stem helix-targeting S2P6 (Pinto et al., 2021) antibody and the RAY53 (Silva
et al., 2023) antibody (recognizing the fusion machinery apex) cross-reacted as
efficiently with PRD-0038 S as they did with SARS-CoV-2 S, whereas the fusion
peptide-directed 76E1 (Sun et al., 2022) antibody did not, possibly as a result of the
F8233ars-cov2Y806prp.003s  €pitope mutation (which is shared with other clade 3
sarbecoviruses) along with the presence of the F800Ppgrp.o03s HexaPro stabilizing
mutation (Low et al., 2022) (Figures 3.7g and 3.10).

Consistent with the ELISA data, we found that PRD-0038 K482Y/T487W S VSV
pseudovirus was neutralized in a concentration-dependent manner by S2X259, S2X35,
and more weakly by 76E1, and the activity of the latter antibody is likely explained by
the absence of the F800Pprp.g0s HexaPro stabilizing mutation in our pseudovirus
construct (Figures 3.7g and 3.7h). Collectively, these data show that monoclonal
antibodies targeting RBD antigenic sites or fusion machinery epitopes that are
conserved across sarbecoviruses or a- and (- coronaviruses, respectively, retain
neutralizing activity against PRD-0038 and are possible candidates for pandemic

preparedness.
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3.7 Immunogenicity of the PRD-0038 S trimer

To better understand the immunogenicity of clade 3 sarbecoviruses and the
impact of their possible inclusion in next-generation vaccine candidates, we immunized
groups of six mice with three 1 mg doses of either PRD-0038 S or SARS-CoV-2 S
(Figure 3.11a), both stabilized in the prefusion conformation using the HexaPro
mutations (Hsieh et al., 2020). Serum-neutralizing activity, expressed as half-maximum
inhibition dilution (IDsy), was analyzed 2 weeks post dose 3 using VSV particles
pseudotyped with clade 1a (SARS-CoV-1), clade 1b (SARS-CoV-2/G614, BA.2, BA.5,
RaTG13) or clade 3 (PRD-0038 and Khosta-1) S glycoproteins. SARS-CoV-2
S-immunized mice had the strongest serum-neutralizing activity against
SARS-CoV-2/G614 VSV S (IDs,=8,730, vaccine-matched), which was reduced against
BA.2 S VSV (ID5s,=247) and even more so against BA.5 S VSV (IDs,=71) (Figures
3.11b and 3.12). RaTG13 S VSV (vaccine-mismatched), however, was neutralized with
almost comparable potency (IDs,=7,752) to that against SARS-CoV-2/G614 S VSV
(IDsp=8,730), whereas no neutralization of PRD-0038 S VSV and Khosta-1 S VSV clade
3 sarbecoviruses (vaccine-mismatched) was detected except for a subset of animals
with very weak neutralization (mouse 1-1, 1-3, 1-5) (Figures 3.11b and 3.12).
PRD-0038 S-immunized mice had the strongest serum neutralizing activity against
PRD-0038 S VSV (IDs,=3,634, vaccine-matched) and Khosta-1 S VSV (IDs,=863,
vaccine-mismatched), whereas we could not detect any neutralization of clade 1a and
1b pseudoviruses tested besides RaTG13 inhibition (IDs,=928) (Figures 3.11b and
3.12). Although none of the sera could block SARS-CoV-1 S-mediated entry into target

cells in standard experimental conditions, we observed very weak SARS-CoV-1 S VSV
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neutralization with greater dilution of the pseudovirus stock when using PRD-0038 S-
but not SARS-CoV-2 S-elicited sera (Figure 3.13). These results suggest that this clade
3 S trimer immunogen induced slightly more broadly neutralizing antibody responses
than SARS-CoV-2 S against a clade 1a pseudovirus.

Serum binding titers positively correlate with neutralization potency (Piccoli et al.,
2020; Robbiani et al., 2020), and the RBD is the main target of neutralizing antibodies
against vaccine/infection-matched and mismatched viruses (Bowen, Park, et al., 2022;
Greaney et al., 2021; Piccoli et al., 2020; Stamatatos et al., 2021). We analyzed binding
of selected vaccine-elicited sera to a panel of yeast-displayed RBDs spanning the
known sarbecovirus phylogenetic diversity using two mice immunized with PRD-0038 S
and four mice immunized with SARS-CoV-2 S. We selected two mice with greatest
(mouse 1-3, 1-5) and two mice with the weakest (mouse 1-4, 1-6) serum-neutralizing
activity against our panel of pseudoviruses from the group immunized with SARS-CoV-2
HexaPro S as well as two mice with the greatest SARS-CoV-1 cross-neutralization
(mouse 2-3, 2-6) from the group immunized with PRD-0038 HexaPro S (Figures 3.12
and 3.13). In line with the serum neutralization data, inclusion of an antigen in the
vaccine formulation was associated with strong cross-reactivity with vaccine-matched
and related antigens within the same clade among the sera analyzed (Figures 3.11c
and 3.14). Furthermore, PRD-0038 S immunization elicited greater titers of antibodies
cross-reacting with clade 2 and clade 1a RBDs, as well as the RsYNO4 RBD that
branches independently of the four previously known clades (H. Zhou et al., 2021),
likely explaining the weak but detectable SARS-CoV-1 neutralization (Figures 3.11b,

3.11¢c, and 3.13). These data indicate that inclusion of a clade 3 antigen in a vaccine
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formulation could not only elicit clade 3 serum-neutralizing activity but also enhance
cross-reactive (and  weakly neutralizing) antibody responses  against
vaccine-mismatched antigens from distinct clades, which could participate in protection
through direct neutralization and Fc-mediated effector functions (Adams et al., 2023;
Addetia et al., 2023b; Mackin et al., 2023; Schafer et al., 2021; Winkler et al., 2021).

To understand the molecular basis for variation in breadth of serum
cross-reactivity across mice and vaccine regimen, we mapped the dominant epitope
specificities in these six sera using yeast-displayed DMS libraries in the
vaccine-matched SARS-CoV-2 Wuhan-Hu-1 and PRD-0038 RBDs as well as in the
vaccine-mismatched SARS-CoV-2 Omicron BA.2 and SARS-CoV-1 Urbani RBDs
(Figures 3.11d and 3.15). SARS-CoV-2 S-elicited polyclonal serum antibodies
predominantly targeted the SARS-CoV-2 Wuhan-Hu-1 RBD region comprising residues
484-490, consistent with the strong antigenic pressure on this position that drove early
variant evolution at residue E484 during the COVID-19 pandemic (Freitas et al., 2021;
Fujino et al., 2021; Tegally et al.,, 2021). These residues are highly variable among
sarbecoviruses, consistent with the weaker cross-reactive breadth seen in these sera.
By contrast, PRD-0038 S-elicited polyclonal serum antibodies showed no dominant
targeting of specific PRD-0038 RBD antigenic sites, which could indicate a more
balanced binding antibody response that would be less susceptible to single amino acid
mutations. Epitope mapping to vaccine-mismatched RBDs revealed that PRD-0038 and
SARS-CoV-2 S-elicited sera contained antibodies targeting antigenic sites Il, 1V, and V
(Piccoli et al., 2020; Starr et al., 2021), which are typically recognized by subdominant

broadly-reactive and neutralizing antibodies (Jette et al., 2021; Martinez et al., 2022;
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Pinto et al., 2020; Starr et al., 2021; Tortorici et al., 2021) (Figure 3.15). However, DMS
using vaccine-mismatched RBD strains also revealed the presence of antibodies in
SARS-CoV-2 S-elicited sera that target suboptimal sites for sarbecovirus breadth. For
example, we observed strong antibody responses to the N370 glycan hole (resulting
from mutations of this glycosylation sequon in our DMS experiments) for two of the four
SARS-CoV-2-immunized mice analyzed. Antibody responses targeting this site are
elicited as a result of the absence of this oligosaccharide in the SARS-CoV-2 RBD
immunogen but its presence in all other sarbecovirus RBDs. Restoration of the N370
glycan in SARS-CoV-2 vaccines could therefore possibly limit these off-target
responses by reducing the elicitation of antibodies to this strain-specific epitope. In
conclusion, the DMS data indicate that PRD-0038 S-elicited serum antibodies analyzed
here target a broader spectrum of antigenic sites present on vaccine-matched and
mismatched RBDs than SARS-CoV-2 S-elicited antibodies, providing a molecular basis

for enhanced cross-reactivity (Figures 3.11d and 3.15).

3.8 Chapter Discussion

Coronavirus S glycoproteins are evolutionary hotspots and can acquire amino
acid substitutions, insertions, deletions, or even recombine distinct domains
(SARS-CoV-2 Evolution, Post-Omicron, 2023). These mutational changes can alter host
receptor tropism (Xiong et al., 2022), binding affinity (Bowen, Addetia, et al., 2022; Starr
et al., 2020; Starr, Greaney, Stewart, et al., 2022), entry route (Addetia et al., 2023b;
Meng et al., 2022; Willett et al., 2022), and immune evasion (Bowen, Addetia, et al.,

2022; Cameroni et al., 2022; McCallum, Bassi, et al., 2021; McCallum, De Marco, et al.,
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2021; McCallum et al., 2022; Starr, Greaney, Hannon, et al., 2022). Most mutations
occur within the RBD, which engage the host receptor and account for most of the
neutralizing activity against vaccine/infection-matched and mismatched sarbecoviruses
(Bowen, Park, et al., 2022; Greaney et al., 2021; Piccoli et al., 2020; Stamatatos et al.,
2021).

Spillover is a complex process involving multiple factors such as receptor
recognition, proteolytic S activation, immune antagonism, and contact opportunity. To
examine potential spillover pathways of clade 3 sarbecoviruses, we evaluated binding of
PRD-0038 RBD mutants to a panel of Rhinolophus bat ACE2 orthologs. Although
human ACE2 cannot serve as entry receptor for wild-type PRD-0038 S (or the closely
related BtKY72 S (Starr, Zepeda, et al., 2022)), introduction of a single amino acid RBD
mutation (T487W) enabled binding and S-mediated entry into cells expressing human
ACE2. Moreover, this point mutation broadened host receptor tropism by enabling
utilization of the geographically relevant R. landeri and R. ferrumequinum ACE2
receptors without compromising binding to R. alcyone, R. sinicus, and R. affinis ACE2
alleles. Although the T487W RBD mutation requires 3 nucleotide substitutions, these
findings point to a possible spillover pathway in which a single amino acid change
expands host receptor tropism markedly. Indeed, acquisition of R. landeri, R.
ferrumequinum (allele FJ598617.1), and human ACE2 tropism would allow PRD-0038
(and likely BtKY72 and related clade 3 viruses) to expand the geographic range of host
reservoirs that can be infected and, in turn, the likelihood of zoonotic transmission.

Broadly neutralizing antibodies with activity against sarbecoviruses (RBD-directed) and
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beyond (fusion machinery directed) inhibited PRD-0038 S-mediated entry into cells and
could be stockpiled as possible countermeasures for pandemic preparedness.

We observed that three immunizations with a clade 1b or with a clade 3
sarbecovirus S trimer predominantly elicited vaccinematched serum-neutralizing
antibody responses. We note that our neutralization data of clade 1b pseudoviruses
underscore the distinction between antigenic and genetic distance: although RaTG13
harbors a greater number of RBD mutations than Omicron BA.2 or BA.5, neutralizing
activity was higher against RaTG13 than against these SARS-CoV-2 variants, which
accumulated mutations to erode neutralizing antibody titers (Y. Cao et al., 2023; C. W.
Tan et al., 2022). Compared with SARS-CoV-2 S, we found that PRD-0038 S-elicited
polyclonal serum antibodies were more broadly reactive with vaccine-mismatched
antigens, including clades 1a and 2 RBDs, which likely account for the weak but
detectable crossneutralization of SARS-CoV-1 with sera from mice immunized with
PRD-0038 S but not with SARS-CoV-2 S. However, we also note that sera from three
SARS-CoV-2 S-immunized mice had weak but detectable neutralization against clade 3
sarbecoviruses, whereas none of the PRD-0038 S-elicited sera could neutralize the
SARS-CoV-2 S pseudoviruses tested. As non- or weakly neutralizing monoclonal and
polyclonal antibodies have been shown to participate in protection against SARS-CoV-2
challenge in small animal models through Fc-mediated effector functions (Adams et al.,
2023; Addetia et al., 2023b; Mackin et al., 2023; Schéafer et al., 2021; Winkler et al.,
2021), our findings motivate the inclusion of clade 3 and other divergent RBDs in
updated multi-antigen sarbecovirus vaccine formulations (Cohen et al., 2021, 2022;

Martinez et al., 2021; A. C. Walls et al., 2021). This would allow the elicitation of potent
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clade 3 neutralizing antibodies and cross-clade binding (and possibly neutralizing)
antibodies with maximal breadth to achieve optimal protection against continuously
evolving SARS-CoV-2 variants and sarbecoviruses found in wildlife.

The analysis of cross-reactivity of vaccine-elicited serum antibodies is based on
a small number of animals. Furthermore, there is currently no known animal challenge
model for clade 3 sarbecoviruses, and we were therefore not able to evaluate the
contribution of the broadly reactive antibody responses elicited upon PRD-0038 S

vaccination to in vivo protection.

3.9 Methods
Cell lines

Cell lines used in this study were obtained from DH10B competent cells (Thermo
Fisher Scientific), HEK293T (ATCC, CRL-11268) and Expi293F (Thermo Fisher
Scientific, A14527) except for the HEK293T cells with stable human ACE2 expression
which was kindly provided by Jesse Bloom (Crawford et al., 2020). Cells were cultured
in 10% FBS (Fisher Scientific-Cytiva), 1% penicillin-streptomycin (Thermo Fisher
Scientific) DMEM at 37°C, 5% CO,. AWY101 S.cerevisiae strain was used for yeast
surface-display experiments. None of the cell lines were authenticated or tested for

mycoplasma contamination.

In vivo animal studies

Female BALB/c mice were purchased from Envigo (order code 047) at 7 weeks

of age and were maintained in a specific pathogen free facility within the Department of
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Comparative Medicine at the University of Washington, Seattle, accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Animal experiments were conducted in accordance with the University of Washington’s

Institutional Animal Care and Use Committee.

Production of recombinant PRD-0038 RBDs

The PRD-0038 S glycoprotein sequence was obtained from Genbank
(MT726045). Both wildtype and mutant PRD-0038 RBDs (residues 318-520) were
synthesized by GenScript with an N-terminal mu-phosphatase signal peptide and
C-terminal 8x His tag, a short linker (GGSS) followed by an Avi tag in a pPCMVR plasmid
and sub-cloned with E. coli DH10B Competent cells. Expi293F cells were grown at 37°C
with 8% CO, and DNA transfections were conducted with the ExpiFectamine 293
Transfection Kit (Thermo Fisher Scientific). Cell culture supernatants were harvested
three days post transfection. RBDs were purified using nickel based affinity
chromatography using HisTrap High Performance column (Cytiva). Proteins were first
washed with 10 column volumes of a buffer containing 25mM sodium phosphate
(pH8.0) and 300 mM NaCl, before elution with 8 column volumes of a buffer containing
25 mM sodium phosphate (pH8.0), 300 mM NaCl, 500mM imidazole. Eluted proteins
were buffer exchanged into 1x PBS (137mM NaCl, 2.7mM KCI, 10mM Na2HPO4,
1.8mM KH2PO4, pH 8.0) using Amicon Ultra-15 Centrifugal Filter Unit (10 kDa)
(Millipore). Overnight biotinylation reactions were performed using the BirA
Biotin-Protein Ligase Kit (Avidity) at 4°C in 1x BiomixA, BiomixB. Biotinylated proteins

were once again affinity purified using the HisTrap column as previously described to
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get rid of BirA. Once purified, buffer exchanged into PBS, and concentrated, proteins

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

Production of recombinant ACEZ2 ectodomains

Genbank accession numbers for all ACE2s can be found in Table 3.1.
Recombinant ACE2 ectodomain constructs were synthesized by GenScript. ACE2-His
ectodomain constructs comprise of residues 19-615 with an N-terminal mu-phosphatase
signal peptide and C-terminal 8x His tag, a short GGSS linker, and an Avi tag. ACE2-Fc
ectodomain (Starr et al., 2020) constructs comprise residues 19-615 with an N-terminal
mu-phosphatase signal peptide and C-terminal fusion to a sequence encoding a
thrombin cleavage site, a short linker (GGGG) and a human Fc fragment and were
cloned in a pCMV plasmid. The native R. alcyone ACE2 ectodomain dimer comprises
residues 1-740 and a C-terminal 8x His tag, a GGSS linker and an Avi tag and was
cloned in a pCMVR plasmid. All ACE2 orthologue ectodomains were produced in
Expi293F cells at 37°C supplemented and 8% CO,. Transfections were performed with
the ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific). Cell culture
supernatants were harvested four days after transfection and proteins were purified
using HiTrap Protein A HP (Cytiva) or HisTrapHigh Performance column (Cytiva).
ACE2-Fc proteins were first washed with 10 column volumes of 20mMsodium
phosphate (pH8.0) then eluted with 0.1Mcitric acid (pH 3.0) directly into tubes
containing 1M Tris-HCI (pH 9.0). Purified proteins were buffer exchanged into PBS (pH
8.0), concentrated using Spin-X UF 20 mL Centrifugal Concentrator,

100,000MWCOMembrane (PES) (Corning), and flash-frozen. ACE2-His proteins were
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washed with 10 column volumes of a buffer containing 25 mM sodium phosphate (pH
8.0), 300 mM NacCl, then eluted with 8 column volumes of a buffer containing 25 mM
sodium phosphate (pH 8.0), 300 mM NaCl and 500 mM imidazole. Eluted proteins were
buffer exchanged into 1xPBS (pH8.0) using Amicon Ultra-15 Centrifugal Filter Unit (10

kDa) (Millipore) and flash-frozen.

Production of recombinant PRD-0038 PentaPro S, HexaPro S, and SARS-CoV-2
HexaPro S

The PRD-0038 S glycoprotein sequence was obtained from Genbank
(MT726045). Recombinant PRD-0038 S glycoprotein ectodomain (residues 16-1194)
constructs with pre-fusion stabilizing mutations (PentaPro: F800P, S882P, S925P,
K969P, V970P or HexaPro: F800P, A875P, S882P, S925P, K969P, V970P) were
synthesized by GenScript with an N-terminal mu-phosphatase signal peptide and
C-terminal short linker (SG), TEV protease site (RENLYFQ), a short linker (GGGGSG),
Foldon, 8x His tag, a short linker (GGSS) followed by an Avi tag in a pCMVR plasmid.
The SARS-CoV-2 S glycoprotein ectodomain construct comprises residues 1-1208 with
the native signal peptide, the HexaPro prefusion stabilizing mutations55 ( F817P,
A892P, A899P, A942P, K986P, VI987P), abrogation of the furin cleavage site (residues
682-685, GSAS) and a C-terminal short linker (GSG), followed by a foldon, HRV 3C site
(LEVLFQGP), a short linker (GSG), an avi tag, a short linker (GSG), an 8x his tag in a
pcDNA3.1(-) plasmid. Expi293F cells were grown at 37°C with 8% CO, and DNA
transfections were conducted with the ExpiFectamine 293 Transfection Kit (Thermo

Fisher Scientific). Cell culture supernatants were harvested four days post-transfection
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and proteins were purified using HisTrap High Performance column (Cytiva). Proteins
were first washed with 10-15 column volumes of a buffer containing 25 mM sodium
phosphate, 300 mM NaCl, 20 mM imidazole, pH 8.0, followed by elution with 10-15
column volumes using 300 mM imidazole, pH 8.0. Eluted proteins were concentrated
and buffer exchanged into 1x PBS or 1x TBS (20mMTris, 150mM NaCl, pH 8.0) using
Amicon Ultra-15 Centrifugal Filter Unit (100 kDa) (Millipore). Purified proteins were snap
frozen and stored at -80°C. Purified proteins were checked for endotoxin level using
Charles River Limulus Amebocyte Lysate (LAL) cartridges (Charles River, PTS201F).
Endotoxinfree SARS-CoV-2 HexaPro S and PRD-0038 HexaPro S were flash-frozen

and stored at -80°C until the day of immunization.

Production of PRD-0038 wild-type RBD- Natively Dimerized R. alcyone Complex

For complex formation, wild-type PRD-0038 RBD was mixed with natively
dimerized R. alcyone ACE2 His at a 4:1 molar ratio, then incubated at room
temperature for 5-10 min. Gel filtration was performed to remove excess RBD on a
Superose 6 10/300 GL column (Cytiva) equilibrated in 50mM Tris-HCI, 150mM NacCl.
Complex formation was confirmed by SDS-PAGE, and the PRD-0038 RBD- R. alcyone

ACE2 complex was snap frozen and stored at -80°C until day of grid preparation.

Binding analysis using biolayer interferometry (BLI)
BLI binding assays were performed on an Octet Red (Sartorius) instrument
operated at 30°C with shaking (1000 rpm). For biotinylated RBD and ACE2-Fc or

ACE2-His binding assays, streptavidin biosensors were hydrated in water for 10 min
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prior to the experiment. Biosensors were incubated in 10x kinetics buffer (Sartorius) for
60 s followed by the loading of biotinylated RBDs to the tip, all to a final level of 1 nm.
Loaded biosensors were equilibrated in 10x kinetics buffer for 120 s which served as
our baseline. For avidity binding assays, association with 1 mMACE2-Fc (dimeric form)
was performed for 300 s followed by 300 s of dissociation in 10x kinetics buffer. For
affinity binding assays to determine KD values, RBD-loaded tips were dipped into a
concentration series of ACE2-His (2 fold serial dilution from 100 nM to 6.25 nM for R.
alcyone ACE2-His, 3 fold serial dilution from 660 nM to 8 nM for R. landeri ACE2-His)
for 600 s followed by 600 s of dissociation in 10x kinetics buffer. Global fits were used to
calculate KD values using a 1:1 binding fit model. Data were plotted using GraphPad
Prism. Assays were replicated with three biological replicates (recombinant RBD

proteins generated on different days) and representative graphs are shown.

Production of VSV pseudoviruses

Wildtype and mutant PRD-0038 S constructs consisting of residues 1-1235 and
containing a 21 residue C-terminal deletion (del21) followed by a 3x FLAG tag were
synthesized by GenScript and placed into an HDM plasmid. VSV pseudoviruses were
produced using HEK293T cells seeded on BioCoat Cell Culture Dish : poly-D-Lysine
100 mm (Corning). Cells were transfected with PRD-0038 S-Flag constructs using
Lipofectamine 2000 (Thermo Fisher Scientific) in Opti-MEM transfection medium. After
5h of incubation at 37 °C with 5% CO,, cells were supplemented with DMEM containing
10% of FBS. On the next day, cells were infected with VSV (G*DG-luciferase) (Kaname

et al., 2010) for 2h, followed by five time wash with DMEM medium before addition of
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anti-VSV G antibody (I1-mouse hybridoma supernatant diluted 1:40, ATCC CRL-2700)
and medium. After 18-24 h of incubation at 37 °C with 5% CO,, pseudoviruses were
collected and cell debris removed by centrifugation at 3,000xg for 10 min.
Pseudoviruses were further filtered using a 0.45 mm syringe filter and concentrated
25-50x prior to storage at -80°C. Mock VSV pseudoviruses were prepared as above but

without S transfection.

Cell entry assays comparing wildtype and mutant PRD-0038 S VSV pseudoviruses
HEK293T cells were transfected with full length Rhinolophus ACE2 orthologs
using Lipofectamine 2000 (Thermo Fisher Scientific) in Opti-MEM five hours prior to
plating into 96-well plates [3610] (Corning) coated with poly-lysine [P4707] (Sigma) and
incubated 18-24 h before infection with VSV pseudoviruses. For human ACE2 entry
assays, HEK293T cells with stable hACE2 expression were plated into
poly-lysine-coated 96-well plates and incubated for 18-24h before infection with VSV
pseudoviruses. The amount of pseudovirus used for infection was adjusted using
Western Blot based on S incorporation across different mutants to use a constant input
of S. Detection of VSV backbone was performed with 1:1,000 Anti-VSV-M [23H12]
Antibody (Kerafast). Detection of 3x-FLAG tagged S was performed with 1:400
monoclonal ANTI-FLAG M2 antibody [F3165] produced in mouse (Sigma). 1:50,000
Alexa Fluor 680 AffiniPure Goat Anti-Mouse IgG [115-625-174] (Jackson
ImmunoResearch) was used as the secondary antibody. A representative Western Blot
is shown in Figure 3.6e. Genbank accession numbers for all ACE2s can be found in

Table 3.1. After 1h of infection, an additional 40 mL of DMEM supplemented with 20%
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FBS and 2% PenStrep was added to the cells. After 18-20 h, 40 mL of One-Glo-EX
substrate (Promega) was added to each well and incubated on a plate shaker in the
dark for 5 min before reading the relative luciferase units using a BioTek Neo2 plate
reader. Fold change of relative luciferase units over mock VSV were plotted in Prism
(GraphPad) with mock being cells that were not transfected with an S-encoding
plasmid. 3 biological replicates, each of which with 3 technical replicates were carried

out.

Cell entry assay for PRD-0038 S VSV with distinct Rhinolophus ACE2s

For wildtype PRD-0038 S VSV entry into HEK293T cells transfected with R.
affinis, R. sinicus, R. landeri, and R. alcyone alleles fulllength ACE2 alleles (Figure
3.1d), HEK293T cells (ATCC) were cultured in 10% FBS, 1% penicillin-streptomycin
DMEM at 37°C in a humidified 5% CO, incubator. Cells were plated 18-24 hours prior to
transfection into 96-well plates [3610] (Corning) coated with poly-lysine [P4707]
(Sigma). All transfections were performed using full-length Rhinolophus ACE2 placed
into a HDM plasmid (synthesized by GenScript). Transfection of ACE2 alleles into
HEK293T cells was performed using 0.2 mg DNA and 0.15 mL Lipofectamine 2000
(Thermo Fisher Scientific) per well in Opti-MEM. After a 5 h incubation at 37°C in a
humidified 8% CO, incubator, DMEM was added to obtain a final concentration of 10%
FBS and 1% penicillin-streptomycin. Cells were incubated at 37 C in a humidified 8%
CO, incubator for 36-48 h prior to infection. For each infection test, 2-3 technical
replicates were performed, and the assays were repeated on a second day, for a total of

4-6 technical replicates. Three biological replicates (pseudovirus generated on different
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days) were used for cell entry and each point shown represents the mean fold change
for each biological replicate. Results were plotted using Graphpad Prism (Figure 3.1d).

Genbank accession numbers for all ACE2s can be found in Table 3.1.

Cryo-EM sample preparation and data collection

Cryo-EM grids of PRD-0038 PentaPro S were prepared using two separate
methods and data were combined during data processing. The first dataset was
collected from the grids prepared using a reverse grid-blotting method. 3 mL of sample
was added to the carbon side of a glow discharged C-flat R2/2 copper grid and 1mL
was added to the back side before addition of 1 mL of CHEMS lipid dissolved in
chloroform on the front side. The sample was allowed to sit on the grid for 1 minute and
then manually blotted from the back side using a strip of Whatman #1 filter paper and
plunged into liquid ethane. The second dataset was collected from a lacey carbon grid
with a thin home-made continuous carbon layer. 3 mL of 0.15 mg/mL PRD-0038
Pentapro S was loaded onto the glow discharged (6s at 20mA) grid followed by plunge
freezing using a vitrobot MarklV (ThermoFisher Scientific). The grid was blotted with a
blot force of -1, 3 second blot time, and 10 second wait time before the plunge freeze at
100% humidity and 25°C. For the PRD-0038 RBD-ACE2 complex, grids were prepared
by applying 3 mL of 4 mg/ml PRD-0038 RBD bound to the R. alcyone ACE2 dimer with
7 mM CHAPSO (Anatrace) were applied and blotted twice as previously described
(Snijder et al., 2017), onto freshly glow discharged R 2/2 UltrAuFoil grids prior to plunge
freezing using a vitrobot MarklV (ThermoFisher Scientific) with a blot force of 0 and 5

sec blot time at 100 % humidity and 22°C. Data were acquired using an FEI Titan Krios
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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 collection was carried out using Leginon (Suloway et
al., 2005) at a nominal magnification of 105,000x with a pixel size of 0.843 A°. The dose
rate was adjusted to 15 counts/pixel/s, and each movie was acquired in counting mode
fractionated in 75 frames of 40 ms. A total of 2,482 and 11,743 micrographs were

collected for the PRD-0038 S and PRD-0038 RBD-ACE2 datasets, respectively.

Cryo-EM data processing, model building and refinement

Motion correction, contrast-transfer function (CTF) parameter estimation,
automatic particle picking, and extraction were performed using Warp (Tegunov &
Cramer, 2019) for each data set. For the PRD-0038 S structure, particle images were
extracted with a box size of 260 pixels with a pixel size of 1.686 A°. After two rounds of
2D classification using cryoSPARC (Punjani et al., 2017), well-defined particles were
selected and particles from each dataset were combined and binned to a box size of
130 pixels with a pixel size of 3.372 A° for subsequent 3D classification using Relion
(Scheres, 2012b; Zivanov et al., 2018) with 50 iterations (angular sampling 7.5 for 25
iterations and 1.8 with local search for 25 iterations). 103,347 particles were selected
and re-extracted with a box size of 260 and pixel size of 1.686 A° for cryoSPARC
non-uniform refinement (Punjani et al., 2020) with C3 symmetry and further subjected to
Bayesian polishing (Zivanov et al., 2019) in Relion. Finally, another round of
non-uniform refinement with C3 symmetry and optimized per-particle defocus was

carried out to the polished particles. To improve the density of the NTD, we used
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symmetry expansion and local refinement using cryoSPARC. For the PRD-0038 RBD -
R. alcyone ACE2 structure, two rounds of reference-free 2D classification were
performed using cryoSPARC to select well-defined particle images. These selected
particles were subjected to two rounds of 3D classification with 50 iterations each
(angular sampling 7.5for 25 iterations and 1.8with local search for 25 iterations) using
Relion with an initial model generated with ab-initio reconstruction in cryoSPARC. 3D
refinements were carried out using non-uniform refinement along with per-particle
defocus refinement in CryoSPARC. To improve the density of the RBD-ACE2 dimer, the
particles were subjected to cryoSPARC heterogeneous refinement. Particles belonging
to classes with the best resolved RBD-ACE2 density were selected and subjected to the
Bayesian polishing procedure 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 RBD-ACE2
domains, the particles were symmetry expanded and subjected to focus 3D
classification without refining angles and shifts using a soft mask encompassing the
RBD and monomer ACE2 using a tau value of 40 in Relion. Particles belonging to
classes with the best resolved RBD-ACE2 density were selected and then subjected to
local 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) 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). UCSF Chimera

(Pettersen et al., 2004), UCSF ChimeraX (Goddard et al., 2018), and Coot (Emsley et
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al., 2010) were used to fit atomic models into the cryoEM maps. S and RBD-ACE2
models were refined and relaxed using Rosetta (Frenz et al., 2019; R. Y.-R. Wang et al.,
2016) using sharpened and unsharpened maps and validated using Phenix (Liebschner
et al.,, 2019), Molprobity (V. B. Chen et al., 2010) and Privateer (Agirre et al., 2015).

Analysis of interface residues was assisted by PISA (Krissinel & Henrick, 2007).

Monoclonal antibody ELISAs

For PRD-0038 HexaPro S and SARS-CoV-2 HexaPro S ELISAs, 30 ml of the
proteins at 3 mg/mL were plated onto 384-well Nunc Maxisorp plate (ThermoFisher,
464718) in 1x TBS and incubated 1h at 37°C followed by slap drying and blocking with
80 mL of Casein for 1 h at 37°C. After incubation, plates were slap dried and 1:4 serial
dilutions of the corresponding mAbs starting from 0.1 mg/ml were made in 30 ml TBST,
added to the plate and incubated at 37°C for 1 h. Plates were washed 4x in TBST and
30 ml of 1:5,000 Goat anti-Human IgG Fc Secondary Antibody, HRP (Thermo Fisher,
A18817) or Goat anti-Syrian Hamster IgG (H+L) Secondary Antibody, HRP (Thermo
Fisher, PA1-28823) were added to each well and incubated at 37°C. After 1 h, plates
were washed 4x in TBST and 30 ml of TMB (SeraCare) was added to every well for 2
min at room temperature. Reactions were quenched with the addition of 30 ml of 1N
HCI. Plates were immediately read at 450 nm on a BioTek Neo2 plate reader and data
plotted and fit in Prism 9 (GraphPad) using nonlinear regression sigmoidal, 4PL, X is the

concentration to determine EC4, values from curve fits.
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Deep mutational scanning for mutational effects on ACE2 binding
The complete deep mutational scanning pipeline can be found at:

https://qithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/summary/summar

y.md. Deep mutational scanning libraries for sarbecovirus strains including PRD-0038
and SARS-CoV-1 Urbani were constructed as previously described (Starr, Greaney,
Hannon, et al., 2022). Briefly, site-saturation mutagenesis libraries spanning all RBD
positions were produced by Twist Bioscience (or NNS mutagenesis for positions that
failed Twist mutagenesis), tagged with an N16 barcode, and cloned into a yeast display
vector backbone via Gibson Assembly. Libraries were electroporated into E. coli and
plated at a target bottleneck of 40,000 unique barcodes per library to overrepresent the
4,000 possible amino acid mutations. Colonies were scraped from each transformation
plate, library plasmid purified, and transformed into the AWY101 S. cerevisiae strain
(Wentz & Shusta, 2007) for yeast surface display experiments. Library plasmids were
sequenced using a PacBio Sequel lle to generate long sequence reads spanning the
N16 barcodes and RBD coding sequence. Raw CCS reads are available on the NCBI
Sequence Read Archive, BioProject PRJNA962117, BioSample SAMN34384156.
Reads were processed using alignparse (version 0.2.4) (Crawford & Bloom, 2019) to
generate a table linking each N16 barcode to its unique RBD mutant, available at:

https://qithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/variants/codon va

riant_table PRD0038.csv and

https://qgithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/variants/codon va

riant_table SARS1.csv. The RBD expression level and ACE2-binding avidity of each

RBD mutant was determined via high-throughput FACS-seq assays as previously
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described (Starr, Greaney, Hannon, et al., 2022). ACEZ2-binding titrations were
performed by incubating induced yeast-display libraries with a concentration series of
dimeric ACE2 ligands from 10 to 10" M at 1-log intervals, plus a 0 M ACE2 sample,
with samples equilibrated overnight at room temperature with mixing. Yeast were
washed with PBS-BSA (0.2 mg/L), labeled with 1:100 FITC-conjugated chicken
anti-Myc (Immunology Consultants CMYC-45F) to detect yeast-displayed RBD and
1:200 PE-conjugated streptavidin (Thermo Fisher S866) or goat anti-human-lgG
(Jackson ImmunoResearch 109-115-098) to detect binding of biotinylated (human, Acro
Biosystems H82E6) or Fc-tagged (R. alcyone, R. landeri) ACE2. For each titration
sample, RBD+ yeast were fractionated into four bins of PE fluorescence (ACE2
binding), grown overnight, plasmid isolated, N16 barcode amplified, and barcodes
counted via high-throughput sequencing on an lllumina NextSeq. RBD expression was
measured by sorting cells into four bins on the basis of Myc-FITC labeling, followed by
outgrowth, plasmid isolation, N16 barcode amplification, and sequencing. Sequencing
reads are available on the NCBI Sequence Read Archive, BioProject PRINA962117,
BioSample SAMN34384823. Demultiplexed Illumina barcode reads were aligned to
library barcodes using dms_variants (version 0.8.9), yielding a table of counts of each
barcode in each FACS bin which is available at

https://qithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/counts/variant co

unts.csv.gz. Reads were downweighted by the ratio of total sequence reads from a bin
to the number of
cells sorted into that bin. For each barcode, we inferred the apparent dissociation

constant for avid binding (KD,app) by fitting the standard non-cooperative Hill equation
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to the mean FACS bin of a barcode variant as a function of ACE2 concentration. For
each barcode, expression was determined via a maximum likelihood estimator of
log-MFI based on the distribution of barcode counts across FACS bins and the known
fluorescence boundaries of those bins. The computational pipelines for computing
per-barcode binding constants and expression phenotypes are available at:

https://qithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/summary/compute

binding_ Kd _huACE2.md and

https://github.com/tstarrlab/SARSr-CoV-RBD_DMS/blob/main/results/summary/compute

expression_meanF.md. Because most mutants in the library were independently

associated with more than one N16 barcode, we derived the final mutant phenotype as
the average of per-barcode measurements, as computed at:

https://qithub.com/tstarrlab/SARSr-CoV-RBD DMS/blob/main/results/summary/collapse

barcodes_lib40_41.md. The final per-mutant deep mutational scanning phenotypes
are available at:

https://github.com/tstarrlab/SARSr-CoV-RBD_DMS/blob/main/results/final_variant_scor

es/final variant scores lib40 41.csv.

Immunogenicity

Prior to each immunization, immunogens (endotoxin-free SARS-CoV-2 HexaPro
S or PRD-0038 HexaPro S) were diluted to 20 mg/mL in 1x TBS (20mM Tris, 150mM
NaCl, pH 8.0) and mixed with 1:1 vol/vol AddaVax (InvivoGen vac-adx-10) to reach a
final dose of 1 mg of immunogen per injection. At 8 weeks of age, 6 mice per group

were anesthetized and injected intramuscularly in the quadriceps with 50 mL of
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immunogen per leg, 100mL total at weeks 0, 3, and 6. Mice were bled via the submental
route at weeks 0, 2, 5, and 8. Blood was collected in serum separator tubes (BD #
365967) and rested for 30 min at room temperature for coagulation. Serum tubes were
then centrifuged for 10 min at 2,000 x g and serum was collected and stored at -80°C

until use.

Neutralization assays

For mAb neutralization against SARS-CoV-2 S VSV and PRD-0038 S
K482Y/T487W VSV, HEK293T cells with stable human ACE2 expression in DMEM
supplemented with 10% FBS and 1% PenStrep were seeded at 40,000 cells/well into
96-well plates [3610] (Corning) coated with poly-lysine [P4707] (Sigma) and incubated
overnight at 37°C. After 16-20h of incubation, a half-area 96-well plate (Greiner) was
prepared with 1:5 serial dilutions of S2X259 and S2X35 starting from 0.1 mg/ml in
DMEM, and 1:3 serial dilutions of 76E1 starting from 0.5 mg/ml in DMEM, for a total of
22 mL per well. An equal volume of DMEM with diluted pseudoviruses was added to
each well. All pseudoviruses were diluted between 1:3-1:27 to reach a target entry of
10° RLU. The mixture was incubated at room temperature for 45-60 minutes. Media was
removed from the cells and 40 mL from each well of the half-area 96-well plate
containing mAb and pseudovirus were transferred to the 96-well plate seeded with cells
and incubated at 37°C for 1h. After 1h, an additional 40 mL of DMEM supplemented
with 20% FBS and 2% PenStrep was added to the cells. After 18-20h, 40 mL of
One-Glo-EX substrate (Promega) was added to each well and incubated on a plate

shaker in the dark for 5 min before reading the relative luciferase units using a BioTek
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Neo2 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 mAb. Prism (GraphPad) nonlinear regression
with “[inhibitor] versus normalized response with a variable slope” was used to
determine IC5, values from curve fits with 2 technical repeats. 3 biological replicates
were carried out for each mAb. For SARS-CoV-2 D614G S VSV,88 BA.2 SVSV, BA5 S
VSV,75 RaTG13 S VSV,84 and SARS-CoV-1 S VSV (Millet & Whittaker, 2016)
neutralization, HEK293T cells with stable human ACE2 expression in DMEM
supplemented with 10% FBS and 1% PenStrep were seeded at 40,000 cells/well into
96-well plates [3610] (Corning) coated with poly-lysine [P4707] (Sigma) and incubated
overnight at 37°C. For PRD-0038 S VSV and Khosta-1 S VSV neutralization, HEK293T
cells were transfected with full length R. alcyone ACEZ2 using Lipofectamine 2000
(Thermo Fisher Scientific) in Opti-MEM five hours prior to plating into 96-well plates
[3610] (Corning) coated with poly-lysine [P4707] (Sigma) and incubated overnight at
37°C. The following day, a half-area 96-well plate (Greiner) was prepared with 3-fold
serial sera dilutions (starting dilutions determined for each serum and pseudovirus, 22
WL per well). An equal volume of DMEM with diluted pseudoviruses was added to each
well. All pseudoviruses were diluted between 1:3-1:27 to reach a target entry of 10°
RLU. The mixture was incubated at room temperature for 45-60 minutes. Media was
removed from the cells and 40 mL from each well of the half-area 96-well plate
containing sera and pseudovirus were transferred to the 96-well plate seeded with cells
and incubated at 37°C for 1h. After 1h, an additional 40 mL of DMEM supplemented

with 20% FBS and 2% PenStrep was added to the cells. After 18-20h, 40 mL of
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One-Glo-EX substrate (Promega) was added to each well and incubated on a plate
shaker in the dark for 5 min before reading the relative luciferase units using a BioTek
Neo2 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 sera. Prism (GraphPad) nonlinear regression
with “log[inhibitor] versus normalized response with a variable slope” was used to
determine IDs, values from curve fits with 3 technical repeats. 3 biological replicates

were carried out for each sample-pseudovirus pair.

Breadth- and epitope-mapping of vaccine sera via deep mutational scanning
The complete serum deep mutational scanning pipeline is described

https://qithub.com/tstarrlab/SARSr-CoV MAP PRD0038-vaccine/blob/main/results/sum

mary/summary.md. Binding of serum was evaluated against deep mutational scanning

pools for PRD-0038 and SARS-CoV-1 whose construction is described above,
previously published deep mutational scanning pools for SARS-CoV-2 Wuhan-Hu-1
(Starr, Greaney, Hannon, et al., 2022) and Omicron BA.2 (Starr, Greaney, Stewart, et
al., 2022), and a previously published pan-sarbecovirus panel (Starr, Zepeda, et al.,
2022) that was supplemented with additional newly described sarbecovirus and
SARS-CoV-2 variants. Serum was first depleted of non-specific yeast-reactive
antibodies as previously described (Greaney et al., 2022). Yeast-display RBD libraries
were pooled, induced for yeast surface expression, and labeled with serum at 1:100,
1:1000, 1:10,000, and 1:100,000 dilutions for one hour at room temperature. Yeast were

washed with PBS-BSA and labeled with secondary Myc-FITC antibody and

94


https://github.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/summary/summary.md
https://github.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/summary/summary.md
https://paperpile.com/c/423Qqb/odow
https://paperpile.com/c/423Qqb/pYn2
https://paperpile.com/c/423Qqb/pYn2
https://paperpile.com/c/423Qqb/5F38
https://paperpile.com/c/423Qqb/5F38
https://paperpile.com/c/423Qqb/G5Pj

APC-conjugated goat anti-mouse-lgG (Jackson ImmunoResearch 115-605-008). As
with ACE2-binding titrations, libraries were then partitioned into four bins of serum
binding on a BD FACSAria, collecting a minimum of 6 million RBD+ cells per sample
concentration across the four bins. Cells were grown post-sort, plasmid purified, N16
barcode amplified, and sequenced on an lllumina NextSeq. Raw lllumina sequencing
data is available from the NCBI Sequence Read Archive, BioProject PRINA714677,
BioSample SAMN36715819. Barcode reads were mapped to library barcodes, with raw
counts found at:

https://qithub.com/tstarrlab/SARSr-CoV MAP PRD0038-vaccine/blob/main/results/cou

nts/variant_counts.csv. For each library barcode, an area under the curve (AUC) metric

was derived from its distribution of sequence reads across sort bins. First, the strength
of serum binding to each barcode at each serum dilution was determined as the simple
mean bin from cell counts

across integer-weighted bins, and subtracted by background mean bin determined from
a sort from yeast libraries not incubated with sera. Any barcode with less than 3 cell
counts at any sample concentration was eliminated from analysis. An AUC metric was
then calculated from the relationship between mean bin and serum dilution. AUC
calculation can be found at:

https://qithub.com/tstarrlab/SARSr-CoV MAP PRD0038-vaccine/blob/main/results/sum

mary/compute_ AUC.md, and per-barcode AUC metrics are available at:

https://qithub.com/tstarrlab/SARSr-CoV. MAP PRD0038-vaccine/blob/main/results/bc s

era_binding/bc_sera_binding.csv. We then computed the per-variant AUC as the robust

mean of replicate barcodes linked with the identical RBD variant, by taking the mean
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per-barcode AUC after trimming tails of the top and bottom 2.5% of AUC values among
the replicate barcodes. Because mutations that disrupt RBD expression artifactually
decrease serum binding, we applied two final filters: first, we censored the AUC
measurement for any mutant with a measured impact on RBD expression of greater
than one log-MFI unit (RBD expression < -1) from DMS measurements described
above; and second, we derived a normalization constant from the slope of the linear
model relating serum AUC and expression globally across all library variants for variants
with expression >-1, and normalized our raw AUC measurements by this constant. The
final variant derivation can be found at:

https://github.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/sum

mary/collapse_barcodes_SARSr-DMS.md, and final per-variant serum-binding values

are available at:

https://github.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/final

variant scores/final variant scores wis.csv and

https://github.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/final

variant scores/final variant scores dms.csv.
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3.10 Figures & Tables

Figure 3.1. The clade 3 PRD-0038 sarbecovirus has a broad Rhinolophus bat
ACE2 tropism.

a PRD-0038 RBD WT, bat ACE2 Fc b PRD-0038 RBD WT, bat ACE2 Fc 1
. ACE2: 24 27 30 31 34 35 38 41 42 45 83 330 353 355

HumanACE2 Q T D K H E D Y Q L Y N K D
R. alcyone ACE2 L I DNS ENWHQL F NKD
DDS ANYQL F NKD

:hACE2

Y‘ﬁ\\an )

3 ' /
N / S [
| | — ( NaT9— /
S Q493 - u\_J/

W -~

(a and b) BLI binding analysis of R. affinis, R. alcyone and R. landeri (see also Table
3.1) (a) or R. sinicus (b) ACE2-Fc alleles at a concentration of 1 uM to the biotinylated
PRD-0038 RBD immobilized on streptavidin biosensors. Baselines represent
non-specific binding of non-coated streptavidin biosensors to 0.25 yM ACE2 Fc. (c)
Known geographic distribution of R. alcyone and R. landeri bats in sub-saharan Africa
(https://www.iucnredlist.org/). The yellow area indicates the site of PRD-0038 sampling
(Rwanda). (d) Entry of VSV pseudotyped with wildtype PRD-0038 S in HEK293T cells
transiently transfected with the indicated Rhinolophus bat ACE2 orthologs. Each point
represents the average of technical duplicates from each biological triplicate. Means
and standard deviations shown as bars and error bars. (e) CryoEM structure of the
PRD-0038 RBD bound to R. alcyone ACE2. N-linked glycans are shown as dark blue
spheres and labeled with the corresponding asparagine residue number. The dotted
gray boxes highlight regions with major structural deviations from SARS-CoV-2 (see
also Figure 3.3) (f-h) Close-up views of the interface between the PRD-0038 RBD and
R. alcyone ACE2 (f, pink and blue, respectively), the SARS-CoV-2 RBD and human
ACE2 (g, gray and green, respectively, PDB ID 6M0J (Lan et al., 2020)) and the
SARS-CoV-1 RBD and human ACE2 (h, gold and green, respectively, PDB ID 2AJF (F.
Li et al.,, 2005)). Key conserved residues at the interface are rendered as sticks. (i)
Sequence alignments of the key ACE2 and RBD residues at the binding interfaces.
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Numberings used are for human ACE2 (black), SARS-CoV-2 (gray), and PRD-0038
(pink) (see also Table 3.1). (j-1) Close-up views of selected key contact residues at the
interface between the PRD-0038 RBD and R. alcyone ACEZ2, the SARS-CoV-2 RBD
and human ACE2 and the SARS-CoV-1 RBD and human ACEZ2 colored as in panel ().
Panel (j) shows that the salt bridge formed between K4175srscove and D30, ace» is
absent due to substitution to V408prp.op3s and V404gars.cov.1- Panel (k) shows that the
electrostatic interactions involving residues D38, ace. and Q42,ace2 With Y4495,rs.cov-2
and Q498gsrs.cov2 OF Y436sprs.cov.t and Y484g,rs.covqare lost due to truncation and
remodeling of the PRD-0038 433-440 loop along with substitution of Q498gxrs.cov2 tO
T487prp-003s Panel (1) shows that Q493gars.cov.2 Optimally interacts with K31,4ceo/ E35nace2
whereas the topologically equivalent residue K482.xp0035 IS better adapted to
N31raace2/E35rance2 due to swapping of the position of a positively charged amino acid
side chain across the interface.
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Figure 3.2. CryoEM data collection and refinement of the dimeric R. alcyone
ACE2-bound PRD-0038 RBD complex (related to Figure 3.1).
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(a and b) Representative electron micrograph (a) and 2D class averages (b) of -the
dimeric R. alcyone ACE2-bound PRD-0038 RBD embedded in vitreous ice. The scale
bar represents 100 nm (a) or 100 A (b). (c) Gold-standard Fourier shell correlation
curves for the final cryoEM reconstructions of the dimeric-ACE2/RBD complex (solid
gray line) and locally refined ACE2/RBD (solid black line) shown in (d). The 0.143 cutoff
is indicated with a gray dashed line.
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(d) Local resolution map calculated using CryoSPARC and plotted onto the sharpened
cryoEM map. (e) Data processing flowchart. CTF: contrast transfer function; NUR:
non-uniform refinement.
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Figure 3.3. Structural distinctions between the PRD-0038, SARS-CoV-2 and
SARS-CoV-1 RBDs near the ACE2-binding interface (RBM) (related to Figure 3.1).
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(a) Ribbon diagrams showing a superimposition of the R. alcyone ACE2-bound
PRD-0038 RBD (pink) superimposed to the human ACE2-bound SARS-CoV-2 RBD
(gray, PDB 6MO0J (Lan et al., 2020)) and SARS-CoV-1 RBD (gold, PDB 2AJF (F. Li et
al., 2005)) structures (ACE2s not shown for clarity). Insets: close-up views of two RBM
regions. (b) Amino acid sequence alignment of the SARS-CoV-2, SARS-CoV-1, and
PRD-0038 RBD regions highlighted in the insets shown in panel (a). - indicate deletions.
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Figure 3.4. PRD-0038 RBD amino acid mutations broaden receptor tropism.
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(a) BLI binding analysis of 1 yM dimeric hACE2-Fc to biotinylated wildtype and mutant
PRD-0038 RBDs immobilized on streptavidin biosensors. (b) DMS heatmaps of change
in binding avidity to several ACE2-Fc orthologs caused by all possible mutations of the
PRD-0038 RBD residues K482 and T487. An interactive version of the DMS data can
be found at https://tstarrlab.qgithub.io/SARSr-CoV-RBD DMS/RBD-heatmaps delta/. (c)
BLI binding analysis of various concentrations of monomeric R. alcyone ACE2 to
biotinylated wildtype (left) and T487W (right) PRD-0038 RBDs immobilized on
streptavidin biosensors. (d) BLI binding analysis of various concentrations of monomeric
R. landeri ACE2 to biotinylated wildtype (left) and T487W (right) PRD-0038 RBDs
immobilized on streptavidin biosensors. (e) BLI binding analysis of 1 uM dimeric R.
alcyone ACE2-Fc to biotinylated wildtype and mutant PRD-0038 RBDs immobilized on
streptavidin biosensors. (f) BLI binding analysis of 1 uM dimeric R. landeri ACE2-Fc to
biotinylated wildtype and mutant PRD-0038 RBDs immobilized on streptavidin
biosensors. (g-k) Entry of VSV pseudotyped with wildtype and mutants PRD-0038 S
into HEK293T cells transiently transfected with R. alcyone ACE2 (g), R. landeri ACE2
(h), R. ferrumequinum XM_033107295.1 (i, XM), R. ferrumequinum FJ598617.1 (j,
FJ5), or stably expressing human ACE2 (k). See methods section and Figure 3.6e for
VSV S pseudotype normalization details.
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Figure 3.5. Heatmaps of change in ACE2-binding avidity resulting from RBD
mutations determined by DMS (related to Figure 3.4).
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(a) Change in ACE2-binding avidity for hACE2, R. alcyone ACE2, and R. landeri ACE2
(delta-log,oKp,apparent). Residue numbering corresponds to SARS-CoV-2.
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Figure 3.6. Binding data and Western blot analysis (related to Figure 3.4).
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(a and b) BLI binding analysis of 1 uM dimeric R. affinis (a) and R. sinicus (b) ACE2-Fc
alleles to the biotinylated T487W PRD-0038 RBD immobilized on streptavidin
biosensors. (¢ and d) BLI binding analysis of 1 uM dimeric R. affinis (¢) and R. sinicus
(d) ACE2-Fc alleles to the biotinylated K482Y PRD-0038 RBD immobilized on
streptavidin biosensors. (e) Representative Western Blot of wildtype (WT) and mutant
PRD-0038 S VSV pseudoviruses normalized based on the amount of incorporated S
and VSV-M. Anti-VSV-M Antibody (Kerafast) and Monoclonal ANTI-FLAG® M2 antibody
produced in mouse (Sigma) were used as the primary antibody against VSV backbone
and S, respectively. Alexa Fluor® 680 AffiniPure Goat Anti-Mouse IgG (Jackson
ImmunoResearch) was used as the secondary antibody. iBright™ Prestained Protein
Ladder (Invitrogen, LC5615) was used as protein molecular weight markers.
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Figure 3.7. Architecture and antigenicity of the PRD-0038 S trimer.
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(a) Unsharpened cryo-EM map of the closed PRD-0038 S trimer at 2.8 A resolution. (b
and c) Ribbon diagram of the PRD-0038 S trimer atomic model viewed along (b, side)
and normal (c, top) to the viral membrane. N-linked glycans are rendered as blue
spheres. (d) Superimposition of the PRD-0038 S structure described here to the apo
(gray, PDB 6VXX (A. C. Walls, Park, et al., 2020)) and linoleic acid-bound (blue, PDB
6ZB5 (Toelzer et al., 2020)) SARS-CoV-2 S structures with a close-up view of the
linoleic acid-binding pocket. N-linked glycans at positions N333 and N360 are rendered
as blue spheres. (e) Superimposition of the PRD-0038 RBDs from the apo S structure
(pink) and from the R. alcyone ACE2-bound RBD structure (gray). (f) Conservation of
the SARS-CoV-2 linoleic acid-binding residues in PRD-0038 S. The PRD-0038 S Y355
side chain rotamer (Y365 in SARS-CoV-2 numbering) would sterically hinder linoleic
acid binding (semi-transparent red circle denoted with an arrow). (g) Evaluation of
binding of a panel of monoclonal antibodies to PRD-0038 S Hexapro S and
SARS-CoV-2 Hexapro S measured by ELISA. (h) Monoclonal antibody-mediated
neutralization of PRD-0038 K482Y/T487W S pseudotyped VSV entry into HEK293T
cells stably expressing human ACE2.
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Figure 3.8. CryoEM data collection and refinement of PRD-0038 S (related to
Figure 3.7).
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(@ and b) Representative electron micrograph (a) and 2D class averages (b) of
PRD-0038 PentaPro S embedded in vitreous ice. The scale bar represents 100 nm (a)
or 100A (b). (c¢) Gold-standard Fourier shell correlation curve for the cryoEM
reconstruction. The 0.143 cutoff is indicated with a gray dashed line. (d) 3D
reconstruction of PRD-0038 PentaPro S colored by local resolution as determined using
cryoSPARC. (e) Data processing flowchart. CTF: contrast transfer function; NUR:
non-uniform refinement. (f) 3D reconstruction obtained by local refinement of the
PRD-0038 S NTD colored by local resolution as determined using cryoSPARC. (g)
Gold-standard Fourier shell correlation curve. The 0.143 cutoff is indicated with a gray
dashed line.
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Figure 3.9. Structural resemblance of PRD-0038 S to SARS-CoV-2 and
SARS-CoV-1 (related to Figure 3.7).

Linoleic Acid bound SARS-CoV-2 RBD (apo)

SARS-CoV-2 § SARS-CoV-2 RBD

(a) Ribbon diagram of the PRD-0038 S trimer superimposed to SARS-CoV-2 S (PDB
6VXX (A. C. Walls, Park, et al., 2020)) and SARS-CoV-1 S (PDB 5X5B (Yuan et al.,
2017)) underscoring the similarity of the three trimers which mostly differ due to
differences in domain orientation. (b) Contact among RBDs within S trimers viewed from
the apex along the 3-fold molecular axis of PRD-0038 S (pink), linoleic acid-bound
SARS-CoV-2 S (blue, PDB 6ZB5 (Toelzer et al., 2020)), and apo SARS-CoV-2 S (gray,
PDB 6VXX (A. C. Walls, Park, et al., 2020)).
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Figure 3.10. Conservation analysis of epitopes targeted by monoclonal antibodies
between PRD-0038 S and SARS-CoV-2 S (related to Figure 3.7).
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(a) Epitope mapped onto PRD-0038 RBD structure with sequence alignment of key
residues at the interface. The PRD-0038 RBD is shown in gray (three RBDs are shown
with distinct shades of gray for S2M11 which recognizes a quaternary epitope) and
N-linked glycans are rendered as blue spheres. SARS-CoV-2 residue numbering is
shown in gray and PRD-0038 residue numbering is shown in pink. The RBM is depicted
with a black outline and the monoclonal antibody epitopes are colored according to their
antigenic sites (I, purple; Il, red; IV, violet; V, green). (b) PRD-0038 S sequence
conservation with SARS-CoV-2 S at key S, fusion machinery epitopes (indicated with
dashed lines). Residues are colored according to sequence identity (orange : not
conserved, green : conserved). (¢) Sequence alignment of corresponding S, epitopes.
SARS-CoV-2 residue numbering is shown in gray and PRD-0038 residue numbering is
shown in pink.
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Figure 3.11. A clade 3 sarbecovirus S trimer elicits broadly reactive antibody

responses.
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(a) Vaccination schedule for the mouse immunogenicity study. (b) Serum neutralization
of VSV pseudotyped with various sarbecovirus S glycoproteins. Bar represents the
geometric mean of each group. (¢) Sarbecovirus breadth of serum binding to a
pan-sarbecovirus library of yeast-displayed RBDs using a high-throughput FACS-seq
assay. The strength of binding is represented as a heat map obtained by plotting the
area under the curve (AUC) from titration of various serum dilutions. All the binding
curves can be accessed at
https://qgithub.com/tstarrlab/SARSr-CoV_MAP_PRD0038-vaccine/blob/main/results/sum
mary/compute AUC.md#plot-all-curves. (d) Epitope targeting of serum antibodies. For
two representative sera (mouse 1-4, vaccinated with SARS-CoV-2 HexaPro S and
mouse 2-6, vaccinated with PRD-0038 HexaPro S), we determined the dominant
antibody epitopes via DMS using vaccine-matched and mismatched RBD backgrounds.
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The average effect of mutations at each site are mapped to the SARS-CoV-2 structure,
where blue and red indicate positions where mutations increase or decrease serum
binding, respectively. See Figure 3.15 for all DMS profiles.
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Figure 3.12. Dose-response curves of mouse serum neutralization before and
after three immunizations with SARS-CoV-2 HexaPro S or PRD-0038 HexaPro S
(related to Figure 3.11).
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(@ and b) Neutralization of the indicated sarbecovirus S VSV pseudotypes was
assessed for each animal serum before immunization (a) and two weeks post dose 3
(week 8) (b), as indicated by the color key.
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Figure 3.13. Neutralization of SARS-CoV-1 S VSV by vaccine-elicited mouse sera
using a highly diluted pseudovirus input (related to Figure 3.11).
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(a) Reciprocal IDs, value. Bar represents the geometric mean of each group. Limit of
detection shown by a dotted line. (b and ¢) Dose-response curves for neutralization of
SARS-CoV-1 S VSV by SARS-CoV-2 HexaPro S-elicited sera (b) and PRD-0038
HexaPro S-elicited sera (c).
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Figure 3.14. Binding of vaccine-elicited mouse sera to

sarbecovirus RBDs (related to Figure 3.11).
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(a) Representative flow cytometry traces illustrating FACS binning scheme. Upstream
FACS isolate single RBD+ cells via FSC/SSC and FITC(RBD)/FSC gates. Cells were
then partitioned into bins based on APC fluorescence (serum binding). Bin 1 captures
95% of zero-serum cells, bin 4 captures 95% of 1:100 serum-labeled wildtype
(SARS-CoV-2 Wuhan-Hu-1) control, and bins 2 and 3 split the remaining log-MFI scale
evenly. Library samples labeled across a serum dilution series (mouse 1-5 serum traces
shown for reference) were sorted into bins of serum-binding and deep sequenced to
determine variant counts in each bin, enabling calculation of the “mean bin” into which
each barcoded library genotype was sorted at each sample concentration. (b) Mean bin
values determined from FACS-seq were plotted against serum dilution to generate an
Area Under the Curve (AUC) metric (Figure 3.11¢). Curves underlying AUC calculation
for select RBD genotypes are shown. Binding curves for all variants can be accessed at
https://github.com rrl ARSr-CoV_MAP_PRD -vaccine/blob/main/resul m
mary/compute_AUC.md#plot-all-curves). For each plot, transparent gray dots show the
mean bin metric for each internal-replicate library barcode linked to the given RBD, and
black points show the mean serum-binding for an RBD averaged across all barcodes.
AUC is calculated as the area between the dashed black line and the baseline
determined from the zero-serum sample sort (dashed gray line).
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Figure 3.15. DMS epitope mapping of serum antibodies (related to Figure 3.11).
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(@) Evaluation of epitopes targeted by serum antibodies elicited by SARS-CoV-2
HexaPro S (mouse 1-3, 1-4, 1-5, and 1-6) or PRD-0038 HexaPro S (mouse 2-3 and
2-6) vaccination using yeast-displayed DMS of vaccine-matched and mismatched RBDs
(indicated above each column). The average effect of mutations at each site are
mapped to the SARS-CoV-2 structure, where blue and red indicate positions where

mutations increase or decrease serum binding, respectively.
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Table 3.1. Rhinolophus ACE2 alleles and contact residues (related to Figure 3.1).

ACE2-RBD Contact Residues

Isolat 2(3|3|3|3|3(4({4|4|8|33(35|35
Species e# Genbank |24|7|0(1(4|5|8(1(2|5(3(0(| 3|5
R. affinis 9479 | MT394208.1 |[R|I |D|IN(H[E|D|Y|Q|L|Y|[N ]| K |[D
R. affinis 787 | MT394203.1 |[R|I |D|IN(R[E|E|Y|Q|L|Y[N ]| K |D
R. sinicus 3364 | MT394200.1 |R|I [D|E[S|E|D|Y|K|L|Y[N|K |D
R. sinicus WJ4 | MT394181.1 |L|I |ID|E|F|E|N|Y[Q|L[Y|N|K |D
R. sinicus - GQ262791.1 |L| I |DIE|S|E|N[Y|Q|L|[Y|N]| K |D
R. sinicus 1446 | MT394194.1 |[R|T|D|(E|S|[E|N[Y|Q|L|[Y|N]|K |D
R. sinicus WJ1 | MT394187.1 |[R|I |D|T|S|E[D|Y[Q|L|Y|N|K |[D
R. sinicus 1434 | MT394197.1 |[R(M|D|T|S|E|D|Y|[Q|L|[Y|N|K |D
R. sinicus 3358 | MT394193.1 |[E|M|D|K|T|[K|D|H|Q|L|Y|[N ]| K |[D
R. sinicus 1438 | MT394184.1 |E|I [D|K|T|K|D|H[Q|L|[Y|N|K |D
R. alcyone - KR559016.1 |L|I |D|IN[(S|[E|N|H|Q|L|F[{N| K |[D
R. landeri - KR559015.1 |L|T|D|D[S|[A|N|Y|Q|L|F[N| K |D
R.
ferrumequinu XM_03310729
m - 5.1 L|K|ID|F|S[E|IN[H|Q|L|[F|N|K|D
R.
ferrumequinu
m - FJ598617.1 |L|T|E(K|T|E|D|Y|[Q|L|[Y| K| K |D
Human - BAB40370.1 |Q|T|D|(K|H|E|D|Y|[Q|L|[Y|N|K|D
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Table 3.2. CryoEM data collection and refinement statistics (related to Figure 3.4

and 3.7).
PRD-0038 PRD-0038 PRD-0038 S PRD-0038 S
RBD - R.|RBD - R.|PDB8U29 (NTD local
alcyone ACE2 | alcyone ACE2 | EMD-41842 refinement)
EMD-41786 (Local EMD-41843
refinement)
PDB 8UOT
EMD-41784
Data collection and
processing
Magnification 105,000 105,000 105,000 105,000
Voltage (kV) 300 300 300 300
Electron exposure | 60 60 60 60
(e1A?)
Defocus range (um) 0.2-3.0 0.2-3.0 0.1-3.0 0.1-3.0
Pixel size (A) 0.843 0.843 0.843 0.843
Symmetry imposed C2 C1 C3 C1
Final particle images | 304,806 284,934 103,347 310,041
(no.)
Map resolution (A) 3.5 3.2 2.8 2.9
FSC threshold 0.143 0.143 0.143 0.143
Map sharpening | -133 -118 -82.6 -89.7
Bfactor (A?)
Validation
MolProbity score 1.08 1.28
Clashscore 1.62 1.69
Poor rotamers (%) 0.47 1.13

Ramachandran plot
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Favored (%) 97.02 95.44
Allowed (%) 2.86 4.38
Disallowed (%) 0.12 0.19
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Table 3.3. Representative K, values determined from BLI binding analysis (related

to Figure 3.4).

Kp (M) [ Kp Error | ka (1/Ms) | ka Error kdis kdis
(1/s) Error

PRD-0038 WT | 5.07E-0 | 1.64E-1 | 1.64E+05 | 5.10E+02 | 8.33E-0 | 7.80E-0
RBD 8 0 3 6
: monomeric R.
alcyone ACE2
PRD-0038 2.12E-0 | 3.96E-1 | 1.24E+05 | 2.18E+02 | 2.62E-0 | 1.63E-0
T487W RBD 8 1 3 6
: monomeric R.
alcyone ACE2
PRD-0038 WT N.D. N.D. N.D. N.D. N.D. N.D.
RBD
: monomeric R.
landeri ACE2
PRD-0038 1.88E-0 | 4.22E-1 | 4.49E+04 | 9.64E+01 | 8.43E-0 | 5.62E-0
T487W RBD 7 0 3 6
: monomeric R.
landeri ACE2

* N.D. - not determined due to weak binding
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CHAPTER 4. A broadly generalizable stabilization strategy for

sarbecovirus fusion machinery vaccines

In the following two chapters, | describe our efforts to design vaccine candidates
against sarbecoviruses, including the two human coronaviruses, SARS-CoV-1 and
SARS-CoV-2, and a clade 3 sarbecovirus, PRD-0038, which was described in the
previous chapter. Our target for vaccine design is the highly conserved fusion
machineries of sarbecoviruses. First, | detail the design strategy of the vaccine, then |
report the vaccine candidate efficacy both in vitro and in vivo. This chapter outlines the
design strategies that are broadly generalizable for sarbecovirus that can be utilized as
a pan-sarbecovirus countermeasure and underlines the proof-of-principle works for

developing sarbecovirus fusion machinery vaccines.

Adapted from: Lee, J., Stewart, C., Schafer, A., Leaf, E. M., Park, Y.-J., Asarnow, D.,
Powers, J. M., Treichel, C., Sprouse, K. R., Corti, D., Baric, R., King, N. P., & Veesler, D.
(2024). A broadly generalizable stabilization strategy for sarbecovirus fusion machinery
vaccines. Nature Communications, 15(1), 5496.

https://doi.org/10.1038/s41467-024-49656-5

4.1 Chapter Introduction
Several COVID-19 vaccines have been authorized worldwide to induce antibody
responses targeting the SARS-CoV-2 spike (S) glycoprotein (Corbett et al., 2020; Tian

et al., 2021; Walsh et al., 2020). These vaccines enabled safe and effective protection
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against infection with the Wuhan-Hu-1 (Wu) isolate, which swept the globe at the
beginning of the COVID-19 pandemic. However, continued viral evolution led to the
emergence of SARS-CoV-2 variants with distinct antigenic properties, relative to
previous isolates, eroding neutralizing antibody responses (Cameroni et al., 2022). As a
result, breakthrough infections have become common (Levine-Tiefenbrun et al., 2021;
Y. Liu et al., 2022; McCallum, Walls, et al., 2021; Mlcochova et al., 2021; Saito et al.,
2022) although vaccinated individuals remain protected from severe disease (Addetia et
al., 2023a; Y. Cao et al., 2023; Y. Cao, Wang, et al., 2022; Park, Pinto, et al., 2022; A. C.
Walls et al.,, 2022; Yisimayi et al., 2024). Furthermore, the neutralizing activity of
monoclonal antibody therapies has been compromised by these antigenic changes,
resulting in the withdrawal of their regulatory authorization.

The SARS-CoV-2 S glycoprotein receptor-binding domain (RBD) is targeted by a
vast diversity of antibodies and RBD-directed antibodies account for most of the
plasma-neutralizing activity against infection/vaccine-matched and mismatched viruses
(Bowen, Park, et al., 2022; Greaney et al., 2021; Piccoli et al., 2020). Conversely, the S
N-terminal domain (NTD) is mostly targeted by variant-specific neutralizing antibodies
(McCallum, Bassi, et al., 2021; McCallum, De Marco, et al., 2021; McCallum, Walls, et
al., 2021). The SARS-CoV-2 S, subunit (fusion machinery) is much more conserved
(Figure 4.1a, Table 4.1) than the S; subunit (comprising the RBD and NTD), and
harbors several antigenic sites targeted by broadly reactive monoclonal antibodies,
including the stem helix (Pinto et al., 2021; Sauer et al., 2021; C. Wang et al., 2021), the
fusion peptide (Dacon et al., 2022; Low et al., 2022; Sun et al., 2022) and the trimer

apex (Silva et al., 2023). Although some of these antibodies have neutralizing activity
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against a wide range of variants and distantly related coronaviruses, and protect small
animals against viral challenge, their potency is limited compared to best-in-class
RBD-directed antibodies (Y. Cao, Jian, et al., 2022; Park, De Marco, et al., 2022;
Tortorici et al.,, 2020; P. Zhou et al, 2022, 2023). Furthermore, fusion
machinery-directed antibodies are rare in the plasma and memory B cells of previously
infected and/or vaccinated subjects and have limited contribution to neutralization
mediated by polyclonal antibodies (Bowen, Park, et al., 2022; Pinto et al., 2021; P. Zhou
et al., 2022). Therefore, vaccines enabling to overcome this challenge through elicitation
of high titers of neutralizing antibodies targeting the conserved S, subunit bear the
promise to limit the need for vaccine updates.

Here, we set out to design a prefusion-stabilized SARS-CoV-2 S, subunit vaccine
enabling robust elicitation of antibodies targeting conserved fusion machinery antigenic
sites to limit the impact of viral evolution on immune responses. Coronavirus S
glycoproteins fold as spring-loaded trimers transitioning from the prefusion to the
postfusion state, upon receptor engagement and proteolytic activation to promote
membrane fusion and viral entry (A. C. Walls et al., 2016, 2017, 2019). This
metastability, however, constitutes a challenge for producing the S, subunit (fusion
machinery) in the prefusion state in the absence of the S; subunit. Prior work described
prefusion-stabilizing mutations improving the biophysical properties of the S ectodomain
trimer (Hsieh et al., 2020; Kirchdoerfer et al., 2018; Olmedillas et al., 2021; Pallesen et
al.,, 2017; A. C. Walls, Park, et al., 2020; Wrapp et al.,, 2020). Furthermore, we
previously designed a fusion machinery (S, subunit) antigen (Bowen, Park, et al., 2022)

stabilized through the introduction of 4 out of 6 HexaPro mutations (A892P, A899P,
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A942P and V987P) (Hsieh et al.,, 2020), the VFLIP inter-protomer disulfide
(Y707C-T883C) (Olmedillas et al., 2021), an intra-protomer disulfide (F970C-G999C)
and a C-terminus foldon trimerization domain (Figure 4.1a). The resulting construct
(designated C-44) harbored protomers with a prefusion tertiary structure but a
quaternary structure in which the viral membrane distal region (apex) was splayed open
compared to prefusion SARS-CoV-2 S (Bowen, Park, et al., 2022) (Figure 4.1b). To
design a prefusion S, subunit trimer with native quaternary structure, we identify a set of
mutations allowing high-yield recombinant production of fusion machinery trimers with
native prefusion architecture and antigenicity that remained stable in various storage
conditions, as revealed through structural and antigenic studies. We further show that
the prefusion-stabilization strategy designed is broadly generalizable to sarbecovirus S,
subunits and successfully ported the identified mutations to the SARS-CoV-1 and
PRD-0038 fusion machinery. Immunization of mice with a designed SARS-CoV-2 fusion
machinery trimer vaccine elicits broadly reactive sarbecovirus antibodies and
neutralizing antibody titers of comparable magnitude against the Wu and the immune
evasive XBB.1.5 variant. Vaccinated mice were protected from weight loss and disease
upon challenge with SARS-CoV-2 XBB.1.5 motivating further development of this

vaccine.

4.2 Design of prefusion-stabilized SARS-CoV-2 S, subunit vaccines
To design a prefusion S, subunit trimer with a native quaternary structure, we
selected mutations from a deep-mutational scanning dataset of cell-surface expressed

S using a library spanning residues 883 to 1034 (T. J. C. Tan et al., 2023). Mutations
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were ranked according to their expression/fusion score ratio, to favor
prefusion-stabilizing amino acid substitutions and visually inspected to lead to a final
selection of ten mutations (Figure 4.1a, Table 4.2). We first evaluated the effect of three
individual mutations introduced in the C-44 background, namely T961F, D994E, and
Q1005R, which were among the highest ranking based on their expression/fusion score
ratio.We recombinantly produced each of the three constructs (designated E-31, E-32
and E-33 for the T961F, D994E and Q1005Rmutations, respectively) in human cells and
characterized their monodispersity by size-exclusion chromatography (SEC). Residue
961 is part of the heptad repeat 1 (HR1) motif whereas residues 994 and 1005 are
located in the central helix (CH) (A. C. Walls et al., 2016, 2017; A. C. Walls, Park, et al.,
2020). All three constructs eluted mainly as monodisperse species, yielding 40-60mg of
purified protein per liter of Expi293 cells (Figure 4.1c,d). Single-particle electron
microscopy (EM) characterization of each negatively stained glycoprotein revealed that
the design harboring the T961F mutation (E-31) formed prefusion closed S, trimers
whereas the other two constructs, harboring either D994E (E-32) or Q1005R (E-33),
adopted several conformations, including one with a splayed-open apex (Figure 4.2)
similar to C-44 (Bowen, Park, et al., 2022). Furthermore, we observed a higher
tendency to aggregate for E-32 and E-33 by SEC and EM (Figures 4.1c and 4.2). To
unveil the E-31 architecture and understand the effect of the T961F mutation, we
determined a cryoEM structure of this antigen at 2.7 A resolution (Figures 4.1e, 4.3 and
Table 4.3). Our structure shows that E-31 folds with virtually identical tertiary and
quaternary structures to the S, subunit from the prefusion S ectodomain trimer (PDB

6VXX (A. C. Walls, Park, et al., 2020)) with which the protomers can be superimposed
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with r.m.s.d values of 0.7 A. The engineered T961F substitution, which maps to the
distal half of the fusion machinery apex, reinforces interactions between HR1 and the
central helix of one protomer and the upstream helix of a neighboring protomer (cavity
filling), likely explaining the compact, closed trimer conformation observed (Figure
4.4a). Although we could detect a small fraction of E-31 trimers with an open apex
conformation in the cryoEM dataset, our findings demonstrate that the T961F mutation
alone is sufficient to close the fusion machinery apex in a prefusion conformation
(Figures 4.1e, 4.3).

To further improve the conformational homogeneity of our vaccine candidate, we
designed two additional constructs comprising either 4 or 9 additional residue
substitutions added to the E-31 trimer (Table 4.2). Both constructs were recombinantly
produced to characterize their expression, stability, and structural properties (Figure
4.1c, d). The E-60 construct harbors all 9 additional mutations we selected to add to the
E-31 scaffold. Although recombinant production of this protein construct led to high
expression levels, its cryoEM structure at 3.5 A resolution (Figure 4.5, Table 4.3)
revealed that the introduction of several proline mutations in the region comprising
residues 879-897 distorted an a-helix and following loop relative to its native structure
(Figure 4.4b). Ruling out conformation distorting-mutations and a few additional
mutations based on visual inspection, we designed a new construct which we named
E-69 and harbors the N9O7E, D994Q, Q1011M and 11018Y in the E-31 background. To
investigate its atomic-level organization, we determined a cryoEM structure of E-69 at 3
A resolution and observed clear cryoEM density defining side chains of most amino acid

mutations introduced and confirming folding as a prefusion closed S, subunit trimer,
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without particle images corresponding to trimers with an open apex (Figures 4.1f and
4.6). The overall E-69 architecture is nearly identical to that of the S, subunit trimer from
the prefusion S ectodomain structure (PDB 6VXX (A. C. Walls, Park, et al., 2020))
(Figure 4.1f). Only one region noticeably deviated from prefusion S in terms of local
structure downstream of the fusion peptide (residues 833-855) (Figures 4.1f and 4.4c).
In the intact SARS-CoV-2 S trimer, this region makes contact with the S; subunit C and
D domains of a neighboring protomer, which are absent in our design, likely allowing
adoption of an altered local conformation, as is the case in all our constructs (Figure
4.4c). The N9O7E substitution places the newly introduced side chain carboxylate close
to the Q913 side chain amide with which it interacts electrostatically (Figure 4.1g). The
D994Q side chain amide forms an intraprotomer hydrogen bond with the Q755 side
chain amide and an interprotomer electrostatic interaction with the R995 guanidinium,
thereby strengthening interactions at the distal part of the apex (Figure 4.1g). The
Q1011M mutation is likely stabilizing through the reinforcement of local hydrophobic
packing with the nearby M731 and Y1007 residues (Figure 4.1g). The [1018Y mutation
fills a cavity within each protomer through local interactions involving the CH, HR1, and
upstream helix region (Figure 4.19).

As our E-69 structure did not resolve the flexible N-terminal region, which
connects the S; and S, subunits in the context of the S trimer, we designed a new
construct lacking 15 residues at the N-terminus of E-69 and named it F-53 (Figure 4.1c,
d, Table 4.2). F-53 expressed better than E-69 and retained identical antigenicity, and

thus served as a template for subsequent S, antigen design (Figure 4.7).
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4.3 A stable prefusion-stabilized SARS-CoV-2 fusion machinery antigen

Storage and shipping conditions are important considerations for vaccine design
and manufacturing as they can impact the cost of goods, ease of distribution and in turn
global access. To evaluate the stability of the prefusion-stabilized SARS-CoV-2 E-69
design, we investigated the retention of antigenicity after storage in various conditions
by ELISA using a panel of monoclonal antibodies targeting the S, subunit (Figure 4.8a,
b). The stem helix-targeting S2P6 antibody (Pinto et al., 2021), the fusion
peptide-directed 76E1 antibody (Sun et al., 2022), and the fusion machinery
apex-recognizing RAY53 (Silva et al., 2023) bound to E-69 (Figure 4.8a-c), as was the
case with SARS-CoV-2 S. E-69 retained unaltered antigenicity for at least two weeks at
room temperature and at 4°C, and could be frozen and thawed without affecting its
antigenicity (Figures 4.8c and 4.9). To assess biophysical stability, we analyzed purified
E-69 at various time points using negative staining EM. 2D class averages of E-69
showed retention of its prefusion conformation for at least two weeks both at room
temperature and at 4°C and that it could be frozen and thawed without altering its
structure (Figure 4.8d-i). Although we detected a minor population of trimers with an
open apex upon storage at low temperatures (Figure 4.8g-i), the 2D class averages
suggested that the magnitude of these structural changes might be smaller than that
observed with the C-44, E-32 or E-33 designed constructs (Figures 4.1b, 4.2c, 4.2d).
Furthermore, we did not detect any 2D class averages corresponding to open trimers in
our E-69 cryoEM dataset (Figure 4.6). These data suggest that the E-69 design is
stable, highlighting the robustness of our prefusion stabilization strategy, and endowed

with optimal biophysical properties for a vaccine candidate.
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4.4 A broadly generalizable prefusion-stabilization strategy for sarbecovirus
fusion machinery immunogens

To assess the broad applicability of our S, subunit prefusion stabilization strategy,
we examined the local structural environment of the residues mutated in E-69 and
compared it with the corresponding regions of interest in SARS-CoV-1 S, (clade 1a) and
PRD-0038 S, (clade 3) (Lee et al., 2023). The overall architecture of the SARS-CoV-1
S, and PRD-0038 S, trimers is similar to that of SARS-CoV-2 S, with which they can be
superimposed with r.m.s.d. values of 1.1 and 1.3 A, and share 90% and 87% amino
acid sequence identity, respectively. Based on the observed conservation of the local
structural environment, we hypothesized that the E-69 mutations should be portable to
SARS-CoV-1 S, and to PRD-0038 S, and designed the corresponding constructs
(Figure 4.10a-i). We additionally truncated the N-terminal region of the
prefusion-stabilized SARS-CoV-1 S, and PRD-0038 S, constructs due to the enhanced
expression of SARS-CoV-2 F-53 relative to E-69 (Figure 4.1c, d). Finally, we introduced
the V940Q substitution to the PRD-0038 S, construct,which is the position equivalent to
SARS-CoV-2 Q957 and SARS-CoV-1 Q939, to allow electrostatic interaction with R748
(similar to that observed with SARS-CoV-2 R765 and SARS-CoV-1 R747 from a
neighboring protomer) (Figure 4.10d).

Recombinant production and purification of the designed SARS-CoV-1 and
PRD-0038 S, subunit constructs led to even greater yields than that of SARS-CoV-2
F-53, reaching 50mg of purified SARS-CoV-1 S, trimer per liter of Expi293 cells (Figure

4.10j, k). These two trimers were stable in a variety of storage conditions and retained
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unaltered reactivity with fusion machinery-directed monoclonal antibodies for at least
two weeks at room temperature and at 4°C and could be frozen and thawed without
affecting their antigenicity (Figures 4.10l, m, and 4.11). Although the RAY53 and S2P6
antibodies each cross-reacted with comparable efficiency to the SARS-CoV-1 S, trimer
and to the PRD-0038 S, trimer, 76E1 bound efficiently to SARS-CoV-1 S, but much
more weakly to PRD-0038 S,, possibly as a result of the F823gars.cov-2Y806prp-0038
epitope mutation (Lee et al., 2023) (Figure 4.10l, m). Single particle EManalysis of
negatively stained SARS-CoV-1 S, and PRD-0038 S, showed that they adopt the
designed closed prefusion architecture (Figure 4.10n, o). Collectively, these data
indicate that our S, prefusion stabilization strategy is broadly applicable across different
sarbecovirus clades and promotes retention of native structure and antigenicity over

time under various storage conditions.

4.5 A prefusion-stabilized SARS-CoV-2 fusion machinery vaccine elicits broadly
reactive antibody responses

To evaluate the immunogenicity of our lead prefusion SARS-CoV-2 S, designed
vaccine candidate, we immunized twelve BALB/c mice with four 5 ug doses of E-69 on
weeks 0, 3, 10 and 17 and twelve BALB/c mice with two 1 ug doses of prefusion
SARS-CoV-2 2P S on weeks 0 and 3 followed by two 5 ug doses of E-69 on weeks 10
and 17. The latter group aims to recapitulate the pre-existing immunity found in humans
due to prior exposures through vaccination and/or infection. For benchmarking, we also

immunized twelve BALB/c mice with four 1 ug doses of prefusion SARS-CoV-2 2P S on
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weeks 0, 3, 10, and 17 (Figure 4.12a). All immunogens were adjuvanted with Addavax
using a 1:1 (v/v) ratio.

Binding antibody titers were analyzed by ELISA using sera obtained two weeks
post dose 4 (week 19) against SARS-CoV-2 Wu HexaPro S, SARS-CoV-2 XBB.1.5
HexaPro S, and SARS-CoV-1 HexaPro S (Figures 4.12b-d and 4.13). We observed
similar prefusion SARS-CoV-2 Wu S and XBB.1.5 S antibody binding titers upon
immunization with E-69 (GMT: 5.2/4.9), SARS-CoV-2 2P S (GMT: 5.2/5.0) or
SARS-CoV-2 2P S followed by E-69 (GMT: 5.4/5.0). However, we observed slightly
higher SARS-CoV-1 S binding titers with the E-69 (GMT: 5.2) or SARS-CoV-2 2P S
followed by E-69 (GMT: 5.0) vaccination regimens, as compared to SARS-CoV-2 2P S
immunization (GMT. 4.5). These results suggest that E-69 vaccination elicits
comparable serum antibody binding titers after four doses to the widely used prefusion
2P S trimer against SARS-CoV-2 variants but slightly higher titers against SARS-CoV-1
in these experimental conditions. ELISA analysis of vaccine-elicited serum antibodies
five weeks post dose 4 (week 22) targeting SARS-CoV-2 E-69 showed that
immunization with E-69 or with E-69 followed by SARS-CoV-2 2P S (GMTs: 4.9/4.8) led
to slightly higher IgG binding titers than SARS-CoV-2 2P S immunization (GMT: 4.4),
providing proof-of-principle for specific elicitation of fusion machinery-directed
antibodies (Figure 4.14). Moreover, E-69 vaccination elicited a broad spectrum of IgG
subclasses, including 1gG1, IgG2a and IgG2b, that was comparably balanced to that
induced by SARS-CoV-2 2P S vaccination (Figure 4.14).

We subsequently evaluated vaccine-elicited neutralizing activity using sera

obtained two weeks post dose 4 (week 19) and vesicular stomatitis virus (VSV) particles
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pseudotyped with SARS-CoV-2 Wu/G614, XBB.1.5 S or SARS-CoV-1 S (Figures
412e-g and 4.15). SARS-CoV-2 2P S or SARS-CoV-2 2P S followed by E-69
vaccination elicited potent neutralizing antibodies against the vaccine-matched
SARS-CoV-2 Wu/G614 whereas E-69 elicited modest neutralizing activity. SARS-CoV-1
S VSV neutralization was highest upon vaccination with SARS-CoV-2 2P S and
comparably lower for the groups vaccinated with E-69 or SARS-CoV-2 2P S followed by
E-69. Neutralization of XBB.1.5 VSV S, however, was marginally higher for mice
vaccinated with E-69 or with SARS-CoV-2 2P S followed by E-69 as compared to

vaccination with SARS-CoV-2 2P S.

4.6 A prefusion-stabilized SARS-CoV-2 fusion machinery vaccine protects against
the SARS-CoV-2 XBB.1.5 variant

To study the in vivo protective efficacy of the designed fusion machinery
SARS-CoV-2 vaccine against an immune evasive SARS-CoV-2 variant, we intranasally
inoculated each animal in the three aforementioned vaccinated groups of mice with 10°
PFU of XBB.1.5 MA10 (Leist et al., 2020) (Figure 4.12a).We also challenged 10
unvaccinated mice as a control group. Weight loss was followed for 4 days post
infection (Figure 4.16a) whereas replicating viral titers in the nasal turbinates and lung
as well as lung pathology were assessed at 2 and 4 days post challenge (Figure
4.16b-d). Although none of the immunogens evaluated protected from infection, likely
due to the systemic delivery route (T. Mao et al., 2022; Oh et al., 2021; Park, Pinto, et
al., 2022; Tang et al., 2022), all vaccinated mice had markedly reduced weight loss

throughout the duration of the experiment, as compared to unvaccinated mice (Figure
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4.16a, b). Furthermore, lung viral load and lung pathology were comparable for all three
vaccinated groups and greatly improved compared to unvaccinated animals (Figure
4.16¢, d). These data indicate that vaccination with our lead prefusion-stabilized
SARS-CoV-2 S, subunit (fusion machinery) immunogen elicited protection against
disease induced by the highly immune evasive SARS-CoV-2 XBB.1.5 variant in this

stringent challenge model.

4.7 Chapter Discussion

The emergence of immune evasive SARS-CoV-2 variants erodes the
effectiveness of COVID-19 vaccines, which led to the roll out of two updated boosters in
2022 (Chalkias et al., 2022; Scheaffer et al., 2023) and 2023 (Chalkias et al., 2023). For
the foreseeable future, it is likely that COVID-19 vaccines will require yearly
reformulation based on the anticipated prevalence of circulating variants, similarly to
influenza virus vaccines. Next-generation vaccines that are more resilient to viral
evolution and antigenic changes bear the promise of reducing the need for or the
frequency of vaccine updates, which would also help with large-scale adoption by the
public. The sarbecovirus S, subunit prefusion-stabilization strategy presented here
represents a key step in this direction due to the much higher conservation of the S,
subunit relative to the S; subunit among SARS-CoV-2 variants and other
sarbecoviruses (Addetia et al., 2023a; McCallum et al., 2022; A. C. Walls, Park, et al.,
2020). Given the limited potency of known fusion machinery-directed monoclonal
antibodies (Low et al., 2022; Pinto et al., 2021; Sauer et al., 2021; Silva et al., 2023;

Sun et al., 2022), relative to S;-targeting antibodies, the plasma neutralizing activity
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induced by SARS-CoV-2 S, vaccination was weaker than that of prefusion 2P S
although its breadth was much less affected by antigenic changes. In vivo evaluation of
vaccine efficacy suggests that SARS-CoV-2 S, protected mice comparably to prefusion
2P S, based on weight loss and viral replication in the upper and lower airways, upon
challenge with the immune evasive SARS-CoV-2 XBB.1.5 variant in these experimental
conditions.

We note that SARS-CoV-2 S, subunit vaccination protected mice that did and
those that did not have detectable serum neutralizing activity against SARS-CoV-2
XBB.1.5, as observed for stabilized MERS-CoV stems upon MERS-CoV challenge
(Hsieh et al., 2021). Although the immunological mechanisms underlying the observed
protection remain to be defined, we postulate that weakly or non-neutralizing antibodies
participated in protection through Fc-mediated effector functions, as described for the
S2P6 stem-helix antibody (Pinto et al., 2021) and for S-elicited fusion machinery
directed polyclonal antibodies upon mismatched sarbecovirus challenge (Adams et al.,
2023). Future studies will decipher the contribution of these distinct branches of the
immune response to the protection observed.

The broadly generalizable prefusion-stabilization strategy described here
provides a robust platform for elicitation of fusion machinery-directed antibody
responses and the designed antigens will enable studies of such immune responses.
Future engineering efforts may further improve the immunogenicity of this vaccine
candidate through (i) multivalent display at the surface of a nanoparticle, as exemplified
for the SKYcovione SARS-CoV-2 RBD vaccine (Arunachalam et al., 2021; J. Y. Song et

al., 2022; A. C. Walls, Fiala, et al., 2020); (ii) mRNA-launching of a membrane-anchored
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SARS-CoV-2 S, subunit vaccine, a vaccine platform which yielded multiple efficacious
SARS-CoV-2 S 2P vaccines (Corbett et al., 2020); or (iii) a recently proposed targeted
deglycosylation approach of the SARS-CoV-2 S, subunit to enhance neutralizing

antibody titers (Cheng et al., 2023).

4.8 Methods
Cell lines

Cell lines used in this study were obtained from HEK293T (ATCC, CRL-11268),
Expi293F (Thermo Fisher Scientific, A145277) and VeroE6-TMPRSS2 (JCRB1819).
Cells were cultured in 10% FBS, 1% penicillin-streptomycin, 2% Geneticin (applicable
for Vero cells, only) DMEM at 37°C, 5% CO,. None of the cell lines were authenticated

or tested for mycoplasma contamination.

Production of recombinant S, antigen proteins

Each S, construct was produced in Expi293F cells (ThermoFisher Scientific) and
cultured at 37°C in a humidified 8% CO, incubator with constant rotation at 130 RPM
using Expi293 Expression Medium (ThermoFisher Scientific). DNA transfections were
conducted using the ExpiFectamine 293 Transfection Kit (ThermoFisher Scientific)
protocols and materials and cultivated for five days before harvest. Cell culture
supernatants were clarified by centrifugation and proteins were harvested using
HisTrap™ High Performance Ni Sepharose columns (Cytiva). Proteins were washed
using 10-15 CVs of buffer containing 25mM Tris, 150mM NaCl, 20mM Imidazole pH 8.0

followed by elution with 10-15 CVs of buffer containing 25mM Tris, 150mM NaCl,
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300mM Imidazole pH8.0. Eluates were buffer exchanged and concentrated into 20mM
Tris, 150mM NaCl, pH 8.0 using Amicon Ultra-15 Centrifugal Filter Unit (10 kDa)
(Millipore). Gel filtration was performed to remove unfolded or aggregated protein thus
samples were each run through a Superose-6 Increase 10/300 GL column (Cytiva))
equilibrated in 20mM Tris, 150mM NaCl, pH8.0. Main peaks were collected and protein
was snap-frozen and stored at -80°C with some set aside for stability tests. Purified
proteins for immunogenicity study were tested for endotoxin levels using Limulus

Amebocyte Lysate (LAL) cartridges (Charles River PTS201F).

Production of recombinant SARS-CoV-2 2P S, HexaPro S and SARS-CoV-1 HexaPro S

The SARS-CoV-2 2P S glycoprotein ectodomain construct was previously
described (A. C. Walls, Park, et al., 2020) and comprised an abrogated S,/S, cleavage
site (R682S, R683G and R685G) (Tortorici et al., 2019; A. Walls et al., 2017; A. C. Walls
et al., 2016, 2019), two consecutive proline stabilizing mutations (K986P and V987P, so
called 2P (Kirchdoerfer et al., 2018; Pallesen et al., 2017)) and a C-terminal foldon
trimerization domain (Miroshnikov et al.,, 1998). The SARS-CoV-2 HexaPro S
glycoprotein ectodomain construct comprises residues 1-1208 with the native signal
peptide, the HexaPro prefusion stabilizing mutations (F817P, A892P, A899P, A942P,
K986P, VO87P), abrogation of the S,/S, cleavage site (R682G, R683S and R685S), a
C-terminal short linker (GSG) followed by a foldon, HRV 3 C site (LEVLFQGP), a short
linker (GSG), an avi tag, a short linker (GSG), an 8x his tag in a pcDNA3.1(-) plasmid
(Hsieh et al., 2020). The SARS-CoV-1 HexaPro S glycoprotein ectodomain construct

comprises residues 1-1190 (UniProt P59594-1) with the native signal peptide, the
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HexaPro prefusion stabilizing mutations (F799P, A874P, A881P, S924P, K968P, VO69P)
followed by a C-terminal short linker (GSG) followed by a foldon, HRV 3 C site
(LEVLFQGP), an avi tag, a short linker (GSG), an 8x his tag in a CMVR plasmid.
Expi293F cells were grown at 37°C with 8% CO, and DNA transfections were
conducted with the ExpiFectamine 293 Transfection Kit (Thermo Fisher Scientific). Cell
culture supernatants were harvested four days post-transfection and proteins were
purified using HisTrap™ High Performance column (Cytiva). Proteins were first washed
with 10-15 column volumes of a buffer containing 25mM sodium phosphate, 300mM
NaCl, 20mM imidazole, pH8.0, followed by elution with 10-15 column volumes using
300mM imidazole, pH 8.0. Eluted proteins were concentrated and buffer exchanged into
1x TBS (20mM Tris, 150mM NacCl, pH 8.0) using Amicon Ultra-15 Centrifugal Filter Unit
(100 kDa) (Millipore). Purified proteins were snap-frozen and stored at -80°C.
SARS-CoV-2 2P S proteins for immunogenicity study were tested for ensuring low
endotoxin levels using Limulus Amebocyte Lysate (LAL) cartridges (Charles River

PTS201F).

Monoclonal antibody ELISAs

For monoclonal antibody ELISAs, 30 ul of the proteins at 3 uyg/mL were plated
onto 384-well Nunc Maxisorp plate (ThermoFisher, 464718) in 1x TBS and incubated 1
h at 37°C followed by slap drying and blocking with 80 pyL of Casein for 1 h at 37°C.
After incubation, plates were slapdried and 1:4 serial dilutions of the corresponding
mAbs starting from 0.1mg/ml were made in 30 uyl TBST, added to the plate and

incubated at 37°C for 1 h. Plates were washed 4x in TBST and 30 ul of 1:5000 Goat
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anti-Human IgG Fc Secondary Antibody, HRP (Thermo Fisher, A18817) were added to
each well and incubated at 37°C. After 1 h, plates were washed 4x in TBST and 30 pl of
TMB (SeraCare) was added to every well for 2min at room temperature. Reactions were
quenched with the addition of 30 ul of 1 N HCI. Plates were immediately read at 450 nm
on a BioTek Neo2 plate reader and data was plotted and fit in Prism 9 (GraphPad) using
nonlinear regression sigmoidal, 4PL, X is the concentration to determine ECs, values

from curve fits.

Production of VSV pseudoviruses

SARS-CoV-2 D614G S, XBB.1.5 S, and SARS-CoV-1 S VSV pseudoviruses
were produced using HEK293T cells seeded on BioCoat Cell Culture Dish:
poly-D-Lysine 100mm (Corning). Cells were transfected with respective S constructs
using Lipofectamine 2000 (Life Technologies) in Opti-MEMtransfection medium. After 5
h of incubation at 37°C with 5% CO,, cells were supplemented with DMEM containing
10% of FBS. On the next day, cells were infected with VSV (G*AG-luciferase) for 2 h,
followed by five time washwithDMEMmediumbefore addition of anti-VSV G antibody
(I1-mouse hybridoma supernatant diluted 1:40, ATCC CRL-2700) and medium. After
18-24h of incubation at 37°C with 5% CO,, pseudoviruses were collected and cell debris
was removed by centrifugation at 3000 x g for 10min. Pseudoviruses were further

filtered using a 0.45 pm syringe filter and concentrated 10x prior to storage at -80°C.

Serological ELISAs
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For serological ELISAs, 30 uL of assorted proteins (SARS-CoV-2 HexaPro S,
SARS-CoV-2 XBB.1.5 HexaPro S (AcroBiosystems, SPN-C524i) and SARS-CoV-1
HexaPro S) at 3 ug/mL were placed into 384-well Nunc Maxisorp plates (ThermoFisher,
464718) in 1x TBS and incubated for 1 h at 37°C followed by slap drying and blocking
with 80 L of Casein for 1 h at 37°C. Afterward, plates were once again slap-dried and a
1:4 serial dilution of our immunized mouse sera was performed starting from 1:20
dilution in 30 yL of TBST and incubated at 37°C for 1 h. Plates were then washed 4x in
TBST and 30 pL of 1:5000 Goat antimouse IgG (H + L) Secondary Antibody HRP
(ThermoFisher 62-6520) were added to each well and incubated at 37°C for 1 h. Plates
were then washed 4x in TBST and 30 uL of TMB (SeraCare) was added to each well
and allowed to sit for 2min at room temperature. TMB reactions were quenched with 30
ML of 1 N HCI and immediately read at 450 nm on a BioTek Neo2 plate reader and data
plotted and fit in Prism 10 (Graphpad) using nonlinear regression sigmoidal, 4PL, X is
the concentration to determine EDy, values from curve fits. Two biological replicates
each comprising two technical replicates, were carried out. Due to the shortage of sera,
we were unable to conduct biological replicates for mice 2-3, 2-4, and 3-12. For IgG
subclass serological ELISAs, 30 uL of SARS-CoV-2HexaPro S or E-69 at 3ug/mL were
placed into 384-well Nunc Maxisorp plates (ThermoFisher, 464718) in 1x TBS and
incubated overnight at RT followed by slap drying and blocking with 80 pL of Casein for
1 h at 37°C. Afterward, plates were once again slap-dried and a 1:4 serial dilution of our
immunized mouse sera was performed starting from 1:80 dilution in 30 puL of TBST and
incubated at 37°C for 1 h. Plates were then washed 4x in TBST and 30 pL of 1:5000

Goat anti-mouse IgG(H+L) Secondary Antibody HRP (ThermoFisher 62-6520),
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Peroxidase AffiniPure™ Goat Anti-Mouse IgG Fcy subclass 1 specific (Jackson Immuno
Research, 115-035-205), Peroxidase AffiniPure™ Goat Anti-Mouse IgG Fcy subclass
2a specific (Jackson Immuno Research, 115-035-206), and Peroxidase AffiniPure™
Goat Anti-Mouse IgG Fcy subclass 2b specific (Jackson Immuno Research,
115-035-207) were added to each well and incubated at 37°C for 1 h. Plates were then
washed 4x in TBST and 30 uL of TMB (SeraCare) was added to each well and allowed
to sit for 1min at room temperature. TMB reactions were quenched with 30 puL of 1N HCI
and immediately read at 450 nm on a BioTek Neo2 plate reader and data plotted and fit
in Prism 10 (Graphpad) using nonlinear regression sigmoidal, 4PL, X is the
concentration to determine EDs, values from curve fits. Two biological replicates each

comprising two technical replicates have been carried out.

Negative stain electron microscopy preparation, data collection, and data processing
Carbon copper formvar grids (Ted Pella 01754-F) were glow discharged using a
Gloqube Plus (Quorum) at 20mA for 30 s promptly followed by the addition of 3 uL of a
S, pre-fusion constructs diluted to a concentration of 0.01mg/mL. After 1 min the protein
was aspirated using filter paper and 3 L of 2% uranyl formate was applied and quickly
removed for washing. Another 3 pL of uranyl formate was added to the grid and left to
stain for 30 s before drying with filter paper and left to further air dry before imaging.
Automated data collection was carried out using Leginon at a nominal magnification of
67,000 with a pixel size of 1.6 A. Each micrograph was acquired for 500-900ms.
Negative stain data was processed using CryoSPARC. Automatic particle picking and

extraction were performed using CryoSPARC for each data set. Particle images were
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extracted with a box size of 256 pixels with a pixel size of 1.6 A and binned to 128 pixels

for subsequent 2D classifications.

Cryo-EM sample preparation and data collection

The E-31 cryo-EM dataset was collected over three different sessions which
were combined to be processed together. 3 yL of sample was added to a glow
discharged (120 s at 20mA) UltraAuFoil R2/2:Au200 grid prior to plunge freezing using
a vitrobot MarklV (ThermoFisher Scientific) with a blot force of 0 and 6.5 sec blot time at
100% humidity and 22°C. For E-60, 3 yL of sample was added to a glow discharged
(120 s at 20mA) UltraAuFoil R2/2:Au200 grid prior to plunge freezing using a vitrobot
MarklV (ThermoFisher Scientific) with a blot force of 0, 5.5 sec blot time, and 10 s wait
time at 100% humidity and 22°C. For E-69, 3 uL of sample was added to a glow
discharged (120 s at 20mA) UltraAuFoil R2/2:Au200 grid prior to plunge freezing using
a vitrobot MarklV (ThermoFisher Scientific) with a blot force of 0, 6 sec blot time, and 10
s wait 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 energy filter, operated in zero-loss mode with a
slit width of 20 eV. Automated data collection was carried out using Leginon (Suloway et
al., 2005) at a nominal magnification of 105,000x with a pixel size of 0.843 A. The dose
rate was adjusted to 15 counts/pixel/s, and each movie was acquired in counting mode
fractionated in 75 frames of 40 ms. A total of 25,829 and 6807 micrographs were

collected for E-31 and E-60 datasets, respectively. The stage was tilted 0, 30, and 45
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degrees for E-31 and 20 degrees for the E-60 collection. A total of 5946 micrographs

were collected for E-69 at 0 and 30 degrees tilted stage.

Cryo-EM data processing, model building and refinement

For the E-31 structure, motion correction and contrast-transfer function (CTF)
parameter estimation were performed using Warp (Tegunov & Cramer, 2019) and
cryoSPARC, respectively. Automatic particle picking was performed using TOPAZ
(Bepler et al., 2019) and particle images were extracted with a box size of 208 pixels
with a pixel size of 1.686 A. After 2D classification and hetero-refinement using
cryoSPARC (Punjani et al., 2017), 1,688,203 particles were selected for cryoSPARC
non-uniform refinement (Punjani et al., 2020) with C3 symmetry. Particles were further
subjected to another round of 2D classification (to remove particles with splayed open
conformation) followed by Bayesian polishing (Zivanov et al., 2019) in Relion. Finally,
another round of cryoSPARC nonuniform refinement with C3 symmetry and per-particle
defocus refinement was carried out using the polished particles. For the E-60 structure,
motion correction, CTF estimation, automatic particle picking, and extraction were
performed using Warp (Tegunov & Cramer, 2019). Particle images were extracted with a
box size of 208 pixels and a pixel size of 1.686 A. After 2D classification and
hetero-refinement in cryoSPARC, 240,989 particles were selected. These 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,
2012a, 2012b; Zivanov et al., 2018). 3D refinements were carried out using non-uniform

refinement along with per-particle defocus refinement in cryoSPARC followed by
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Bayesian polishing (Zivanov et al., 2019) in Relion. Finally, another round of cryoSPARC
non-uniform refinement with C3 symmetry and per-particle defocus refinement was
carried out using the polished particles. For the E-69 structure, motion correction, CTF
estimation, automatic particle picking (blob picking), and extraction were performed
using cryoSPARC LIVE and cryoSPARC. Particle images were extracted with a box size
of 208 pixels and a pixel size of 1.686 A. After 2D classification and hetero-refinement in
cryoSPARC, 319,035 particles were selected and subjected to reference motion
correction and beam tilt correction followed by a final non-uniform refinement with C3
symmetry 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) 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). UCSF Chimera (Pettersen et al.,
2004), UCSF ChimeraX (Goddard et al., 2018), and Coot (Emsley et al., 2010) were
used to fit and rebuild atomic models into the cryoEM maps utilizing sharpened and
unsharpened maps. Model building of the rearranged region C-terminal of the fusion
peptide (residues 816-861) was assisted by AlphaFold2 (Jumper et al., 2021; Mirdita et
al., 2022). The models were refined and relaxed using Rosetta (Frenz et al., 2019; R.
Y.-R. Wang et al., 2016) and validated using Phenix (Liebschner et al., 2019),

Molprobity (V. B. Chen et al., 2010) and Privateer (Agirre et al., 2015).

Immunogenicity
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Female BALB/c mice were purchased from Envigo (order code 047) at 7weeks of
age and were maintained in a specific pathogen-free facility within the Department of
Comparative Medicine at the University of Washington, Seattle, accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Animal experiments were conducted in accordance with the University of Washington’s
Institutional Animal Care and Use Committee. Prior to each immunization, immunogens
(low endotoxin immunogen) were diluted to 20 ug/mL (2P S) or 100 pg/mL (S,) in 1x
PBS (1.5mM Potassium Phosphate monobasic, 155mM NaCl, 2.7mM Sodium
Phosphate diabasic, pH7.4) (ThermoFisher) and mixed with 1:1 vol/vol AddaVax
(InvivoGen vac-adx-10) to reach a final dose of 1 ug (2P S) or 5 ug (S,) of immunogen
per injection. At 8 weeks of age, 12 mice per group were injected subcutaneously in the
inguinal region with 100 uL of immunogen at weeks 0, 3, 10, and 17. Group 1 received
four doses of 1 ug 2P S. Group 2 received four doses of 5 ug S,. Group 3 received two
doses of 1 ug 2P S and boosted with two doses of 5 ug S,. Mice were bled via the
submental route at weeks 0, 2, 5, 12, and 19. Blood was collected in serum separator
tubes (BD # 365967) and rested for 30 min at room temperature for coagulation. Serum
tubes were then centrifuged for 10 min at 2000 x g and serum was collected and stored
at -80°C until use. Mouse 2-10 were euthanized before immunization 4 resulting in n=11

for group2 for the reported sera ELISA, IgG isotype ELISA, and neutralization assay.

Neutralization assays

For SARS-CoV-2 D614G S VSV, XBB.1.5 S VSV, and SARS-CoV-1 S VSV

neutralization, VeroE6-TMPRSS2 cells in DMEM supplemented with 10% FBS, 1%
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PenStrep, and 2% Geneticin were seeded at 40,000 cells/well into 96-well plates [3610]
(Corning) and incubated overnight at 37°C. The following day, a half-area 96-well plate
(Greiner) was prepared with 3-fold serial sera dilutions (starting dilutions determined for
each serum and pseudovirus, 22 uL per well). An equal volume of DMEM with diluted
pseudoviruses was added to each well. All pseudoviruses were diluted between
1:90-1:200 to reach a target entry of ~10° RLU. The mixture was incubated at room
temperature for 45-60 min. Media was removed from the cells, and the cells were
washed once with DMEM prior to the transfer of sera-pseudovirus mixture. 40 pyL from
each well of the half-area 96-well plate containing sera and pseudovirus were
transferred to the 96-well plate seeded with cells and incubated at 37°C for 1 h. After 1
h, an additional 40 yL of DMEMsupplementedwith 20% FBS and 2% PenStrep was
added to the cells. After 18-20 h, 40 uL of One-Glo-EX substrate (Promega) was added
to each well and incubated on a plate shaker in the dark for 5min before reading the
relative luciferase units using a BioTek Neo2 plate reader. Relative luciferase units
(RLUs) were plotted and normalized in Prism (GraphPad): 100% neutralization being
cells in the absence of pseudovirus and 0%neutralization being pseudovirus entry into
cells without sera. Prism (GraphPad) nonlinear regression with “log[inhibitor] versus
normalized response with a variable slope” was used to fit the curve. Percent
neutralization was calculated by taking the interpolated percentage of entry value at a
fixed dilution factor of 1/33 (v/v ratio dilution of initial sera, log(dilution factor) of 1.519)
using the fit curve. 100% and 0% neutralization were defined as 0% entry and 100%

entry, respectively. Calculated values from three biological replicates per
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sample-pseudovirus pair were used to obtain the mean percent neutralization per

animal.

Mouse challenges and virus plaque assays

7weeks post-boost,mice (Envigo, stock# 047) were exported from the
Comparative Medicine Facility at the University of Washington, Seattle, WA to an
AAALAC accredited Animal Biosafety Level 3 (ABSL3) Laboratory at the University of
North Carolina, Chapel Hill, where mice were acclimated for 7 days. For infection,mice
were anesthetized with a mixture of ketamine/xylazine and challenged intranasally with
1 x 10° plaque-forming units (pfu) of a recombinant mouse-adapted coronavirus
SARS-CoV-2 XBB.1.5 MA strain for the evaluation of vaccine efficacy (Powers et al.,
2024) (IACUC protocol 21-272). Infected mice were monitored for daily body weight. On
day 4 post-infection mice were necropsied, the degree of lung congestion was scored,
and lung (caudal lobe) and nasal turbinate tissues were harvested to determine viral
loads by plaque assay. For plaque assays, the appropriate tissues were homogenized
in PBS and tissue debris was pelleted at 13,000 x g for 5 min. The clarified
homogenates were serial-diluted and added to a confluent monolayer of Vero E6 cells
(ATCC CCL-81), followed by an agarose overlay. Plagues were visualized with an

overlay of Neutral Red dye on day 3 post infection.
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4.9 Figures & Tables

Figure 4.1. Design of prefusion-stabilized SARS-CoV-2 fusion machinery (S,
subunit) vaccines.
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(a) (Left) Ribbon diagram of prefusion SARS-CoV-2 S highlighting all positions that were
mutated to attempt to stabilize the metastable fusion machinery (S, subunit) in the
prefusion conformation.Mutations are shown in blue (intra-protomer disulfide bond),
purple (VFLIP inter-protomer disulfide bond (Olmedillas et al., 2021)), green (subset of
proline mutations selected from HexaPro (Hsieh et al., 2020)), and red (ten mutations
selected based on expression/fusion score of a deep-mutational scan (T. J. C. Tan et
al., 2023)). The S; subunit is shown as a transparent surface and glycans are omitted
for clarity (PDB 6VXX). (Right) SARS-CoV-2 S (PDB 6VXX) colored by sequence
conservation across multiple sarbecoviruses. (b) Ribbon diagram of the C-44 cryoEM
structure previously determined with splayed open apex (Bowen, Park, et al., 2022)
(PDB 8DYA). (c) Size-exclusion chromatograms (SEC) of the designed S, constructs.
(d) Purification yields of the designed S, constructs after size-exclusion
chromatography. (e) Ribbon diagram of the E-31 cryoEM structure. The position of the
T961F mutation is circled red in one protomer. (f) Superimposition of the S, subunits
from the E-69 cryoEM structure and prefusion SARS-CoV-2 S (A. C. Walls, Park, et al.,
2020) (gray, PDB 6XR8, residues 705-1146). The box denotes a region of local
structural deviation downstream of the fusion peptide (residues 833-855). Glycans are
omitted for clarity. (g) Ribbon diagram of the E-69 cryoEM structure. Insets: zoomed-in
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views of the mutations introduced with mutated residues rendered with darker
blue/orange shades with semi-transparent surface representation of select side chains.
Selected polar interactions are shown as dashed lines. The three protomers of each
trimer are colored blue, pink and gold throughout the figure.
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Figure 4.2. Characterization of designed SARS-CoV-2 S, prefusion immunogens
with single mutations.

a b E-31 c E32 d E-33

(a) Ribbon diagram of prefusion SARS-CoV-2 S (PDB 6VXX) highlighting all three
positions shown in red (T961F, D994E, Q1005R) that were individually mutated to
attempt to stabilize the metastable fusion machinery in the prefusion conformation. The
S, subunit is shown as a semi-transparent surface and glycans are omitted for clarity.
(b-d) EM analysis of negatively stained E-31 (T961F) (b), E-32 (D994E) (c), and E-33
(Q1005R) (d). Insets: 2D class averages showing compact and splayed open prefusion
S, trimers. The scale bar represents 50 nm (black) or 200 A (insets, gray).
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Figure 4.3. CryoEM data collection and refinement of SARS-CoV-2 S, E-31.
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(a-b) Representative electron micrograph (a) and 2D class averages (b) of
SARS-CoV-2 S, E-31 embedded in vitreous ice. The scale bar represents 100 nm (a) or
160A (b). (c¢) Gold-standard Fourier shell correlation curve for the cryoEM
reconstruction. The 0.143 cutoff is indicated with a gray dashed line. (d) SARS-CoV-2
S, E-31 cryoEM map colored by local resolution as determined using cryoSPARC. (e),
Data processing flowchart. NUR, CTF: non-uniform refinement with per-particle defocus
refinement. (f) Angular distribution of E-31 particle images in the final map.

153



Figure 4.4. Structural details of prefusion-stabilized S, subunit designs.
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(a) E-31 superimposed to the SARS-CoV-2 S, subunit from the S ectodomain trimer
(PDB 6VXX, gray). Inset: zoomed-in view of the T961F mutation and proximal residues
with selected side chains shown as semi-transparent surfaces. (b) E-60 superimposed
to the SARS-CoV-2 S, subunit from the S ectodomain trimer (PDB 6VXX, gray). Inset:
zoomed-in view of residues 875-906 of E-60 (left) and SARS-CoV-2 S (right) to highlight
local structural distortions. Mutated residues are shown in blue and orange. (c) E-69
superimposed to the SARS-CoV-2 S, subunit from the S ectodomain trimer (PDB 6XR8,
residues 705-1146). Steric clashes are indicated with red stars.
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Figure 4.5. CryoEM data collection and refinement of SARS-CoV-2 S, E-60.
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(a-b) Representative electron micrograph (a) and 2D class averages (b) of
SARS-CoV-2 S, E-60 embedded in vitreous ice. The scale bar represents 100 nm (a) or
160A (b). (c) Gold-standard Fourier shell correlation curve for the cryoEM
reconstruction. The 0.143 cutoff is indicated with a gray dashed line. (d) SARS-CoV-2
S, E-60 cryoEM map colored by local resolution as determined using cryoSPARC. (e)
Data processing flowchart. NUR, CTF: non-uniform refinement with per-particle defocus
refinement. (f) Angular distribution of E-60 particle images in the final map.
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Figure 4.6. CryoEM data collection and refinement of SARS-CoV-2 S, E-69.
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(a-b) Representative electron micrograph (a) and 2D class averages (b) of
SARS-CoV-2 S, E-69 embedded in vitreous ice. The scale bar represents 100 nm (a) or
200A (b). (c) Gold-standard Fourier shell correlation curve for the cryoEM
reconstruction. The 0.143 cutoff is indicated with a gray dashed line. (d) SARS-CoV-2
S, E-69 colored by local resolution as determined using cryoSPARC. (e) Data
processing flowchart. NUR, CTF: non-uniform refinement with per-particle defocus
refinement. (f) Angular distribution of E-69 particle images in the final map.
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Figure 4.7. Characterization of SARS-CoV-2 S, prefusion design F-53.
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(a) Evaluation of binding of a panel of monoclonal antibodies to SARS-CoV-2 S, F-53 by
ELISA. Each data point represents the mean of three technical replicates and SD are
shown with bars. (b) EM analysis of negatively stained purified F-53. Insets: 2D class
averages. The scale bar represents 50 nm (black) or 200 A (insets, gray).
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Figure 4.8. A stable prefusion-stabilized SARS-CoV-2 fusionmachinery (S,
subunit) vaccine candidate.
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(a) Ribbon diagram of the E-69 prefusion-stabilized SARS-CoV-2 fusion machinery
antigen highlighting the regions containing the epitopes recognized by S,
subunit-targeting monoclonal antibodies using dashed lines. (b) Amino acid sequences
of the RAY53, S2P6 and 76E1 epitopes. The VI987P and D994Q E-69 mutations are
respectively shown in green and red in panels a-b as they are located within the RAY53
epitope that has been previously reported (Silva et al., 2023). (¢) Evaluation of retention
of antigenicity for the E-69 antigen in various storage conditions using binding of the
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S2P6, 76E1 and RAY53 monoclonal antibodies analyzed by ELISA. (d-i) Evaluation of
retention of the native prefusion conformation for the E-69 antigen in various storage
conditions analyzed by EM of negatively stained samples. Insets: 2D class averages.
The scale bars represent 50 nm (micrograph) and 200 A (2D class averages). nsSEM
data was collected once per storage conditions. Representative micrographs from 42,
85, 49, 42, 22, and 24 micrographs are shown respectively. Particles picked from
individual sets of micrographs were used to generate 2D class averages.
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Figure 4.9. Retention of antigenicity of SARS-CoV-2 S, E-69.
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SARS-CoV-2 S, E-69 under various storage conditions measured by ELISA. Each data
point represents the mean of three technical replicates and SD are shown with bars.
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Figure 4.10. A broadly generalizable prefusion-stabilization strategy for
sarbecovirus fusion machinery (S, subunit) antigens.
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(a) Ribbon diagrams of superimposed S, subunits of the prefusion SARS-CoV-2 S (PDB
6VXX (A. C. Walls, Park, et al., 2020)), SARS-CoV-1 S (PDB 5X58 (Yuan et al., 2017))
and PRD-0038 S (PDB 8U29 (Lee et al., 2023)) structures. Prefusion-stabilizing
mutations are shown in blue (intra-protomer disulfide bond), purple (VFLIP
inter-protomer disulfide bond (Olmedillas et al., 2021)), green (subset of proline
mutations selected from HexaPro (Hsieh et al., 2020)), and red (mutations ported from
E-69). (b-i) Zoomed-in views of superimposed S, subunits of the prefusion
SARS-CoV-2, SARS-CoV-1 and PRD-0038 S structures highlighting the local structural
conservation of residues mutated in SARS-CoV-2 the E-69/F-53 constructs
(underlined). SARS-CoV-2, SARS-CoV-1, and PRD-0038 S are respectively shown in
light gray, gold, and pink in panels (a—i). (j) Size-exclusion chromatograms (SEC) of the
designed SARS-CoV-1 and PRD-0038 S, constructs, as compared to SARS-CoV-2
F-53. (k) Purification yields of the designed SARS-CoV-1 and PRD-0038 S, constructs.
The yield for the best SARS-CoV-2 S, construct (F-53) is included for comparison. (I,m)
Evaluation of retention of antigenicity for the SARSCoV-1 (I) and PRD-0038 (m) S,
antigens in various storage conditions using binding of the S2P6, 76E1 and RAY53
monoclonal antibodies analyzed by ELISA. (n,0) Evaluation of retention of the native
prefusion conformation of the negatively stained SARS-CoV-1 (n) and PRD-0038 (0) S,
trimers after freeze/thawing. Insets: 2D class averages showing compact prefusion S,
trimers. The scale bar represents 50 nm (micrographs) and 200 A (2D class averages).
nsEM data was collected once per storage conditions. Representative micrographs from
82 and 98 micrographs are shown respectively. Particles picked from individual sets of
micrographs were used to generate 2D class averages.
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Figure 4.11. Retention of antigenicity of SARS-CoV-1 and PRD-0038 prefusion S,

designed constructs.
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(a-b) Evaluation of binding of a panel of monoclonal antibodies to SARS-CoV-1 S, (a)
and PRD-0038 S, (b) under various storage conditions measured by ELISA. Each data
point for SARS-CoV-1 represents the mean of two technical replicates and SD are
shown with bars (except for SARS-CoV-1 Day14 RT and 4°C which comprise a single
technical replicate and Post-freeze thaw which comprises three technical replicates).
Each data point for PRD-0038 represents the mean of three technical replicates and SD
are shown with bars (PRD-0038 Post freeze-thaw which comprises two technical
replicates).
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Figure 4.12. A prefusion-stabilized SARS-CoV-2 fusion machinery (S, subunit)
vaccine elicits broadly reactive antibody responses.
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(a) Vaccination schedule and study design. (b-d) Analysis of antibody binding titers
against SARS-CoV-2 Hexapro S (b), XBB.1.5 Hexapro S (c), and SARS-CoV-1
Hexapro S (d) analyzed by ELISAs using sera obtained two weeks post dose 4.
Geometric mean and geometric standard deviation (SD) are shown as bars. Each data
point represents the mean of two biological replicates each comprising two technical
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replicates. Comparisons between multiple groups for (b—d) were made by ordinary
one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons test.
ns: P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****: P<=0.0001. P=2.645e-006 and
P=0.0001505 for the comparisons made between groups 1&2 and groups 1&3,
respectively. (e-g) Analysis of neutralizing antibody titers expressed as percentage of
neutralization using a 1/33 dilution of sera obtained two weeks post dose 4 against
SARS-CoV-2 Wu/G614 (e), XBB.1.5 (f), and SARS-CoV-1 (g) S VSV pseudoviruses.
Each data point represents the mean values from three biological replicates. Means and
SDs for each group are shown as bars (n=12 for groups 1&3 and n=11 for group2).
Representative dose-response curves are shown in Figure 4.15.
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Figure 4.13. Analysis of vaccine-elicited

various S trimers by ELISA.
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(@) Dose-response curves of serum antibody binding to SARS-CoV-2 Hexapro S,
XBB.1.5 Hexapro S, and SARS-CoV-1 Hexapro S using sera obtained 2 weeks post
dose 4. Each data point represents the mean of two technical replicates and SD are
shown with bars. One representative out of two biological replicates is shown (n=12 for
groups 1 &3, n=11 for group 2). (b) QQ plots of residuals for the mean of log(EDs)
values from two biological replicates of ELISA.
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Figure 4.14. Analysis of vaccine-elicited serum binding titers for different IgG
subclasses against SARS-CoV-2 E-69.

a

IgG b
%%
6.5 —
= 6.0 *% NS =
I ,—I D
Q 554 [=]
w o w
= oo =
D 5.0 000 >
o O o
= R % =
o 4.5 & o
£ £
T 4.0 T
B4 = £
m 35 2]
3.0-
QQ plot : IgG
.
= 0.5+ Py
S
2
8 0.0
°
2 ]
2051, °
3
a
.04
T T T T
10 05 00 05
Actual residual
Group 1
E-69 :1gG
2.0
215
=
o
210
5
2o N
A
.0 T T T Y 1
10° 102 104 108 108 100
Dilution
E-69 : IgG1
4.0
5 30 .
8
22
5
£
@ 1.0
.0+ T T T ¥ 1
100 102 10+ 105 q0r  qo®
Dilution
E-69:1gG2a
40
g 30
=]
o
E‘lo
5
£
o 1.0
.0+ T T ¥ . 1
100 00 10t 10t do*  Adov
Dilution
E-69: IgG2b
4.0
2 3.0
g
o
_212.0
5
£
@ 1.0
t T T e 1
100 100 10t 10¢ 10°  10%
Dilution

Predicted residual

IgG1 c g62a d IgG2b
ns ns ns
| 1 |—|
7.0+ 5.5 5.5+
* ns ns ns ns
6.5 = 5.04 = 5.0
| OI 2 1 1 2 I 1
6.0 ° 0454 8 o of o 4.5+ o ©
wo B8 # S s % o 0§ d’
. - [} 4 o0
55 o g‘ 4.0 i g' 4.0 og W o
= = ]
5.0 [& = 3.5 » o 3.5- 888
o =]
S = £
4.5 T 3.0+ o T 3.0
£ o) £ o
4.0 m 25+ m 25
3.5- 2.0 2.0
QQ plot : IgG1 QQ plot : IgG2a QQ plot : IgG2b
0.5 . B .
.
= Py + 0.5 &
- »~ 3 ’
0.0 H 0o y 2 0.0
#' b f °
F £ f' b o
L £ .0.5 ¢
054 o 5 0.5 5
8 o [ o
o o
04 1.0
-1 T T T T T T T T T T
40 05 05 40 05 00 05 1.0 40 05 00 05
Actual residual Actual residual Actual residual
Group 2 Group 3
E-69 : 1gG E-69 : IgG
- 11 20 - 24 20
- 1-2 = 22
15 i g 15
13 85 [ 2 c2s g
T g X
+ 15 3 “+ 25 3
° 16 & 05 - 26 & 05
s 17 s 2.7
4 18 0.0 T T R A 28 0.0 T T T T 1
- 19 100 102 104 108 108 101 v 2.9 100 102 104 108 100 101
- 140 Dilution - 241 Dilution
- 111 - 212
- 112
E-69 : IgG1 E-69 : IgG1
- 11 e - 21 40
= 12 330 =22 3 3.0
w13 8‘ 23 g’
=4 320 - 24 2 20
~“+ 15 5 + 25 =1
2 £
o 18 @ 1.0 o 26 @ 10
17 & 27
A 18 0.0 - T T T , A 28 0.0 T T 7 T )
- 19 100402 10+ 108 402 d0m o L 100 402 404 08 408 1om
. 110 Dilution 211 Dilution
- 111 . 212
112
E-69:1gG2a E-69 : IgG2a
- 11 s - 241
- 12 - = 22
+ 13 § 30 + 23 H
g g
- 14 2 20 - 24 >
~+ 15 3 +25 3
2
° 16 @ 10 26 &
& 1-7 & 27
A 18 0.0+ T T i i ) A 28
v 18 100407 104 105 408 10% o L g 100 402 40¢  0f  d0® 10"
. 110 Dilution C o Dilution
- 111 - 212
- 112
E-69:1gG2b E-69 : IgG2b
4.0
- 11 - 241
- 12 - 22
+ 13 g 2o L + 23 ¢
8 ¥ ]
v 14 2 20 ¥ v 24 2
R ~25 3
* 16 @ 1.0 o 26 &
17 o 27
A 18 0.0 T T ¥ 7 1 a 28
v 19 100 107 10¢  10F  10° 10" o g 100 102 10* 10 0* 0"
o 110 Dilution 21 Dilution
- 11 - 212
— 112

e e dameo &1 a

4 ¢ a>mo 4 4o

o Group1
o Group2
o Group3

34
32
33

35
36
37
3-8
39
3-10
3-11
312

341

34

312

169



(a-d) Analysis of IgG (a), IgG1 (b), IgG2a (c), and IgG2b (d) binding titers against E-69
analyzed by ELISAs using sera obtained five weeks post dose 4. Geometric means are
shown as bars with SD. Each data point represents the mean of two biological
replicates each comprising two technical replicates. (n=12 for groups 1 &3, n=11 for
group 2). (e) QQ plots of residuals for the mean of log(EDs) values from two biological
replicates of ELISA. (f) Dose-response curves of serum antibody binding to E-69. Each
data point represents the mean of two technical replicates and SD are shown with bars.
One representative out of two biological replicates is shown. (n=12 for groups 1 &3,
n=11 for group 2). Comparisons between multiple groups for (a-d) were made by
ordinary one-way analysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test. ns : P>0.05, * : P<=0.05, ** : P <=0.01, *** : P<=0.001, **** :
P<=0.0001. (a) P=0.0036 and P=0.0044 for the comparisons made between groups
1&2 and groups 1&3, respectively. (b) P=0.0277 for the comparison made between
groups 1&2. (d) P=0.0114 for the comparison made between groups1&2.
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Figure 4.15. Analysis of vaccine-elicited serum neutralizing antibody titers.
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(a-b) Dose-response curves of serum neutralizing antibody titers against the
SARS-CoV-2 Wu/G614, XBB.1.5 and SARS-CoV-1 S VSV pseudotypes using sera
obtained prior to immunization (a) and two weeks post dose 4 (b). The color key
indicates mouse |IDs. Representative curves from one out of three biological replicates
are shown.
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Figure 4.16. A prefusion-stabilized SARS-CoV-2 fusion machinery (S, subunit)

vaccine protects mice against SARS-CoV-2 XBB.1.5-induced disease.
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(a) Weight loss followed 4 days post viral challenge with SARS-CoV-2 XBB.1.5MA10.
Control group corresponds to unvaccinated mice. Mean values and SD are shown
(n=12 for days 0-2 for groups1 & unvaccinated and n=11 for days 0-2 for groups 2&3,
and n=6 for days 3-4 for all groups except n=5 for the unvaccinated group). Comparison
of percent weight loss with the control group and each of the vaccinated groups was
done using two-way analysis of variance (ANOVA) followed by Sidak’s multiple
comparison test. ns: P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****:P<=0.0001.
For day 3, P=0.0411, P=0.0038, and P=0.0093 for the comparisons made between the
unvaccinated and groups 1&2&3, respectively. For day 4, P=0.0379, P=0.0120, and
P=0.0188 for the comparisons made between the unvaccinated and groups 1&2&3,
respectively. (b,c) Quantification of replicating viral titers in the nasal turbinates (b) and
lungs (c) of challenged animals at 2 and 4 days post infection, respectively. Mean
values and standard error of measurement (SEM) are shown ((dpi2);n=6 for groups1 &
unvaccinated and n=5 for groups 2&3, (dpi4);n=6 for groups 1&2&3 and n=5 for the
unvaccinated group). For the infectious virus titer in the lung 2 days post-infection,
P=0.0262, P=0.0471, and P=0.0012 for the comparisons made between the
unvaccinated and groups 1&2&3, respectively. For 4 days post-infection, P=0.0030,
P=0.0035, and P=0.025 for the comparisons made between the unvaccinated and
groups 1&28&3, respectively. (d) Lung discoloration score at 2 and 4 days post infection.
Mean values and SEM are shown ((dpi2);n=6 for groups1 & unvaccinated and n=5 for
groups 2&3, (dpi4);n=6 for groups 1&2&3 and n=5 for the unvaccinated group). For 4
days post-infection, P=0.0061, P=0.0061, and P=0.0264 for the comparisons made
between the unvaccinated and groups 1&2&3, respectively. Statistical significance
compared with the control group and each of the vaccinated groups was reported using
Kruskal-Wallis test followed by Dunn’s multiple comparisons test (b—d). ns: P>0.05, *:
P<=0.05, **: P<=0.01, ***: P<=0.001, ****: P<=0.0001. The experiment has not been
replicated (a—d).
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Table 4.1. List of selected sarbecovirus sequences used for conservation

analysis.

Virus name Accession Code
SARS-CoV-2 MN908947
RshSTT182 EPI_ISL_852604
GD-Pangolin MT121216.1
RaTG13 MN996532
GX-Pangolin EPI_ISL_410542
SARS-CoV-1 GDO1 AY278489
SARS-CoV-1 Urbani AY278741
SARS-CoV-1 BJO1 AY278488.2
SARS-CoV-1 SZ1 AY304489
WIVA1 KF367457
RsSHCO014 KC881005
HuB2013 KJ473814
Rs4081 KY417143
HKU3-1 DQ022305
RacCS203 MW251308
Rf4092 KY417145
Khosta-1 MZ190137
PRD-0038 QTJ30153.1
BtKY72 KY352407
RhGBO01 MW719567
Khosta-2 MZ190138
RsYNO4 EPI_ISL_1699444
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Table 4.2. Mutations tested in the SARS-CoV-2 S, prefusion designed constructs.

Design Residue HexaPro VFLIP Intra-protomer
range inter-protomer | disulfide bonds
disulfide bonds
C-44 686-1208 | A892P, A899P, | Y707C-T883C | F970C-G999C
A942P, VO87P
Design Residue Additional mutations to theC-44 background
range
E-31 686-1208 [ T961F
E-32 686-1208 D994E
E-33 686-1208 Q1005R
E-60 686-1208 F888P, A893P, NOO7E, T961F, D994Q, T998Q,
Q1010M, Q1011M, 11018Y, N1023M
E-69 686-1208 N907E, T961F, D994Q, Q1011M, [1018Y
F-53 701-1208 N9O7E, T961F, D994Q, Q1011M, [1018Y
SARS1 S, | 683-1190 N889E, T943F, D976Q, Q993M, 11000Y
PRD-0038 | 684-1191 N890E, V940Q, T944F, D977Q, Q994 M, 11001Y
S,
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Table 4.3. CryoEM data collection and refinement statistics.

E-31 E-60 E-69
Data collection and processing | EMD-43435 EMD-43436 EMD-43437
PDB 8vVQ9 PDB 8VQA PDB 8vVQB
Magnification 105,000 105,000 105,000
Voltage (kV) 300 300 300
Electron exposure (e/A?) 63 63 63
Defocus range (um) -0.2--7.0 -0.2--3.0 -0.1--3.27
Pixel size (A) 0.843 0.843 0.843
Symmetry imposed C3 C3 C3
Final particle images (no.) 671,707 144,044 319,001
Map resolution (A) 2.7 3.5 3.0
FSC threshold 0.143 0.143 0.143
Map sharpening B factor (A?) -119.4 -143.9 -127.6
Validation
MolProbity score 0.94 0.96 0.89
Clashscore 0.94 0.78 0.65
Poor rotamers (%) 0.00 0.77 0.71
Ramachandran plot
Favored (%) 97.12 96.68 96.95
Allowed (%) 2.88 2.61 3.05
Disallowed (%) 0.00 0.71 0.00
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CHAPTER 5. Optimizing prefusion-stabilized S, vaccines and

unraveling their protection mechanism in mice

In the final chapter of this dissertation, | spotlight our various efforts to optimize
the previously described sarbecovirus fusion machinery vaccines. Then, | describe how
we characterized the protection mechanism of our sarbecovirus fusion machinery

vaccines in mice models.

5.1 Chapter Introduction

During the COVID-19 pandemic, mRNA vaccines have demonstrated themselves
as a powerful vaccine platform alternative to conventional vaccines. Although the
technology appeared more than 3 decades ago, due to its innate nature, being
extremely labile and rapidly degrading, made it difficult to use in vaccine development
(Martinon et al., 1993; Pardi et al., 2018). Intensive research in the field and key
technological innovations that followed have improved mRNA quality over the past few
decades improving its stability, safety, and delivery effectiveness, making it ready for
vaccine development against SARS-CoV-2 when the COVID-19 pandemic broke out.
This led to the development of Spikevax® (Moderna) and Comirnaty® (Pfizer-BioNTech)
in an unprecedented record-breaking timeline. Both vaccines successfully induced
potent neutralizing antibodies as well as durable immune memory towards SARS-CoV-2
and a number of variants of concern (VOC) (Baden et al., 2021; Goel et al., 2021).

The overall structure of non-replicating mRNA vaccines is composed of

antigen-encoding mRNA and mRNA encapsulating lipid nanoparticles (LNPs). The
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conventional mMRNA vaccines contain 5’ cap, 5° UTR, ORF, 3’ UTR, followed by poly(A)
tail (Gote et al., 2023). 5 cap serves to protect mMRNAs from getting cleaved by
exonucleases, and is essential in guiding the immune system to discern self- or
endogenous mMRNA (Daffis et al., 2010). 5 UTR and 3’ UTR are involved in the overall
stability of mMRNA and regulating the correct translation of the mRNA (Gote et al., 2023).
ORF is the region where target antigen sequences are encoded, which may carry
mutations to optimize the immunogenicity of the antigen. For instance, both
aforementioned mRNA vaccines for SARS-CoV-2 carry two proline mutations (2P) in
the spike glycoprotein to stabilize the spike in its prefusion conformation (Jackson et al.,
2020; Vogel et al., 2021). Poly(A) tail determines the lifespan of the mRNA and affects
the degradation of the mRNA (Gote et al., 2023). To achieve a longer half-life, often
about 100 nt poly(A) tail is added to the mRNA vaccine (Godiska et al., 2010).
Nucleotides in mRNA vaccines are also modified, for example, utilization of
pseudouridines, to reduce undesirable immune responses (Anderson et al., 2010)
exemplified by the use of N1-methylpseudouridine modification by Spikevax® and
Comirnaty® (Jackson et al., 2020; Vogel et al.,, 2021). Lastlyy, LNPs and their
compositions, typically composed of ionizable cationic lipid, cholesterol, PEGylated lipid,
and helper phospholipid, are optimized to achieve effective delivery of mRNA and
protection of mMRNA from internal degradation (Chaudhary et al., 2021).

When administered, mRNA vaccines are taken up by immune or non-immune
cells in tissues via endocytosis, where they are translated into protein by the host
ribosome (Lindsay et al., 2019). Translated proteins can stimulate the immune system in

various ways. Proteins that get secreted out of the cell can be endocytosed by immune
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cells, broken down to peptides, and presented by MHC class I, resulting in CD4+ helper
T cell activation (Cagigi & Loré, 2021; Pardi et al., 2018). They can also be recognized
by B cells, resulting in B cell maturation (Kim et al., 2021). Proteins that are carried to
the membrane surface of the cell can interact with B cell receptors (BCRs) in B cells as
well (Carrasco & Batista, 2006; Gordon et al., 2014; Irvine et al., 2020). Tissue-resident
antigen-presenting cells (APCs) near the injection site that have taken up the mRNA will
also start producing antigens and present peptides through the MHC class 1 pathway,
followed by CD8+ cytotoxic T cell activation (Kim et al., 2021). Some mRNAs that make
their way to the lymph node and get taken up by APCs there will initiate priming and
activation of T cells and B cells (Carrasco & Batista, 2006; Gordon et al., 2014; Irvine et
al., 2020).

Viral proteins are often glycosylated, either encoded in the virus or derived from
the host, giving its name viral glycoprotein (Giller et al., 1989). Glycans on the viral
glycoproteins can mask epitopes as a shield that otherwise would be easily recognized
by B-cell receptors (BCRs). Developing vaccine candidates using HIV-1 Env, for
instance, has proven to be extremely difficult as HIV-1 Env is densely glycosylated
(Schorcht et al., 2020; Sliepen et al., 2019). In the SARS-CoV-2 spike, there are 22
N-linked glycosylation sites characterized by the N-X-S/T (where X is not Proline)
N-glycosylation motif, with 9 of them located in the S, subunit (Watanabe et al., 2020).
Recently, a group of researchers have designed a vaccine candidate where they
expressed SARS-CoV-2 spike ectodomain in GnTlIm HEK293S cells to produce
high-mannose glycoform spike, followed by treating with endoglycosidase H (Endo H) to

trim off glycans to a single N-acetylglucosamine (GlcNac) which they name Sy¢ (H.-Y.
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Huang et al., 2022). In the study, they vaccinated BALB/c mice with different forms of
glycoform spike proteins and have shown that vaccinating mice with the Sys vaccine
elicited improved humoral responses, including more diverse antibody subclasses and
more potent neutralizing ability (H.-Y. Huang et al., 2022). The vaccine also conferred
better in vivo protection in Syrian hamsters challenged with SARS-CoV-2 wild type
compared to the fully glycosylated spike vaccine (H.-Y. Huang et al., 2022). These data
suggest that reducing the occupancy of huge, flexible glycan shields from an antigen
could improve its immunogenicity.

Self-assembling protein nanoparticle scaffolds are another vaccine delivery
platform with rapidly increasing uses in next generation vaccine designs
(Boyoglu-Barnum et al., 2021; Kanekiyo et al., 2013; Lépez-Sagaseta et al., 2016;
Marcandalli et al., 2019; A. C. Walls et al., 2021; A. C. Walls, Fiala, et al., 2020).
Through arraying multivalent antigen presentation in a regular manner, self-assembling
protein nanoparticles are ideal for eliciting strong B cell receptor (BCR) signaling,
resulting in improved antibody responses. They are designed to achieve high stability
that does not require a cold chain supply which can serve as an advantage over mRNA
vaccine platforms. A computationally designed two-component nanoparticle that readily
assembles into an icosahedral nanoparticle (153-50) upon mixing is an example of a
vaccine with antigens displayed on the surface of self-assembling protein nanoparticle
scaffolds (Kraft et al., 2022; Ueda et al., 2020). In our recent works with our collaborator,
we have shown that displaying SARS-CoV-2 RBD on an 153-50 nanoparticle elicited
potent neutralizing antibody responses that were RBD focused, overcoming the

limitations of RBD being too small to be used as a vaccine candidate alone (A. C.
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Walls, Fiala, et al., 2020). 153-50 can also display multiple different antigens such as
sarbecovirus RBDs, either on the same nanoparticle scaffold or as a cocktail of
nanoparticles (A. C. Walls et al., 2021). We have shown that this formulation of
nanoparticles successfully elicited antibody responses in both mice and non-human
primates, and conferred protection in mice against heterotypic SARS-CoV challenge (A.
C. Walls et al., 2021). These data indicate that displaying antigens on the surface of
nanoparticles is a vaccine delivery platform to consider with many advantages when
optimizing a vaccine candidate.

One of the main goals of a vaccine against viruses is to elicit neutralizing
antibodies that, upon encountering virions, will successfully neutralize the virus from
infecting the host cells or stop the viral egress from infected cells. However, antibodies
that do not show potent neutralizing activity should not be overlooked, as they can
participate in vaccine-mediated protection against viruses via Fc-mediated effector
functions. Fc-mediated effector functions include antibody-dependent cell-mediated
cytotoxicity (ADCC), antibody-dependent cellular phagocytosis (ADCP), and
complement-dependent cytotoxicity (CDC), all resulting in the clearing of virus-infected

cells and virions (van Erp et al., 2019).

5.2 Antibody responses from different conformations of membrane-anchored
SARS-CoV-2 S, mRNA-LNP vaccine

To evaluate whether delivering our prefusion-stabilized SARS-CoV-2 S, vaccine
via the mRNA-LNP platform will elicit potent neutralizing antibodies, we designed an

mRNA encoding membrane-anchored SARS-CoV-2 S, incorporating our
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prefusion-stabilizing mutations from our SARS-CoV-2 S, subunit E-69 vaccine (Figure
5.1a). We also designed the F-53 version of the membrane-anchored SARS-CoV-2 S,
mRNA as well as the previously described C-44 (splayed-open apex SARS-CoV-2 S,)
version of the mRNA, to assess the effect of different conformations of SARS-CoV-2 S,
on eliciting potent neutralizing antibodies (Figure 5.1a). We included
prefusion-stabilized SARS-CoV-2 spike mRNA with 2P mutations to benchmark current
vaccines. Groups of 10 mice were immunized with 4 doses of SARS-CoV-2 S,
MRNA-LNPs or SARS-CoV-2 S mRNA-LNP (Figure 5.1b). One group was primed with
2 doses of SARS-CoV-2 S mRNA-LNP and boosted with 2 doses of SARS-CoV-2 S,
MRNA-LNP to recapitulate the pre-existing immunity (Figure 5.1b). Sera ELISA showed
all groups had comparable binding titer against F-53, indicating that delivering
prefusion-stabilized S, in membrane anchored format via mRNA-LNP successfully
elicited antibodies in mice (Figures 5.1c, 5.2). Groups that received prefusion-stabilized
S, in any conformation showed higher binding titer against F-53 compared to the group
that received SARS-CoV-2 S2P, which is in line with our previous data with protein
subunit vaccine of each immunogens (Figures 5.1c, 5.2, and Figure 4.14a). Then, we
ran inhibition ELISA using S, targeting monoclonal antibodies to broadly map regions of
epitopes targeted by the elicited polyclonal antibodies (Figure 5.1d). All groups that
were immunized with either S or S, elicited antibodies that have epitopes overlapping
with 76E1 (fusion-peptide targeting monoclonal antibody) (Sun et al., 2022), S2P6
(stem-helix targeting mAb) (Pinto et al., 2021), and 54043-5 (prefusion apex targeting
mAb) (Johnson et al., 2024) indicating that the conformation of prefusion-stabilized S,

whether it has extended N terminus (E-69), or splayed open apex (C-44), truncated N
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terminus and closed apex (F-53) does not significantly impact antibody responses within
the set of S, targeting monoclonal antibodies that we have tested (Figures 5.1d,e, 5.3).
Neutralization assays were performed using VSV pseudotyped with SARS-CoV-2
D614G spike. Conforming to previous findings, only the SARS-CoV-2 S immunized
group and hybrid group elicited potent neutralizing antibodies, whereas all SARS-CoV-2
S, only immunized groups showed no sign of neutralizing antibodies (Figures 5.1f, 5.4).
These data suggest that regardless of delivery method, whether or not the immunogen
is delivered as soluble protein subunit or membrane-anchored full-length S or S,
encoded by mRNA, full length spike that included the S, region was still the most
effective in eliciting neutralizing antibodies. Also, comparing different conformations of
prefusion-stabilized S,, whether or not the apex is splayed open or closed, didn’'t have

any impact on the elicited antibody’s ability to neutralize.

5.3 Antibody responses from deglycosylated prefusion-stabilized SARS-CoV-2 S,
protein subunit vaccine

To investigate whether glycans had an effect in eliciting more potent neutralizing
antibodies in prefusion-stabilized SARS-CoV-2 S, protein subunit vaccine, we designed
several constructs that lacked N-linked glycosylation sites by replacing asparagine (N)
of NxS/T N-linked glycosylation motif with glutamine (Q) (Figure 5.5a). We designed
constructs that lacked all glycosylation sites in the SARS-CoV-2 S, subunit or only in the
stem helix region with varying trimerization domains. We kept two N-glycosylation sites,
N801 and N1194 intact in these designs since those two sites have been reported to be

critical in proper expression and protein folding of the spike (Figure 5.5a) (H.-Y. Huang
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et al., 2022). However, all designed constructs were poorly expressed in Expi293F cells,
aligning with previous reports on the possible role of glycans in proper protein folding
and subsequent trafficking of the protein (Figure 5.5b). As an alternative way to
generate prefusion-stabilized SARS-CoV-2 S,, we decided to first express our leading
prefusion-stabilized SARS-CoV-2 S, candidate, F-53, then to truncate N-linked glycans
by treating the recombinant protein with Peptide-N-Glycosidase F (PNGaseF) (Figure
5.5c,d). We confirmed that the deglycosylated F-53 retained its prefusion-stabilized
form by ELISA with prefusion spike-recognizing monoclonal antibody 54043-5 1gG
(Johnson et al.,, 2024) and negative stain EM (Figure 5.5e,f). However, mass
spectrometry showed that the enzyme treatment was not fully complete, possibly due to
a thick glycan shield hindering the access of the enzyme under native conditions and
treated F-53 still had mixed glycosylation patterns (Figure 5.5g).

To study the immune response of the partially deglycosylated SARS-CoV-2 S,
subunit vaccine immunogen, we immunized groups of 10 mice with 1 pg doses of
SARS-CoV-2 S2P or F-53 or deglycosylated F-53 or 5 ug doses of F-53 or
deglycosylated F-53 (Figure 5.6a). Sera were collected 2 weeks post boost, and
antibody titers and epitope mapping were performed using ELISA (Figures 5.6b,c, 5.7,
5.8). As expected, group 1 that received SARS-CoV-2 S2P showed the highest binding
titer against SARS-CoV-2 S2P but the lowest titer against prefusion-stabilized
SARS-CoV-2 S, F-53 (Figure 5.6b). However, no significant difference was observed
between the F-53 groups and partially deglycosylated F-53 groups (Figure 5.6b). All
groups elicited antibodies that have epitopes overlapping with fusion-peptide targeting

monoclonal antibody 76E1 (Sun et al., 2022), stem-helix targeting mAb S2P6 (Pinto et
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al., 2021), and prefusion apex targeting mAb 54043-5 (Johnson et al., 2024) (Figure
5.6¢). Neutralization assays were performed using VSV pseudotyped with SARS-CoV-2
D614G spike (Figure 5.6d). SARS-CoV-2 S2P vaccinated group 1 showed the most
potent neutralizing ability as anticipated (Figures 5.6d, 5.9). Groups that received F-53,
especially higher doses, showed signs of neutralizing ability at the most concentrated
sera dilution tested, concurring with our previous work with E-69 as an immunogen
(Figure 5.6d, 5.9). However, two groups that received deglycosylated F-53 did not show
any signs of neutralizing activity (Figure 5.6d, 5.9). These data suggest that removing
glycan shields, at least partially, in prefusion-stabilized SARS-CoV-2 S, F-53 has no

significant impact on eliciting more potent neutralizing antibodies.

5.4 Antibody responses from protein nanoparticle vaccine displaying
prefusion-stabilized sarbecovirus S,

Following these observations, we set out to evaluate whether delivering
sarbecovirus S, subunits displayed on the surface of self-assembling nanoparticles
would elicit more potent neutralizing antibodies. We chose 153-50 as our nanoparticle
platform, which, from our previous works, have shown to elicit potent neutralizing
antibodies when SARS-CoV-2 RBD was displayed on its surface (A. C. Walls, Fiala, et
al., 2020). We designed our prefusion-stabilized SARS-CoV-2 S, F-53, SARS-CoV-1 S,,
or PRD-0038 S, fused to 153-50A, respectively, using 16 GS linkers to allow a single
prefusion-stabilized S, trimer to be displayed on a single 153-50A trimer complex
(Figure 5.10a). All three sarbecovirus prefusion-stabilized S, 153-50A components were

successfully expressed and then mixed with 1.1:1 molar ratio of 153-50B components
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purified from E.coli to initiate nanoparticle assembly (Figure 5.10a,b). We also
generated a mosaic nanoparticle in which a single nanoparticle displays all three
sarbecovirus prefusion-stabilized S, and a cocktail of nanoparticles, which is a mixture
of all three sarbecovirus prefusion-stabilized S, nanoparticles assembled before mixing
(Figure 5.10a). Excess components were removed by size exclusion chromatography
(Figure 5.10b). Negative stain images showed that all three sarbecovirus S, 153-50
nanoparticles successfully formed, displaying prefusion-stabilized S, subunits on their
surfaces, and remained intact post freeze-thaw cycle (Figure 5.10c). Assembled S,
nanoparticles retained their antigenicity, as described in our previous work (Lee et al.,
2024), and survived the post freeze-thaw cycle (Figure 5.10d). Dynamic light scattering
(DLS) confirmed the monodispersity of assembled S, nanoparticles post freeze-thaw
cycle (Figure 5.10e).

To examine antibody responses from sarbecovirus prefusion stabilized S, and S,
nanoparticles, we immunized groups of 8 mice with two doses of 1 ug of SARS-CoV-2
S2P, 5 ug of sarbecovirus prefusion stabilized S,, or a 5 pg antigen dose of
sarbecovirus prefusion stabilized S, nanoparticles (Figure 5.11a). All groups, including
S, nanoparticle groups, elicited comparable binding titers towards SARS-CoV-2 S, F-53,
SARS-CoV-1 S,, and PRD-0038 S, (Figures 5.11b, 5.12, 5.13, 5.14). Inhibition ELISA
showed that all groups elicited antibodies with epitopes that overlap with
well-characterized S, targeting monoclonal antibodies (Figures 5.11¢, 5.15, 5.16, 5.17).
Both the mosaic nanoparticle group and the cocktail nanoparticle group showed binding
to breadth in epitopes compared to the groups that received S2P or a single type of S,

(Figures 5.11c, 5.15, 5.16, 5.17). These data show that our optimized version of
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SARS-CoV-2 prefusion-stabilized S, F-53 and two other sarbecovirus
prefusion-stabilized S, (SARS-CoV-1 and PRD-0038) described in our previous work
(Lee et al.,, 2024), along with prefusion-stabilized S, displaying nanoparticles,
successfully elicited antibody responses in mice.

As expected, the SARS-CoV-2 S2P vaccinated group was able to elicit potent
neutralizing activity after two doses of immunization against the pseudovirus
neutralization assay with SARS-CoV-2 D614G but not against SARS-CoV-1 or
PRD-0038 (Figures 5.11d, 5.18, 5.19, 5.20). Neither the S,-vaccinated nor the S,
nanoparticle-vaccinated group elicited detectable neutralizing antibodies against
SARS-CoV-2 D614G, SARS-CoV-1, and PRD-0038 pseudoviruses, with the exception
of the group that received SARS-CoV-2 S, F-53, in which a few mice started to show
signs of neutralization at the highest serum concentrations tested (Figures 5.18, 5.19,
5.20). These data indicate that multivalent display of prefusion-stabilized S, does not

result in potent neutralizing antibody responses.

5.5 Protection mechanism of prefusion-stabilized sarbecovirus S, subunit vaccine
in BALB/c mice

Our recent works on exploring different vaccine platforms and optimizing the
antigens for sarbecovirus S, vaccine candidate, as described in the previous sections,
showed that all three approaches of delivering vaccine as mRNA-LNP encoding
membrane-anchored SARS-CoV-2 S,, partial-deglycosylation of  protein subunit
SARS-CoV-2 S,, and displaying prefusion-stabilized sarbecovirus S, on protein

nanoparticle did not significantly elicit potent neutralizing antibodies. However, in our
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previous work, we have shown that prefusion-stabilized SARS-CoV-2 S, subunit
vaccine protected mice against challenge with immune-evasive XBB.1.5 variant despite
little to no in vitro pseudovirus neutralizing activity (Lee et al., 2024). We hypothesized
that the mechanism of protection conferred from antibodies targeting the highly
conserved S, region might not be heavily dependent on neutralizing antibodies, but
more on host immune responses via Fc-mediated effector functions. To test our
hypothesis, we first vaccinated groups of 8 BALB/c mice each with two doses of 1 ug
SARS-CoV-2 S2P, 1 ug or 5 pug of SARS-CoV-2 S, F-53, or prefusion-stabilized
SARS-CoV-1 S, described in the previous section, respectively, along with one group of
unvaccinated mice as a control group (Figure 5.21a). Sera were collected 3 weeks
post-boost for further analysis. First, we ran ELISA with the sera samples against
multiple different sarbecovirus spike constructs (Figure 5.22). All vaccinated groups
elicited antibodies with comparable binding titers targeting SARS-CoV-2 S6P (Figure
5.22a,b). Groups that received S, vaccines elicited comparable binding titers to
SARS-CoV-2 S,, SARS-CoV-1 S6P, and SARS-CoV-1 S,, with the group that received
SARS-CoV-2 S2P showing relatively weaker binding titers compared to the S,-receiving
groups (Figure 5.22a,b). This data again indicates that vaccinating with highly
conserved regions elicits antibodies that are less susceptible to antigenic changes.
Binding to EFIC was significantly weak in all vaccinated groups (Figure 5.22a,b).
Polyclonal antibodies that recognize SARS-CoV-1 spike or SARS-CoV-1 spike S,
subunit exhibited binding to mouse FcYRIV which corresponds to human FcYRIIl in
terms of functionality, indicating possible contribution of antibody-dependent cellular

cytotoxicity (ADCC) involved in protection in mice (Figure 5.22c,d). Consistent with
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previous works with VSV pseudovirus neutralization, the group that received
SARS-CoV-2 S2P showed potent neutralizing ability against authentic SARS-CoV-2
D614G virus, whereas groups that received S, subunit vaccines did not show strong
neutralizing activity against both SARS CoV-2 D614G and SARS-CoV-1 virus in
real-virus neutralization assay (Figure 5.21b). Concurrently, the trend stayed the same
when we performed a pseudovirus neutralization assay with pooled sera from each
group, with signs of neutralization starting to be detectable at the highest serum dilution
tested in groups that received SARS-CoV-2 S2P and SARS-CoV-1 S, against
SARS-CoV-1 S pseudotyped VSV neutralization assay (Figure 5.23).

Collected sera were pooled for each immunogen group, then passively
transferred to groups of 5 wild type BALB/c mice and groups of 6 FCYR KO mice
(Figure 5.21a). Mice were challenged with mouse-adapted 10* PFU of SARS-CoV
MA15 virus 12 hours post passive transfer. We chose SARS-CoV-1 for our challenge
virus for 1) its being further deviant and more immune evasive from SARS-CoV-2 Wu/1
and 2) to test our SARS-CoV-1 S, immunogen candidate that has been
prefusion-stabilized through our broadly generalizable prefusion stabilizing strategy.
Weight loss was monitored for all animals until 4 days post-infection. WT mice that
received sera from 5 ug of either SARS-CoV-2 S, or SARS-CoV-1 S, subunit vaccinated
mice showed the biggest reduction in weight loss compared to WT mice that received
sera from unvaccinated mice, followed by 1 pg of SARS-CoV-2 S,, then SARS-CoV-2
S2P vaccinated mice sera groups (Figure 5.21c¢). However, no such protection was
observed in FCYR KO mice groups (Figure 5.21d). WT mice that received sera from 5

Mg of either SARS-CoV-2 S, or SARS-CoV-1 S, subunit showed the lowest lung
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congestion score, followed by 1 ug of SARS-CoV-2 S,, SARS-CoV-2 S2P, and
unvaccinated mice, in line with the body weight loss trend (Figure 5.21e). This trend
was significantly not apparent in FcYR KO mice (Figure 5.21f). Groups that received
vaccinated mice sera had overall lower infectious virus titer in lung compared to
unvaccinated mice sera group in WT mice whereas no such strong relationship was
observed in FCcYR KO mice (Figure 5.21g,h). These data showed that first, our
prefusion-stabilized SARS-CoV-2 S, subunit vaccine conferred protection in mice
against SARS-CoV-1, which is even more distantly related to SARS-CoV-2 compared to
SARS-CoV-2 XBB.1.5 from our previous study. Second, our prefusion-stabilized
SARS-CoV-1 S, subunit confers protection against vaccine-matched SARS-CoV-1 virus,
highlighting the broadly applicable prefusion stabilization strategy and its efficacy as a
vaccine candidate. Lastly, our prefusion-stabilized S, subunit vaccine protects mice
against SARS-CoV-1 challenge mainly via Fc-mediated effector functions despite low to

non-detectable levels of neutralizing antibodies.

5.6 Chapter Discussion

Select fusion machinery targeting monoclonal antibodies that have been
discovered exhibit potent virus-neutralizing activity with their 1C5, values ranging
approximately from tens of ng/mL to tens of pg/mL against SARS-CoV-2 (Chou et al.,
2005; C.-J. Li & Chang, 2023; Lip et al., 2006; Sui et al., 2004; W.-L. Wu et al., 2022).
However, they are generally less potent than RBD targeting neutralizing antibodies,
which effectively block viral protein engagement to the host cell receptor (Chou et al.,

2005; C.-J. Li & Chang, 2023; Lip et al., 2006; Sui et al., 2004; W.-L. Wu et al., 2022). In
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our efforts to optimize our prefusion-stabilized sarbecovirus S, vaccine to elicit potent
neutralizing antibodies, we explored different platforms of vaccine delivery and further
antigen engineering.

Our prefusion-stabilized fusion machinery vaccine delivered as mMRNA
encapsulated in LNPs elicited strong antibody responses to S, subunit regardless of
open or closed conformation of the apex. Despite the efficacy of mMRNA vaccines, they
need a cold chain supply system, which is a factor that vaccine developers should take
into consideration to optimize other types of platform for logistical reasons. For this
reason, combined with the efficacy in multivalent antigen presentation and effective
modularity, we tried displaying our prefusion-stabilized S, displayed on a
self-assembling protein nanoparticle. All of our prefusion-stabilized sarbecovirus S,
nanoparticle vaccines successfully elicited antibody responses. However, both S,
delivered by mRNA or protein nanoparticles did not elicit potent neutralizing antibodies.

Our prefusion-stabilized SARS-CoV-2 S, protein subunit vaccine that partially
lacked N-linked glycans was not capable of eliciting potent neutralizing antibodies and
did not outperform the fully glycosylated version in this aspect. Although, with the caveat
of incomplete deglycosylation, this is concurrent with another work that reported
delivering glycan lacking in soluble spike protein did not elicit potent neutralizing
antibodies (Ng et al., 2022). Another study reported delivering S, that lacked glycosites
in the S, or stem region as MRNA elicited detectable neutralizing antibodies (Cheng et
al., 2023). Regardless, post-production enzymatic treatment may yield an inconsistent
immunogen profile, which is undesirable for a vaccine candidate as in our case of

treating with PNGaseF. Further optimization on construct design would be a more viable
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path forward. Furthermore, whether or not removing glycans would be beneficial for
revealing cryptic epitopes requires further study, as those epitopes being easily
accessible could also result in hindering BCR maturation and reducing antibody efficacy
against the native virion.

Moreover, interestingly, neither SARS-CoV-2 S2P nor S, vaccines elicited strong
binding titers against EFIC. These data, combined with our data from the mRNA-LNP
vaccine study with different conformations of prefusion-stabilized S,, whether the apex
being open or closed, raise questions about sarbecovirus fusion machinery fusion
intermediates. These data suggest that alternative forms of fusion machinery during the
fusion process might be able to present epitopes that are either too transient or not
accessible in prefusion-stabilized form highlighting the need for better understanding of
the sarbecovirus fusion process and vaccine optimization.

Nonetheless, our prefusion-stabilized S, vaccine conferred in vivo protection in
mice against SARS-CoV-1 challenge, again highlighting, along with the previous
XBB.1.5 challenge data, the efficacy of the vaccine targeting the highly conserved
region. Immune responses and protection are often the result of multiple, synergetic
mechanisms. We have demonstrated that antibodies targeting the fusion
machinery-even those with little to no neutralizing activity- still can provide significant

protection against the virus by utilizing Fc-mediated effector functions.

5.7 Methods

Cell lines
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Cell lines used in this study were obtained from HEK293T (ATCC, CRL-11268),
Expi293F (Thermo Fisher Scientific, A145277) and VeroE6-TMPRSS2. Cells were
cultured in 10% FBS, 1% penicillin-streptomycin, 8 pg/mL Puromycin (applicable for
Vero cells, only) DMEM at 37°C, 5% CO,. None of the cell lines were authenticated or

tested for mycoplasma contamination.

Production of recombinant S, antigen proteins

Prefusion-stabilized S, antigens were recombinantly expressed as described
previously (Lee et al., 2024). In brief, each S, construct was produced in Expi293F cells
(ThermoFisher Scientific) and cultured at 37°C in a humidified 8% CO, incubator with
constant rotation at 130 RPM using Expi293 Expression Medium (ThermoFisher
Scientific). DNA transfections were conducted using the ExpiFectamine 293
Transfection Kit (ThermoFisher Scientific) protocols and materials and cultivated for five
days before harvest. Cell culture supernatants were clarified by centrifugation and
proteins were harvested using HisTrap™ High Performance Ni Sepharose columns
(Cytiva). Proteins were washed using 10-15 CVs of buffer containing 25mM Tris,
150mM NaCl, 20mM Imidazole pH 8.0 followed by elution with 10-15 CVs of buffer
containing 25mM Tris, 150mM NaCl, 300mM Imidazole pH8.0. Eluates were buffer
exchanged and concentrated into 20mM Tris, 150mM NaCl, pH 8.0 using Amicon
Ultra-15 Centrifugal Filter Unit (10 kDa) (Millipore). Gel filtration was performed to
remove unfolded or aggregated protein thus samples were each run through a
Superose-6 Increase 10/300 GL column (Cytiva)) equilibrated in 20mM Tris, 150mM

NaCl, pH8.0. Main peaks were collected and protein was snap-frozen and stored at
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-80°C with some set aside for stability tests. Purified proteins for immunogenicity study
were tested for endotoxin levels using Limulus Amebocyte Lysate (LAL) cartridges

(Charles River PTS201F).

Production of deglycosylated S, and mass spectrometry

To deglycosylate native F-53, we treated 20 ug of the F-53 protein with 2uL of
GlycoBuffer 2 (New England Biolab), with the final volume of 20 yL. Then, 2 uL of
PNGaseF (New England Biolab) was mixed into the mixture. The mixture was incubated
at 37°C for 22 hours followed by size exclusion chromatography to purify the treated
sample. Purified protein samples were treated overnight with Trypsin or GluC with 1x
lysis buffer, followed by desalting with StrataX. Mass spectrometry was performed using
the treated samples  with HCD-pd-EThcD (Higher-energy  Collisional
Dissociation-product dependent-Electron Transfer/Higher-energy Collision Dissociation)
method. Intensity was summed across glycan composition and the plot was generated
by considering all unique glycopeptides taking the highest intensity if glycopeptide

sampled was bigger than 1.

Production of S, displaying self-assembled protein nanoparticles

Purified S,-153-50A proteins were mixed with 153-50B components at a molar
ratio of 1.1:1 for 30 min at room temperature, rotating. After incubation, the mixture was
purified with size exclusion chromatography and stored in buffer condition of 50 mM Tris
50 mM Glutamate, 150 mM NacCl, 4.5% Glycerol pH 7.4. Dynamic light scattering (DLS)

(Unchained Labs) was performed with samples diluted to 1 mg/mL in the same buffer.
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Production of biotinylated S, targeting monoclonal antibodies

S, targeting monoclonal antibodies were biotinylated using EZ-Link
Sulfo-NHS-SS-Biotin  (ThermoScientific). 1gGs and the reconstituted EZ-Link
Sulfo-NHS-SS-Biotin were mixed and incubated on ice for 2h. Extra reagents were

removed by running size exclusion chromatography.

Negative stain electron microscopy preparation and data collection

Carbon copper formvar grids (Ted Pella 01754-F) were glow discharged using a
Gloqube Plus (Quorum) at 20mA for 30 s promptly followed by the addition of 3 uL of a
prefusion-stabilized S, displaying 153-50 protein nanoparticle and deglycosylated F-53
diluted to a concentration of 0.01mg/mL and 0.03mg/mL, respectively. After 1 min the
protein was aspirated using filter paper and 3 pL of 2% uranyl formate was applied and
quickly removed for washing. Another 3 uL of uranyl formate was added to the grid and
left to stain for 30 s before drying with filter paper and left to further air dry before
imaging. Automated data collection was carried out using Leginon at a nominal
magnification of 67,000 with a pixel size of 1.6 A. Each micrograph was acquired for
500-900ms. Negative stain data was processed using CryoSPARC. Automatic particle
picking and extraction were performed using CryoSPARC for deglycosylated F-53

dataset. Particle images were extracted for subsequent 2D classifications.

Monoclonal antibody ELISAs
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Monoclonal antibody ELISAs were performed as previously described (Lee et al.,
2024). In brief, 30 ul of the proteins at 3 ug/mL were plated onto 384-well Nunc
Maxisorp plate (ThermoFisher, 464718) in 1x TBS and incubated 1 h at 37°C followed
by slap drying and blocking with 80 pL of Casein for 1 h at 37°C. After incubation, plates
were slapdried and 1:4 serial dilutions of the corresponding mAbs starting from
0.1mg/ml were made in 30 pl TBST, added to the plate and incubated at 37°C for 1 h.
Plates were washed 4x in TBST and 30 pl of 1:5000 Goat anti-Human IgG Fc
Secondary Antibody, HRP (Thermo Fisher, A18817) were added to each well and
incubated at 37°C. After 1 h, plates were washed 4x in TBST and 30 ul of TMB
(SeraCare) was added to every well for 2 min at room temperature. Reactions were
quenched with the addition of 30 ul of 1 N HCI. Plates were immediately read at 450 nm
on a BioTek Neo2 plate reader and data was plotted and fit in Prism 9 (GraphPad) using
nonlinear regression sigmoidal, 4PL, X is the concentration to determine ECs, values

from curve fits.

Immunogenicity

Female BALB/c mice were purchased from Envigo (order code 047) at 7weeks of
age and were maintained in a specific pathogen-free facility within the Department of
Comparative Medicine at the University of Washington, Seattle, accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC).
Animal experiments were conducted in accordance with the University of Washington’s
Institutional Animal Care and Use Committee. Vaccinated mice were bled via the

submental route and blood was collected in serum separator tubes (BD # 365967) and
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rested for 30 min at room temperature for coagulation. Serum tubes were then
centrifuged for 10 min at 2000 x g and serum was collected and stored at -80°C until
use.

For mRNA-LNP immunogenicity study, 10 mice per group were injected
intramuscularly with respective immunogens at weeks 0, 4, 8, and 12. mRNAs were
synthesized in TriLink and reconstituted into lipid nanoparticles in Acuitas. mMRNA-LNP
immunogens were diluted in DBPS (Gibco) prior to the injection to respective dose
(E-69 10 ug, E-69 5 pg, F-53 5 pg, C-44 5 ug, SARS-CoV-2 S2P 1 pg). One group was
primed twice with 1 ug of SARS-CoV-2 S2P followed by two boost doses of 10 ug of
E-69. Sera was collected at weeks 2, 6, 10, 14, and 19.

For deglycosylated F-53 immunogenicity study, 10 mice per group were injected
subcutaneously with respective immunogens at weeks 0, 4, and 10. Immunogens were
diluted in PBS (Gibco) prior to the injection to respective dose concentrations
(SARS-CoV-2 S2P 1 ug, SARS-CoV-2 S, F-53 1 ug or 5 pg, and deglycosylated
SARS-CoV-2 S, F-53 1 pg or 5 pg). Immunogens were mixed with 1:1 volume ratio of
AddaVax before the injection. Sera was collected at weeks 2, 6, 12, and 14.

For S, displaying protein nanoparticle immunogenicity study, 8 mice per group
were injected subcutaneously with respective immunogens at weeks 0 and 3.
Immunogens were diluted in the same buffers the samples were prepared in,
respectively, prior to the injection to respective dose concentrations (SARS-CoV-2 S2P
1 yg and 5 pg antigen dose of sarbecovirus S,s and sarbecovirus S, 153-50s).
Immunogens were mixed with 1:1 volume ratio of AddaVax before the injection. Sera

was collected at weeks 2, 5, and 13.
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Serological ELISAs

For serological ELISAs, 30 pL of assorted proteins (SARS-CoV-2 S6P,
SARS-CoV-2 S2P, SARS-CoV-2 S, F-53, SARS-CoV-2 EFIC H-30, SARS-CoV-1 S6P,
SARS-CoV-1 S,, PRD-0038 S,) at 3 ug/mL were placed into 384-well Nunc Maxisorp
plates (ThermoFisher, 464718) in 1x PBS and incubated overnight at 4°C. The next day,
plates were slap dried and blocked with 80 uL of Casein for 1 h at 37°C. Afterward,
plates were once again slap-dried and a 1:4 serial dilution of our immunized mouse sera
was performed starting from 1:20 dilution in 30 uL of TBST and incubated at 37°C for 1
h. Plates were then washed 4x in TBST and 30 uL of 1:5000 Goat antimouse IgG (H +
L) Secondary Antibody HRP (ThermoFisher 62-6520) were added to each well and
incubated at 37°C for 1 h. Plates were then washed 4x in TBST and 30 pyL of TMB
(SeraCare) was added to each well and allowed to sit for 2min at room temperature.
TMB reactions were quenched with 30 uL of 1 N HCI and immediately read at 450 nm
on a BioTek Neo2 plate reader and data plotted and fit in Prism 10 (Graphpad) using
nonlinear regression sigmoidal, 4PL, X is the concentration to determine EDs, values

from curve fits.

Serological inhibition ELISAs

For inhibition ELISA assays, 30 uL of F-53 at 0.5 ug/mL was coated in 384-well
Nunc Maxisorp plates (ThermoFisher, 464718) in 1x PBS and incubated overnight at
4°C. The next day, plates were slap dried and blocked with 80 uL of Casein for 2 h at

37°C. Afterward, plates were once again slap-dried and a 1:4 serial dilution of our
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immunized mouse sera was performed starting from 1:5 dilution in 30 uL of TBST and
incubated at 37°C for 1 h. Plates were incubated at 37°C for 1h followed by slap-dry and
4x wash in TBST. 30 yL of S, targeting monoclonal antibodies diluted to previously
determined ECy, in TBST was added to the plate and the mixture was incubated at
37°C for 1h. After 1h, the plate was slap-dried and washed 4x in TBST. Plates were
once again slap-dried and washed followed by addition of 30 yL of 1:2,000 diluted
UltraStreptavidin-HRP (ThermoFisher) was added. The plates were incubated 37°C for
1 h followed by slap-drying and washing 4x in TBST. Plates were then washed 4x in
TBST and 30 L of TMB (SeraCare) was added to each well and allowed to sit for 2min
at room temperature. TMB reactions were quenched with 30 yL of 1 N HCI and
immediately read at 450 nm on a BioTek Neo2 plate reader and data plotted and fit in
Prism 10 (Graphpad) using nonlinear regression log(inhibitor) vs normalized response —
variable slopes. Signals from the wells that did not receive mAbs were defined as 100%
blocking and signals from the wells that received mAbs were defined as 0% blocking.

The area under the curve was calculated using Prism 10 (Graphpad).

Serological ELISAs with mouse FcyRIV

For mouse FcyRIV binding ELISA assays, 30 pL of SARS-CoV-1 S6P and
SARS-CoV-1 S, at 3 pg/mL were coated into 384-well Nunc Maxisorp plates
(ThermoFisher, 464718) in 1x PBS and incubated overnight at 4°C. The next day, plates
were slap dried and blocked with 80 pL of Casein for 1 h at 37°C. Afterward, plates
were once again slap-dried and a 1:4 serial dilution of our immunized mouse sera was

performed starting from 1:20 dilution in 30 uL of TBST and incubated at 37°C for 1 h.
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Plates were then washed 4x in TBST and 30 pL of biotinylated mouse FcyRIV
(SinoBiological) were added and incubated at 37°C for 1 h. Plates were once again
slap-dried and washed followed by addition of 30 pL of 1:2,000 diluted
UltraStreptavidin-HRP (ThermoFisher) was added. The plates were incubated 37°C for
1 h followed by slap-drying and washing 4x in TBST. Plates were then washed 4x in
TBST and 30 L of TMB (SeraCare) was added to each well and allowed to sit for 2min
at room temperature. TMB reactions were quenched with 30 pyL of 1 N HCI and
immediately read at 450 nm on a BioTek Neo2 plate reader and data plotted and fit in

Prism 10 (Graphpad) using nonlinear regression sigmoidal, 4PL, X is the concentration.

Production of VSV pseudoviruses

SARS-CoV-2 D614G S, SARS-CoV-1 S, and PRD-0038 S VSV pseudoviruses
were produced using HEK293T cells seeded on BioCoat Cell Culture Dish:
poly-D-Lysine 100mm (Corning). Cells were transfected with respective S constructs
using Lipofectamine 2000 (Life Technologies) in Opti-MEMtransfection medium. After 5
h of incubation at 37°C with 5% CO,, cells were supplemented with DMEM containing
10% of FBS. On the next day, cells were infected with VSV (G*AG-luciferase) for 2 h,
followed by five time wash with DMEM medium before the addition of anti-VSV G
antibody (I1-mouse hybridoma supernatant diluted 1:40, ATCC CRL-2700) and medium.
After 18-24h of incubation at 37°C with 5% CO,, pseudoviruses were collected and cell
debris was removed by centrifugation at 3000 x g for 10min. Pseudoviruses were further

filtered using a 0.45 pm syringe filter and concentrated 10x prior to storage at -80°C.
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Neutralization assays

For SARS-CoV-2 D614G S VSV and SARS-CoV-1 S VSV neutralization,
VeroE6-TMPRSS2 cells in DMEM supplemented with 10% FBS, 1% PenStrep, and 8
pug/mL Puromycin were seeded at 36,000 cells/well into 96-well plates [3610] (Corning)
and incubated overnight at 37°C. For PRD-0038 S VSV neutralization, HEK293T cells
transfected 1 day prior with R. alcyone ACE2 in DMEM supplemented with 10% FBS,
1% PenStrep were seeded at 40,000 cells/well into 96-well plates. The following day, a
half-area 96-well plate (Greiner) was prepared with 3-fold serial sera dilutions (starting
dilutions determined for each serum and pseudovirus, 22 uL per well). An equal volume
of DMEM with diluted pseudoviruses was added to each well. All pseudoviruses were
diluted between 1:10-1:50 to reach a target entry of ~10° RLU. The mixture was
incubated at room temperature for 60 min. Media was removed from the cells prior to
the transfer of sera-pseudovirus mixture. 40 uL from each well of the half-area 96-well
plate containing sera and pseudovirus were transferred to the 96-well plate seeded with
cells and incubated at 37°C for 1 h. After 1 h, an additional 40 pL of DMEM
supplemented with 20% FBS and 2% PenStrep was added to the cells. After 18-20 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 before reading the relative luciferase units using a
BioTek Neo2 plate reader. Relative luciferase units (RLUs) were plotted and normalized
in Prism (GraphPad): 100% neutralization being cells in the absence of pseudovirus and
0% neutralization being pseudovirus entry into cells without sera. Prism (GraphPad)
nonlinear regression with “log[inhibitor] versus normalized response with a variable

slope” was used to fit the curve. Percent neutralization was calculated by taking the
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interpolated percentage of entry value at a fixed dilution factor of 1/33 (v/v ratio dilution
of initial sera, log(dilution factor) of 1.519) using the fit curve. 100% and 0%

neutralization were defined as 0% entry and 100% entry, respectively.

Mouse challenges study

For challenge study, 8 female BALB/c mice per groups were immunized with 1 ug
of SARS-CoV-2 S2P, 5 ug of SARS-CoV-2 S, F-53, 1 ug of SARS-CoV-2 S, F-53, and 5
pug of SARS-CoV-1 S,, respectively. Immunogens were mixed with 1:1 volume ratio of
AddaVax and administered intramuscularly (protocol 21-287). One group was
administered with PBS and AddaVax to serve as a control group. Mice were primed
followed by a boost with 1 month time apart. Bleeds were drawn 3 weeks post injection
and the terminal sera were pooled for each immunized group for further analysis and
passive transfer.

For FcyR KO mice challenge study, 9-14 weeks old female Fcer1g (Taconic,
584-F) mice were treated with 70 pL of pooled serum from each group by intraperitoneal
(IP) injection. Six mice per treatment group were infected 12 hours post treatment with
1x1074 PFU of SARS-CoV MA15 intranasally. For comparison, 5 mice of 9-10 weeks
old female BALB/c (Envigo, 047) mice per treated group were infected as
aforementioned. Infected mice were monitored for daily body weight. On day 4
post-infection mice were necropsied, the degree of lung congestion was scored, and

lung (caudal lobe) tissues were harvested to determine viral loads by plaque assay.
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5.8 Figures & Tables

Figure 5.1. Membrane-anchored
antibody responses.
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(@) Prefusion-stabilized SARS-CoV-2 S or S, mRNA-LNP vaccine design and
mechanism. Predicted full-length S or S, model generated using AlphaFold3 (Abramson
et al., 2024), PDB 6VXX (A. C. Walls, Park, et al., 2020), PDB 8VQB (Lee et al., 2024),
PDB 8DYA (Bowen, Park, et al., 2022). Figure generated partially with BioRender.com.
Biomolecules are not to scale and have been simplified for clearance. (b) mMRNA-LNP
vaccination schedule and study design. (¢) Analysis of antibody binding titers against
prefusion-stabilized SARS-CoV-2 S, F-53 using sera from terminal bleeds. Each dot
represents the mean of two biological replicates. Geometric mean and geometric SD
shown in bar and line, respectively. Comparisons between the S, or hybrid group and
S2P group were made using two-way ANOVA followed by Dunnett's multiple
comparison test. ns: P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****: P<=0.0001.
(d) S, targeting monoclonal antibody epitopes mapped on SARS-CoV-2 S, model
(generated using PDB 6VXX (A. C. Walls, Park, et al., 2020)). The S; subunit is shown
as a transparent surface, and IgG epitopes are shown in blue for 54043-5, purple for
76E1, and gold for S2P6. Figure generated partially with BioRender.com. (e) Mapping
epitopes of polyclonal antibodies from the terminal bleed sera using inhibition ELISA
against SARS-CoV-2 S, F-53 and S, targeting monoclonal antibodies. Inhibiting
antibody titer expressed as area under the curve. Each dot represents the mean of two
biological replicates. Geometric mean and geometric SD shown in bar and line,
respectively. (f) Analysis of neutralizing antibody titers against SARS-CoV-2 S D614G
pseudotyped VSV using sera from the bleeds 2 weeks post 4th immunization. One
representative biologicate replicate shown with geometric mean and geometric SD
shown in bar and line, respectively.
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Figure 5.2. Analysis of vaccine-elicited serum binding titers against SARS-CoV-2

S, F-53.
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Dose-response curves of serum antibody binding to F-53. Each data point represents
the mean of two technical replicates and SD are shown with lines. One representative
out of two biological replicates is shown.
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Figure 5.3. Analysis of vaccine-elicited polyclonal antibody epitopes on
SARS-CoV-2 S, F-53
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(a-c) Dose-response curves of serum antibody inhibition of S, targeting monoclonal
antibodies 54043-5 (a), S2P6 (b), and 76E1 (c) binding to immobilized SARS-CoV-2 S,
F-53. One representative out of two biological replicates is shown.
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Figure 5.4. Analysis of vaccine-elicited serum neutralizing antibody titers.
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One biological replicate is shown.
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Figure 5.5. Design of SARS-CoV-2 S, subunit lacking N-linked glycans.
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(a) Design schematics of deglycosylation of SARS-CoV-2 S, subunit by N-linked glycan
site mutation. A circle filled with red represents asparagine modified to glutamine and
with green represents asparagine kept intact. (b) SDS-PAGE image of designed
constructs after purification. R stands for with reducing agent and NR stands for with no
reducing agent. (c-d) Design schematics of deglycosylation of SARS-CoV-2 S, F-53
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using PNGaseF (c¢) and PNGaseF treatment of the designed construct pre and post
size exclusion chromatography (SEC) (d). (e-f) Deglycosylated F-53 and its retained
antigenicity (e) and quaternary conformation confirmed by 2D class averages of
negative stain EM (f). The scale bar represents 180 A. (g) Mass spectrometry analysis
of glycosite intensities of F-53 and PNGaseF treated F-53 (dGF-53).
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Figure 5.6. Deglycosylation of prefusion-stabilized SARS-CoV-2 S, F-53 protein
subunit vaccine and antibody responses.
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(@) Vaccination schedule and study design. (b) Analysis of antibody binding titers
against SARS-CoV-2 S2P and prefusion-stabilized SARS-CoV-2 S, F-53 using sera
from terminal bleeds. Each dot represents the mean of two biological replicates.
Geometric mean and geometric SD shown in bar and line, respectively. Comparisons
between the S, groups or glycan-lacking S, groups and S2P groups were made using
two-way ANOVA followed by Dunnett's multiple comparison test. ns: P>0.05, *:
P<=0.05, **: P<=0.01, ***: P<=0.001, ****: P<=0.0001. (c) Mapping epitopes of
polyclonal antibodies from the terminal bleed sera using inhibition ELISA against
SARS-CoV-2 S, F-53 and S, targeting monoclonal antibodies. Inhibiting antibody titer
expressed as area under the curve. Each dot represents the mean of two biological
replicates. Geometric mean and geometric SD shown in bar and line, respectively. (d)
Analysis of neutralizing antibody titers against SARS-CoV-2 S D614G pseudotyped
VSV using sera from the bleeds 2 weeks post 3rd immunization. Each dot represents
the mean of two biological replicates with geometric mean and geometric SD shown in
bar and line, respectively.
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Figure 5.7. Analysis of vaccine-elicited serum binding titers against SARS-CoV-2
S2P and S, F-53.
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(a-b) Dose-response curves of terminal bleed serum antibody binding to SARS-CoV-2
S2P (a) and S, F-53 (b). Each data point represents the mean of two technical
replicates and SD are shown with lines. One representative out of two biological
replicates is shown.
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Figure 5.8. Analysis of vaccine-elicited polyclonal

SARS-CoV-2 S, F-53.
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(a-c) Dose-response curves of terminal bleed serum antibody inhibition of S, targeting
monoclonal antibodies 54043-5 (a), S2P6 (b), and 76E1 (c) binding to immobilized
SARS-CoV-2 S, F-53. One representative out of two biological replicates is shown.
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Figure 5.9. Analysis of vaccine-elicited serum neutralizing antibody titers.

SARS-CoV-2 S2P (1ug) SARS-CoV-2 S, F-53 (1ug) SARS-CoV-2 S, F-53 (5ug)
200
- 1 200 - 1 200 - 1
o - 2
F 150 = 150 -2 < 150 -2
g o + 3 g 8 w3 £ + 3
g .4 z Boga3pt £
g 100 E 100 - 4 £ 100 - 4
5 [ ] —- 5 5 - v b4 -5 a .5
> 50 o 6 > 50 o 6 > 50 © 6
, a7 a7 v a7
0 []
©o 1 2 3 4 5 & 8 o 1 2 3 4 5 § &8 o 1 2 3 4 5 g =8
log(sera dilution) -9 log(sera dilution) - 9 log(sera dilution) -9
- 10 < 10 - 10
deglycosylated SARS-CoV-2 S, F-53 (1ug) deglycosylated SARS-CoV-2 S, F-53 (5ug)
200 200
- 1 - 1
°
S 150 o % -2 = 150 gv' -2
: 1E w3 3 TR w3
§ 100 -~ 4 £ 100 - 4
2 a8, -~ 5 z -~ 5
> 50 o 6 > 50 © 6
a7 a7
0 T T T T T T 1
o 1 2 3 4 5 ¢ =8 o 1 2 3 4 5 ¢ =8
log(sera dilution) -9 log(sera dilution) -9
- 10 - 10

Dose-response curves of serum neutralizing antibody titers against the SARS-CoV-2
D614G S pseudotyped VSV using sera obtained 2 weeks after the 3rd immunization.
One representative biological replicate is shown.
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Figure 5.10. Protein nanoparticle vaccine candidates displaying
prefusion-stabilized sarbecovirus fusionmachineries (S, subunit) on their
surfaces.
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(a) Design schematic of sarbecovirus prefusion-stabilized S, displaying protein
nanoparticles. Models were generated using AlphFold3 (Abramson et al., 2024), PDB
6VXX (A. C. Walls, Park, et al., 2020), PDB 5X5B (Yuan et al., 2017), and PDB 8U29
(Lee et al., 2023). (b) Size exclusion chromatography chromatogram of assembled
nanoparticles. (¢) Representative negative stain EM images of assembled nanoparticles
pre and post freeze-thaw cycle. The scale bar represents 50nm. (d) Retained
antigenicity confirmed by ELISA with S, targeting monoclonal antibodies at day 1 stored
at room temperature (RT) and post freeze-thaw. (e) Dynamic light scattering (DLS)
analysis of nanoparticles post freeze-thaw.
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Figure 5.11. Prefusion-stabilized sarbecovirus S, displaying protein nanoparticle

vaccines and antibody responses.
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(@) Vaccination schedule and study design. (b) Analysis of antibody binding titers
against prefusion-stabilized SARS-CoV-2 S, F-53, SARS-CoV-1 S,, and PRD-0038 S,
using sera from terminal bleeds. Each dot represents the mean of two biological
replicates. Geometric mean and geometric SD shown in bar and line, respectively.
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Comparisons between the SARS-CoV-2 S2P received group and the rest of the groups
were made using two-way ANOVA followed by Dunnett’'s multiple comparison test. ns:
P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****: P<=0.0001. (c¢) Mapping epitopes
of polyclonal antibodies from the terminal bleed sera using inhibition ELISA against
SARS-CoV-2 S, F-53 and S, targeting monoclonal antibodies. Inhibiting antibody titer
expressed as area under the curve. Each dot represents the mean of two biological
replicates. Geometric mean and geometric SD shown in bar and line, respectively. (d)
Analysis of neutralizing antibody titers against SARS-CoV-2 S D614G, SARS-CoV-1 S,
and PRD-0038 S pseudotyped VSV using sera from the bleeds 2 weeks post 2nd
immunization. One representative biologicate replicate shown with geometric mean and
geometric SD shown in bar and line, respectively.
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Figure 5.12. Analysis of vaccine-elicited serum binding titers against SARS-CoV-2

S, F-53.
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Dose-response curves of terminal bleed serum antibody binding to SARS-CoV-2 S,
F-53. Each data point represents the mean of two technical replicates and SD are
shown with lines. One representative out of two biological replicates is shown.
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Figure 5.13. Analysis of vaccine-elicited serum binding titers against SARS-CoV-1
S,.
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Dose-response curves of terminal bleed serum antibody binding to SARS-CoV-1 S..
Each data point represents the mean of two technical replicates and SD are shown with
lines. One representative out of two biological replicates is shown.
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Figure 5.14. Analysis of vaccine-elicited serum binding titers against PRD-0038

S,.
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Dose-response curves of terminal bleed serum antibody binding to PRD-0038 S,. Each
data point represents the mean of two technical replicates and SD are shown with lines.

One representative out of two biological replicates is shown.
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Figure 5.15. Analysis of vaccine-elicited polyclonal antibody epitopes on
SARS-CoV-2 S, F-53 using monoclonal antibody 54043-5.
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Dose-response curves of terminal bleed serum antibody inhibition of S, targeting
monoclonal antibodies 54043-5 binding to immobilized SARS-CoV-2 S, F-53. One
representative out of two biological replicates is shown.
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Figure 5.16. Analysis of vaccine-elicited polyclonal antibody epitopes on
SARS-CoV-2 S, F-53 using monoclonal antibody S2P6.
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Dose-response curves of terminal bleed serum antibody inhibition of S, targeting
monoclonal antibodies S2P6 binding to immobilized SARS-CoV-2 S, F-53. One
representative out of two biological replicates is shown.
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Figure 5.17. Analysis of vaccine-elicited polyclonal antibody epitopes on
SARS-CoV-2 S, F-53 using monoclonal antibody 76E1.
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Dose-response curves of terminal bleed serum antibody inhibition of S, targeting
monoclonal antibodies 76E1 binding to immobilized SARS-CoV-2 S, F-53. One
representative out of two biological replicates is shown.

222



Figure 5.18. Analysis of vaccine-elicited serum neutralizing antibody titers

against SARS-CoV-2 S D614G VSV.
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Dose-response curves of serum neutralizing antibody titers against the SARS-CoV-2 S
D614G pseudotyped VSV using sera from the bleeds 2 weeks post 2nd immunization.
One representative biological replicate is shown.
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Figure 5.19. Analysis of vaccine-elicited serum neutralizing antibody titers

against SARS-CoV-1 S VSV.
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Dose-response curves of serum neutralizing antibody titers against the SARS-CoV-1 S
pseudotyped VSV using sera from the bleeds 2 weeks post 2nd immunization. One
representative biological replicate is shown.
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Figure 5.20. Analysis of vaccine-elicited serum neutralizing antibody titers
against PRD-0038 S VSV.
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Figure 5.21. Prefusion-stabilized SARS-CoV-2 S, and SARS-CoV-1 protein subunit
vaccine protect mice against SARS-CoV-1-induced disease via Fc-mediated
effector functions.
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(a) Vaccination schedule and study design. (b) Authentic virus neutralization with pooled
sera from each vaccinated group against SARS-CoV-2 S D614G and SARS-CoV-1.
Geometric mean shown as bars. (c-d) Weight loss followed 4 days post viral challenge
with SARS-CoV-1 MA15 in wild-type (WT) mice (¢) and FcYR knockout (KO) mice (d).
Each dot represents mean and SD shown as lines. Comparison of percent weight loss
with the control unvaccinated group and each of the vaccinated groups was done using
two-way analysis of variance (ANOVA) followed by Dunnett’s multiple comparison test.
ns: P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****:P<=0.0001. (e-f) Lung
discoloration score 4 days post viral challenge with SARS-CoV-1 MA15 in WT mice (e)
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and KO mice (f). Mean and SEM shown as horizontal bars and lines, respectively.
Comparison between the control unvaccinated group and each of the vaccinated groups
was done using Kruskal-Wallis test followed by Dunn’s multiple comparisons test. ns:
P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****:P<=0.0001. (g-h) Quantification of
replicating viral titers in the lungs of challenged animals at 4 days post infection in WT
mice (g) and KO mice (h). Mean and SEM shown as horizontal bars and lines,
respectively. Comparison between the control unvaccinated group and each of the
vaccinated groups was done using one-way ANOVA test followed by Dunnett’'s multiple
comparisons test. ns: P>0.05, *: P<=0.05, **: P<=0.01, ***: P<=0.001, ****:P<=0.0001.
The experiment has not been replicated (b-h).
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Figure 5.22. Analysis of vaccine-elicited serum binding titers against different
sarbecovirus spikes and mouse FcYRIV (mFcYRIV).
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(a) Analysis of antibody binding titers against SARS-CoV-2 S6P, SARS-CoV-2 S, F-53,
in house designed SARS-CoV-2 EFIC H-30, SARS-CoV-1 S6P, and SARS-CoV-1 S,
analyzed by ELISAs using pooled sera from unvaccinated/vaccinated mice. One
representative biological replicate is shown. (b) Dose-response curves of pooled sera
antibody binding to each of sarbecovirus spikes mentioned in (a). Each data point
represents the mean of three technical replicates and SDs are shown with lines. One
representative is shown. (c-d) Analysis of antibody binding titers towards mouse
FcYRIV with SARS-CoV-1 S6P (¢) or SARS-CoV-1 S, (d) immobilized.
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Figure 5.23. Analysis of vaccine-elicited serum neutralizing antibody titers
against SARS-CoV-2 S D614G and SARS-CoV-1 VSV.
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(a) Analysis of neutralizing antibody titers of pooled sera from vaccinated mice against
SARS-CoV-2 S D614G and SARS-CoV-1 pseudotyped VSV. Each dot one biological
replicates. Geometric means are shown as bars. Each biological replicate was
performed with three technical replicates. (b-c) Dose-response curves of serum
neutralizing antibody titers against the SARS-CoV-2 S D614G (b) and SARS-CoV-1 S
(c) pseudotyped VSV using pooled sera. All three biological replicates are shown. Each
data point represents the mean values from three technical replicates in each biological
replicate.
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CHAPTER 6. CONCLUDING REMARKS

From the findings discussed in this dissertation, we have learned that there are
tools that we can develop to broadly counteract sarbecoviruses. De novo designed
miniprotein inhibitors have physical properties that make them highly stable, adequate
for alternative administration methods, and manufacturing efficient (Chapter 2). TRI2-2
showed robust reactivity and protection across a vast majority of SARS-CoV-2 variants,
where many monoclonal antibodies failed to do so (Chapter 2). With recent
technological advances, miniproteins can be rapidly designed and produced, making
them a robust countermeasure tool against quickly evolving sarbecoviruses.

We demonstrated that zoonotic sarbecoviruses have the potential to utilize
humans as its reservoir or host by showing a clade 3 sarbecovirus PRD-0038 gaining
hACE-utilizing ability after only one amino acid mutation (Chapter 3). Vaccination with
SARS-CoV-2 spike did not elicit potent neutralizing antibodies against PRD-0038,
highlighting the necessity to develop countermeasures that have a broader range of
efficacy for better pandemic preparedness should it arise from different clades of
sarbecoviruses (Chapter 3).

This has led us to explore vaccine candidates that are broadly applicable against
sarbecoviruses, focusing on the fusion machinery of the spike glycoprotein. We have
developed a broadly generalizable method for stabilizing sarbecovirus fusion machinery
in prefusion form (Chapter 4). Our data confirmed that the prefusion-stabilized
sarbecovirus fusion machinery vaccines successfully elicited immune responses in mice
(Chapters 4 and 5). However, we did not detect potent neutralizing abilities from these

vaccines even when we tried optimizing delivery platforms (MRNA-LNP or protein
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nanoparticles) or partially removing glycan shields (Chapters 4 and 5). Also,
conformational differences in fusion machinery, apex closed or open, did not result in
significant differences in antibody epitopes or neutralizing abilities (Chapter 5).
Regardless, our data illustrate that developing vaccines against highly conserved
regions, such as fusion machinery, can be an effective way for pan-sarbecovirus
countermeasures and achieving breadth, even at the expense of potency, a critical goal
to meet for future pandemics. This was demonstrated by in vivo protection from disease
in mice that were challenged with immune-evasive SARS-CoV-2 XBB.1.5 and
SARS-CoV-1 after vaccinating with our prefusion-stabilized fusion machinery vaccine,
validating the proof of principle (Chapter 4 and Chapter 5).

This dissertation is a compilation of efforts to understand mechanisms of
broad-spectrum countermeasures against sarbecoviruses. It provides a foundational
work for developing sarbecovirus countermeasures such as miniprotein and next
generation sarbecovirus fusion machinery vaccines, offering guidance on what factors
to consider when designing therapeutics and vaccine candidates.

Many questions still remain to be explored. We have shown that prefusion S,
vaccines are highly immunogenic. However, the maijority of elicited antibodies have little
to no neutralizing activity. Compared with other class 1 fusion proteins such as RSV F,
sarbecovirus fusion protein targeting antibodies are relatively less potent in neutralizing
efficacy, and we only start seeing detectable neutralizing activity after a minimum of
three immunizations of high doses. Is this something intrinsic in the structure of the
spike machinery of coronaviruses? Does that also suggest that we should target a

different phase of fusion intermediate state to enhance antibody neutralizing titers, such
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as EFIC? Also, we are limited by the data generated in mice in our study. How would
our fusion machinery vaccine work in humans who have been mostly primed with the
full spike by either prior infection or vaccination? What are the correlations between
protection in humans and Fc-mediated effector functions? These are some questions
that will require further research to grasp better understanding of protection against
sarbecoviruses.

Apart from the aforementioned projects that | have led, | have also participated in
various other projects in the lab that have delved deeper into characterizing
coronaviruses. Some of these works include characterizing diverse ACE2 receptor
utilization of merbecoviruses and exploring coronavirus entry mechanisms. All the
projects have taught me not only valuable experimental techniques but also how to ask
questions, set hypotheses, and design experiments as an independent researcher. |
hope to carry on working on developing countermeasures against infectious diseases

and contribute to global public health throughout my career.
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