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PREFACE

This thesis was written in accordance with the guidelines provided for a ‘“Manuscript-based

(Article-based) thesis” format from McGill University’s Graduate and Postdoctoral Studies

“Guidelines for Preparation of a Thesis™:

“As an alternative to the traditional format, a thesis may be presented as a collection of scholarly
papers of which the student is the first author or co-first author. A manuscript-based Master’s
thesis must include the text of one or more manuscripts. Manuscripts for publication in journals
are frequently very concise documents. A thesis, however, is expected to consist of more detailed,
scholarly work. A manuscript-based thesis will be evaluated by the examiners as a unified,

logically coherent document in the same way a traditional thesis is evaluated.”

This thesis consists of 4 chapters. Chapter 1 presents a literature review of the newly-emerged
SARS-CoV-2 virus and topics relevant to this thesis, and introduces the research aims of this
thesis. Chapter 2 and 3 are two peer-reviewed and published manuscripts for which the candidate

is the first or co-first author. Chapter 4 is the general discussion of the work presented in this thesis

The contribution of all authors can be found in the following “Contribution of Authors” Section.
Manuscript which the candidate has included in this thesis are the following publications:
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Contribution of single mutations to selected SARS-CoV-2 emerging variants spike
antigenicity. Virology. (Nov 2021)

2. Gong, S. Y.; Ding, S.; Benlarbi, M.; Chen, Y.; Vezina, D.; Marchitto, L.; Beaudoin-
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between SARS-CoV-2 Spike from Omicron Subvariants and Human ACE2. Viruses.
(Sept 2022)
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ABSTRACT

Since it’s emergence towards the end of 2019, the SARS-CoV-2 virus, causative agent of the
COVID-19 pandemic, remains a major health burden worldwide. Global collaborative effortshave
rapidly developed and instituted multiple vaccination platforms, which were shown to be effective
in preventing the infection of the original Wuhan-Hu-1 strain and remain effective at preventing
severe outcomes for newly arising variants. The Spike glycoprotein (Spike) is exposed at the
surface of viral particles and is composed of two subunits (S1 and S2). The Spike mediates the
first step of the replication cycle: viral entry. Its receptor binding domain (RBD) s located in the
S1 subunit and mediates attachment to the host receptor angiotensin-converting enzyme 2 (ACE2).
Upon binding, the Spike is cleaved by cellular proteases at the S2’ cleavage sites, leading to viral

entry mediated by the fusion peptide in the S2 subunit.

By being highly exposed at the surface of viral particles and infected cells, the Spike is the main
target of humoral responses elicited upon infection. Accordingly, vaccination and therapeutic
interventions such as antibody-based immunotherapy target the SARS-CoV-2 Spike glycoprotein.
Although the correlates of protection are unclear, some studies suggest that antibodies with
neutralizing and/or Fc-effector function, in combination with a long-lasting cellular immune
response, may play an important role in the protection conferred by vaccination or natural
infection. Due to the strong immune pressure against the Spike, multiple variants have arisen since
the first Wuhan-Hu-1, strongly dominating the subsequent waves of the pandemic. The World

Health organization (WHO) denominated them Variants of Interest (VOI), or Variants of Concern

(VOC) based on their transmissibility, infectivity, disease severity, and immune evasion.

During my Master studies, I first aimed to characterize how the Spike glycoproteins of VOCs
interact with its receptor, ACE2, and whether this binding could be influenced by temperature,
since the virus must cross a temperature gradient during its passage from the exterior environment
into the human airway. Moreover, I aimed to assess the impact of single mutation on the
antigenicity of the Spike. We found that antigenic profile and ACE2 binding properties of the
variants cannot be predicted by single mutations. Altogether, findings from this thesis highlight
the shift in antigenicity and ACE2 binding ability of SARS-CoV-2 VOI and VOC Spikes since
their emergence, and the role of temperature in Spike — ACE2 interaction. Results presented in this

thesis can serve to better understand the mechanisms of infection and immune evasion of this virus.



RESUME

Depuis son apparition vers la fin de 2019, le virus SARS-CoV-2, responsable de la pandémie
COVID-19, demeure un probléeme de santé majeur a travers le monde. Grace aux efforts de
collaboration globale, de multiples plateformes de vaccination ont rapidement été déployées a
travers le monde. I1a été montré rapidement que ces vaccins étaient efficaces a prévenir ’infection
par la souche originale. De plus, malgré le fait que leur efficacité a prévenir I'infection a été
compromise par ’arrivée des nouveaux variants, ils restent efficaces a prévenir des complications
graves par les nouveaux variants préoccupants. La glycoprotéine de Spike est exposée a la surface
des particules virales et est composée de deux sous-unités (S1 et S2). La Spicule est responsable
dela premicre étape ducycle réplicatif : I’entrée virale. Le domaine d’interaction avec le récepteur,
le receptor binding domain (RBD), situé dans le S1, médie I’attachement au récepteur d’hote,
I’enzyme de conversion de I’angiotensine II, aussi appelé 1’angiotensin converting enzyme II
(ACE2). Suivant ’engagement RBD — ACE2, la Spicule est clivée par des protéases cellulaires
aux sites de clivage, soient au S1/S2 et au S2°, ce qui amene ’entrée virale par le peptide de fusion

situé dans le S2.

En étant trés exposée a la surface des particules virales et des cellules infectieuses, la Spike
demeure la cible principale de la réponse humorale é¢licitée par une infection. En conséquence, la
vaccination et les interventions thérapeutique telles que I'immunothérapie a base d’anticorps
ciblent la Spicule glycoprotéine de SARS-CoV-2. Bien que les corrélats de protections soient
incertains, des études suggerent que des anticorps ayant une capacité neutralisante et/ou des
fonctions effectrices Fc, en combinaison avec une réponse immunitaire cellulaire, peuvent jouer
un role dans la protection accordée par la vaccination or 'infection naturelle. A cause de la forte
pression immunitaire contre la Spicule, de multiples variants sont apparus depuis la premicre
souche Wuhan-Hu-1 et dominent les vagues ultérieures de la pandémie. L’organisation mondiale
de la santé (OMS), les a désigné comme des variants a suivre (VOI) ou variants préoccupants
(VOC) basé sur leur transmissibilité, infectivité, gravité de symptome et habileté d’évasion du

systéme immunitaire.

Au cours de mes études de Maitrise, mon objectif était d’abord caractériser I'impact des mutations
simples sur le changement antigénique global d’un VOC particulier et I’'impact sur sa capacité a

interagir avec son récepteur. On a trouvé que le profil antigénique et la capacité d’interagir avec
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ACE2 des variants ne peut pas étre prédit par des mutations individuelles. La combinaison des
mutations dans la Spicule de chaque VOC fournit une signature antigénique unique. Puisque le
virus doit traverser un gradient de température durant son passage de I’environnement extérieur
jusqu’a la voie respiratoire humaine, j’ai aussi étudié I'impact de la température sur ’affinité des
Spike des VOC avec son récepteur. Ensemble, les trouvailles de cette theése soulignent le
changement d’antigénicité et la capacité d’interagir avec ACE2 des Spicules de SARS-CoV-2 VOI
et VOC depuis leur émergence et du réle que joue la température dans les interactions Spike —
ACE2. Les résultats présentés dans cette thése pourraient servir a mieux comprendre les

mécanismes d’infection et de I’évasion immunitaire de ce virus.

Xi



ACKNOWLEDGEMENTS

I would like to first acknowledge Dr. Andrés Finzi, my deepest thanks for taking me in, and being
such an inspiring figure in the ways of science, and for guiding me for the past 3 years. I truly
admire your self-discipline and the discipline which you ask of your students. I am truly grateful
for the numerous opportunities you have provided me to present and publish my research, and for

expanding my horizons. I have learned so much from you. A big thank you for your patience with
me and for allowing me grow. THANK YOU SO MUCH!!!

I would like to thank my co-supervisor, Dr. Chen Liang. You have been very helpful and
supportive throughout my studies. As well, my advisory committee, Dr. Selena Sagan and Dr.
Nicole Bernard, I am so grateful for your warm welcome for me into the science community, and
for your encouragements. As well, my mentor from Win4Science — Dr. Aimee K. Ryan, for your
support. Thank you for giving me time for discussions, which have always been most helpful.
Importantly, big thanks to our collaborators, who provided important scientific input, reagents,
assays, which allowed me to expand my projects. I would also like to thank my professors and the
Department of Microbiology and Immunology at McGill, for providing me with the knowledge
needed to pursue graduate studies in this enriching program. My gratitude also goes to the

CRCHUM cytometry platform, for providing vital training.

As well, my dearest mentors and friends from the lab who have been so supportive of me — Dr.
Jonathan Richard and Dr. Jérémie Prévost, for your helpful discussions and brilliant ideas for my
projects. Dr. Sai Priya Anand and (almost Msc.) Dani, for your training, guidance, and support.
Dr. Annemarie Laumaea, for our insightful discussions, be it work- or life-related. Future Dr.
Benlarbi, for always being there, no matter rain or shine. Gabrielle, for being so approachable and
supportive since day 1. Guillaume (soon Dr.), for our honest and lengthy conversations, and for
always being a big help! Marianne (future Msc.) and Lorie (future Dr.), for your advice both on
the professional and personal front. For dear Dr. Shilei, thank you for being a level-headed, good
mentor, your insights are most helpful, and your positive attitude always cheer me up. Big thanks
the past and present members and staff of the lab, Dr. Halima Medjahed, Catherine Bourassa, Dr.
Guillaume Goyette, Dr. Alexandra Tauzin, Dr. Debashree Chatterjee, Nicolas Beeckmans and Dr.

Romain Gasser, for your encouragement as well as providing much needed reagents and help for

Xii



my projects. Above all, a big THANK YOU for all the support, laugh, and tears, that we shared

throughout the years!! You are the best team I could have ever asked for.

For my best friends and support network, future Dr. Solymoss and Dr. Brassard, I am so grateful
for meeting you during undergrad, and for going through grad school and life with you guys! [ am
also thankful for my dear friends: Lucy Xiang, Sophie Deng, Jiaxuan Lin, for lending a helpful

ear. My loving partner, Jimmy Wang, for being a steady presence in my life, standing by me when

I most needed it. Thank you, to you and your family, for patiently and gently supporting me.

Finally, for my family near and far, for my parents Wei Gong and Ai Rong Mu, and little Viviane
Gong, thank you for being my biggest supporters, for always having my back, and for all the
sacrifice you’ve made for me to be able to stand here today. Lastly, for my grandparents

=R & HUFEHRTE, for the most memorable years of my life, and for shaping me into the person I

am today.

Xiii



Abs
ACE2
ADCC
Alpha
AR2G
Beta
BLI
BSA
CD16
CH
COVID-19
CT
CTD
Cryo-EM
D

Delta
DMEM
DMS

E

EF

Env
Epsilno
ER
ERGIC
EUL
Fab

Fc

FP

G

LIST OF ABBREVIATIONS

Antibodies

Angiotensin-converting enzyme 2
Antibody-dependent cellular cytotoxicity
B.1.1.7

Amine Reactive Second-Generation
B.1.351

Biolayer interferometry

Bovine serum albumin

Fcy receptor 111

Central helix

Coronavirus disease 2019
Cytoplasmic tail

C-terminal domain

Cryo-electron microscopy

Aspartic acid

B.1.617.2

Dulbecco’s modified Eagle’s medium
Deep mutational scanning
SARS-CoV-2 Envelope protein
Extrafollicular

HIV-1 Envelope glycoprotein
B.1.429

Endoplasmic reticulum

Endoplasmic reticulum-Golgi intermediate compartment

Emergency Use Listing
Antigen-binding fragment
Crystallizable fragment
Fusion peptide

Glycine



Kais

M
Mabs
Mabs
MAVS
MERS-CoV
MFI
MHC-1
MMPs
N
NiRan
NiRan
NGS
NK
NSP
NTD
NTD
ORF
PBS

P.1

Germinal center

Green fluorescent protein
Heptad repeat 1

Heptad repeat 2

Type I interferon
Immunoglobulins
Immunoglobulins of class M
B.1.526

On-rates

B.1.617.1

Affinity constants
Off-rates

Membrane protein
Monoclonal antibodies

Monoclonal antibody

Mitochondrial antiviral signaling protein
Middle East Respiratory Syndrome Coronavirus
Median Fluorescence intensities

Major histocompatibility complex class 1

Metalloproteinase

Nucleocapsid protein

RdRp-associated nucleotidyltransferase

Nucleotidyltransferase
Next generation sequencing
Natural killer cells
Non-structural proteins
N-terminal domain
N-terminal domain

Open reading frame

Phosphate-buffered saline

XV



PrEP
PSO
RBD
RBM
RER
RTC

S

sACE2
SARS-CoV
sgRNA
smFRET
™
TMPRSS2
TNF
TRS
TRS-B
TRS-L
UTR
VOCs
VOIs
VSV-G
WHO
WT

Pre-exposure prophylaxis
Post-symptom onset

Receptor binding domain
Receptor binding motif

Rough ER
Replicase-transcriptase complex
Spike glycoprotein

Soluble ACE2

Severe Acute Respiratory Syndrome Coronavirus
Subgenomic RNA
Single-molecule Forster resonance energy transfer
Transmembrane domain
Transmembrane protease serine 2
Tumor necrosis factor
Transcription regulatory sequence
TRS body

TRS leader

Untranslated region

Variants of concern

Variants of interest

Vesicular stomatitis virus G
World Health Organization
Wild-type

XVi



LIST OF FIGURES

CHAPTER 1

Figure 1.1 Mature SARS-CoV-2 virion structure.
Figure 1.2 SARS-CoV-2 genomic organization.
Figure 1.3 SARS-CoV-2 Replication Cycle.
Figure 1.4 SARS-CoV-2 RNA synthesis.

Figure 1.5 SARS-CoV-2 Spike Sequence

Figure 1.6 Timeline of Emerging Variants of Concern (VOC), Variants of Interest (VOI), and
Variants Under Surveillance (VUS).

CHAPTER 2

Figure 2.1 Evaluation hACE2 Fc binding to SARS-CoV-2 Spike variants.
Figure 2.2 Kinetic Analysis of RBD interaction to hACE2 Binding by Biolayer Interferometry
Figure 2.3 Evaluation of the impact of temperature on Spike-ACE2 interaction.

Figure 2.4 Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from

vaccinated SARS-CoV-2 naive individuals.

Figure 2.5 Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from

vaccinated previously-infected individuals.

Figure 2.6 Neutralization of SARS-CoV-2 Spike variants by plasma from previously infected

vaccinated individuals.

CHAPTER 3

Figure 3.1. Low temperature enhances Omicron subvariant Spikes’ interactions with ACE2.

Figure 3.2. Low temperatures “open” Omicron subvariant Spikes.

XVii



LIST OF TABLES

Chapter 1

Table 1. List of single mutations in all VOCs.

Table 2. List of COVID-19 vaccines granted Emergency Use Listing (EUL) by the World Health
Organization (WHO).

XViii



CHAPTER 1. INTRODUCTION

1.1 SARS-CoV-2 and COVID-19

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), responsible for causing
pneumonia-like syndromes, was first reported in Wuhan, Hubei province, China in December 2019
[1]. InJanuary, the World Health Organization (WHO) has coined the name COVID-19to describe
the disease. Since then, the virus has infected over 638 million people, and caused over 6.6 million
deaths across the globe [2], and caused severe disruption of daily lives with great economic
repercussions. This has led to massive investment in the development of vaccine platforms. The
rapid generation of vaccines helped reduce infection cases for the original Wuhan-Hu-1 strain, and
prevent severe outcomes for newly arising variants. However, the immune pressure caused by
vaccination combined with the continued transmission has driven the virus to accumulate
mutations which are advantageous to its transmissibility, infectivity, and/or immune evasion [3].
Therefore, it is primordial to keep studying the evolving virus in order to understand its

mechanisms of disease and better prepare for future viral pandemics.

1.2 Viral Origin and Reservoir

In late December 2019, a cluster of patients with pneumonia of unknown origin was reported in
Wuhan, China [4]. Investigations regarding the viral origins has found that the outbreak is tied to
awet market in Hubei, suggesting the zoonotic origins ofthe virus. The increased contacts between
humans and wild animals due to urbanization has accelerated the spillover of such zoonotic
diseases. SARS-CoV-2 was isolated in human airway epithelial cells, and subsequently identified
as a novel Betacoronavirus in the Nidovirale order, of Sarbecovirus subgenus, from its RNA
sequence [4-6]. Coronaviruses are enveloped positive RNA viruses that are commonly found in
humans, other mammals, and birds. It is composed of four genera - Alpha and Betacoronavirus
which mainly infect mammals, and Gammacoronavirus and Deltacoronavirus which mainly infect
birds [7]. Therefore, domestic animals, livestock, and wild animals are important intermediate

hosts to consider for spillover events to humans.
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Prior to SARS-CoV-2, two highly pathogenic zoonotic viruses from the Betacoronavirus genus -
severe acute respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory
syndrome coronavirus (MERS-CoV) - were classified pandemic in 2002 and 2012, respectively.
SARS-CoV has been found to be transmitted to humans from the intermediate host market civets
[8], whereas MERS-CoV from dromedary camels [9], and both viruses were originated from bats

[10,11].

Other human endemic coronaviruses include OC43, HKU1, NL63, and 229E [7]. These viruses
cause mild cold syndromes in immunocompetent humans. OC43 and HKUI1 are
Betacoronaviruses, while NL63 and 229E are Alphacoronaviruses [12]. OC43 and HKUI1 likely
originated from rodents, whereas bats are progenitors of NL63 and 229E viruses [13]. Studies
suggest that SARS-CoV-2 is of either horseshoe bat [6] or pangolin origins [14], with more
evidence supporting its bats origins [15-17]. As well, there seem to be a lack of animal reservoir
such as farmed or domestic animals for SARS-CoV-2 [18]. Work included in this thesis will focus

on SARS-CoV-2, which is the most recent and very pathogenic zoonotic coronavirus.

1.3 Viral Structure and Genome Organization

SARS-CoV-2 virions are spherical shaped, enveloped particles of 100-160 nm in diameter [12],
and are distinguished by their “crown-shaped” Spikes distributed throughout the surface of the
virion. SARS-CoV-2is composed of four structural proteins — Spike (S), Envelope (E), Membrane
(M) and the Nucleocapsid (N) proteins (Figure 1.1). The virion is surrounded by a lipid bilayer,
which carries three transmembrane proteins - the S glycoprotein and two smaller proteins: the E
protein and the M protein [19]. There are between 15-40 Spike glycoproteins trimers on the
surface; each trimer is composed of a surface S1 subunit and a transmembrane S2 subunit which
are non-covalently bound at the prefusion conformation [20,21]. The E protein is the smallest
protein, and it is less incorporated as they remain at the site of assembly, inside the host cells’
endoplasmic reticulum —Golgi intermediate compartment and membranes [22]. The M protein is
situated on the inner surface of the virus. It is the most abundant viral component, and interacts

with all the other structural proteins (E, S, and N) for viral packing [23,24]. Inside the virus particle,

the N protein encapsulates the positive-sense single-stranded RNA genome.
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Other than structural proteins, the genome also encodes 11 accessory proteins: ORF3a, ORF3b,
ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10 [25,26]. SARS-
CoV-2 genome also encodes 16 non-structural proteins: NSP1-16, which forms the replicase-
transcriptase complex (RTC), which is responsible for replication and inhibiting interferon
responses by synthesizing viral proteins which counteracts the cellular immune response [27-29].

(Figure 1.2)

Nucleocapsid (N)

Membrane (M)
Lipid membrane

Envelope (E)

RNA genome

Figure 1.1 Mature SARS-CoV-2 virion structure. Schematic representation of a mature SARS-
CoV-2 virion and the viral particle’s structure. The SARS-CoV-2 Spike is composed of a trimeric
S1-S2 heterodimers, which are embedded in the lipid membrane. The E protein interacts with the
M protein during the assembly of the viral particles. The C-terminal domain (CTD) of the M
protein protruding from the inside of the lipid membrane interacts with the N to ensure the
structural stability of N proteins bound to the RNA genome. Diagram created with BioRender.com

The SARS-CoV-2 genome is ~30k base pairs long and comprises of 16 open reading frames
(ORFs), encoding 29 gene products [30]. The SARS-CoV-2 genome consists of a single-stranded,
positive-sense RNA genome, which is one of the largest genomes of RNA viruses. The novel
betacoronavirus SARS-CoV-2 shares 79% genome sequence identity with SARS-CoV, and 50%
with MERS-CoV [31]. The genome contains a 5’ cap and a 3’ poly(A) tail of variable length. The
coding portion of the genome is flanked by a 5’ untranslated region (UTR) and a 3 UTR [32].
From its 5° end, two-thirds of the genome is composed of two large open reading frames, ORFla

and ORF1b. ORFlaencoding the nspl-11, and ORF1b encoding nsp12-16 [26,27,33]. The 3’ end
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of the genome, occupying one third of the genome, encode for the four structural proteins

interlaced with accessory proteins (Figure 1.2) [26,27,33].

Nonstructural proteins (nsp) Structural and accessory proteins

r

5 @— ORF1a v

Ensp 11EI'_
(2] 3 Ta]s]e[7[s]of10]] nsp g
[12]13]14[15]16]

Figure 1.2 SARS-CoV-2 genomic organization. Starting from the 5’-end, the SARS-COV-2
encodes for two large open reading frames, ORF1a and ORF1b encoding non-structural proteins
(nsp) nspl-11 and nspl2-16 respectively. The structural proteins Spike (S), Envelope (E),
Membrane (M), and Nucleocapsid (N) are in red and the eleven accessory proteins (ORFs 3a, 3b,
3¢, 3d, 6, 7a, 7b, 8, 9b, 9c, 10) are in purple. Diagram created with BioRender.com
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1.4 Replication Cycle

The SARS-CoV-2 replication cycle can be divided into three phases — entry, translation of viral proteins,

and transcription of novel genetic material to incorporate into newly -made particles. (Figure 1.3).
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Figure 1.3 SARS-CoV-2 Replication Cycle. Schematic representation of the main stages of viral
replication. 1- receptor binding and viral entry via membrane fusion or endocytosis, 2- translation
of polypeptides, 3- autoproteolysis and generation of non-structural proteins (nsp), 4- negative
sense subgenomic transcription and RNA replication, 5- positive sense subgenomic transcription
and RNA replication, 6- translation of subgenomic mRNA and making of structural and accessory
proteins, 7- nucleocapsid buds into the endoplasmic reticulum-Golgi intermediate compartment
(ERGIC), 8- virion formation, 9- exocytosis. Schematic created with BioRender.com

1.4.1 Entry
The first step of the viral replication begins with the entry of the SARS-CoV-2 virus into the host
cell. The Spike glycoprotein is responsible for mediating viral entry into the host cells. The

receptor binding domain (RBD) situated on the S1 subunit of the Spike recognizes and binds to its
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receptor, the host angiotensin converting enzyme 2 (ACE2) [34]. Therefore, SARS-CoV-2 infect

cells which express ACE2 receptor, which comprises numerous tissues including human airway
epithelia [35,36], gut [37], kidney[38], and heart [39,40].

The proteolytic cleavage of SARS-CoV-2 Spike by host proteases represents a crucial step prior
to fusion. A special feature of the Spike is a polybasic furin cleavage site. Cleavage by furin is
associated with higher infection efficiency and likely played an important role in the cross-species
transmission of the virus [41]. Furthermore, the binding of Spike with ACE2 triggers
conformational rearrangements of the Spike, which then exposes an additional cleavage site, the
S2’ site, which can be cleaved by transmembrane protease serine 2 (TMPRSS?2) at the cell surface
[42], or in the case of lack of TMPRSS2, clathrin-mediated endocytosis will occur and the S2° will
be cleaved by cathepsin L in the late endolysosome [43,44]. A third way of entry independent of
both TMPRSS2 and cathepsin is via metalloproteinase (MMPs) [45]. The cleavage of the S2’ site
exposes the fusion peptide and allows viral entry from either the surface or the endosome. The
viral genome is then released into the host cells’ cytoplasm for uncoating and the beginning of

replication.

1.4.2 Translation of viral non-structural proteins

Upon entering the cell, the viral genome is released into the host cytoplasm, where the replication
process begins. Since the viral genome is positive-stranded, precursor proteins ORF1la and ORF1b
are seen immediately by ribosomes and can be directly translated into polyproteins ppla and pplab
respectively, the latter is produced following a programmed -1 ribosomal frameshift [46,47]. The
polyproteins are cleaved into functional Nsps which form the replicase-transcriptase complex
responsible for the genome replication and subgenomic mRNA synthesis [48]. The cysteine
proteases processing cleavage of Nsps are located within the Nsp3 (papain-like protease; PL1P©
and PL2P™)and Nsp 5 (chymotrypsin-like protease; 3CL P™ or MP™) [49]. Nsp1 will be the first to
be released as it interacts with the host ribosome to shut down the host translation machinery and
prevent the production of host proteins, including antiviral host factors such as interferons [48].
Nsp2-11 proteins assist in the replication process by acting as cofactors of the RTC. The main
players involved in the replication are the RNA-dependent RNA polymerase encoded by Nspl2,
and the helicase encoded by Nspl3, the RNA proofreading 3’-5° exonuclease Nspl4, and
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methyltransferase Nsp16 [32,50]. Nsp8 is a second RARP whose proposed function is to generate
primers required for the initiation of RNA synthesis by the main RARP — Nspl2 [50,51].
Furthermore, Nspl4 provides a 3°-5° exonuclease activity which also has RNA proofreading
function to keep the genome void of mutational defects, which is important considering the size
of SARS-CoV-2 genome. The SARS-CoV-2 virus also comprises a capping mechanism: the 5’
cap is involved in the translation process, protecting the genome from exonuclease, and playing a
role in immune evasion [32,52,53]. There are two main proposed mechanisms for the capping of
the genome, one involving a four-step sequential mechanism of the RTC involving helicase nsp13,
RdRp-associated nucleotidyltransferase (NiRan) domain in Nsp12, methyltransferases Nsp14 and
Nspl6, and co-factor Nsp9 [54]; another proposed mechanism is fairly simple, where the capping
is facilitated by NiRan in Nsp12 and cofactor Nsp9 only [55].

1.4.3 Genome Replication and Transcription

The RNA-dependent RNA synthesis include two different processes: the genome replication and
the transcription of subgenomic mRNA which encode structural and accessory proteins. The virus
induces double-membrane replication organelles in which viral RNA synthesis can occur [56]. The
replicase proteins generated from ORF1a and ORF1b use the genome as template to generate full-
length negative sense RNA and subgenomic RNA (sgRNA). The full-length negative-sense RNA
subsequently serves as template to generate additional copies of the genome to make more Nsps

or to be packaged into progeny viral particles.

As for the production of sgRNA, the SARS-CoV-2 transcription process is discontinuous, a feature
of viruses of the order Nidovirales and most coronaviruses [47,57]. The genes encoding structural
and accessory proteins are expressed from the sgRNAs, which are initiated at the 3’end of the
negative genome and produce a set of nested, co-terminal sgRNAs with a common 5’ end leader
sequence long of ~70 nucleotides [47]. The 5’ end leader sequence is added following the
transcription termination, which is signaled by the transcription regulatory sequence (TRS) located
between the ORFs. The RdRp pauses when it reaches a TRS within the genome body (TRS-B) and
changes its template to the leader TRS (TRS-L). These sgRNA act as template for the production
of subgenomic mRNAs, which are produced from the negative strand sgRNA (Figure 1.4).
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Figure 1.4 SARS-CoV-2 RNA synthesis. The positive single-stranded genomic RNA is used to
produce both full-length negative strand RNA, and negative subgenomic RNA (sgRNA). Positive
strand RN As is in turquoise whereas negative strand RNAs are in yellow. To produce sgRNA, the
replicase-transcriptase complex (RTC) starts off from the 3’ end and pauses at a transcription
regulatory sequence (TRS) between two ORFs (TRS-B), and switches to the leader TRS (TRS-L)
to be capped. The negative sgRNA are then used to produce subgenomic mRNA for the translation
of structural and accessory proteins. Schematic created with BioRender.com

1.4.4 Viral Assembly and Budding

The viral proteins N, E, M, and S proteins are first synthesized into the endoplasmic reticulum
(ER), and shuttled towards the ER-Golgi intermediate compartment (ERGIC), where they are
further processed for cleavage and/or glycosylation [58], and the misfolded proteins are retained
at the Golgi. The newly assembled virions, formed by the structural proteins S, M, E, and S, bud
at the membranes of the ERGIC and Golgi [59], and are released by exocytosis.

26



1.5 Structural proteins

1.5.1 Spike Glycoproteins

The Spike Glycoprotein is involved in the first step of viral entry, and it is highly immunogenic.
The Spike is a type I membrane protein stemming from the viral membrane [60]. It has a
characteristic “crown-shape” from which the name coronavirus is derived from [20,61]. It is first
produced as a precursor and is then cleaved into a surface S1 and a transmembrane S2 subunit,
which are linked together by non-covalent interactions. The S1 subunit is responsible for binding
its receptor ACE2 whereas the S2 subunit is responsible for membrane fusion. The Spike is
proteolytically cleaved at the S1/S2 junction by furin and later at the S2’ junction to expose the
fusion peptide and permit membrane fusion. As S1 binds the ACE2 receptor, the Spike is cleaved
at the S2’ junction by host proteases TMPRSS2 or cathepsin L, inducing S1 shedding and exposure
of the fusion protein in the S2 subunit [42].

The Spike glycoprotein is 180-200kDa, and it is synthesized as a 1273 amino acid precursor in the
rough ER (RER). The unprocessed Spike precursor contains a signal sequence, which targets it to
the lumen of the ER, where it trimerizes and N-linked mannose-rich oligosaccharides side chains
are added [62]. The Spike is highly glycosylated by N-linked glycans [21], which contribute to the
Spike stability and evade immune detection [63,64]. The trimeric Spike glycoproteins then traffic
to the Golgi complex, where the glycans are modified to more complex forms and O-linked
glycosylation occurs [62,65]. Furthermore, in the trans-Golgi network, the Spike is proteolytically
cleaved by cellular furin or furin-like proteases at the S1/S2 cleavage site, which is comprised of
a PRRAR motif [66]. This furin-like cleavage is necessary for the cell-to-cell fusion characteristic
of SARS-CoV-2 and for effective infection of lung cells and airway epithelial cells [41]. Following
cleavage, the Spike accumulates near the ER-Golgi intermediate compartment (ERGIC), where it

participates in viral assembly upon interaction with the M protein.

The Spike samples distinct conformations on the viral membrane [67] and its anchoring on the

(3

viral membrane is also flexible [21]. The RBD of the Spike samples the “open”, or “up”
conformation when it interacts with the receptor, and in the absence of ACE2 receptors, the Spike
samples the “closed,” or the “down” conformation. In the “closed” conformation, the RBD is
packed closely against the NTD of the neighbouring protomer, and becomes more exposed in the

“up” conformation. In its ground state, the Spike can spontaneously switch from RBD-down
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conformation to an intermediate conformation before passing to the RBD-up conformation [67].
Due to its high antigenicity, it is a good target for humoral responses, making it a strong candidate
for vaccine antigen. The protein must remain stable for the development of the vaccine,
highlighting the importance of generating a stable protein trimer. The trimeric Spike used in
current vaccines is stabilized by adding a disulfide bridge with a double cysteine mutant S383C

(in the RBD)D985C (in the S2 subunit), which stabilizes the Spike in the down conformation [68].

The cytoplasmic tail (CT) serves to mediate cell-to-cell fusion, and multiple other functions and
deletion of CT has been shown to increase the S packaging into virions, due to the deletion of the
ER-retention motif KxHxx situated in the last 13 amino acids [69]. Furthermore, deletion of
cytoplasmic tail is associated with increased neutralization sensitivity [70] and increased

infectivity [69], suggesting that it has a role in stabilizing the Spike conformation and the exposure
of the RBD [20].

The Spike can be found on the surface of infected cells, where it has been observed to cause fusion
of the infected cell with the neighbouring cells, forming large multinucleated cells also known as

syncytia [71,72].

Due to the immune pressure against the Spike caused by vaccination and sustained transmission
within the population, there has been numerous variants which have emerged since the original
strain (Wuhan-Hu-1) has been described [31]. The Spike variants will be described in its own

section below.

S1 subunit S2 subunit
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Figure 1.5 SARS-CoV-2 Spike Sequence. The Spike is comprised of an S1 subunit containing
the N-terminal domain (NTD, residues 13-305), receptor binding domain (RBD, residue 319-541)
within which the receptor binding motif (RBM 430-500) interacts with the human angiotensin-
enzyme 2 receptor (ACE2). The S1 and S2 subunits are separated at the S1/S2 cleavage site, which
presents a RRAR motif (residues 682-685). The S2 subunit harbors the fusion peptide (FP; residues
788-805), the heptad repeat 1 (HR1, 912-984) and heptad repeat 2 (HR2, 1163-1213), the
transmembrane domain (TM; 1213-1237), and cytoplasmic tail (1237-1273). Schematic created
with BioRender.com
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1.5.2 S1 subunit

The S1 subunit of the Spike (14-684 residues) is composed of a N-terminal domain (NTD; 14-305
residues), RBD (319-541 residues) (Figure 1.5). The receptor binding motif (RBM) that is directly
in contact with the receptor ACE2 is located in the RBD, from residues 437 to 507 [20,34,42].

The NTD serves as a glycan shield [73] and harbors a neutralization supersite [74] which is vastly
targeted by the antibody response [75-77]. Indeed, antibodies (Abs) targeting the NTD can achieve
95-100% neutralization [74] and provide potent Fc-effector functions which have protective

effects against SARS-CoV-2 in vivo [76,77].

The RBD contains two subdomains, a five-stranded antiparallel beta sheet connected the RBM,
and the RBM itself [78]. The RBD is one of the most immunogenic domains of the Spike
glycoprotein. The immune pressure mounted against RBD causes it to undergo several mutations,
which gave rise to the multiple variants which show both immune escape and increased ACE2

binding abilities.

The CTD1 and CTD2 situated between the S1 and the S2 subunit are involved in the fusion
machinery and participates in the structural rearrangements of the S glycoprotein. It touches the

NTD and the S2. It is also involved in stabilizing Spike protein in the down conformation [79].

1.5.3 S2 subunit

The S2 subunit (686-1273 residues) is composed of a fusion peptide (FP; 786-806 residues), heptad
repeat region 1 and 2 (HR1; 912-984 residues and HR2; 1163-1213 residues), a transmembrane
domain (TM; 1213-1237 residues), and a cytoplasmic domain (1237-1273 residues) [80]. The S2

is the most conserved regions amongst variants and other betacoronavirus [20], as such, Abs

targeting the S2 are broadly neutralizing [77,81].

In the prefusion conformation, three S2 are tightly packed around a central 3-stranded coiled-coil
central helix (CH). The FP is occluded by two neighbouring Spike protomers, and upon ACE2
binding, it is projected onto the cell membrane. The HR1 and HR2 undergo large conformational

rearrangements to form the six-helical bundle to bring the viral and target membrane close to each

other, leading to membrane fusion [78].
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1.5.4 Membrane Protein

The M protein is a 222 aa-long, dimeric, non-glycosylated protein [82]. It is the most abundant
viral structural protein, and it is responsible for interacting with other structural proteins for viral
assembly and for recruiting the viral genome into the virion [83]. It is highly conserved [84], and
has several functions throughout the infection process: in the early stages of viral infection, M
protein agglomerated in the host cell nucleus prevents the transcription and translation of host
antiviral immune response to allow viral replication, transcription, and translation [85]. In the late
stage of infection, M protein interacts with the other structural proteins to promote virion assembly

by recruiting and interacting with S, E, and N proteins in the ERGIC [86].

1.5.5 Envelope Protein

The E protein of SARS-CoV-2is a small (77aa) transmembrane protein. E proteins are highly
conserved across betacoronaviruses [87]. One of their proposed functions is to form a cation-
selective channel across the ERGIC, which is necessary for SARS-CoV-2 infection [88]. During
viral replication, the E protein is expressed in the infected cell, but is not abundantly incorporated
into the virion envelope. Instead, it remains at the site of viral assembly, in the ERGIC membranes
[22] and participates in the assembly, budding, and trafficking of the newly-made virions [89].
Furthermore, E proteins play a role in eliciting robust host inflammatory response and induces cell

death in vivo [90].

1.5.6 Nucleocapsid

The N protein (419aa) interacts with the M protein to assemble the genome by directly binding to
the viral RNA and providing genome stability [91]. It is very conserved between coronaviruses,
sharing 90% homology with the SARS-CoV N protein [91]. It is recruited by the Nsp3 to interact
with the RTC, which is crucial for viral replication and RNA synthesis [92], multimerizes and
exerts its key role of encapsidating the RNA genome [93]. Antibodies against N protein are a
marker of acute infection [94] and the presence of N protein in the blood is one of the predictors
of severe disease [95,96]. Serum antigen against N protein is used as diagnosis for SARS-CoV-2

infection [97].
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1.6 Accessory Proteins

SARS-CoV-2encodes for eleven accessory proteins [25]. Newly arising variants harbor mutations
in anumber of them, such as ORF3a, ORF6,0RF7a, ORFS8, and ORF10 [98], which are suggested
to be involved in the pathogenesis and transmissibility of these SARS-CoV-2 strains [26].

1.6.1 ORF3a

ORF3a is the largest accessory proteins of SARS-CoV-2, being 274 aa in length [99]. It is
orthologous to the SARS-CoV ORF3a protein and shares 79% protein identity with SARS-CoV
and 50% with MERS-CoV [100]. It has multiple domains, which serve multiple functions: it is

involved in forming a viroporins of K+ ion channel that is essential for replication together with

the E protein [99]. ORF3a is also involved in virulence, infectivity, and viral release [99,100].

1.6.2 ORF6

ORF6 is a 61aa residues protein that has been shown to be an antagonist of host cell interferon
production. The orthologous ORF6 protein from SARS-CoV has been shown to inhibiting the
induction of interferon pathways by blocking the nuclear import of STATI by interacting with
nuclear import factors [101], and it has been suggested that SARS-CoV-2 ORF6 acts in a similar
way to block the nuclear import and export of host mRNA from the nucleus [102]. Furthermore,

it antagonizes interferon production by inhibiting the expression of the interferon promoter [103].

1.6.3 ORF7a

ORF7ais a 121aa-long accessory protein which prevents antigen presentation by downregulating
major histocompatibility complex class I (MHC-I) on the surface of infected cells [104]. It does
so by disrupting the peptide-loading system of MHC-1, inducing the latter to be retained in the ER
[104]. ORF7 has also been suggested to also antagonizes the IFN-I response by hijacking the host
ubiquitin system and by targeting the IFN to ubiquitination [105]. Other studies also show that it
prevents the phosphorylation of STATI and/or STAT2, leading to the downstream inhibition of
IFN-I response [29].

1.6.4 ORFS
ORF8 is a 121aa-long, the most variable accessory protein among coronaviruses [106]. Deletion

of ORFS has been linked to a less severe disease progression [107]. In fact, ORF8 has been shown
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to interact with monocytes and NK cells and decrease their ability to perform Fc-effector functions
by downregulating Fcy receptor III (CD16) on the effector cells’ surface [108]. ORFS8 also
contributes to pathogenesis by activating the IL-17 signaling and eliciting cytokine storm [109].
Furthermore, ORF8 is highly immunogenic, and can be secreted from infected cells. When
detected fromthe plasma of individuals with an acute SARS-COV-2 infection, ORF8is associated
with decreased survival [110]. Due to its secretory nature, ORF8 may be used as a diagnostic tool

as it elicits strong antibody response during infection [111].

1.6.5 ORF10

ORF10 is comprised of 38aa and has been described to supress the antiviral innate immune
response by inhibiting the expression of type I interferon (IFN-I) genes and IFN-stimulated genes
by targeting the mitochondrial antiviral signaling protein (MAVS) [112].

1.7 Variants

Due to the increased immune pressure mounted by mass vaccination and by sustained
transmission, the circulating strains have undergone an antigenic drift. Since the start of the
pandemic, massive, unprecedented effort has been put to the surveillance of the evolution of the
genome of the virus. Next generation sequencing (NGS) — based technologies have been used to
analyze samples obtained for clinical diagnostic purposes with high viral loads and wastewater,
which allowed the sequencing and genome reconstruction [113]. The online database GISAID has
been used for harboring SARS-CoV-2 sequences to facilitate the discovery and surveillance of
newly arising variants [114]. Multiple systems of nomenclatures have been proposed to identify
unique SARS-CoV-2 lineages (NextStrain [115], GISAID [114], Pango lineages [116]). Since
lineages of arising variants can be named solely using their Spike sequences [116], and the Spike
glycoprotein is the focus of this thesis, we will refer to different variants with regard to their Spikes

using the Pango lineage nomenclature and their respective WHO labels [117].

The first variant to take over the Wuhan-Hu-1 strain is a single mutation from an aspartic acid (D)
to a glycine (G) on the 614th position of the Spike (i.e. the D614G mutation) [118]. The D614G
variant came into prevalence during March 2020 in Europe [119]. This mutation has been

described to have higher viral loads [118,119], increased infectivity, and Spike trimer stability
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[120,121]. The D614G mutation is present in variants which emerged at a later date throughout
the world (Figure 1.6). Notably, the WHO created a system which separates these variants into
VOC and VOI depending on their transmissibility, epidemiology, virulence, and sensitivity to
diagnostic tools, vaccines and therapeutics [117]. In this section we will highlight the main VOC

which circulated worldwide and mutations which contributed to their increased spread
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Figure 1.6: Timeline of Emerging Variants of Concern (VOC), Variants of Interest (VOI), and Variants Under Surveillance
(VUS). Following the original Wuhan-Hu-1 strain, D614G, VOCs Alpha (B.1.1.7), Beta (B.1.351), and Gamma (P.1) arose from the
United Kingdom, South Africa, and Brazil respectively from December 2020 to January 2021. Then, Delta (B.1.617) emerged in India
towardsmid 2021. Following this, Omicron subvariants (BA.1, BA.2, BA.2.12.1,BA.4, BA.4.6,BA.5) became the dominant circulating
VOCs starting November 2021. Original strains Wuhan-Hu-1 and D614G are in black, VOC in red, VOI in blue, VUS in purple. Data
incorporated from WHO [117], CDC [122], and Government of Canada [123]. Schematic made with BioRender.com
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1.7.1 B.1.1.7 (Alpha)

The Alpha variant was first reported in UK in December 2020 [124]. Some notable mutations from
this variant comprise of the deletion A144 in the NTD, which has immune evasion functions [76],
the N501Y mutation in the RBD which shows increased ACE2 receptor binding [125,126]. Thanks
to its N501Y mutation, B.1.1.7 variant has also been found to be able to bypass the temperature
constraint to bind ACE2 with increased affinity [127]. The P681H mutation near the S1/S2
cleavage site increases cell surface entry by promoting cells surface route of entry, therefore
confers resistance to IFN-B [128,129] and host restriction factor IFITM2, which reside in the

endosomal compartments [121].

1.7.2 B.1.351 (Beta) and P.1 (Gamma)

The Beta (B.1.351) variant was first detected in South Africa in December 2020 [130], and the
Gamma (P.1) variant was retraced to Brazil from a case in Japan [131]. The N501Y mutation
which increases ACE2 affinity is also present in these variants [130]. Some other notable Spike
mutations with the Beta variant are the K417N/T and E484K mutations, which contribute to

escaping host immune response [132-134].

1.7.3 B.1.617.2 (Delta)

The Delta (B.1.617.2) variant was first described in India in late 202, and became the main
circulating variant by mid-2021 [117]. It descends from the “Double mutant” B.1.617, which
contained only two mutations in the Spike— the E484Q and L452R mutations [135]. The latter was
first found in Epsilon (B.1.429) and was associated with increased transmission, infectivity, and
neutralization [136]. This mutation has also been shown to enhance ACE2 affinity and immune
escape [137,138]. Additionally, the P681R mutation situated in the S2’ increases cleavage and is
hypothesized to be the main driver of outstanding transmission and pathogenesis [138]. The Delta

variant was also associated with increased disease severity compared to previous variant such as
Beta[139].

1.7.4 B.1.1.529 (Omicron)

Omicron (B.1.1.529) variant was first reported in South Africa in November 2021 [140]. The
Omicron variant contain the highest number of mutations seen in variants so far, with over 30

mutations in the Spike [141]. Omicron regroups many subvariants: BA.1, BA.1.1, BA.2,
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BA.2.12.1,BA.3,BA.4,BA.4.6, BA.5, all of which have been the main circulating VOC in Canada
and the US since November 2021 [122]. Compared to previous VOCs, Omicron infections cause
significantly less disease severity, but were associated with higher instances of breakthrough
infections [142]. Indeed, due to its numerous Spike mutations, Omicron has shown resistance to
vaccine and infection-elicited antibodies [143,144], requiring the need of a booster dose in order
to re-establish protection from severe disease [145,146]. Furthermore, I generated data showing

that Omicron interacts better with ACE2 at lower temperatures, suggesting that Omicron Spikes

have a better propensity to sample the “Up” conformation in colder conditions [147].
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Table 1. List of single mutations in all VOCs.
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All point mutations and deletions present in circulating and past VOCs compared to D614G strain. BA.4 and BA.5 share the same Spike mutations, therefore

named BA.4/5. The Spike is divided in S1 and S2 subunit. NTD: N-terminal domain; RBD: receptor binding domain; SD1/SD2: subdomain 1 and 2; FP: fusion
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resulting amino acid is indicated in the square. Table adapted from [147].
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1.8 Pathology

The pathogenesis of COVID-19 is thought to be two-fold, divided in the early stage, where the
disease is caused by SARS-CoV-2 replication, and the late stage, where disease progression is
driven by the host’s dysregulated immune response which leads to tissue damage. The symptoms
severity ranges from asymptomatic to critical, leading to death [148,149]. Common symptoms of
COVID-19 include cough, fever, dyspnea, fatigue, headache, myalgia, diarrhea, and new loss of
sense of smell and taste [148,150]. Furthermore, the symptoms might last more than four months
after the infection, in which case such patients are defined as people with post-COVID conditions,
or long COVID [151]. The severity risk factors include but are not limited to older age (over 65),
sex, immunocompromised, chronic medical conditions (cancer, kidney disease, liver disease, lung

disease, diabetes, HIV infection), obesity, pregnancy, smoking, cerebrovascular disease, etc.

[152,153].

Severe disease manifestation may include septic shock, where patients produce significant
amounts of proinflammatory cytokines and chemokines including tumor necrosis factor (TNF) a,
interleukin 1B, IL-6, granulocyte stimulating factor, interferon gamma-induced protein 10,
monocyte chemoattractant protein-1, and macrophage inflammatory proteins [154-157].
Immunological profiles correlating with severe disease and mortality include presence of viral
RNA in the blood, presence of immune and tissue damage markers (inflammatory cytokines,
chemokines, matrix metalloproteinases), and lower levels of Spike-specific Abs and absence of
Fc-effector functions such as antibody-dependent cellular cytotoxicity (ADCC) response [157-
159].

1.9 Vaccine Strategies

To date, there has been 11 COVID-19 vaccines which have been approved by the WHO,
representing four different vaccine platforms: protein subunit, RNA, non-replicating viral vector,
and inactivated viral particles (Table 2 [160]). Here, we will focus on mRNA vaccines because

they are most widely used in Québec, Canada, where we have first recruited our cohort of

vaccinated naive and previously-infected individuals.
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Table 2. List of COVID-19 vaccines granted Emergency Use Listing (EUL) by the World
Health Organization (WHO)*.

Platform Manufacturer Vaccine Approvals

Inactivated virus Sinopharm Covilo 93
Sinovac CoronaVac 56

Bharat Biotech Covaxin 14

mRNA Pfizer/BioNTech Comirnaty (BNT162b2) 149
Moderna Spikevax (mRNA-1273) 88

Viral Vector Oxford/AstraZeneca Vaxzevria (ChAdOx1) 149
Serum Institute of India Covishield (ChAdOx1) 49

Jassen / Johnson & Johnson | Jcovden (Ad26.COV2.S) 113

CanSino Convidecia 10

Adjuvanted Protein Novavax Nuvaxovid 40
Serum Institute of India COVOVAX (Novaxovid) 6

*Four different platforms, with ten manufactures,and nine unique vaccine products. Approvals represent the number
of countries which approved the use of each vaccine. Table adapted from [161]. Source [162].

The mRNA vaccines are most widely used in developed countries in North America and Europe
due to the logistics concerning their transportation, storage requirements, business priorities, etc.
These concerns hinder the distribution of vaccines to countries under development, revealing the
stark global health inequalities between developing and developed countries. The mRNA vaccines

are composed of lipid nanoparticles which efficiently encapsulates the genetic material encoding

the prefusion-stabilized Spike protein [163].

The Pfizer/BioNTech BNT162b2 and Moderna mRNA-1273 mRNA vaccines have been shown
to elicit a strong antibody response after one dose, resulting in protective efficacy of 95%
[164,165]. It was shown that these Abs can mediate strong Fc-effector functions in absence or
poor neutralizing responses [166]. The cellular response induced by the first two doses of mRNA
vaccines are more durable than the serum antibody titers, both for the maturation of B cells in the
germinal center [167,168], and in the long-lasting T cell responses [169,170]. Although the initial
regimen of two doses provided a good efficacy, waning of neutralizing Ab titers 6 months after
vaccination [171], combined with the circulating variant at the time Delta causing increased

breakthrough infection cases, hospitalization, and death [122,172], a third boosting dose has been
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suggested [145]. Indeed, the protection against Delta infection was 65% after two doses, and 91%
after three doses; as for Omicron infection, vaccine effectiveness was 46% after two doses and
60% afterthree doses [173]. Furthermore, due to the emergence of recent Omicron variants, which
has been shown to be more resistant to vaccination [174-176], a bivalent vaccine containing both
the stabilized Spike of original Wuhan-Hu-1 strain and Omicron strain has been proposed to the
population as an alternate fourth booster to the original vaccine [177]. The latter has been shown
to have a 30% protection against infection for BNT162b2 and 11% for mRNA-1273, but are more
effective in preventing symptomatic disease (43% for BNT162b2 and 31% for mRNA1273)[178].
The bivalent vaccine has been reported to be more efficacious than the original booster [177,179].
Currently, the goal of vaccination against SARS-CoV-2 by mRNA vaccines is to provide

protection against severe illness, hospitalization, and death against newly-arising variants.

For previously-infected individuals, the immune response elicited by a first dose of vaccine was
stronger than naive individuals, both in the levels of neutralizing Abs [180] and in their humoral

immunity [181].

In immunocompromised individuals, response to vaccination is dampened in both the antibody
and T-cells front; their responsiveness is dependent on the level of immunosuppression [182-184].

Extra vaccine doses are recommended for these populations [161].

Due to the circumstances in Canada where the public health prioritized vaccinating more people
for their first dose, there is a unique population who have a longer interval of 16 weeks between
the first and second dose [185]. The extended interval between doses elicited stronger humoral
responses than a shorter interval, which converge at the third booster dose [186]. The CD4+ T cell

responses of previously infected, vaccinated individuals which are initially stronger than naive

vaccinated individuals become similar after two doses of vaccine [187].

1.10 Humoral immune responses to SARS-CoV-2 infection

Humoral immune response is central to the prevention and clearing of SARS-CoV-2 infection.
The humoral response can be divided into two phases — the extrafollicular (EF) phase, and the
germinal center (GC) phase. During the EF phase, B cells are rapidly activated and differentiate

into plasma cells outside of the follicle a few days following infection [188], producing Abs,
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predominantly immunoglobulins (Ig) of class M (IgMs) which contain very few somatic
hypermutations but can still have high affinities and neutralizing potency [189]. IgMs can be IgG-
or IgA-switched to counter viral infections. Several days to a week following the EF phase, the
GC phase begins, during which the antigen-specific B cells undergo somatic hypermutations and
affinity-based selection in the GC [190]. This process lasts for months, resulting in primarily
isotype-switched and high-affinity plasma cells which establish in the bone marrow in long-lived

compartments [191]. It is important to note that the both EF and GC responses produce antigen-

specific memory B cells which persist long after the infection is cleared [192].

The Abs can perform multiple functions, from neutralization of the antigen with their antigen-
binding fragment (Fab) to effector functions, notably ADCC, which occurs when the crystallizable
fragment (Fc) of Ab cross-links the Fcyllla (CD16a) of effector cells such as natural killer (NK)

cells, monocytes, or macrophages.

1.10.1. Neutralization

In the case of an infection with SARS-CoV-2, the level of antibody response correlates with
disease severity [193-196]. Cross-sectional and longitudinal studies indicate that Abs level peak
3-4 weeks post-symptom onset (PSO) [193,197-200]. Further, anti-RBD and anti-Spike IgM and
IgA decay rapidly, whereas 1gG remain more stable [201]. The same observation can be made for
[gM+ B cells, which wane rapidly compared to IgG+ B cells [201]. Neutralizing Abs levels wane

faster than that of ADCC, corroborating the neutralizing activity conferred by IgM and IgA
[202,203] and their rapid decline post disease clearing [193].

1.10.2 ADCC

Fc-effector function are correlated to protection in early studies in primates [204]. Furthermore,
strong ADCC responses were seen in hospitalized patients [205,206], and ADCC response were
associated with recovery [207]. The ADCC response peaks between 2-4 weeks, and decline
gradually thereafter [201]. For vaccinated individuals, presence of Abs with both neutralizing and
effector functions correlated with protection [161]. The first dose of mRNA vaccine induces high
titers of [gG and IgA, which have weak neutralizing functions, but robust ADCC effects mediated
by IgG [166], which is reinforced at the second dose [185].
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1.10.3 Spike is the main target of Abs with neutralizing and Fc-effector functions

The Spike is a major target of the humoral response. One immunodominant site within the Spike
is the RBD, with the most potent neutralizing Abs directed against the RBM [208]. Neutralizing
Abs targeting the Spike can be categorized in four types according to the conformation and epitope
of the RBD which they recognize : 1- neutralizing Abs which only recognize the “RBD up”
conformation and block Spike — ACE2 interactions; 2- neutralizing Abs which bind adjacent RBDs
in both “up” and “down” and interfere with ACE2 binding 3- neutralizing Abs which recognize
outside the RBM and recognize both “RBD up” and “down” conformations; and 4- Abs which
only recognize the “RBD up” conformation but does not block Spikes — ACE?2 interactions [209].
Examples of potent neutralizing Ab targeting the RBD include CV3-1 (class 1) and CR3022 (class
4), which recognizes the “up” conformation of the RBD [77,210]. The NTD is another target for
neutralizing and non-neutralizing Abs. A potent non-neutralizing Ab targeting the NTD is CV3-
13, which shows potent ADCC resulting in protective function in SARS-CoV-2 challenged mice
[76]. Abs binding outside of NTD and RBD immunogenic region may recognize the stem-helix
region of S2, which is more conserved. A broadly neutralizing Ab targeting this region is CV3-25,

which inhibits viral fusion [77].

1.11 Treatment options

The initial containment of the pandemic has mostly relied on non-pharmaceutical interventions
such as public hygiene measures of social distancing, the use of masks, and handwashing in order
to limit the spread of the infection. Currently, there are different treatments available for COVID-
attained patients depending on disease severity and need for hospitalization [211,212]. Clinical
management for severe COVID-19 include primarily of monoclonal antibody therapies, but also

small molecules inhibitors and immunomodulators [148,212].

1.11.1 Monoclonal Abs Therapy
Monoclonal antibodies (mAbs) are used for pre-exposure prophylaxis (PrEP) for people who do
not respond adequately to vaccination and those who have contraindication for the vaccines

[213,214], as well, they can be used as treatments for non-hospitalized adults who are at risk of
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severe disease progression. The only current PrEP approved by the FDA is Tixagevimab 150mg
plus Cilgavimab 150mg (EVUSHELD™) which is an intramuscular long-acting mAbs developed
by AstraZeneca [213]. These mAbs recognize non-overlapping epitopes on the RBD, and act
synergistically to potently neutralize SARS-CoV-2 [215]. They are modified in the Fc to extend
their half-life and to eliminate potential risk of antibody-dependent disease enhancement
[216,217]. When used as PrEP or treatment for Omicron variants, it is recommended to take double
dosage for each mAbs (Tixagevimab 300mg plus Cilgavimab 300mg) [213]. Other Abs include
Bebtelovimab, Casirivimab, Imdevimab, Etesevimab, Sotrovimab which target the RBD [211].

Among them, Bebtelovimab was the only Ab to retain potent neutralizing activity against Omicron
BA.5[218,219]. However, with the rapid emergence of BQ.1 and BQ.1.1, the FDA has pulled its

recommendation for Bebtelovimab due to its ineffectiveness against these variants [220].

1.11.2 Small Molecule inhibitors

Main strategies for preventing SARS-COV-2 proliferation involve preventing viral entry and
blocking its replication. Drug repurposing has played a crucial role in the speedy identification of
candidates. An example of repurposed drug targeting the Spike is VE607 [221], which has been
found to be effective at inhibiting both SARS-CoV and SARS-CoV-2 infection [222]. VE607 has
been shown to stabilize the RBD in its “up” conformation, inhibiting viral binding to ACE2, thus

controlling infection and protecting mice from SARS-CoV-2 challenge [222].

There are currently three FDA approved drugs, all of which target viral replication — Remdesivir,
Molnupiravir, and Paxlovid [211]. Remdesivir is a nucleotide analogue RNA-dependent RNA
polymerase inhibitor which was first developed for Ebola [223-225]. Molnupiravir is also a

nucleoside analogue [226], whereas Paxlovid is a protease inhibitor [211,227].

1.12 Experimental methods

1.12.1 Flow Cytometry
Flow cytometry is an important biological assay used in this thesis. This technique is often used
for the analysis of cell surface or intracellular biomarkers [228,229]. In a fluidic system, single

cells pass in front of lasers of different wavelengths, and each cell is analyzed for their light scatter
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and the different fluorescence parameters [228,229]. Each cell is characterized as an “event,” and
the analysis of the light scatters provides information on the size, the density, and the presence or
the expression of proteins of interest targeted by fluorescently labeled Abs on these cells [228,229].
In this thesis, flow cytometry is used to assess the presence of anti-Spike Abs in the plasma of
infected and vaccinated individuals [134]. As well, by using Abs which recognize different regions
of the Spike, we can assess the impact which a single mutation or the ensemble of mutations can
have on the immune recognition of the Spike [134,147]. Finally, flow cytometry has been used to
ascertain the ACE2 recognition of the mutant Spikes, both in terms of recognition and in terms of

the Spike’s sensitivity to conformational changes [134,147].

1.12.2 Virus Capture Assay

In this thesis, virus capture assay was used to measure the change of viral particles’ Spike — ACE2
interaction in different temperatures to corroborate with our results generated by flow cytometry
[147]. Briefly, in virus capture assays, proteins of interest, in this case ACE2-Fc, is immobilized
on ELISA plates, then pseudoviral particles bearing SARS-CoV-2 Spikes, Vesicular stomatitis
virus G (VSV-G), and luciferase gene are applied to the plate to evaluate their interactions with
the proteins in different temperatures [147]. Then, SARS-CoV-2-resistant Cf2Th cells are applied
to the plate, where the VSV -G expressed in the bound viral particles will be used to infect the cells,

which will express luciferase. Signal is measured by the luciferase activity following 48 hours of

infection [147,230].

1.12.3 Biolayer Interferometry (BLI)

Biolayer interferometry is a method which relies on optics in order to measure the binding kinetics
of two proteins [231]. The reflection of light interference across two surfaces is measured: 1) the
constant internal reference surface and 2) the variable surface of the ligand interacting with its
receptor [231]. In this thesis, this technique was used to measure the kinetics and affinity of
interaction between RBD and ACE2 [134,147]. The biosensors are coated with RBD of different
SARS-CoV-2 variants and applied to increasing concentrations of SACE2 in kinetics buffer

[134,147]. Information obtained from BLI may include binding kinetics (on- and off-rates), from

which the affinity could be deducted [134,147].
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1.13 Thesis Rationale and Objectives

Since Spike is the main player in viral entry and is targeted by both vaccines and monoclonal
antibodies treatment, it is under high immune pressure to evade detection. To do so, since its
emergence, SARS-CoV-2 has gone through many iterations of variants, accumulating mutations
in its Spike glycoprotein, and developing ultimately the circulating VOC at the time of writing,
Omicron, which is the longest circulating variant. How the mutations help the Spike avoid

recognition needs to be better determined.
Objectives:
1. To assess the effect of single mutations on host recognition in
a. Previously infected individuals
b. Naive-vaccinated individuals

2. To determine how individual mutations influence the variants’ ability to recognize its

receptor ACE2.

3. To evaluate the effect of the accumulated mutations of VOCs on ACE2 binding with

respect to temperature.
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CHAPTER 2. CONTRIBUTION OF SINGLE MUTATIONS TO SELECTED
SARS-COV-2 EMERGING VARIANTS SPIKE ANTIGENICITY

Shang Yu Gong, Debashree Chatterjee, Jonathan Richard, Jérémie Prévost, Alexandra Tauzin,
Romain Gasser, Yuxia Bo, Dani Vézina, Guillaume Goyette, Gabrielle Gendron-Lepage, Halima

Medjahed, Michel Roger, Marceline Coté, and Andrés Finzi
2.1 Preface to Chapter 2

Asdiscussed in Chapter 1, multiple variants have emerged since the ancestral Wuhan-Hu-1 strain,
starting with the D614G mutation in the Spike glycoprotein, which shows increased
transmissibility and infectivity [118-120]. Most importantly, the RBD is the main target of the Abs
[190], as well the main player in interacting with the ACE2 receptor [210]. The virus is under
high immune pressure to evade the Ab response, as well as increase ACE2 affinity [232]. Whether
this immune escape and ACE2 interaction are the additive result of each single mutation, or
whether it is conferred by the combination of mutations is unclear. Therefore, it is important to
assess the impact which each mutation has on a given VOC. In this chapter, we dissect the
contribution of each single mutation to the ACE2 binding and immune evasion of Abs elicited in

infected or vaccinated individuals following one dose of vaccination.
2.2. Abstract

Towards the end of 2020, multiple variants of concern (VOCs) and variants of interest (VOlIs)
have arisen from the original SARS-CoV-2 Wuhan-Hu-1 strain. Mutations in the Spike protein are
highly scrutinized for their impact on transmissibility, pathogenesis and vaccine efficacy. Here,
we contribute to the growing body of literature on emerging variants by evaluating the impact of
single mutations on the overall antigenicity of selected variants and their binding to the ACE2
receptor. We observe a differential contribution of single mutants to the global variants phenotype
related to ACE2 interaction and antigenicity. Using biolayer interferometry, we observe that
enhanced ACE2 interaction is mostly modulated by a decrease in off-rate. Finally, we made the
interesting observation that the Spikes from tested emerging variants bind better to ACE2 at 37°C

compared to the D614G variant. Whether improved ACE2 binding at higher temperature facilitates

emerging variants transmission remain to be demonstrated.
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2.3 Introduction

Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), the causative agent of
COVID-19, remains a major public health concern, infecting over 185 million individuals and
causing over 4 million deaths worldwide [1]. The replication cycle of SARS-CoV-2 starts with
viral attachment to the target cell and fusion between viral and cellular membranes. The viral entry
process is mediated by the mature Spike (S) glycoprotein trimer which is composed of exterior S1
and transmembrane S2 subunits. The S1 subunit mediates attachment using its receptor-binding
domain (RBD) to interact with the host protein angiotensin converting enzyme 2 (ACE2) [2-4],
while the S2 subunit governs the fusion between the viral and cellular membranes [5,6].The Spike
is a major target of the cellular and humoral responses elicited by natural infection. Accordingly,
the antigen used in currently approved vaccines is the stabilized form of the SARS-CoV-2 S
glycoprotein. These vaccines use adenoviral vectors [7,8] or mRNA vaccine platforms to express
S glycoprotein [9,10]. The S glycoprotein was selected due to its high immunogenicity and safety
profiles after extensive research [11-14].

Although the approval of several vaccine platforms has given us hope to end the pandemic, the
asymmetric distribution of doses between rich and poor countries and the rapid emergence of
SARS-CoV-2 variants is preoccupying. The Spike is under high selective pressure to evade host
immune response, improve ACE2 affinity, escape antibody recognition and achieve high
transmissibility [15]. The first identified D614G mutation in the Spike glycoprotein became
dominant among the rapidly spreading emerging variants [16,17]. In late 2020, several other
variants emerged throughout the world, including the variants of concern (VOCs) B.1.1.7 (Alpha),
B.1.351 (Beta), P.1 (Gamma) and B.1.617.2 (Delta), as well as the variants of interest (VOIs)
B.1.429 (Epsilon), B.1.526 (Iota), B.1.617.1 (Kappa) and B.1.617 [18-24]. Critical mutations
providing a fitness increase became rapidly selected in most emerging variants. For example, the
N501Y substitution that was first observed in the B.1.1.7 lineage and provides enhanced ACE2
binding [25-27], is now present in B.1.351, P.1, and P.3 lineages. Similarly, the E484K and
K417N/T mutations in the RBD that were first described in the B.1.351 and P.1 lineages likely
due to immune evasion from vaccine or natural infection-elicited antibodies [28,29], are now
present in several other lineages [30]. Hence, it is important to closely monitor not only the
emerging variants but also single mutations to better understand their contribution to replicative

fitness and/or ability to evade natural or vaccine-induced immunity.
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Here, by performing detailed binding and neutralization experiments with plasma from naturally

infected and vaccinated individuals, we provide a comprehensive analysis of the antigenicity of
the Spike from selected VOCs (B.1.1.7, B.1.351, P.1 and B.1.617.2) and VOIs (B.1.429, B.1.526,
B.1.617, B.1.617.1).

2.4 Materials and Methods
Ethics Statement

All work was conducted in accordance with the Declaration of Helsinki in terms of informed
consent and approval by an appropriate institutional board. Blood samples were obtained from
donors who consented to participate in this research project at CHUM (19.381). Plasmas were

isolated by centrifugation.
Plasmas and antibodies

Plasmas of SARS-CoV-2 naive-vaccinated and previously infected pre- and post-first dose
vaccination donors were collected, heat-inactivated for 1 hour at 56°C and stored at -80°C until
use in subsequent experiments. Plasma from uninfected donors collected before the pandemic were
used as negative controls in our flow cytometry and neutralization assays (not shown). The S2-
specific monoclonal antibody CV3-25 [27,31] was used as a positive control and to normalize
Spike expression in our flow cytometry assays. CV3-25 was extensively described [32-35]. ACE2
binding was measured using the recombinant ACE2-Fc protein, which is composed of two ACE2
ectodomains linked to the Fc portion of the human IgG [36]. Alexa Fluor-647-conjugated goat
anti-human Abs (Invitrogen) were used as secondary antibodies to detect ACE2-Fc and plasma

binding in flow cytometry experiments.
Cell lines

293T human embryonic kidney cells (obtained from ATCC) were maintained at 37°C under 5%
CO2 in Dulbecco’s modified Eagle’s medium (DMEM) (Wisent) containing 5% fetal bovine
serum (VWR) and 100 pg/ml of penicillin-streptomycin (Wisent). The 293T-ACE2 cell line was
previously described [37] and was maintained in medium supplemented with 2 ug/mL of

puromycin (Millipore Sigma).
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Plasmids

The plasmid encoding B.1.1.7, B.1.351, P.1, and B.1.526 Spikes were codon-optimized and
synthesized by Genscript. Plasmids encoding B.1.617,B.1.617.1,B.1.617.2 Spikes were generated
by overlapping PCR using a codon-optimized wild-type SARS-CoV-2 Spike gene (GeneArt,
ThermoFisher) that was synthesized (Biobasic) and cloned in pCAGGS as a template. Plasmids
encoding B.1.429, D614G, other SARS-CoV-2 Spike single mutations were generated using the
QuickChange II XL site-directed mutagenesis protocol (Stratagene) and the pCG1-SARS-CoV-2-
S plasmid kindly provided by Stefan Pohlmann. The plasmid encoding for the recombinant RBD
(residues 319-541) fused with a hexa-histidine tag was previously reported [38]. The presence of

the desired mutations was determined by automated DNA sequencing.
Protein expression and purification

FreeStyle 293F cells (Invitrogen) were grown in FreeStyle 293F medium (Invitrogen) to a density
of 1 x 106 cells/mL at 37°C with 8 % CO2 with regular agitation (150 rpm). Cells were transfected
with a plasmid coding for SARS-CoV-2 S RBD using ExpiFectamine 293 transfection reagent, as
directed by the manufacturer (Invitrogen). One week later, cells were pelleted and discarded.
Supernatants were filtered using a 0.22 um filter (Thermo Fisher Scientific). The recombinant
RBD proteins were purified by nickel affinity columns, as directed by the manufacturer
(Invitrogen). The RBD preparations were dialyzed against phosphate-buffered saline (PBS) and
stored in aliquots at -80°C until further use. To assess purity, recombinant proteins were loaded on

SDS-PAGE gels and stained with Coomassie Blue.
Virus neutralization assay

293T cells were transfected with the lentiviral vector pNL4.3 R-E- Luc (NIH AIDS Reagent
Program) and a plasmid encoding for the indicated Spike glycoprotein (D614G, B.1.1.7, P.1,
B.1.351, B.1.429, B.1.526, B.1.617, B.1.617.1, B.1.617.2) at a ratio of 10:1. Two days post-
transfection, cell supernatants were harvested and stored at -80°C until use. 293T-ACE2 target
cells were seeded at a density of 1x104 cells/well in 96-well luminometer-compatible tissue culture

plates (Perkin Elmer) 24h before infection. Pseudoviral particles were incubated with the indicated

plasma dilutions (1/50; 1/250; 1/1250; 1/6250; 1/31250) for 1h at 37°C and were then added to the
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target cells followed by incubation for 48h at 37°C. Then, cells were lysed by the addition of 30
uL of passive lysis buffer (Promega) followed by one freeze-thaw cycle. An LB942 TriStar
luminometer (Berthold Technologies) was used to measure the luciferase activity of each well
after theaddition of 100 puL of luciferin buffer (15mM MgSO4, 15mM KPO4 [pH 7.8], ImM ATP,
and 1mM dithiothreitol) and 50 pL of ImM d-luciferin potassium salt (Prolume). The
neutralization half-maximal inhibitory dilution (ID50) represents the plasma dilution to inhibit

50% of the infection of 293T-ACE2 cells by SARS-CoV-2 pseudoviruses.
Cell surface staining and flow cytometry analysis

293T were transfected with full length SARS-CoV-2 Spikes and a green fluorescent protein (GFP)
expressor (pIRES2-eGFP; Clontech) using the calcium-phosphate method. Two days post-
transfection, 293T-Spike cells were stained with the CV3-25 Ab, ACE2-Fc or plasma from SARS-
CoV-2-naive or recovered donors. Briefly, 5 pg/mL CV3-25 or 20 pg/mL ACE2-Fc were
incubated with cells at 37°C or 4 °C for 45 min. Plasma from SARS-CoV-2 naive or convalescent
donors were incubated with cells at 37°C. The percentage of Spike-expressing cells (GFP+ cells)
was determined by gating the living cell population based on viability dye staining (Aqua Vivid,
Invitrogen). Samples were acquired on a LSRII cytometer (BD Biosciences), and data analysis
was performed using FlowJo v10.7.1 (Tree Star). The conformational-independent, S2-targeting
mAb CV3-25 [27] was used to normalize Spike expression. CV3-25 was shown to be effective
against all Spike variants [35]. The Median Fluorescence intensities (MFI) obtained with ACE2-
Fc or plasma Abs were normalized to the MFI obtained with CV3-25 and presented as ratio of the
CV3-25-normalized values obtained with the D614G Spike. .

Biolayer Interferometry

Binding kinetics were performed on an Octet RED96e system (FortéBio) at 25°C with shaking at
1,000 RPM. Amine Reactive Second-Generation (AR2G) biosensors were hydrated in water, then
activated for 300 s with an S-NHS/EDC solution (Fortébio) prior to amine coupling. SARS-CoV-
2 RBD proteins were loaded into AR2G biosensor at 12.5 pg/mL in 10mM acetate solution pH5
(Fortébio) for 600 s and then quenched into 1M ethanolamine solution pH8.5 (Fortébio) for 300 s.
Baseline equilibration was collected for 120 s in 10X kinetics buffer. Association of SACE2 (in

10X kinetics buffer) to the different RBD proteins was carried out for 180 s at various
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concentrations in a two-fold dilution series from 500nM to 31.25nM prior to dissociation for 300s.
The data were baseline subtracted prior to fitting performed using a 1:1 binding model and the
FortéBio dataanalysis software. Calculation of on-rates (Ka), off-rates (Kais ), and affinity constants

(Kp) was computed using a global fit applied to all data.
2.5 Results
ACE2 recognition by SARS-CoV-2 single mutants and full Spike variants

Since the SARS-CoV-2 Spike is under strong selective pressure and is responsible for interacting
with the ACE2 receptor, we measured the ability of the Spike from emerging variants to interact
with ACE2 and the contribution of each single mutations toward this binding. Plasmids expressing
the SARS-CoV-2 full Spike harboring single or combined mutations from emerging variants were
transfected into HEK 293T cells. Spike expression was normalized with the conformational-
independent, S2-specific CV3-25 monoclonal antibody (mAb) [34,35]. ACE2 binding was
measured using the recombinant ACE2-Fc protein, which is composed of two ACE2 ectodomains
linked to the Fc portion of the human IgG [36]. Alexa Fluor 647-conjugated secondary Ab was
then used to detect ACE2-Fc binding to cell-surface Spike by flow cytometry. At the time of
writing, B.1.617, B.1.617.1 and B.1.617.2 came into importance and only the full Spikes from
these variants were synthesized, not the single mutations. When compared to the D614G Spike,
all tested Spike variants, with the exception of B.1.617.1, presented significantly higher ACE2
binding (Fig 2.1A).
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Figure 2.1 Evaluation hACE2 Fc binding to SARS-CoV-2 Spike variants

HEK 293T cells were transfected to express the indicated SARS-CoV-2 Spike variants. Two days
post transfection, cells were stained with ACE2-Fc or with CV3-25 Ab as Spike expression control
and analyzed by flow cytometry. ACE2-Fc binding to (A) full Spikes variants or the (B) B.1.1.7,
(C) B.1.351, (D) P.1, (E) B.1.429, and (F) B.1.526 Spike and its corresponding single mutations
are presented as a ratio of ACE2 binding to D614G Spike normalized to CV3-25 binding. Error

bars indicate means + SEM. Statistical significance has been performed using Mann-Whitney U
test according to normality analysis (*p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001).
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We then determined the contribution of individual Spike mutations on ACE2 binding to discern
the ones contributing to the heightened receptor affinity of emerging variants. The B.1.1.7 Spike
presented the highest ACE2-Fc interaction amongst all tested Spikes, which is a 5.43-fold increase
in ACE2-Fc binding compared to D614G (Fig 2.1A-B). The mutations that likely contribute to
this phenotype are AH69-V70 in the N terminal domain (NTD) and N501Y in the RBD that
enhanced binding by ~1.51 and ~2.52 folds, respectively (Fig 2.1B).

The Spike from B.1.351 also presented significantly higher ACE2-Fc binding compared to D614G.
Similarly to B.1.1.7, the N501Y mutation likely plays an important role in this phenotype (Fig.
2.1C). Interestingly, three mutations/deletion in this VOC decreased the interaction with ACE2-
Fc, namely R2461 and A242-244 in the NTD, as well as K417N in the RBD. The NTD substitution
R246I decreased ACE2-Fc binding by ~1.52 folds, the A242-244 deletion by ~1.35 folds, whereas
K417N had a greater impact with a decreased binding of ~7.7 folds relative to D614G (Fig 2.1C).
Of note, the E484K mutation, also found in the RBD of other emerging variants (P.1 and B.1.526)
did not significantly impact the ACE2-Fc interaction.

The Spike from P.1 presented a ~4.24-fold increase in binding compared to D614G (Fig 2.1D).
Few NTD mutations, namely T20N, P26S, D138Y, and R190S, likely contributed to the increase
in ACE2 binding, with ~2, ~1.6, ~1.3 and ~1.8-fold increase compared to D614G, respectively.
Like the above-mentioned VOCs, N501Y also likely played a role in enhanced ACE2-Fc
interaction. Interestingly, the RBD mutation K417T and the S2 mutation T10271 decreased the

ACE2-Fcby ~1.3 and ~1.7 folds respectively. The H655Y mutation, near the S1/S2 cleavage site,
also slightly increased ACE2 interaction by ~1.2 folds (Fig 2.1D).

The Spike from B.1.429 augmented ACE2-Fc¢ interaction by ~2.8 folds (Fig 2.1E). This VOI has
two NTD mutations, S131 and W152C, both of which did not significantly impact this interaction.
On the other hand, its RBD mutation, L452R, increased ACE2-Fcbinding by ~2.7 fold, suggesting
its major contribution to the phenotype of this variant (Fig 2.1E).

Lastly, the Spike from B.1.526 showed a ~1.8-fold increase over D614G (Fig 2.1F). None of the

mutation appears to explain the phenotype observed with the full variant.

While our results identified some key mutations enhancing ACE2 interaction (i.e., N501Y, L452R

and mutation/deletion in the NTD), the overall increased ACE2 affinity from any given variant
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appears to result from more than the sum of the effect of individual mutations composing this

variant.
Impact of selected mutations on the affinity of Spike RBD for ACE2

Next, we used biolayer interferometry (BLI) to measure the binding kinetics of selected RBD
mutants to soluble ACE2 (sACE?2). Biosensors were coated with recombinant RBD and put in
contact with increasing concentration of SACE2 (Fig 2.2). In agreement with previous reports
[25,27], the N501Y mutation present in B.1.1.7, B.1.351, and P.1 significantly decreased the off-
rate (Kdis) (from 6.88x10-3 to 1.49%10-3 1/s), presenting a 3.88-fold increase in Kpcompared to
its wild-type counterpart (Fig 2.2A-B). Substitution at position K417 (either N or T) present in
B.1.351 or P.1 lineages accelerated the off-rate kinetics, resulting in a 0.75- and 0.66-fold decrease
in binding affinity (Fig 2.2C-D). Although both K417N and K417T presented a modest increase
in the on-rate kinetic by ~1.56 and ~ 1.11 folds, the accelerated off-rate kinetics dictated the overall
decrease affinity of these mutants. No major changes were observed for the E484K mutation (Fig
2.2F). Interestingly, the L452R mutant did not have a major impact in ACE2 affinity when tested
in the context of recombinant monomeric RBD (Fig 2.2G) but presented enhanced binding within
the context of full-length membrane anchored Spike (Fig 2.1E), indicating that the overall
phenotype of a mutant (in this case enhanced binding) cannot always be recapitulated with the
RBD alone. Altogether, our results show that at least for the RBD mutants tested here, ACE2

affinity is mostly dictated by the dissociation kinetics.
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Figure 2.2 Kinetic Analysis of RBD interaction to hACE2 Binding by Biolayer
Interferometry

Association of the different RBD proteins to SACE2 was carried out for 180s at various
concentrations in a two-fold dilution series from 500nM to 31.25nM prior to dissociation for 300s
for (A) WT, (B) N501Y, (C) K417N, (D) K417T, (E) E484K, and (F) L452R. Curve fitting was
performed using a 1:1 binding model in the ForteBio data analysis software. Calculation of on-
rates (Ka), off-rates (Kais), and affinity constants (Kp) was computed using a global fit applied to
all data. Raw data are presented in blue and fitting models are in red.
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Effect of temperature on full variants Spike recognition of ACE2

It was recently shown that the affinity of Spike for ACE2 increases at low temperatures [27].
Interestingly, Prévost et al. also showed that the Spike from B.1.1.7 or harboring the N501Y
mutation present better ACE2 binding at higher temperatures compared to the D614G strain [27].
To evaluate whether the Spikes from the emerging variants tested here also shared this phenotype,
Spike-expressing cells were incubated at either 4°C or 37°C, and their ACE2-Fc binding was
measured by flow cytometry, as described [27]. Of note, the conformational independent S2-
specific CV3-25 antibody was used to normalize expression levels of the different Spikes since its
binding is not affected by temperature [27]. As presented in Fig 2.3, the binding of ACE2-Fc to
cell surface Spike was higher at cold temperature (4°C) compared to warm temperature (37°C) for
all the variants. The impact of cold temperature on ACE2 binding was, however, more pronounced
for the D614G Spike (3.62-fold increase) comparatively to Spikes from emerging variants (1.57 -
3.08 -fold increase). While ACE2 displayed higher binding for the different emerging variants
Spikes at 37°C, similar level of binding could only be achieved for the D614G Spike when
decreasing the temperature to 4°C. This suggests that Spikes from emerging variants are able to
bypass the temperature restraint to achieve high ACE2 binding. Interestingly, variants harboring
the N501Y mutation (B.1.1.7, B.1.351 and P.1) exhibited an increase in ACE2 binding compared
to D614G Spike at both 4°C and 37°C, while this phenotype was only observed at 4°C with Spike
from the other variants. This indicate that the cold temperature and the N501Y mutation

significantly impact Spike-ACE2 interaction.
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Figure 2.3 Evaluation of the impact of temperature on Spike-ACE?2 interaction.
HEK 293T cells were transfected with the indicated SARS-CoV-2 Spike variants. Two days post-
transfection, cells were stained with ACE2-Fc or with CV3-25 Ab as Spike expression control at
4°C or 37°C and analyzed by flow cytometry. ACE2-Fc binding to the different Spike variants are
presented as a ratio of ACE2 binding to D614G Spik, normalized to CV3-25 binding at 37°C (red)
or at 4°C (blue). Statistical analyses were used to compare each Spike at 4°C vs 37°C (black) or to
compare variants Spike to D614G at 37°C (red) or at 4°C (blue). Fold changes of ACE2 binding at
4°C vs 37°C for each Spike is shown in black. Error bars indicate means £ SEM. Statistical
significance has been performed using Mann-Whitney U test (*p <0.05; **p <0.01; ***p <0.001;
*Ex%kp <0.0001, ns; non-significant).

Recognition of Spike variants by plasma from vaccinated individuals

To gain information related to the antigenic profile of each emerging variants Spike and their single
mutants, we used plasma collected three weeks post BNT162b2 vaccination from SARS-CoV-2
naive (Fig. 2.4) or previously-infected individuals (Fig. 2.5) [32]. HEK 293T cells were transfected
with Spike from emerging variants or their individual mutants and plasma binding was evaluated
by flow cytometry, as previously reported [32,37-40]. When compared to D614G, Spike from
B.1.1.7, P.1 and the recently emerged B.1.617.1 and B.1.617.2 variants were significantly less
recognized by the plasma from SARS-CoV-2 naive individuals (Fig 2.4A).
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Figure 2.4 Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from
vaccinated SARS-CoV-2 naive individuals.

HEK 293T cells were transfected with the indicated SARS-CoV-2 spike variants. Two days post
transfection, cells were stained with 1:250 dilution of plasma collected from naive-vaccinated
individuals (n=3-5) or with CV3-25 Ab as control and analyzed by flow cytometry. Plasma
recognition of (A) full Spike variants, (B) B.1.1.7, (C) B.1.351, (D)P.1, (E) B.1.429, (F) B.1.526
Spike and variant-specific Spike single mutations are presented as ratio of plasma binding to
D614G Spike normalized CV3-25 binding. Error bars indicate means + SEM. Statistical
significance has been performed using Mann-Whitney U test (*p <0.05; **p <0.01; ***p <0.001;
*H*k*p < 0.0001).
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Figure 2.5 Recognition of SARS-CoV-2 Spike variants and single mutants by plasma from
vaccinated previously-infected individuals.

HEK 293T cells were transfected with SARS-CoV-2 full Spike variants and stained with plasma
collected 3 weeks post-first dose vaccinated previously infected individuals (n=3-5) or with CV3-
25 Ab and analyzed by flow cytometry. Plasma recognition of (A) full Spike variants or the (B)
B.1.1.7,(C) B.1.351, (D) P.1, (E) B.1.429, (F) B.1.526 Spikes and Spikes with their corresponding
single mutations are presented as a ratio of plasma binding to D614G Spike normalized with CV3-
25 binding. Error bars indicate means = SEM. Statistical significance has been performed using
Mann-Whitney U test (*p < 0.05; **p < 0.01; ***p <0.001; ****p <0.0001).

Mutations apparently contributing to the reduction of plasma recognition of the B.1.1.7 Spike are
the AY 144 deletion in the NTD, P681H and T716I near the S1/S2 cleavage site (Fig 2.4B). The
NS501Y substitution, also present in other emerging variants (B1.351 and P.1), is the only mutation

that increased plasma recognition.
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While we did not observe a significant decrease in plasma recognition of the B.1.351 Spike, most
single mutants of this VOC (L18F, D80A, D215G, A242-244, R2461 in the NTD, and K417N in
the RBD) exhibit decreased binding. Of note, the K417N mutation that reduced ACE2 binding

(Fig 2.1C), also significantly impacted plasma recognition by ~1.75 fold compared to D614G (Fig
2.4C).

Polyclonal recognition of the P.1 Spike was reduced by ~1.33 folds (Fig 2.4D). Our results show
thatall the NTD mutations, namely L18F, T20N, P26S, D138Y and R190S, attenuated the binding
of naive-vaccinated plasma Abs (Fig 2.4D). Furthermore, H655Y also contributed to the immuno-
evasive phenotype of the full Spike (Fig 2.4D). Again, N501Y is the only mutation that increased

plasma recognition, indicating its major role amongst all the mutations of this variant.

Although the full B.1.429 Spike did not show a significant evasion of plasma recognition, all of
its mutations presented a significant decrease in plasma binding (Fig 2.4E). Both its NTD
mutations, S131 and W152C, were less efficiently recognized by plasma compared to D614G (Fig
2.4E). The RBD mutation L452R also presented a minor ~1.16-fold decrease in recognition by
plasma from vaccinated individuals. Lastly, the B.1.526 full Spike variant did not significantly
affect vaccine-elicited plasma recognition. The same phenotype is applicable to most of its

mutations, with the exception of D253G substitution in the NTD, which showed a modest ~1.2-
fold decrease in binding (Fig 2.4F).

We then evaluated the recognition of our panel of Spikes (VOC, VOI and single mutants) by
plasma from previously-infected vaccinated individuals (plasma recovered three weeks post
vaccination), as recently described [32]. When comparing all Spikes from emerging variants, the
convalescent plasma pre- and post-first dose vaccination both effectively recognized all tested
Spikes (Fig 2.5A). Previously-infected vaccinated individuals developed Abs that were able to
robustly recognize and bind to the emerging variants B.1.1.7, B.1.351, B.1.429 and B.1.526 at a
similar level than D614G. Binding was decreased by ~ 1.14 folds for P.1, ~1.3 folds for B.1.617
and by ~ 1.8 and ~1.64 folds for B.1.617.1 and B.1.617.2 Spikes, respectively (Fig 2.5A).

Examining each variant and their single mutations more closely, though full B.1.1.7 Spike did not
significantly reduce plasma binding in previously-infected vaccinated individuals, three of its
single mutations, AY 144, P681H, and S982A significantly affected plasma recognition.
Substitution S982A in the S2 showed the most important reduction, by ~2 folds compared to
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D614G (Fig 2.5B). Inversely, the deletion AH69-V70 and the substitution D1118H slightly
enhanced the recognition of this Spike by plasma from previously-infected vaccinated individuals.
However, combined together, the B.1.1.7 was recognized similarly to its D614G counterpart by

these plasmas.

The B.1.351 Spike was efficiently recognized by plasma from previously-infected vaccinated
individuals with a single mutation presenting lower detection(A701V) (Fig 2.5C). In the P.1 Spike
we observed mutations in the NTD that decreased recognition (P26S, D138Y, and R190S) (Fig
2.5D). The Spikes from B.1.429 and B.1.526 were also efficiently recognized. Only the A701V
substitution present in the B.1.526 reduced plasma binding (Fig 2.5F). Among all tested emerging
variants, the Spikes from B.1.617.1 and B.1.617.2 presented the most important decrease in
recognition by ~1.8 and ~1.64 folds compared to D614G (Figure 2.5A)

Altogether, our results highlight the difficulty in predicting the phenotype of a particular variant

based on the phenotype of its individual mutations.
Neutralization of Spike variants by plasma from vaccinated individuals

We then determined the neutralization profile of the different emerging variants Spikes using a
pseudoviral neutralization assay [37-41]. For this assay we used plasma from five individuals
previously infected with SARS-CoV-2 (on average 8 months post-symptom onset) after one dose
of the Pfizer/BioNTech BNT162b2 vaccine (samples were collected 22 days after immunization)
[32]. Since we recently showed that plasma from vaccinated naive individuals have only weak
neutralizing activity three weeks post vaccination [32], we didn’t include them in this assay. As
we described previously [32], we incubated serial dilutions of plasma with pseudoviruses bearing
the different Spikes before adding to HEK 293T target cells stably expressing the human ACE2
receptor [32]. We obtained robust neutralization for all pseudoviral particles, with a modest, but
significant decrease in neutralization against pseudoviruses bearing the Spike from B.1.351,
B.1.526 and B.1.617.2 lineages, indicating that plasma from previously-infected individuals

following a single dose have a relatively good neutralizing activity against emerging variants (Fig
2.6).
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Figure 2.6 Neutralization of SARS-CoV-2 Spike variants by plasma from previously infected

vaccinated individuals

Neutralizing activity of previously infected vaccinated individuals against pseudoviruses bearing
the SARS-CoV-2 Spike variants were assessed. Pseudoviruses with serial dilutions of plasma were
incubated for 1 h at 37°C before infecting 293T-ACE2 cells. 1Dso against pseudoviruses were
calculated by a normalized non-linear regression using GraphPad Prism software. Detection limit
is indicated in the graph (IDs0=50). Statistical significance has been performed using Mann-
Whitney U test (*p < 0.05).

2.6 Discussion

In our study, we offer a comparative view examining the ACE2 binding properties of selected
circulating variants, and the impact of their single mutations on plasma binding. We observed that
Spikes from B.1.1.7, B.1.351, P.1, B.1.429, B.1.526, B.1.617, and B.1.617.2 lineages present
increased ACE?2 interaction. Consistent with previous reports [26,42,43], the N501Y mutation
shared by B.1.1.7,B.1.351, and P.1 variants presented a significant increase for ACE2-Fcbinding.
While N501Y plays a major role in enhanced transmissibility and infectivity [44], variants which
do not share this mutation have also gained the increased ACE2 binding by harboring other

mutations, such as in the B.1.429 lineage, where the L452R showed higher ACE2 binding.

We also analyzed the impact of temperature in modulating the capacity of Spikes from emerging

variants to interact with the viral receptor ACE2. For almost all tested Spikes, we observed a
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significant increase in ACE2 binding at cold temperature (4 °C). As recently reported, this could
be explained by favorable thermodynamics changes allowing the stabilization of the RBD-ACE2
interface and by modulating the Spike trimer conformation [27]. While the D614G Spike
necessitates lower temperature for optimal ACE2 interaction, Spikes from the different VOCs and
VOIs seem to bypass this requirement to efficiently interact with ACE2 at higher temperature (37
°C). However, whether improved ACE2 binding at higher temperature facilitates emerging
variants transmission and propagation remain to be demonstrated. Interestingly, variants harboring
the N501Y mutation displayed improve ACE2 interaction compared to the D614G Spike,
independently of the temperature, highlighting the critical impact of this substitution in improving
Spike — ACE?2 interaction. This reveals the importance of closely monitoring the appearance of
this mutation among the current and future emerging variants. The appearance of this substitution
could potentially impact the transmission and propagation of recent rapidly spreading emerging
variants (such as the B.1.617.2 lineage) that do not harbor this mutation, by enhancing the affinity

of their Spike for the ACE2 receptor at cold and warm temperatures.

We also found that plasma from vaccinated SARS-CoV-2 naive and previously-infected
individuals efficiently recognized the Spikes from emerging variants. However, as previously
shown, plasma from vaccinated previously-infected individuals presented a higher and more
robust recognition of all tested Spikes [32,45]. Interestingly, and in agreement with previous
observations [41], we found that binding to the Spike doesn’t necessarily translate into
neutralization, as observed here for B.1.351. Nevertheless, plasma from previously-infected
individuals presented some levels of neutralizing activity against pseudoviral particles bearing
different emerging variants Spikes, further highlighting the resilience of the deployed vaccines,

which were based on the original Wuhan strain.

2.7 Conclusions

Altogether, our results highlight the difficulty in predicting the phenotype of an emerging variant’s
Spike, either related to ACE2 interaction, antigenic profile, infectivity, and transmission based on
the sum of the phenotype of single mutants making that particular Spike. Antigenic drift has been

and remains a concern of the current pandemic [15, 46] and therefore, closely monitoring the
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functional properties of emerging variants remains of the utmost importance for vaccine design
and to inform public health authorities to better manage the epidemic by implementing preventive
interventions to control the spread of highly transmissible virus, and tailoring vaccination

campaign .
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CHAPTER 3. TEMPERATURE INFLUENCES THE INTERACTION
BETWEENSARS-COV-2SPIKE FROM OMICRON SUBVARIANTS AND
HUMAN ACE2

Shang Yu Gong, Shilei Ding, Mehdi Benlarbi, Yaozong Chen, Dani Vézina, Lorie Marchitto,
Guillaume Beaudoin-Bussieres, Guillaume Goyette, Catherine Bourassa, Yuxia Bo, Halima

Medjahed, Inés Levade, Marzena Pazgier, Marceline Co6té, Jonathan Richard, Jérémie Prévost and

Andrés Finzi

3.1 Preface

Omicron has taken over the previous circulating VOC, Delta, since November 2021, and one year
later, in December 2022, Omicron subvariants remain the main circulating VOCs. Previous studies
by Prévost et al. as well as findings in Chapter 2 highlight the main contributing mutations by
which past VOCs overcome temperature barrier in order to interact with the ACE2 receptor with
increased affinity [127,134]. As shown in Chapter 1, Omicron subvariants contain the highest
number of mutations observed in all VOCs, most of which in the RBD, which could impact their
ability to interact with the ACE2 receptor. In this chapter, we will evaluate how their mutations

impact their ability to interact with ACE2 at different temperatures.

3.2 Abstract

SARS-CoV-2 continues to infect millions of people worldwide. The subvariants arising from the
variant-of-concern (VOC) Omicron include BA.1, BA.1.1,BA.2, BA.2.12.1,BA .4, and BA.5. All
possess multiple mutations in their Spike glycoprotein, notably in its immunogenic receptor-
binding domain (RBD), and present enhanced viral transmission. The highly mutated Spike
glycoproteins from these subvariants present different degrees of resistance to recognition and
cross-neutralisation by plasma from previously infected and/or vaccinated individuals. We have
recently shown that the temperature affects the interaction between the Spike and its receptor, the
angiotensin converting enzyme 2 (ACE2). The affinity of RBD for ACE2 is significantly increased
at lower temperatures. However, whether this is also observed with the Spike of Omicron and sub-
lineages is not known. Here we show that, similar to other variants, Spikes from Omicron sub-
lineages bind better the ACE2 receptor at lower temperatures. Whether this translates into

enhanced transmission during the fall and winter seasons remains to be determined.
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3.3 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the causative agent of the
coronavirus disease 2019 (COVID-19) pandemic, which still looms over populations worldwide.
Since the start of the pandemic, strategies such as vaccination or therapeutic interventions using
monoclonal antibodies or antivirals have been used to prevent and control the infection [1].
Amongst them, vaccination remains the only preventative measure and has been proven effective
against SARS-CoV-2 infection from earlier variants [2-4] and remains effective at protecting from
severe outcomes caused by newly emerged Variants of Concern (VOCs) [5-7]. Currently approved
vaccines target predominantly the Spike glycoprotein (S), which is responsible for viral entry. The
Spike is a trimer comprised of three surface S1 and three transmembrane S2 subunits. The S1
subunit uses its highly immunogenic receptor-binding domain (RBD) to interact with the human
angiotensin-converting enzyme 2 (ACE?2), following which the S2 subunit mediates viral fusion
with the host membrane [8-12]. The structure of the S glycoprotein has been solved by cryo-
electron microscopy and X-ray crystallography [9, 12-15], and its dynamic conformational

landscape studied by single-molecule Forster resonance energy transfer (smFRET) [16-22].

Variants of concern (VOCs) denominated by the World Health Organization (WHO) harbour
mutations in different regions of the virus, notably in the S glycoprotein since it is under high
selective pressure to evade host immune response [23]. The most recent VOC, Omicron
(B.1.1.529) and its sub-lineages (BA.1, BA.1.1,BA.2, BA.2.12.1,BA.2.75,BA.4, BA.5), possess
over 30 mutations compared to S from ancestral strains and share over 20 mutations between them
[24-29]. Omicron and its sub-variants show enhanced transmissibility and immune evasion from
antibodies elicited in vaccinated and previously infected individuals, causing global concern over

vaccine failure and immune escape [28-35].

One of the many factors influencing transmissibility appears to be linked to the capacity of the
different VOC Spikes to interact with the ACE2 receptor [36, 37]. Previous work has shown that
this interaction is influenced by temperature [38]. Here, by combining an array of biochemical and
biological assays, including flow cytometry, virus capture assay, and biolayer interferometry, we
report on the impact that temperature has on the capacity of Omicron subvariant Spikes to interact

with human ACE?2.
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3.4 Materials and methods
Plasmids

The plasmids expressing SARS-CoV-2 Spike D614G and SARS-CoV-2 S RBD (residues 319—
541) fused with a hexahistidine tag were previously described [39]. The plasmids encoding the
SARS-CoV-2 S RBD from the B.1.1.529-BA.2 lineage was synthesised commercially by
Genscript (Piscataway, NJ, USA). The RBD sequence (encoding for residues 319-541) fused toa
C-terminal hexa-histidine tag was cloned into the pcDNA3.1(+) expression vector. The plasmids
encoding the full-length spike from the B.1.617.2 (Delta), B.1.1.529 (Omicron) BA.1, BA.1.1,
BA.2, BA.2.12.1, BA.4/5 lineages were generated by overlapping PCR using a codon-optimised
wild-type SARS-CoV-2 spike gene that was synthesised (Biobasic, Markham, ON, Canada) and
cloned in pCAGGS as a template [16,17,40]. All constructs were validated by Sanger sequencing.
The plasmid encoding for soluble human ACE2 (residues 1-615) fused with an 8xHisTag was
reported elsewhere [12]. The plasmid encoding for the ACE2-Fc chimeric protein, a protein
composed of an ACE2 ectodomain (1-615) linked to an Fc segment of human IgGl, was
previously reported [41]. The lentiviral vector pNL4.3 R-E— Luc was obtained from the NIH AIDS
Reagent Program. The vesicular stomatitis virus G (VSV-G)-encoding plasmid was previously

described [42].
Cell lines

HEK 293T cells (obtained from the American Type Culture Collection [ATCC]) were derived
from 293 cells, into which the simian virus 40 T-antigen was inserted. Cf2Th cells (ATCC) are
canine thymocytes resistant to SARS-CoV-2 entry and were used as target cells in the virus capture
assay. 293T cells and Cf2Th were maintained at 37°C under 5% CO2 in Dulbecco's modified
Eagle's medium (DMEM) (Wisent, St. Bru-no, QC, Canada), supplemented with 5% fetal bovine
serum (FBS) (VWR, Radnor, PA, USA) and 100 U/mL penicillin/streptomycin (Wisent).

Protein expression and purification

FreeStyle 293F cells (Invitrogen, Waltham, MA, USA) were grown in FreeStyle 293F medium
(Invitrogen) to a density of 1 x 106 cells/mL at 37°C with 8% CO2 with regular agitation (150
rpm). Cells were transfected with a plasmid coding for SARS-CoV-2 Omicron BA.2 SRBD (319-
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537), soluble ACE2 (sACE2, 1-615), or ACE2-Fc (1-615), using ExpiFectamine 293 transfection
reagent, as directed by the manufacturer (Invitrogen). One week later, cells were pelleted and
discarded. Supernatants were filered using a 0.22 pum filter (Thermo Fisher Scientific). The
recombinant SACE2 protein and RBD proteins were purified by nickel affinity columns, as
directed by the manu-facturer (Invitrogen) and ACE2-Fc was purified using a protein A affinity
column (Cytiva, Marlborough, MA, USA), as directed by the manufacturer. The protein
preparations were dialysed against phosphate-buffered saline (PBS) and stored at -80°C in aliquots
until further use. To assess purity, recombinant proteins were loaded on SDS-PAGE gels and
stained with Coomassie Blue. Purified proteins were >95% pure after size-exclusion

chromatography as verified by SDS-PAGE and Coomassie blue staining.
Flow cytometry analysis of cell-surface staining

Using the standard calcium phosphate method, 10 pg of spike expressor and 2 pg of a green
fluorescent protein (GFP) expressor (pIRES2-GFP, Clontech) were transfected into 2 x 106 293T
cells. At 48 h post transfection, 293T cells were stained with anti-Spike monoclonal antibodies

CV3-25 (5 pg/mL) or using the ACE2-Fc chimeric protein (20 pg/mL) for 45 min at 37°C, 22°C,
or 4°C. Alternatively, to determine the Hill coefficients, cells were preincubated with increasing

concentrations of SACE2 (0 to 665 nM) at 37°C or 4°C. sACE2 binding was detected using a
polyclonal goat anti-ACE2 (RND systems, Minneapolis, MN, USA). AlexaFluor-647-conjugated
goat anti-human IgG (H+L) Ab (Invitrogen) and AlexaFluor-647-conjugated donkey anti-goat IgG
(H+L) Ab (Invitrogen) were used as secondary antibodies to stain cells for 30 min at room
temperature. The percentage of transfected cells (GFP+ cells) was determined by gating the living
cell population based on viability dye staining (Aqua Vivid, Invitrogen). Samples were acquired
on an LSRII cytometer (BD Biosciences, Mississauga, ON, Canada) and data analysis was
performed using FlowJo v10.3 (Tree Star, Ashland, OR, USA). Hill coefficient analyses were done
using GraphPad Prism version 8.0.1 (GraphPad, San Diego, CA, USA).

Virus capture assay
The SARS-CoV-2 virus capture assay was previously reported [43]. Pseudoviral particles were

produced by transfecting 2 x 106 293T cells with pNL4.3 R-E- Luc (3.5 pg), plasmids encoding
for SARS-CoV-2 Spike (1 pg) proteins and VSV-G (1 pg) using the standard calcium phosphate
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method. Forty-eight hours later, virus-containing supernatants were collected, and cell debris were
removed through centrifugation (1500 rpm for 10 min). The CV3-25 antibody or ACE2-Fc protein
was immobilised on white MaxiSorp ELISA plates (Thermo Fisher Scientific) at a concentration
of 5 ug/mL in 100 pL of PBS overnight at 4°C. Unbound proteins were removed by washing the
plates twice with PBS. Plates were subsequently blocked with 3% bovine serum albumin (BSA)

in PBS for 1 hour at room temperature, followed by 1 hour incubation at 37°C, 22°C, or 4°C.
Meanwhile, virus-containing supernatants were pre-tempered at 37°C, 22°C, or 4°C for 1 hour.
After washing plates twice with PBS, 200 pL of virus-containing supernatant were added to the

wells. After30 min of incubation at 37°C, 22°C, or 4°C, respectively, supernatants were discarded,
and the wells were washed with PBS three times. Virus capture was visualised by adding 1x104
SARS-CoV-2-resistant Cf2Th cells per well in complete DMEM. Forty-eight hours post-infection,
cells were lysed by the addition of 30 pL of passive lysis buffer (Promega, Madison, WI, USA)
and one freeze—thaw cycle. An LB942 TriStar luminometer (Berthold Technologies, Bad Wildbad,
Germany) was used to measure the luciferase activity of each well after the addition of 100 pL of
luciferin buffer (15 mM MgSO4, 15 mM KH2PO4 [pH 7.8], 1 mM ATP, and 1 mM dithiothreitol)
and 50 pL of 1 mM D-luciferin potassium salt (Prolume, Randolph, VT, USA).

Biolayer interferometry

Binding kinetics were performed with an Octet RED96e system (ForteBio, Fremont, CA, USA) at
different temperatures (10°C, 25°C, and 35°C), shaking at 1000 RPM. Amine-reactive second-
generation (AR2G) biosensors (Sartorius, Gottingen, Germany) were hydrated in water, then
activated for 300 s with a solution of 5 mM sulfo-NHS and 10 mM EDC (Sartorius) prior to amine
coupling. Either SARS-CoV-2 RBD WT or BA.2 were loaded into the AR2G biosensor at 12.5
png/mL at 25°C in 10 mM acetate solution pH 5 for 600 s then quenched into 1 M ethanolamine
solution pH 8.5 (Sartorius) for 300 s. Loaded biosensor were placed in a 10X kinetics buffer
(Sartorius) for 120 s for baseline equilibration. Association of SACE2 (in the 10X kinetics buffer)
to the different RBD proteins was carried out for 180 s at various concentrations in a twofold
dilution series from 500 nM to 31.25 nM prior to dissociation for 300 s. The data were baseline

subtracted prior to fitting being performed using a 1:1 binding model and the ForteBio data
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analysis software. Calculation of on rates (kon), off rates (kofr), and affinity constants (Kp) was

computed using a global fit applied to all data.

Statistical analysis

Statistical analyses were done using GraphPad Prism version 8.0.1 (GraphPad). Every dataset was
tested for statistical normality and this information was used to ap-ply the appropriate (parametric
or nonparametric) statistical analysis. Difference in ACE2-Fc¢ recognition and viral entry by VOC
full Spikes were analyzed using Mann—Whitney U tests. Outliers were ruled out by Rout’s outlier

test (Rout Q = 10%). P values < 0.05 were considered significant; significance values are indicated

as * p <0.05, ** p<0.01, *** p < 0.001, and **** p <0.0001.

3.5 Results

Spike changes in Delta and Omicron subvariants compared to the ancestral D614G strain

Omicron (B.1.1.529) subvariants (BA.1, BA.1.1, BA.2, BA.2.12.1, BA .4, and BA.5) Spikes
accumulated the larger number of mutations amongst all VOCs to date. They share 20 mutations
between them (Figure 3.1A). We compared the ACE2-binding capacity of different Omicron
subvariant Spikes with the ancestral strain D614G and the previous Delta (B.1.617.2) VOC Spike.
The original Omicron BA.1 has 13 unique mutations, and its sub-lineage BA.1.1 differsfrom BA.I
by one mutation (R346K). Compared to BA.1, the BA2 subvariant has eight unique mutations,
and harbours entirely different NTD mutations (T191, L24S, A25/27, V213QG), sharing only the
G142D substitution. In the RBD, BA.2 shares 12 mutations with BA.1 but shows one different
substitution at residue 371 (S371F; S371L in BA.1) and three extra mutations, T376A, D405N,
and R408S. The BA.2.12.1 sub-lineage harbours the same 29 mutations than BA.2, with two extra
mutations, L452Q in the RBD and S704L in the S2 subunit. The BA.4 and BA.5 subvariants are
derived from BA.2, differing by one deletion (A69-70), one reversion (R493Q), and two additional
mutations (L452R and F486V). The RBD of the Omicron strains have over 14 extra mutations
compared to the VOC with the highest ACE2 affinity, Alpha (B.1.1.7), which had only one RBD
mutation (N501Y) [44]. The T478K mutation is shared between the Delta variant and all Omicron
subvariants. BA.4/5 shares the L452R mutation with Delta, a mutation that enhances ACE2

interaction [44].
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Figure 3.1. Low temperature enhances Omicron subvariant Spikes’ interactions with ACE2.
(A) List of point mutations and deletions in the Spike amino acid sequence from Delta variant and
Omicron subvariants compared to the D614G ancestral strain. NTD: N-terminal domain; RBD:
receptor binding domain; SD1/SD2: subdomains 1 and 2; FP: fusion peptide; HR1: heptad repeat
region 1. (B-C) Cell surface staining of transfected 293T cells and virus capture assay of Omicron
and subvariant Spikes at 37°C (red), 22°C (black), and 4°C (blue). (B) ACE2-Fc recognition is
presented as a ratio of ACE2 binding to D614G Spike obtained at 37°C. (C) Pseudoviruses
encoding the luciferase gene (Luc+) and expressing the SARS-CoV-2 Spike D614G, Delta or from
Omicron subvariants (BA.1, BA.1.1, BA.2, BA.2.12.1, BA.4/5) were tested for viral capture by
ACE2-Fc at the respective temperatures. Relative light units (RLU) obtained using ACE2-Fc was
normalised to the signal obtained with the temperature-independent CV3-25 mAb and presented
as a ratio of ACE2 capture to D614G obtained at 37°C. (D) Correlation between virus capture and
cell surface binding of Spike by ACE2-Fc is depicted for the three temperatures tested. These
results represent at least three independent experiments showing means = SEM. Statistical
significance was tested using (B-D) the Mann—Whitney U test or (E) Spearman rank correlation
test (*p<0.05; **p<0.01; ***p<0.001, ****p<0.0001, ns: non-significant).
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Temperature modulation of D614G, Delta and Omicron Spikes interaction with ACE2

We first measured ACE2 recognition of Omicron subvariants using a flow cytometry assay, as
described [38,44]. Briefly, plasmids expressing the full-length SARS-CoV-2 Spike of the ancestral
strain D614G, the previously prominent VOC Delta, and current Omicron subvariants were
transfected in HEK 293T cells. ACE2 inter-action was determined by using the chimeric ACE2-

Fc protein, which is composed of two ACE2 ectodomains linked to the Fc portion of human IgG
[41].

To ensure that any differential recognition was not linked to a temperature-dependent variation in
Spike levels, we used the conformational- and temperature-independent S2-targeting monoclonal
antibody (mAb) CV3-25 as an experimental control [19,38,40,45]. Compared to the ancestral
D614G Spike, the Delta and BA.4/5 Spikes presented an increase in ACE2-Fc interaction at 37°C
whereas BA.1.1, BA.2, and BA.2.12.1 bound ACE2 less efficiently (Figure 3.1B). At this

temperature, we observed no differences with BA.1.

Previous studies have reported that lower temperatures enhance RBD affinity for ACE2 and favour
the adoption of the “up” conformation, therefore enhancing the capacity of the trimeric Spike to
interact with ACE2 [38,44,45]. We therefore evaluated whether this was the case for the Omicron
Spike and its subvariants. Forty-eight hours post-transfection, Spike-expressing cells were
incubated at different temperatures (37°C, 22°C, and 4°C) before measuring ACE2-Fc binding by
flow cytometry, as described above. We observed a gradual increase in ACE2-Fc binding
concomitant with the temperature decrease for all Spikes tested (Figure 3.1B), validating a

temperature-dependent interaction between Spike and ACE2 [38,44].

We then evaluated whether the observed increase in Spike—ACE?2 interaction at low temperature
was maintained when the Spike was expressed at the surface of pseudoviral particles. To this end,
we used a previously described virus capture assay [43] that uses pseudoviral particles bearing the
different SARS-CoV-2 Spikes and evaluated their ability to interact with ACE2-Fc¢ immobilised
on ELISA plates. In agreement with a better interaction with ACE2 at lower temperatures, we
observed a stepwise increase in viral capture at colder temperatures for all Spikes tested (Figure
3.1C), which significantly correlated with the cell-based binding assay (Figure 3.1D). Thus, our
findings indicate that the Spike—ACE2 interaction is similarly modulated by temperature

independently of whether the Spike is expressed on viral particles or cell membranes.
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Temperature modulates ACE?2 binding cooperativity and affinity for Omicron Spikes

The Spike interacts with its ACE2 receptor in its “up” conformation [46]. However, the Spike
trimer of Omicron BA.1 and subvariant BA.2 was reported to assume more the RBD “down”
conformation that is stabilised by a strong network of inter-protomer contacts leading to its higher
thermostability [47,48]. Therefore, we studied the sensitivity of the Spike subvariants to
conformational changes in response to ACE2. To do so, we calculated the Hill coefficient (h),
which is the degree of binding cooperativity between the protomers of the trimeric Spike and
monomeric ACE2 molecules in a concentration-response manner. The h values are calculated from
the steepness of dose-response curves generated upon incubation of Spike-expressing cells with
increasing concentrations of SACE2, as previously described [38]. Briefly, HEK293T cells were
transfected with full-length Spikes from the D614G ancestral strain, the Delta VOC or the Omicron
subvariants. With the exception of BA.4/ 5, all other Spikes tested presented a negative
cooperativity (h value <1) at 37°C (Figure 3.2A, red lines). This is consistent with previous
observations suggesting an energetic barrier to engage additional ACE2 molecules at high
temperatures [38]. The Spike from BA.4/5 presented a positive Hill coefficient (h=1.256) at 37°C,
thus suggesting a coordinated Spike opening at warmer temperatures (Figure 3.2A). Interestingly,
sACE?2 binding cooperativity was improved in all Spikes at low temperature (4°C), confirming
that low temperatures facilitate ACE2-induced Spike opening (Figure 2A, blue lines).
Interestingly, the ACE2 binding cooperativity with BA.4/5 Spike at 37°C (h=1.256) was found to
be similar to its parental BA.2 lineage at 4°C (h=1.163), suggesting a lesser reliability on cold

temperatures to expose RBD in the “up” conformation.

To assess the temperature’s role in modulating binding kinetics between Omicron RBD and ACE2,
we performed biolayer interferometry (BLI) experiments at different temperatures (10°C, 25°C,
and 35°C) (Figure 3.2B). We observed a drastic decrease in the off rate at lower temperatures
compared with its wild-type (WT, Wuhan-Hu-1 strain) counterpart. As observed previously
[127,134], the affinity of the RBD with its receptor is mainly dictated by its off rate as the RBD
BA.2 has a 4.5-fold decrease in Kp compared to WT at colder temperatures.
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Figure 3.2. Low temperatures “open” Omicron subvariant Spikes. (A) The binding of sSACE2
to the Spike of D614G, Delta, Omicron BA.1,BA.1.1, BA.2, BA.2.12.1, BA.4/5 expressed on the
surface of 293T cells was measured by flow cytometry. Increasing concentrations of SACE2 were
incubated with Spike-expressing cells in 4°C (blue) or 37°C (red). Means = SEM derived from at
least three independent experiments are shown. The Hill coefficients were calculated using
GraphPad software. (B) Binding kinetics between SARS-CoV-2 RBD (WT or BA.2) and sACE2
assessed by biolayer interferometry at different temperatures. Graphs represent the affinity
constants (Kp), on rates (Kon), and off rates (Kofr) values obtained at different temperatures and
calculated using a 1:1 binding model.

3.6 Discussion

Previous studies have shown that low temperature impacts the conformation of the Spike,
triggering trimer opening and increasing binding to the ACE2 receptor [38,44,45]. Moreover, we
have previously shown that this translates into enhanced viral attachment and infection [38].
Indeed, we observed enhanced infection at low temperatures using pseudoviral particles, as well
as authentic SARS-CoV-2, the latter with primary human airway epithelial cells as target cells
[38]. Since Omicron harbours 33 mutations in its Spike glycoprotein with mutations in the S2
stabilizing the RBD “down” conformation [47], we wondered whether these mutations hindered

the impact of low temperature on Spike conformation and ACE2 interaction.
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In this study, we investigated if temperature affects the interactions between SARS-CoV-2
Omicron subvariant Spikes and the primary receptor ACE2 in vitro with ELISA and flow
cytometry assays. We have shown that the affinity and binding of Omicron subvariant Spikes to
ACE2 receptors are significantly enhanced at low temperatures in cells and pseudoviral particles
expressing the different Spikes. Importantly, our results show that low temperature facilitates the
capacity of all Omicron subvariant Spikes to interact with their receptors, which could be explained

by enhanced cooperativity between protomers upon ACE2 interaction and slower off-rate.

Our results suggest that even VOC Spikes that have a more “closed” conformation can be affected
by low temperatures, enhancing binding to the ACE2 receptor. Previous VOCs such as Alpha and
Delta only possess a few mutations that impact antibody recognition and ACE2 binding. However,
with the widespread vaccination and infection of individuals, a stronger immune pressure over the
virus emerged [23], leading to the appearance of highly mutated Spike variants [49]. Omicron and
its subvariants have evolved to escape immune pressure [50,51]. However, some mutations appear
to have been also selected for improved ACE?2 interaction with BA.4/5 harbouring the L452R
mutation, well-known to increase affinity for ACE2 while helping to evade immune responses

[52].

Numerous studies offered strong evidence that temperature was a significant factor that can impact
the aerosol transmission of SARS-CoV-2 [53]. How the improved Spike—ACE2 interaction at
lower temperatures described in this manuscript affects viral transmission remains unknown.
Further experiments in animal models will be required to address this question. However, with the
constant evolution and selection of mutations leading to an increase in transmissibility and
antigenic shift as seen for the Omicron lineage [54,55], it remains crucial to continue to study how
these new selected mutations impact the interaction between the SARS-CoV-2 Spike and its

human receptor, but also how temperature affects this interaction.

In summary, our results show that Omicron and its subvariant are sensitive to the effect of low
temperature, though it is unclear whether this mechanism contributes to viral transmission or to

the seasonality of VOCs. Our study indicates that the Spike—A CE2 affinity needs to be considered

when evaluating the effect of temperature on SARS-CoV-2 transmission.
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CHAPTER 4. DISCUSSION

4.1 Summary of findings

Since its rapid emergence towards the end of 2019, humanity has lived through numerous waves
of SARS-CoV-2 variants. From the original strain, the virus has undergone numerous mutations,

giving rise to variants with distinctive Spikes and unique immunogenic signatures.

In this thesis, we have first investigated the contribution of each single mutation to the Spike
antigenicity of a few VOCs. We have found that single mutations cannot be used to predict the
overall Spike phenotype, both in terms of the Spike — ACE2 interactions and plasma antibodies
recognition. First, while plasma from vaccinated SARS-CoV-2 naive and previously-infected
individuals efficiently recognized the VOC Spikes tested, plasma from vaccinated previously-
infected individuals show a more robust recognition of the Spikes compared to naive individuals
following one dose of mRNA vaccine, thus supporting the notion that hybrid immunity is superior
than vaccination alone [166,185] Mutations which affect plasma Spike recognition include the

A144 deletion, K417N/T mutation, E484K, P681H, and S982A mutations [134].

Second, while temperature has been found to play a role in aerosol transmission of SARS-CoV-2,
we have found that it also affects Spike — ACE2 binding. Some notable single mutations which
enhance the affinity of the Spike with the ACE2 receptor and overcame the temperature
requirement include N501Y and L452R. While the transmission of SARS-CoV-2 has been
suggested to be optimal at 5-15°C, enhanced ACE2 binding at warmer temperatures would suggest
that the virus would be able to infect efficiently in the warm seasons, and even higher

transmissibility in colder seasons.

Then, we have investigated the most recent VOC Omicron’s ability to interact with the ACE2
receptor. We have found that Omicron Spikes’ interactions with ACE2 are highly sensitive to
colder temperatures. Visualization by Cryo-EM and single molecule Forster resonance energy
transfer (smFRET) show that the Spike interacts with ACE2 in its “Up” conformation [67,78].
Therefore, increased ACE2 binding in colder conditions may suggest that SARS-CoV-2 Spikes
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are more prone to adopt the “RBD up” conformation to increase interactions with its receptor in

colder temperatures, despite it sampling a “down” conformation in warmer environments.

We also looked at the mechanism by which the Spike may increase its interaction with ACE2 by
calculating the Hill coefficient of this interaction in both warm and cold temperatures for the
Omicron subvariants in circulation at the time of writing. The Hill coefficient measures the
cooperativity of a protein binding to its ligand. A positive cooperativity is translated to a Hill
coefficient that is above 1. Our results suggest that in warm temperatures, Omicron Spikes are not
prone to bind the ACE2 receptor no matter the concentration of ACE2 it is exposed to. However,
at cold temperatures, Omicron subvariant Spikes all became more sensitive to increasing ACE2
concentrations, creating a steep dose-response curve, which would suggest that each individual
protomer binding would trigger the others to bind (i.e., positive cooperativity). Therefore, the
sensitivity of Omicron to colder temperatures can be speculated to be derived from its facility to

change conformations once one of the three protomers is bound to an ACE2 receptor.

4.2 Contribution to knowledge

SARS-CoV-2 Spike draws many similarities to the HIV-1 Envelope (Env) —they are both heavily
glycosylated, both can sample multiple conformations, both harbour numerous mutations which
can make them favor different conformational states. However, as opposed to HIV, vaccines
against SARS-CoV-2 elicit effective non-neutralizing Abs aftera single dose of mRNA vaccines
in non-immunocompromised individuals [166], and neutralizing Abs after two doses [164]. In
vaccine efficacy trials, the protective capacities conferred by SARS-CoV-2 vaccines are massively
superior to any of the HIV vaccine candidates, with the highest protection rate (RV144 trial,
31.2%) [233], — even considering the emergence of variants. One reason for this is due to the
antigenic profile of the vaccine — whereas the Spike presented in SARS-CoV-2 vaccines is
stabilized in the prefusion state, Env examined for HIV-1 vaccines pre-clinical trials are stabilized
in a conformation which is not in its ground state [234-237], but rather a downstream conformation
which is not readily exposed [234]. With SARS-CoV-2, the goal of a vaccine was first to prevent
the infection, however it has now evolved into preventing severe disease due to the emergence of

numerous variants which have high immune evasion capacities. However, the caveat with a
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vaccine that only protects against severe disease remains that the vaccinated individual may still

transmit the virus, allowing sustained spread within populations [178].

Since the emergence of the first D614G single mutation, increasing fitness, infectivity, and viral
production, antigenic drift has been and remains a concern [232,238]. Natural infection and/or
vaccination against SARS-CoV-2 elicit both cellular and humoral immune responses. The cellular
immune response can be stimulated starting from a single dose of the mRNA vaccine [166] and
memory T and B cells form following two doses of vaccines [187]. In the case of an infection, an
insufficient T cell response is associated with severe disease and death [157], and T cells can
successfully clear out the virus in the absence of antibodies [239]. On the other hand, the humoral
immune response includes production of neutralizing and non-neutralizing antibodies, some of
which mediating Fc-effector functions. Antibodies elicited by vaccination against SARS-CoV-2
are vastly neutralizing and most target the RBD of the Spike glycoprotein, with some targeting the
NTD and others the S2 subunit [164,165,240-242]. The sustained transmission as well as immune
pressure against the Spike has selected numerous adaptive mutations which favored the virus to
stay undetected by the host immune system. Some mutations contributing to the immune evasion
ability include the RBD mutations K417N/T, L452R, and E484K, in accordance with previous
reports [132]. Additionally, the NTD is a highly variable site which differs from variant to variant,
and multiple mutations present in the NTD can efficiently evade Abs recognition by both naturally
infected and naive vaccinated individuals [134]. With a large portion of the population receiving
two or three doses of the SARS-CoV-2 mRNA vaccines which contains the ancestral Wuhan
strain, the most recent variant Omicron harbor a large number of mutations which have been
characterized to evade Abs recognition and decrease sustainability of a humoral response induced

by vaccination [186].

Another positive selection of mutations permits the improvement of the virus’ affinity to its
primary receptor ACE2. In fact, the N501Y mutation which appeared in the first VOC, Alpha, has
been shared by subsequent VOCs Betaand Gamma, and is still present in all current VOC Omicron
subvariants [147,243]. The only variant that does not share this mutation is Delta, which possesses
in turn the L452R mutation, which has been shown to increase affinity for ACE2 and evade

immune responses [136]. This leads us to the question — what is the ultimate hallmark of a
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competitive variant? In other words, how can we predict which is the next VOC which will be
highly transmissible within the human population? A recent study highlights the importance of
compensatory epistasis which results from the interaction of multiple mutations [244].
Compensatory epistasis could be summarized as adaptative interactions between genes which
make up the loss of a given phenotype. It has been observed in other RNA viruses such as VSV,
where deleterious mutations were met with compensatory mutations which allowed the reversion
to WT or a higher fitness variant [245]. In the case of SARS-CoV-2, according to Moulana et al.,
escape mutations in the RBD which decrease binding affinity to ACE2 can be rescued by the
N501Y mutation, inducing even stronger ACE2 binding in some cases (e.g2. N501Y combined with
Q498R) [244]. This would highlight that selection for a competitive virus includes — high levels
of immune evasion, and unaffected or improved affinity to ACE2 recognition and affinity. With
now several waves of variants, the recurring mutations which are observed once and again such as
D614G, K417N, L452R, E484K, and N501Y seem to contribute to the “winning” formula of the
emerging variants, as illustrated by the long-reigning Omicron subvariants, which harbor all the

aforementioned mutations [147].

As to the role which temperature plays in the conformation of the Spike glycoprotein, previous
studies have shown that colder temperature may enhance the propensity of the Spike to sample the
“Up” conformation, but the addition of the N501Y mutation could overcome the temperature
requirement [127]. As for Omicron, several studies have shown that its numerous mutations
stabilize the RBD in the “down” conformation [74,246-248], but our project suggests that the
Spike remains very sensitive to ACE2 at low temperatures [147]. This could be explained by
improved protomer cooperativity upon ACE2 interaction and more stable binding of the RBD to

its receptor.

SARS-CoV-2 transmission conditions has been suggested to be optimal in temperatures ranging
from 5-15°C [249]. A variant which can overcome the low temperature requirements to bind ACE2
with higher affinity in high temperatures would suggest that it could overtake another which is not
able to do so in warmer climates. Further, in the human body, SARS-CoV-2 is confronted to a
temperature gradient from the outside environment across the human airway during airway

transmission. The temperature is around 30 to 32°C in the mucosa, but increases to 32°C in the
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upper trachea then to 36°C in the bronchi [250,251]. Since SARS-CoV-2 has been shown to have
better replication in cells at 33°C than at 37°C [252], and high temperature impedes viral
replication, the fact that the Spike adapts to have increased interactions with ACE2 at higher
temperature means that it may have higher transmissibility at higher temperatures too, while the
implications for lower temperature remains that the chances of increased transmissibility and

replication are even further enhanced.

4.3 Significance

4.3.1 The importance of single mutations

In Chapter 2, we studied the impact of single mutations in ACE2 binding and immune evasion of
vaccinated SARS-CoV-2naive and previously infected individuals. While they are not completely
predictable of the full Spike phenotype, they remain very informative about the Ab binding
capacity [77,132], neutralization effect [209], the Fc-effector functions associated with them [76],
and their ACE2 interactions [134].

Strikingly, we can observe a convergence in the incorporation of single mutations — despite being
extremely divergent from Delta and all previous VOCs, Omicron carries a multitude of recurrent
mutations, such as K417N from Beta; BA4/5 and BA2.12.1 carry L452R first seen in Epsilon then
in Delta; T478K from Delta; E484A, previously E484K in Beta and Gamma; N501Y from Alpha,
Beta and Gamma; and interestingly, P681H mutation from Alpha as well [243]. All these
aforementioned recurring mutations have been characterized to have exceptional functions in one
of the following areas: immune evasion (K417N, L452R, T478K, E484A, P681H)
[129,132,135,253], enhanced ACE2 binding (L452R, N501Y) [127,136], increased transmission,
stability and infectivity (D614G) [118,119], and cleavage (P681H) [244,254]. For a variant with
such a high number of mutations such as Omicron, the existing body of literature on single
mutations has been greatly helpful in contributing to the understanding of the phenotype of this
variant. However, one caveat remains that single mutations do not encompass the compensatory

effects of mutations with one another when they appear in newly formed clusters.
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Interestingly, all the tested Omicron subvariants Spikes, with the exception of BA.4/5, did not
show increased ACE2 binding at warmer temperatures compared to D614G [147]. However,
newly emerging subvariants following BA.5 such as BQ1.1 and XBB.1 showed increased immune
evasion capacities [255] despite not having enhanced ACE?2 interactions compared to BA.5 [256].
At the time of the thesis revision, XBB.1.5 is the main circulating variant in the United States and
Canada [122,123]. With a single major mutation change (S486P) compared to its predecessor
XBB.1, XBB.1.5 Spikes have shown increased ACE?2 interactions, with even higher immune
evasion capacities than the previous variants [256,257]. These trends would once again indicate
that increased transmission and propagation is strongly linked toboth enhanced ACE?2 affinity and

immune evasion.

Conversely, for the non-overlapping, unique mutations in the RBD, which are highly variable
between VOCs, one can observe that their primary function would be to exert immune evasion.
Interestingly, Omicron’s unique RBD mutations which reduce ACE2 binding in favor of Ab
escape, such as Q493R, G496S, Q498R [258], have been shown to be rescued thanks to
compensatory epistasis, phenomenon which occurs when two mutations in proximity to each other
interact with each other, resulting in strong positive effect for ACE2 binding. In the case of
Omicron, a combination of four RBD mutations: Q498R, G496S, N501Y, and Y505H, has been
suggested to result in an increase in ACE2 interaction [244]. Some other mutations unique to
Omicron include S371L, S373P, and S375F, which have been shown to stabilize the Spike tightly
in a “RBD down” conformation [246]. These mutations would prevent Abs from recognizing the
RBD, since the “down” conformation is occluded by a glycan shield [259].

As well, studying the effect of single mutations could be used to help the development of
methodologies such as deep mutational scanning (DMS), which is a high-throughput method using
computational analyses that can be applied to measure the functional effects of single mutations
in proteins [132,260]. The in vitro studies of single mutations can contribute to the library of
variants which are used to study the phenotypes of protein which harbor any combination of such
mutations [260]. Further, the results from in vitro functional data may be used to confirm the

phenotype for the accuracy of the predictions generated by DMS.
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4.3.2 Implications for increased Spike—ACE?2 cooperativity in the cold
By determining the Spike — ACE2 cooperativity by measuring the Hill coefficient, we have shown
that Spike Omicron subvariants bind ACE2 better at colder temperatures [147]. This would suggest

that the functionality of these variants could be enhanced at low temperature. Our results offer

unique insight as to how ACE2 — Spike interactions may be improved in colder environments.

4.4 Experimental Limitations

In this thesis, we measured the interaction of the Spike with the ACE2 receptor mostly by using
Flow Cytometry and BLI. From ACE2-Fc or sACE2 antibodies binding to the Spike, we could
infer that the Spike is more prone to sampling the “up” conformation, since Spike interacts with
ACE21n this state [61,68]. However, a main limitation of flow cytometry is that we do not directly
show the conformational dynamics changes of the Spike in varying temperatures. Furthermore,
virus capture assay, another method used in this thesis, uses virus-like particles and not real virus.
Both of these techniques’ limitations can be overcome by further visualization experiments such
as Cryo-electron microscopy (cryo-EM) and/or smFRET. These techniques could be used in order
to show the effect of cold temperatures on the conformation of the Spike with or without the
presence of ACE2. Cryo-EM would allow a direct visualization of the Spike through imaging [61]
and smFRET would give us more information on the conformational dynamics of the Spike on the

surface of virions [67].

4.5 Next Steps

Since we have shown earlier that low temperatures increase the Omicron Spike — ACE2
interactions, the next step would be to quantify by the molecular mechanism behind this
phenotype. To do this, we could measure the entropy of the RBD — receptor binding. It has been
recently shown that N501Y mutation in the RBD creates an enthalpic compensation, by creating
less favorable enthalpy for binding and more favorable entropy for binding which results in
increased binding overall affinity (low Kais) and bypassing the decrease in binding affinity in
warmer temperatures [261]. Mechanistically, this would suggest that the N501Y mutation makes

the Spike more flexible — prone to conformational changes [261]. Since Omicron RBD also harbors
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N501Y mutation, it would be interesting to examine the interaction of Omicron subvariants RBD

with ACE2 in order to ascertain the cooperativity of the Spike with ACE2 from an entropic

standpoint.

Furthermore, as mentioned above, it would be interesting to visualize how the Spike conformation
on lentiviral particles changes in different temperatures. To do so, we could use smFRET, a
technique which has previously been used to distinguish conformational states on viral surfaces
[67]. SmFRET involves measuring the real-time conformational transitions of a protein by
measuring the energy transferred between a donor and an acceptor fluorophore on a single
molecule [262]. To set up the experiment, we would need to have viral particles which express a
single Spike on its surface expressing the donor and acceptor fluorophores before and after the
RBM [67]. Then, we would measure the frequency of state occupancy over time of the RBM in
cold and warm temperatures, in the presence or absence of ACE2 ligand. Results resulting from

such experiment would inform us of whether the SARS-CoV-2 Omicron subvariants Spikes would

be more prone to sample the “Up” conformation.

4.6 Outstanding Questions

Previous studies have demonstrated that temperature had an effect on aerosol transmission of
SARS-CoV-2 [263]. As well, the longest circulating variant Omicron has been shown to be
sensitive to colder temperatures [147]. However, whether this mechanism contribute to viral
transmission in the population, or the seasonality of VOCs remain unanswered. One way to study
this mechanism would be to continue monitoring the emerging variants, and study the correlation
of temperature in response to the variant Spike — ACE2 affinity using modelling based on the
retrospective trends of infection [264]. Another way of inspecting whether enhanced Spike —
ACE2 interaction plays a role in transmission would be to use animal models. Due to its nature as
a zoonotic virus, numerous animals are permissive to SARS-CoV-2 infection [265,266]. A
proposed model to study transmission would be ferrets, since ferrets allow for the transmission of
SARS-CoV-2 through direct contact and through airborne transmission [267]. As well, SARS-
CoV-2 viral load can be detected from nasal and oropharyngeal swabs [267]. In order to optimally

detect transmission of SARS-CoV-2 from infected ferrets to healthy ferrets and assess the impact
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of temperature on transmission, one would first infect two groups of ferrets with the variant of
interest, Omicron, and the second group with Wuhan strain. Then, we would expose two groups
of healthy ferrets for each infection conditions — one in warm temperatures and one in colder
temperatures. By counting the number of ferrets which become infected by each strain, we would
be able to detect whether increased ACE2 sensitivity in cold temperatures can really translate to

increased transmissibility.

Another question would be whether SARS-CoV-2 will become a seasonal respiratory virus. There
have been studies suggesting that SARS-CoV-2 is on its way to becoming an endemic virus [268],
joining the ranks of influenza and other coronaviruses [269]. Characteristics of an endemic virus
include seasonality, which allows them to avoid herd immunity from sustained transmission,
efficient person-to-person infectivity, global spread, and limited severity [269]. However, with the
insertion of the N501Y mutation which can overcome the low temperature requirement for the
optimal engagement of ACE2 to Spike [127], it is possible that SARS-CoV-2 might not have a
seasonality. Further, seasonality of a virus also depends on human behavior and as well as
environmental factors such as humidity and temperature. Therefore, the only way to know whether
SARS-CoV-2 will become seasonal would be to face the pandemic and continue monitoring the

emerging variants.

94



CONCLUSION

Altogether, this thesis examined the phenotype of SARS-CoV-2 VOCs and VOIs with regard to
their single mutations in terms of ACE2 interaction, antigenic profile, and infectivity. We first
assessed the ability of single mutations’ contribution to the interaction of the full VOC/VOI Spike
with the ACE2 receptor. We found that single mutations cannot fully predict the phenotype of the
full Spike in relation to their receptor binding and Ab recognition by plasma of infected and
vaccinated individuals. In light of the Omicron subvariants, we then examined the ability of the
different Omicron subvariant Spikes to interact with the ACE2 receptor, and found that despite
harboring several mutations which have been shown to affect ACE2 binding, the Spikes become

highly cooperative to ACE2 binding in colder temperatures.

To summarize, the Spike — ACE2 interaction of SARS-CoV-2 virus plays a crucial role in both
the evolution of the virus, and in its infection process. Variants would find different ways to
improve the ACE2 binding capacity — be it increasing the cooperativity to the receptor, or by
increasing the affinity to it. Taken together, findings from this thesis highlight the importance of
closely monitoring the functional properties of emerging variants with regards to their functional
properties such as ACE2 binding and antibody evasion, and taking into account how temperature
may affect these phenotypes. With the loosening of preventative measures, and the colder climate
leading to increased human contacts, it is foreseeable that Omicron, or its subvariant, stay in
circulation. The application of the research presented in this thesis has informed public health
agencies and will hopefully contribute to understanding the mechanisms behind SARS-CoV-2

transmission to allow better prevention for future VOCs.
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