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The emergence of SARS-CoV-2 and its subsequent variants have ignited a
multitude of studies on the spike protein and its domains. While most studies focus on the
impact of receptor binding domain changes, mutations in the C-terminus of S1 (CTS1)
have largely been overlooked. The SARS-CoV-2 CTS1 contains various features that are
unusual to sarbecoviruses — the furin cleavage site (FCS) and the QTQTN motif. In this
dissertation, we demonstrate that the CTS1 is more complex than previously thought. We
have established the aspects of cleavage site efficiency, differential protease usage, loop
length, and post translational modifications that all contribute to SARS-CoV-2
pathogenesis. Using our reverse genetics system, we generated several infectious clones to
examine the various features of the CTS1: AQTQTN demonstrated the importance of loop
length and glycosylation. PQQA established that the integrity of the FCS is necessary.
Omicron CTS1 mutants YKH (H655Y, N679K, and P681H) and N679K demonstrated the
interplay between mutations with different contributions and expanded on the impact of

post translational modifications. These studies show that alterations to any of these aspects
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greatly affect the pathogenicity of the virus. Together, we demonstrate that the mutations
in the CTS1 are key determinants of coronavirus pathogenicity and should be especially

considered in surveillance for the next coronavirus outbreak.
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Chapter 1:Introduction — SARS-CoV-2 Spike Protein

SPIKE PROTEIN AND VIRAL ENTRY

The coronavirus (CoV) spike protein is a vital protein for establishing infection in
a host. Existing as a trimer on the virion surface, the spike is composed of two regions:
globular heads responsible for receptor binding and a stalk used in membrane fusion
(Figure 1.1) . The spike protein itself is divided in to the S1 and S2 subunits. The S1
subunit is largely responsible for attaching and binding to the host receptor, containing the
N-terminal domain (NTD) and receptor binding domain (RBD). Additionally, the S1
subunit has the C-terminus of the S1 subunit (CTS1) that is involved in spike activation.
The S2 subunit harbors the conserved fusion machinery necessary for viral entry.

Upon attachment and binding to the receptor, the spike is processed at two cleavage
sites by host proteases. The first cleavage event occurs at the S1/S2 cleavage site located
in the CTS1 and is thought to remove steric hindrance to the second cleavage site, priming
the spike for membrane fusion. The second cleavage event at the S2” cleavage site reveals
the fusion peptide in the S2 subunit and triggers membrane fusion. Depending on the entry
route, the spike protein will utilize different host proteases for processing: serine proteases
at the cell surface or cathepsins in endosomes (Figure 1.2). Once membrane fusion occurs,
the viral genetic material is released into the cytosol to be used in translation of viral

proteins or to generate more genomic material for packaging into progeny virions.

S2 SUBUNIT
The CoV spike is a class 1 fusion protein whose S2 subunit harbors the fusion

machinery: the fusion peptide, two heptad repeat regions (HR1 and HR2) and the
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transmembrane domain. Due to this, the S2 subunit is the most conserved domain of the
spike protein, making it popular target for vaccine design. Few mutations have risen in this
subunit with only 4 mutations occurring commonly before Omicron — T7161, D950N,
S982A, and D1118H 2. Structural analyses of these mutations suggest that they may
contribute to the stability of the “up” and “down” RBD conformations and of the spike
trimer as a whole; however, they may also be offsetting mutations that cause instability >
5. Altogether, mutations in the S2 subunit may contribute to maintaining the balance

between spike stabilization and the ability to change conformations.

RECEPTOR BINDING DOMAIN

As the name entails, the RBD is involved in receptor recognition, attachment, and
binding. The RBD compatibility to host receptors has been considered as the primary
barrier to emergence for zoonotic CoVs with adaptation required for infection of mice by
most strains 11, It is therefore unsurprising for frequent mutations to occur in this region
with each passing SARS-CoV-2 variant. RBD mutations may increase binding to the
human ACEZ2 receptor, increasing infectivity. The RBD is also the target of vaccine designs
due to its involvement in receptor recognition and binding. Mutations may alter recognition
by the immune system as most neutralizing antibodies target the RBD. In the case of
Omicron, which emerged with more than 30 spike mutations, 15 of those mutations are
located in the RBD leading to increased neutralizing titers and vaccine breakthrough 212,

Collectively, the RBD is vital to the virus with its role in receptor and immune recognition.

N-TERMINAL DOMAIN

Although its functions have not been clearly defined, the NTD has been associated
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with receptor binding and immune evasion. As glycoproteins, CoV spikes have been found
to interact with glycans like sialic acids either through the RBD or the NTD 41, Mutations
in the sialic acid binding site of the NTD have been found to enhance or reduce virion
attachment by modulating sialylated glycan interaction and viral surfing across the
membrane 87, This modulation may contribute to tropism changes in cell type and regions
(i.e., upper versus lower airways) 68, Regarding immunity, about ~20% of neutralizing
antibodies are NTD-specific that are either highly potent against infectious virus or are
glycan-dependent >1%2°, The SARS-CoV-2 NTD has been found to harbor an antigenic
supersite to which the majority of NTD-specific antibodies bind 2'. As such, mutations
frequently occur in and surrounding the supersite, contributing to immune evasion >2L,
Shifting away from receptor binding and immune evasion, a frequent NTD mutation
AH69/V70 has been shown to facilitate spike cleavage and incorporation as well as cell-
to-cell spread, demonstrating another application of the NTD 22. Taken together, the NTD

is a multifaceted domain with contributions to CoV infectivity and immune evasion.

C-TERMINAL OF THE S1 SUBUNIT

The function of the CTS1 has been primarily attributed to protease usage to process
the spike at the S1/S2 cleavage site. While the RBD has been considered as the primary
barrier to zoonotic emergence, chimeric viruses exchanging the SARS-CoV spike for the
closely related bat CoVs WIV-1 and SHC014 spikes were capable of establishing infection
in primary human epithelial cells, despite receptor compatibility predictions >23. However,
although the SHCO014-spike SARS-CoV chimera replicated similarly to SARS-CoV in
vitro, the virus resulted in attenuated disease in vivo °. The capacity of bat CoV spikes to

readily infect human cells without adaptation but still result in attenuated disease
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demonstrates that receptor compatibility is not the primary indicator for potential epidemic
strains. Studies exchanging the spike domains between SARS-CoV and SHC014-CoV
revealed that the CTS1 chimera attenuated disease in vivo whereas the NTD-RBD chimera
was comparable to SARS-CoV (data not shown). Additionally, the SHC014-SARS
chimera demonstrated changes in protease usage, a function inherent to the CTS1 (data not
shown). Although the CTS1 is more conserved compared to the NTD and RBD, the slight

changes to the CTS1 have impactful effects on CoV pathogenesis.

BALANCING TRANSMISSIBILITY AND PATHOGENICITY

A novel coronavirus, subsequently named severe acute respiratory coronavirus 2
(SARS-CoV-2), emerged in December 2019 and has caused ~177 million cases and ~3.8
million deaths worldwide (global case fatality rate [CFR] of 2.2% varying in individual
countries) ?*. SARS-CoV-2 is not the first coronavirus to have caused a pandemic, as both
severe acute respiratory coronavirus (SARS-CoV) and Middle Eastern respiratory
coronavirus (MERS-CoV) have done so previously in 2002 and 2012, respectively 2°.
While the CFRs of SARS-CoV and MERS-CoV are greater than SARS-CoV-2 (11% and
34%, respectively), the earlier endemics did not reach the same scale (8400 and ~2500
cases, respectively). In contrast, human coronaviruses (hCoV-229E, -NL63, -OC43, and -
HKU1) produce limited, common cold symptoms, yet have been endemic globally for
decades %5, Upon examination, there appears to be an inverse relationship between virus
transmissibility and pathogenicity — the less pathogenic hCoVs have robust transmission,
the highly pathogenic SARS-CoV and MERS-CoV have limited transmission, and the

current SARS-CoV-2 appears to have established a rare balance between the two.
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A similar trend between transmissibility and pathogenicity can be seen with
influenza viruses. Like hCoVs, seasonal influenza viruses are common globally,
characterized by high transmissibility, low pathogenicity with ~20% of the population
infected, and a CFR less than 1% annually ?’. Analogous to SARS-CoV and MERS-CoV,
high pathogenicity influenza strains such as H5SN1 and H7N9 influenza viruses have high
CFR (53% and 39%, respectively), but low transmission with ~1550 and ~850 cases since
their introduction 262°, The 1918 H1N1 influenza virus is comparable to SARS-CoV-2 as
it achieved a balance between transmissibility and pathogenicity, with 1/3 of the world’s
population infected and ~50 million deaths (CFR = 2.5%) *. More recently, the HIN1
subtype caused another pandemic in 2009 with relatively robust transmissibility, although
with lower pathogenicity (CFR < 0.02%) 3L,

The idea of a trade-off between virulence and transmission of pathogens has long
been proposed with little empirical supporting evidence 233, However, such a relationship
is clear when studying coronaviruses and influenza viruses (Figure 1.3). Both groups of
viruses have strains capable of great harm (SARS-CoV, MERS-CoV, H5N1, H7N9) yet
are limited in human transmission. In contrast, strains that cause mild disease (hCoVs &
seasonal influenza) have been endemic globally. Then, there are viruses (SARS-CoV-2 and
1918 H1N1) that have established a key balance, capable of achieving devastating
pathogenicity, but minimal loss in transmissibility. While only a few viruses have attained
this balance, it is imperative to understand how these viruses emerged in order to head off
the next pandemic. Here, we focus on the start of infection, examining the impact of
receptor binding and protease activation on virus tropism, transmissibility, and

pathogenicity.
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Location, location, location.

The location in which the virus replicates along the respiratory tract guides how the
virus is able to transmit and its pathogenicity. Traditionally, viruses that bind in the upper
airways exhibit lower pathogenicity compensated with high transmissibility; the inverse is
true for those that bind lower in the airways. For example, coronaviruses associated with
the common cold (hCoV-229E, -NL63, -OC43 and -HKUL) replicate primarily in the upper
respiratory tract including the nasal and oropharyngeal areas **. Testing for these less
virulent hCoVs typically finds positives from upper airways samples and rarely finds lower
airway infection. In turn, upper airway replication may correspond with greater
transmissibility. In contrast, both SARS-CoV and MERS-CoV rarely induce positive tests
from upper airway samples *>*. Instead, during the SARS-CoV outbreak and the later
MERS-CoV emergence, samples from deep in the respiratory tract (bronchiolar lavage and
sputum) were critical for diagnosis. These results suggest that the more virulent CoVs
induce more replication and damage deep in the lung. The corresponding loss in lung
function directly plays a role in the increased lethality associated with each. It also may
explain relatively low transmission outside hospital settings and super-spreaders.

For SARS-CoV-2, a balance exists with the infection of both the upper and lower
airways. Early on, testing of nasopharyngeal swabs confirmed upper airway infection with
SARS-CoV-2; subsequent work found positive samples in saliva and nasal swabs
suggesting replication throughout the upper airways *’. However, lung infection as
evidenced by bronchiolar alveolar lavage fluid, sputum, and severe disease demonstrate
robust replication in the lung in a large subset of patients 3. This even distribution in the

upper and lower airways highlight and correspond to the transmissibility and pathogenicity
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relationship highlighted above (Figure 1.3) and may offer a primer for why SARS-CoV-2

and COVID-19 has had such a broad impact on society.

Finding the key.

Location of virus replication is in part determined by receptor recognition and
binding. For influenza, the viruses’ interactions between hemagglutinin and sialylated
glycan receptors have been well characterized . Briefly, sialic acid is linked to galactose
through either an 02,3 (Saa2,3) or 02,6 (SAa2,6) linkage, which are expressed in an inverse
gradient along the human respiratory tract — Saa2,6 more highly expressed in the upper
airways and Saa2,3 in the lower airways *8%°. The hemagglutinin of high pathogenicity
avian influenza viruses (e.g. H7N9 and H5N1) preferentially bind to SAa2,3, directing
their replication to the lower airways, limiting their transmission, but inducing more severe
disease *>1. Conversely, human influenza viruses (e.g. HIN1 and H3N2) typically do not
cause severe pathogenicity and have been observed to bind more to Saa2,6 in the upper
airways, therefore affording them greater transmission opportunities 34, Indeed, influenza
viruses that are more transmissible via air preferentially replicate in the upper airways .

Coronaviruses bind to their receptors through their spike protein, with different
coronavirus spikes being similar at their core, but different enough in their globular head
to utilize a variety of receptors. Most coronaviruses bind to membrane ectopeptidases —
hCoV-229E to APN, MERS-CoV to DPP4, and hCoV-NL63, SARS-CoV and SARS-
CoV-2 to ACE2 “**_ The receptors for hCoV-OC43 and -HKU1 are unknown, although
they interact with acetylated sialic acids °. Interestingly, hCoV-NL63, SARS-CoV, and
SARS-CoV-2 share the same receptor yet display distinct infection and virulence. A key

to this discrepancy may be the receptor binding affinity of their spike protein. Compared
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to the SARS-CoV spike protein, hCoV-NL63 spike protein has less affinity to human
ACE2 while SARS-CoV-2 spike protein has comparable, or slightly greater affinity 647,
ACE2 expression follows a gradient along the respiratory tract with greater expression in
the upper airways and decreasing further down 6. One hypothesis argues that the strength
receptor affinity may correlate with receptor abundance in an inverse relationship. On one
end of the spectrum, the lower receptor affinity of hCoVs may hamper potential lower
respiratory infection where ACE2 is less abundant, resulting in replication primarily in the
upper airways where the greater ACE2 expression offers more opportunities for binding.
On the opposite end, SARS-CoV replication is predominantly observed in the lower
airways, perhaps due to its strong receptor affinity allowing binding to fewer ACE2 when
swept deeper. Interestingly, although the SARS-CoV-2 spike protein has similar receptor
affinity as that of the SARS-CoV, its infection is observed throughout the respiratory tract
and with more replication in the upper airways “. Receptor affinity is therefore not solely
responsible for where the virus replicates and subsequent effects on transmission and
virulence. The spike protein interacts with other host proteins, specifically proteases, to

establish successful entry and infection.

Cutting the lock.

While a virus may be able to bind to its receptor, other factors are needed to
establish replication. Upon receptor binding, both coronaviruses and influenza viruses
undergo an uncoating and fusion process to release the viral genomes. Both the coronavirus
spike protein and the influenza virus hemagglutinin are type | fusion proteins; following
receptor binding, the proteins are cleaved by host proteases to prime fusion and entry with

the host cell. Host proteases, such as trypsin, TMPRSS2, furin and cathepsin, are
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ubiquitously expressed throughout the respiratory tract. However, due to variations in the
cleavage sequences, not all proteases are compatible. As such, the proteases used by a
particular virus for cell entry may be key to its tropism.

Revisiting the previous comparison, hCoV-NL63, SARS-CoV and SARS-CoV-2
use different host proteases despite sharing the hACE2 receptor. While hCoV-NL63 spike
protein cleavage has not been studied in depth, TMPRSS2 is involved in its infection as
well as SARS-CoV and SARS-CoV-2 infection 40, SARS-CoV is also capable of
utilizing cathepsin while hCoV-NL63 cannot, which may explain differences in tropism °Z.
Interestingly, SARS-CoV-2 spike protein has a polybasic furin cleavage site, PRRA,
directly upstream of the S1/S2 cleavage site, that is not found in other group 2B
coronaviruses; however, furin cleavage sites are found in MERS-CoV, hCoV-0C43 and
hCoV-HKU1 452, This PRRA site has been found to be necessary for efficient spike
cleavage, cell entry, cell-to-cell fusion and overall viral replication and pathogenesis of
SARS-CoV-2, with its deletion attenuating replication and disease 3. The insertion of a
furin cleavage site at the S1/S2 cleavage site may contribute to the wider infection range
of SARS-CoV-2 compared to SARS-CoV by expanding the pool of proteases priming
entry. Similarly, influenza viruses with multibasic cleavage sites, mainly those in the H5
and H7 subtypes, have increased pathogenicity compared to the H1, H2, H3, and H9

subtypes with monobasic sites **.

Making itself at home.
Receptor affinity and protease usage are crucial in determining tropism (Figure
1.4). Any change affecting those factors would alter how well a virus transmits and its

pathogenicity. Importantly, SARS-CoV-2 is making itself more at home in the host as
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mutations impacting both receptor binding and proteolytic cleavage have been observed in
SARS-CoV-2 variants . While research focus has centered on changes in the receptor-
binding domain (RBD), variant mutations outside the RBD have been shown to be
important. For example, the D614G variant quickly overtook the original SARS-CoV-2
strain %6-°%; positioned in the C-terminal domain of the spike protein but outside the RBD,
D614G influences receptor interaction through the orientation of the spike in the up
conformation %'. Studies using both pseudotyped virus and engineered infectious SARS-
CoV-2 harboring D614G have shown that the D614G mutation increases virus infectivity,
which in turn would lead to increased transmission °>/¢°, The D614G mutation coupled with
other RBD changes show that variant mutations impact receptor binding and affinity.

The impact of variant mutations is not limited to receptor binding and affinity. Two
variants of concerns, Alpha (B.1.1.7) and Delta (B.1.617), have mutations within the furin
cleavage site (P681H and P681R) found in the spike protein of SARS-CoV-2. Both SARS-
CoV-2 variants have been observed to have increased transmission based on human cases
61.62 In addition, our group has demonstrated that B.1.1.7 has a replication and transmission
advantage in human airway cells and the hamster models of infection, respectively .
Importantly, P681H and P681R in the furin cleavage site of the variant spike proteins may
contribute to these differences. Initial findings with the delta variant show increased
processing of the spike protein as compared to the original WT SARS-CoV-2 %, Converse
to studies that removed the furin cleavage site >3, the presence of P681R mutations shifts
processing more clearly to the S1/S2 cleavage product. This may contribute to changes in
transmission and pathogenicity. The results also suggest an importance for proteolytic

activity in SARS-CoV-2 pathogenesis and transmission.
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Bringing it home.

The emergence and continued circulation of SARS-CoV-2 highlight the ongoing
threat posed by emerging respiratory viruses. The location, receptor binding, and
proteolytic activation of coronaviruses dictates critical elements of transmissibility and
pathogenicity. In this regard, SARS-CoV-2 has achieved an unfortunate balance allowing
for a world-wide outbreak with parallels to the 1918 H1N1 outbreak from a century earlier.
Importantly, understanding how replication location, receptor interactions, and protease
activation drive virus emergence and spread is paramount in disrupting and possibly

preventing future emergence events.

COMPLEXITIES OF THE CTS1

For CoVs, the spike protein has been identified as the key to overcoming the
barriers to zoonotic transmission. The RBD and its ability to bind to human receptors as
opposed to the animal reservoir receptors have been thought of as primary barriers to
zoonotic transmission. However, as another critical step to viral entry, the ability to interact
and use host proteases for spike processing at the CTS1 presents as an additional barrier
for CoVs to overcome for zoonotic emergence. Therefore, the overall goal of this
dissertation is to demonstrate that spike processing and protease usage are key determinants
of coronavirus emergence and pathogenesis. This dissertation sets out to demonstrate this
through studying crucial mutations in the SARS-CoV-2 CTS1 that contribute to
pathogenesis through alterations in spike cleavability, structural changes and post
translational modifications. Through these studies, we also demonstrate spike processing

and protease usage are distinct and independent processes.
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Figure 1.1. Coronavirus spike.

The coronavirus spike exists as a trimer on the virion surface with globular heads involved
in receptor binding and a stalk harboring the fusion machinery. The spike protein itself is
divided into two subunits — the S1 and S2 subunits. The S1 subunit is primarily in the head
region, consisting of the N-terminal domain (NTD) (green), receptor binding domain
(RBD) (pink), and the C-terminal of the S1 (CTS1) (purple). The S2 subunit (grey) makes
up the entirety of the stalk. The spike is processed by host proteases first at the S1/S2 site
to prime and then at the S2’ site, triggering and revealing the fusion peptide for membrane
fusion.
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Figure 1.2. Coronavirus entry mechanisms.

Coronaviruses enter cells through two mechanisms — the cell surface or endosomal route —
where the spike will be cleaved by different host proteases to initiate membrane fusion.
The spike is processed by serine proteases like TMPRSS2 in the cell surface route and
cathepsins in the endosomal route. The virus will then undergo fusion and release its
genetic material into the cytosol for replication and translation.
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Figure 1.3. Transmission versus pathogenesis.

An inverse relationship exists between transmission (incidence) and pathogenesis (case
fatality rate, CFR) as the more transmissible viruses are less pathogenic (e.g. hCoVs and
seasonal influenza) and vice versa (e.g. MERS and H5N1 influenza). SARS-CoV-2 has
established a balance displaying high transmissibility and moderate pathogenesis, similar
to the 1918 H1N1 influenza. The CFR of SARS-CoV-2 vary among individual countries
with the World Health Organization (WHO) representing the global values. The red cloud
represents an estimated range of the final SARS-CoV-2 incidence and CFR. e represents
ongoing or seasonal values; m represents historical values.

Reproduced from Vu and Menachery (2021) PLOS Pathogens with permission®®.
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Figure 1.4. Comparison of coronavirus tropism.

Less pathogenic human coronaviruses (hCoVs) replicate in the upper respiratory tract
while highly pathogenic SARS-CoV and MERS-CoV are found to replicate in the lower
respiratory tract. Viral replication is not typically observed in the mid airways for both
groups. Although concentrated in the upper and lower airways, viral replication of SARS-
CoV-2 has been detected throughout the respiratory tract. The ability of SARS-CoV-2 to
infect and replicate throughout the airways allows for greater range in transmissibility and
pathogenicity.

Reproduced from Vu and Menachery (2021) PLOS Pathogens with permission .
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Chapter 2: Beyond the Furin Cleavage Site

INTRODUCTION

SARS-CoV-2 emerged in late 2019 and has caused the largest pandemic since the
1918 influenza outbreak ®°. An unusual feature of SARS-CoV-2 is the presence of a furin
cleavage site in its spike protein . The CoV spike is a trimer of spike proteins composed
of the S1 and S2 subunits, responsible for receptor binding and membrane fusion,
respectively . After receptor binding, the spike protein is proteolytically cleaved at the
S1/S2 and S2’ sites to activate the fusion machinery. For SARS-CoV-2, the spike protein
contains a novel cleavage motif recognized by the host cell furin protease (PRRAR)
directly upstream of the S1/S2 cleavage site that facilitates cleavage prior to virion release
from the producer cell. This furin cleavage site (FCS), not found in other group 2B CoVs,
plays a key role in spike processing, infectivity, and pathogenesis as shown by our group
and others 3368,

Importantly, another novel amino acid motif, QTQTN, is found directly upstream
of the FCS. This QTQTN motif, also absent in other group 2B CoVs, is often deleted and
has been pervasive in cultured virus stocks of the alpha, beta, and delta variants *-72. In
addition, the QTQTN deletion has been observed in a small subset of patient samples as
well 7>7°, Because this deletion has been frequently identified, we set out to characterize it
and determine whether it has consequences for viral replication and virulence. Using our
infectious clone 7®’7, we demonstrated that the loss of this motif attenuates SARS-CoV-2
replication in respiratory cells in vitro and pathogenesis in hamsters. The QTQTN deletion

results in reduced spike cleavage and diminished capacity to use serine proteases on the

cell surface for entry. Possible structural elements that contribute to attenuation by
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AQTQTN include changes to loop length and glycosylation. Importantly, mutations of
glycosylation-enabling residues in the QTQTN motif results in similar replication
attenuation despite intact spike processing. Evaluations of loop length importance returned
to APRRA; a new infectious clone PQQA was generated to determine if shortening the
loop by deleting PRRA without FCS disruption resulted in the previously observed
attenuation. PQQA produced attenuated replication and decreased spike processing,
confirming integrity of the FCS is necessary for SARS-CoV-2. Together, our results
highlight elements in the SARS-CoV-2 spike in addition to the furin cleavage site that

contribute to increased replication and pathogenesis.

RESULTS
AQTQTN attenuates viral replication in vitro.

In addition to the furin cleavage site, comparison of group 2B coronavirus
sequences also revealed the presence of an upstream QTQTN motif directly in the SARS-
CoV-2 spike protein; this motif is absent in most other coronaviruses except for the closely
related RaTG13 bat coronavirus (Figure 2.1). Importantly, this QTQTN motif is often
deleted in SARS-CoV-2 strains propagated in Vero E6 cells ®72. To explore the role of the
QTQTN motif in SARS-CoV-2 infection and pathogenesis, we generated a mutant in the
WA-1 background (early U.S. case from 2020) by deleting QTQTN (AQTQTN) using our
reverse genetics system '®’’ (Figure 2.2). Examining the deletion on the SARS-CoV-2
spike structure, our modeling suggested that the AQTQTN mutant forms a stable a-helix
in the loop containing the S1/S2 cleavage site (Figure 2.3). While the mutant retains the
furin cleavage motif, its a-helix is predicted to make the loop less flexible and reduce access

to the proteolytic cleavage site.
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The deletion of QTQTN motif did not affect virus replication in Vero E6 cells
(African green monkey kidney cells) with the rescue stock titer comparable to wild-type
WA-1 (WT) in yield; yet, the AQTQTN mutant produced a large plaque morphology
(Figures 2.4A-B), as seen with a FCS knockout mutant (APRRA) 3. We then evaluated
replication kinetics of AQTQTN in Vero E6 cells and found no difference between WT
and AQTQTN (Figure 2.5A). However, following direct 1:1 competition infection, the
AQTQTN mutant had a significant advantage relative to WT SARS-CoV-2 in Vero E6
cells (Figure 2.6A). This fitness advantage for AQTQTN likely explains the accumulation
of this mutation in Vero E6-amplified virus stocks, as we also observed emergence of this
mutation in Vero E6 cells infected with WT alone (Figures 2.6B-C). Notably, in Calu-3
2B4 cells, a human respiratory cell line, we observed a ~2.5 log reduction in AQTQTN
replication at both 24 and 48 hours post infection (hpi) (Figure 2.5B). Together, the results
indicate that AQTQTN mutant is attenuated in respiratory cells and has a fitness advantage
in Vero E6 cells; these results are similar findings to those we reported for the SARS-CoV-

2 FCS knockout virus 3.

AQTQTN attenuates disease, but not replication in vivo.

We next evaluated the role of AQTQTN on virulence in an in vivo model. Three-
to-four-week-old male golden Syrian hamsters, which develop disease similar to that seen
in humans '8, were intranasally inoculated with 10° plaque-forming units (pfu) of WT
SARS-CoV-2 or AQTQTN mutant and monitored for 7 days post infection (dpi) (Figure
2.7A). Hamsters infected with WT steadily lost weight from 2 dpi with average peak
weight loss of ~10% before beginning to recover at 5 dpi and regaining their starting weight

by 7 dpi (Figure 2.7B). The disease score peaks corresponded with maximum weight loss,
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with hamsters exhibiting ruffled fur, hunched posture, and/or reduced activity requiring
additional welfare checks (Figure 2.7C). In contrast, hamsters infected with AQTQTN
experienced minimal weight loss, instead gaining weight over the course of the infection
(Figure 2.7B). Similarly, no obvious disease was observed in AQTQTN infected animals
(Figure 2.7C). Hamsters infected with AQTQTN developed pulmonary lesions that were
less extensive than those in hamsters infected with WT SARS CoV-2, involving smaller
portions of the infected lungs on both days 2 and 4 after intranasal inoculation (Figure
2.8). All of the lesions were similar, with interstitial pneumonia, peribronchitis,
peribronchiolitis, and vasculitis with predominantly subendothelial and perivascular
infiltration by lymphocytes, and perivascular edema. Characteristic cytopathologic effects
were observed in alveolar pneumocytes and bronchiolar epithelium, including cellular
enlargement, binucleation and multinucleation, and prominent nucleoli. Together, the
results demonstrate that the deletion of QTQTN motif attenuates SARS-CoV-2 disease in
vivo.

Despite clear attenuation in disease, AQTQTN viral replication in vivo was not
compromised compared to WT SARS-CoV-2. Indeed, AQTQTN viral titers were greater
than those of WT SARS-CoV-2 with a 10-fold increase in nasal wash titers at 1, 2, and 4
dpi (Figure 2.9A). Similar titer increases were observed in the trachea of infected hamsters
at 2 dpi with equivalent titers at 4 dpi (Figure 2.9B). Notably, viral titers were equivalent
in the lungs for both 2 and 4 dpi (Figure 2.9C). RNA expression data from hamster lung
samples revealed clustering of WT and AQTQTN at 2 and 4 dpi (Figure 2.10). Of note,
although more variability was present at 2 dpi, AQTQTN was slightly closer to mock

samples at both time points. However, upregulated genes were similar between WT and
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AQTQTN in comparison to mock at both time points (Figures 2.11A-B). Together, these
results indicate that attenuation of AQTQTN in vivo is not due to a change in replication
capacity. In addition, these data are consistent with in vivo results with the FCS knockout

virus 3.

AQTQTN reduces spike processing and entry.

To examine the role of the QTQTN motif in spike processing, Vero E6 and Calu3-
2B4 cells were infected with WT or AQTQTN and supernatants harvested at 24 hpi.
Virions were then purified through sucrose cushion ultracentrifugation. Western blotting
of the purified virions revealed reduced spike processing at the S1/S2 cleavage site for
AQTQTN compared to WT in Vero E6 cells (Figures 2.12A-B). Loss of the QTQTN motif
resulted in little S1/S2 cleavage product and a significant increase in full-length spike
compared to WT control. A similar reduction in spike processing was seen in Calu3-2B4
cells, although with more processing overall compared to in Vero E6 (Figures 2.12C-D).
Thus, deletion of the QTQTN motif impairs spike cleavage at the S1/S2 site, similar to
findings with the SARS-CoV-2 mutants lacking the FCS 338,

After receptor binding, the CoV spike protein is cleaved by a host protease as part
of the virus entry process. Different proteases can be utilized to activate the spike fusion
machinery: serine proteases like TMPRSS2 at the cell surface or cathepsins within
endosomes (Figure 2.13). Our prior work found that the absence of TMPRSS2 in Vero E6
cells plays a role in selection of SARS-CoV-2 strains with FCS deletions 3*. Calu-3 2B4
cells also express high levels of TMPRSS2. We therefore hypothesized that the absence of
TMPRSS?2 activity contributes to AQTQTN selection in Vero E6 and attenuation in Calu3

2B-4 cells. To test this hypothesis, Vero E6 cells expressing TMPRSS2 were pretreated
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with cathepsin inhibitor K11777 before infection with WT or AQTQTN, and viral titers
were measured at 24 hpi. With cathepsin inhibited and TMPRSS2 activity intact, a
significant, ~1.5 log reduction in viral titer was observed for AQTQTN compared to WT
over a dose range of K11777, mirroring the attenuation observed in the Calu-3 2B4 cells
(Figure 2.14A). Infection of untreated TMPRSS2-expressing Vero E6 revealed no
difference in replication between WT and AQTQTN (Figure 2.15). When Calu-3 2B4 cells
were pretreated with the serine protease inhibitor camostat mesylate, WT SARS-CoV-2
titers were reduced and equivalent to AQTQTN (Figure 2.14B). Together, these data
indicate that the loss of the QTQTN motif reduces the capacity of the virus to use

TMPRSS?2 for entry via the cell surface.

Glycosylation of the QTQTN motif contributes to spike processing.

As the absence of the QTQTN motif attenuates SARS-CoV-2, we set out to
determine if the QTQTN motif itself has a significant role during infection. Notably, the
second threonine, T678, of the motif has been previously shown to be O-linked
glycosylated **°, Structurally, the QTQTN site resides on an exterior loop of the spike and
is capable of accommodating large glycans, which may contribute to interactions with
proteases like TMPRSS2 (Figure 2.16). To determine the role of glycosylation in spike
processing, we generated mutants abolishing the glycosylated T678 (QTQVN) alone or
together with the first threonine T676 (QVQVN) to exclude possible compensatory
glycosylation (Figure 2.17). To confirm that the mutations disrupted glycosylation of the
QTQTN motif, virions from Vero E6-produced supernatant were purified through a
sucrose cushion and prepared for LC-MS/MS analysis. Peptide fragments were analyzed

for post translational modifications, including N-linked and O-linked glycosylation.

40



Similar to other studies, T678 of WT spike was detected to have 10% occupancy with O-
glycan HexNAc(1)Hex(1) (Figures 2.18 and 2.19A-B). In contrast, no O-linked
glycosylation or other modification was detected across the S1/S2 cleavage site on this
peptide of either the QTQVN or QVQVN mutants (Figures 2.18 and 2.19C-D). However,
further analysis of the data detected that an adjacent, overlapping peptide had an O-linked
glycosylation in the QTQVN mutant (Table 2.1); this modification is absent in both the
WT and QVQVN mutant, suggesting a potential compensatory glycosylation in QTQVN.

Similar to AQTQTN, the glycosylation mutations did not affect virus yield with
titers comparable to WT (Figure 2.20A). However, plaque morphologies of QTQVN and
QVQVN were more similar to WT than to the AQTQTN mutant (Figure 2.20B). Viral
replication in Vero E6 cells was not affected for QTQVN and QVQVN mutants; however,
both were attenuated at 24 hpi in Calu-3 2B4 cells, mirroring what was observed with the
AQTQTN mutant, before reaching an endpoint titer equivalent to WT by 48 hpi (Figures
2.21A-B). Together, these results indicate that the loss of glycosylation sites in the QTQTN
motif attenuates replication in Calu-3 2B4 cells.

We next examined if the glycosylation-defective mutants had altered spike
processing similar to AQTQTN. Western blotting of virions purified from Calu-3 2B4 cells
by sucrose cushion ultracentrifugation revealed intact spike processing at the S1/S2 site
with both glycosylation mutants (Figures 2.22A-B). Contrasting with AQTQTN, the
QTQVN and QVQVN mutants had significant S1/S2 spike cleavage with levels similar to
WT SARS-CoV-2. Likewise, spike processing of QTQVN and QVQVN in normal and

TMPRSS2-expressing Vero E6 cells was similar to that of WT (Figures 2.22C-F).
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Together, these results suggest that the loss of glycosylated residues does not impact spike
processing of SARS-CoV-2.

To further understand the role of glycosylation on the QTQTN motif, we next
examined if glycosylation is involved in protease interaction and usage. Using TMPRSS2-
expressing Vero E6, we pretreated cells with K11777 to disrupt cathepsin activity, infected
with WT, AQTQTN, QTQVN, or QVQVN, and examined viral titers at 24 hpi (Figure
2.23A). While the AQTQTN titer was reduced compared to WT as observed before, the
QTQVN titer was equivalent to WT (Figure 2.23A). In contrast, disruption of both
glycosylation residues with the QVQVN mutant resulted in attenuation equivalent to that
of AQTQTN, suggesting that abolishing both O-linked glycosylation sites disrupted
TMPRSS?2 utilization (Figure 2.23A). We subsequently pretreated Calu-3 2B4 cells with
camostat mesylate to disrupt serine protease activity and infected with the glycosylation
mutants (Figure 2.23B). Interestingly, while treatment with camostat in Calu-3 2B4 cells
reduced WT titer to equivalent levels as AQTQTN, viral titers of QTQVN and QVQVN
mutants were even lower. However, the overall differences in titer between WT and the
glycosylation mutants was reduced, suggesting that glycosylation is important for
TMPRSS2 utilization and entry (Figure 2.23B). Overall, these results argue that
glycosylation of the QTQTN motif is important to protease interactions with spike and

SARS-CoV-2 infection.

Integrity of the FCS sequence is required by SARS-CoV-2.
As shown by structural modeling, one of the possible attenuation mechanisms for
AQTQTN is a shortened loop at the site of the S1/S2 cleavage site due to the deletion.

Considering this, we questioned whether the phenotype observed previously by APRRA
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was due to shortening the loop instead of removing the furin recognition site itself. Using
our reverse genetics system, we generated an infectious clone in the WA 1 background that
substituted the arginines in the FCS with glutamines (PQQA), disrupting the FCS sequence
while maintaining similar loop length. Vero E6 and Calu-3 2B4 cells were infected with
WT or PQQA, and viral titer was monitored over 48 hpi (Figure 2.24). While PQQA
displayed comparable replication kinetics as WT in Vero E6 cells (Figure 2.24A), PQQA
was attenuated at all time points in Calu-3 2B4 (Figure 2.24B), similar to APRRA. This
suggests that the FCS sequence itself is the contributing factor leading to attenuated viral
replication, not the shortened loop caused by the deletion.

We next evaluated whether mutating the FCS but maintaining loop length alters
spike processing. Calu-3 2B4 cells were infected with WT or PQQA, and virions were
sucrose purified from 24 hpi supernatant. Western blotting of the spike protein revealed
that while ~80% of WT spike was processed into the S1/S2 cleavage product, only ~3% of
PQQA was processed (Figures 2.25A-B), similar to APRRA. From these results, an intact

FCS sequence is indeed required for efficient spike processing.

DiscussIiON

The presence of the FCS in SARS-CoV-2 plays a critical role in infection and
pathogenesis by facilitating an increase spike processing upon nascent virion release >.
This FCS, unusual to SARS-like coronaviruses, has been highlighted as a potential
“smoking gun” for an engineered virus ®!. Yet, the FCS alone is insufficient to drive
infection and pathogenesis. The upstream QTQTN motif adds two distinct elements that
contribute to this capacity and virulence. The loss of the QTQTN motif produces a shorter,

more rigid exterior loop in the spike, likely reducing access to the FCS. The result is a
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significant reduction in spike processing and attenuation of the AQTQTN mutant both in
vitro and in vivo. Additionally, while mutations of the glycosylation residues in the
QTQTN motif do not change overall spike processing, the modification of the motif
attenuates virus replication in a TMPRSS2-dependent manner. Similar TMPRSS2-
dependent attenuation has been observed in pseudoviruses displaying AQTQTN SARS-
CoV-2 spike protein *2. Further studies with PQQA will also assess protease interactions;
should PQQA have unaltered protease interaction, unlike the QTQTN glycosylation
mutants, it would demonstrate that efficient spike processing is not dependent on protease
interaction.

Concerning loop length, the distinct difference in spike processing between
AQTQTN and the glycosylation mutants suggests that the shortened loop affected spike
processing more so than the lack of glycosylation. However, reexamination of the FCS
with PQQA confirms that the FCS sequence is the primary driver for efficient SARS-CoV-
2 spike processing. That is not to say loop length is discounted in its contributions to
coronavirus pathogenesis. In a fatal case associated with hCoV-OC43, which typically
results in mild cold symptoms, the virus was found with an additional four amino acids
adjacent to the S1/S2 cleavage site, extending the loop *°. Altogether, alterations to the loop
length and thus access to the S1/S2 cleavage site should be considered an indicator of
coronavirus pathogenesis.

Overall, our results argue that the FCS, the length/composition of the exterior loop,
and glycosylation of the QTQTN motif are all needed for efficient infection and

pathogenesis (Figure 2.26). Disruption of any of these three elements attenuates SARS-
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CoV-2, highlighting the complexity of spike activation beyond the simple presence of a

furin cleavage site.

METHODS
Cell culture

Vero E6 cells were grown in DMEM (Gibco #11965-092) supplemented with 10%
fetal bovine serum (FBS) (HyClone #SH30071.03) and 1% antibiotic-antimycotic (Gibco
#5240062). Calu-3 2B4 cells were grown in DMEM supplemented with 10% defined FBS
(HyClone #SH30070.03), 1% antibiotic-antimycotic, and 1 mg/ml sodium pyruvate. Vero
E6 expressing TMPRSS2 cells were grown in DMEM (Gibco #11885-084) supplemented

with 10% FBS and 1 mg/ml geneticin (Gibco #10131035).

Viruses

The recombinant wild-type (WT) and mutant SARS-CoV-2 virus sequences are
based on the USA-WA1/2020 isolate sequence provided by the World Reference Center
for Emerging Viruses and Arboviruses (WRCEVA), which was originally obtained from
the USA Centers for Disease Control and Prevention (CDC) as previously described 34,
The mutant viruses (AQTQTN, QTQVN, and QVQVN) were generated using standard
cloning techniques and reverse genetics system as previously described >*76. Mutations
were verified through Sanger sequencing of cDNA produced from viral RNA extract.

Standard plaque assays were used for virus titer.

In vitro infection
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Viral infections in Vero E6, Calu-3 2B4 and TMRPSS2-expressing Vero E6 cells
were performed as previously described 77*°. Briefly, cells were washed with PBS and
infected with WT or mutant SARS-CoV-2 at an MOI of 0.01 for 45 min at 37°C. Following
absorption, cells were washed three times with PBS and fresh growth media was added.

Three or more biological replicates were collected at each time point.

Protease inhibitor treatment

TMPRSS2-expressing Vero E6 or Calu-3 2B4 cells were pretreated with 50-100
uM of K11777 (AdipoGen #AG-CR1-0158-M005) or 50-100 uM of camostat mesylate
(Sigma-Aldrich #SML0057-10MG), respectively, in 1 ml growth medium for 1 hr at 37°C.
Cells were subsequently washed with PBS and infected with WT or mutant SARS-CoV-2

at an MOI of 0.01 as described in ‘/n vitro infection’.

Competition assay and next generation sequencing analysis.

Ratios (1:0, 1:1, and 0:1 WT:AQTQTN) for the competition assays were
determined by pfu of virus stock. Vero E6 cells were infected with a total MOI of 0.01
(WT alone, 1:1 WT:AQTQTN, or AQTQTN alone) as described in ‘In vitro infection’.
RNA was collected from cell lysate with Trizol reagent (Invitrogen #15596018) and
extracted with Direct-zol RNA Miniprep Plus kit (Zymo #R2072). RNA libraries were

prepared by ClickSeq and sequenced as previously described 3%,

Virion purification and western blotting
Vero E6, Calu-3 2B4 and TMPRSS2-expressing Vero E6 cells were infected with
WT or mutant SARS-CoV-2 at an MOI of 0.01. Culture supernatant was harvested 24 hpi

and clarified by low-speed centrifugation. Virus particles were then pelleted by
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ultracentrifugation through a 20% sucrose cushion at 26,000 rpm for 3 hr using a Beckman
SW28 rotor. Pellets were resuspended in 2x Laemmli buffer to obtain protein lysates.
Relative viral protein levels were determined by SDS—-PAGE followed by western blot
analysis as previously described 7>*84%7_In brief, sucrose-purified WT and mutant SARS-
CoV-2 virions were inactivated by boiling in Laemmeli buffer. Samples were loaded in
equal volumes into 4-20% Mini-PROTEAN TGX Gels (Bio-Rad #4561093) and
electrophoresed by SDS—PAGE. Protein was transferred to polyvinylidene difluoride
(PVDF) membranes. Membranes were probed with SARS-CoV S-specific antibodies
(Novus Biologicals #NB100-56578) and followed with horseradish peroxidase (HRP)-
conjugated anti-rabbit antibody (Cell Signaling Technology #7074S). Membranes were
stripped and reprobed with SARS-CoV N-specific antibodies (provided by S. Makino) and
the HRP-conjugated anti-rabbit secondary IgG to measure loading. Signal was developed
using Clarity Western ECL substrate (Bio-Rad #1705060) or Clarity Max Western ECL
substrate (Bio-Rad #1705062) and imaging on a ChemiDoc MP System (Bio-Rad

#12003154). Densitometry was performed using ImageLab 6.0.1 (Bio-Rad #2012931).

Hamster infection studies

Male golden Syrian hamsters (3-4 weeks old) were purchased from Envigo. All
studies were conducted under a protocol approved by the UTMB Institutional Animal Care
and Use Committee and complied with USDA guidelines in a laboratory accredited by the
Association for Assessment and Accreditation of Laboratory Animal Care. Procedures
involving infectious SARS-CoV-2 were performed in the Galveston National Laboratory
ABSL3 facility. Animals were housed in groups of five and intranasally inoculated with

10° pfu of WT or AQTQTN SARS-CoV-2. Animals were monitored daily for weight loss
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and development of clinical disease through the course of the study. Hamsters were
anesthetized with isoflurane (Henry Schein Animal Health) for viral infection and nasal

washes.

Histology

Left lungs were harvested from hamsters and fixed in 10% buffered formalin
solution for at least 7 days. Fixed tissue was then embedded in paraffin, cut into 5 uM
sections, and stained with hematoxylin and eosin (H&E) on a SAKURA VIP6 processor

by the University of Texas Medical Branch Surgical Pathology Laboratory.

Structural modeling

Structural models were generated using SWISS-Model to generate homology
models for WT, AQTQTN, and glycosylated QTQTN SARS-CoV-2 spike protein on the
basis of the SARS-CoV-1 trimer structure (Protein Data Bank code 6ACD). Homology

models were visualized and manipulated in PyMOL (version 2.4).

Transcriptomics

Hamster lungs were homogenized in Trizol reagent (Thermo Fisher), and RNA was
extracted with Direct-zol RNA Miniprep Plus kit (Zymo #R2072). The short-read
sequencing libraries were generated from extracted RNA using Poly-A Click-Seq (PAC-
Seq) %39, Briefly, RNAs containing poly(A) tails were selectively reverse transcribed with
oligo(dT) primers and stochastically terminated with azido-NTPS. Libraries were then gel
purified (200-400 bp) and sequenced using Illumina platform (NextSeq550). Differential
Poly-A Cluster (DPAC) was used to identify changes in overall expression ¥%. An p-

adjusted value (p-adj) of <0.1 and an absolute value of log2 fold change (]log2FC|) greater
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than 0.58 (or minimum of 50% increase/decrease) was used to filter results. The command
ran for this data set was ~/DPAC -p PMCDB -t 4 -x [flattened annotations] -y
[reference names] -g [genome] -n 6 -v golden hamster,Mesaur [metadata file] [index]
[experiment name] [output directory], where -p indicates parameters used, in this case P
(perform data pre-processing), M (map data), C (force new PAS cluster generation), D
(perform differential APA analysis), and B (make individual bedgraphs), -t indicates how
many threads were to be used, and -n indicates number of replicates. Annotations, gene
names, index were used for Syrian golden hamster and mapped to the Syrian golden
hamster genome (Mesaur). Data quality was determined to be sufficient by generating and

loading bedgraph files into the UCSC Genome Browser *°.

Nanoflow-LC-MS/MS glycopeptide mapping

Sucrose cushion-purified SARS-CoV-2 virion samples were prepared for LC-
MS/MS analysis as previously described °!. Samples were analyzed by nanoLC-MS/MS
(nanoRSLC, ThermoFisher) using an Aurora series (Ion Opticks) reversed phase HPLC
column (25 cm length x 75 pum inner diameter) directly injected to an Orbitrap Eclipse
using a 120 min gradient (mobile phase A = 0.1% formic acid (Thermo Fisher), mobile
phase B = 99.9% acetonitrile with 0.1% formic acid (Thermo Fisher); hold 12% B for 5
min, 2-6% B in 0.1 min, 6-25% in 100 min, 25-50% in 15 min) at a flow rate of 350 nL/min.
Eluted peptide ions were analyzed using a data-dependent acquisition (DDA) method with
resolution settings of 120,000 and 15,000 (at m/z 200) for MS1 and MS2 scans,
respectively. DDA-selected peptides were fragmented using stepped high energy
collisional dissociation (27, 32, 37%). Tandem mass spectra were analyzed according to a

label-free proteomic strategy using Proteome Discoverer (version 2.5.0.400,
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ThermoFisher) with the Byonic (version 4.1.10, Protein Metrics) and Minora nodes using
specific single protein databases for each sample, respective to the individual Spike WT
and mutant amino acid sequences °>°*. Mass tolerances of 10 ppm and 20 ppm were used
for matching parent and fragment masses, respectively. Mass spectra were searched with a
fixed modification of carbamidomethyl (C), and up to 2 common variable modifications of
deamidation (N,Q), oxidation (M), phosphorylation (S, T, Y), and glycan modifications
using an N-glycan database of 182 human N-glycans, 1 maximum allowed; 70 human O-
glycans, 1 maximum allowed. Peptide spectral matches were filtered for quality: PEP2D <

0.01, Byonic score > 100 4,
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Figure 2.1. Coronavirus S1/S2 cleavage site.

Comparison of S1/S2 cleavage site across SARS-CoV, SARS-CoV-2 and related bat
CoVs.

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.2. SARS-CoV-2 AQTQTN cloning schematic.

Schematic of SARS-CoV-2 genome with deletion of QTQTN.
Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.3. Structural modeling of SARS-CoV-2 AQTQTN.

SARS-CoV-2 spike trimer (grey) with WT (upper) and AQTQTN (lower) overlaid. PRRA
(cyan) is exposed with QTQTN (red) extending the loop (upper). An a-helix is formed with
deletion of QTQTN (red) and PRRA (cyan) is exposed (lower).

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.4. Plaque morphology of AQTQTN SARS-CoV-2.

(A) Virus stock titer of WT and AQTQTN SARS-CoV-2 from Vero EB6.
(B) Plague morphology of WT and AQTQTN in Vero E6
Reproduced from Vu et al. (2022) PNAS with permission®®.

54



A Vero E6 B Calu-3 2B4
__! T- *kkk
6_
55
2
T 4
S 34
- WT §2-
-= AQTQTN 14
0 I I ) 1 0
0 12 24 36 48 T T T 1
0 12 24 36 48

Hours Post Infection

Figure 2.5. In vitro replication of AQTQTN.

Hours Post Infection

(A) Viral titer from Vero E6 infected with WT (black) or AQTQTN (red) SARS-CoV-2 at

an MOI of 0.01 (n=3).

(B) Viral titer from Calu-3 2B4 infected with WT or AQTQTN SARS-CoV-2 at an MOI

of 0.01 (n=3). Data are mean £ s.d.

Statistical analysis measured by two-tailed Student’s t-test. *, p<0.05; **, p<0.01; ***

p=0.001; ****, p<0.0001.
Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure. 2.6. Vero E6 competition assay WT:AQTQTN

Competition assay between WT and AQTQTN SARS-CoV-2 at a ratio of 1 WT:1
AQTQTN (A), 100:0 (B), and 0:100 (C) showing RNA percentage from next generation
sequencing.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.7. In vivo characterization of SARS-CoV-2 AQTQTN in golden Syrian
hamsters.

(A) Schematic of golden Syrian hamster infection with WT (black) or AQTQTN (red)
SARS-CoV-2.

(B-C) Three- to four-week-old male hamsters were infected with 105 pfu of WT or
AQTQTN SARS-CoV-2 and monitored weight loss (B) and disease score (C) for seven
days.

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.8. Histopathology of AQTQTN infected hamsters.

Histopathology of hamster lungs manifested more extensive lesions in animals infected
with WT SARS-CoV-2 on day 2 (i) (4X) than in animals infected with AQTQTN (ii) (4X).
Lesions increased in volume on day 4 with greater proportions of the lungs affected in
hamsters infected with WT (iii) (4X) than AQTQTN (iv) (4X) on day 4.

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.9. Viral replication of AQTQTN infected hamsters.

Viral titer was measured for nasal wash (A), trachea (B), and lung (C). Data are mean +
s.e.m. Statistical analysis measured by two-tailed Student’s t-test. *, p<0.05; **, p<0.01;
##% 5<(.001; **¥* p<0.0001.

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.10. Clustering analysis of AQTQTN SARS-CoV-2 infected hamster
transcriptomics.

Principal component analysis (PCA) plot of hamster lung samples.
Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.11. Comparison of gene regulation in AQTQTN SARS-CoV-2 infected
hamster transcriptomics.

(A) DESeq2 analysis of mapped genes between WT (purple) and AQTQTN (orange) at 2
dpi (left) with upregulated genes indicated in volcano plot (right).

(B) DESeq2 analysis of mapped genes between WT (purple) and AQTQTN (orange) at 4
dpi (left) with upregulated genes indicated in volcano plot (right).

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.12. Spike processing of AQTQTN.

Purified WT and AQTQTN SARS-CoV-2 virions from Vero E6 (A-B) and Calu-3 2B4 (C-
D) probed with anti-S or anti-N antibody. Full-length (FL), S1/S2 cleavage product, and
S2’ cleavage product are indicated. Quantification of densitometry of FL (black), S1/S2

(red), and S2’ (blue) normalized to N shown for Vero E6 (B) and Calu-3 2B4 (D). Results
are representative of two experiments.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.13. Inhibition of SARS-CoV-2 entry.

Schematic of SARS-CoV-2 entry and use of host proteases. Inhibitors for TMRPSS2
(camostat mesylate) and cathepsin (K11777) indicated.

Reproduced from Vu et al. (2022) PNAS with permission®.
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(A) Viral titer at 24 hpi from TMPRSS2-expressing Vero E6 pretreated with varying doses
of cathepsin inhibitor K11777 and infected with WT (black) or AQTQTN SARS-CoV-2

(red) at an MOI of 0.01 (n=3).

(B) Viral titer at 24hpi from Calu-3 2B4 pretreated with 100 uM of camostat mesylate and
infected with WT or AQTQTN SARS-CoV-2 at an MOI of 0.01 (n=3). Data are mean +
s.d. Statistical analysis measured by two-tailed Student’s t-test. *, p<0.05; **, p<0.01; ***,

p<0.001; **** p<0.0001.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.15. AQTQTN SARS-CoV-2 replication in TMPRSS2-expressing Vero E6.

Viral titer from TMPRSS2-expressing Vero E6 infected with WT or AQTQTN SARS-
CoV-2 at an MOI of 0.01 (n=3). Data are mean + s.d. Statistical analysis measured by two-
tailed Student’s t-test.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.16. O-linked glycosylation of SARS-CoV-2 loop

Structural modeling of O-linked glycosylation on threonine 678 (red) of QTQTN motif.
PRRA (cyan) remains exposed.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.17. Cloning schematic of QTQTN glycosylation mutants.

Schematic of SARS-CoV-2 genome with glycosylation mutations.
Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.18. Detection of glycosylation on QTQTN.

MS1 label-free abundance of WT (black), QTQVN (blue), and QVQVN (green) SARS-
CoV-2 spike chymotrypsin peptide Q675-Y975 from sucrose cushion-purified virions.

n.d., not detected.
Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.19. Nanoflow-LC-MS/MS analysis of QTQTN motif.

EThcD MS/MS fragmentation spectra of O-glycosylated WT spike chymotrypsin peptide
Q675-T678(HexHexNAC)-Y695 (A), aglycosylated WT spike chymotrypsin peptide
Q675-Y695 (B), aglycosylated QTQVN mutant spike chymotrypsin peptide Q675-Y695
(C), and aglycosylated QVQVN mutant spike chymotrypsin peptide Q675-Y695 (D).

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Virus
SARS-CoV-2 WT

Annotated Sequence

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQTNSPR.[R]

Coverage [%]
91

Modifications

Carbamidomethyl [C3; C16; C25]
Phospho [Y14]
HexNAc(2)Hex(4)Fuc(1) [N11]
Carbamidomethyl [C3; C16; C25]
Deamidated [N12]

Phospho [Y14]
HexNAc(2)Hex(5)Fuc(1) [N11]

# Peptides # Unique Peptides
250 56
Abundance
EThcD HCD
4.31E+05 1.76E+06

Not Detected

Below Quantitation

Virus
SARS-CoV-2 QTQVN

Annotated Sequence

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQTQVNSPR.[R]

Coverage [%]
93

Modifications

3xCarbamidomethyl [C3; C16; C25]
1xPhospho [Y14]
1xHexNAc(2)Hex(3)Fuc(1) [N11]
3xCarbamidomethyl [C3; C16; C25]
1xDeamidated [N12]

1xPhospho [Y14]
1xHexNAc(2)Hex(3)Fuc(1) [N11]
3xCarbamidomethyl [C3; C16; C25]
1xPhospho [Y14]
1xHexNAc(2)Hex(5)Fuc(1) [N11]
3xCarbamidomethyl [C3; C16; C25]
1xPhospho [Y14]
1xHexNAc(2)Hex(2)Fuc(1) [N11]
1xHexNAc(1)Hex(1)Fuc(1) [S13]
3xCarbamidomethyl [C3; C16; C25]
1xPhospho [Y]
1xHexNAc(2)Hex(1)Fuc(2) [S]
1xHexNAc(3)Hex(3) [S/T]
1xHexNAc(1)Hex(1)Fuc(1) [S13]
1xHexNAc(4)Hex(3)Fuc(1) [S27]
3xCarbamidomethyl [C3; C16; C25]
1xPhospho [S13]
1xHexNAc(4)Hex(3)Fuc(1) [N11]

Limit
# Peptides # Unique Peptides
284 92
Abundance

EThcD HCD
Not Detected 5.61E+05
Not Detected 5.61E+05
3.51E+06 6.46E+06

Not Detected

1.93E+06

Below Quantitation

Below Quantitation
Limit

1.24E+06

Not Detected

1xHexNAc(2)Hex(1)Fuc(1) [N11] Limit

1xHexNAc(2)Hex(1)Fuc(2) [S27]

1xHexNAc(4)Hex(3)Fuc(2) [S27]

Virus Coverage [%] # Peptides # Unique Peptides
SARS-CoV-2 QVQVN 93 272 78
Annotated Sequence Modifications pbincnc
EThcD HCD

3xCarbamidomethyl [C3; C16; C25]
[R].AGCLIGAEHVNNSYECDIPIGAGICASYQVQVNSPR.[R]  1xPhospho [Y14] 5.49E+05 7.28E+05

1xHexNAc(2)Hex(4)Fuc(1) [N11]

3xCarbamidomethyl [C3; C16; C25]
[R].AGCLIGAEHVNNSYECDIPIGAGICASYQVQVNSPR.[R] 1xDeamidated [N12] 1.21E+05 2.32E+05

1xHexNAc(3)Hex(5) [N11]

3xCarbamidomethyl [C3; C16; C25]
[R].AGCLIGAEHVNNSYECDIPIGAGICASYQVQVNSPR.[R] 1xPhospho [Y] 3.28E+05 1.59E+06

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQVQVNSPR.[R]

[R].AGCLIGAEHVNNSYECDIPIGAGICASYQVQVNSPR.[R]

1xHexNAc(2)Hex(5)Fuc(1) [N11]
3xCarbamidomethyl [C3; C16; C25]
1xDeamidated [N12]

1xPhospho [Y14]
1xHexNAc(2)Hex(5)Fuc(1) [N11]
3xCarbamidomethyl [C3; C16; C25]
1xHexNAc(4)Hex(7)NeuAc(1) [N11]

Not Detected

Not Detected

Below Quantitation
Limit

Below Quantitation
Limit

Table 2.1. Quantification of Nanoflow-LC-MS/MS analysis of QTQTN glycosylation
mutants.

Modifications and quantification of peptide spanning Spike 647-682 for WT (grey),
QTQVN (blue) and QVQVN (green).

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.20. Plague morphology of QTQTN glycosylation mutants.

(A) Virus stock titer of WT, QTQVN, and QVQVN SARS-CoV-2 in Vero E®6.
(B) Plaque morphology of QTQVN and QVQVN in Vero EB6.
Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.21. In vitro replication of QTQTN glycosylation mutants.

(A) Viral titer from Vero E6 infected with WT (black), AQTQTN (red), QTQVN (blue),
or QVQVN (green) SARS-CoV-2 at an MOl of 001 (n=3).
(B) Viral titer from Calu-3 2B4 infected with WT, AQTQTN, QTQVN, or QVQVN SARS-
CoV-2 at an MOI of 0.01 (n=6).

Reproduced from Vu et al. (2022) PNAS with permission®.
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Figure 2.22. Spike processing of QTQTN glycosylation mutants.

Purified WT (black), AQTQTN (red), QTQVN (blue), and QVQVN (green) SARS-CoV-
2 virions from Calu-3 2B4 (A-B), Vero E6 (C-D) and TMRPSS2-expressing Vero E6 (E-
F) probed with anti-S or anti-N antibody. Full-length (FL), S1/S2 cleavage product, and
S2’ cleavage product are indicated. Quantification of densitometry of FL, S1/S2, and S2’
normalized to N shown for Calu-3 2B4 (B), Vero E6 (D), and Vero E6 TMPRSS2 (F).
Results are representative of two experiments.

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Figure 2.23. Glycosylation of QTQTN motif influences protease usage.

(A) Viral titer at 24 hpi from TMPRSS2-expressing Vero E6 pretreated with 50 uM of
K11777 and infected with WT, AQTQTN, QTQVN, or QVQVN SARS-CoV-2 at an MOI
of 0.01 (n=6).

(B) Viral titer at 24hpi from Calu-3 2B4 pretreated with 50 uM of camostat mesylate and
infected with WT, AQTQTN, QTQVN, or QVQVN SARS-CoV-2 atan MOI of 0.01 (n=6).
Data are mean = s.d. Statistical analysis measured by two-tailed Student’s t-test. *, p<0.05;
*E p<0.01; *** p<0.001; **** p<0.0001.

Reproduced from Vu et al. (2022) PNAS with permission®.

74



A Vero E6 B Calu-3 2B4

89 6 e e

e e

Log Viral Titer
.
Log Viral Titer
w
1
a
HH

Hours Post Infection Hours Post Infection

Figure 2.24. In vitro replication of PQQA.
(A) Viral titer from Vero E6 infected with WT (black) or PQQA (orange) SARS-CoV-2 at
an MOl of 0.01 (n=3).

(B) Viral titer from Calu-3 2B4 infected with WT (black) or PQQA (orange) SARS-CoV-
2 at an MOI of 0.01 (n=3). Data are mean + s.d.

Statistical analysis measured by two-tailed Student’s t-test. *, p<0.05; **, p<0.01; ***
p<0.001; **** p<0.0001.
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Figure 2.25. Spike processing of PQQA.

Purified WT and PQQA SARS-CoV-2 virions from Calu-3 2B4 (A-B) probed with anti-S
or anti-N antibody. Full-length (FL), S1/S2 cleavage product, and S2’ cleavage product are
indicated. Quantification of densitometry of FL and S1/S2 cleavage product normalized to
N shown (B). Results are representative of two experiments.
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a. Furin Cleavage Site

SARS-CoV-2

AQTQTN
c. Glycosylation

Figure 2.26. Characteristics of SARS-CoV-2 S1/S2 cleavage site for efficient
infection.

The SARS-CoV-2 S1 cleavage site contains multiple components required for efficient
infection and virulence: the furin cleavage site (FCS), PRRA, is important for spike
processing (A); the loop length/composition manages FCS accessibility and protease
interaction (B); and glycosylation is involved in protease interaction (C). SARS-CoV-2
spike protein (Walls et al., 2020).

Reproduced from Vu et al. (2022) PNAS with permission®®.
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Chapter 3: Interplay between Omicron CTS1 mutations

The following manuscript is being prepared for submission.
INTRODUCTION

Since its introduction, SARS-CoV-2 has continuously evolved giving rise to
multiple Variants of Concerns (VOCs) with diverse mutations in the spike protein *°.
Presented as a trimer on virions, spike is comprised of the S1 and S2 subunits, responsible
for receptor binding and membrane fusion, respectively °. The S1 subunit contains the
N-terminal domain (NTD), receptor binding domain (RBD), and the C-terminal of the S1
subunit (CTS1) which harbors a furin cleavage site in SARS-CoV-2. Following receptor
binding, the spike is cleaved at the S1/S2 site by host proteases to expose the fusion
machinery for entry. With the diverse mutations in spike, most Omicron studies have
focused on the spike RBD and the impact on vaccine efficacy. However, mutations
surrounding the FCS and S1/S2 cleavage site have been demonstrated to drive SARS-CoV-

2 pathogenesis 53:68:70.95.97.98

and have been largely unstudied.

With this in mind, we set out to evaluate the role of Omicron CTS1 mutations on
infection and pathogenesis. Omicron maintains three mutations adjacent to the FCS and
S1/S2 cleavage site: H655Y, N679K, and P681H. Both H655Y and P681H have both
previously been observed individually in the Gamma and Alpha variants **!%; in contrast,
N679K is unique to and maintained by all Omicron subvariants '°!. To evaluate the role of
these mutations, we used reverse genetics to generate SARS-CoV-2 mutants with all three
CTS1 mutations (YKH) or N679K alone in the original WA 1 backbone. The YKH mutant

enhanced viral replication and spike processing, similar to prior reports with H655Y and

P681H individually **'%. In contrast, the N679K mutant attenuated SARS-CoV-2 in vitro
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and in vivo. Mechanistically, the N679K mutation decreased spike protein on virions, in
infected cells, and from exogenous expression. Collectively, our studies suggest that
N679K functions as a loss of function mutation through decreased spike protein resulting
in attenuated Omicron replication and pathogenesis. Given the importance of spike protein
for immunity, our finding may have major implications for vaccine efficacy and

breakthrough infections.

RESULTS
H655Y, N679K, and P681H together increase viral replication and spike processing.

While the majority of the 30+ spike mutations Omicron acquired are localized to
the RBD, three are harbored in the CTS1 adjacent to the furin cleavage site — H655Y,
N679K, and P681H (Figure 2.27). Both H655Y and P681H have individually been
observed in Gamma and Alpha variants and are associated with increased spike processing.
In contrast, N679K is a unique mutation to Omicron and is maintained in all subsequent
Omicron subvariants despite being a single nucleotide change (T/C to A/G) in the wobble
position ', Importantly, N679K is adjacent to an important O-linked glycosylation site at
T678 78; our group has previously shown this glycosylation is important for SARS-CoV-
2 infection and protease usage *°.

Several motifs within the CTS1 spike domain, including the furin cleavage site and
the upstream QTQTN motif, are key to spike cleavage and host protease interactions which
drive SARS-CoV-2 infection and pathogenesis. All three Omicron mutations in the CTS1,
H655Y, N679K, and P681H, are adjacent or within these motifs and may impact their
function (Figures 2.27 and 2.28). To evaluate this question, we generated a mutant SARS-

CoV-2 harboring H655Y, N679K, and P681H in the original WA1 backbone (YKH)
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(Figure 2.29) 77192 Plaques produced by the YKH mutant are smaller in size compared to
wild type WA1 (WT) (Figure 2.30A). However, the YKH mutant did not attenuate stock
titers nor replication kinetics in Vero E6 cells as compared to WT SARS-CoV-2 (Figures
2.30B and 2.31A). Notably, while replication was slightly reduced at 24 hpi, endpoint titers
for YKH were augmented at 48 hpi in Calu-3 2B4 cells compared to WT. The results
suggests that the combination of the three mutations alters infection dynamics which may
offer some advantages to the Omicron variant in human respiratory cells (Figure 2.31B).
As H655Y and P681H have individually been shown to increase spike processing, we next
evaluated spike processing on purified virions from YKH and WT infection. Similar to
Delta and Omicron, YKH spike was more processed than to WT (Figures 2.32A-B). At 24
hpi, the S1/S2 cleavage to full length spike ratio was ~2.4:1 for the YKH spike (55% S1/S2
product, 23% full-length); in contrast, WT had a roughly equivalent amounts of S1/S2
product and full length. Overall, the combination of H655Y, N679K, and P681H in the
YKH mutant resulted in increased viral endpoint yields in human respiratory cells and

contributes to Omicron’s enhanced spike processing.

N679K mutation attenuates SARS-CoV-2 infection.

The increase in spike processing found in the YKH mutant is consistent with prior
work examining H655Y and P681H mutations individually; however, the contribution of
N679K had yet to be evaluated. Based on its location adjacent to a key O-linked
glycosylation site, we expected N679K may impact SARS-CoV-2 infection (Figure 2.33).
To evaluate change, we generated a SARS-CoV-2 mutant in the original WA1 backbone
(N679K) (Figure 2.34). Our initial characterization found that the N679K plaque sizes

were distinctly at days 2 and 3 post infection (Figure 2.35A-B) and stock titers were
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slightly lower than WT (Figure 2.35C). These changes in plaque size and stock titers are
consistent with observation of most of the omicron strains '%1%. Notably, unlike the
minimal differences seen in YKH growth kinetics, the N679K human had attenuated
replication in both Vero E6 and Calu-3 2B4 at 24 hpi (Figures 2.36A-B). While recovering
at 48 hpi, the results suggest that N679K is a loss of function mutation in terms of
replication in both cell lines.

We next evaluated N679K in vivo infecting 3- to 4-week-old golden Syrian
hamsters and monitoring weight loss and disease over 7 days (Figure 2.37A). Hamsters
infected with N679K displayed significantly attenuated body weight loss compared to
those infected with WT (Figure 2.37B). Despite the stark attenuation seen in weight loss,
N679K viral titers were equivalent to WT at 2dpi and 4dpi in the lungs (Figure 2.37C).
Similarly, N679K viral titer was comparable to WT at 2dpi in nasal washes; however, the
mutant virus was attenuated in replication at 4dpi (Figure 2.37D). Taken together, N679K
has a distinct loss of function phenotype in vitro and in vivo; given this result, N679K may

also function to mitigate the impact H655Y and P681H mutations.

N679K mutation results in decreased spike protein expression.

We next set out to determine the mechanism driving the loss of function observed
with the N679K mutant. Given its location adjacent to the furin cleavage site, we first
evaluated N679K effects on spike processing. Virions were purified from WT, N679K or
the Omicron variant BA.1 (Omicron) and probed for spike processing. Nearly identical to
YKH, the N679K mutant had increased spike processing with a ~2.5:1 ratio of S1/S2
cleavage to full-length site compared to 1:1 for WT; at 24 hpi (Figures 2.38A-B).

However, we noted distinct differences in total spike protein with N679K and Omicron
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compared to WT despite similar levels of nucleocapsid protein. Densitometry analysis
revealed that the total spike to nucleocapsid (S/N) ratio incorporated in N679K and
Omicron virions was reduced 21% and 36%, respectively, as compared to WT (Figure
2.38C). Overall, our results indicate that the N679K mutant and Omicron variant
incorporate less spike protein onto their virions.

Next, we sought to determine if changes in the virion spike were due to changes to
total protein expression in the cell or incorporation into the particle. To examine spike
protein expression, we measured total spike relative to nucleocapsid in infected Vero E6
cell lysate 24 hpi (Figures 2.39A-B). N679K resulted in a total S/N ratio 66% less than
WT, displaying an even further decrease in spike protein compared to purified virions.
Additionally, a similar decreased S/N ratio was observed in Omicron, indicating that the
phenotype is maintained in the context of all Omicron mutations (Figures 2.39A-B).
Together, the results indicate that the N679K mutation reduces the Omicron spike protein
levels compared to WT.

Having established reduced spike protein in the context of N679K, we next set out
to determine if this reduction only occurs in the context of virus infection or is inherent to
the protein. Therefore, we introduced the mutation into the Spike HexaPro plasmid to
exogenously express spike and separate from other aspects of viral infection '%’. Vero E6
cells were transfected with the WT or N679K mutant spike HexaPro and harvested at 24
and 48 hours post transfection (hpt). Similar to what was observed in viral infection,
N679K spike was reduced 43% at 24 hpt and 46% at 48 hpt (Figures 2.40A-B). Overall,
the results suggest that the loss of Omicron spike is governed by N679K in a manner

independent of viral infection.
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DiscussIiON

Most Omicron studies have focused on determining the impact the RBD mutations
have on immune escape, largely overlooking mutations in other spike domains like the
CTS1. Harboring the FCS and S1/S2 cleavage site, the CTS1 has been demonstrated as a

53.6870.95.9798 Focusing on Omicron’s

hotspot for attenuating and augmenting mutations
three CTS1 mutations — H655Y, N679K, and P681H, we generated infectious clones with
all three (YKH) or N679K alone in the SARS-CoV-2 WA background. The combination
of YKH produced a modest increase in endpoint titer in human respiratory cells and
augmented spike processing, consistent with prior studies on H655Y and P681H
individually *>'%. However, the N679K mutant was attenuated viral replication in vitro
and disease in vivo. Mechanistic studies determined that both N679K and Omicron have
reduced spike incorporated into their virions, less spike in infected cell lysates, and inferior
production using exogenous expression systems compared to WT. Our results argue
reduced spike protein in the context the N679K mutation attenuates Omicron strains and
may have implication for SARS-CoV-2 immunity.

N679K is likely attenuated due its decrease in spike protein. Starting with ~30%
less spike in its virions, one possibility was a change in spike incorporation into the virions.
However, an even greater decrease (66%) in Vero infected cell lysates indicated that spike
protein levels were an issue. To confirm the reduction in spike was not a product of virus
infection or host interactions, we used exogenous expression to demonstrate that the spike
protein itself was less stable than control. N679K, a single nucleotide and amino acid
change, is unlikely to alter spike RNA expression. Instead, protein stability may have been

altered, although the S1/S2 loop is an ordered structure. One possible mechanism is the

83



asparagine to lysine change introduces a ubiquitination site that could lead to degradation.
Another possible mechanism leading to decreased spike protein is that the N679K mutation
may destabilize the protein. Similarly, N679K adds another basic amino acid to the stretch
including the FCS; the additional positively charged lysine extends the polybasic cleavage
motif and may facilitate activation by additional host proteases '°%. Overall, while the exact
mechanism is unclear, the N679K mutation results in less stable spike that impacts
infection and pathogenesis of SARS-CoV-2.

Surprisingly, N679K is uniformly maintained in 100% of the Omicron sequences
in GSAID, despite being a single nucleotide change in the wobble position °!. Though
attenuated in vitro, N679K does replicate to similar titers as WT in lungs and at day 2 in
nasal washes. These results suggest no deficits in transmission and may explain how
N679K is maintained despite clear attenuation of SARS-CoV-2 infection. Notably,
addition of H655Y and P681H in the YKH mutant rescues replication in Calu-3 cells and
suggest that other Omicron mutations may compensate for N679K. However, it is unclear
if reverting N679K in the Omicron strains would result in a gain-of-function in terms of in
vitro replication or in vivo pathogenesis. While N679K in SARS-CoV-2 WAT1 produces a
clear loss of function, the constellation of mutations and epistatic interactions may mitigate
the deficit in Omicron. Importantly, the complete conservation of N679K in Omicron also
implies some advantage is conferred; this may be in transmission, replication in certain
cells/tissues, or evasion of host immune responses %', While more studies are required
to decipher why it is maintained, N679K is clearly a mutation that impacts overall spike

protein expression.
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In addition to impacting primary infection, the reduction in spike protein may have
important implications for SARS-CoV-2 immunity. Compared to WT, the N679K
mutation produce less spike upon infection and can potentially skew the antibody ratio
targeting spike and nucleocapsid. Prior work with SARS-CoV had shown that an altered
spike/nucleocapsid antibody ratio contributed to vaccine failure in aged mice °. Therefore,
infection with Omicron could increase N targeting antibodies at the expense of spike
antibodies. The result would be less protective neutralizing antibody which may facilitate
more breakthrough infections. Furthermore, SARS-CoV-2 vaccines based on the Omicron
spike may produce less spike protein due to N679K mutation. In the context of the mRNA
bivalent vaccines, the 1:1 ratio of WT to Omicron spike may bias responses towards WT
spike instead of equally between both spikes. In addition, the total amount of spike
produced may be less than previous vaccines formulations, thus diminishing the antibody
response. These factors potentially contribute to the less than expected induced immunity
against Omicron despite the new vaccine formulations. Moving forward, reverting K679
back to N679 may improve spike protein yields and subsequently improve vaccine
response to the Omicron variants.

Together, the results demonstrate that Omicron N679K is a loss of function
mutation consistently maintained in subvariants. Mechanistically, the N679K mutation
attenuates the virus in vitro and in vivo by increasing spike degradation. While attenuating
in isolation, other Omicron mutations like H655Y and P681H may mitigate the N679K
loss of function by amplifying spike processing and infection. However, the decreased
spike expression by N679K may have implications on immunity induced by infection and

vaccines through skewing the antibody responses. Overall, the interplay between the
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Omicron CTS1 mutations has a significant impact on SARS-CoV-2 infection and

pathogenesis and require further study for clarification.

METHODS
Cell Culture

Vero E6 cells were grown in high glucose DMEM (Gibco #11965092) with 10%
fetal bovine serum and 1x antibiotic-antimycotic. TMPRSS2-expressing Vero E6 cells
were grown in low glucose DMEM (Gibco #11885084) with sodium pyruvate, 10% FBS,
and 1 mg/mL Geneticin™ (Invitrogen #10131027). Calu-3 2B4 cells were grown in high
glucose DMEM (Gibco #11965092) with 10% defined fetal bovine serum, 1 mM sodium

pyruvate, and 1x antibiotic-antimycotic.

Viruses

The SARS-CoV-2 infectious clones were based on the USA-WA1/2020 sequence
provided by the World Reference Center of Emerging Viruses and Arboviruses and the
USA Centers for Disease Control and Prevention 34, Mutant viruses (YKH and N679K)
were generated with restriction enzyme-based cloning using gBlocks encoding the
mutations (Integrated DNA Technologies) and our reverse genetics system as previously
described %", Virus stock was generated in TMPRSS2-exrpressing Vero E6 cells to
prevent mutations from occurring at the FCS. Viral RNA was extracted from virus stock
and cDNA was generated to verify mutations by Sanger sequencing.

Delta isolate (B.1.617.2) was obtained from the World Reference Center of
Emerging Viruses and Arboviruses. Infectious clone of Omicron (BA.1) was obtained from

Dr. Pei Yong Shi and Dr. Xuping Xie.
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In vitro Infection

Vira infections in Vero E6 and Calu-3 2B4 were carried out as previously described
% Briefly, growth media was removed, and cells were infected with WT or mutant SARS-
CoV-2 at an MOI of 0.01 for 45 min at 37°C with 5% CO,. After absorption, cells were
washed three times with PBS and fresh complete growth media was added. Three or more
biological replicates were collected at each time point and each experiment was performed

at least twice. Samples were titrated with plaque assay or focus forming assays.

Plaque Assay

Vero E6 cells were seeded in 6-well plates and grown to 80-100% confluency in
complete growth media. Ten-fold serial dilutions in PBS were performed on virus samples.
Growth media was removed from cells and 200 pl of inoculum was added to monolayers.
Cells were incubated for 45 min at 37°C with 5% COaz. After absorption, 0.8% agarose
overlay was added, and cells were incubated at 37°C with 5% CO- for 2 days. Plaques were

visualized with neutral red stain. Average plaque size was determined using Imagel.

Focus Forming Assay

Focus forming assays (FFAs) were performed as previously described with some
adaptations '°. Briefly, Vero E6 cells were seeded in 96-well plates to be 100% confluent.
Samples were 10-fold serially diluted in serum-free media and 20 pl was to infect cells.
Cells were incubated for 45 min at 37°C with 5% CO> before 100 pl of 0.85%
methylcellulose overlay was added. Cells were incubated for 24 h 45 min at 37°C with 5%
COz. After incubation, overlay was removed, and cells were washed three times with PBS

before fixed and virus inactivated by 10% formalin for 30 min at room temperature. Cells
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were then permeabilized and blocked with 0.1% saponin/0.1% BSA in PBS before
incubated with «a-SARS-CoV-2 Nucleocapsid primary antibody (Cell Signaling
Technology) at 1:1000 in permeabilization/blocking buffer overnight at 4°C. Cells are then
washed three times with PBS before incubated with Alexa Fluor™ 555-conjugated o-
mouse secondary antibody (Invitrogen #A28180) at 1:2000 in permeabilization/blocking
buffer for 1 h at room temperature. Cells were washed three times with PBS. Fluorescent
foci images were captured using a Cytation 7 cell imaging multi-mode reader (BioTek),

and foci were counted manually.

Hamster Infection

Three- to four-week-old male golden Syrian hamsters (HsdHan: AURA strain) were
purchased from Envigo. All studies were conducted under a protocol approved by the
UTMB Institutional Animal Care and Use Committee and complied with USDA guidelines
in a laboratory accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care. Procedures involving infectious SARS-CoV-2 were performed
in the Galveston National Laboratory ABSL3 facility. Hamsters were intranasally infected
with 10° pfu of WT or N679K SARS-CoV-2 in 100 pl. Infected hamsters were weighed
and monitored for illness over 7 days. Hamsters were anesthetized with isoflurane and
nasal washes were collected with 400 pl of PBS on endpoint days (2, 4, and 7 dpi).
Hamsters were euthanized by CO; for organ collection. Nasal wash and lung were collected

to measure viral titer and RNA. Left lungs were collected for histopathology.

Virion Purification

Vero E6 cells were grown in T175 flasks to be 100% confluent at time of infection.
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Cells were infected with 50 pl of virus stock in PBS for 45 min at 37°C with 5% CO2, and
growth media with 5% FBS was added after absorption. Supernatant was harvested at 24
hpi and clarified by low-speed centrifugation. Virions were purified from supernatant by
ultracentrifugation through a 20% sucrose cushion at 26,000 rpm for 3 hrs using a Beckman
SW28 rotor. Pellets were resuspended with 2x Laemmli buffer to obtain protein samples

for Western blot.

Western Blot

Protein levels were determined by SDS-PAGE followed by western blot analysis
as previously described °. In brief, sucrose-purified SARS-CoV-2 virions were inactivated
by resuspending in 2x Laemmli buffer and boiling. SDS-PAGE gels were run with equal
volumes of samples on Mini-PROTEAN TGX gels (Bio-Rad #4561094) followed by
transfer onto PVDF membrane. Membranes were incubated with a-SARS-CoV S primary
antibody (Novus Biologicals #NB100-56578) at 1:1000 dilution in 5% BSA in TBST to
measure spike protein processing and expression. For loading control, a-SARS
Nucleocapsid primary antibody (Novus Biologicals #NB100-56576) at 1:1000 in 5% BSA
in TBST was used for viral loading control and a-GAPDH primary antibody (Invitrogen
#AM4300) at 1:1000 in 5% BSA in TBST for cellular loading control. Primary antibody
incubation was followed by HRP-conjugated a-rabbit secondary antibody (Cell Signaling
Technology #7074) or HRP-conjugated a-mouse secondary antibody (Cell Signaling
Technology #7076) at 1:3000 in 5% milk in TBST. Chemiluminescence signal was
developed using Clarity Western ECL substrate (Bio-Rad #1705060) or Clarity Max
Western ECL substrate (Bio-Rad #1705062) and imaged with a ChemiDoc MP System

(Bio-Rad). Densitometry analysis was performed using ImageLab 6.0.1 (Bio-Rad).
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Spike HexaPro Cloning and Transfection

SARS-CoV-2 S HexaPro was a gift from Jason McLellan (Addgene plasmid
#154754) 17, The N679K mutation was cloned into spike HexaPro using a gBlock
encoding the mutation (Integrated DNA Technologies) and restriction enzyme-based
cloning. Sequences were verified by Sanger sequencing.

Vero E6 cells were grown in 24-well plates to be 100% confluent at time of
transfection. Cells were transfected with spike HexaPro WT or N679K plasmid and
Lipofectamine 2000 following manufacturer’s instructions (Invitrogen). Briefly, 100 ng of
spike HexaPro plasmid and 1.5 pl of Lipofectamine 2000 were separately diluted in 50 pl
Opti-MEM (Gibco #31985070) before mixing together. After 20 min of room temperature
incubation, 100 pl of the transfection mixture was added to cells, and cells were incubated
at 37°C with 5% COs. Cell lysate was harvested with 2x Laemmli buffer at 24 and 48 hours

post transfection to be analyzed by Western blot.

Structural Modeling

Structural models previously generated were used as a base to visualize residues
mutated in Omicron *°. Briefly, structural models were generated using SWISS-Model to
generate homology models for WT and glycosylated SARS-CoV-2 spike protein on the
basis of the SARS-CoV-1 trimer structure (Protein Data Bank code 6ACD). Homology
models were visualized and manipulated in PyMOL (version 2.5.4) to visualize Omicron

mutations.
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Figure 2.27. Comparison of CTS1 across SARS-CoV-2 variants.
Comparison of CTSL1 region near the S1/S2 cleavage site between SARS-CoV-2 variants.
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Figure 2.28. Structural modeling of spike CTS1 residues mutated in Omicron.

Structure of loop containing the S1/S2 cleavage site on SARS-CoV-2 spike protein. The
residues that are mutated in Omicron are shown — H655 (magenta), N679 (green), and P681
(blue). The furin cleavage site RRAR (cyan) and QTQT motif (red) are also shown.
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Figure 2.29. Cloning schematic of SARS-CoV-2 YKH.

Schematic of WT and YKH SARS-CoV-2 mutant genomes.

93



A B Stock Titer
WT YKH

Log Viral Titer
- N W s, OO N
1 1 1 1 1 1 || ]

o
|

WT  YKH

Figure 2.30. Plague morphology of YKH.

(A) WT and YKH SARS-CoV-2 plaques on Vero E6 cells at 2 dpi.

(B) Viral titer from WT and YKH virus stock with the highest yield generated from
TMPRSS2-expressing Vero E6 cells.
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Figure 2.31. In vitro replication of YKH.

Growth kinetics of WT and YKH in Vero E6 (A) and Calu-3 2B4 (B) cells. Cells were
infected at an MOI of 0.01 (n=3). Data are mean * s.d. Statistical analysis measured by

two-tailed Student’s t-test.
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Figure 2.32. Spike processing of YKH purified virions.

(A) Purified WT, YKH, Delta isolate (B.1.617.2), and Omicron (BA.1) virions from Vero
E6 supernatant were probed with a-Spike and a-Nucleocapsid (N) antibodies in Western
blots. Full-length spike (FL), S1/S2 cleavage product, and S2’ cleavage product are
indicated.

(B) Densitometry of FL and S1/S2 cleavage product was performed, and quantification of
FL and S1/S2 cleavage product percentage of total spike is shown. Quantification was
normalized to N for viral protein loading control. WT (black), YKH (blue), Delta isolate
(purple), Omicron (orange). Results are representative of two experiments.
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N679

O-glycosylation

Figure 2.33. Structural modeling of spike CTS1 residues mutated in Omicron
adjacent to O-linked glycosylation.

Structural modeling of O-linked glycosylation of threonine 678 (yellow) of QTQTN motif
(red) and the residues mutated in Omicron — H655 (magenta), N679 (green), and P681
(blue) — with N679 adjacent to the glycosylation. The furin cleavage site RRAR is also
shown (cyan).
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Figure 2.34. Cloning schematic of SARS-CoV-2 N679K.
Schematic of WT and N679K SARS-CoV-2 mutant genomes.
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Figure. 2.35. Plaque morphology of N679K.

(A-B) WT and N679K SARS-CoV-2 plaques on Vero E6 cells at 2 dpi (A) and 3 dpi (B).
Average plaque size noted below.

(C) Viral titer from WT and N679K virus stock with the highest yield generated form
TMPRSS2-expressing Vero E6 cells.
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Figure 2.36. In vitro replication of N679K.

Growth kinetics of WT and N679K in Vero E6 (A) and Calu-3 2B4 (B) cells. Cells were
infected at an MOI of 0.01 (n=3). Data are mean * s.d. Statistical analysis measured by
two-tailed Student’s t-test.
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Figure 2.37. In vivo characterization of SARS-CoV-2 N679K in golden Syrian
hamsters.

(A) Schematic of experiment design for golden Syrian hamster infection with WT (black)
or N679K (green) SARS-CoV-2. Three- to four-week-old make hamsters were infected
with 105 pfu and monitored for weight loss over 7 days. At 2, 4, and 7 dpi, nasal wash and
lung was collected for viral titer, and lung was collected for histopathology.

(B) Weight loss of hamsters infected with WT (black) or N679K (green) SARS-CoV-2
over 7 days. Data are mean £ s.e.m. Statistical analysis measured by two-tailed Student’s
t-test.

(C-D) Viral titer of lung (C) and nasal wash (D) collected at 2 and 4 dpi from hamsters
infected with WT (black) or N679K (green) SARS-CoV-2. Data are mean * s.d. Statistical
analysis measured by two-tailed Student’s t-test.
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Figure 2.38. Spike processing and expression in N679K purified virions.

(A) Purified WT, N679K, and Omicron (BA.1) virions from Vero E6 supernatant were
probed with a-Spike and a-Nucleocapsid (N) antibodies in Western blots. Full-length spike
(FL), S1/S2 cleavage product, and S2’ cleavage product are indicated.

(B) Densitometry of spike processing from purified virion Western blot in (A) was
performed, and quantification of FL and S1/S2 cleavage product percentage of total spike
is shown. Quantification was normalized to N as viral protein loading control. WT (black),
N679K (green), Omicron (orange). Results are representative of two experiments.

(C) Densitometry of spike expression from purified virion Western blot in (A) was
performed, and quantification of total spike protein to nucleocapsid ratio is shown. Spike/N
ratio is relative to WT. WT (black), N679K (green), Omicron (orange). Results are
representative of two experiments.
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Figure 2.39. Intracellular spike expression of N679K.
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(A) Vero E6 cells were infected with WT, N679K, or Omicron at an MOI of 0.01. Cell
lysate was collected at 24 hpi and probed with a-Spike and a-Nucleocapsid (N) antibodies
in Western blots. Full-length spike (FL), S1/S2 cleavage product, and S2’ cleavage product

are indicated.

(B) Densitometry of spike expression from infected cell lysate Western blot in (A) was
performed, and quantification of total spike protein to nucleocapsid ratio is shown. Spike/N
ratio is relative to WT. WT (black), N679K (green), Omicron (orange). Results are
representative of three biological replicates.
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Figure 2.40. Expression of exogenous N679K Spike HexaPro.

(A) Vero EG6 cells were transfected with WT and N679K Spike HexaPro and cell lysate
was collected at 8, 24, and 48 hpt. Lysates were probed with a-Spike and a-GAPDH
antibodies in Western blots.

(B) Densitometry of spike expression from transfected cell lysate Western blot in (B) was
performed, and quantification of relative total spike protein is shown. Spike protein levels
were normalized to GAPDH and are relative to WT. WT (black), N679K (green). Results
are representative of three biological replicates.
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Chapter 4: Discussion and Future Directions

IMPACT OF THE CTS1

While incompatibilities between the spike RBD and host receptor have been
considered the primary barrier to zoonotic emergence, the RBD alone does not accurately
predict epidemic strains *?. Spike chimera with SARS-CoV and bat SHC014-CoV revealed
that the CTS1 was the driver behind SARS-CoV pathogenesis (data not shown). Although
highly conserved in comparison to the NTD and RBD, the differences in the CTS1 can
impact its functions in spike processing and host protease usage. CoVs have displayed
variability in these processes with different spike cleavage efficiency and requiring
different host proteases. Additionally, the barrier to spike cleavage is thought to be higher
for bat CoVs due to the protease-rich environment in the gut where bat CoVs are thought
to reside. Yet, mutations that enhance spike processing in the less protease-rich respiratory
tract are selected for in CoVs that have emerged in the human host. Therefore, the CTS1
contains elements not yet determined that contributes to pathogenesis. Throughout this
dissertation, we have demonstrated that the CTS1 contains multiple attributes that alter
spike processing, protease usage, and spike stability, highlighting complexities to a domain

previously underappreciated.

SPIKE CLEAVAGE EFFICIENCY

The emergence and increased spike cleavability of SARS-CoV-2 compared to
previous zoonotic CoVs was credited to the presence of a furin cleavage site, an unusual
feature for sarbecoviruses %37 The FCS allowed the use of furin to cleave the spike

intracellularly prior to virion release. The sequence of the FCS is vital for SARS-CoV-2

105



pathogenesis as observed when the sequence was mutated in PQQA disrupting the
polybasic sequence. In addition, this stretch of charged amino acids has been further
extended with mutations like P681R in Delta, P681H in Alpha and Omicron, and N679K
in Omicron. This introduces the question of if there is an optimal length or sequence to the
polybasic sequence that would efficiently promote spike cleavage and not be unstable.
Nevertheless, the FCS/polybasic sequence and its iterations remain an integral part to
SARS-CoV2 virulence.

We show that another motif QTQTN, also unusual in sarbecoviruses, plays a role
in spike processing by introducing additional elements that impact spike cleavage
efficiency. Structural modeling predicted that deletion of the QTQTN motif produces a
shorter and more rigid loop that the S1/S2 cleavage site is present on. This shortening of
the loop may hinder protease interaction as the cleavage site would be closer to the spike
core and more inaccessible. The flexibility offered with a longer loop may also allow
interaction with an increased range of host proteases that were previously unable to bind at
the cleft. A longer loop may be a clear indicator of increased virulence as a strain of hCoV-
OC43 with a 4 amino acid insertion adjacent to its S1/S2 cleavage site resulted in a fatal
case ¥, Placement of the insertion to extend the loop may not be particularly important as
while QTQTN is upstream of the S1/S2 cleavage site, the OC43 insertion is downstream.
Similar to the optimal extension of the FCS, it would be interesting to assess if there is an
optimal length to the loop before potentially disrupting the more ordered surrounding
structure. Also, the addition of two more basic amino acids (N679K and P681H) further
extends the FCS/polybasic cleavage sequence. It would be curious to examine if the

mutations alter any electrostatic interactions with the surrounding spike, influencing the
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position and extension of the loop from the spike body and subsequent interaction with
host proteins. Overall, increasing the loop length allows the cleavage site to be more
accessible to host proteases and surveillance of such would help in predicting the next

epidemic CoV strain.

PROTEASE USAGE

Spike processing and protease usage are typically thought to be intrinsically linked
as two concurrent processes. However, our studies have demonstrated the opposite to be
true; spike processing and protease usage are not dependent. Mutating the glycosylation
sites on the QTQTN motif did not affect spike processing but did alter protease usage. The
glycosylation mutants were more affected by the lack of TMPRSS2 compared to
AQTQTN, demonstrating overall inefficient protease usage. It is worth to note that
inefficient protease usage does not equate to the inability to use proteases for spike
cleavage as the spike is eventually processed. The reduced interaction with one protease
may allow for the spike to be processed by a different protease, shifting the entry route
used by the virus and infection dynamics. With inefficient TMPRSS2 usage as an example,
the viral entry may be delayed and more virus would enter through endosomes, potentially
delaying the infection course. Additionally, the mechanism of spread may also be altered,
causing the virus to switch between virion release into the supernatant and cell-to-cell
spread. Altogether, we have shown that protease usage is distinct and independent of spike
processing, subverting what is traditionally thought to occur.

Both AQTQTN and the glycosylation mutants exhibited differential protease usage
with TMPRSS2 usage impacted more so than cathepsin. However, protease interaction

measured indirectly by inhibiting either protease using compounds. A biochemical binding
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assay such as surface plasmon resonance can more directly assess the effects of loop length
and glycosylation on protease interaction. While it seems the inefficient TMPRSS2 usage
was due to the lack of glycosylation, it would not be improbable for a shortened loop to
alter protease interaction as it could physically shorten the connection to the protease.

In addition to evaluating the effects spike mutations have on protease interaction,
it would be interesting to determine whether SARS-CoV-2 preferentially utilizes
TMPRSS?2 rather than cathepsin due to differences in spike-protease interaction. To that
end, Omicron has been observed to prefer the endosomal route and cathepsin instead of the
cell surface route and TMPRSS2, representing an additional shift from previous variants
103104 "1t would be interesting to assess whether the Omicron spike has differential
interactions to both proteases or if the YKH/N679K mutations are enough to alter protease
usage. The ubiquitination on K679 may affect the glycosylation on the adjacent T678,
possibly preventing it to become glycosylated and subsequently affecting spike-protease
interaction. However, the QTQVN glycosylation mutant demonstrated that a compensatory
glycosylation could occur upstream of the motif. The possibility of multiple post
translational modifications existing on and surrounding the loop brings forth more
complexity to the CTS1 with balancing their interactions.

To be involved in protease interaction, the glycosylation on the QTQTN motif must
be interacting with another carbohydrate on the protease. TMPRSS2 contains two
glycosylation sites — N213 in the scavenger receptor cysteine-rich (SRCR) domain and
N249 in between the SRCR domain and activation domain ''®. It would be interesting if
the same inefficient spike-protease interaction as observed with the QTQTN glycosylation

mutants is recapitulated in the converse experiment of disrupting the TMPRSS2
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glycosylation sites. Follow-up experiments would include infection with WT, AQTQTN
and the QTQTN glycosylation mutants in WT and mutant TMPRSS2-expressing Vero cell
line as well as measuring binding affinity between the different spikes and TMPRSS2.
Further analysis of possible glycosylation sites on cathepsin would also be interesting if it

contributes to protease preference.

SPIKE STABILITY

While we demonstrated that N679K resulted in decreased spike protein expression,
the exact mechanism has yet to be determined. With the substitution to a lysine, the most
probable mechanism is the introduction of a new ubiquitination site that allows for an
increased degradation of the spike protein. Ubiquitination of K679 can be confirmed
through mass spectrometry as well as any effect on glycosylation of the motif. Although it
may seem unlikely for a single ubiquitination site to have such a profound effect on spike
stability, N679K is situated on an exterior loop readily accessible to host proteins. To
examine whether N679K indeed promotes spike degradation, a pulse-chase assay
comparing WT and N679K Spike HexaPro would be able to measure the rate of
degradation for the small amount of labelled spike protein. Albeit unlikely, the decreased
spike protein may be a result of decreased spike RNA expression; therefore, comparing the
subgenomic RNA levels between WT and N679K is necessary to exclude the possibility.

The implications of reduced spike protein due to an Omicron mutation raise
concerns for vaccine efficacy. As Omicron emerged with 30+ spike mutations, it is
understandable for all Omicron mutations to be incorporated in the new vaccine design.
Most of the Omicron vaccines are mRNA vaccines whose spike protein production elicits

immune response. N679K may result in less spike protein to be produced, thus eliciting a
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weaker immune response than intended. Furthermore, host ubiquitination-proteasome
system (UPS) differs in across cell types, resulting in different spike protein degradation.
Additionally, as N679K in the context of all Omicron displayed a similar reduction in spike
protein, it would be interesting to generate an Omicron spike with the K679N mutation and
assess if spike protein levels would increase, taking care to work in an exogenous

expression system to avoid gain-of-function issues.

TRANSMISSION

It is interesting to note that although both AQTQTN and N679K were attenuated in
vitro and in vivo, their viral replication in the upper airways were altered compared to WT.
Whereas AQTQTN replication in nasal washes was increased at 1, 2 and 4 dpi, N679K was
comparable to WT at 2 dpi before dropping off at 4 dpi. As we did not measure viral titers
in nasal washes at 1 dpi for N679K, it is possible that we may have missed the window for
peak titer and should address this in follow-up experiments. Additionally, with the
alterations to upper airway replication, it would of interest to evaluate if transmission
dynamics change in terms of virions per droplet or establishing infection in the recipient.
For AQTQTN, transmission may possibly increase as AQTQTN displayed increased
replication. For N679K, despite being a loss of function mutation, transmission may not be
greatly attenuated as N679K replicated similarly to WT at 2 dpi within the window for
transmission. However, if transmission is lower, the other Omicron mutations may make
up the deficit caused by N679K. While it would be interesting to examine the effects on
transmission and in vivo aspects of other Omicron CTS1 mutation combinations,
considerations on possible combinations must take into account gain-of-function

potentials.
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When examining the relationship between transmissibility and pathogenicity in
coronaviruses, a virus typically skews to be more transmissible than pathogenic, like the
common cold CoVs, or more pathogenic than transmissible, like SARS-CoV and MERS-
CoV. Unlike the previous epidemic SARS-CoV and MERS-CoV, SARS-CoV-2 seems to
have established a balance between being capable of spreading and infecting more people
without being overly pathogenic. It could be argued that with this balance, SARS-CoV-2
is a more fit virus when compared to SARS-CoV and MERS-CoV in terms of allowing the
virus to continue spreading. Through our various studies, we have demonstrated that
mutations in the CTS1 can alter the balance between the two, being beneficial in one aspect
while disadvantageous in the other We have shown that deleting the QTQTN motif
decreases the pathogenicity of the virus. However, AQTQTN viral titer was increased in
the upper airways, which potentially can increase the transmissibility of the virus.
Additionally, subsequent SARS-CoV-2 variants seem to have fine-tuned this balance even
more with Omicron shifting its ratio. While Omicron contains mutations that increase spike
processing and could therefore increase pathogenicity, the presence of N679K mitigates
the virulent effects. The decreased spike protein expression due to N679K aids in
tempering the pathogenicity. The reduction could also contribute to immune evasion by
having less spike protein be available for immune stimulation and antibody production.
The result would therefore allow the virus to better infect and reinfect a host. Overall, the
CTSI can give indications to the transmissibility and pathogenicity of the virus with

mutations in the CTS1 potentially skewing the balance.

CTS1 IN EMERGING ZOONOTIC CORONAVIRUSES

The surveillance of emergent zoonotic coronaviruses has been focused primarily
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on receptor compatibility. However, predictions of receptor compatibility may not always
be sufficient to predict epidemic strains 9,23. Successful coronavirus infection requires
both receptor binding (ruled by the RBD) and spike processing, where the CTSI is
critically involved. The efficiency of spike cleavage at the CTS1 has been previously
thought to only be driven by for different proteases. This has led to proposed surveillance
focusing on defining new or additional cleavage sites as a metric for emergence. The work
done in this dissertation expands upon the complexity of the CTS1and the aspects that
contribute to spike processing and protease usage. The AQTQTN studies introduced both
loop length and glycosylation near the cleavage site as new factors that can alter spike
processing and protease interaction. These aspects can serve as additional factors to survey
for to more accurately predict epidemic strains. Additionally, the AQTQTN studies
distinguished spike processing and protease usage as independent mechanisms that each
have their own role in infection. The Omicron studies reinforce the significance of post
translational modifications in the CTSI region and demonstrate that consequential
outcomes can result from a single nucleotide and amino acid change that greatly alter
infection dynamics. The Omicron studies also demonstrate the importance of studying
mutation constellation. Interplay between the mutations may be functionally distinct
compared to when mutations are studied individually. In conclusion, the CTSI of
coronaviruses has been an underappreciated region of the spike protein in terms of its
importance to coronavirus emergence and pathogenesis. This body of work introduced
new complexities to the CTS1 that may allow for the better surveillance and preparation

for the next epidemic CoV strain.
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