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VI. Abstract

An Investigation into the Role of Protein-Based Viral Structural Features in Mediating the
Infectivity of SARS-CoV-2

Arjan Singh Bains
Doctor of Philosophy
University of California, Merced
2023

Supervisor: Professor Patricia J. Liwang

The global pandemic caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) has underscored the urgent need for effective therapeutic
strategies to inhibit viral replication and transmission. Although the severity of
Coronavirus disease 2019 (Covid-19) has diminished, the SARS-CoV-2 virus is still
circulating and evolving, meaning that there is still a distinct risk that a potent Variant of
Concern (VOC) could arise at any time. This thesis summarizes our efforts in
investigating the efficacy of several prophylactic treatments that were being investigated
by the scientific community, and subsequently describes our efforts in probing the
molecular mechanisms governing SARS-CoV-2 infection to identify novel vulnerabilities
to exploit against the virus.

The first portion of this dissertation orients the reader in understanding the origins
and features of SARS-CoV-2 and coronaviruses in general. We then move into briefly
presenting key structural features of the SARS-CoV-2 virion before introducing the Spike
protein and its role in facilitating infection. We cover these topics with a focus on the
structural aspects of the Spike protein, including its glycosylation pattern as well as its
conformational changes as it engages the human Angiotensin Converting Enzyme 2
(hACE2) receptor. We finish by describing how SARS-CoV-2 virus can interact with
proteins on the surface of cells to modulate its ability to infect different kinds of cells,
both in vivo and in vitro.

The second phase of the thesis focuses on summarizing our work in searching
for overlooked epitopes for the development of antiviral prophylactics. Specifically, we
describe our work in assessing the role of SARS-CoV-2 Spike S1 domain N-linked
glycans in retaining viral infectivity and mediating viral entry into susceptible cells. In
addition, we assess whether certain glycans are important in mediating viral capture and
presentation by the C-type lectin receptor DC-SIGN. To quantify DC-SIGN capture, we
developed a cell novel cell assay whereby DC-SIGN would deliver virions to susceptible
cells, thereby facilitating infection-in-trans (referred to as Trans-infection in this
document). Overall, our studies indicated that the glycans at N17 and N122 were
important in retaining SARS-CoV-2 pseudotyped viral infectivity. On the other hand,
removal of the glycan at N234 appeared to enhance viral infectivity. Drawing from
insights gained in performing these assays, we then identified and tested clusters of
glycans to ascertain if they were able to act as viable “cold spots” for the design and
development of viral entry inhibitors. We conclude by assessing whether SARS-CoV-2

XiX



Spike protein from different strains altered the ability of Spike pseudotyped virions in
infecting cells and in being captured by DC-SIGN.

We then move into assessing the efficacy of the broadly-antiviral lectin Griffithsin
against SARS-CoV-2 Spike pseudotyped viruses. We tested the importance of several
variables that were relevant in the context of Covid-19, including the role of the
additional SARS-CoV-2 structural proteins in mediating DC-SIGN recognition, the
efficacy of Griffithsin against pseudoviral strains that expressed additional structural
proteins, and the differences in inhibitory capability of several Griffithsin variants.

We finish by describing several additional attempted assays that made use of our
newfound expertise in SARS-CoV-2 pseudoviral production. This included several
collaborations, ranging from assessing the extent to which gaseous ozone could sterilize
SARS-CoV-2 pseudovirus-contaminated fomites, to troubleshooting the parameters to
attempt to detect pseoudotyped lentiviral binding to functionalized Biolayer
Interferometry (BLI) probes.

Ultimately, this thesis contributes to the growing body of knowledge surrounding
SARS-CoV-2 inhibition and prophylactic treatment by elucidating vulnerabilities in critical
viral infection processes. These findings serve as the first steps to possibly develop
novel prophylactic inhibitors that mitigate Covid-19 disease progression.
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Chapter 1

Introduction

1.1 Introducing Coronaviruses
1.1.1 A Note on the Context of Coronavirus History

Before embarking on the structural and functional features of SARS-CoV-2, the
writer of this dissertation felt it prudent to add a note regarding the rationale of why he
has felt it necessary to begin by examining the phylogeny and history of the virus.

Lest we forget, prior to the Covid-19 pandemic, the term “coronavirus” was
effectively absent from the lexicon of most people in the modern English-speaking world
(Figure 1). Anecdotally, the author encountered numerous instances where colleagues
or media misunderstood aspects of coronaviruses and Covid-19. Even in the academic
literature, this phenomenon still occurred to some extent. For example, an oft-cited
figure for the number of Spike proteins on the surface of the SARS-CoV-2 virion was
found to be incorrect in late 2020, but some papers still cited the older number [39, 41].
We do acknowledge that this is understandable, as at the start of the pandemic, we did
not know much about the SARS-CoV-2 virus, and one of the core tenets of science is to
update and improve our understanding of phenomena. Because coronaviruses are so
new to most of us, the writer believes that a brief glimpse into the start of the coronavirus
field may help to orient the rest of the dissertation.

Interest over time @ & O

Figure 1.1: Google Analytics trend for the terms “coronavirus” (blue), “SARS” (red), “MERS” (yellow)
and “zoonotic” (green, buried under the yellow line) between the years of 2004 to present.

1.1.2 The Phylogeny of Coronaviruses

Within the order of enveloped, positive-stranded RNA viruses known as
Nidovirales are eight suborders of viruses: Abnidovirineae, Arnidovirineae,
Cornidovirineae, Mesnidovirineae, Monidovirineae, Nanidovirinae, Ronidovirineae, and
Tornidovirineae [1]. Among these eight suborders, Abnidovirineae and Monidovirineae
only contain one virus species within them [1]. Furthermore, Abnidovirineae,
Mesnidovirineae, Monidovirineae, Nanoviridae, and Ronidovirineae do not infect
mammals [2, 3, 4, 5, 6]. Between the remaining suborders, Tornidovirineae viruses tend
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to cause gastric distress in vertebrates and are primarily transmitted through the fecal-
oral route [7]. This leaves Cornidovirineae and Arnidovirineae as the two virus
suborders that have members that can broadly infect mammals without relying solely on
fecal-oral transmission routes [8, 9, 10].

Cornidovirineae suborder viruses, also colloquially referred to as Coronaviruses,
attract particular interest because they are the largest known RNA viruses, with
genomes as large as 25-32 kbp [12, 13]. The suborder only includes one family - called
Coronaviridae - but the Coronaviridae family encompasses three subfamilies
(Orthocoronavirinae, Letovirinae, and Pitovirinae) and numerous unclassified viral
species [11]. Amongst the three subfamilies, Letovirinae and Pitovirinae viruses
exclusively infect fish. On the other hand, Orthocoronavirinae infect a wide variety of
vertebrates, including dogs, cats, pigs, birds, and humans [11]. While
Orthocoronavirinae typically cause mild enteric or respiratory sickness, the human
coronaviruses that cause Severe Acute Respiratory Syndrome (SARS) and the Middle
East Respiratory Syndrome (MERS) are outliers because they cause severe respiratory
disease [12]. The novel SARS-CoV-2 virus is the newest member of this cadre of
Orthocoronavirinae outliers, as it too causes severe respiratory disease called Covid-19.

Family Coronaviridae
]
| | |
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Orthocoronavirinae Letovirinae Pitovirinae ¢

.
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Genus I I I I

a-coronavirus B-coronavirus y-coronavirus 5-coronavirus Alphaletovirus Alphapironavirus
15 subgenera: 5 subgenera: 3 subgenera: » 3 subgenera: . 1 subgenus: 1 subgenus:
Amalacovirus (1 species) Embecovirus (5 species, including  Brangacovirus (1 species)  Andecoviius (1 species) Milecovirus (1 Samovirus (1
Colacovirus (1 species) HCoV-HKU1 and HCoV-OC43) Cegacovirus (1 species) Buldecovirus (5 species) species, species,
Sub- Decacovirus (2 species) Hibecovirus (1 species) Igacovirus (3 species) Herdecovirus (1 species) Microhyla letovirus 1) Alphapironavirus
genus Duvinacovirus (1 species, HCoV- Merbecovirus (4 species, including bona)
and 220E) MERS-CoV)
species Lgchacuyirus @ spepies) Nobecovi_rus 3 species) ) )
Minacovirus (1 species) Sarbecovirus (2 species, including
Minunacovirus (2 species) SARS-CoV and SARS-CoV-2)
Myotacovirus (1 species)

Nyctacovirus (2 species)
Pedacovirus (2 species)
Rhinacovirus (1 species)
Setracovirus (2 species, including
HCoV-NL63)

Soracovirus (1 species)
Sunacovirus (1 species)
Teaacovirus (1 snecies)

Figure 1.2 Classification of Coronaviridae family viruses: Out of the Orthocoronavirinae
subfamily viruses, Alphacoronaviruses and Betacoronaviruses exclusively infect mammals, while
Gammacoronaviruses, and Deltacoronaviruses primarily infect birds [13]. Indeed, it is no surprise
that the three human outbreak coronaviruses (e.g. SARS-CoV-1, MERS-CoV, and SARS-CoV-2)
are all closely related (in the Betacoronaviruses genus) [14]. The number of different species of
virus under each subheading is derived from a search of the viral genera and subfamilies as
decided by the International Committee on Taxonomy of Viruses (ICTV) [1]. These numbers are
lower than what is displayed on the NCBI taxonomy browser, because the NCBI taxonomy browser
includes organisms and viruses that have one or more protein or nucleotide sequences deposited
on genetic databases (i.e. a full genome is not required for each species) [11]. In the future, we
expect that some of the incomplete genomes listed on the NCBI taxonomy browser will be
recognized as separate species. Likewise, some viruses with multiple strains will likely have some
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strains eventually reclassified as separate species or genera. Also note that at the time of writing,
ICTV classifies MERS-CoV as a member of the Merbecovirus genus. This is subject to change, as
contemporary literature sometimes includes MERS-CoV as a member of the Sarbecovirus genus
[14].

1.1.3 The Origin of SARS-CoV-2

Up until relatively recently, the consensus in scientific literature had assumed that
Coronaviridae family viruses had only arisen approximately 10,100 years ago [13].
Given the fact that birds and bats appear to be the original hosts of coronaviruses, this
dates the genesis of Coronaviridae viruses at an extremely young age compared to their
putative hosts: both modern birds and bats are estimated to have evolved and started to
diversify at least 65 million years ago [15, 16]. This is unexpected for any viral pathogen
and its host species [13]. To illustrate this point, we call upon our understanding of
herpes simplex virus: all primates are considered the natural hosts for their respective
herpes simplex viruses (family Herpesviridae, subfamily Alphaherpesvirinae, genus
Simplexvirus): Homo sapiens are infected with the Herpes Simplex Viruses (HSV-1 and
HSV-2) and chimpanzees are infected by ChVP, for example [17]. The prevalence of
these very similar herpesvirus across these two primate species implies that the
common ancestor for ChVP and the human Herpes Simplex Viruses arose at the same
time both primates had a common ancestor, about 6 to 8 million years ago [19, 42].
When performing a comparison of the genomes and rate of mutation from ChVP to HSV-
1 and ChVP to HSV-2, it was found that the chimpanzee and human viruses were
estimated to have shared a common ancestor about 2.5 million years ago (ChVP to
HSV-1) to 10 million years ago (ChVP to HSV-2) [19]. This falls into the same
approximate timeline for when the two host species shared a common ancestor. Ergo, it
is no surprise that the timeframe of Coronaviridae family viruses arising ~10,000 years
ago was amended when researchers found that the RNA replicase from coronaviruses,
nonstructural protein 14 (NSP14), contains a unique proofreading mechanism. This
grants coronaviruses a mutation rate on par with DNA viruses (1 x 10°to 1 x 1078
mutations per site per replication) as opposed to the 1 x 103 to 1 x 107> mutations per
site per replication that is typical for RNA viruses [13, 43, 44]. Based off of this, it is now
generally accepted that Coronaviridae family viruses arose 190 to 489 million years ago,
which is concordant with the idea that birds and bats are the original hosts of
coronaviruses [13]. Furthermore, there is evidence to suggest that zoonotic transfer of
coronaviruses to human populations has happened with regularity in the past. An
analysis of human genes found that the ancestors of East Asian humans likely faced
strong selective pressure for the enrichment of specific mutations in 42 genes that are
relevant in the context of coronavirus infection [47]. All of this serves to say that
although coronaviruses as a human pathogen have gained more attention recently, the
clade itself has been present and infecting humans for thousands of years.

We now go through the history of coronaviruses and SARS-CoV-2 in the context
of academia. While the evolution of coronaviruses is estimated to date as far back as
the Jurassic era, modern humanity only has been able to observe and analyze viruses
meaningfully for just over a century [13, 45, 46]. The term “coronavirus” was first coined
in the 1960s, but, coronaviruses themselves were first characterized as far back as the
1930s [20, 22, 23, 21, 24]. After formally defining the clade in the 1960s, the research
groups that worked on Coronaviruses tended to be an intimate circle of people; prior to



the turn of the 21 century and the outbreak of SARS-CoV-1, much of the groundwork
on human coronaviruses was laid by a moderately-sized grouping of labs and
researchers [20, 21, 25-31]. The first coronavirus capable of infecting humans (hCoV-
B814) was discovered in 1965 by two members included in the aforementioned grouping
(Dr. D.J. Tyrrell and Dr. M.L. Bynoe), demonstrating the impact of this cluster of
researchers on what would become a large and burgeoning field of research.

Interest in human coronaviruses and our capabilities to study them greatly rose
during the first SARS outbreak in 2003; several scientists who would go on to become
prominent Covid-19 researchers had their career start with studying SARS-CoV-1, and
the and the foundations of the BSL-4 lab at the Wuhan Institute of Virology were laid
during and soon after the SARS outbreak, in 2003-2005 [32, 33, 34, 35, 36]. However,
in the ten years following the initial SARS, interest and research funding waned [37].
While the MERS outbreak in the mid-2010s revived some interest in human
coronaviruses, the outbreak of SARS-CoV-2 7 years later would coronaviruses to the
forefront of conversation [38].

1.1.4 The Recent History of the Covid-19 Pandemic

In December of 2019, a string of pneumonia cases with an unknown cause was
reported in Wuhan, the capital of the Hubei Province in the People’s Republic of China
[48, 49]. These cases did not raise any particular concern until Dr. Zhang Jixian, the
Director of the Department of Respiratory and Critical Care Medicine at the Hubei
Provincial Hospital of Integrated Traditional and Western Medicine, noticed the sudden
influx of patients exhibiting pneumonia symptoms, and warned authorities at the hospital
on December 27, 2019 [51, 52]. An underappreciated aspect of this story is at the time
that Dr. Jixian reported the pneumonia cases to hospital authorities, she had seen only 7
patients exhibiting symptoms [52]. Wuhan City is one of the most populous cities in the
world, with a modern and urbanized populace and infrastructure, meaning it could have
been easy to dismiss such a low number of cases in a city with about 11 million
inhabitants [50]. But Dr. Jixian may have been particularly suited to notice the
implications of the sudden influx of patients exhibiting respiratory symptoms- Dr. Jixian
was not only the head of respiratory care at the hospital, but also she had been a mid-
career doctor who was entrusted with monitoring several hospitals in Wuhan during the
SARS outbreak in the early 2000s [52].

The pneumonia cases spread rapidly: by New Year’s Day, the isolation beds at
the Hubei Provincial Hospital of Integrated Traditional and Western Medicine were fully
occupied and the daily number of outpatients in the Respiratory Department was double
what they typically had [52]. By January 1, 2021, city officials in Wuhan closed down a
seafood market that several of the initial patients had ties to [53]. Less than a week
later, a paper was submitted for publication where a sample of bronchoalveolar lavage
fluid from a patient who was admitted to the Central Hospital of Wuhan on December 27,
2020 revealed that a new coronaviral agent was responsible for the rapidly-spreading
pneumonia cases [54]. Less than a month later, the novel coronavirus had already been
detected outside of China, as a tourist in Thailand was found to be infected on January
13, 2020 [58]. On February 11, 2020, a preprint from the ICTV named the novel
coronavirus SARS-CoV-2 [55, 56]. By March, a publication in the New England Journal
of Medicine reported that the novel SARS coronavirus had been detected in the United
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States of America as far back as on January 20, 2020, indicating the remarkable
pathogenicity and contagiousness of SARS-CoV-2 [57]. It further provided strong
evidence that the SARS-CoV-2 virion may be far more widespread than what in-person
testing and monitoring symptomatic individuals would suggest. Perhaps due to the
release of the New England Journal of Medicine manuscript, the World Health
Organization (WHO) released a statement on March 11, 2020 formally declaring Covid-
19 was a pandemic [59, 60]. At this point in time- a mere 3 months after Covid-19 had
first been detected- it had already spread to 114 countries, with at least 118,000 cases
and 4291 deaths formally attributed to the disease [59, 60]. In reality, these values
probably underestimate the true number of deaths caused by Covid-19 [61].
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Figure 1.3 Depiction of cumulative Covid-19 cases per country over 2020: Each step in the
color gradation scale indicates an order of magnitude more cases. This figure is adapted from
interactive data available on the Johns Hopkins University of Medicine Coronavirus Research
Center [62].

1.1.5 Lockdowns and Unexpected Coronavirus Mutations

Soon after the doctors in Wuhan realized the agent responsible for the
pneumonia-like symptoms in patients was a novel SARS-like coronavirus, they
implemented preventative measures that were initially implemented during the SARS-
CoV-1 outbreak. The city of Wuhan was placed under strict lockdown on January 23,
2020, less than 2 weeks after the gene sequence of SARS-CoV-2 was reported [54, 59,
60, 63]. The rest of the world soon followed suit, with a global lockdown largely in place
in March of 2020, after the WHO declared that Covid-19 was officially a pandemic [63].



However, lockdown protocols varied from country to country. For example, while the
Scandinavian countries Norway, Denmark and Sweden share many similarities in their
healthcare systems and general approach to social policy, only Norway and Denmark
implemented strong social distancing rules, while Sweden implemented comparatively
few if any restrictions on its populace [64, 65].

By mid-March of 2020, scientists and health professionals in Europe, Oceana,
and the East Coast of the USA started to report that SARS-CoV-2 sequences in Covid-
19 patients had started to display a higher and higher incidence of a D614G mutation in
the gene of a SARS-CoV-2 protein (called the Spike protein) [66]. While this was
somewhat surprising given the low mutation rate of the coronaviral RNA replicase,
health professionals quickly rationalized that the high contagiousness and sheer number
of people infected with SARS-CoV-2 provided the virus ample opportunity to acquire
mutations with fithess advantages [66, 67]. This moment was pivotal in the timeline of
the Covid-19 pandemic in that it fomented the idea that SARS-CoV-2 mutant strains
would become a major aspect of combating Covid-19 [66, 67].

Now, several years into the pandemic, many people are inured to the news that
the SARS-CoV-2 virus can mutate. To date, there are over 15 million sequences on the
GISAID Covid-19 database, each representing a unigue SARS-CoV-2 sample from an
infected human [68-70]. Although many of these sequences did not gain enough fithess
from said mutations to become classified as new SARS-CoV-2 strain, there are still
nonetheless over 934 recognized SARS-CoV-2 strains as of Summer 2023 [71, 72]. As
the Covid-19 pandemic progressed, various vaccines were created, and humanity
gained herd immunity to certain strains of SARS-CoV-2; the virus itself mutated and
different variants gained prominence. A brief representation of this process is depicted
below (Figure 1.4).



Figure 1.4 Depiction of SARS-CoV-2 incidence by variant from sequences from patients in
select countries: Data were available starting from March 2021 to July 2023. Time points were
selected based on relatively large changes in SARS-CoV-2 variants’ incidence. These time lapse
images show the rise and fall of several SARS-CoV-2 strains, including Alpha being supplanted by
Gamma, before both were rapidly outcompeted by Delta, which was then outcompeted by Omicron.
Since mid-2022, several Omicron lineages have been competing for dominance. Please note that
although the number of infection is quite low at the moment (1,977 data points on the graph for the
United States on July 17, 2023), it only takes the development of a novel infectious strain to lead to
a surge in infections (see how the United States went from 19,311 data points on June 21, 2021 to
over 100,000 on November 8, 2021 when the Delta strain arose).



1.2 Section 2: Features of SARS-CoV-2 Viral Infection
1.2.1 SARS-CoV-2 Viral Infection

The SARS-CoV-2 virus, like other members of the family
Orthocoronaviridae, is a membrane-encapsulated positive-strand RNA virus
about 100-160 nm in diameter (although evidence shows SARS-CoV-2 tends to
stay on the smaller side of that distribution, staying close to 80-100 nm in
diameter) [41, 74, 76]. As mentioned previously, the RNA genome of the viruses
in this family are among the largest known, with the SARS-CoV-2 genome
measuring 29800 to 29900 base pairs [75].

The genome of SARS-CoV-2 encodes for several different proteins,
including 4 structural proteins (called N, M, E, and S), 16 non-structural proteins
that are involved in genome transcription and replication (NSP1 to NSP16,
expressed as two large polyproteins called ORFla and ORF1b from the genes
ORF1la and ORFlab, respectively; the polyproteins are cleaved to release the
NSP proteins), and 9 accessory proteins (ORF3a, ORF3d, ORF6, ORF7a,
ORF7b, ORF8, ORF9b, ORF14, and ORF10) [76, 77]. In general,
Orthocoronaviridae viruses encode for these same proteins in their genomes,
although there is extremely high variability in the number of accessory proteins
retained in other coronaviruses: some viruses in this family dispense of all but 2
of the accessory proteins [75]. In the case of SARS-CoV-2, accessory proteins
ORF3b, ORF9b, and ORF10 are not highly expressed. From what we can tell,
none of the individual accessory protein genes is conserved across all members
of the Orthocoronaviridae family, calling into question their necessity in ensuring
productive SARS-CoV-2 infection [75].

Out of all of these proteins, only the structural proteins are incorporated
into the mature SARS-CoV-2 virion [41, 78, 79]. Thus, these four proteins are
the ones that have the greatest effect on the physical characteristics of SARS-
CoV-2, such as its cold resistance [76, 79, 80]. Among the structural proteins,
arguably the most important factor in determining SARS-CoV-2 tropism is the S
protein, also called the Spike protein [76]. The Spike protein is responsible for
binding to the SARS-CoV-2 entry receptor, the human Angiotensin Converting
Enzyme 2 (hACE2). hACE2 serves as the entry receptor for the SARS-CoV-1
virion, but the Spike protein from the SARS-CoV-2 virion appears to show 10-20
times greater affinity to the receptor than the SARS-CoV-1 virus, possibly
providing one explanation for why SARS-CoV-2 is more pathogenic than SARS-
CoV-1 [76]. We will go into more detail regarding the Spike protein, but a
simplified diagram showing the importance of the Spike protein in dictating virus
entry is below (Figure 1.5).
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Figure 1.5 Depiction of SARS-CoV-2 infection: To orient the reader, this is a simplified depiction
of how the SARS-CoV-2 Spike protein mediates infection and viral entry. The SARS-CoV-2 virion
requires one of its spike trimer to bind to the hACE?2 receptor in order to facilitate viral entry and
infection.

1.3 The Role of the SARS-CoV-2 Spike Protein Dynamics in Viral Infection and
Entry

The SARS-CoV-2 Spike protein is a 1273 amino acid (approximately 141
kDa) homotrimeric membrane-embedded glycoprotein [75]. The Spike protein
encompasses three different domains: the Signal Sequence at the N-terminus
which is usually cleaved off of the spike in reported PDB structures (residues 1-
13), the S1 domain (residues 14-685), and the C-terminal S2 domain (residues
686-1273) [81]. Within the S1 domain, it is further subdivided into the N-terminal
Domain (NTD, residues 14-305) and the Receptor-Binding Domain (RBD,
residues 319-541) [81]. The remaining C-terminal portions of the S1 domain are
subdivided into two C-Terminal Domains: C-Terminal Domain 1 (CTD1, residues
527 to 591) and C-Terminal Domain 2 (CTD2, residues 591 to 685). Similarly,
the S2 domain is further subdivided into the fusion peptide domain (FP, residues
788-806), the heptapeptide repeat sequence 1 (HR1, residues 912-984),
heptapeptide repeat sequence 2 (HR2, residues 1163-1213), the
transmembrane domain (TM, residues 1213-1237), and the cytoplasm domain
(residues 1237-1273) [81].

The SARS-CoV-2 Spike protein has been shown to adopt two
conformations: the down/closed conformation-whereby the RBD lies against the
surface of the Spike trimer- and the open/up conformation (Figure 1.8) [83]. In
order to bind to the hACE2 receptor and propagate efficient infection, the Spike
protein must be in the up/open conformation, as the surface that interacts with
the hACE2 receptor (called the Receptor Binding Motif, RBM, residues 424-494)
is buried and inaccessible when the Spike is in the down/closed conformation
(Figure 1.9) [74, 83, 84].

A unique feature of the SARS-CoV-2 Spike protein when compared to the
Spike protein of other closely related coronaviruses is the existence of a four-
residue R-R-A-R furin cleavage site at the residues 682 to 685 between the S1
and S2 domains [81, 82]. Cleavage at this S1/S2 junction allows the Spike
protein to gain the ability to open/flip “up” the RBD with a hinge-like movement,
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thereby revealing the buried residues of the Receptor Binding Motif, along with
allowing N501 to for a favorable stabilizing hydrogen bond with the backbone of
another loop of the Spike S1 domain [83, 85, 86]. These RBM residues are
responsible for binding to hACE2, which is the first step in mediating viral entry
and infection [86].

In order for the SARS-CoV-2 virus to fuse with the host membrane, it
must further undergo cleavage at the S2’ cut site, located between R815 and
S816 in the S2 domain [81, 87, 88]. Cleavage at the S2’ site is typically
performed by Transmembrane protease, serine 2 (TMPRSS2) proteases on the
surface of target hACE2-expressing cells, although it is also possible for
Cathepsin L proteases to cut the S2’ site if the virion is endocytosed by the target
cell [87].

After the S2’ undergoes cleavage, the SARS-CoV-2 Spike S1 domain is
thought to dissociate from the spike protein (Figure 1.10) [89]. The remaining
details of the membrane fusion process is thought to mimic the process of
membrane fusion characterized for class | fusion proteins [89]. In the case of
SARS-CoV-2, the S2 domain elongates and inserts its FP into the host
membrane. The HR2 domain is assumed to fold back onto the HR1 domain to
form a 6-helix bundle which pulls the viral membrane and host cell membrane
close to each other, thereby allowing for the formation of a fusion pore and the
release of the viral genome into the cytosol [89].

v
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Figure 1.6 Depiction of SARS-CoV-2 Spike protein: On the left, we have added more detail to
our representation of the SARS-CoV-2 Spike Virion. The trimeric Spike protein (teal blue),
Membrane protein (sky blue), Envelope protein (mint green), and Nucleocapsid protein (gold and
yellow) are depicted along with the RNA genome (dark red). On the right is a ribbon structure of
the SARS-CoV-2 spike, in teal to match the color of our graphical representation and to help orient
the reader in preparation for the next figures (PDB ID: 6VXX).
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Figure 1.7 Depiction of SARS-CoV-2 Infection process: (A) The SARS-CoV-2 virion is formed
by budding into the luminal space of the Endoplasmic Reticulum/Golgi Apparatus. N protein is
shown as gold specks around the RNA genome (again depicted in dark red). It is thought that the
Cytoplasm domain in the S2 domain of the Spike protein interacts with the RNA-bound N protein,
allowing for the SARS-CoV-2 RNA genome to be packaged into the viral particle [90]. As the viral
particle is forming, host furin-like proteases (bright red angle shapes) cleave the Spike proteins at
the furin cleavage site at the S1/S2 junction. (B) The SARS-CoV-2 virion is released from the
infected cell. (C) The SARS-CoV-2 virion can undergo two hACE2-mediated infection pathways,
provided that the Spike RBD can bind to hACE2 (green shapes on grey cell surface). (D) The
SARS-CoV-2 virus is processed at the S2’ cleavage site by Transmembrane protease, serine 2
(TMPRSS?2) proteases (purple chevron shapes) at the cell surface. This allows for virus-host
fusion and the delivery of the SARS-CoV-2 RNA into the cell. (E) Alternatively, the virion can be
endocytosed by the target cell fast enough that the S2’ site is not cleaved by surface proteases.
The lysosomal protease Cathepsin L (tan rectangle) can then cleave the S2’ site, allowing for virus-
host fusion and the delivery of the SARS-CoV-2 RNA into the cell.
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Figure 1.8 Depiction of SARS-CoV-2 Spike RBD and RBM dynamics: (A) On the left is a
recolored depiction of the SARS-CoV-2 Spike protein in the down/closed conformation, from Figure
1.5 (PDB ID: 6VXX). The S1 domain is in light grey, except for the region of the S1 domain that is
encompassed by the RBD: the RBD is depicted in black. The S2 domain is depicted is dark grey.
(B) The same image as in A. is shown again, except the RBM within the RBD has been recolored
orange. We can see that there is significant steric hinderance preventing easy access to the
orange region of the S1 domain. Furthermore, the S1/S2 junction/furin cleavage site is boxed in
red. The furin cleavage site is on a flexible loop that is not resolved on most PDB structures. Ergo,
the site is depicted with a red dashed line. These furin cleavage sites are zoomed in and enhanced
in figures labeled B.1. (C) The SARS-CoV-2 Spike protein is again depicted with the same color
coding as in parts A. and B., but this time one of the monomers of the spike trimer is in the open/up
conformation (PDB ID: 6VYB). We can clearly see that the RBM of the open/up monomer is far
more accessible.
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Figure 1.9 Depiction of SARS-CoV-2 Spike RBD binding to hACE2: The human Angiotensin
Converting Enzyme extracellular domain is depicted in green. The PBD structure of the RBD
binding to hACE2 (PDB ID: 6VW1) was overlaid onto the PDB structure of the SARS-CoV-2 Spike
with one monomer in the up/open conformation (PDB ID: 6VYB). The Spike protein was color
coded as above: S1 not including RBD in light grey, RBD not in black, RBM in orange, and S2
domain in dark grey. We can see that the residues starting from A475 to S494 clearly is in close
proximity to the alpha helix containing residues S19 to A36 of the hACE2 protein.
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Figure 1.10 Depiction of SARS-CoV-2 Spike S2’ cut site and S2 domain elongation for
fusion: (A) Depiction of the SARS-CoV-2 Spike protein in the one-up conformation bound to
hACE?2, as described above ((PDB ID: 6VW1 overlaid onto PDB ID: 6VYB). The S2’ cut site is
boxed and color coded pink. The S2’ cut site is zoomed in on figure (A.1). Please note that the
S1/S2 furin cleavage sites are still shown in red, but they are not boxed. The author does find it
intriguing that the S1/S2 cut site is located close to the S2’ cut site, leading him to wonder whether
a protease could cleave both sites at the same time. (B) A depiction of the S2 domain in the post-
fusion conformation, after the S1 domain has dissociated from the Spike protein. Since large
stretches of the structure did not have resolution, the S2’ cut site is estimated to be within the area
boxed in pink. (PDB ID: 7E9T).
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Chapter 2

The Effect of Select SARS-CoV-2 N-linked Glycans and Variant of Concern
Spike Protein Mutations on C-Type Lectin Receptor-Mediated Infection

This chapter is in submission with minor modifications at Viruses, manuscript ID:
viruses-2557296

2.1 Abstract

The SARS-CoV-2 virion has shown remarkable resilience, capable of mutating to
escape immune detection and re-establishing infectious capabilities despite new vaccine
rollouts. Therefore, there is a critical need to identify relatively immutable epitopes on the
SARS-CoV-2 virion that are resistant to future mutations the virus may accumulate. While
hACE2 has been identified as the receptor that mediates SARS-CoV-2 susceptibility, it is
only modestly expressed in the lung tissue. C-type lectin receptors like DC-SIGN can act
as attachment sites to enhance SARS-CoV-2 infection of cells with moderate or low
hACE?2 expression. We developed an easy-to-implement assay system that allows for the
testing of SARS-CoV-2 Trans-infection. Using our assay, we assessed how SARS-CoV-
2 Spike S1 domain glycans and Spike proteins from different strains affected the ability of
pseudotyped lentivirions to undergo DC-SIGN mediated Trans-infection. Through our
experiments with 7 glycan point mutants, 2 glycan cluster mutants, and four strains of
SARS-CoV-2 Spike, we found that glycans N17 and N122 appear to have significant roles
in maintaining Covid-19’s infectious capabilities. We further found the virus cannot retain
infectivity upon the loss of multiple glycosylation sites, and that the Omicron BA.2 strain
pseudovirions may have an increased ability to bind to other non-lectin receptor proteins
on the surface of cells. Taken together, our work opens the door to the development of
new therapeutics that can target overlooked epitopes of the SARS-CoV-2 virion to prevent
C-type lectin receptor mediated Trans-infection in the lung tissue.

2.2 Introduction

Despite the rapid development and wide dissemination of SARS-CoV-2 vaccines,
for the past 2 years the winter season has culminated in a surge in coronavirus
infections [1]. These surges coincided with the rise of new variants that could evade
detection by the immune system: the Variants of Concern (VOC) B.1.1.7 (Alpha),
B.1.135 (Beta), B.1.525 (Eta), B.1.617.1 (Delta) and P.1/B.1.1.28.1 (Gamma) were all
identified in the late Fall to Winter of 2020-2021 [2, 3]. B.1.1.529 (Omicron) was
identified in several countries in November of 2021, and currently various Omicron
subvariants have developed and display increased vaccine evasion. Out of these new
variants, Omicron XBB.1.5 is rapidly taking over the proportion of Covid-19 cases
globally and appears to reliably establish breakthrough infections in patients who had
been vaccinated more than three times (including patients who have received bivalent
boosters) [3-6].

The consistent ability of SARS-CoV-2 to avoid recognition by the immune system
and establish breakthrough infections despite vaccine rollouts has led to numerous
members of the medical community to concede that Covid-19 is here to stay. Much like
the seasonal flu, annual or even biannual booster shots are commonplace and
necessary to combat the latest variants of the virus [7, 8]. Even though the mutation rate
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of the polymerase for SARS-CoV-2 is an order of magnitude or so lower than for human
immunodeficiency virus (HIV)-1, the ease of infection, relatively broad tropism, and long
course of infection allows for sufficient rates of mutations for the SARS-CoV-2 genome
to escape immune detection and eventually establish breakthrough infection [9, 10, 11].
The evidence that Covid-19 will likely continue to mutate is perhaps best exemplified by
how globally, Delta strains were the dominant variant of SARS-CoV-2 for about 6
months between June and December of 2021, with nearly 100% of Covid-19 cases
worldwide testing as the Delta variant for the latter 5 months of that period [6]. And yet,
despite this dominance, Omicron is now the prevalent variant with almost triple the
number of spike mutations as Delta [7]. While initial selective pressure on the Omicron
strain favored immune escape, it appears that Omicron strains are now undergoing
mutations to increase their pathogenic activity, as shown by the increased
transmissibility of Omicron BA.2 and BA.3 when compared to BA.1, and the increased
fusogenic activity of more recent strains like Omicron XBB.1.5, CA.3.1 and CH.1.1 when
compared to BA.2 [4, 10-15].

The SARS-CoV-2 genome is approximately 29,900 nucleotides long and
encodes 16 nonstructural, 4 structural, and up to 6 accessory proteins [16]. Since the 16
nonstructural proteins are involved with replication and transcription, and the 6
accessory proteins are not incorporated into the mature virion (although they are
hypothesized to impede the host immune system signaling or otherwise aid in viral
pathogenesis), this leaves the 4 structural proteins as the key factors that can affect
virion architecture, determine virus infectivity, and act as antigen recognition sites for the
host immune system [16-18]. Of these 4 structural proteins, one of them- the N protein-
associates with the viral RNA genome on the interior of the virion [16]. The other three
proteins are expressed on the surface of the viral particle, and are called S (Spike
protein), M (Membrane protein), and E (Envelope protein). Perhaps the most clinically
relevant protein out of the three surface proteins is the Spike protein, since it directs
recognition and fusion mediated via the human Angiotensinogen Converting Enzyme 2
(hACE2) receptor on the surface of target cells [16]. Nearly all antibodies that display
neutralizing ability against SARS-CoV-2 bind to the Spike protein, particularly the S1
domain [19-22]. Furthermore, RNA vaccines (Moderna mRNA-1273 and Pfizer-
BioNTech BNT162b2/Comirnaty), adenoviral vaccines (Astrazeneca-Oxford ChAdOx1-S
and Janssen Biologics B.V./Janssen Pharmaceutica NV COVID-19 Vaccine Janssen)
and novel mosaic/nanoparticle vaccines raise antibodies against the Spike protein,
further highlighting that Covid-19 breakthrough infections are largely determined by
epitope modification of the Spike protein [23-27]. Ergo, there is an urgent need to
identify immutable locations (also known as “cold spots”) on the SARS-CoV-2 Spike
protein and use these to create variant-proof Covid-19 vaccines and prophylactics [28-
30].

The S protein is a trimeric transmembrane glycoprotein comprised of two
domains: the S1 domain, which is responsible for attachment to target cells via the
hACE2 receptor, and the S2 domain, which contains the fusion peptide and orchestrates
membrane fusion and viral infection [21, 31]. The S1 domain is further subdivided into
an N-terminal Domain (NTD), two C-terminal Domains (CTD1 and CTD2), and a
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Receptor Binding Domain (RBD) which contains a surface called the Receptor Binding
Motif (RBM). The RBM is a 69 amino acid loop that contains the 17 residues that
contact 20 residues in the hACE2 N-terminal helix and are integral in dictating SARS-
CoV-2 tropism [31-33]. The Spike protein can adopt two conformations: a “down” or
“closed” position where the RBM is inaccessible to the hACE2 receptor, and an “up” or
“open” position where the RBD opens and reveals the RBM for binding to the hACE2
receptor [31-33].

The SARS-CoV-2 S protein also has 22 N-linked glycosylation sites and 2 O-
linked glycosylation sites [34-37]. Glycans on viral spike proteins perform several
functions, including being recognized by receptors on host cells, maintaining protein
stability, and shielding viral spike epitopes from the host immune system [34, 38-40]. In
the case of SARS-CoV-2, it has been shown that lectin receptors such as Dendritic Cell-
Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-SIGN),
Liver/lymph node-specific intracellular adhesion molecules-3 grabbing non-integrin (L-
SIGN), C-type lectin domain family 4 member G (CLEC4G) and sialic acid binding Ig like
lectin 1 (SIGLEC1) can bind to the glycans on the surface of the S protein and “hold” the
virus in close proximity to cells, thereby facilitating more efficient infection [41-45]. This
is particularly pertinent for the progression of Covid-19 since SARS-CoV-2 virions are
transmitted via airborne routes and infection initiates in the proximal airways [42, 46].
While lung tissue acts as the point-of-entry for SARS-CoV-2 virions, the respiratory
system only modestly express hACE2. It has been shown that lectin receptor-mediated
Trans-infection- whereby a cell type that expresses a lectin receptor facilitates the
transfer and entry of SARS-CoV-2 virions to cells that mildly express hACE2- is the
primary process by which Covid-19 initiates infection in the lungs [42, 45, 47-49]. This is
further supported by the fact that lung tissue is highly patrolled by the innate immune
system, with DC-SIGN+ dendritic cells being found throughout the lung interstitium and
in the airways (Figure S1) [43]. Most significantly, in contrast to other viruses like HIV
and Ebola virus, almost none of the SARS-CoV-2 Variants of Concern (VOC) have
displayed any alteration at the key Asparagines where N-linked glycosylation is found on
the SARS-CoV-2 Spike [41, 50-53]. Considering the number of mutation sites across all
SARS-CoV-2 VOC (Figure 1)- 109 mutations in the 1273 aa long Spike- and the fact that
mutations are detectable in patients as early as 4 days of Covid-19 infection, the
immutability of the SARS-CoV-2 Spike glycans is remarkable [54].
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Figure 1. Representation of the SARS-CoV-2 Spike gene amino acid sequence with all
locations of VOC mutations. S1 domain is depicted in grey (residues 14 to 685), which is further
subdivided into 4 domains: the N-Terminal Domain (NTD, residues 14 to 306), the Receptor
Binding Domain (RBD, residues 319 to 527, depicted in teal), and two C-Terminal Domains, C-
Terminal Domain 1 (CTD1, residues 527 to 591) and C-Terminal Domain 2 (CTD2, residues 591 to
685). Within the Receptor Binding Domain is the Receptor Binding Motif (RBM, residues 438 to
506) which encompasses the key amino acids that mediate SARS-CoV-2 Spike protein binding to
the host hACE2 receptor. The S2 domain is depicted in grey-green and ranges from residues 686
to 1273. Black lines indicate locations of point mutations across VOCs (for a list of the specific
VOCs summarized here, see Figure S2). Red, Green, and Purple X crosses depict locations of N-
linked glycans. Red crosses indicate complex glycans, green crosses indicate high-mannose
glycans, and purple crosses depict hybrid glycans and glycans that were inconsistently identified as
being complex or high-mannose, as based on an analysis of existing literature (Figure S3, Figure
S4). While mutations have occurred in VOC’s immediately adjacent to glycan sites, there have
been no variants that have mutations at the Asparagine residues where N-linked glycosylation is
present [41, 52, 53].

In the following work, key glycans that are necessary for maintaining the
functionality of the SARS-CoV-2 Spike in facilitating both hACE2-mediated Direct-
infection and DC-SIGN mediated Trans-infection were identified. If specific glycan
mutations diminished the infectivity of the virus, then there is likely a strong selective
pressure for those glycans to be preserved no matter what possible mutations may
occur in future variants of SARS-CoV-2. This would provide key epitope locations that
could act as “cold spots” for the development of a variant-proof vaccine or prophylactic
[42, 50]. Particular focus was given to those Spike glycans that were in close proximity
to the RBD, since it was hypothesized that impairing the conformational dynamics of the
Receptor Binding Domain would have the highest likelihood of preventing infection.
Indeed, this is likely why numerous vaccines currently in development make use of the
RBD as the antigen rather than the full-length Spike [10, 25, 55, 56]. However, since the
eventual goal of this work is to identify SARS-CoV-2 Spike protein epitopes beyond what
current therapeutics target, N-linked glycans that were proximal to the Spike RBD- but
not directly on it- were selected. In this study, the glycans at N17, N61, N74, N122,
N149, N165, and N234 were assessed.
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In addition to evaluating the importance of S1 domain glycans, we also assessed
how Spike glycoproteins from certain VOC strains affected the infectivity of SARS-CoV-2
pseudotyped virions. The impact of how Spike proteins from some Covid-19 strains alter
Direct-infectivity has already been tested in vitro, but to our knowledge, no in vitro lectin
receptor-mediated Trans-infection tests have been performed to compare the
susceptibility of different strains of SARS-CoV-2 [4, 10, 11, 14, 15, 57, 58, 59]. We report
the differences in DC-SIGN-mediated Trans-infection for Wuhan CoV-19, D614G, Delta,
and Omicron BA.2 pseudovirions on our assay system.

2.3 Results

2.3.1 Some, But Not All, SARS-CoV-2 Spike NTD Glycans Affect hACE2
Mediated Infectivity

To investigate the role of N-linked glycans in mediating infection by SARS-CoV-
2, the 7 N-linked glycans proximal to the RBD were investigated: N17, N61, N74, N122,
N149, N165, and N234 (Figure 2A, 2B). Most of these sites are predicted to be fairly
well-occupied by high-mannose or hybrid glycans, thereby increasing the likelihood that
C-type lectin receptors like DC-SIGN would bind and facilitate Trans-infection (Figure 2,
Figure S3, Figure S4). Based on an analysis of nearly all PDB SARS-CoV-2 Cryo-EM
structures as of June 30, 2023, the N17, N74, N149, and N165 glycans are present on
highly flexible domains of the SARS-CoV-2 Spike, which suggests that these glycans are
on regions of the spike that are solvent-exposed or are more likely to undergo allosteric
changes that could further modulate the ability of the SARS-CoV-2 Spike to mediate
infectivity (Figure S5). Previous literature has further predicted that glycans N165 and
N234 assist in maintaining the SARS-CoV-2 Spike in the RBD-up conformation, which is
necessary for interaction with ACE-2 and infection [61].



90°

Glycan Colors:

0-25% High Mannose or Hybrid

25-50% High Mannose or Hybrid

(B)

©

hACE2+ 293t Cells
SARS-CoV-2 pseudovirus

@
\ Incubate
#

Incubate I
T=2-4 hrs ‘ T=24-36 hrs
.:K‘,

(D)

*kkk

ok |

*kkk |

Fold Direct Infectivity
(Variant Infection per Molar/WT Infection per Molar)




29

Figure 2. Schematic of Spike mediated infection. (A) Depiction of the trimeric SARS-CoV-2
Spike with glycans. The amino acid backbone is represented as a ribbon structure: S2 domain is
dark gray, S1 Receptor Binding Domain is black, and the remainder of the S1 domain outside of
the RBD is light grey. The locations of N-linked glycans are depicted as space-filling models of a
representative monosaccharide. High-mannose glycans are depicted in green. Complex glycans
are depicted in red. Hybrid glycans or glycans that have less than 50% consensus between high-
mannose and complex based on existing literature are depicted in purple. The left side of the
picture is a side profile of the trimeric spike protein. The right side is a top view of the trimeric spike
protein. The RBD closed conformation structures are adapted from PBD ID: 7NT9 by Rosa, A. et.
al. (B) Depiction of the SARS-CoV-2 Spike monomer. The RBD down/closed conformation is on
the left while the RBD up/open conformation is on the right. Glycans are depicted and color coded
as in 2A. The RBD closed conformation structures are all from PBD ID: 7NT9 by Rosa, A. The
RBD up subunit is from PDB ID: 6VYB by Walls, A.C. et. al. (C) Simplified depiction of the Direct-
infection process utilized for experiments. Viral samples were incubated in wells for 2-4 hours
before adding cells to viral suspensions. This was done to more closely mimic the incubation step
of the Trans-infection procedure (Figure 3). (D) Direct-Infectivity of selected SARS-CoV-2 Spike S1
domain N-linked glycosylation mutants. The infectivity for each mutant strain was normalized to
Wild-Type nCov-19 Wuhan strain SARS-CoV-2 Spike pseudovirus. Dashed lines depict a four-fold
difference in viral infectivity (threshold of significance based off of Li, Q. et. al.) [62]. Graphs depict
median relative infectivity per strain with 95% confidence interval. Statistical analysis is a Welch
ANOVA of Direct-infection with an Alpha value of 0.05. * indicates a P-value <0.1. **indicates a
P-value < 0.01. *** indicates a P-value < 0.001. **** indicates a P-value < 0.0001.

To study the functional role of the glycosylation proximal to the SARS-CoV-2
Spike RBD, we created mutated SARS-CoV-2 Spike genes whereby the Asparagine (N)
residues at the aforementioned glycan sites were changed to Glutamine (Q) residues.
All glycan mutants were created using a SARS-CoV-2 Wuhan 2019-nCoV Spike
(Genbank NC_045512) vector as the parent sequence. The resulting vectors were used
to functionalize lentiviral pseudovirus that were then tested on a luciferase-based
infectivity assay (Figure 2C) [60].

To determine the effect of these mutations on Direct-infection, each pseudovirus
containing a Spike variant was used to infect 293t cells transduced to stably express
high levels of hACE2 (Figure 2C, 2D). Results showed that N17Q, N61Q, and N74Q
glycans had significantly reduced infectivity when compared to Wild-Type Spike lentiviral
pseudovirus, displaying nearly an order of magnitude lower signal. This is largely in
accordance with previous literature, where these glycan mutations tended to decrease
infectivity by about 2- to 4- fold when compared to Wild-Type SARS-CoV-2 Spike
pseudotyped virions [62, 63]. The more pronounced decrease in infectivity that we
observed for these mutant strains- and particularly for the N74Q strain- could be
explained by the fact that other systems utilized Vesicular stomatitis virus (VSV)
pseudovirions (which have higher spike expression on their surface) or tested viral
infectivity on different hACE2-expressing cell lines [62, 63].

Oddly, the N234Q pseudovirus showed increased infectivity compared to Wild-
Type spike lentivirus, which appears to disagree with its hypothesized role in propping
the RBD in an open conformation to facilitate more efficient Spike-hACE2 recognition
[61]. Although unexpected, N234Q SARS-CoV-2 pseudotyped virus has been shown to
have modestly decreased infectivity in the previous literature, indicating that its role as a
glycan gate may not alter RBD-hACEZ2 recognition as much as previously thought [63,
64].
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In contrast, the N122Q, N149Q and N165Q mutants do not demonstrate any
significant alteration in infectivity when compared to the Wild-Type SARS-CoV-2 Spike.
Granted, even though N1220Q had too large of a spread to definitively state that it caused
lower infectivity, the median and mean infectivity signal for the N122Q strain did tend to
be about 4-fold lower than Wild-Type signal. Still, these infectivity signals are largely in
accordance with previous literature: either moderately decreasing infectivity (N122Q) or
falling somewhere between slightly enhancing infectivity to moderately attenuating
infectivity (N149Q, N165Q) [62, 63].

2.3.2 Some SARS-CoV-2 Spike Glycans Mediate Lectin Receptor Binding
and Transfer to Susceptible Cell Lines

DC-SIGN is a human lectin receptor that has already been demonstrated to bind to
recombinant SARS-CoV-2 Spike protein and facilitate infection-in-trans in vitro [42, 43, 45,
64,]. DC-SIGN is expressed on the surface of several immune cell subsets in the
respiratory system (Figure S1). Due to the wide expression of DC-SIGN on various cell
types within the respiratory system, it is accepted that DC-SIGN is a key attachment factor
that allows for efficient SARS-CoV-2 infection of modestly-hACE2-expressing cells of the
lungs (Figure 3A) [42, 43, 45].
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Figure 3. DC-SIGN Trans-infection. (A) Schematic diagram of how DC-SIGN could mediate
infection-in-trans within the alveoli in vivo. On the right is an AlphaFold structure prediction of the
DC-SIGN protein’s extracellular domain [65, 66]. The structure was chosen by selecting the
closest prediction to a previously constructed structure from Tabarani, G. et. al. [67]. DC-SIGN
extracellular domain is a homotetramer that is comprised of a long neck domain and a C-terminal
sugar-binding head domain. (B) Schematic diagram of the DC-SIGN Mediated Trans-Infection
assay. In brief, 3t3 murine fibroblast cells expressing DC-SIGN were seeded into wells of a 96-well
plate. After allowing cells to adhere, cells were incubated with SARS-CoV-2 Spike pseudotyped
virions for several hours before being washed. HEK-293t hACE2+ cells were then seeded over the
top, allowing captured virus to be delivered to susceptible cells, thereby modeling DC-SIGN
facilitated Trans-infection. After allowing 293t hACE2+ cells to undergo infection for 48-64 hours,
cells were lysed and luciferase activity was measured. (C) Trans-Infectivity of selected SARS-CoV-
2 Spike S1 Domain N-linked glycosylation mutants. Trans-infection procedure was carried out as
depicted in Figure 4A. Graphs depict median relative infectivity per strain with 95% confidence
interval. Dashed lines show a 4-fold difference in infectivity, as inspired by existing literature [62].
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Statistical analysis is a Welch ANOVA of Trans-infection with an Alpha value of 0.05. * indicates a
P-value < 0.1. **indicates a P-value < 0.01. *** indicates a P-value < 0.001. **** ndicates a P-
value < 0.0001.

In light of the importance of viral capture in facilitating the spread of Covid-19, the
SARS-CoV-2 S1 domain glycans analyzed in Figure 2 were then assessed to measure
how they contributed to DC-SIGN mediated Trans-infection. To do so, an in vitro assay
was developed to isolate the process of viral capture and transfer to a permissible
hACE2-expressing cell. A murine 3t3 cell fibroblast line that had been transduced with
the human lectin receptor DC-SIGN (3t3 DC-SIGN+) was used to capture SARS-CoV-2
pseudotyped lentivirus and mediate infection-in-trans (Figure 3B).

Each strain broadly followed the same trend for their Trans-infection signal as for
Direct-infection: glycans N17, N61, N74, and N122 showed decreased infectivity while
N234 showed enhanced infectivity when compared to Wild-Type nCoV-19 SARS-CoV-2
Spike (Figure 3C). Like N122Q for Direct-infectivity, the N61Q strain had too large of a
spread to claim that it had significantly lower Trans-infectivity than Wild-Type virus.
Although comparing the Trans-infection signal of each strain to the Wild-Type strain
gave some idea of how the glycans contribute to DC-SIGN recognition, this information
does not specify whether the decrease in infectivity is due to decreased SARS-CoV-2
Spike capture by DC-SIGN, or whether the decrease in infectivity is due to lower hACE2-
mediated Direct-infection.

2.3.3 Deconvoluting Trans-Infection Propensity From Direct-Infectivity
Reveals Apparent Bias of DC-SIGN For N17 and N122

To disentangle the effect of each glycan mutant on hACE2 entry from their effect
on DC-SIGN binding, Trans-infection signal was normalized to Direct-infection signal for
each SARS-CoV-2 pseudovirus strain to obtain each strain’s propensity for Trans-
infection (Figure 4A, 4B). This depicts each strain’s potential to undergo DC-SIGN
mediated infection-in-trans independent of the ability of each strain to bind to the hACE2
receptor.
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Figure 4. Deconvoluting signal of SARS-CoV-2 Direct- and Trans- infection reveals that S1 domain
Spike glycans are important in mediating Trans-infection. (A) Direct- and Trans- infection signal for
each pseudovirus glycan variant. (B) Each variant’s Propensity for Trans-infection, whereby the
signal of Trans-infection was normalized to each variants’ hACE2 mediated Direct-infection.
Statistical analysis is a Welch ANOVA with an Alpha value of 0.05. * indicates a P-value <0.1. **
indicates a P-value < 0.01. *** indicates a P-value < 0.001. **** indicates a P-value < 0.0001.
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Wild-Type SARS-CoV-2 pseudotyped virus yielded a Trans-infectivity of about
28.1% the signal of Direct-infection. The mutations that removed accessible glycans
moderately distal to the RBD (N17Q, N122Q) significantly decreased the Trans-
infectivity of SARS-CoV-2 pseudotyped virions, indicating that DC-SIGN appears to
primarily utilize these glycans to facilitate Trans-infection. This is perhaps because
these glycans are far enough away from the viral membrane to allow for efficient DC-
SIGN/Spike protein recognition but also ensure that hAACE2-RBD interactions are not
sterically hindered by the carbohydrate-recognition domain of DC-SIGN itself.

Conversely, the removal of glycans that were adjacent to the RBD (N165, N61)
did not appear to impede Trans-infectivity. Structural analysis suggests that the DC-
SIGN Carbohydrate Recognition Domain (CRD) cannot easily access the N61 glycan
because of a possible clash with the 620-641 loop region of the S2 domain of the
adjacent SARS-CoV-2 spike monomer. Likewise, the DC-SIGN CRD cannot access the
N165 glycan due to a possible clash with the 466-491 loop within the Receptor Binding
Motif. Since sterically impeding the RBM region of the SARS-CoV-2 Spike would
drastically impair the ability of the virion to efficiently bind to hACEZ2, it is therefore highly
unlikely that DC-SIGN is able to mediate Trans-infection by binding to N165. In short,
DC-SIGN has a low likelihood of binding to glycans N61 or N165, so their removal does
not significantly alter these variants’ ability to undergo Trans-infection.

Interestingly, notable exceptions to this were N74 and N149: even though these
glycans were distal to the SARS-CoV-2 spike RBD, the N74Q and N149Q pseudoviral
mutants did not display attenuated DC-SIGN-mediated Trans-infectivity, with Trans-
infection signals at 26.0% and 28.4% of Direct-infection signal respectively. This could
be explained by the fact that DC-SIGN has a strong bias to bind to high-mannose sugars
[42, 43]. The consensus in the literature is that when SARS-CoV-2 spike expressed in
mammalian cells, N74 and N149 are predominantly occupied by complex glycans,
suggesting that DC-SIGN would not have high affinity for these sites and thus would not
rely on these glycans to capture SARS-CoV-2 virions (Figure S3).

Removal of N234 appeared to not only increase viral hAACE2-mediated Direct-
infectivity (Figure 2D), but also appeared to significantly increase the propensity of
SARS-CoV-2 pseudotyped virus to undergo DC-SIGN mediated Trans-infection, with
about two-fold higher calculated Trans-infection propensity than the Wild-type strain
(Figure 4A, 4B). Even though N234 is highly occupied by mannose sugars (Figure S3)-
thereby making it a favorable target for DC-SIGN binding- it is not as accessible as the
other glycans, being almost completely obscured when an adjacent Spike is in the down
conformation. Ergo, it is probably not accessible enough to act as a reliable epitope for
DC-SIGN binding. While this provides some explanation for why removal of N234
doesn’t impair SARS-CoV-2 pseudoviral infection-in-trans, it does not explain the
increased propensity of SARS-CoV-2 Spike for infection.

At this point the differences in Trans-infection propensity could be explained by a
multitude of factors, ranging from viral instability, to virion capture by other 3t3 cell
surface receptors, to DC-SIGN binding to SARS-CoV-2 Spike glycans with different
binding pockets [68]. Thus, it was necessary to verify that SARS-CoV-2 Spike glycan
recognition by DC-SIGN was the causative factor in mediating Trans-infection.
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2.3.4 DC-SIGN Mediated Trans-infection Is Verified By Mannan Inhibition

To verify that the observed differences in Trans-infection were indeed due to DC-
SIGN’s interaction with sugar moieties on the surface of the SARS-CoV-2 virion, the
Trans-infection assay was performed in the presence of a competitive inhibitor of DC-
SIGN binding. Mannan is a general term for a polymer of mannose sugars that can act
as a competitive inhibitor of glycan-DC-SIGN binding (Figure 5A). Due to its low cost
and high potency, mannan is a convenient control to validate whether the observed
variations in Trans-infectivity for the glycan mutant pseudoviral strains was being
mediated solely by DC-SIGN binding to the viral surface S1 glycans.
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Figure 5. All SARS-CoV-2 pseudovirus Spike glycan mutations display similar susceptibilities to
mannan-based Trans-inhibition. (A) Depiction of mannan (tan/red) acting as a competitive inhibitor
of DC-SIGN (green) binding to sugars. Structure of DC-SIGN C-terminal domain is PDB: 1SL4 by
Guo et. al. (B) Depiction of mannan inhibition of Trans-infection when compared to negative
controls where 3t3 cells did not express DC-SIGN and to Trans-infection assays without mannan.
(C) Depiction of how efficiently mannan inhibited Trans-infection for each glycan mutant strain.
Dashed line depicts a signal 4-fold decrease in infectivity, as inspired by previous literature [62].
Wild-Type virus, when exposed to mannan, had Trans-infectivity reduced by 90%. A Welch and
Brown-Forsythe Anova with an Alpha value of 0.05 demonstrated that there was no significant
difference in mannan inhibition between any of the strains.

First it was verified that a concentration range of 0 ug/mL to 185 pg/mL of
mannan did not significantly affect the ability of SARS-CoV-2 pseudovirions to undergo
hACE2-mediated infection (Figure S8). After verifying that mannan did not appear to
alter SARS-CoV-2 spike interaction with hACE2, 20 ug/mL was used to inhibit Trans-
infection for all SARS-CoV-2 glycan mutants.
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All SARS-CoV-2 pseudovirus Spike mutant strains appeared to show identical
susceptibility to mannan-based inhibition of Trans-infection, with about 90-95%
diminishment of signal (Figure 5C). This provided strong evidence that the pseudoviral
strains were captured by DC-SIGN and the variations in Trans-infection propensity
observed in Figure 5 were indeed due to how glycan knockouts affected interactions with
the DC-SIGN receptor. Ergo, our data suggests that the N-linked glycans at N17 and
N122 have the highest propensity to act as binding sites for DC-SIGN to facilitate SARS-
CoV-2 infection-in-trans.

Given glycan 234’s role in keeping the SARS-CoV-2 spike in the open/up
conformation, it could be possible that the N234Q strain’s increased propensity for
Trans-infection is due to a bias for DC-SIGN to bind to the closed conformation of the
SARS-CoV-2 Spike [61]. This could be because of slight steric occlusion of other
glycans (like N122 and N165) when the Spike is in the RBD-up conformation. However,
this does not explain the observed increased activity of the N234Q strain in Direct-
infectivity assays. Like N234, N165 is also theorized to assist in keeping the SARS-CoV-
2 Spike RBD in the up/open conformation [61]. While in our hands N165Q did not make
a significant change on Direct-infectivity, previous literature found that in some
instances, N165Q increased the hACE2-mediated-infectivity of SARS-CoV-2
pseudovirus by 20% on Calul-hACE2+ cells [63]. Regardless of the reason, more
research is needed to ascertain how the removal of these glycans is responsible for
causing greater infectivity.

2.3.5 Abolishing Clusters of Glycans Severely Attenuates SARS-CoV-2
Pseudoviral Infectivity

As noted, several SARS-CoV-2 Spike N-terminal domain glycan mutants showed
significantly attenuated pseudoviral infectivity (N17, N61, and N74 for Direct-infectivity
and N17, N61 and N122 for Trans-infectivity). These glycan sites would likely constitute
“cold spots” that would be conserved due to evolutionary pressure to retain viral
infectivity. Rather than relying on merely one glycan site to serve as an epitope for a
broad, variant-proof SARS-CoV-2 treatment, targeting S1 domain glycans as clusters
could serve as more robust epitopes for Covid-19 vaccines and prophylactic treatments
(Figure 6A). To test this strategy, two pseudoviral strains with deletions of a glycan
cluster (i.e. multiple glycosylation sites in close proximity) were created: a strain with
N17Q, N61Q, N74Q mutations (called N17/61/74Q) and another with N122Q, N149Q,
N234Q mutations (called N122/149/234Q) (Figure 6B, 6C). Although glycan N234 is not
easily accessible, this particular glycan was removed to assess whether the removal of
other glycans could compensate for the increased infectivity the N234Q mutant strain
displayed previously. For the purposes of our assessment, we considered a viable “cold
spot” to be a glycan cluster variant that exhibits 2 orders of magnitude lower infectivity
than Wild-Type virus. This is based on existing work that shows that SARS-CoV-2 can
mutate to breakthrough prophylactics and antibodies that attenuate infectivity by 1 to 1.5
orders of magnitude [5, 15, 20, 68, 69]. Thus, we posit that an epitope site that reduces
viral infectivity by more than 2 orders of magnitude to be under sufficiently strong
evolutionary pressure to not mutate.
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Figure 6. Clusters of Spike glycans can act as mutation-resistant epitopes for SARS-CoV-2
inhibitor design. (A) Schematic display of SARS-CoV-2 mutation and immune escape. Since
glycans are heavily conserved on the SARS-CoV-2 Spike, it implies that they can act as robust
“cold spots” for the development of therapeutics. However, SARS-CoV-2 Omicron strains have
mutated significantly to escape immune detection, which implies they could further mutate to
compensate for the loss of a single glycan site. Thus, it is necessary to identify clusters of glycans
that will effectively eliminate viral infectivity if they are removed from the Spike protein, making it far
less likely for prophylactics against glycan clusters from losing efficacy against further mutated
SARS-CoV-2 strains. (B), (C) Depiction of the two cluster strains that were designed: N17/61/74Q
and N122/149/234Q. (D) Direct-infectivity of cluster N-linked glycosylation mutants normalized to
Wild-Type/Wuhan strain SARS-CoV-2 spike pseudovirus. (E) Trans-infectivity of cluster N-linked
glycosylation mutants normalized to Wild-Type/Wuhan strain SARS-CoV-2 Spike pseudovirus. The
infectivity signal from the N17/61/74Q strain was so poor that the Trans-infectivity signal was at the
lower limit of detection for our plate reader/instrumentation (Figure S7). (A), (B), (C). SARS-CoV-2
Spike structures are adapted from PDB ID: 7NT9 by Rosa, A.

In a Direct-infectivity assay, both cluster mutant pseudoviral strains showed
significantly reduced signal, not only compared to Wild-Type Wuhan nCoV-19 strain
SARS-CoV-2 pseudovirus, but also when compared to single mutant strains (Figure 1,
Figure 6A). The N17Q and N74Q strains exhibited the greatest attenuation of infectivity
amongst single glycan mutants on our Direct-infectivity assay, with signals of 17.9% and
3.97% of Wild-Type, respectively (Figure 1). As was expected, the cluster mutant strain
N17/61/74Q- which encompassed both the N17Q and N74Q mutations- displayed a
greatly diminished Direct-infectivity signal, at about 5 orders of magnitude lower than the
Wild-Type pseudovirus (0.00098% of Wild-Type) (Figure 6D). For strain
N122/149/234Q), the anticipated loss in infectivity from the N122Q mutation was
expected to be offset to some extent by an increase in infectivity from N234Q.
Ultimately, N122/149/234Q displayed more than 100-fold higher Direct-infectivity than
N17/61/74Q, with a signal of 0.424% of Wild-Type. However, this was still about an
order of magnitude lower than the infectivity of the least infectious single glycan mutant
strain (N74Q) (Figure 1), and about three orders of magnitude lower infectivity than the
Wild-Type strain (Figure 6D), demonstrating that even though the N149Q and N234Q
mutations did not impede hACE2-mediated infectivity, the removal of clusters of glycans
had a combinatorial effect on attenuating SARS-CoV-2 infection. Thus, both the
N17/61/74Q and N122/149/234Q glycan cluster epitopes could serve as a feasible target
for anti-SARS-CoV-2 hACE2 prophylaxis.

In terms of raw Trans-infectivity, the cluster mutants N17/61/74Q and
N122/149/234Q exhibited a signal of 0.00152% and 0.432% of the Wild-Type strain,
respectively (Figure 6E). But, as in Figure 3, these data needed to be normalized to the
Direct-infectivity signal in order to ascertain the propensity for viral strains to be captured
by DC-SIGN and undergo Trans-infection.

Figure S7D shows each cluster mutant had about the same relative signal for
Trans-infection as Direct-infection. Thus, each mutant appeared to have the same
propensity to undergo DC-SIGN-mediated Trans-infection as the Wild-Type strain
pseudovirus: N17/61/74Q and N122/149/234Q strains displayed a Trans-infection
propensity of median = 48.1% (avg 43.0%) and median = 35.4% (avg 48.0%) of Direct-
infection, respectively. For comparison, the Wild-Type strain exhibited a Trans-infection
propensity of median = 33.8% (avg 37.0%) of Direct-infection.

For the N122/149/234Q strain, this behavior was expected; the increased DC-
SIGN recognition observed in the N234Q single glycan mutant strain appeared to be
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counteracted by the removal of some other glycan density in the N-terminal domain,
perhaps bringing its Trans-infection propensity down to match the Wild-Type strain. In
contrast, the N17/61/74Q strain displayed such a diminished luciferase signal that its
Trans-infection luciferase reads were beneath the threshold of detection for the
instrumentation (Figure S8A, S8B). This means that this strain could have had a
significantly lower propensity for DC-SIGN mediated Trans-infection, but it simply could
not be measured. At the very least, the N17/61/74Q cluster mutation did not enhance
the propensity for DC-SIGN mediated Trans-infection.

Overall, these results indicate that future SARS-CoV-2 VOC strains are unlikely
to mutate clusters of S1 domain glycans since doing so would drastically diminish
hACE2-mediated infectivity. Based off of the aforementioned 2-orders of magnitude
threshold for infectivity, N122/149/234 and especially the N17/61/74 glycan clusters
likely will work as robust “cold spots” to develop strain-resistant antiviral treatments for
Covid-19. Specifically, we believe that a multivalent or engineered inhibitor designed to
bind to N17, N61, and N74 in concert will exhibit reliable inhibitory capabilities against
numerous potential SARS-CoV-2 strains that appear in the future.

2.3.6 Omicron BA.2 Strain May Interact with Other Cell Surface Proteins
to Facilitate Trans-Infection

Over the course of the Covid-19 pandemic, the vast number of cases globally
has allowed for ample opportunity for mutations to arise in the SARS-CoV-2 genome
despite the relatively low mutation rate of the polymerase [10]. The GISAID database
shows that every amino acid in the SARS-CoV-2 Spike protein sequence has mutated at
some point. While most of the mutations were not beneficial- as evidenced by their low
incidence and persistence- some of these changes led to drastically increased viral
fitness, typically by allowing increased infectivity or facilitating immune escape [46, 71,
72]. These strains were labeled as “Variants of Interest” (VOI) or “Variants of Concern”
(VOC) to highlight their clinical relevance and importance in terms of public health.

The initial Omicron SARS-CoV-2 BA.1 strain became a Variant of Concern
primarily due to its ability to avoid detection by the host immune system [69, 73, 74]. It
showed milder infectious characteristics in vivo when compared with other strains:
Omicron BA.1 led to less damage to the alveolar spaces, spread more slowly through
the lung bronchioles, and had a peak viral load in the lungs 2 days later than other
strains [72]. When the Omicron BA.2 strain rapidly overtook the BA.1 strain to become
the dominant VOC in mid-2022, it was further mutated to ameliorate some of the initial
Omicron characteristics: Omicron BA.2 exhibited greater infectivity in the upper airways
and bronchial tissues than even Wild-Type or Delta-strain SARS-CoV-2 virus [75].

To investigate whether this drastic increase of Omicron BA.2 in lung tissue
penetration could be attributed solely to greater hACE2 mediated infection, or if
increased DC-SIGN binding contributed in part to the increased infectivity, Omicron BA.2
lentiviral pseudovirus was assessed in both Direct- and Trans-infectivity assay systems.
The infectivity of Omicron BA.2 Spike pseudotyped virus was compared to several
strains of Covid-19 lentiviral pseudovirus: Wild-Type nCoV-19 Wuhan, Wild-Type nCov-
19 Wuhan virus with the D614G mutation, and Delta strain pseudovirus [76].

Omicron BA.2 demonstrated significantly higher hACE2-mediated infectivity per
molar compared to Wild-Type and D614G, with approximately 6-fold more luciferase
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signal per molar than Wild-type virus. The Delta strain displayed such a range of
infectivity per molar that it was difficult to make a conclusive statistically significant
statement about its propensity to undergo Direct-infection (Figure 7A). This is perhaps
more easily depicted by comparing the raw luciferase reads for each strain to the virus
titer (Figure S8). These data are largely in accordance with expectations, since, as
mentioned above, Omicron BA.2 appears to infect respiratory tissue more efficiently than
Wild-Type and Delta SARS-CoV-2 [75].
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Figure 7. Assessing if Covid-19 Strains have different infectivity (A) Direct-infectivity per molar
for each strain of virus normalized to Wild-Type/Wuhan strain SARS-CoV-2 Spike pseudovirus.
Log-scale graph is depicted on the right. (B) Trans-infectivity per molar for each strain of virus
normalized to Wild-Type/Wuhan strain SARS-CoV-2 spike pseudovirus. Log-scale graph is
depicted on the right. (C) Each strains’ Trans-infectivity was normalized to Direct-infectivity as
described in Figure 5. Data shows that there is no significant difference in DC-SIGN recognition
between the strains. (D) Each strains’ propensity to undergo mannan inhibition of Trans-infection:
Trans-infection signal in the presence of mannan is normalized to Trans-infection signal. Data
shows that Omicron BA.2 pseudovirus may have some resilience to mannan-based inhibition of
Trans-infection. (E) Each strains’ Trans-infection signal when 3t3 cells that do not express DC-
SIGN were used as the capture cell line. Omicron BA.2 pseudotyped virions seem to have some
ability to be captured by a DC-SIGN-independent mechanism, yielding a signal that is about 0.06
(or 6%) of the Direct-infectivity signal. (A), (B), (C), (D), (E). Statistical analysis is a Welch ANOVA
with an Alpha value of 0.05. * indicates a P-value < 0.1. ** indicates a P-value < 0.01. *** indicates
a P-value < 0.001. **** indicates a P-value < 0.0001.

When the Trans-infectivity signal was parsed from the Direct-infectivity, the
Omicron BA.2 strain did not exhibit a significant difference in Trans-infection propensity
when compared to Wild-type, D614G, and Delta strains. As mentioned above, the
Omicron BA.1 strain virus displayed altered lung infection characteristics in vivo, which
led us to anticipate that Omicron strains in general might display some variation in DC-
SIGN Trans-infection propensity [73]. However, since Omicron BA.2 has mutated to
show infection dynamics that are similar to the Wild-Type and Delta strains, it is
plausible that Omicron BA.2 has the same propensity to undergo infection-in-trans as
the other pseudoviral strains that were tested on our assay [75]. Furthermore, the N-
linked glycosylation sites on Omicron BA.2 Spike protein are the same as the Wild-Type
and Delta strains, which means that all of the putative epitopes for DC-SIGN binding
should be conserved (Figure 7C).

When 20 pg/mL of mannan was added to the DC-SIGN mediated Trans-infection
assay to act as a competitive inhibitor, Trans-infection was decreased to about 10% for
all non-Omicron strains: Wild-Type = 8.16%, D614G = 6.15%, Delta = 9.96%.
Interestingly, Omicron BA.2 retained about twice the Trans-infectivity as the other strains
(21.9%) (Figure 7D). Although Omicron BA.2 Spike protein doesn’t exhibit any
mutations on its glycan sites, Omicron strains in general have about three times the
number of Spike mutations as compared to other VOCs, which can cause allosteric
changes that alter the conformational dynamics of the Omicron Spike [7, 77-79]. It has
been shown that some Omicron-specific S2 domain mutations cause significant
distortion of the postfusion structure of the Omicron Spike such that it escapes
recognition from a broadly acting peptide inhibitor [75, 80]. Thus, it is conceivable that
the mutations in the Omicron BA.2 strain could allow for conformational changes that
allow the Spike protein to undergo recognition by other cell surface proteins aside from
DC-SIGN, thereby conferring resistance to mannan-mediated inhibition of Trans-
infection. Recent evidence shows that SARS-CoV-2 Spike can bind to a variety of host
molecules, including neuropilin-1 (NRP1), and leucine-rich repeat containing 15
(LRRC15) [42, 81, 82]. Thus, it could be possible that the mutations in the Omicron
BA.2 Spike allow it to exhibit higher affinity for other cell surface molecules and facilitate
Trans-infection mediated by other cell surface proteins.

Overall, the observed resistance of Omicron BA.2 pseudovirus to mannan
inhibition of DC-SIGN-mediated Trans-infection is likely explained by the interaction of
SARS-CoV-2 spike protein with other cell surface proteins. Indeed, performing a Trans-
infection assay with 3t3 cells that did not express DC-SIGN displayed a similar trend as
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the mannan-exposed 3t3 DC-SIGN+ cells: Omicron BA.2 can be transferred to
susceptible cells slightly more than Wild-Type, D614G, or Delta strains (Figure 7E).
Admittedly, the differences in Trans-infectivity are mild, so more investigation must be
done before making any claim regarding the improved ability of Omicron BA.2 S protein
to recognize and bind to alternate host factors. It is also of note that our in vitro assays
(where a susceptible cell line is added over the top of a ~20% confluent cell monolayer
used to capture pseudovirions) do not replicate the environment of lung tissue in the
context of true Covid-19 infection.

2.4 Discussion

Over the course of the past 3 years, the Covid-19 pandemic has shown that
SARS-CoV-2 (and Beta family coronaviruses in general) are incredibly contagious, going
from a localized epidemic in Wuhan to a global pandemic in the span of 4 months. The
high infectivity of SARS-CoV-2 virus allows it ample opportunity to mutate, as evidenced
by the rise of several breakthrough strains that overcame existing therapeutics and
vaccines [4, 5, 7, 8, 11, 59]. Coupled with this, the high transmissibility and mutation
rate of Covid-19 has allowed it to make multiple zoonotic jumps in its relatively young
existence: in addition to its accepted origins as a pangolin coronavirus (originally derived
from RatG13, a horseshoe bat coronavirus), SARS-CoV-2 has already jumped from
humans to other mammal species like mink and deer, causing concern that the virus
could undergo unforeseen mutations in another animal population before jumping back
to humans [10, 32, 83]. Hence, there is still a pressing need to identify immutable
epitopes on the SARS-CoV-2 virion- also known as “cold spots”- to act as targets for the
creation of vaccines and prophylactics that would continue to efficiently inhibit future
variants of SARS-CoV-2. Since SARS-CoV-2 establishes initial infection in the host’s
respiratory system, this work grants particular focus on identifying epitopes that are
involved with the unigue process of infecting lung tissue, as opposed to solely focusing
on areas of virus that contribute to canonical hACE2-mediated infection (also called
“Direct-infection” in this paper’s parlance).

In humans, penetration into the proximal airways of the nasal cavity is the critical
step of establishing replicative SARS-CoV-2 infection [84]. Particularly, the ciliated
epithelial cells of the nasal and proximal airways express high enough levels of hACE2
to allow for efficient viral entry and SARS-CoV-2 infection [85, 86]. Research has shown
that the respiratory airways exhibit a gradient in hACE2 expression, whereby the distal
airways deeper in the lungs have much lower hACE2 expression than the proximal and
nasal airways [59, 86, 87]. Despite the low hACE2 expression of distal airways, the
clinical outcomes of Covid-19 disease have consistently shown that SARS-CoV-2
infection damages the lung tissue, sometimes even in lieu of systemic infection of
SARS-CoV-2 [46, 84, 87-92]. Specifically, Covid-19 presents with dysregulation of the
surfactant-producing Alveolar Type-2 pneumocyte cells; this results in deteriorated
function of the respiratory system as the alveoli collapse and no longer allow for gas
exchange [88-90, 93, 94]. Autopsy studies clearly show the cytopathic changes of
Alveolar Type-2 cells post-mortem, in spite of the fact that no subset of distal lung cells
show over ~6% hACE2 expression within the population [87, 88, 90, 93, 95-97].

At the start of 2021, it was still unknown exactly how SARS-CoV-2 was able to
reliably infect the cells of the respiratory tissue [47]. Soon thereafter, researchers
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analyzed cell expression databases and found that C-type lectin transmembrane
proteins are expressed on the surface of a variety of epithelial, adventitial, and resident
immune cells of the lungs [42]. Cell surface lectin receptors have been demonstrated to
bind to glycans on the surface of SARS-CoV-2 glycoproteins and facilitate efficient
infection-in-trans to distal lung airway cells and cells within the alveoli, effectively
enhancing the infectivity of SARS-CoV-2 in the lung airways [39, 40, 42, 44]. This
process of viral protein glycosaminoglycan-mediated Trans-infection has been well-
characterized for other enveloped viruses, such as HIV, dengue virus, West Nile virus,
Ebola virus and more [38, 39, 40]. Ergo, it is accepted that lectin receptors are
responsible for facilitating efficient infection of cells in the respiratory system [42-44, 46].

In this study, we assessed the effect of select Spike S1 domain glycans and
SARS-CoV-2 Spike proteins from different strains in mediating viral infectivity on in vitro
assays that modeled both hACE2-mediated Direct-infection and C-type lectin receptor
mediated Trans-infection [10]. Specifically, the C-type lectin DC-SIGN was used as the
viral capture receptor, since it has been shown to be capable of binding SARS-CoV-2
Spike proteins in microscopy assays and facilitating virion transfer to cells that modestly
express hACE2 [42, 43].

Unlike other viruses that readily shift glycan sites on their spike glycoproteins to
assist in evading immune detection, SARS-CoV-2 displays a remarkable degree of
immutability regarding its glycan pattern [38-40]. Out of the 101,461 SARS-CoV-2 Spike
glycoprotein sequences that were deposited on the NCBI Virus database in the past six
months, less than 0.3% show any mutations at any of the 22 Asparagine residues that
are consistently shown to be glycosylated [34-37, 98]. Furthermore, even if a strain
does exhibit a mutation at a glycan site, evidence suggests that the strain will quickly be
outcompeted: in early 2022 some samples of Omicron BA.2 from patients in the UK
exhibited an N74K mutation, but a mere month later this mutation was no longer found in
the population [53]. In another case, Omicron CM.1 is currently the only VOC strain on
the NCBI Virus Database that shows a mutation at any Spike protein glycan site (N17S)
[98]. While multiple sequences of Omicron CM.1 were detected in Ireland, Switzerland,
California, and Texas, there has only been one recorded case of Omicron CM.1 reported
globally in the past 6 months [98]. Although Delta B.1.617.2 and several emerging
Omicron XBB strains of SARS-CoV-2 do have mutations at T19 that impede
glycosylation at the N17 sequon, it has been known that oligosaccharyltransferases can
tolerate some degree of mutation and still attach sugars to Asparagines, suggesting that
N17 could still be glycosylated in some strains despite the mutation [99, 100].
Regardless, the maintenance of glycan sites in the vast majority of VOC and VOl strains
imply that SARS-CoV-2 virions require their N-linked glycan sites in order to retain
infectivity and are thus viable targets for Covid-19 prophylactic development.

Since the majority of prophylactic antibodies and vaccines recognize the S1
domain of the Spike protein, we focused our analysis on uncovering the importance of
the glycans proximal to these antibody epitopes [22, 70, 74]. We avoided assessing
glycans on the Spike Receptor Binding Domain (such as N331 and N343) because
many existing prophylactics already recognize the RBD, and we wished to identify novel
epitopes that could act in combination with existing therapeutics. To that end, glycans
N17, N61, N74, N122, N149, N165, and N234 were selected for analysis.
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Our analysis showed that the removal of N17, N61 and N74 significantly impaired
SARS-CoV-2 pseudovirions to undergo hACE2 mediated infection, while the removal of
glycans N149 and N165 had no effect (Figure 2D). This is largely in accordance with
existing literature, as N17Q, N61Q, N74Q, and N122Q all have been reported to either
significantly attenuate infectivity or have no effect [63, 84]. On the other hand, Glycans
N149 and N165 have been shown to have unpredictable effects on hACE2-mediated
infection of SARS-CoV-2 pseudotyped viruses, ranging from modestly increasing
infectivity to significantly decreasing infectivity [63, 84]. Ergo, it is likely that the different
effects of N149Q and N165Q are more likely due to the idiosyncrasies of the infectivity
assays (e.g. using lentiviral pseudovirions versus VSV pseudovirions, or using different
susceptible cell lines) rather than a consistent effect of the glycan mutations on altering
SARS-CoV-2 spike dynamics or fusogenic activity.

In our hands, the removal of N234 appeared to increase the ability of
pseudovirions to undergo hACE2-mediated Direct-infectivity. While this is unexpected,
given the predicted role of N234 in propping up the Spike RBD in the infectious “up”
conformation, previous studies have shown that N234 knockout mutations do not affect
virion infectivity as much as the purported role of N234 would imply [62, 63]. Indeed,
mutating N165- which was hypothesized to perform a similar role as N234- appeared to
also boost the infectivity of pseudovirions in previously published literature [61, 63].

Lectin receptor-mediated Trans-infectivity is arguably more important in dictating
the initial stages of Covid-19 infection in patients due to the modest hACE2 expression
of resident lung cells [42, 47-49]. Our hope was that the selected mutated glycan
epitopes could provide the basis for a new class of Covid-19 inhibitors that could work in
combinatorial therapies without impeding anti-hnACE2 prophylactics. To test this, we
developed an in vitro assay that could mimic the process of DC-SIGN-mediated SARS-
CoV-2 pseudoviral capture and presentation to a hACE2+ cell line (Figure 4A). After
running these assays, each strain’s Trans-infectivity signal was normalized to their
Direct-infectivity to obtain the propensity of each glycan mutation in mediating DC-SIGN
attachment and transmission to permissive hACE2+ cells (Figure 5B).

After comparing the propensities of glycan mutant pseudovirus strains, glycans
N17 and N122 both appeared to be the most integral in enabling DC-SIGN-mediated
Trans-infection. The location of N17 and N122 on the Spike protein seems to indicate
that DC-SIGN has a preference for binding glycans that are not too close to the RBD,
but are also not completely on the periphery of the S1 domain of the Spike (Figure 5C).
The importance of N17Q in mediating both Direct- and Trans-infection may have been
implied through the course of the Covid-19 pandemic: several strains of SARS-CoV-2
that showed mutations at the N17 sequon have now been quickly outcompeted by other
strains [101]. However, this argument is somewhat invalidated by the fact that N17 is
also predicted to be predominantly occupied by complex glycans, which should mean
that DC-SIGN would not have high binding affinity for the N17 glycans. This may
provide some credence to the idea that allosteric and conformational variations make
certain Spike glycans particularly vulnerable to DC-SIGN recognition, and that S1
domain glycans that are neither proximal to the RBD nor present on the periphery of the
SARS-CoV-2 Spike are uniquely suited to facilitate DC-SIGN mediated infection-in-trans
(Figure 5C). Alternatively, virus-expressed spike proteins tend to have less complex
glycosylation at each SARS-CoV-2 Spike N-linked glycan site than mammalian-
expressed soluble Spike [126]. This may mean that the N17 glycans on virions are high-
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mannose and thus truly do serve as viable epitopes for DC-SIGN mediated Trans-
infection. Of course, further experimentation is necessary to fully ascertain whether this
is true.

Unlike the other glycan mutations, N234Q pseudovirions displayed an increased
propensity to be captured by DC-SIGN (Figure 5B). Given that N234 is predicted to aid
in keeping the SARS-CoV-2 Spike in the RBD up/open conformation, this leads us to
wonder whether the closed conformation of the SARS-CoV-2 Spike has a greater affinity
for DC-SIGN than the open conformation [61]. Like N234, N165 is also predicted to
assist in propping the RBD of the SARS-CoV-2 Spike in the up position. While we did
not observe a similar increase in Trans-infectivity for the N165Q strain, it did not display
significantly attenuated Trans-infectivity either. This could be explained by the fact that
the N165 glycan is predicted to have less hydrogen bonding to prop the RBD in the up
position, which suggests that removal of N165 may not have altered the conformational
dynamics of the SARS-CoV-2 Spike enough to alter the ability of DC-SIGN to bind [63].
More work is needed to verify the effect of N234 and N165 on the dynamics of the
SARS-CoV-2 Spike, with a possible need to ascertain whether N234Q/N165Q double
mutants would no longer have the ability to retain the up/open conformation of the Spike
protein. Alternatively, it could be possible that the RBD-down/closed conformation of the
SARS-CoV-2 Spike exposes high-mannose glycans to facilitate easier Trans-infection.
Thus, another potentially important path of scientific inquiry is to test whether DC-SIGN
and other attachment receptors have higher affinity for the RBD-down/closed
conformation of the SARS-CoV-2 Spike as opposed to the RBD-up/open conformation.

Interestingly, our results do not seem to agree with FACS-mediated protein-
protein binding data from a preprinted article: the authors reported that out of all of the
glycans, only the removal of glycosylation at N149 was observed to alter DC-SIGN
binding to the SARS-CoV-2 Spike protein, with N149Q decreasing binding by about 2
orders of magnitude [102]. Overall, the lack of consensus in the literature suggests that
more work is needed to fully grasp what role individual S1 domain glycans are most
important in mediating infection.

Omicron family virus variants have become the dominant circulating strains
exhibiting effective breakthrough infection despite displaying lower fusogenic activity
than not only Beta and Delta variants of SARS-CoV-2, but also Wild-Type nCov-19
Wuhan virus [6, 73, 103]. What is most concerning regarding the rise of Omicron
variants is their immune evasion characteristics, demonstrating that SARS-CoV-2 can
mutate relatively quickly and tolerate significant alterations on its Spike protein to regain
the ability to efficiently infect humans. Current literature showed that Omicron SARS-
CoV-2 was able to establish breakthrough infections when convalescent sera or
antibody treatments were diluted 1 to 1.5 orders of magnitude in in vitro assays [4, 5, 15,
20, 69, 70, 73, 74]. Therefore, we considered that the threshold for identifying a viable
SARS-CoV-2 Spike “cold spot” was an epitope that would lower pseudoviral infectivity by
at least two orders of magnitude when compared to Wild-Type nCov-19 Wuhan
pseudovirus. This was done so that if escape mutants started to develop to remove the
“cold spot” epitope, the resultant strains would lose so much infectious activity that they
would be unable to establish persistent infection of a host.

With the advent of combinatorial prophylactic treatments like bispecific
antibodies, chimeric viral entry inhibitors, and de novo in silico designed inhibitors, it is
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relatively easy to develop a prophylactic therapy that targets discrete sites on a target
virus. Given the inherent evolutionary pressure for SARS-CoV-2 to avoid mutating its N-
linked glycosylation sites, we hoped to identify viable glycan clusters that could serve as
highly conserved epitopes that could act as “cold spots” to ensure that SARS-CoV-2
infection did not mutate for further mutant strains. The removal of three glycans in
tandem drastically decreased the infectivity of our pseudovirions, with even the strain
including N234Q (which consistently appeared to increase infectivity) demonstrating 3
orders of magnitude lower infectivity than unmodified spike virions. There are already
prophylactic strategies against other viruses that leverage binding to glycans on the viral
spike protein: several anti-HIV antibodies bind to the glycan shield rather than amino
acid epitopes, and other globular lectin protein-based inhibitors such as Griffithsin exhibit
broad inhibitory activity against a variety of viruses [51, 104-106]. Recent literature has
shown considerable success when Griffithsin treatment was combined with a therapeutic
that targeted a different epitope on the SARS-CoV-2 Spike- either a designed viral fusion
inhibitor called EK1, or with sulfated polysaccharides called carrageenan, or with another
glycan-binding inhibitor called Cyanovirin [107-110]. These results hint that if new
inhibitors could be designed against uniqgue SARS-CoV-2 epitopes (such as the
N17/61/74 or N122/145/234 glycan clusters), they could be combined with other existing
Covid-19 therapeutics to create a more potent prophylactic treatment. Furthermore,
SARS-CoV-2 virions also contain the M, N, and E structural proteins. It has already been
established that the addition of N protein can significantly increase the hACE2-mediated
infectivity of SARS-CoV-2 pseudovirions [57]. Since M and E proteins are glycosylated
membrane-embedded proteins, and tend to not mutate as frequently as Spike protein,
there is a distinct possibility that these proteins could also act as target “cold-spot”
epitopes for combinatorial anti-Trans-infection therapy [111]. Current work from our
group is ongoing to ascertain whether these structural proteins can potentiate Trans-
infectivity and therefore be included [Article in preparation].

By this point, it has been well-characterized that Omicron strains of Covid-19
lead to significantly different infection dynamics in the lungs than previous strains:
Omicron strain virus tends to have peak lung tissue infectivity several days post-
infection, possibly indicating that Omicron virus has a longer dwell time in the lung
airways as mediated by virion capture by attachment receptors before undergoing
hACE2-mediated infection [73, 103]. Given that Trans-infection is theorized to be a
significant contributor to how SARS-CoV-2 establishes infection in the host respiratory
system, it was prudent to assess how Spike proteins from several Variants of Concern
could alter the ability of pseudovirions to undergo DC-SIGN-mediated infection. D614G,
Delta, and Omicron BA.2 strain Spike proteins were all tested on both Direct- and Trans-
infection assays. In our hands, D614G and Delta did not show significantly increased
propensity for undergoing DC-SIGN mediated Trans-infection, which was not
unexpected when considering the relatively few mutations on the spike protein for these
strains. It was surprising that D614G and Delta strain pseudovirus exhibited only slightly
higher hACE2-mediated infection compared to Wild-Type Spike pseudotyped lentivirus,
considering that existing literature shows Delta strain SARS-CoV-2 causes more severe
infection [12].

In our hands, Omicron BA.2 strain pseudovirus showed significantly higher
hACE2-mediated infectivity than the other tested strains. Recent literature has shown
that Omicron strains range from having comparable infectivity to Wild-Type SARS-CoV-
2, to having higher infectivity than D614G and Delta strains [12, 15, 75]. This variation is
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likely due to the intricacies of the viral systems and susceptible cell lines that are used
for testing the SARS-CoV-2 Spike strains; even different airways in the lungs (i.e. nasal,
proximal, distal) have varying susceptibilities to variants of SARS-CoV-2 [12, 75]. Thus,
while we observed greater Direct-infectivity for Omicron BA.2 on hACE2-expressing
HEK 293t cells, we are cautious in making any claims regarding Omicron BA.2 strain
SARS-CoV-2 having higher infectivity in the context of infecting humans, especially
considering the complexity of in vivo tissues.

There is mounting evidence that the numerous mutations of the Omicron strains
cause allosteric changes of the Spike protein [75, 77, 78, 80]. Because the SARS-CoV-
2 Spike has been shown to bind to a multitude of cell surface molecules- ranging from
sialic acid binding surface receptors, heparan sulfate, glycosphingolipids, and more- it is
plausible that the predicted unique structural dynamics of the Omicron BA.2 strain Spike
could confer resistance to mannan-mediated inhibition of Trans-infection, as well as
some ability to be captured by a fibroblast cell line that did not express DC-SIGN [42, 81,
82]. Most notably, Omicron mutations lead to greater spike processing by furin, which is
known to reveal an epitope that is capable of being bound by the cell surface receptors
Neuropilin-1 (NRP1) and Neuropilin-2 (NRP2) [112, 113].

Neuropilins are a class of evolutionarily conserved single pass transmembrane
proteins that were originally identified by their importance in regulating neurogenesis and
angiogenesis in vertebrates [112, 128, 129]. There are two proteins in the neuropilin
family, neuropilin-1 (NRP1) and neuropilin-2 (NRP2), each of which can exist as a
transmembrane protein or as one of several secreted, truncated isoforms [112, 129].
The transmembrane form of NRP1 and NRP2 are known to bind to and be activated by
the C-end rule peptide sequence R/IKXXR/KOH where X is any amino acid, and R/K is
either an arginine or a lysine [130, 113]. In the case of SARS-CoV-2, the cleavage of
the S1/S2 junction RRAR”S sequence by furin reveals a solvent-accessible peptide
sequence can be recognized by Neuropilin (Figure S9) [103]. Hence, it is no surprise
that NRP1 has been demonstrated to potentiate SARS-CoV-2 infection both in vitro and
in vivo, but only if the spike undergoes furin cleavage [130, 113].

Several SARS-CoV-2 VOC'’s have shown mutations close to the furin cleavage
site, with H655Y and P681H each individually increasing the propensity of the Spike
protein to undergo furin processing [114, 115]. Omicron strains all display both
mutations, and they appear to undergo slightly increased spike processing in vitro [114].
The 3t3 DC-SIGN cells that act as the capture cell line on our Trans-infection assay are
murine fibroblasts, which are known to express high levels of the NRP1 homolog NRP2
[113, 116]. Ergo, it is possible that the Omicron BA.2 pseudovirus’s resistance to
mannan inhibition of DC-SIGN mediated SARS-CoV-2 Trans-infectivity is due to
enhanced furin cleavage, and thus increased attachment to Neuropilin-2.

Another relevant cell surface protein that could contribute to SARS-CoV-2 Trans-
infection is Leucine-rich repeat containing 15 (LRRC15). LRRC15 is implicated in cell-
cell and cell-Extracellular Matrix functions, and while it is not expressed widely, it is
found to be localized to tissues that are part of the innate immune system or tissues that
are undergoing recovery from the wound process [131]. Notably, LRRC15 is highly
expressed in both lung tissue and fibroblasts, and its expression is shown to increase
during Covid-19 infection [131]. The protein exists as two isoforms, LLRC15_1 and
LRRC15_2, both of which are capable of binding to the SARS-CoV-2 Spike [132].
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However, unlike the other attachment receptors we have mentioned so far, a variety of in
vivo and in vitro experiments show LRRC15 impairs SARS-CoV-2 infection, likely
because it competes with hACE2 for binding to the Spike RBD [132]. Furthermore,
LRRC15 expression is mutually exclusive to hACE2 expression in the lungs, indicating
that LRRC15-mediated Spike binding sequesters viruses away from permissive cell
types [81].

However, recent studies seem to show that the Spike mutations from Omicron
strain viruses are at sites proximal to, if not directly on, epitopes that LRRC15 binds to
[81, 82]. Thus, Omicron strains could exhibit greater escape from LRRC15-mediated
virus sequestration.

A variety of fibroblasts (such as 3t3 cells) are known to express LRRC15 [132,
133]. Thus, in the context of our in vitro Trans-infectivity experiments, Omicron BA.2
could exhibit greater Trans-infectivity than other tested pseudoviral strains because
Omicron BA.2 pseudotyped virus can evade 3t3 cell-expressed LRRC15-mediated
capture/inhibition.

2.5 Conclusions

Overall, this work focused on assessing several S1 domain Spike glycans and 3
VOC strain Spike proteins could affect the ability of SARS-CoV-2 to establish initial
infection in the host lung tissue. Since the respiratory tissue only modestly expresses
hACEZ2, it is widely accepted that virion capture and infection-in-trans is the chief
process in facilitating infection of the distal airways. Ergo, particular interest was given
to testing how the aforementioned characteristics of the SARS-CoV-2 virion can affect
DC-SIGN-mediated Trans-infection.

As would be expected from previous literature, the removal of most of the S1
domain glycans (specifically N17, N61, and N74) decreased the hACE2-mediated
Direct-infection of the SARS-CoV-2 pseudovirions. The effect of glycan removal on
Trans-infectivity was more nuanced, with only the removal of the N-linked glycans at
N17 and N122 significantly impairing Trans-infectivity of SARS-CoV-2. Interestingly, the
removal of the glycan at N234 increased both the Direct-infectivity and Trans-infectivity
of pseudotyped virions, calling into question the hypothesized role of the N234 glycan in
ensuring the SARS-CoV-2 Spike stays in the RBD-up infectious conformation.

Given that SARS-CoV-2 Omicron strains mutated significantly to evade immune
detection, eventually leading to strains that are capable of establishing breakthrough
infection in patients who have received multiple doses of Covid-19 vaccines, we
considered whether glycan cluster sites could act as epitopes for the development of
prophylactic treatments. The priority was to identify sites that were highly unlikely to
mutate due to evolutionary pressure to maintain SARS-CoV-2 virus infectivity. Our work
found that both glycan cluster mutations N122/149/234Q and N17/61/74Q significantly
impaired SARS-CoV-2 pseudotyped virus, with about 2 orders of magnitude and 5
orders of magnitude lower infectivity, respectively.

Finally, we assessed whether different strains of SARS-CoV-2 could affect how
pseudotyped virions could undergo Trans-infection. As expected based off of existing
literature, in our hands the Omicron BA.2 strain exhibited increased hACE2 Direct-
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infectivity when compared to Wild-Type [117]. While there was no difference in the
strains’ ability to undergo DC-SIGN mediated Trans-infection, our results hinted that
Omicron BA.2 may have a slightly increased propensity to bind to alternative attachment
receptors like Neuropilin-2.

Although we found some key facets of the SARS-CoV-2 Spike protein that
appeared to affect both hACE2-mediated Direct infectivity and DC-SIGN mediated
Trans-infectivity, we finish by emphasizing that our experiments were performed in
immortalized lab-adapted cell lines. Optimally, we believe it is important to verify the
effects of Spike protein glycan mutations and Omicron BA.2 strain virus on an ex vivo
model of human respiratory tissue.

2.6 Methods and Materials
2.6.1 Cell Lines

All cell lines were maintained in Dulbecco’s Modified Eagle Medium (DMEM)
(ThermoFisher Cat # 11965-092, Waltham, MA, USA) with specific additives for each
cell type. These cells include:

*HEK-293Ft (Homo sapiens, embryonic kidney cells; a generous gift from Dr.
David Gravano, University of California, Merced).

*HEK-293t hACE2+ Cells (Homo sapiens, embryonic kidney cells; obtained
through BEI Resources, NIAID, NIH: Human Embryonic Kidney Cells [HEK-293T]
Expressing Human Angiotensin-Converting Enzyme 2, HEK-293T-hACE2 Cell Line, NR-
52511).

+3t3 Wild-Type Cells (Mus musculus, mouse embryonic fibroblasts; obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: NIH-3T3 Cells,
ARP-9946, contributed by Drs. Thomas D. Martin and Vineet N. KewalRamani).

+3t3 DC-SIGN+ Cells (Mus musculus, mouse embryonic fibroblasts; obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: NIH 3T3 DC-
SIGN+ Cells, ARP-9947, contributed by Drs. Thomas D. Martin and Vineet N.
KewalRamani).

Both HEK-293Ft cells and HEK-293t hACE2 cells were maintained in T-75 flasks
(Stellar Scientific Cat # SKU:TC30-120, Baltimore, MD, USA) within a 37°C humidified
incubator at 4.5% CO,. HEK-293Ft cells and HEK-293t hACE2 Cells were cultured in
DMEM supplemented with 25 mM HEPES (ThermoFisher Cat # 11344041, Waltham,
MA, USA), 2 mM L-glutamine (R&D Systems Cat # R90010, Minneapolis, MN, USA),
250 ug mL-1 G418 Sulfate (Corning Life Sciences Cat # 30-234-Cl, Tewksbury, MA,
USA), and 10% Fetal Bovine Serum (R&D Systems Cat # S11150, Minneapolis, MN,
USA). This media is heretofore referred to as 293 Media.

3t3 cells were chosen because they have been demonstrated to be deficient in a
variety of lectin receptors, including DC-SIGN, Lectin-Like Oxidized Low-Density
Lipoprotein Receptor 1 (LOX1), and other C-type lectin (CLEC) family proteins,
according to a gene expression database (NIH3t3 cells, Harmonizome.com). Both 3t3
Wild-Type Cells and 3t3 DC-SIGN+ cells were maintained in T-75 flasks within a 37°C
humidified incubator at 4.5% CO2. 3t3 Wild-Type Cells and 3t3 DC-SIGN+ Cells were
cultured in DMEM supplemented with 2 mM GlutaMAX (ThermoFisher Cat # 35050-061,



49

Waltham, MA, USA), 100 U mL-1 of Penicillin-Streptomycin solution (Cytiva HyClone
Cat # SV30010, Marlborough, MA, USA), and 10% Fetal Bovine Serum (R&D Systems
Cat # S11150, Minneapolis, MN, USA). This media is heretofore referred to as 3t3
Media.

When a flask reached 80-95% confluency, cells were passaged 1:10 with 0.05%
Trypsin-EDTA (ThermoFisher Cat # 25300-062, Waltham, MA, USA) used to detach
cells from surface of plastic flasks. Trypsin was not permitted to exceed a contact time
of 5 minutes for any cell line.

2.6.2 Pseudovirus Production

Pseudovirus plasmids were obtained through BEI Resources, NIAID, NIH.
SARS-CoV-2 spike plasmids were originally purchased from Addgene and were mutated
as described above. SARS-CoV-2 Spike pseudotyped HIV virions were produced in a
protocol inspired by Crawford et al., 2020 [60]. Briefly, HEK-293Ft cells were maintained
in 293 Media and passaged once cells reached 70-100% confluency. The day prior to
transfection, HEK-293Ft cells were seeded at a density of approximately 2.5 x 106 cells
in 8-10 mL of 293 Media into a 100 mm tissue culture petri dish or approximately 0.2 x
10° cells in 2-3 mL of 293 Media into a 6-well tissue culture plate (batches of virus were
made in either of the two plate types). Cells were allowed to recover for 12-16 hours in a
humidified incubator at 37 °C and 5% CO..

Petri dishes/6-well plates were then withdrawn from incubators and cells were
assessed for confluency and adhesion. If the cells in petri dishes were 70% confluent
and adherent, media was gently replaced with 8 mL of fresh 293 Media. If the cells in 6
well plates were 70% confluent and adherent, media was gently replaced with 3 mL of
fresh 293 Media. The petri dish/6-well plate was returned to the incubator for
approximately 45 minutes while the plasmids and transfection reagent were prepared.
For a 100 mm petri dish, the following plasmids were mixed in 900 uL of serum-free
commercial DMEM in a sterile 1.5 mL centrifuge tube: 5 ug of lentiviral backbone
Luciferase-IRES-ZsGreen (BEI Resources NR-52516, Manassas, VA, USA) vector, 1.1
Mg each of vectors HDM-Hgpm2 (BEI Resources NR-52517, Manassas, VA, USA), pRC-
CMV-Revlb (BEI Resources NR-52519, Manassas, VA, USA) and HDM-tat1b (BEI
Resources NR-52518, Manassas, VA, USA), and 1.7 pg of vector pPCMV14-3X-Flag-
SARS-CoV-2 S (Addgene Cat # 145780, Watertown, MA, USA). For a 6-well tissue
culture plate, the same plasmids were mixed in 185 uL of serum-free commercial DMEM
in a sterile 1.5 mL centrifuge tube: 1 ug of lentiviral backbone Luciferase-IRES-ZsGreen
(BEI Resources NR-52516, Manassas, VA, USA) vector, 0.22 ug each of vectors HDM-
Hgpm2 (BEI Resources NR-52517, Manassas, VA, USA), pRC-CMV-Revlb (BEI
Resources NR-52519, Manassas, VA, USA) and HDM-tatlb (BEIl Resources NR-52518,
Manassas, VA, USA), and 0.34 ug of spike vector pCMV14-3X-Flag-SARS-CoV-2 S
(Addgene Cat # 145780).

For the creation of pseudovirus with N-linked glycan spike mutations, we either
performed site-directed mutagenesis using PCR or ordered segments of DNA with
specified glycan mutations flanked with Hindlll and Avrll cut sites (Twist Bioscience,
South San Francisco, CA, USA). Segments of DNA were ligated into spike vector
pCMV14-3X-Flag-SARS-CoV-2 S that had been digested with Hindlll-HF (New England
Biolabs Cat # R3104S, Ipswich, MA, USA) and Avrll (New England Biolabs Cat #
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R0O174S, Ipswich, MA, USA). These mutated pCMV14-3X-Flag-SARS-CoV-2 S Spike
vectors were used in the transfection mixture as described above.

For the creation of pseudovirus with one additional structural protein, 1.7 ug of
desired M, N, or E protein vector was added to the transfection mixture specified above:
pcDNA3.1 SARS-CoV-2 M (Addgene Cat # 158078), pcDNA3.1 SARS-CoV-2 N
(Addgene Cat # 158079), pcDNA3.1 SARS-CoV-2 E (Addgene Cat # 158080),
respectively. When creating virus with all three structural proteins, 1.7 ug of each
additional structural protein vector was added to the transfection mixture as described
above.

For the creation of pseudovirus with spike protein with the D614G mutation, PCR
was performed as described for the N-linked glycan spike mutations and then used in
the same transfection mixture specified above. For the creation of Delta pseudovirus,
transfection was performed as described above except pcDNA3.3-SARS2-B.1.617.2
(Addgene Cat # 172320) was used as the Spike protein vector in lieu of pPCMV14-3X-
Flag-SARS-CoV-2 S. For the creation of Omicron BA.2 pseudovirus, transfection was
performed as described above except pcDNA3.3_SARS2_omicron BA.2 (Addgene Cat #
183700) was used as the spike vector for transfection in lieu of pPCMV14-3X-Flag-SARS-
CoV-2 S.

After adding all plasmids, the solution was mixed by pipetting up and down
approximately 10 times. For 100 mm petri dish samples, 30 uL of XtremeGENE HP
Version 9 (Roche Cat # 06366546001, Mannheim, Germany) was added directly to the
solution. For 6-well tissue culture plate samples, 6 pyL of XtremeGENE HP Version 9
was added directly to the solution. The viruses with additional structural proteins were
exclusively made in 100 mm petri dishes, but instead of using 30 uL of XtremeGENE HP
Version 9, 42 uL of XtremeGENE Version 9 was added to the solution to accommodate
the increased volume from adding the structural protein vectors. The contents of the
tube were again mixed by pipetting up and down approximately 10 times before being
allowed to incubate at room temperature for 20-25 minutes. The petri dish/6-well plate
was then retrieved from the 37 °C incubator and the DNA + XtremeGENE HP mixture
was dripped over the 293Ft cells. The transfected 293Ft cells were then returned to the
incubator and allowed to recover for 12-18 hours overnight. After 12-18 hours, petri
dishes/6-well plates were again removed from the incubator and the cell media was
gently replaced with fresh prewarmed 293 Medium (10 mL for 100 mm petri dishes, 4
mL for 6-well plates). Transfected cells were returned to the incubator. After an
additional 48 hours (60-66 hours total post-transfection), petri dishes were removed from
the incubator and the medium was gently removed and transferred to a 15 mL tube.
This 15 mL tube was then briefly centrifuged at 750 RPM (105 RCF) for 3 minutes to
pellet any large cell clumps. The supernatant now containing pseudotyped lentivirus
was filtered through a 0.45 pm syringe filter and stored as 450 uL aliquots in low-binding
1.5 mL tubes (ThermoFisher Cat # 90410, Waltham, MA, USA). Aliquots were stored at
-75 °C until use in future assays.

2.6.3 Pseudovirus Titration

Each SARS-CoV-2 spike mutant was produced at least twice, yielding at least
two batches of pseudovirus for each spike variant. Every batch was titrated using an
XpressBio p24 ELISA kit plate carried out according to the manufacturer’s instructions
(XpressBio Cat # XB-1000, Frederick, MD, USA). The levels of p24 in each well were
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measured on a ClarioStar Plus microplate reader set to 450 nm (BMG Labtech,
Ortenberg, Germany).

2.6.4 Virus Infectivity Assays

Each well of a clear 96-well cell-culture plate was coated with 25 pL of 0.1 mg/mL
poly-L-lysine (ScienCell Research Laboratories, Cat # 0413, Carlsbad, CA, USA). The
plate was returned to the 37 °C incubator for 1 to 36 hours. After this time, the 96-well
plate was removed from the incubator and the poly-L-lysine solution was pipetted out.
Wells were then rinsed twice with 40 uL of sterile, ultrapure deionized water before being
set aside in preparation for seeding.

For Trans-infection experimental samples, 5000-15000 of 3t3 DC-SIGN+ cells
were seeded in triplicate into the wells of a pre-prepared poly-L-lysine conditioned 96
well plate as described above. For Trans-infection negative control samples, 3t3 Wild-
Type Cells were seeded instead. The 96-well plate was returned to the 37 °C humidified
incubator at 4.5% CO2 in order to allow the 3t3 cells to adhere and recover for 8-12
hours. After recovery, the 96-well plate was retrieved from the incubator and the media
was gently pipetted out of wells. Within 1 minute of pipetting out media, 15 uL of fresh
3t3 media was added to the wells to prevent the cells from desiccating. Then 25 uL of
the requisite SARS-CoV-2 pseudovirus variant was added over the to the wells. For
negative control samples and Direct-infection samples, 25 uL of the requisite SARS-
CoV-2 pseudovirus variant was dispensed into empty wells that had been pre-treated
with poly-L-lysine. The 96-well plate was returned to the 37°C humidified incubator at
4.5% CO; for 2-4 hours to allow for virion capture.

After 2-4 hours had elapsed, the 96-well plate was retrieved from the incubator
and the experimental wells were rinsed twice with 40 uL of fresh 3t3 media. To do so,
the virus media was gently pipetted out of the wells. Within 1 minute of pipetting out
media, 40 uL of fresh 3t3 media was dispensed into each well to prevent desiccation.
Wells were allowed to sit for 1 minute, then media was pipetted out of wells to rinse out
unbound virions. 40 uL of fresh 3t3 media was once again dispensed into each well,
incubated for 1 minute, and once again pipetted out. At this point, 15000-25000 HEK-
293t hACEZ2 cells in 293 media were dispensed into each well. As mentioned above,
HEK-293t hACE2 cells were added to wells within 1 minute of media removal to avoid
desiccation of 3t3 cells and captured virions. For Direct-infection samples, no rinsing
was performed. Instead, HEK-293t hACE2 cells were dispensed directly into the 25 L
of SARS-CoV-2 pseudovirus variant in each well. After HEK-293t hACE2 cells were
added to wells, the 96-well plate was returned to the incubator.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator
and 150 uL of fresh, pre-warmed 293 Medium was added over the top of each well to
ensure that cells remained alive and viable for the duration of the experiment. The 96-
well plate was returned to the 37 °C incubator for an additional 36 to 48 hours. After 36-
48 hours, the 96-well plate was retrieved from the humidified incubator. Bright-Glo
Luciferase Reagent (Promega Corp., Cat # E2610, Madison, WI, USA) was thawed out
and protected from light until use. 160-180 pL of the medium in each of the infectivity
plate wells was pipetted out, leaving about 30 pL of the medium in each well after
accounting for evaporation during the course of the experiment. 30 pL of Bright-Glo
reagent was added over the top of the wells and given 2-4 minutes to lyse cells. The
contents of each well were then transferred to a white-backed 96-well plate and
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luciferase signal was read on a CLARIOstar Plus microplate reader (BMG Labtech,
Cary, NC, USA) with a 3600 gain and a 1 second normalization time. All samples were
run in triplicate with at least two separate biological replicates for each condition.
Furthermore, at least two different pseudoviral batches of each SARS-CoV-2 Spike
mutation were tested.

For mannan inhibition of DC-SIGN mediated Trans-infection, mannan polymers from
Saccharomyces Cerevisiae were utilized (Sigma-Aldrich Cat # M7504-100MG, Saint
Louis, MO, USA). 100 mg of mannan was dissolved in 40 mL of ultrapure water to
create a 2.5 mg/mL stock solution of mannan. When performing a Trans-assay, 64 pL of
the 2.5 mg/mL mannan stock was diluted to a final volume of 3 mL by adding 2.936 mL
of 3t3 media to obtain a final concentration of 0.053 mg/mL (53.3 pg/mL) solution of
mannan in 3t3 media. 15 pL of this 0.053 mg/mL mannan solution was used instead of
15 yL of standard 3t3 medium to prevent cells from desiccating just prior to adding 25 pL
of pseudovirus 3t3 cells. Upon the addition of pseudovirus, the final mannan
concentration in wells was at 0.02 mg/mL (20 ug/mL).

2.7 Supplemental Figures
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Figure S1. Simplified depiction of hACE2 and DC-SIGN expressing cell types in the

distal airway and alveolus of the lung, with a particular focus on immune cells. SARS-
CoV-2 virions (A) can infect the squamous epithelial cells of the nasal and upper respiratory

airways (not shown), or be conducted to the distal airways, which are comprised of

specialized columnar epithelial cells. Some of these cells express enough levels of hACE2 to

allow for virion entry (B). But only a small subset of cells in the distal airways express DC-
SIGN, meaning that infection of the distal airways isn’t very efficient. Most SARS-CoV-2

virions enter into the alveolus and encounter the resident DC-SIGN expressing immune cells
(C). These DC-SIGN expressing cells facilitate viral infection-in-trans to hACE2-expressing

cells, such as Type 2 Alveolar Pneumocytes (D).
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Figure S2. Depiction of SARS-CoV-2 Spike gene mutations for key VOC strains, as specified by
the European Centre for Disease Prevention and Control (https://www.ecdc.europa.eu/en/covid-
19/variants-concern), the World Health Organization (https://www.who.int/activities/tracking-SARS-
CoV-2-variants), and the SIB Swiss Institute of Bioinformatics’ ViralZone Website
(https://viralzone.expasy.org/9556). Glycan sites are depicted at the top row, in red. Location of
mutations found in specific Covid-19 viral strains are depicted in blue.
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Figure S3. The glycan occupancy of the SARS-CoV-2 Spike based on an average of existing
literature. For those papers that did not report the exact values, the glycan occupancy was estimated
based off of an analysis of the .png figures using the Plotdigitizer application
(https://plotdigitizer.com/). Note the presence of glycans N20 and N188, both of which are the result
of mutations in the Spike protein sequence of the Gamma P.1 strain [122].
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Figure S4. The glycan occupancy of the SARS-CoV-2 spike that was compiled to make
Supplemental Figure 3. These data were published in the following publications listed in our
references [34, 35, 36, 37, 63, 118, , 120, , 122,123, , 125, , 127]. For publications
that did not explicitly list the glycan occupancy at each site, a best estimate was given based upon
their published figures.
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Figure S5. Analysis of SARS-CoV-2 Spike flexibility at N-linked glycan residues based on PDB structures as
of July 5, 2023. To quantitate the flexibility of each glycan on the SARS-CoV-2 spike, we performed a rough
analysis of all full-length SARS-CoV-2 spike cryo-EM structures in the PDB. Since the process of
performing Cryo-EM microscopy entails snap-freezing samples and finding concordance between numerous
“snapshots” of the protein, areas of high flexibility tend to have low resolution. Thus, we used the resolution
of structures on the Protein Data Bank (PDB) as proxies for the degree of flexibility for regions of the SARS-
CoV-2 spike. If each glycan residue was on a region that was resolved in the structure, we assigned it a
value of 1. If the residue was not resolved, but was next to a well-resolved region, then it was assigned a
value of 0. If the residue was not resolved and was not next to a well-resolved region, then it as assigned a
value of -1. We averaged all these values for each residue site and then graphed them, above. Therefore,
flexible regions are assigned values closer to -1 while rigid regions are assigned a value closer to 1. Bars
are color coded such that consistently inflexible regions are colored dark red. Moderately inflexible regions
are colored in orange. Moderately flexible regions are colored green. Consistently flexible regions are
colored blue.

All spike structures that were analyzed were truncated slightly at the C-terminus, which is why there is no
data for residues N1173 and N1194.
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Figure S6. To ensure that Mannan had no effect on our SARS-CoV-2 pseudoviral assays beyond DC-SIGN
mediated trans-infection, we performed Direct-infectivity assays with three difference strains of pseudovirus
in the presence of varying concentrations of mannan. (A) Line graphs where each strain’s mannan sample
infectivity was normalized to the signal from a sample with no mannan. (B) Bar graphs showing the same
data in addition to the controls. Overall, we found that Mannan had no significant effect on pseudovirus
infectivity between 5 to 100 pg/mL. Hence, we opted to use a concentration of 20 ug/mL of mannan to
inhibit DC-SIGN infection.
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Figure S7. Cluster mutant strains show significantly lower raw infectivity signal (RLUs) than Wild-
Type nCov-19 Wuhan pseudotyped virus despite having higher titers: (A) Raw Direct-infection signals
for Wild-Type nCov-19 Wuhan and cluster strain pseudotyped lentivirions. (B) Raw Trans-infection signals
for Wild-Type nCov-19 Wuhan and cluster strain pseudotyped lentivirions. Note that our instrumentation
cannot reliably read below 50 RLUs, meaning that the infectivity signals for N17/61/74Q virus are too low to
conclude that there is any infection compared to both cluster mutant strains. (C) The virus cluster mutant
strains were quantified via p24 ELISA assay; the two cluster strains show greater levels of virus than the
Wild-type strain, indicating that the lower signal from the cluster mutant strains is not due to low titer.
Overall, even though the Wild-Type nCov-19 Wuhan pseudotyped lentivirus had less than half the molarity
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of either cluster strain (N17/61/74Q and N122/149/234Q), the raw luciferase reads (in relative light units, or
RLU) for both Direct Infection assays and Trans Infection assays displayed at least two orders of magnitude
higher RLU than either of the mutants.
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Figure S8. Demonstration of how Omicron BA.2 had the greatest hACE2-mediated infectivity on in
vitro assays: (A) Raw infectivity values for all spike pseudotyped lentivirus. Our titer assays indicate that
Delta and Omicron BA.2 strains have similar signal on Direct-infectivity assays. (B) Each lentiviral
pseudovirus strain was titered. Even though both Delta and Omicron BA.2 strains had similar infectivity, our
Delta strain virus had approximately 10 times more virus detected in the virus sample. (C) Infectivity for
each viral strain was normalized to the strain’s molarity from the titration assay. The Omicron BA.2 lentivirus
pseudovirus strain appeared to have higher infectious capability on our in vitro assay than the other strains.
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(A)

(B)

Figure S9. Depicting the steric clashes when DC-SIGN is overlaid onto SARS-CoV-2 N-linked
glycans N61 and N165: (A) When the DC-SIGN C-terminal CRD is overlaid onto N61, it sterically clashes
with the 620-641 loop region of the adjacent Spike monomer, as shown by red curves. There is particularly
obvious steric overlap with the glycan at N616, which is the purple glycan close to the red arc. (B) When the
DC-SIGN C-terminal CRD is overlaid onto N165, there is a possible clash with the 466-491 loop of the
Receptor Binding Motif when the spike is in the up/open conformation. The clashes are shown by red
curves. The movement of the RBD from the open conformation to the closed conformation is shown with
the orange arrow and dashed curve. SARS-CoV-2 spike is PDB ID: 7NT9 overlaid on 6VYB to obtain glycan
sites. The DC-SIGN C-terminal CRD is PDB ID: 1SL4.
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Figure S10. Glycan N234 is almost entirely obscured from DC-SIGN recognition, even when the
RBD is in the down state. The DC-SIGN CRD seems like it sterically clashes with the 107-116

loop, the 158-169 loop, and glycan N165 on the S1 domain of the Spike protein. As above, the

steric clashes are depicted as red curves and the movement of the RBD is shown with the orange

arrow and dashed curve.
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Chapter 3

The Antiviral Activity of Lectin Griffithsin Against SARS-CoV-2 Appears to be
Enhanced By Interactions With Structural Proteins

This work is under preparation for submission to Viruses with slight modifications.

3.1 Abstract

While SARS-CoV-2 vaccines have curtailed the fatalities associated with Covid-
19, the newer strains of SARS-CoV-2 are mutating to evade immune detection and
breakthrough vaccine-induced immunity. Although these new strains of SARS-CoV-2
virus cause milder symptoms, at-risk persons are still hot guaranteed to recover from
infection. Furthermore, the history of the pandemic showed us that novel Covid-19 strains
that exhibit higher mortality and pathogenicity can arise quickly: the Delta strain was
initially detected during a time where Covid-19 infection rates were declining. Thus, there
is still pressing need to develop a potent, broad-acting antiviral agent to prevent infection
of newer SARS-CoV-2 breakthrough strains.

The Red algae-derived protein Griffithsin is a potent, dimeric, broad-acting inhibitor
of various viruses ranging from HIV, HPV, SARS-CoV-1, and more. Griffithsin is stable,
relatively easy to produce in large quantities, and well-tolerated by the human body,
making it an attractive starting point for a robust anti-Covid-19 prophylactic agent. At the
current time, several papers have found that Griffithsin is a moderate inhibitor of SARS-
CoV-2 hACE2-mediated infection, displaying IC50 values ranging from the tens of nM to
almost 10 uM. We noticed that Griffithsin seemed to display better inhibition capabilities
against genuine SARS-CoV-2 coronavirus particles as opposed to SARS-CoV-2
pseudotyped lentivirions. Thus, we wanted to explore what traits of the SARS-CoV-2
coronavirus rendered it more susceptible to Griffithsin inhibition. To do so, we reasoned
that the causative factor enhancing SARS-CoV-2 coronaviral particle susceptibility was a
structural feature on the exterior of the virus. Genuine coronaviral particles only
incorporate 4 proteins in their architecture: the Spike protein, and the three additional
structural proteins M (Membrane), N (Nucleocapsid) and E (Envelope). We created
coronaviral particles with the additional structural proteins and assessed their
susceptibility to Griffithsin-mediated inhibition of SARS-CoV-2 infection.

We also took the opportunity to assess whether several other mutations of
Griffithsin- namely, a version of Griffithsin that was resistant to post-translational oxidation,
and another that exhibited monovalent binding as opposed to bivalent binding- were
capable of retaining antiviral potency.

Finally, we also tested whether Griffithsin could inhibit SARS-CoV-2 capture and
infection-in-trans as mediated by the lectin receptor DC-SIGN. This Trans-infection
process is thought to be particularly important in mediating initial SARS-CoV-2 infection in
the host respiratory system, as discussed in Chapter 2 of this dissertation.

Our results suggest that the SARS-CoV-2 M protein increases viral susceptibility
to Grifithsin inhibition. In addition, our data showed that neither the Griffithsin variant that
was resistant to post-translational oxidation nor the variant with monovalent binding
exhibited much difference in inhibiting SARS-CoV-2 Direct-infection or Trans-infection.
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Finally, our Trans-infectivity assays showed that the additional SARS-CoV-2 structural
proteins M, N, and E did not affect the ability of DC-SIGN to mediate Trans-infectivity.

3.2 Introduction

The COVID-19 pandemic remains a significant challenge for society, with over
760 million cases and about 6.95 million deaths globally as of August 2023 [1]. While
the development of several COVID-19 vaccines has alleviated the severity of the
pandemic, COVID-19 cases still persist, with about 10,000 COVID-19 hospitalizations
occurring weekly nationwide in the Unites States throughout the months of May to July
of 2023 [1-4]. This is in part due to the ease of transmissibility of SARS-CoV-2, with the
ability to be transmitted via airborne respiratory droplets and fomites [2]. But in addition
to the ease of transmission of the coronaviral virion, the SARS-CoV-2 Spike protein
undergoes immune escape quite readily, with studies demonstrating that the neutralizing
activity of plasma samples taken from individuals who received either the Pfizer or
Moderna vaccinations were significantly less effective against several mutant strains of
the SARS-CoV-2, including the UK (B1.1.7/501Y.V1), South Africa (B.1.351/501Y.V2)
and Brazil (P.1) strains [2,3,5]. More concerningly, the most recent Omicron XBB.1.5
strain has numerous mutations in its spike sequence that have established breakthrough
infections in patients who have received multiple booster doses of COVID-19 vaccines
[6, 7]. Coupled with the advent of new viral strains, vaccination also is not always 100%
protective or suitable for all patients: some immunodeficient individuals appear to show a
drastically reduced capability to produce antibodies against Omicron strains, even with
multiple vaccinations [8, 9]. Complicating this, there is still robust global vaccine
hesitancy, with reluctance growing amongst new parents and younger age groups in
several countries around the world [10]. Taken together, all of this indicates it is still
valuable to explore preventative treatments to curtail the spread of SARS-CoV-2.
Indeed, vaccine companies like AstraZeneca and Merck are currently developing
prophylactic treatments for SARS-CoV-2 such as Evusheld and
LAGEVRIO/molnupiravir, respectively [11, 12].

Griffithsin is a small (~12.8 kilodalton), dimeric, Red algae-derived lectin that dis-
plays inhibitory activity against a wide variety of viruses, ranging from Human Immu-
nodeficiency Virus (Retroviridae family), Herpes Simplex Virus (Herpesviridae family),
Japanese Encephalitis Virus (Flaviviridae family), Human Papillomavirus (Papillo-
maviridae family), and other Coronaviridae family viruses including MERS-CoV and
SARS-CoV [13, 14, 15]. Each Griffithsin monomer contains three sugar-binding sites
which each have a high affinity for mannose glycans [16]. Viral glycoproteins typically
are highly glycosylated, presenting ample mannose sugars that can act as binding sites
for Griffithsin, thereby impeding viral entry and infectivity [13]. This protein can be syn-
thesized economically either in plants or bacterial expression systems, has been shown
to have low toxicity in mammals, can withstand temperatures up to 78 deg C, maintains
inhibitory capability after several weeks of exposure to 50 deg C, can withstand at least
five freeze-thaw cycles, and survives exposure to a variety of pH and concentrated acid
and base solutions for at least 24 hours [17-20]. Although Wild-Type Griffithsin (WT-
Grft) has been shown to undergo oxidation at residue M78 in cervicovaginal
environments, mutating M78 to Glutamine yields a variant of Griffithsin called M78Q-
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Griffithsin (Q-Grft), which exhibits many of the same chemical and inhibitory properties
as Wild-Type Giriffithsin while resolving the complications that could arise from oxidation
[17, 21]. Due to Griffithsin’s favorable pharmacokinetic properties, it is currently in clin-
ical trials as a treatment for HIV and Q-Grft is also currently undergoing trials as a nasal
spray for prophylaxis against SARS-CoV-2 [18, 22, 23].

Another facet of Griffithsin’s use as a prophylactic agent is the theorized
importance of Griffithsin’s ability to cross-link target proteins together. As a bivalent
sugar-binding protein, evidence from several studies strongly suggests that Griffithsin is
capable of binding to epitopes from two separate HIV-1 gp120 proteins at the same time,
causing aggregation of the gp120 proteins on the surface of the viral particle and
possibly also aggregation of HIV-1 viruses [19, 24]. Removing the sugar-binding
moieties to prevent bi-valent binding significantly impairs WT-Grft’s ability to inhibit HIV
pseudovirus, despite only mildly diminishing the affinity of Griffithsin for HIV-1 gp120
[24]. Other studies show Wild-Type Griffithsin causes aggregation of flagellated
unicellular pathogens [25]. Dimeric Griffithsin and other dimeric lectins such as
Cyanovirin-N are also shown to cause yeast cells to agglutinate, thereby lending further
credence to the idea that the inhibitory capabilities of these lectins are tied to their ability
to cross-link target proteins [26, 27].

From what we gathered from a search in the current literature, all other existing
in vitro assessments of Griffithsin’s activity against SARS-CoV-2 have not assessed
whether retaining Griffithsin’s ability to cross-link proteins is important in maintaining its
potency against SARS-CoV-2 [28-31]. In this study, we first aimed to assess whether
the M78Q mutation could affect Griffithsin’s ability to act as an anti-SARS-CoV-2 entry
inhibitor. We then endeavored to ascertain whether Griffithsin needed to have bivalent
binding capability in order to retain the same ability to prevent SARS-CoV-2 entry. We
attempted to work with a constitutive monomer of Griffithsin, but it has been well known
that the constitutive monomeric forms of Griffithsin display severely decreased stability;
we found that this was also the case for our monomeric Griffithsin [19]. To work around
this, we adopted a strategy published in previous work from our group and produced a
heterodimeric variant of Griffithsin whereby one subunit had its three mannose-binding
sites re-moved [19]. This ensured that we could obtain a variant of Griffithsin that did not
weaken the stability of the protein by abolishing the ability of the protein to dimerize, but
also did not have the ability to engage in bivalent binding.

In the several studies have come out assessing WT-Grft’s potential use as an an-
ti-SARS-CoV-2 prophylactic, Griffithsin tends to show a half-maximal inhibitory concen-
tration against SARS-CoV-2 pseudotyped lentivirus in the ~300 nM to ~2000 nM range
(which is about an order of magnitude less potent than Griffithsin’s inhibitory capabilities
against other viruses like HIV, SIV, Hepatitis C, or Japanese Encephalitis Virus) [28-31].
Despite this diminished antiviral capability, the aforementioned favorable pharmacoki-
netic properties, ease of production, and high stability of Griffithsin means that the con-
sensus in the literature is WT-Grft is still a viable prophylactic agent to combat COVID-
19 [28-32]. However, in some of the same studies that assessed WT-Grft’s antiviral
activity against SARS-CoV-2 pseudotyped lentivirus, it was also tested on replication
competent SARS-CoV-2 coronaviral particles [29-31]. Interestingly, WT-Grft seemed to
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consistently exhibit more efficient inhibition of authentic SARS-CoV-2 coronavirus, with a
half-maximal inhibitory concentration ranging from 33.2 nM to 100.1 nM (Table 1) [29-
31]. To our knowledge, no group has yet explored potential reasons why Griffithsin
appears to exhibit higher antiviral potency against genuine replication-competent SARS-
CoV-2 virus when compared to SARS-CoV-2 pseudotyped lentivirus.

Inhibitory
Capabilities
Against SARS-
CoV-2 Inhibitory
Pseudotyped Capabilities
Lentivirus  or | Against
other in vitro | SARS-
model CoV-2
Reference Source  of assessing Coronaviral
Article Number Griffithsin Viral Strain Spike alone Particles
Alsaidi S, et. al. Griffithsin and | 27 Expressed in | Wild-Type: Inhibition of | Not
Carrageenan  Combination Nicotiana pseudoviral Reported
Results in Antiviral Synergy benthamiana infection in vitro
against SARS-CoV-1 and 2 in plants on HelLa cells
a Pseudoviral Model. Mar transduced expressing
Drugs. 2021 Jul 26;19(8):418. with a hACE2: EC50
doi: 10.3390/md19080418. tobacco = 20.6 pg/mL
mosaic virus (1610 nM)
vector
expressing
GRFT
D641G: Inhibition of
pseudoviral
infection in vitro
on HelLa cells
expressing
hACE2: EC50
= 37.6 upg/mL
(2940 nM)
K417N Inhibition of
/E484K/ pseudoviral
N501Y*: infection in vitro
on Hela cells
expressing
hACE2: EC50
= 31.6 pg/mL
(2750 nM)
Cai Y, et. al. Griffithsin with A | 28 Expressed in | Wild-Type: Inhibition of | Inhibition of
Broad-Spectrum Antiviral Escherichia pseudoviral coronaviral
Activity by Binding Glycans in coli BL21 infection in vitro | particle
Viral Glycoprotein Exhibits (DE3) via on HuH-7 cells: | infection in
Strong Synergistic Effect in pET IC50 = 292.5 | vitro on
Combination with A Pan- expression nM to 447.3 nM | VeroE6
Coronavirus Fusion Inhibitor vector cells: 1C50
Targeting SARS-CoV-2 Spike =63 nM
S2 Subunit. Virol Sin. 2020




Dec;35(6):857-860. doi: Wild-Type: Inhibition of
10.1007/s12250-020-00305- SARS-CoV-2
3. Spike mediated

HuH-7 cell-cell

fusion: 1C50 =

322.9 nM
Cai Y, et. al. A bivalent protein | 29 Expressed in | Wild-Type: Inhibition of | Inhibition of
targeting glycans and HR1 Escherichia HuH-7 cell | coronaviral
domain in spike protein coli BL21 pseudoviral particle
potently inhibited infection of (DE3) via infection in | infection on
SARS-CoV-2 and  other pET vitro: IC50 = | in vivo mice
human coronaviruses. Cell expression 510.8 nM models:
Biosci. 2021 Jul 8;11(1):128. vector IC50 =
doi: 10.1186/s13578-021- 100.1 nM
00638-w.

Wild-Type: Inhibition of

Caco-2 cell

pseudoviral

infection in

vitro: IC50 =

885.7 nM

Wild-Type: Inhibition of

SARS-CoV-2

Spike mediated

cell-cell fusion:

IC50 = 322.9

nM
Ahan RE, et. al. A Highly | 30 Expressed in | Wild-Type: Binding affinity

Potent SARS-CoV-2 Blocking
Lectin Protein. ACS Infect Dis.
2022 Jul 8;8(7):1253-1264.
doi:

10.1021/acsinfecdis.2c00006.

Escherichia
coli BL21
(DE3) via
pET
expression
vector

of Spike to Grft
protein
determined by
Isothermal
Titration
Calorimetry
(ITC): Kd =
9900 nM
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Wild-Type: Binding affinity | Inhibition of
of Spike to Grft | coronaviral
protein particle
determined by | infection in
Quartz Crystal | Vitro on
Microbalance Veroké
with cells: 1C50

B =33.2nM

Dissipation

monitoring

(QCM-D): Kd =

1600 nM

Delta: Inhibition of

coronaviral
particle
infection in
vitro on
VeroE6
cells: 1C50
=34.0 nM

Omicron: Inhibition of

coronaviral
particle
infection in
vitro on
VeroE6
cells: 1C50
=5.4nM

*The authors report K1417N but we believe this is a typo of K417N

Table 1: A summary of Wild-Type Grifithsin’s antiviral capabilities against SARS-CoV-2
pseudotyped lentivirus versus coronaviral particles, as published in the literature.

A possible explanation for the disparity in WT-Grft inhibition between lentiviral
pseudovirus and genuine SARS-CoV-2 coronaviral particles could be due the
differences in the viral architecture. HIV and other lentiviruses express approximately 7-
14 spike glycoproteins that dictate viral tropism on the surface of a 100 nm diameter
membrane-encapsulated virus [33, 34]. Other than these proteins, the surface of
lentiviruses are essentially bare of other virus-specific structural features. SARS-CoV-2
coronaviral virions share several features with lentivirus, also being ~100 nm membrane-
encapsulated viruses that express 11-41 Spike proteins (S) that dictate viral tropism and
mediate the infection process [35]. But the novel coronavirus nCoV-19 genome
expresses several other structural proteins that are packaged with the SARS-CoV-2
virion. These include: 1) the Nucleocapsid protein, N, which interacts with the viral
genome, 2) the Envelope protein, E, which is expressed on the surface of the virions and
is important for maintaining viral pathogenesis, and 3) the Membrane protein, M, which
is also expressed on the virus surface [36, 37]. As in other coronaviruses, all three
structural proteins interact with each other and the spike to facilitate viral budding,
protein transport through the Endoplasmic Reticulum, and viral attachment [38-42].



85

We wished to ascertain whether the additional SARS-CoV-2 structural proteins
M, N, and E could be responsible for the apparent increased susceptibility of the
coronaviral virions to Wild-Type Griffithsin-based inhibition.

Finally, although the human Angiotensin Converting Enzyme 2 (hACE2) has
been solidified as the required receptor to facilitate SARS-CoV-2 viral entry, the SARS-
CoV-2 virion is known to be able to infect cells that only modestly express the hACE2
receptor [43, 44]. This is perhaps best exemplified by how although COVID-19 presents
as a respiratory illness, the human respiratory system only modestly expresses the
SARS-CoV-2 entry receptor hACE2 [40, 43, 45-47]. While this initially perplexed
researchers, it has now been widely accepted that cell surface attachment receptors are
capable of binding to the SARS-CoV-2 virion and facilitate efficient viral infection of cells
that have poor hACE2 expression [46, 48-50]. Among these attachment receptors,
lectin receptors such as DC-SIGN have been known to enhance the infectivity of a
variety of viruses, including human T-cell lymphotropic virus type 1, Enterovirus 71,
Dengue Virus, and HIV-1 [26, 27, 51, 52, 53, 54]. The consensus is that DC-SIGN
receptor-mediated Trans-infection is crucial in facilitating the initial infection respiratory
tissue in the context of COVID-19 [46, 48].

Since DC-SIGN preferentially binds to the same high-mannose glycans that
Griffithsin binds to, it seemed likely that Griffithsin could act as a competitive inhibitor
against DC-SIGN-mediated Trans-infection [13, 14, 18, 19, 56]. To test this, we
performed two assays that modeled the process of DC-SIGN-mediated Trans-infection
in vitro.

Overall, our results suggest that both WT-Grft and Q-Grft inhibit SARS-CoV-2
spike mediated pseudovirus infection, but are more potent against the virions that also
expressed the additional structural proteins. We further found that the cross-linking
capabilities of Griffithsin are not nearly as important in retaining its antiviral activity
against SARS-CoV-2 pseudotyped virions as compared to HIV-1 virions. For DC-SIGN
mediated Trans-infection assays, we performed two different assays to test the effect
that Grifffithsin had on inhibiting SARS-Cov-2 pseudoviral infection. In the course of our
experiments, we found that none of the Griffithsin variants were effective inhibitors on
either Trans-infection assay model. Similarly, the addition of the M, N, and E structural
proteins did not seem to affect the DC-SIGN mediated Trans-infection capability of
SARS-CoV-2 pseudotyped lentivirions. However, we did find that the addition of the M
structural protein increased WT-Grft’s potency as an inhibitor on in vitro hACE2-
mediated Direct assays. This may provide an explanation for why Wild-Type Griffithsin
appears to display greater prophylactic/inhibitory activity against genuine nCoV-19
coronavirus infection versus SARS-CoV-2 spike pseudotyped particles, thereby
providing more support to the idea that Griffithsin could be leveraged as an effective
nasal spray or other antiviral formulation for use against COVID-19.
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3.3 Results

3.3.1 Wild-Type Griffithsin and M78Q Griffithsin Both Display Moderate
Anti-SARS-CoV-2 Inhibitory Capabilities

The FDA guidelines for potential protein-based therapeutics is unambiguous in
dictating that health science researchers must carefully assess therapeutic candidates
for post-translational modification [55]. If a therapeutic undergoes post-translational
modification, much quality control assessment must be performed, including testing the
physical and pharmacokinetic properties of the post-translationally modified derivatives,
guantifying the rate at which the protein undergoes maodification, and providing an esti-
mate for the proportion of modified derivatives in the final product [60]. This sort of
quality control assessment, while important, might be less expeditious than simply mu-
tating the protein therapeutic to avoid such arbitrary post-translational modifications. In
the case of Griffithsin, oxidation has been found to occur at Methionine 78 (Figure 1A,
1B, 1C) [17, 21]. Thankfully, researchers have already found that mutating M78 to a
Glutamine alleviates the issues of post-translational modification, making M78Q
Griffithsin an easier candidate to use for clinical trials [65].

Before embarking on assessing whether Griffithsin could act as a suitable
inhibitor of SARS-CoV-2 viral infection, we first verified that the M78Q mutation did not
disrupt the native fold of WT-Grft. This was important because although the
antiviral/prophylactic capability of recombinant Q-Grft has been verified to match WT-
Grft in the literature, there does not yet appear to published verification that recombinant
production of M78Q Griffithsin in E. coli does indeed produce a protein that exhibits
structural similarity to WT-Grft [21, 65, 66]. To do so, we produced *°N labeled WT-Grft
and Q-Grft (as described in Methods Section 2.2, above) and then assessed both
proteins by NMR HSQC (Figure 1A, 1B). Our spectra show that not only did Q-Grft
retain the same overall fold of WT-Grft, but also that the Q78 amino acid was clearly
discernable on the NMR, as evidenced by the presence of its twin side chain hydrogens
at the same *N ppm value (Figure 1D) [67].
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Figure 1: (A), (B) The schematic diagram of Wild-Type Griffithsin compared to M78Q Griffithsin.
The location of Methionine 78 is highlighted in red. On the left, (A), is a depiction of WT-Grft while
on the right, (B), is a depiction of Methionine 78 mutated to Glutamine (a.k.a. Q-Grft). (C) Depiction
of post-translational oxidation that occurs on Methionine. (D) NMR spectrum overlay of Q-
Griffithsin (teal blue) underneath WT-Giriffithsin (black). The overlay shows peaks have a high
degree of concordance, indicating that the fold of Q-Grft matches the fold of WT-Grft. The
spectrum of WT-Grft was compared to previous spectra of functional Griffithsin produced previously
[16, 24]. The expected peaks of the sidechain Q78 Glutamine are pointed out in teal.

After performing this quality control check, we then sought to test the antiviral
capabilities of both the WT-Grft and Q-Grft proteins on pseudoviral infectivity assays.
The SARS-CoV-2 Spike protein is known to have 22 highly-conserved N-linked glycan
sites; analysis of existing literature reveals that N61, N234, N709, N717, and N801 are
all typically occupied by high-mannose glycans, with N122, N165, N603, N1074, and
N1098 also showing a >25% propensity to be occupied by high-mannose or complex
glycans (see Chapter 2, Figure S3). Since Griffithsin has a sub-nanomolar affinity to
high-mannose sugatrs, it is likely that the aforementioned glycan sites act as epitopes
that allow Griffithsin to bind to the Spike protein and prevent viral infection (Figure 2A) [3,
15, 44]. The inhibitory capabilities of the WT-Grft and Q-Grft proteins were tested on a
SARS-CoV-2 hACE2-mediated pseudoviral assay, heretofore referred to as a “Direct
Infectivity” assay (Figure 2B). In our hands, WT-Grft and Q-Grft showed a moderate
ability to impede pseudoviral infection, with IC50 values of 2.74 uM and 3.53 uM,
respectively (Figure 2C). While these values are not as potent as the inhibitory
capabilities of Griffithisn against other viruses, these values are largely within the range
of values expected for SARS-CoV-2 pseudoviral inhibition (Table 1) and is still
considered to be potent enough for Griffithsin to be considered a viable agent for
prophylactic treatments [27].
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Figure 2: Depiction of how Grft may impede SARS-CoV-2 Spike mediated infectivity. A.)
Representation of Griffithsin (PDB: 2NUQO) on the SARS-CoV-2 Spike. To get high resolution of the loop
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regions where N-linked glycans are present, two Spike PDB structures were overlaid on each other (PDB ID:
7NT9 and 6VYB). The glycans are color coded to match the type of glycan that is present on the Spike
protein (high mannose, complex, and hybrid/no consensus between high mannose and complex). B.)
Schematic depiction of Griffithsin inhibition of hACE2-mediated SARS-CoV-2 viral Direct infection. C.)
Inhibition of SARS-CoV-2 pseudoviral infection by Wild-Type Griffithsin (gray) and M78Q Giriffithsin (teal
blue). Dashed line indicates one order of magnitude lower infectivity. Data were fit with a Four parameter
variable slope curve (Graphpad Prism).

3.3.2 Removing the Cross-Linking Capability of Griffithsin Does Not
Appear to Affect the Inhibitory Capability of Griffithsin

A key trait of the Griffithsin protein is that it is a domain-swapped dimer with each
monomer’s three sugar-binding moieties oriented in opposite directions relative to each
other (Figure 3A). This allows for Griffithsin to not only exhibit bivalent binding to a tar-
get epitope, but also endows Griffithsin with the ability to cross-link target proteins to-
gether. This cross-linking capability allows for Griffithsin to aggregate Spike proteins into
bunches or clusters, which is crucial in maintaining Griffithsin’s inhibitory capabili-ties
against viruses such as HIV-1 and Hantaan virus [19, 24, 68]. Despite how both WT-
Grft and Q-Grft did not show particularly potent antiviral activity on our Direct As-says,
we still wished to investigate whether this cross-linking capability of Griffithsin was
important in the context of inhibiting SARS-CoV-2 Spike-mediated infection. Griffithsin is
currently in clinical trials, meaning that even if it does not have exceptional inhibitory
capabilities against SARS-CoV-2, it still may be a pharmacologically favorable, non-
immunogenic starting point for either a combinatorial prophylactic treatment or for the
creation of a better SARS-CoV-2 viral entry inhibitor [22, 23]. Hence, uncovering the key
structural and functional features governing the inhibitory capabilities of the Griffithsin
would assist in altering the protein to produce a better prophylactic against SARS-CoV-
2.

A)

B.)
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Figure 3: A) Depiction of how the obligate dimer GLG-3A was produced. M78Q Griffithsin
monomers were linked with a 16-amino acid Glycine and Serine linker (depicted in green). The
sugar-binding Aspartates on one of the monomers were mutated to Alanines to eliminate the ability
of Griffithsin to cross-link proteins. B) The NMR overlay of GLG-3A shows high degree of overlap
with both M78Q Griffithsin (left, dark red GLG-3A overlaid onto teal Q-Grft) and Wild-Type
Griffithsin (right, black WT-Grft overlaid onto dark red GLG-3A), indicating the protein is folded and
functional. GLG-3A has M78Q mutations, which are indicated on the spectra. C) Inhibition of
SARS-CoV-2 pseudotyped lentivirus with GLG-3A on the same assay as depicted in Fig. 2B.
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Dashed line indicates one order of magnitude lower infectivity. Data were fit with a Four parameter
variable slope curve (Graphpad Prism).

In order to remove Griffithsin’s bivalent binding, we attempted to create a
monomeric form of Griffithsin. Although existing literature has shown that it is possible
to create Monomeric Griffithsin (Mono-Grft) by inserting a Gly-Ser in the domain-
swapped beta sheet of Griffithsin (1GS 17-18) and mutating Leucine 2 to a Serine (L2S),
when we produced this variant of Griffithsin, the lyophilized protein appeared to be
insoluble at pH 6.5-7.5 [19]. We did find that we could resuspend sufficient amounts of
Mono-Grft at pH 2.5 to run on NMR HSQC, but the resultant spectrum indicated that the
Mono-Grft was not well-folded (Figure S1A). When the pH of the Mono-Grft sample was
raised from pH 2.5 to above 6, the protein did appear to adopt a fold that had some
similarity with WT-Grft, but the sample aggregated over the course of an hour (Figure
S1B). The poor solubility of Mono-Grft made it unsuitable for further testing as a
potential antiviral therapeutic.

Our group has previously reported workaround to produce a Griffithsin variant
with monovalent binding capabilities, whereby the Griffithsin dimer is expressed as a
single polypeptide chain with a 16-amino acid long Glycine-Serine linker between the
two Griffithsin monomers [16, 24]. The three sugar binding moieties on one of the
Griffithsin monomer domains are removed via mutagenesis, yielding a constitutively
dimeric form of Griffithsin with only one half of the protein being able to bind to sugars
(Figure 3A). This “Onearmed” variant of Griffithsin retains the overall structure of the
Wild-Type Griffithsin dimer, but is only capable of monovalent binding to sugar epitopes.
This variant- heretofore referred to as GLG-3A- was produced with M78Q mutations on
both monomeric domains of the Griffithsin dimer and its structure was verified to be
similar to both WT-Grft and Q-Grft by NMR HSQC (Figure 3B).

When GLG-3A was tested on our Direct Infectivity assay as depicted in Figure
2B, it appeared to behave similarly to both WT-Grft and Q-Grft, albeit with an
approximately 2- to 4-fold diminished antiviral capability (IC50 = 5.03 pM) (Figure 3C).
This is in contrast to GLG-3A inhibition tests with HIV-1 pseudovirus, whereby removing
the crosslinking ability of Griffithsin diminished its antiviral activity by approximately 100-
to 1000- fold [24]. Ergo, while it appears as though the cross-linking and Spike
aggregation is crucial in mediating the antiviral capability of Griffithsin in the context of
HIV, it does not appear to greatly contribute to etiology of Griffithsin-based SARS-CoV-2
pseudoviral inhibition.

3.3.3 Grft is a Moderate Inhibitor of Direct Infection, and Does Not
Prevent DC-SIGN Facilitated Trans-infection

Recent evidence has shown that although COVID-19 presents as a
respiratory disease, the cells in the lung tissue only moderately express the hACE2
receptor [47, 49, 50]. While this initially puzzled scientists, the widely accepted theory
now is that other cell-surface proteins are able to act as attachment receptors that
capture and present the SARS-CoV-2 virus, thereby to enhancing the infectivity of
SARS-CoV-2 and allowing for efficient infection of lung cells that modestly express
hACE2 [43, 44, 46, 48].

One of these attachment receptors that has been able to show a consistent ability to
facilitate trans-infection of SARS-CoV-2 pseudovirions on in vitro assays is called
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Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin (DC-
SIGN) [46, 59]. DC-SIGN is a tetrameric, 46 kDa cell surface protein that is comprised
of an N-terminal transmembrane domain, a relatively long Neck domain, and a C-
terminal Head Domain (Figure 4A). The C-terminal Head Domain encompasses the
Carbohydrate Recognition Domain (CRD) and is known to have a high affinity for high-
mannose sugars, thereby allowing DC-SIGN to capture a variety of membrane-
encapsulated viruses- ranging from human T-cell lymphotropic virus type 1, Enterovirus
71, Dengue Virus, and HIV-1- and potentiate efficient viral infection into susceptible cells
[26, 27, 48, 51-54, 56]. In recent literature, it has been demonstrated that DC-SIGN is
capable of recognizing N-linked glycans on the SARS-CoV-2 Spike protein to mediate
viral presentation and infection of cells [48].
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Figure 4: Griffithsin Appears to Enhance DC-SIGN Mediated Trans Infection via Raji cells.
(A) Simplified depiction of the DC-SIGN lectin receptor on the surface of 3t3 and Raji cells. The
DC-SIGN extracellular domain ribbon structure is an AlphaFold prediction of the DC-SIGN protein’s
extracellular domain [69, 70]. The structure was chosen by selecting the closest prediction to a
previously constructed structure from Tabarani, G. et. al. [71]. We further zoom in on the C-
terminal Carbohydrate Recognition Domain (CRD) of DC-SIGN bound to mannan (PDB ID: 1SL4).
(B) Depiction of DC-SIGN CRD bound to high-mannose N-linked glycans on the SARS-CoV-2
Spike protein. In theory, Griffithsin should compete with DC-SIGN for binding to the same high-
mannose glycans. (C) Diagram depicting the process of Raji DC-SIGN+ cell mediated SARS-CoV-
2 pseudovirus Trans-infection. (D) Results of Griffithsin inhibition of Raji DC-SIGN+ cell mediated
Trans-infection. WT-Grft was tested first and was found to consistently enhance Trans-infectivity.
Q-Grft appeared to behave similarly, although it enhanced Trans-infectivity to a greater extent than
WT-Grft. We then tested GLG-3A to observe whether Griffithsin-mediated cross-linking could
explain the enhanced infectivity of WT-Grft and Q-Grft. Oddly, all Griffithsin variants seemed to
enhance Trans-infectivity on our assay.
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Because Griffithsin is also able to bind to high-mannose glycans on viral Spike
proteins, we theorized that Griffithsin could act as a potent competitive inhibitor of DC-
SIGN mediated Trans-infection (Figure 4B) [16]. To test this, we designed an assay that
made use of the paired B-cell Burkitt lymphoma derived cell lines Raji/Raji DC-SIGN+
that had been used to model HIV-1 DC-SIGN mediated Trans-infection (Figure 4C) [61-
63]. Raiji cells have already been used as a workhorse strain for Trans-infection
experiments with other viruses, notably with HIV-1 and Ebola Virus [60-63]. Briefly, the
assay was run as follows: the B-cell Burkitt lymphoma derived Raiji cell line that was
transfected to constitutively express DC-SIGN (Raji DC-SIGN+) and its nontransfected
control (Raji Wild-Type) was incubated with SARS-CoV-2 pseudotyped lentivirions.
After allowing the DC-SIGN-expressing cells to capture the virus, the cells were washed
twice and then added to wells containing hACE2+ HEK-293T cells. The virions that had
been captured by the DC-SIGN+ Raiji cells were allowed to infect the hACE2+ HEK-
293T cells and the infectivity was measured by luciferase activity as described in the
Direct infectivity assay in Figure 2B.

After verifying that the Raji cells and Raji DC-SIGN+ cells were not themselves
permissible to SARS-CoV-2 infection (Figure S2A, S2B), we verified that DC-SIGN-
mediated Trans-infection could be inhibited with a competitive inhibitor of the DC-SIGN
mannose-binding site (Figure S3A, S3B). Coupled with how Raji Wild-Type cells did not
facilitate Trans-infection, this provided strong evidence that Raji DC-SIGN+ cells were
indeed capable of capturing SARS-CoV-2 pseudotyped virions and facilitating Trains-
infection on our in vitro assay (Figure S4).

We then used this Raji Cell Mediated Trans-infectivity assay system to test
whether WT-Grft could act as an inhibitor of DC-SIGN mediated viral capture and
transfer to susceptible cells. We performed this assay in the presence of different
concentrations of WT-Grft (Figure 4D). Oddly, 4.7 nM of WT-Grft appeared to inhibit
Raji DC-SIGN+ cell mediated Trans-infection. But, when the concentration of WT-Grft
was increased to 47 nM, the SARS-CoV-2 pseudovirus appeared to display greatly
enhanced infectivity, reaching infectivity values that were 1 order of magnitude higher
than samples without any Griffithsin present.

Our initial hypothesis to explain this phenomenon was that the aforementioned
cross-linking capabilities of Griffithsin could tether multiple viruses together, thereby
allowing a single DC-SIGN CRD to capture more than one virion. Because the SARS-
CoV-2 Spike protein had numerous high-mannose glycosylation sites, there conceivably
could be enough epitopes on the virion to allow for both Griffithsin and DC-SIGN to bind
to the same Spike protein. This Griffithsin-mediated cross-linking would in turn allow a
single DC-SIGN receptor to capture and deliver clusters of multiple SARS-CoV-2 virions
provided to susceptible cells. Alternatively, we thought that WT-Grft could be cross-
linking viral particles to such an extent that the particles were able to be pelleted by
centrifugation without the need to be captured by DC-SIGN-expressing cells. But, when
we performed our experiments with the monovalent variant of Griffithsin that was
incapable of cross-linking proteins together (GLG-3A), we observed a similar
phenomenon as described for WT-Grft: GLG-3A consistently appeared to enhance Raji
DC-SIGN+ SARS-CoV-2 pseudoviral infectivity by at least 1 order of magnitude (Figure
4D).
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For the purposes of completion, we performed a less intensive screen of Q-Grft
to verify that the M78Q mutation did not alter the trend of increased Raji DC-SIGN+
infectivity. As shown in Figure 4D, 47 nM of Q-Grft was also sufficient to enhance
infectivity on our Raji Trans infectivity assay by at least 1 order of magnitude, indicating
that Q-Grft, much like WT-Grft and GLG-3A, enhanced Raji cell-mediated Trans-
infection.

As a B cell line, Raji cells express a variety of Complement receptors, some of
which can serve as attachment receptors for other viruses like Epstein Barr Virus (EBV),
Hantavirus, and HIV-1 [72]. B cells can also directly recognize antigens from pathogenic
molecules (such as viruses) either via their Toll-like Receptors or B Cell Receptors [73,
74]. This recognition can lead to B cell activation and differentiation, even in the
absence of T-cells, potentially leading to the secretion of a variety of cytokines and
cytotoxic molecules [73-77]. All of this means that the process of SARS-CoV-2
pseudoviral exposure or Griffithsin incubation with Raji cells could possibly induce
signaling cascades or alterations in cell surface protein expression, thereby causing the
observed increase in Raji DC-SIGN+ cell mediated pseudoviral Trans-infectivity to
susceptible hACE2+ HEK-293T cells [73, 74]. Even though Raiji cells have been
reported to be suitable in vitro Trans-infection models for other viruses- like HIV-1,
Human T-Cell Lymphotropic Virus Type 1, and Enterovirus 71- we believed that it was
prudent to assess Griffithsin inhibition of Trans-infection on another paired DC-
SIGN+/DC-SIGN- cell system to verify whether the enhanced Trans-infectivity we were
observing on the Raji cell assay was consistent [51, 52, 61-63].

To verify whether Griffithsin was indeed truly capable of enhancing SARS-CoV-2
pseudoviral Trans-infectivity, we performed a Trans-infectivity assay that made use of a
DC-SIGN+ cell line that was dissimilar to Raji cells. The 3t3 cell line is an adherent
murine fibroblast cell line that has low innate expression of lectin receptors and
Complement receptors [58]. We were able to obtain a paired 3t3 and DC-SIGN+ 3t3 cell
line from NIH AIDS reagent, which allowed us to develop an alternative in vitro DC-SIGN
mediated Trans-assay [59]. Briefly, 3t3 cells were seeded in the wells of a 96-well plate
and allowed to recover overnight. To test whether Griffithsin interaction with virions or
Griffithsin interaction with DC-SIGN was responsible for increasing the Trans-infectivity
of SARS-CoV-2 pseudovirions, we performed two different procedures: we either 1) pre-
incubated of SARS-CoV-2 pseudotyped lentivirus with Griffithsin proteins before adding
to 3t3 cells, or 2) Griffithsin was first added to 3t3 cells before SARS-CoV-2 pseudotyped
virions were added over the top (Figure 5A). Wells were then washed twice and
susceptible hACE2+ HEK-293T cells were added to wells to allow for infection. After 48-
60 hours, viral infectivity was measured by luciferase activity assay as described in
Figure 2B, above.
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Figure 5: Griffithsin doesn’t affect Trans-Infection in 3t3 Cells. (A) Diagram depicting the process
of 3t3 DC-SIGN+ cell mediated SARS-CoV-2 pseudovirus Trans-infection. (B) Depiction of
Griffithsin inhibition of 3t3 DC-SIGN+ cell mediated Trans-infection. Circular data points indicate
protocol where Griffithsin was pre-incubated with SARS-CoV-2 pseudovirus before adding to 3t3
DC-SIGN+ cells. Rectangular data points indicate protocol where Griffithsin was pre-incubated
with 3t3 cells before SARS-CoV-2 pseudovirus was added to well. For both infectivity protocols, all
Griffithsin variants did not appear to have any significant effect on enhancing or inhibiting 3t3 DC-

SIGN+ cell-mediated Trans-infectivity.

The results of the DC-SIGN+ 3t3 cell-mediated assay showed that all three
Griffithsin variants (WT-Grft, Q-Grft, and GLG-3A) appeared to have no effect on DC-
SIGN-mediated Trans-infection of SARS-CoV-2 pseudovirus. Furthermore, neither pre-
incubation of Griffithsin with DC-SIGN-expressing cells and pre-incubation of Griffithsin
with SARS-CoV-2 pseudovirus led to a significant difference in viral infectivity. The lack
of Griffithsin-mediated enhancement of Trans-infectivity on 3t3 cells led us to believe
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that the enhanced Trans-infectivity observed in Figure 4 with Raji Cells was likely due to
unforeseen signaling changes or interactions in the Raji cell line.

Given the results from the Raji cell and 3t3 cell Trans infectivity assays, we were
left to conclude that, at the very least, no variant of Griffithsin (WT-Grft, Q-Grft, and
GLG-3A) exhibited any appreciable ability to act as an inhibitor of DC-SIGN-mediated
capture of SARS-CoV-2 pseudotyped lentivirions.

3.3.4 Additional SARS-CoV-2 structural proteins do not significantly
contribute to Trans-Infection

Although HIV lentivirions and SARS-CoV-2 virions share many similar features-
both are membrane enveloped virions about 100 nm in diameter with approximately the
same number of spike proteins on their surface- they do differ in the number and type of
proteins that are incorporated into the final virion [33, 34]. HIV lentivirions only express
the gp120/41 Spike Glycoprotein trimers on their surface, with numerous other proteins
sequestered inside of the viral particle (Figure 6A).

While the SARS-CoV-2 Spike protein is necessary to dictate the tropism of the
virus and mediate the infection process, the nCoV-19 genome also expresses several
other structural proteins that are packaged with the SARS-CoV-2 virion. These include:
1) the nucleocapsid protein, N, which interacts with the viral genome, 2) the envelope
protein, E, which is expressed on the surface of the virions and is important for
maintaining viral pathogenesis, and 3) the membrane protein, M, which is also
expressed on the virus surface and can potentially act as an ion channel or a sugar
transporter (Figure 6B, 6C, 6D) [78, 89]. As in other coronaviruses, all three structural
proteins interact with each other and the spike to facilitate viral budding, protein transport
through the Endoplasmic Reticulum, and viral attachment. [38-42]
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Figure 6: Structure and glycosylation of the three SARS-CoV-2 structural proteins. (A)
Simplified depiction of SARS-CoV-2 lentiviral pseudovirions (left) versus SARS-CoV-2 coronavirus
virions. HIV lentivirions incorporate numerous features into their viral particles, as they must carry
the machinery necessary to reverse transcribe the lentiviral RNA genome and incorporate it into the
host DNA genome [33]. In contrast, coronaviral particles only incorporate the structural proteins M,
N and E in addition to the Spike protein. However, both M and E proteins are present on the
surface of coronavirus virions, while the surface of lentiviral pseudovirions are essentially bare of
any protein aside from Spike glycoprotein. (B) M protein sequence and dimeric structure, with 8
potential N-linked glycosylation sites shown in red. The M protein is the most highly expressed
protein on the surface of the SARS-CoV-2 virion and exists as a homodimer. The 2 glycans that
are on the extraviral side of the virion and are potentially accessible for DC-SIGN lectin receptor
recognition are depicted as space-filling models [78]. The glycan at N216 is on an engineered loop
because there was no resolution for the glycan on the PDB structure. PDB ID: 7VGR by Zhang, Z.
et. al., unpublished data. (C) The N protein exists as a homodimer and is localized to the interior of
the virion. Itis not anticipated to undergo glycosylation. Rather, it is expected to mediate viral RNA
genome packaging and regulating host immune responses [57]. PDB ID: 8FG2 by Casasanta, M.
et. al. Microsc Microanal, 2022. (D) SWISS-Model predicted structure of the SARS-CoV-2 E-protein
[79-87]. The E protein exists as a homopentamer on the viral surface and has two expected glycan
sites, depicted in red. Glycan N66 is closer to the extraviral side of the viral membrane and is thus
depicted as a space filling model in the figure [24, 88].

To our knowledge, there is currently no research that has assessed whether the
SARS-CoV-2 structural proteins alter DC-SIGN mediated Trans-infection [38, 39]. This
is particularly important for adequately modeling the initiation of COVID-19 infection,
since SARS-CoV-2 is theorized to rely on attachment and presentation by surface
proteins like C-type lectin receptors in order to efficiently infect the low-hACE2-
expressing cells of the oral epithelium and respiratory airways [44, 48]. Specific focus is
given to the SARS-CoV-2 M and E proteins, as they are both glycosylated proteins on
the viral surface and can therefore potentially contribute significantly to SARS-CoV-2
recognition by lectin receptors [40]. The M and E proteins are predicted to have 8
glycosites and 2 glycosites, respectively, although only a subset of these glycans are
oriented towards the exterior of the viral particle (Figure 6B, 6D). Regardless, the
presence of both the M and E proteins on the surface of the coronaviral virion could
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provide significant number of accessible high-mannose glycans for virus recognition,
capture, and trans-infection [78].

To ascertain the effect of the M, N, and E proteins on DC-SIGN mediated Trans-
infection, four viral strains were produced: three had one additional structural protein
incorporated in the SARS-CoV-2 nCoV-19 Wuhan Wild-Type strain lentiviral particle
(either M, N, or E protein) (Figure S5A, S5B), and a final strain was produced with all
three structural proteins included with the lentiviral system (Figure S5C). To do this, we
followed a procedure inspired from recent literature where the additional structural
proteins were co-transfected with the vectors necessary for SARS-CoV-2 pseudotyped
lentirival production [39]. As would be expected from previous literature, the addition of
these proteins individually appeared to increase hACE2-mediated Direct-infectivity for
the pseudovirus (although the wide distribution of infectivity for M and E protein strains
meant that we couldn’t state that the increased infectivity was statistically significant)
(Figure 7A) [39]. On a per molar basis, however, the per molar infectivity of the MNE
strain was actually lower than the Wild-Type spike-only strain despite having a much
higher raw luciferase signal than the Wild-Type, E, and M strains (Figure 7A, Figure
S6A, Figure S6C). This could be explained by how the MNE pseudoviral solution likely
also contains a high number of SARS-CoV-2 coronavirus-like particles (cVLPs). The
expression of all of the SARS-CoV-2 structural genes is sufficient to generate cVLPs,
and even though these cVLPs should not have the ability to package the luciferase
transfer sequence, a significant number of the viral particles likely incorporated some
p24 protein because its expression was under the strong, constitutively active CMV
promoter on the lentiviral backbone vector [38]. This thereby likely artificially increased
the estimated molarity of our titered MNE virions (Figure S5A, S5B, Figure S6C).
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Figure 7. Structural proteins enhance the ability of SARS-CoV-2 pseudovirus to undergo
direct-infection but have no effect on Trans-infection. A.) Direct-infectivity per mole for each
SARS-CoV-2 pseudovirus strain. B.) Trans-infectivity per molar for each SARS-CoV-2 pseudoviral
strain. C.) Each strain’s Trans-infectivity signal is normalized to their Direct-infectivity to obtain the
strain propensity to undergo Trans-infection. D.) To verify that the viral strains were indeed
undergoing DC-SIGN mediated trans-infection, experiments were performed in the presence of 20
pg/mL of mannan. Mannan decreased Trans-infectivity by the same extent for all strains (about
93% inhibition), indicating that the additional SARS-CoV-2 structural proteins do not significantly
contribute to DC-SIGN mediated Trans-infection. As above, dashed line indicates 4-fold decrease
in infectivity as inspired by previous literature [85]. A, B, C, D. Statistical analysis is a Welch
ANOVA with an Alpha value of 0.05. * indicates a P-value <0.1. **indicates a P-value < 0.01. ***
indicates a P-value < 0.001. **** indicates a P-value < 0.0001.

Running these Structural protein viral strains on the 3t3 DC-SIGN+ cell-mediated
Trans-infection assay and normalizing each strain’s per Molar luciferase signal (Figure
7B) to their respective hACE2-mediated Direct-infectivity per Molar luciferase signal
(Figure 7A) revealed no significant difference between the strains’ propensity to undergo
Trans-infection (Figure 7C, Figure S7), indicating that there is relatively little interaction
between DC-SIGN and the other SARS-CoV-2 surface glycoproteins. This was further
supported by the fact that all strains exhibited the same mannan susceptibility,
suggesting DC-SIGN-mediated virus binding is not affected by the other structural
proteins present (Figure 7D, Figure S8).

3.3.5 Additional SARS-CoV-2 structural proteins modulate viral
susceptibility to Griffithsin inhibition of hACE2 Direct Infection

At this time, several research articles have been published reporting the antiviral
capabilities of Griffithsin against hAACE2-mediated direct infectivity of SARS-CoV-2
virions [28-31]. However, a consistent pattern in the literature is that Griffithsin exhibits
more potent inhibitory capabilities against SARS-CoV-2 coronaviral virions than SARS-
CoV-2 pseudotyped lentiviral virions (Table 1) [28-31]. To our knowledge, there has
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been no published work exploring what is responsible for the increased potency of
Griffithsin against coronaviral SARS-CoV-2 particles as opposed to SARS-CoV-2
pseudotyped lentiviral particles.

Since Griffithsin inhibition is typically mediated via its binding to glycan sites on
viral surface proteins, and since SARS-CoV-2 coronaviral particles express more
glycoproteins on the surface than lentiviral virions (including M and E structural proteins
in addition to viral Spike protein), we believed that the additional structural proteins could
be responsible for the increased vulnerability of the genuine SARS-CoV-2 coronaviral
virion to Griffithsin-mediated inhibition. To test this, we utilized the strains of SARS-CoV-
2 pseudotyped lentiviral virions that incorporated M, N, E, or MNE proteins as described
in section 3.4 (Figure S5). Because previous literature used exclusively WT-Grft, and
because WT-Grft gave less variability on our Direct-infectivity assays (see Figure 2C),
we exclusively used WT-Grft to assess the effect the additional structural proteins had
on the SARS-CoV-2 hACE2-mediated Direct infectivity assay as described in Figure 2B.

Our results indicated that SARS-CoV-2 pseudovirus incorporating the N and E
proteins did not display an increased susceptibility to WT-Grft; rather, it seemed as
though the N and E proteins increased viral resistance to Griffithsin, with IC50 values of
5.79 uM and 7.96 uM, respectively (Figure 8B, 8C). This is not unexpected, as it has
been previously shown that the N protein is capable of increasing the infectivity of
SARS-CoV-2 pseudotyped lentivirions [39]. Meanwhile, both pseudovirus variants that
incorporated M protein in the virion (i.e. pseudovirus with only M protein as the additional
structural protein as well as pseudovirus with all three M, N, and E structural proteins
incorporated into the pseudovirus) displayed significantly greater susceptibility to WT-
Grft inhibition, with IC50 values of 0.24 yM (240.2 nM) and 0.41 M (412.4 nM),
respectively (Figure 8A, 8D). These results seem indicate that the M protein is capable
of being recognized by Griffithsin, thereby increasing the number of Griffithsin on the
surface of the virion and allowing for more potent inhibition. These results largely
followed our hypothesis and expectations: given that M protein is the most numerous
protein on the surface of the SARS-CoV-2 virion, and it contains multiple accessible
putative glycan sites, it is not unexpected that the inclusion of M protein on pseudoviral
particles provide multiple epitopes that allow for Griffithsin-based recognition and
inhibition [78].
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Figure 8. Structural proteins perform variable roles in enhancing and diminishing the ability
of SARS-CoV-2 pseudovirus to be inhibited by Wild-Type Griffithsin. (A) Inhibition of Direct-
infectivity of SARS-CoV-2 pseudovirus strain expressing M protein shows enhanced suscep-tibility
to WT-Grft; IC50 = 0.24 uM. (B) Inhibition of Direct-infectivity of SARS-CoV-2 pseudovirus strain
expressing N protein shows diminished susceptibility to WT-Grft; IC50 = 5.79 yM. (C) Inhibition of
Direct-infectivity of SARS-CoV-2 pseudovirus strain expressing E protein shows di-minished
susceptibility to WT-Grft; IC50 = 7.96 uM. (D) Inhibition of Direct-infectivity of SARS-CoV-2
pseudovirus strain expressing all three additional structural proteins M, N, E shows enhanced
susceptibility to WT-Grft; IC50 = 0.41 uM. Data were fit with a Four parameter variable slope curve

(Graphpad Prism).

3.4 Discussion

The rollout of COVID-19 vaccines has led to the abatement of SARS-CoV-2
associated mortality [1, 2]. However, recent strains of the SARS-CoV-2 virus show a
remarkable ability to evade immune detection and breakthrough vaccine inhibition;
Omicron sublineages have been shown to engender symptomatic infection in patients
who had received up to 4 vaccine doses [2]. Thus, it is estimated that COVID-19 will
persist as an annual disease, much like the common cold or the seasonal flu [2, 3]. In
fact, the Summer of 2023 heralded a surge in COVID-19 infections, coupled with a
steady increase in SARS-CoV-2 samples in wastewater [91]. Due to the threat of even
mild forms of COVID-19 to lead to breakthrough infections that could eventually yield
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fatal respiratory dysfunction, there is still a need to explore broad-spectrum prophylactic
options to combat SARS-CoV-2 entry and infection [2, 3, 91].

The Red-algae Griffithsia sp.-derived lectin Griffithsin is well-suited to act as a
viral inhibitor: Griffithsin is remarkably stable, easy to produce in large quantities, able to
be formulated in various materials ranging from liquids to hydrogels to lyophilized
powder, is nonimmunogenic, and displays broad antiviral activity [17-20, 92, 93].
Because of these favorable characteristics, Griffithsin is currently in clinical trials as both
an anti-HIV-1 and anti- COVID-19 prophylactic treatment [13, 14, 18, 19, 22, 23].
However, because it can undergo spontaneous oxidation at Methionine 78, a variant of
Griffithsin with an M78Q mutation was created in order to fulfill the necessary
requirement to create a shelf-stable drug that is compliant with approval guidelines for
FDA drugs [17, 94]. While the efficacy of M78Q Giriffithsin as an antiviral agent was
verified in 2019, implying that Q-Grft is an effective therapeutic, we provide proof in this
paper that recombinant Q-Grft can be cheaply produced in E. coli and does indeed
adopt the same overall fold as WT-Grft, as assessed by NMR HSQC. We further found
that WT-Grft and Q-Grft dis-played similar IC50 values to each other when tested on an
in vitro assay that modeled hACE2-mediated Direct infection, at 2.74 yM and 3.53 uM,
respectively.

Another key feature of Griffithsin is that it is a domain-swapped dimer with three
carbohydrate binding sites on each monomer, which grants Grififthsin the ability to
cross-link viral spike proteins. This cross-linking activity is thought to be crucial in me-
diating Griffithsin’s antiviral potency against HIV-1 pseudovirus infection in vitro [19, 24,
25]. To test whether this phenomenon held true for SARS-CoV-2 pseudovirus inhibition,
we produced a constitutive dimer of Griffithsin that had its sugar-binding moieties re-
moved on one of its monomeric domains, thereby preventing this variant from being able
to cross-link viral proteins (GLG-3A). In our hands, GLG-3A displayed an IC50 of 5.03
MM, which is only approximately 1.86-fold higher than WT-Grft’s IC50 and 1.42 uM.
Considering how GLG-3A shows 84- to 178-fold higher IC50 when it was tested on HIV-
1 pseudotyped lentiviral Direct inhibition assays, we feel confident in concluding that the
cross-linking capability of Griffithsin does not greatly contribute to its inhibitory activity
against SARS-CoV-2 pseudotyped lentivirus’ hACE2-mediated Direct infection.

During the course of the COVID-19 pandemic, it became apparent that C-type
lectin receptors such as DC-SIGN were crucial in mediating SARS-CoV-2 viral infection
of cells in the respiratory airways that only modestly express hACE2 [45-49]. Since DC-
SIGN exhibits high affinity for binding to the same high-mannose glycans that Griffithsin
binds to, we hypothesized that Griffithsin could be a viable inhibitor of DC-SIGN-
mediated Trans-infection. To test this, we developed two different Trans-infectivity
procedures in-spired by previous assessments [59, 62, 63]. When the B-cell lymphoma-
derived DC-SIGN+ Raiji cell line was used as the virus capture cell line, we found that all
three variants of Griffithsin significantly increased DC-SIGN-mediated Trans-infectivity.
In contrast, when the murine embryonic fibroblast-derived DC-SIGN+ 3t3 cell line was
used as the virus capture cell line, we found that all three variants of Griffithsin did not
appreciably enhance or inhibit DC-SIGN-mediated SARS-CoV-2 pseudoviral Trans-
infectivity.

A possible explanation for why Griffithsin seems to enhance DC-SIGN+ Raji cell-
mediated Trans-infectivity could be that Griffithsin could cross-link SARS-CoV-2 virions
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together to such an extent that the clustered virus particles are able to be pelleted during
the centrifugation steps of the Raji Trans-infection assay. However, this would not
explain how the GLG-3A variant of Griffithsin (which is incapable of cross linking) is able
to also enhance viral infectivity. Since Raji cells are derived from B cells, which are
active immune cells, they could be capable of binding to viral pathogen epitopes via Toll-
like Receptors, B cell Receptors, or Complement Receptors and undergoing activation
[73, 74, 95]. Raiji cells specifically express an excess of cell surface receptors when
compared to standard B cells, indicating that there is a distinct possibility that they
express enough surface receptors to enable T-cell independent antigen responses [73,
75, 76]. B cells are also activated by lectins that bind to fucose, leading to cell
differentiation and the secretion of both pro- and anti-inflammatory molecules [96].
Unfortunately, DC-SIGN is a lectin that is capable of binding to fucose, further
complicating the possible processes that might be affecting the Raiji cells in our assay
[97]. Activated B cells express and secrete antiviral molecules such as Granzyme B,
which could in turn impede SARS-CoV-2 pseudoviral entry of hACE2+ HEK-293T cells
on the Trans-assay [73, 74]. Alternatively, Griffithsin could protect virions from these
proteases, making it appear as though the SARS-CoV-2 pseudovirus infectivity is
enhanced by the presence of Griffithsin. Finally, Raji cells have recently been
discovered to undergo phagocytosis of pathogens, a function that flies in the face of
previously-established convention regarding the role of B cells [98]. Thus, Griffithsin
could enhance infectivity by preventing SARS-CoV-2 pseudoviruses from being
recognized and phagocytosed by Raji cells. In short, B cells engage in numerous
different functions and roles within the mammalian body, and so there are many con-
founding variables that could explain why Raji cells- as a B cell derived cell line- could
undergo Griffithsin-enhanced Trans-infectivity of SARS-CoV-2 pseudotyped virions [99].
All of this served as strong justification for us to move from performing the Raji cell Trans
assay to the 3t3 cell Trans assay.

We performed the 3t3 cell Trans assay in a manner inspired by recently-
published work in our lab [59]. However, to ascertain whether Griffithsin interaction with
SARS-CoV-2 pseudotyped virions or Griffithsin interaction with DC-SIGN was responsi-
ble for enhancing Trans-infection, we performed the assays pre-incubating the Griffithsin
variants with either the 3t3 DC-SIGN+ cells or with virus samples. In the end, it ap-
peared that pre-incubating all variants of Griffithsin (WT-Grft, Q-Grft, and GLG-3A) with
virus or with DC-SIGN+ cells had no affect the ability of SARS-CoV-2 pseudotyped
virions to undergo Trans-infection.

When the data from both kinds of Trans-assay were taken together, the evidence
seems to suggest that at the very least, Griffithsin does not act as a viable inhibitor of
SARS-CoV-2 DC-SIGN-mediated Trans-infection. Since there are 22 putative glycan
sites on each monomer of the SARS-CoV-2 Spike protein, it highly likely that even if
Griffithsin blocks DC-SIGN from binding a particular glycan, DC-SIGN can easily shift
from binding one glycan to binding to another [48]. Also, Griffithsin does not have high
affinity for fucose, meaning that DC-SIGN could still facilitate Trans-infection via binding
to fucosylated glycans [57, 96, 97].

We also noticed a consistent trend in the literature whereby Griffithsin seemed to
exhibit better inhibitory capabilities against genuine SARS-CoV-2 coronaviral particles
than SARS-CoV-2 pseudotyped lentivirions (Table 1). When tested against SARS-CoV-
2 pseudotyped lentiviral virions, these studies found that WT-Grft displayed a half-
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maximal inhibitory concentration of 1.61 uM, 293 nM and 511 nM, respectively [28-30].
These values are at least one order of magnitude poorer than WT-Grft’s ability to inhibit
other viruses such as HIV, SIV, Hepatitis C, or Japanese Encephalitis Virus [32]. In
addition, the researchers who found the half-maximal inhibitory concentration of WT-Grft
against authentic SARS-CoV-2 coronavirus to be 33.2 nM calculated the dissocia-tion
constant between WT-Grft and SARS-CoV-2 Spike protein to be 1.6-9.9 uM, indicating
Griffithsin did not have strong binding affinity for the SARS-CoV-2 Spike protein. For the
two papers where SARS-CoV-2 pseudotyped lentivirus and authentic SARS-CoV-2
virions were assessed on comparable in vitro assays, it was reported that Wild Type-
Griffithsin had a 4.65-fold to 5.10-fold better inhibitory capability against SARS-CoV-2
coronavirus verses SARS-CoV-2 lentiviral particles [29, 30].

Unlike lentiviral pseudovirions- which only express the SARS-CoV-2 Spike
protein on their surface- SARS-CoV-2 coronaviral particles also express the M and E
structural proteins on their surface. It has already been established that the addition of
N protein can significantly increase the hACE2 mediated infectivity of SARS-CoV-2
pseudovirions, while the M and E proteins appeared to have no significant impact on
pseudoviral Direct-infectivity [39]. However, because M and E are glycosylated
membrane-embedded proteins, we theorized they could act as targets for Griffithsin-
mediated viral inhibition. Notably, M is the most abundant protein on the surface of the
SARS-CoV-2 virion, meaning it theoretically provides the majority of N-linked glycan
epitopes on the surface of the virion [78]. Using data from three other coronaviruses
(SARS-CoV-1, Mouse Hepatitis virus, and Feline coronavirus), it is estimated that the
SARS-CoV-2 particle expresses ~1100 M protein dimers on its surface [100]. Based off
of our understanding of the accessible glycans on the M protein dimer, we therefore
estimate that there are about 4400 N-linked glycan epitopes on the SARS-CoV-2 virus
surface due to the M protein (Figure 6B). For comparison, there are about 1716 N-
linked glycans from the ~26 Spike trimers predicted to be on the surface of the SARS-
CoV-2 virion [35]. Ergo, there are about 2.56-fold more N-linked glycans from the M
protein than from the Spike protein, meaning that the presence of the M protein could
significantly increase the ability of Griffithsin to bind to the virus particle. Indeed, we
found that when the M protein was expressed and likely incorporated into the SARS-
CoV-2 pseudoviral virion, the IC50 of WT-Grft on our Direct-infectivity assays decreased
by about an order of magnitude, strongly suggesting that Griffithsin inhibits genuine
SARS-CoV-2 coronaviral infection by binding to the M structural proteins on the virion in
addition to the Spike protein (Figure 8A, 8D).

We also found that the addition N and E proteins decreased the susceptibility of
SARS-CoV-2 pseudotyped lentivirions to Griffithsin-mediated inhibition of Direct-
infectivity (Figure 8B, 8C). This was somewhat expected for the N protein strain
pseudovirus: previous literature reported that the inclusion of N protein in SARS-CoV-2
pseudotyped lentivirions significantly increased the infectivity of pseudotyped lentivirus
[39]. We saw a similar phenomenon in our Direct-infectivity assays, although the
change in infectivity was not drastic enough to constitute a significantly higher infectivity
(Figure 7A).

On the other hand, the E protein has the lowest amount of integration into the
genuine SARS-CoV-2 coronaviral particle [101]. In existing literature, the E protein did
not appear to substantially increase pseudotyped lentivirus Direct-infectivity; however, in
our hands, the E protein appeared to induce a similar increase in Direct Infectivity as the
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N protein when incorporated into SARS-CoV-2 pseudotyped lentivirus [39]. Hence, it
stands to reason that the E protein’s ability to enhance viral infectivity could allow SARS-
CoV-2 pseudotyped virions to efficiently infect cells despite the presence of Griffithsin.

Finally, we assessed whether the additional structural proteins could enhance the
Trans-infectivity of SARS-CoV-2 pseudovirions. Again, since both the M and E proteins
are membrane-embedded glycoproteins, we initially hypothesized that DC-SIGN could
recognize epitopes on these structural proteins in addition to the Spike protein, thereby
contributing to greater Trans-infection capability. While incorporation of the N and E
protein into the SARS-CoV-2 pseudivirion appeared to marginally increase Direct-
infectivity, the propensity for the virus to undergo Trans-infection remained largely
unchanged (Figure 7C). This was not surprising, since the N protein is localized to the
interior of the virion, it is thus unable to be recognized by cell surface receptors; similarly,
E protein is poorly expressed and incorporated on the surface of viral particles, meaning
that it wouldn’t provide that drastic of an increase in epitopes on the surface of the virion
[101].

Unexpectedly, the presence of M protein did not appear to enhance the
propensity of pseudotyped virions to undergo DC-SIGN mediated Trans infection at all
(Figure 7C). Even when all three additional structural proteins were expressed together,
the MNE strain pseudotyped virus displayed no difference in its propensity to undergo
DC-SIGN mediated Trans infection. Taken together, we posit that while Griffithsin favors
binding to the M protein, DC-SIGN instead primarily interacts with the glycans on the
Spike protein. Thus, this would explain why the addition of M protein does not enhance
Trans-infectivity and why Griffithsin is not an effective inhibitor of DC-SIGN mediated
Trans-infection.

For future studies, we aim to assess whether Griffithsin has any ability to prevent
vi-ral Trans-infectivity by other attachment receptors that bind to sugar moieties (such as
SIGLEC1 and L-SIGN) [46]. Furthermore, it is important to perform more biophysical
assessments to verify whether Griffithsin truly has high affinity for the additional SARS-
CoV-2 structural proteins, especially the M protein.

3.5 Methods and Materials
3.5.1 DNA Construction

The gene encoding the Wild-Type Griffithsin (WT-Grft) protein (with an Alanine at
position 31 to substitute a non-standard amino acid and an N-terminal 6xHis tag) was
cloned into the pET15-b expression vector (Novagen, Madison, WI, USA) between the
Ncol and BamHI restriction sites as described previously [16, 57].

The gene sequence for M78Q Griffithsin (Q-Grft) with an N-terminal 6xHis tag
and a Methionine to Glutamine substitution at position 78 was ordered from Twist
Biosciences already inserted into the pET28b vector between the Ncol and Xhol
restriction sites.

The gene sequence for Griffithsin — linker — Griffithsin One armed (GLG-3A) was
cre-ated by first ordering the gene sequence for M78Q Griffithsin with an N-terminal
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6xHis tag and a C-terminal linker with a BamHI site inserted into the pET28b vector
between the Ncol and Xhol restriction sites (Twist Bioscience, South San Francisco, CA,
USA). Then the gene sequence for M78Q Griffithsin with an N-terminal BamHI site and
Aspartate to Alanine mutations at positions 30, 70, and 112 inserted into the pET28b
vector between the Ncol and Xhol restriction sites (again from Twist Bioscience). Both
vectors were then digested with BamHI and Xhol. The M78Q Griffithsin sequence with
D30A/D70A/D112A mutations was then inserted into the vector with the N-terminal
6xHis tagged M78Q Griffithsin sequence to yield a pET28b vector with N-terminal 6xHis
tagged M78Q Griffithsin — linker — M78Q Griffithsin D30A/D70A/D112A. The linker se-
guence is as follows: SSSGGGGSGGGSSSGS.

The gene encoding for Monomeric Griffithsin protein (with a 1GS insertion at
positions 18 and 19, and the Leucine at position 2 substituted for a Serine) with an N-
terminal 6xHis tag was inserted into the pET28b vector between the Ncol and Xhol
restriction sites [58].

3.5.2 Protein Production and Purification

All proteins were produced as described previously [16]. Briefly, plasmids of Grif-
fithsin variants described above were transformed into BL21-Gold (DE3) Competent
Cells (Agilent Technologies Catalog # 200131, Santa Clara, CA, USA). Once flasks
reached an optical density at 600 nm (OD600) of 0.50 to 0.75, protein production was
induced with 0.6 mM of isopropyl B-d-1-thiogalactopyranoside (IPTG, Millipore Sigma
OmniPur—Calbiochem, Catalog # 5820, Burlington, MA, USA) and allowed to further
incubate at 37 °C for 6 to 10 hours.

After incubation, cells were harvested at 6000 x g for 10 min, and the pellet was
re-suspended in Resuspension Buffer (6 M Guanidine hydrochloride, 200 mM NacCl, 10
mM Benzamidine, and 50 mM Tris, pH 8). The solution was French pressed two to
three times at 16,000 Ib/in2, and then centrifuged at 13500 x g for 1 hour. The soluble
portion was loaded onto a Ni chelating column (Qiagen Catalog # 30210, Germantown,
MD, USA) equilibrated with the same Resuspension Buffer. The Nickel columns were
washed with Washing Buffer (6 M Guanidine hydrochloride, 200 mM NaCl, and 50 mM
Sodium Phosphate, pH 7) to remove nonspecifically bound proteins. Bound Griffithsin
was eluted from columns with Elution Buffer (6 M Guanidine hydrochloride, 200 mM
NaCl, and 50 mM Sodium Acetate, pH 3). Griffithsin proteins were refolded by dropwise
addition into 10x greater volume of chilled Refold buffer (550 mM L-Arginine, 200 mM
NaCl, 50 mM Tris, 1 mM EDTA, pH 8). The protein was allowed to refold for 12 hours at
4 °C before the solution was dialyzed twice in 4 Liters of 150 mM NacCl, 20 mM Tris, pH
8 at 4 °C for 6-12 hours each. The protein solution was then dialyzed four times against
4 Li-ters of 50 mM NaCl, 10 mM Tris, pH 8 at 4 °C for 6-12 hours each.

The protein was purified on a C4 reversed-phase chromatography column
(Vydac, Hesperia, CA, USA). The Griffithsin constructs were purified on a gradient of
Water with 0.1% Trifluoroacetic Acid as the counterion (Buffer A) to Acetonitrile with
0.1% Trifluoro-acetic Acid as the counterion (Buffer B). The loading solution for the C4
column was 92% Buffer A, 8% Buffer B. Griffithsin constructs tended to elute at
approximately 70% Buffer A, 30% Buffer B. After C4 reversed-phase chromatography,
elution fractions containing Griffithsin were pooled and lyophilized in a Labconco freeze-
dry system for long-term storage. All samples were analyzed by sodium dodecyl sulfate-
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polyacrylamide gel electrophoresis (SDS-PAGE) at each step of purification to confirm
the proper size of the specific Griffithsin construct.

3.5.3 Nuclear Magnetic Resonance (NMR) Spectroscopy

Griffithsin variants were expressed in M9 minimal media with 15NH4CI as the
sole nitrogen source following the protocol described above. After proteins were
lyophilized, the Wild-Type Griffithsin, M78Q Griffithsin, and Griffithsin-Linker-Griffithsin
One Armed were resuspended in 20 mM Sodium phosphate, pH 7 buffer. Monomeric
Griffithsin did not efficiently dissolve in pH 7 buffer, so it was initially resuspended in 20
mM Sodium Phosphate, pH 2.5 buffer. This was then diluted with an equal volume of 20
mM Sodium Phosphate, pH 9 buffer to obtain a final pH that varied between 6.62 to
6.96.

The sample of protein was then taken to 5% D20 and 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS, Cambridge Isotope Laboratories Inc., Catalog # DLM-
32-10, Tewksbury, MA, USA) was added for calibration. Spectra were collected at 25°C
on a four-channel 600-MHz Bruker Avance IIl spectrometer. Data were processed using
NMRPipe as described previously [24].

3.5.4 Cell Lines

All cell lines were maintained in T-75 flasks (Stellar Scientific Cat # SKU:TC30-120,
Baltimore, MD, USA) placed in a 37°C humidified incubator (ThermoFisher NAPCO
Series 8000DH CO2 Incubator, Catalog # 7003584, Waltham, MA, USA) with 4.5%
CO2. These cells include:

. HEK-293FT (Homo sapiens, embryonic kidney cells; a generous gift from Dr.
David Gravano, University of California, Merced).

. HEK-293T cells expressing Human Angiotensin-Converting Enzyme 2/hACE2
(Homo sapiens, embryonic kidney cells; obtained through BEI Re-sources, NIAID, NIH:
Human Embryonic Kidney Cells [HEK-293T] Express-ing Human Angiotensin-
Converting Enzyme 2, HEK-293T-hACE2 Cell Line, NR-52511).

. 3t3 Wild-Type Cells (Mus musculus, mouse embryonic fibroblasts; obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: NIH-3T3 Cells,
ARP-9946, contributed by Drs. Thomas D. Martin and Vineet N. KewalRamani).

. 3t3 DC-SIGN+ Cells (Mus musculus, mouse embryonic fibroblasts; obtained
through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: NIH 3T3 DC-
SIGN+ Cells, ARP-9947, contributed by Drs. Thomas D. Martin and Vineet N.
KewalRamani).

. Raji Wild-Type Cells (Homo sapiens, Epstein Barr Virus (EBV)-positive Bur-Kkitt
lymphoma line originally obtained from the American Type Culture Col-lection (ATCC);
obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: Raji
Cells, ARP-9944, contributed by Drs. Li Wu and Vineet N. KewalRamani).
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. Raji DC-SIGN+ Cells (Homo sapiens, Epstein Barr Virus (EBV)-positive Bur-Kkitt
lymphoma line originally obtained from the American Type Culture Col-lection (ATCC);
obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: Raji
Cells, ARP-9945, contributed by Drs. Li Wu and Vineet N. KewalRamani).

HEK-293FT Cells and HEK-293T hACE2+ Cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (ThermoFisher Catalog # 11965-092, Waltham, MA,
USA) sup-plemented with 25 mM HEPES (ThermoFisher Catalog # 11344041, Waltham,
MA, USA), 2 mM L-glutamine (R&D Systems Catalog # R90010, Minneapolis, MN,
USA), 250 ug mL-1 G418 Sulfate (Corning Life Sciences Catalog # 30-234-Cl,
Tewksbury, MA, USA), and 10% Fetal Bovine Serum (R&D Systems Catalog # S11150,
Minneapolis, MN, USA). This me-dia is heretofore referred to as 293 Media. Both HEK-
293FT Cells and HEK-293T hACE2+ Cells were cultured as adherent monolayers in T-
75 flasks.

3t3 cells were chosen because they have been demonstrated to be deficient in a
varie-ty of lectin receptors, including DC-SIGN (CD209), LOX1 (OLR1), and CLEC family
pro-teins, as according to a gene expression database (NIH3t3 cells,
Harmonizome.com,
https://maayanlab.cloud/Harmonizome/gene_set/nih+3T3/BioGPS+Mouse+Cell+Type+a
nd+Tissue+Gene+Expression+Profiles) [58]. Furthermore, they have been shown to not
be permissive to SARS-CoV-2 pseudoviral infection [59]. 3t3 Wild-Type Cells and 3t3
DC-SIGN+ Cells were cultured in DMEM supplemented with 2 mM GlutaMAX (Ther-
moFisher Cat # 35050-061, Waltham, MA, USA), 100 U mL-1 of Penicillin-Streptomycin
solution (Cytiva HyClone Cat # SV30010, Marlborough, MA, USA), and 10% Fetal
Bovine Serum (R&D Systems Cat # S11150, Minneapolis, MN, USA). This media is
heretofore referred to as 3t3 Media. Both 3t3 Wild-Type Cells and 3t3 DC-SIGN+ Cells
were cultured as adherent monolayers in T-75 flasks.

Raji cells were chosen because the paired Raji Wild-Type and Raji DC-SIGN+
cell lines have been a workhorse strain in viral Trans infection assays [60-63]. Both Raji
Wild-Type Cells and Raji DC-SIGN+ Cells were maintained in T-75 flasks within a 37°C
humidified incubator at 4.5% CO2. Raji Wild-Type Cells and Raji DC-SIGN+ Cells were
cultured in Roswell Park Memorial Institute 1640 Medium (RPMI) (ThermoFisher Cat #
11875-085, Waltham, MA, USA) supplemented with 100 U mL-1 of Penicil-lin-
Streptomycin solution (Cytiva HyClone Cat # SV30010, Marlborough, MA, USA), and
10% Fetal Bovine Serum (R&D Systems Cat # S11150, Minneapolis, MN, USA). This
me-dia is heretofore referred to as Raji Media. Both Raiji cell lines were cultured as
suspen-sion cells in upright T-75 flasks.

When a flask reached 80-95% confluency, adherent cells (HEK-293FT, HEK-
293T hACEZ2, 3t3 Wild-Type, and 3t3 DC-SIGN+ Cells) were passaged 1:10 with 0.05%
Tryp-sin-EDTA (ThermoFisher Cat # 25300-062, Waltham, MA, USA) used to detach
cells from surface of flasks. Trypsin was not permitted to exceed a contact time of 5
minutes for any cell line.

When Raji Wild-Type Cells or Raji DC-SIGN+ Cells reached a density of 5 x 106
cells per mL, cells were split by diluting 10-fold in fresh Raji medium.
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All cell lines were used within 1.5 months from being revived to minimize the
likeli-hood that cell protein expression changed.

3.5.5 Pseudovirus Production

Pseudovirus plasmids were obtained through BEI Resources, NIAID, NIH.
SARS-CoV-2 spike plasmids were originally purchased from Addgene and were mutated
as described above. SARS-CoV-2 spike pseudotyped HIV virions were produced in a
protocol inspired by Crawford et al., 2020 [64]. Briefly, HEK-293FT cells were
maintained in 293 Media and passaged once cells reached 70-100% confluency. The
day prior to transfection, HEK-293FT cells were seeded at a density of approximately 2.5
x 106 cells in 8-10 mL of 293 Media into a 100 mm tissue culture petri dish or
approximately 0.2 x 106 cells in 2-3 mL of 293 Media into a 6-well tissue culture plate
(batches of virus were made in either of the two plate types). Cells were allowed to
recover for 12-16 hours in a hu-midified incubator at 37 °C and 5% CO2.

Petri dishes/6-well plates were then withdrawn from incubators and cells were
as-sessed for confluency and adhesion. If the cells in petri dishes were 70% confluent
and adherent, media was gently replaced with 8 mL of fresh 293 Media. If the cells in 6
well plates were 70% confluent and adherent, media was gently replaced with 3 mL of
fresh 293 Media. The petri dish/6-well plate was returned to the incubator for
approximately 45 minutes while the plasmids and transfection reagent were prepared.
For a 100 mm petri dish, the following plasmids were mixed in 900 uL of serum-free
commercial DMEM in a sterile 1.5 mL centrifuge tube: 5 pg of lentiviral backbone
Luciferase-IRES-ZsGreen (BEI Resources NR-52516, Manassas, VA, USA) vector, 1.1
Mg each of vectors HDM-Hgpm2 (BEI Resources NR-52517, Manassas, VA, USA), pRC-
CMV-Revlb (BEI Re-sources NR-52519, Manassas, VA, USA) and HDM-tatlb (BEI
Resources NR-52518, Ma-nassas, VA, USA), and 1.7 ug of vector pCMV14-3X-Flag-
SARS-CoV-2 S (Addgene Cat # 145780, Watertown, MA, USA). For a 6-well tissue
culture plate, the same plasmids were mixed in 185 uL of serum-free commercial
Dulbecco’s Modified Eagle Medium in a sterile 1.5 mL centrifuge tube: 1 pg of lentiviral
backbone Luciferase-IRES-ZsGreen (BEI Re-sources NR-52516, Manassas, VA, USA)
vector, 0.22 ug each of vectors HDM-Hgpm2 (BEI Resources NR-52517, Manassas, VA,
USA), pRC-CMV-Revlb (BEI Resources NR-52519, Manassas, VA, USA) and HDM-
tatlb (BEI Resources NR-52518, Manassas, VA, USA), and 0.34 ug of spike vector
pCMV14-3X-Flag-SARS-CoV-2 S (Addgene Cat # 145780).

Pseudovirus with additional structural proteins were exclusively produced in 100
mm petri dishes. To do so, 1.7 ug of desired M, N, or E protein vector was added to the
transfection mixture specified above: pcDNA3.1 SARS-CoV-2 M (Addgene Cat #
158078), pcDNA3.1 SARS-CoV-2 N (Addgene Cat # 158079), pcDNA3.1 SARS-CoV-2
E (Addgene Cat # 158080), respectively.

When creating MNE virus/pseudovirus with all three structural proteins incorpo-
rated in the virion, 1.7 ug of each additional structural protein vector described above
was added to the transfection mixture.

After adding all plasmids, the solution was mixed by pipetting up and down ap-
proximately 10 times. For 100 mm petri dish samples, 30 pL of XtremeGENE HP
Version 9 (Roche Cat # 06366546001, Mannheim, Germany) was then added directly to
the solution. When making MNE virus/pseudovirus with all three additional structural
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proteins, 40 uL of XtremeGENE HP Version 9 was added to the solution instead. For 6-
well tissue culture plate samples, 8 uL of XtremeGENE HP Version 9 was added directly
to the solution. The contents of the tube were again mixed by gently tapping
approximately 10 times before being allowed to incubate at room temperature for 20-25
minutes. The petri dish/6-well plate was then retrieved from the 37 °C incubator and the
DNA + Xtreme-GENE HP mixture was dripped over the HEK 293FT cells. The
transfected HEK 293FT cells were then returned to the incubator and allowed to recover
for 12-18 hours overnight. After 12-18 hours, petri dishes/6-well plates were again
removed from the incubator and the cell media was gently replaced with fresh
prewarmed 293 Medium (10 mL for 200 mm petri dishes, 4 mL for 6-well plates).
Transfected cells were returned to the incubator. After an additional 48 hours (60-66
hours total post-transfection), petri dishes were re-moved from the incubator and the
medium was gently removed and transferred to a 15 mL tube. This 15 mL tube was
then briefly centrifuged at 105 x g for 3 minutes to pellet any large cell clumps. The
supernatant was filtered through a 0.45 um syringe filter and stored as 450 yL aliquots in
low-binding 1.5 mL tubes (ThermoFisher Cat # 90410, Waltham, MA, USA). Aliquots
were stored at -75 °C until use in future assays.

3.5.6 Pseudovirus Titration

SARS-CoV-2 pseudovirus pseudotyped with Wild-Type SARS-CoV-2 3xFlag
Spike protein was produced multiple times to ensure results were not due to batch-to-
batch variation. Similarly, SARS-CoV-2 pseudovirions with additional structural proteins
were produced at least twice, yielding at least two batches of pseudovirus to ensure
results were not due to batch-to-batch variation. Every batch of virus was titrated using
an XpressBio p24 ELISA kit plate carried out according to the manufacturer’s
instructions (XpressBio Cat # XB-1000, Frederick, MD, USA). The levels of p24 in each
well were measured on a ClarioStar Plus microplate reader set to 450 nm (BMG
Labtech, Ortenberg, Germany).

3.5.7 Virus Direct-Infectivity Assays

On day 1, each well of a clear 96-well cell-culture plate was coated with 25 pL of 0.1
mg/mL poly-L-lysine (ScienCell Research Laboratories, Cat # 0413, Carlsbad, CA,
USA). The plate was returned to the 37 °C incubator for 1 to 36 hours. After this time,
the 96-well plate was removed from the incubator and the poly-L-lysine solution was
pipetted out. Wells were then rinsed twice with 40 uL of sterile, ultrapure deionized
water before being set aside in preparation for seeding.

After wells were prepped, 15000-25000 of HEK 293T-hACE2+ cells were seeded
in triplicate into the wells of a pre-prepared poly-L-lysine conditioned 96 well plate. As a
control, at least three wells were seeded with 15000-25000 HEK-293FT cells. The 96-
well plate was returned to the 37 °C humidified incubator at 4.5% CO?2 in order to allow
the HEK-293 cells to adhere and recover for 8-12 hours.

While cells recovered, Griffithsin proteins were resuspended in sterile
commercial Phosphate-Buffered Saline (PBS) (ThermoFisher Cat # 14190-136,
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Waltham, MA, USA) to create a stock solution. Griffithsin protein was serially diluted in
PBS for inhibition as-say.

After cells had recovered, the 96-well plate was retrieved from the incubator and
the media was gently pipetted out of wells. Within 1 minute of pipetting out media, 20 L
of fresh 293 media was added to the wells to prevent the cells from desiccating. Then
20 uL of the requisite Griffithsin protein dilution in PBS was added in triplicate to wells.
Wells were allowed to equilibrate for 10 minutes, then 20 pL of the requisite SARS-CoV-
2 pseu-dovirus variant was added to the wells. Then the 96-well plate was returned to
the 37 °C humidified incubator at 4.5% CO2 in order to allow the HEK-293 cells to
adhere and re-cover.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator
and 150 uL of fresh, pre-warmed 293 Medium was added over the top of each well to
ensure that cells remained alive and viable for the duration of the experiment. The 96-
well plate was returned to the 37 °C incubator for an additional 36 to 48 hours.

After 36-48 hours, the 96-well plate was retrieved from the humidified incubator.
Bright-Glo Luciferase Reagent (Promega Corp., Cat # E2610, Madison, WI, USA) was
thawed out and kept wrapped in foil until use. 160-180 uL of the medium in each of the
infectivity plate wells was pipetted out, leaving about 30 uL of the medium in each well
after accounting for evaporation during the course of the experiment. 30 uL of Bright-
Glo reagent was added over the top of the wells and given 2-4 minutes to lyse cells.
The con-tents of each well were then transferred to a white-backed 96-well plate and
luciferase signal was again read on a ClarioStar Plus microplate reader with a 3600 gain
and a 1 second normalization time. All samples were run in triplicate with at least two
separate biological replicates for each condition.

3.5.8 Virus Direct-Infectivity Control Assays of Raji Cells

For Direct-infectivity controls for Raji cells, 96-well plates were prepped with poly-
L-lysine as described above. Then 15000-25000 cells of HEK 293T-hACE2+ cells in
100 pL and 15000-25000 cells of either Raji DC-SIGN+ cells or Raji Wild-Type cells in
100 uL were seeded in triplicate into the wells of a pre-prepared poly-L-lysine
conditioned 96 well plate and allowed to recover for 8-12 hours in a 37 °C humidified
incubator at 4.5% CO2. This allowed for HEK 293T-hACE2+ cells to adhere to wells and
Raji cells to fall to bottom of wells. Then 50 pL of media was gently removed from wells.
From our obser-vations, although the Raji cells did not appear to adhere to wells, they
did not move from the bottom of the wells when we removed media. Then 50 pL of
SARS-CoV-2 pseudo-virus solution was added over the top of the wells. Then the 96-
well plate was returned to the 37 °C humidified incubator at 4.5% COZ2 in order to allow
the HEK-293 cells and Raiji cells to undergo infection.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator
and 150 pL of fresh, pre-warmed 293 Medium was added over the top of each 293T-
hACE2+ well. 150 pL of fresh, pre-warmed Raji Medium was added over the top of each
Raji DC-SIGN+/Raji Wild-Type well. This was to ensure that cells remained alive and
viable for the duration of the experiment. The 96-well plate was returned to the 37 °C
humidi-fied incubator for an additional 36 to 48 hours.
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After 36-48 hours, the 96-well plate was retrieved from the humidified incubator. Bright-
Glo Luciferase Reagent (Promega Corp., Cat # E2610, Madison, WI, USA) was thawed
out and kept wrapped in foil until use. 160-180 pL of the medium in each of the
infectivity plate wells was pipetted out, leaving about 30 pL of the medium in each well
after accounting for evaporation during the course of the experiment. Empirically, Raji
cells did not appear to move when we gently removed media from wells. 30 uL of
Bright-Glo reagent was then added over the top of the wells and given 2-4 minutes to
lyse cells. The contents of each well were then transferred to a white-backed 96-well
plate and luciferase signal was again read on a ClarioStar Plus microplate reader with a
3600 gain and a 1 second normalization time.

3.5.9 Virus Raji Cell Mediated Trans-Infectivity Assays

Raji cell Trans-infection assays were inspired by protocols described previously
with some modifications [60, 61-63]. For Trans-infection experimental samples, 10000-
20000 HEK-293T hACE2+ cells were seeded in triplicate into the wells of a pre-prepared
poly-L-lysine conditioned 96-well plate as described above. For negative control sam-
ples, HEK-293FT cells were seeded in triplicate as well. The 96-well plate was returned
to the 37 °C humidified incubator at 4.5% CO2 in order to allow the HEK-293 cells to
adhere and recover for 8-16 hours overnight.

The next day, Griffithsin protein sample was then resuspended in
commercial PBS as described above, and was serially diluted with PBS so that at least
500 pL of Griffithsin protein was present for each dilution concentration. 400 uL of each
Griffithsin dilution was aliquoted into a 1.5 mL low-protein binding microcentrifuge tube
(ThermoFisher Cat # 90410, Waltham, MA, USA). For positive controls, a sample of 400
ML PBS was pre-pared in one of the 1.5 mL low-protein binding microcentrifuge tubes.

Next, the Raji DC-SIGN+ cell flask and Raji Wild-Type cell flask were retrieved
from the 37 °C humidified incubator. About half of the cell media was collected in a 50
mL centrifuge tube and pelleted by centrifugation at 200 x g for 3 minutes. Supernatant
was carefully removed with a serological pipet and each Raji cell type was taken to 5-10
mL of 200000-400000 cells per mL with fresh Raji media. Then, 250 uL of this cell
suspension was added to a 1.5 mL low-protein binding microcentrifuge tube containing a
serial Grif-fithsin dilution in PBS as described above.

Finally, 55 pyL of SARS-CoV-2 pseudoviral solution was added to each tube and
al-lowed to incubate at room temperature for 2 hours. After incubation, the cells were
cen-trifuged for 15 minutes at 100 x g to gently collect the cells. Supernatant was gently
re-moved and pellets were resuspended with 200 pL of 2% Fetal Bovine Serum in PBS
(here-tofore referred to as Washing Buffer). Cells were centrifuged again for 15 minutes
at 100 x g and the supernatant was gently removed. Pellets were once again
resuspended with 200 uL of Washing Buffer. Samples of cells were collected by
centrifuging for 15 minutes at 100 x g and the supernatant was gently removed for a
total of two washes. Pellets containing Raji cells with captured pseudovirus were then
resuspended in 90 pL of DMEM supplemented with 10% Fetal Bovine Serum (heretofore
referred to as Final Infec-tivity Media).

Then the 96-well plate with seeded HEK-293 cells was retrieved from the
humidified incubator and media within wells was gently replaced with 30 pL of fresh 293
media. 30 yL of Raji cells with captured pseudovirus in Final Infectivity Media as
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described above was added to requisite wells. The 96-well plate was then returned to
the 37 °C humidi-fied incubator at 4.5% CO?2 in order to allow the captured
pseudovirions to infect the ad-hered 293 cells.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator
and 90 pL of fresh, pre-warmed 293 Medium was added over the top of each well to
ensure that cells remained alive and viable for the duration of the experiment. The 96-
well plate was returned to the 37 °C incubator for an additional 36 to 48 hours. After 36-
48 hours, the 96-well plate was retrieved from the humidified incubator and the
luminescence assay was performed as described in the Direct-infectivity assay as
described above.

When doing mannan inhibition of Raji cell capture, a dilution series of mannan in
PBS was created instead of a serial Griffithsin dilution. The Raji cells were pipetted into
the mannan dilutions and the protocol was continued with no additional changes. De-
tails on the mannan used are in the Methods section on 3t3 cells, below.

3.5.10 Virus 3t3 Cell Mediated Trans-Infectivity Assays

Trans-infection assays were performed as described in previous literature [59].
Briefly, for Trans-infection experimental samples, 5000-15000 of 3t3 DC-SIGN+ cells
were seeded in triplicate into the wells of a pre-prepared poly-L-lysine conditioned 96-
well plate as described above. For Trans-infection negative control samples, 3t3 Wild-
Type Cells were seeded instead. The 96-well plate was returned to the 37 °C humidified
incu-bator at 4.5% CO2 in order to allow the 3t3 cells to adhere and recover for 8-12
hours.

For Trans-infectivity tests with Griffithsin inhibitors, two different protocols were
tested: Griffithsin pre-incubated with virus, and Griffithsin pre-incubated with 3t3 cells.

For the Griffithsin pre-incubated with virus protocol, 10 pL of the desired dilution of
the requisite Griffithsin variant (WT-Grft, Q-Grft, or GLG-3A) was added to 30 pL of
SARS-CoV-2 pseudotyped lentivirus solution and left at room temperature to incubate.
After 20 minutes of Griffithsin incubation with virus, the 96-well plate was retrieved from
the humidified incubator and the media was gently pipetted out of wells. Within 1 mi-
nute of pipetting out the media, the 40 pL Giriffithsin-pseudovirus mixture was added to
the well. We ran each Griffithsin dilution in triplicate.

For the Griffithsin pre-incubated with 3t3 cells protocol, 50 uL stock dilution ladder of
each requisite Griffithsin variant (WT-Grft, Q-Grft, GLG-3A) was prepared in PBS. The
96-well plate was then retrieved from the humidified incubator and the media was gently
pipetted out of wells. Within 1 minute of pipetting out media, the 10 L of Griffithsin
variant in PBS was added to the requisite well and the 96-well plate was left at room
tem-perature to incubate for 20 minutes. We found that 10 pL of PBS was a sufficient
volume to ensure enough moisture remained in the wells to prevent 3t3 cells from
desiccating during the 20 minute incubation time period. After 20 minutes had elapsed,
30 L of SARS-CoV-2 pseudotyped lentivirus was added to the wells.

For Trans-infectivity tests with SARS-CoV-2 pseudotyped lentiviral variants (M, N,
E, and MNE Trans-infectivity tests), the 96-well plate was retrieved from the incubator
after cells had recovered for the alotted 8-12 hours. The media was gently pipetted out
of wells. Within 1 minute of pipetting out media, 15 pL of fresh 3t3 media was added to
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the wells to prevent the cells from desiccating. Then 25 yL of the requisite SARS-CoV-2
pseudovirus variant was added over the top of the wells.

After the pseudovirus was added to the wells of the 96-well plate, the plate was re-
turned to the 37°C humidified incubator at 4.5% CO2 for 2-4 hours to allow for virion
cap-ture.

After 2-4 hours had elapsed, the 96-well plate was retrieved from the humidified in-
cubator and the experimental wells were rinsed twice with 40 pL of fresh 3t3 media. To
do so, the virus-containing media was gently pipetted out of the wells. Within 1 minute
of pipetting out media, 40 uL of fresh 3t3 media was dispensed into each well to prevent
desiccation. Wells were allowed to sit for 1 minute, then media was pipetted out of wells
to rinse out unbound virions. 40 pL of fresh 3t3 media was once again dispensed into
each well, incubated for 1 minute, and once again pipetted out. At this point, 15000-
25000 HEK-293T hACEZ2 cells in 293 media were dispensed into each well. As
mentioned above, HEK-293T hACE2 cells were added to wells within 1 minute of media
removal to avoid desiccation of 3t3 cells and captured virions. After HEK-293T hACE2
cells were added to wells, the 96-well plate was returned to the incubator.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator and
150 uL of fresh, pre-warmed 293 Medium was added over the top of each well to ensure
that cells remained alive and viable for the duration of the experiment. The 96-well plate
was returned to the 37 °C incubator for an additional 36-48 hours. After 36-48 hours, the
96-well plate was retrieved from the humidified incubator. Bright-Glo Luciferase Rea-
gent (Promega Corp., Cat # E2610, Madison, WI, USA) was thawed out and protected
from light until use. 160-180 pL of the medium in each of the infectivity plate wells was
pipet-ted out, leaving about 30 uL of the medium in each well after accounting for
evaporation during the course of the experiment. 30 uL of Bright-Glo reagent was added
over the top of the wells and given 2-4 minutes to lyse cells. The contents of each well
were then transferred to a white-backed 96-well plate and luciferase signal was read on
a CLAR-IO-star Plus microplate reader (BMG Labtech, Cary, NC, USA) with a 3600 gain
and a 1 second normalization time.

For mannan inhibition of 3t3 cell DC-SIGN mediated trans-infection, mannan poly-
mers from Saccharomyces Cerevisiae were utilized (Sigma-Aldrich Cat # M7504-
100MG, Saint Louis, MO, USA). 100 mg of mannan was dissolved in 40 mL of ultrapure
water to create a 2.5 mg/mL stock solution of mannan. When performing trans-assay,
64 pL of the 2.5 mg/mL mannan stock was diluted to a final volume of 3 mL by adding
2.936 mL of 3t3 media to obtain a final concentration of 0.053 mg/mL (53.3 pg/mL)
solution of mannan in 3t3 media. 15 yL of this 0.053 mg/mL mannan solution was used
instead of 15 L of standard 3t3 medium to prevent cells from desiccating just prior to
adding 25 pL of pseu-dovirus 3t3 cells. Upon the addition of pseudovirus, the final
mannan concentration in wells was at 0.02 mg/mL (20 pg/mL). This 20 pg/mL
concentration of mannan was used because it had previously been shown to be
sufficient to consistently inhibit 3t3 DC-SIGN+ cell mediated Trans-infection of SARS-
CoV-2 pseudovirus without appreciably affecting hACE2+ mediated Direct-infection [59].
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Figure S1: A.) The NMR HSQC spectrum of Mono-Giriffithsin at pH 2.5 (purple). The

variation in peak intensity indicates that the protein is not stable and is likely forming

aggregates. When the spectrum is overlaid on WT-Grft taken at pH 7.0, several peaks

look shifted (as would be expected due to changes in pH between the two spectra). B.)
The NMR HSQC spectrum of Mono-Griffithsin at pH 6.7 (pink). The protein precipitated
during this run, as hinted at by the greatly reduced peak intensity on the spectrum.
However, the majority of the peaks overlay with Wild-Type Griffithsin, indicating that the

subset of Mono-Griffithsin that remains in solution is likely well-folded and functional.

However, Mono-Giriffithsin appeared to have a saturation limit beneath 1 uM in this

solution, making it unsuitable for further assessment.
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Figure S2: Verification that Raji WT and Raji DC-SIGN+ cells were not permissible
to SARS-CoV-2 pseudoviral infection. A.) The comparison of Direct infection signal of
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Raji DC-SIGN+ Cells and Raji WT Cells exposed to SARS-CoV-2 pseudotyped virions to
the Direct infection signal of 293T hACE2+ cells shows that they did not allow for
infection. B.) Schematic depictions of Direct infection assay.
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Figure S3: Verification that mannan acts as an inhibitor of Raji DC-SIGN+ Cell-
mediated Trans-infection. A.) Schematic diagram of how mannan inhibits Raji DC-
SIGN+ mediated Trans-infection. B.) Results of Mannan inhibition of a Raji DC-SIGN+
mediated Trans-infection assay. This was performed to verify that DC-SIGN was indeed
the cell surface protein that was responsible for capturing virions during Trans-infection.
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Figure S4: Raji assay controls were summarized to see the difference between viral
capture for Raji WT cells versus Raji DC-SIGN+ cells. Plot depicts medians with values
between the 10" to 90" percentile. Despite the wide range of Relative Infectivity values
for both Positive Control and Negative Control samples, comparing the median and 10"-
90" percentile values for both groups shows that Raji DC-SIGN+ cells appear to
facilitate more Trans-infectivity than Raji WT cells. The high variability in data values
was endemic to nearly all of our assays we performed with Raji cells, which was another
key driving factor that led us to want to verify our results with 3t3 cells. * indicates a p-
value < 0.1 on a Mann-Whitney T-test.
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Figure S5. Representative diagrams of virions described in this chapter. A.)
Comparison of the exterior of SARS-CoV-2 Spike pseudotyped lentivirions to SARS-
CoV-2 coronaviral particles. B.) Also depicted are representations of the three
coronavirus strains where each of the 3 structural proteins were added in turn. The N
protein stays on the interior of the virion while M and E are expressed on the surface.
C.) Simplified depiction of the transfection process to create pseudovirions; structural
protein vectors are depicted in blue, yellow and mint green while the transfer vector is
shown in red. Other lentiviral packaging vectors are depicted in black. Transfected cells
can produce well-packaged MNE lentiviral pseudovirions (in teal blue box). In addition,
expression of M, N, and E proteins can form coronaviral Virus-Like Particles (CVLPs, in
green box). These cVLPs and other noninfectious poorly-packaged viral particles (in red
box) may incorporate some p24, which can increase the apparent viral titer on p24
ELISA assays.
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Figure S6. A.) Depiction of the raw hACE2-mediated Direct Infection Luciferase signal
for all SARS-CoV-2 pseudoviral strains. B.) Depiction of the raw 3t3 DC-SIGN+ cell-
mediated Direct Infection Luciferase signal for all SARS-CoV-2 pseudoviral strains. C.)
Pseudoviral titer as measured by p24 ELISA assay. At least two different batches of
virus were made for each variant. Plots depict medians with 95% Confidence Interval.
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Figure S7: Comparisons depicting additional structural protein pseudoviral strains’
propensity to undergo 3t3 DC-SIGN+ cell mediated Trans Infectivity as normalized to
Direct Infection.
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Figure S8: Comparisons depicting additional structural protein pseudoviral strains’
susceptibility to mannan on 3t3 cell assay. For each sample, virus infectivity per molar

was normalized to each strain’s Trans-infection signal.
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Chapter 4

An Investigation into SARS-CoV-2 Pseudotyped Virus Stability and the
Development of Assays to Evaluate the Physical Properties of Virions

This chapter makes use of work that has been published as a part of: Mortazavi M*,
Bains A*, Afsah-Hejri L, Ehsani R, LiWang PJ. SARS-CoV-2 pseudotyped virus persists
on the surface of multiple produce but can be inactivated with gaseous ozone. Heliyon.

2022 Aug;8(8):€10280. doi: 10.1016/j.heliyon.2022.€10280. Epub 2022 Aug 15. doi:

10.1016/j.heliyon.2022.e10280. [1]

* Both authors contributed equally to the publication

4.1 Abstract

Due to the immense societal and economic impact that the COVID-19 pandemic
has caused, limiting the spread of SARS-CoV-2 is one of the most important priorities at
this time. The global interconnectedness of the food industry makes it one of the biggest
concerns for SARS-CoV-2 outbreaks. Although fomites are currently considered a low-
risk route of transmission for SARS-CoV-2, new variants of the virus can potentially alter
the transmission dynamics. In this study, we compared the survival rate of pseudotyped
SARS-CoV-2 on plastic with some commonly used food samples (i.e., apple, strawberry,
grapes, tomato, cucumber, lettuce, parsley, Brazil nut, almond, cashew, and hazelnut).
The porosity level and the chemical composition of different food products affect the virus’s
stability and infectivity. Our results showed that tomato, cucumber, and apple offer a
higher survival rate for the pseudotyped viruses. Next, we explored the effectiveness of
ozone in deactivating the SARS-CoV-2 pseudotyped virus on the surface of tomato,
cucumber, and apple. We found that the virus was effectively inactivated after being
exposed to 15 ppm of ozone for one hour under ambient conditions. The results of our
study indicate that ozonated air can likely provide a convenient method of effectively
disinfecting bulk food shipments that may harbor the SARS-CoV-2 virus.

Bains A then reports on some work he has done independently to assess the
physical properties of the SARS-CoV-2 pseudovirus.

4.2 Introduction

As new prevention protocols and tools are developed, the emergence of new
variants makes the fight against the COVID-19 pandemic more challenging [2]. New
variants are likely harbingers for future SARS-CoV-2 mutants that will display increased
transmissibility and contagiousness. Due to this risk, it is important to revisit preventative
measures against COVID-19. While there are several studies that investigate the
transmission of the virus through aerosol droplets and physical objects, less attention
has been paid to contaminated food products as potential carriers of SARS-CoV-2 [3, 4].

Viruses have recently been recognized as a significant cause of foodborne
diseases in the world [5]. In the 2002-2003 coronavirus outbreak, there was significant
concern over whether SARS-CoV-1 was transmitted through the fecal-oral route in
addition to respiratory transmission [6, 57, 58]. While this was not a major concern for
SARS coronaviruses, humerous other coronaviruses are spread via the fecal-oral route.
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Upon infecting humans, the virus spreads through respiratory droplets and contaminated
surfaces [7]. The principal mode of SARS-CoV-2 transmission is through exposure to
respiratory particles carrying the infectious viruses. However, a lower risk of
transmission occurs through contacting contaminated fomites [8]. Research shows that
the coronavirus particles can remain active in the air for up to 3 hours and on non-
organic surfaces such as plastic for up to 72 hours [9, 10, 11].

In the food supply chain, contamination by foodborne viruses can occur at any
step, starting from pre-harvest, during the post-harvest process, throughout product
transportation or distribution, and even before consumption [3, 12]. Indeed, food-derived
fomites are a major route of transmission for at least two hepatitis viruses: Hepatitis A
virus, which is responsible for the most foodborne viral infections per year, and Hepatitis
E virus, which is known to be a zoonotic virus [13]. So far, food consumption has not
been recognized as a route for SARS-CoV-2 transmission [14]. But there are several
members of the Coronaviridae family viruses that are enteric viruses, such as Bovine
coronavirus and Feline coronavirus [60, 61]. Ergo, there is still ambiguity about the
foodborne transmission of SARS-CoV-2, and a potential worry that the virion itself could
mutate to acquire enteric transmission capabilities that are common in other
coronaviruses. Furthermore, the SARS-CoV-2 virion is quite stable, with evidence
showing that it can be detected in stool samples from infected individuals [59]. Unlike
bacteria, mold, and yeast, viruses (including coronaviruses) are not capable of
replication and growth on food surfaces [15, 16]. However, they can survive on food
surfaces or packages depending on the virus stability. Other environmental factors such
as temperature, pH, relative humidity, and the presence of nearby oxidizing agents affect
the virus half-life [5, 17]. Potentially, foods can act as a vehicle to facilitate the virus’s
transmission either locally or at the global level. The issue of food cross-contamination
puts agricultural workers in general and food handlers in particular at higher risk of viral
infections. Evidence shows that workers who come into close contact with animals that
are carries of species-specific coronaviruses or food products from organisms that carry
coronaviruses exhibit levels of circulating anti-coronavirus antibodies, despite not
reporting having fallen sick [61, 62]. This suggests the possibility that regular contact
with food products that carry viruses can eventually lead to enough exposure to viral
antigens to elicit an immune response [62]. Applying standard disinfection procedures
on food products can prevent the potential transmission of SARS-CoV-2 and other
foodborne diseases.

SARS-CoV-2 belongs to the betacoronavirus (BCoV) genus from the
Coronaviridae family [18]. SARS-CoV-2 is an enveloped virus, meaning that the genomic
RNA is packaged within a fatty or lipid membrane [19]. There are four proteins that form
the main structure of the virus; Spike (S), Membrane (M), Envelope (E), and
Nucleocapsid (N) proteins [20] (Figure 1a). The lipid membrane or envelope contains the
virus proteins such as spike (S) which promotes the viral attachment to the host cell [21]
and acts as a natural shield that protects the RNA genetic material. The trade-off
between the stability of the outer membrane and the ability to release the RNA after
entry into the host cell constrains the virus to be susceptible to oxidation and
disinfection.
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Figure 1. A.) Cartoon rendition of the SARS-CoV-2 structure. B.) SARS-CoV-2 oxidized and
inactivated by ozone. While the exact etiology behind ozone-based neutralization of SARS-CoV-2
and similarly structured viruses is unresolved, gaseous ozone is known to damage viral proteins,
RNA, and lipids [29, 36, 37]. We aimed to depict how it is likely that ozone damages these different
molecules of the virus concertedly, which leads to inactivation.

Ozone, the triatomic form of oxygen, is a natural gas with a high
oxidation/reduction potential [22]. It is a suitable alternative for chemical disinfectants in
the food industry, and a residue-free fumigant for microbial control and shelf-life
extension of fresh produce [23, 24].

Several studies have proved the efficacy of ozone in viral inactivation [11, 25, 26,
27, 28, 29, 30, 31]. For example, application of 6.25 ppm ozone for 5 min resulted in a
1.6 log 10 reduction in Murine norovirus MNV-1 on the surface of green onions, and a
2.91 log 10 reduction on the surface of lettuce samples [32]. Brié et al. 2018 showed that
a low concentration of ozone (3 ppm for 1 min) inactivated Murine norovirus on the
surface of raspberries (> 3.3 log 10 reduction) while Hepatitis A virus (HAV) on
raspberries was inactivated after 3 min exposure to 5 ppm ozone [29].

Ozonation is also an ideal method for disinfection of packaging materials and
preservation of heat-sensitive foods [33]. Both gaseous and aqueous forms of ozonation
can effectively inactivate SARS-CoV-2 [34, 35]. Ozone attacks the lipid envelope and
spike proteins of SARS-CoV-2 (Figure 1B), disrupts the viral attachment process, and
inhibits replication [36, 38] showed that ozone can successfully eliminate SARS-CoV-2
from the surface of personal protective equipment (PPE). In another recent study, 95%
inactivity was reported after SARS-CoV-2 was exposed to 0.1 mg L ozone gas for 10
hours [39]. Murata et al., 2021 showed a 3-log reduction for SARS-CoV-2 after 10
seconds of exposure to 2 mg L'* aqueous ozone, meaning that a low concentration of
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ozone can be used as an alternative to chemical disinfectants in the handwashing
process [39].

Through the food supply chain, fresh produce such as fruits and vegetables and
bulk nuts can be contaminated with viral particles and potentially transmit viral
contamination to individuals. Given the credible possibility that the virus survives on a
variety of surfaces, this study aims to assess the propensity of different food products
acting as vehicles to spread SARS-CoV-2. Next, we investigate the effectiveness of
ozonated air (OA) on the deactivation of SARS-CoV-2 pseudovirus present on the
surface of selected fresh produce. We assess how OA may damage SARS-CoV-2 Spike
proteins on the surface of viral particles by performing a capture Enzyme-Linked
Immunosorbent Assay (ELISA).
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4.3 Results
4.3.1 Virus Survival on Various Produce Surfaces

To evaluate the virus survival on different produce surfaces without any
eradication measures, single-round lentivirus pseudotyped with the SARS-CoV-2 Spike
protein was spotted on a variety of food items: dry rosids (almond, cashew, Brazil nut,
hazelnut), asterid leaves (parsley, lettuce), cruciferous vegetables (broccoli), rosid fruits
(cucumber, tomato, apple, grape), and an aggregate accessory fruit (strawberry). 75 pL
of the single-round virus was spotted onto the surface of these foods and incubated for 1
hour. In general, this led to the evaporation of the liquid. The spot was then rehydrated
with 90 pL of 293 media and the rehydrated virus was used to infect hACE2-bearing
293t cells to determine viral vitality. We also included an assessment of the survival of
this pseudovirus on an inert, non-biological surface (plastic) to compare the degree to
which the virus is damaged solely by evaporation on different surfaces. As a positive
control, the virus was added directly to the susceptible hACE2 transfected 293t cells
from frozen aliquots without being spotted or dried.

The recovery of viral infectivity after incubation on the surface of the fruit was
found to be highest on tomato, at 59.4% relative to the positive control (Figure 2). High
rates of retention of viral infectivity were also observed with cucumber, apple, and
cashew at 40.9%, 28.7%, and 18.3% infectivity respectively. Retention of viral infectivity
of pseudovirus above 1% (the 1SO-inspired recommended standard) was also found for
cashews, Brazil nuts, hazel nuts, parsley, lettuce, and broccoli. As expected, the plastic
surface also showed high retention of infectivity at 58.2% after 1 hour of drying [10, 29].
Meanwhile, the recovery rate of the virus on the surface of almond, grape, and
strawberry was under 1% (determined by a bootstrapped One-tailed t-test). The
significant differences in pseudovirus survival on different produce surfaces (determined
by a One-Way ANOVA) indicate that the food matrix itself affects the infectivity of
pseudovirus.
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Figure 2. The relative retention of infectivity of SARS-CoV-2 pseudotyped virus after being spotted
onto the surface of food samples without further eradication measures. Here, the results are
normalized based on the positive control. The positive control was 25 pL of single-round virus
directly added to infect susceptible cells without spotting or drying on a surface. Tomato, cucumber,
and apple showed a higher rate of infectivity compared to other samples.

Based on our results from a Tukey-Kramer Multiple Comparison Test, we found
that cucumber, tomato, and apple were the food samples with the greatest similarity in
signal to the Positive Control. They had the highest retention of viral infectivity after
spotting on the surface (more than 20%), and also share the trait of having a very high
moisture content (96%, 94.78%, and 83.6%, respectively) [40, 41, 42]. The high
retention of infectivity in cucumber, tomato, and apple could also be explained by the
presence of the wax layer that is added to these items for retail sale. Among all produce
samples, only cucumber, tomato, and apple are normally covered with a thick layer of
wax to increase their shelf life. This wax, much like plastic, may hinder viral droplet
adsorption into the matrix beneath the protein surface, which may help retain the
integrity of the virion.

4.3.2 Effect of Gaseous Ozone on the Surface Survival of SARS-CoV-2

As mentioned before, it is important to develop an environmentally friendly and
residue-free method virus sterilization so as to eliminate the concern for potential Covid-
19 transmission via contact with contaminated foods. Unlike sterilization procedures that
make use of chemicals such as chlorine or physical processes such as heat, ozone
minimizes damage to foodstuffs and can easily be produced on-site at a low cost at
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almost any point in the food production process. It is easily dissipated and rapidly
rendered non-toxic when left in the open air. Also, a comparative study indicates that
0zone inactivates viruses faster than chlorine [56].

To test the viability of ozone in sterilizing SARS-CoV-2 pseudovirus-
contaminated foodstuffs, we first looked for produce that would have the highest
likelihood of retaining active virus on their surface. In our experiment with food samples
(Figure 2), cucumber, tomato, and apple provided high pseudoviral survival after 1 hour
of incubation on their surface. We thus chose these items of produce to use as fomites
for our ozone inactivation study.

In these experiments, 75 pL of pseudovirus was spotted onto the surface of the
sample and then exposed to ozone. Figure 3 shows the relative infectivity of the SARS-
CoV-2 pseudotyped virus on the surface of the three products with and without 15 ppm
of ozonated air over the course of two hours of exposure. The control group (orange)
was kept in containment, while the experimental groups (blue) were exposed to 15 ppm
of ozone for the time depicted on the x-axis of each graph. The experiments were
conducted under ambient conditions with the relative humidity of 50% + 10% and a
temperature of 22 °C + 2 °C. To collect the virus from the surface of both the controlled
and the ozone-treated samples, viral spots were resuspended with 90 uL of 293 Media.
As shown in Figure 3, for all produce samples, the ozone exposure significantly reduced
the SARS-CoV-2 infectivity, with relatively no retention of infectivity after 60 minutes.
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Figure 3. The relative infectivity of SARS-CoV-2 pseudotyped virus on the surface of A) tomato, B)
cucumber, and C) apple, in the presence (blue) and the absence (red) of 15 ppm of ozonated air
(OA). Relative infectivity was obtained by normalizing values with the positive control. The positive
control was 25 pL of virus from a frozen aliquot directly onto susceptible cells (i.e., virus was not
spotted onto any surfaces). Samples consistently show inhibition of virus infectivity after 60 minutes
of OA exposure.

As shown in Figure 3, the viral infectivity tended to drop with prolonged exposure to
ozone. While there was some fluctuation in the trend at ~7.5 minutes to 30 minutes, the
observed data variability is within the expectations for biological model systems: the
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expression of large mammalian proteins and the efficient packaging of viruses are
known to fluctuate, even when cell lines and culture conditions are kept constant [43, 44,
45]. Furthermore, proteins have fluctuating lifespans within cells, which may further
explain some of the observed variability in the signals for replicates of our luciferase-
based assays [46]. However, even with these caveats, the variability for our ozone
inactivation results fall inside of the twofold range of data that is considered acceptable
for serological assays, providing strong evidence that ozone did indeed efficiently
decontaminate our samples [47, 48].

Gaseous ozone dosages of 3-300 ppm*min have been found to be effective in
neutralizing several families of viruses from sterile surfaces [29, 49, 50]. But other
viruses exhibit resistance to gaseous ozone treatment, with some retaining up to 80%
infectivity after over 400 ppm*min of ozone [51]. In comparison, we found SARS-CoV-2
pseudovirus was moderately susceptible to ozone treatment, with 225 ppm*min leading
to 48-74% inactivation. Furthermore, doses of 675 ppm*min ozone led to at least 85%
viral inactivation and 1800 ppm*min guaranteed 100% inactivation of our pseudovirus.
While this is a higher dose than several other viruses, it is not a prohibitively large
amount of ozone, as we could reliably obtain 15 ppm of ozone within three minutes of
turning on our commercial ozone generator.

4.3.3 The Effect of Gaseous Ozone on Viral SARS-CoV-2 Spike

We further investigated how ozone reduces virus load by inquiring whether
ozone significantly damaged the structure of virus-associated SARS-CoV-2 Spikes. To
do so, we performed a viral capture ELISA assay by coating a plate with an anti-SARS-
CoV-2 Spike antibody to capture virions before then washing sample wells to remove
uncaptured virus. Viral samples that appear to be captured by the antibody coated on
plate wells were then lysed and viral concentration was determined by measuring p24 on
a commercial ELISA assay (Figure 4A).

A)
4 N
Functionalize Add SARS- Allow for Lyse SARS- Quantify
ELISA plate CoV-2 capture of CoV-2 levels on
with anti- pseudovirus SARS-CoV-2 pseudovirus to commercial
SARS-CoV-2 pseudovirus release ELISA assay
Spike
Antibodies . J '
2
>
<, ' Y

b i Y

B.)

Lom
=X




1.8 o ®

1.6 A I *

1.2 A

0.8 A

Relative Virus Detection

0.4 1

0.2 1

O —O0

A, P

0 8

C)

1.6
1.4

1.2

0.8

0.6

Virus Viability

0.4

0.2

0

< ~~~ ~—~
v 3 2

1 o
w < 5
t z =
= >
a = £z
[+ S =
O o 3
= &
=
No Ozone

Figure 4. A.) Simplified schematic representation of the capture ELISA assay B.) SARS-CoV-2 spike
damage as quantified by capture ELISA. Negative control wells were not coated with anti-SARS-CoV-2
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nonspecifically interacting with plate wells or BSA. Significant differences in infectivity are shown as
asterisks. We performed a One-Way ANOVA test comparing ozone-exposed samples to each other with an
a = 0.10 followed by a Tukey-Kramer Multiple Comparison Test. C.) SARS-CoV-2 spike damage (blue)
versus infectivity on produce: apple (pink), tomato (red), and cucumber (green). Data show infectivity
decreases to a greater extent than SARS-CoV-2 spike protein degrades during 15 ppm of OA exposure,
implying that ozone sterilized surfaces by damaging more than just the SARS-CoV-2 Spike protein.

It was found that the ozone treatment had a moderate decrease in the ability of
the antibody to bind the ozone-treated pseudovirus (Figure 4). After 15 minutes of ozone
treatment, the assay shows a decrease of about 47.3% of binding by anti-spike antibody.
However, continued ozone exposure doesn’t appear to accumulate significantly more
damage to the virus spike protein: at 45 minutes of ozone treatment, a time frame that
almost wholly inactivates the virus on the surface of produce, the antibody is still able to
successfully bind the spike protein at a level of about 40.8%. While the decrease in virus
detection was statistically significant with an a = 0.10, the rate and extent of SARS-CoV-
2 spike protein inactivation were not commensurate with the ability of ozone to neutralize
the virus on the surface of produce. Therefore, while the data indicate that ozone causes
some damage to the viral spike or its presentation on the surface of the virus, this does
not entirely explain the ability of ozone to completely inactivate the virus. This result is
not unexpected, as previous studies on the effects of ozone on the RNA of virus found
that viral inactivation did not necessarily correlate with damage to the virus genome [29].
It is entirely possible that 0zone damage to the SARS-CoV-2 Spike did not entirely
destroy the epitope detected by the antibody but rather resulted in a combination of
effects that overall render the virus noninfectious.

4 .4 Discussion

Our results showed that several different kinds of produce could be effective
media for SARS-CoV-2 pseudovirus transmission. While we tested only a few
representative pieces of produce, it is likely that other popular foodstuffs could maintain
significant survival of SARS-CoV-2 virions. Due to the potential connection between
SARS-CoV-2 infection and food safety, it is crucial to impose specific disinfection and
food handling strategies to reduce the risk of contamination. Ozone generators are
relatively compact and can be easily reused, thereby providing an economical and time-
efficient disinfection method suitable for large amounts of produce [52].

We tested this by selecting the three foods with the highest virus retention on our
produce test (apples, tomatoes, and cucumbers) and subjecting them to neutralization
tests with aerosolized ozone (OA). Our results suggest that 60 minutes of ozone
exposure (15 ppm OA) inactivated SARS-CoV-2 on the surface of all selected food
samples and did not damage cuticle cells nor affect cell membrane integrity. Virus-
associated SARS-CoV-2 spike ELISA capture assays did not display ozone damage
concomitant to the loss of infectivity as expected from ozone exposure infectivity assays.
This was likely because ozone-mediated viral neutralization occurs by damaging a
variety of biomolecules in the virions, including membrane lipids, RNA within the capsid,
and other surface or capsid proteins. The accumulation of this damage to various
aspects of the virus is likely what is responsible for successful disinfection and virus load
reduction.
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Gaseous ozone is diffusive in air and can penetrate through the underside of
surfaces or areas that are obscured from direct light emission [55]. Ozone also rapidly
decomposes into oxygen and leaves no toxic by-product, thereby making it a viable
alternative to liquid and light-based disinfection methods [36, 52]. These properties make
ozone a particularly useful disinfectant for food shipments, where bulk crates of produce
can be disinfected collectively with minimal need for follow-up washing or processing.
Ozonation of produce could take place at the packaging plants, during storage, or
transportation. We hope that the results of our study can provide some direction into
developing safe food shipping and handling strategies in the context of the global SARS-
CoV-2 pandemic.

4.5 Future Experiments and Preliminary Testing

4.5.1 Bio-Layer Interferometry as a Means to Measure Structural
Features of Membrane-Bound Viruses- Screening for Solvents

Building upon our success with performing a virus capture ELISA assay, we
wished to utilize rapid protein-protein interaction techniques to produce an assay to
quickly and quantitatively assess whether virus-embedded proteins can interact with a
binding partner. Bio-Layer Interferometry (BLI) is a sensitive and high-throughput
technique that can measure protein-protein interactions without relying on fluorescent
labels or other labeling of analyte proteins.
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Figure 5: Schematic representation of BLI and the data curves that we expect to see on the instrument. A.)
At the start, light is shone directly down the probe (dark red arrow), with the interference pattern showing
light has a unique interference pattern when it reflects off the surface at the end of the probe tip versus when
it reflects off of the surface comprised of the interface of proteins that are synthetically attached to the end of
the probe and water (grey layer). Usually these proteins at the end of the probe tip recognize common tags
used in protein engineering, such as biotin, anti-His or anti-Flag antibodies, or protein A. B.) Then, the user
is able to functionalize the probe with a desired “capture protein” (green chevrons). The effective length
between the surface at the end of the probe tip and the surface comprised of the protein-water interface is
extended to include these green proteins, slightly altering the interference frequency between the two
reflected lights. C.) Then the functionalized probe tip is placed into a third solution containing a ligand (red
diamonds) that can bind to the capture protein. The surface comprised of the protein-water interface
lengthens again, further altering the interference frequency between the reflected light in the probe. D.)
Finally, the probe is dipped into a solution to allow for the ligand to dissociate from the capture protein. If the
experiment works as expected, the interference wavelength should once again match what was observed in
B.). Along the bottom is a schematic diagram of a BLI curve that matches the steps described above [63].

BLI works by measuring the change in wavelength interference upon the binding
of an analyte at the end of a probe tip (Figure 5). In brief, light is shone down a probe tip
that is functionalized with protein. Each new protein layer effectively acts like a new
material with a different refractive index for light. Thus, light will reflect off of each
surface, displaying a thin-film interference pattern that can then be interpreted to be
related to the amount of mass at the end of a probe tip.

Since pseudoviral samples are harvested from supernatant after transfecting
HEK-293Ft cells with the requisite vectors, our virus is typically in a solvent that has
numerous additives in it so that cells can survive the process of virus production. The
solvent is typically the medium that the cells are cultured in; for HEK 293Ft cells, this is
293 media (described in section 4.6.1) supplemented with 10% Fetal Bovine Serum. At
times, we can lower the Fetal Bovine Serum concentration, but typically cell viability and
pseudoviral titer drops significantly if we entirely eliminate the additives.

To test which solvent is suitable for use in BLI, we performed a test to see if
solvents would lead to any unexpected noise on our BLI system. We first used
Griffithsin used as the capture protein on BLI probes; Grft was dissolved in Q buffer and
loaded onto tips as per manufacturer’s protocols. Then functionalized tips were dipped
into the specified cell culture media and related solvents to assess if there was any
unexpected fluctuations in signal (Figure 6A, 6B). Q buffer is the manufacturer
suggested solution for the ligand capture/dissociation steps; thus it was used as a
control in these experiments (Figure 6A, grey curve). Based on our results, the 0% FBS
in OptiMEM and DPBS by itself were the only two solvents that exhibited no unwanted
effects on the probe tip. The sample with DPBS + 0.05% NP-40 showed some
unwanted variations in wavelength shift, but the changes were small enough to where
we considered this a viable backup buffer to continue testing as well.
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Figure 6: BLI tests of Griffithsin-mediated capture of HIV-1 gp120. A, B.) We first tested whether
Grft-functionalized probes had any unintended wavelength fluctuations if they were placed into
solvent without any ligand for the association and dissociation steps. Since no ligand was in these
solutions, we expected to see no wavelength change in the final two steps of our BLI run. While the
grey, light orange, and purple curves (referring to the Q Buffer control, DPBS by itself, and 0% FBS
in OptiMEM samples, respectively) behaved well, all the other solvents displayed unexpected
wavelength variations. Of note, all solvents with FBS showed significant binding of protein onto the
probe tip. C, D.) The most well-behaved buffers were then used to dissolve the HIV-1 gp120
protein and the Griffithsin-mediated capture of GP120 was measured by BLI. Griffithsin captured
gp120 in all samples, although the Dark Orange and Light Orange samples had unexpected
fluctuations in their wavelength shifts when the probe was moved from the association step to the
dissociation step. Given that these two buffers both contained the mild detergent 0.05% NP-40, we
attributed this fluctuation the presence of NP-40.



155

After performing a screen with only solvents, we then repeated the Grft screening
experiment, except we added a ligand to the solvents. Since Griffithsin was our capture
protein, we used HIV-1 gp120 as the ligand. Griffithsin has been shown to have 1.5-12
nanomolar binding affinity for gp120 when the two proteins were assessed on a similar
assay in the past [64]. Ergo, we used this protein pair as a control to screen for solvent
effects, since the binding affinity between Griffithsin and gp120 should be so strong that
they should exhibit some binding even in solutions that are not optimal for binding. We
ran experiments with gp120 dissolved in PBS, gp120 dissolved in Opti-MEM, and gp120
dissolved in PBS + 0.05% NP-40. As a control, we again used the manufacturer’s
recommendation of gp120 dissolved in Q buffer. Furthermore, we tested two difference
concentrations of gp120 for each solvent: 50 nM and 500 nM. This was to ensure
Griffithsin-mediated capture of gp120 even in solvents that were not ideal. Given that
we functionalized probe tips with 50 nM Griffithsin solution, there should have been an
excess of gp120 ligand even in the 50 nM gp120 samples.

Our results indicated that the Griffithsin-gp120 interaction was clearly strong
enough to be maintained in all of the tested solvents. We did observe some unexpected
fluctuations in their wavelength shifts when the probe was moved from the association
step to the dissociation step. Given that these two buffers both contained the mild
detergent 0.05% NP-40, we attributed this fluctuation the presence of NP-40 (Figure 6C,
Dark Orange and Light Orange curves). In all cases, the Grft-gp120 interaction was so
strong we did not see any appreciable dissociation in the final step.

4.5.2 Bio-Layer Interferometry as a Means to Measure Structural
Features of Membrane-Bound Viruses- Screening for Virus
Detection

After testing Griffithsin-gp120 binding interaction using proteins, we then moved
into trying to see whether we could detect proteins if they were on the surface of a virus.
However, we wanted to ensure that our virus samples were not expressed in one of the
solutions that we had rules out in our initial test; thus, most of our existing pseudoviral
stocks were not viable for assessment, as the virus was expressed in a DMEM solvent
with 10% FBS. To work around this, we freshly transfected cells in a 96 well plate with
the vectors necessary to produce pseudovirus with the desired spike on them. We
ensured that the virus was expressed into solvent that was compatible with our BLI
assays, and then tested the ability of Griffithsin functionalized BLI probes to capture
virions. We decided to test pseudovirions functionalized with Wild-Type SARS-CoV-2
Spike, Wild-Type PVO.4 HIV-1 gp120, and then a variant of HIV-1 PVO.4 gp120 with a
N295/332/448Q knockout mutation to remove glycosylation. The N295/332/448Q
knockout mutation was referred to as 3°. The vectors of HIV-1 PVO.4 protein was
originally made by Dr. Kathryn E. Fischer.

We also decided to try transfecting only the viral Spike proteins in eukaryotic
cells in the 96 well plate and then lysing the cells in DPBS + 0.05% NP-40 to release
Spike proteins into the supernatant. As negative controls, we had a well of
untransfected cells and a well of cells transfected with a vector that expressed only
luciferase and ZsGreen. Our hope was that the NP-40 did not lyse HEK-293Ft cells to
such an extent that other cell glycoproteins could bind to the Griffithsin-functionalized
BLI probe.
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Figure 7: A.) Raw BLI reads for the transfected cells specified in B.). We see that the virus-transfected
wells provide no appreciable binding signal. Meanwhile, all the wells that consisted of Spike proteins
expressed on the surface of cells and lysed with NP-40 showed binding by BLI. Unfortunately, our controls
with NP-40 lysed HEK-293Ft cells that were not transfected to express Spike protein (magenta and grey
wells) showed the same amount of binding by BLI. This implies to us that some component of the HEK-293
cell lysate is efficiently captured by Griffithsin functionalized probes.

Our results from the BLI transfection tests indicated that pseudovirions are not
efficiently detected by Griffithsin-functionalized probes (Figure 7A). Furthermore, our
test with transfected cell lysates seem like they have strong binding to Griffithisn
functionalized BLI probes regardless of whether the cells express a viral Spike protein.
In fact, the negative control samples of HEK-293Ft cells that were either not transfected,
or HEK-293Ft cells that were transfected to express luciferase and ZsGreen (magenta
and grey, Figure 7B), have slightly higher BLI binding than the virus-transfected HEK-
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293Ft cells with GP120. Ergo, we believe that the NP-40 detergent might be releasing
many eukaryotic glycoproteins in addition to the Spike protein on the surface of the cells.

In conclusion, we still need to perform more tests to develop the best conditions
for Eukaryotic cell-expressed Spike protein. Perhaps we need to find a low enough
concentration of NP-40 detergent to release proteins expressed on the surface of the
HEK-293Ft cell but not fully solubilize all of the additional proteins. However, when it
comes to capturing pseudotyped virions, we at the very least must compare viral binding
to BLI probes with viral particles that do not express any spike proteins (“Bald Virus”).
Experiments are currently underway to perform these controls. Thus far, we cannot
obtain consistent results.

4.6 Methods and Materials
4.6.1 Pseudovirus and Plasmids Creation

In this study, virus-associated experiments are performed in a biosafety level 2
(BSL-2) laboratory which only allows for pseudotyped SARS-CoV-2 research.
Pseudovirus plasmids were obtained through BEI Resources, NIAID, NIH. SARS-CoV-2
spike pseudotyped HIV virions were produced in a protocol inspired by Crawford et al.,
2020 [53]. Briefly, 293Ft cells (Invitrogen Cat # R70007) were maintained in 293 Media
(Gibco DMEM Cat # 11965-092 supplemented with 2 mM L-Glutamine, 250 ug mL-1
G418, 25 mM HEPES, and 10% Fetal Bovine Serum) and passaged once cells reached
70-100% confluency. The day prior to transfection, 293Ft cells were seeded at a density
of approximately 2.5 x 106 cells in 8-10 mL of 293 Media into a 100 mm tissue culture
petri dish. Cells were allowed to recover for 12-16 hours in a humidified incubator at 37
°C and 5% CO2.

Petri dishes were then withdrawn from incubators and cells were assessed for
confluency and adhesion. If the cells in petri dishes were 70% confluent and adherent,
media was gently replaced with 8 mL of fresh 293 Media. The petri dish was returned to
the incubator for approximately 45 minutes while the plasmids and transfection reagent
were prepared. The following plasmids were mixed in 900uL of serum-free commercial
DMEM (Gibco DMEM Cat # 11965-092) in a sterile 1.5 mL centrifuge tube: 1 pg of
lentiviral backbone Luciferase-IRES-ZsGreen (BRI Resources NR-52516) vector, 0.22
Mg each of vectors HDM-Hgpm2 (BEI Resources NR-52517), pRC-CMV-Rev1b (BEI
Resources NR-52519) and HDM-tat1lb (BEI Resources NR-52518), and 0.34 ug of
vector pPCMV14-3X-Flag-SARS-CoV-2 S (Addgene Cat # 145780).

After adding all plasmids, the solution was mixed by pipetting up and down
approximately 10 times before 30 pL of XtremeGENE HP Version 9 (Millipore Sigma,
Burlington, MA, USA) was added directly to the solution. The contents of the tube were
again mixed by pipetting up and down approximately 10 times before being allowed to
incubate at room temperature for 25-30 minutes. The petri dish was then retrieved from
the 37 °C incubator and the DNA- XtremeGENE HP mixture was dripped over the 293Ft
cells. The petri dish was then returned to the incubator and allowed to recover for 12-18
hours overnight. After 12-18 hours, petri dishes were again removed from the incubator
and the cell media was gently replaced with 10 mL of fresh prewarmed 293 Medium
before petri dishes were returned to the incubator. After an additional 48 hours (60-66
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hours total post-transfection), petri dishes were removed from the incubator and the
medium was gently removed and transferred to a 15 mL tube. This 15 mL tube was then
briefly centrifuged at 750 RPM (105 RCF) for 3 minutes to pellet any large cell clumps.
The supernatant was filtered through a 0.45um syringe filter and stored as 200 pL to 600
WL aliquots in low-binding 1.5 mL tubes (ThermoFisher Cat # 90410, Waltham, MA,
USA). Aliquots were stored at -75 °C until use in future assays.

4.6.2 Food Samples

Some of the most popular food samples in California were used in this study.
Food samples were chosen from three categories of 1) fruits (apple (Malus domestica),
strawberry (Fragaria x ananassa), and grapes (Vitis vinifera)), 2) vegetables (tomato
(Solanum lycopersicum), cucumber (Cucumis sativus L.), lettuce (Lactuca sativa L.),
Broccoli (Brassica oleracea var. italica), and parsley (Petroselinum crispum L.)), and 3)
nuts (Brazil Nut (Bertholletia excelsa), almond (Prunus amygdalus), cashew
(Anacardium occidentale L.), and hazelnut (Corylus avellana L.). All produce was
purchased from local grocery stores. Before use, produce was rinsed thoroughly with tap
water before a final deionized water rinse. Produce was then wiped down with lint-free
wipes. Large produce (such as tomato, cucumber, and apple) was then sectioned into
approximately 2 cm by 2 cm by 0.5 cm slices in the presence of a sterile flame. Thin
produce (lettuce, parsley) was cut into approximately 2 cm by 2 cm squares. Produce
not suitable for sectioning (Brazil Nuts, almonds, cashews, hazelnuts, grapes,
strawberries) were split in half -or in the case of almonds, purchased as slivers- to
ensure that samples did not tip over during the course of experimentation. Sections of
produce were then sprayed thoroughly with 70% Ethanol and allowed to dry. For viral
infectivity assays, produce was placed into a BSL2 Biosafety Cabinet (Thermo Fisher
Scientific, Marietta, OH, USA) before ethanol was fully dry. The biosafety cabinet interior
was sterilized with 70% ethanol and 30 minutes of UV-C irradiation prior to use.

4.6.3 Artificial Contamination of Produce and Treatment with Ozone

Sections of produce were spotted with 75 uL of SARS-CoV-2 pseudotyped virus
(from frozen aliquots as described above in section 2.1). Virus solution was allowed to
dry in a biosafety cabinet with an air downflow of 63 ft min-1 (0.320 m sec-1) and an air
inflow of 103 ft min-1 (0.523 m sec-1) for 1 hour. After samples were dry, virus was
collected from surfaces by resuspending droplets in 90 uL of 293 Media. For ozone
treatment experiments, produce with dried virus sample were placed into plastic Ziploc
bags in preparation for transport to the gaseous ozone generator. Each sample that was
treated with ozone had a corresponding matched negative control sample that was
enclosed in a bag but not exposed to ozone. After samples were exposed to ozone (or
solely kept in containment for control samples), samples were returned to biosafety
cabinet and resuspended in 90 pL of 293 Media as described above.

Statistical analysis was performed to assess whether pseudovirus was, a) able to
retain enough activity for a piece of produce to continue to be considered contaminated,
and b) whether there was variability between pseudoviral survival on different surfaces.
To assess whether a piece of produce is still considered contaminated, we looked for a
2-log reduction in viral activity, as inspired by existing literature [29, 54]. We performed
a bootstrapped One-tailed t-test with a significance level a = 0.05 and 10000 re-sampling
simulations. The null hypothesis asserted the mean normalized pseudoviral infectivity
for the surface is greater than or equal to 0.01. To gauge whether there was a
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difference in the retention of virus infectivity, we performed a One-Way ANOVA with a
significance level a = 0.001. Results were then assessed with a Tukey-Kramer Multiple
Comparison Test (run at an a = 0.05 and a = 0.001). Since a Tukey-Kramer Multiple
Comparison Test is more conservative, we ran two different a values to judge the
relationship between samples. High viral retention produce exhibited significant similarity
to Positive Control viral infectivity for both a = 0.05 and a = 0.001.

4.6.4 Generation of Ozone

A commercial corona discharge ozone generator MP-8000 110V (A2Z Ozone
Inc., Louisville, KY, USA) was used to provide gaseous ozone for exposure to the
samples. To control the ozone concentration, samples were kept inside a 30 L Sterilite
weathertight gasket box. The ozone concentration in the box was then monitored by a
BH-90A portable ozone detector (BOSEAN Inc., Zhengzhou, Henan, China). Throughout
all experiments, the ozone concentration inside the box was kept within 15 ppm + 1 ppm.
For safety, we performed our experiment in a well-ventilated environment. The ozone
generator along with the weathertight box were all placed under an F-103 5 Feet
Benchtop Chemical Fume Hood (Jamestown Metal Products, Jamestown, NY, USA).

4.6.5 Virus Infectivity Assays

Each well of a clear 96-well cell-culture plate was coated with 25 pL poly-L-lysine
(ScienCell Research Laboratories, Cat # 0413, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The plate was returned to the 37 °C incubator for 1 to 36
hours. After this time, the 96-well plate was removed from the incubator and the poly-L-
lysine solution was pipetted out. Wells were then rinsed twice with 45 pL of sterile,
ultrapure deionized water before being set aside in preparation for seeding. Wells were
then immediately seeded with 1.5 x 10* 293T-ACE2 cells (BEI NR-52511, Manassas,
VA, USA) and the plate was returned to the humidified incubator so that cells may
recover. 293T-ACE2 cells were passaged in identical conditions as 293Ft cells. After
12-16 hours, the plate was removed from the incubator and the wells were verified for
cell adhesion. Supernatant media was gently pipetted out and immediately replaced
with 30 pL of 293t Infectivity Media (Gibco DMEM Cat # 11965-092 supplemented with 2
mM L-Glutamine, 250 ug mL-1 G418, 25 mM HEPES, and 1% Fetal Bovine Serum). 25
uL of virus (either directly from frozen stocks for positive control or from resuspended
virus for produce tests) was then added to wells. The plate was then returned to the
incubator. Each experimental infectivity condition was tested in triplicate per 96 well
plate.

12-16 hours later, the 96-well plate was retrieved from the humidified incubator
and 150 L of fresh, pre-warmed 293 Medium was added over the top of each well. This
was to ensure that cells remained alive and viable for the duration of the experiment.
The 96 well plate was returned to the 37 °C incubator for an additional 36 to 48 hours.
After 36 to 48 hours, the 96 well plate was retrieved from the humidified incubator.
Bright-Glo Luciferase Reagent (Promega Corp., Cat #£2610, Madison, WI, USA) was
thawed out and kept wrapped in foil until use. 200 uL of the medium in each of the
infectivity plate wells was pipetted out, leaving about 30 uL of the medium in each well.
Then 30 pL of Bright-Glo reagent was added over the top of the wells and given 2-4
minutes to lyse cells. The contents of each well were then transferred to a white-backed
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96-well plate and luciferase signal was read on a ClarioStar Plus microplate reader
(BMG Labtech, Ortenberg, Germany) with a 3600 gain and a 1 second normalization
time. All samples were run in triplicate with at least two separate biological replicates for
each condition.

4.6.6 Virion Capture Enzyme-Linked Immunosorbent Assay

Nunc MaxiSorp™ high protein-binding capacity 96 well ELISA plates
(ThermoFisher Scientific, Cat # 44-2404-21, Waltham, MA, USA) were coated overnight
at 4 °C with 100 ng of anti-SARS-CoV-2 Spike monoclonal antibody (SinoBiological Cat
# 40150-D001, Beijing, China). After overnight incubation, wells were then rinsed three
times with 300 uL of commercial PBS each (Gibco, PBS, pH 7.2 Cat # 20012027). Wells
were then blocked with 300 pL of 3% Bovine Serum Albumin (Sigma Chemical Company
Cat # A-4503, St. Louis, MO, USA) dissolved in commercial PBS. The Nunc MaxiSorp
capture plate was allowed to incubate at 37 °C for 1 hour.

During this time, tubes of pseudovirus aliquot (see section 2.2) were thawed at
room temperature and then exposed to 15 ppm of ozone (generated by corona
discharge as described in section 2.4) for either 15 minutes or 45 minutes. As a positive
control, an aliquot of the virus was thawed and left capped in the fume hood to act as a
non-ozone exposed control. ELISA Nunc MaxiSorp capture plate was then retrieved
from 37 °C incubator and wells were rinsed once more with 300 uL of commercial PBS.
Pseudovirus samples were then diluted tenfold with 293 Media and 50 uL of these virus
samples were dispensed into wells. The plate was then incubated at 37 °C for 1 hour to
allow for virus capture.

After 1 hour of incubation, 50 uL of PBS with 0.5% Triton X-100 (Sigma Chemical
Company Cat # X100, St. Louis, MO, USA) was added to each well and allowed to sit for
5 minutes at ambient temperature to allow pseudovirions to lyse and release p24. After 5
minutes, 100 pL of PBS was added over the top. Then 10 uL of 10x XpressBio Lysis
Buffer (provided in HIV-1 p24 ELISA Kit, XpressBio Cat # XB-1000, Frederick, MD, USA)
was added over the top and allowed to sit for 5 minutes to ensure complete p24 release.
145 pL of lysed solution from each well was then transferred from Nunc MaxiSorp
capture plate to an XpressBio p24 ELISA kit plate (XpressBio Cat # XB-1000, Frederick,
MD, USA). The p24 capture assay was then carried out according to the manufacturer’s
instructions, and the levels of p24 in each well were measured on a ClarioStar Plus
microplate reader set to 450 nm (BMG Labtech, Ortenberg, Germany). Data were
analyzed by performing a One-Way ANOVA (a = 0.10) comparing experimental wells to
each other. Results were verified with a Tukey-Kramer Multiple Comparison Test (a =
0.10).

4.6.7 Bio-Layer Interferometry

His-Tagged Griffithsin bearing the M78Q mutation (Q-Grft) as described in
Chapter 3 of this dissertation were prepared. The Q-Grft was taken to 50 nM in
commercial Q buffer (GatorBio Cat #120010) and then 200 pL of solution was aliquoted
into wells of a Max plate (GatorBio Cat#130062). Then, Anti-His probes (GatorBio
Cat#160009) were presoaked in Q-Buffer for 30 minutes before being run on a standard
BLI Quantitation Protocol on a GatorBio Gator Prime BLI System. In brief, probes were
functionalized with His-Tagged M78Q Griffithsin for 5.5 minutes before being allowed to
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associate with ligand samples for 10 minutes. This was followed by dissociation for 10
minutes. Data was processed using GatorBio Software.

Ligands were taken up in a variety of solvents. In the case of samples with
OptiMEM, we used Gibco™ Opti-MEM™ | Reduced Serum Medium (ThermoFisher Cat
# 31-985-088, Waltham, MA, USA). For samples with NP-40, we used Thermo Scientific
Chemicals NP-40 lysis buffer (Thermoscientific Cat # J60766-AP Waltham, MA, USA).

4.7 References

[1]: Mortazavi M, Bains A, Afsah-Hejri L, Ehsani R, Liwang PJ. SARS-CoV-2
pseudotyped virus persists on the surface of multiple produce but can be inactivated with
gaseous ozone. Heliyon. 2022 Aug;8(8):e10280. doi: 10.1016/j.heliyon.2022.e10280.
Epub 2022 Aug 15. doi: 10.1016/j.heliyon.2022.e10280.

[2]: Walensky, R. P., Walke, H. T., & Fauci, A. S. (2021). SARS-CoV-2 variants of
concern in the United States—Challenges and opportunities. Jama, 325, 1037-1038.
https://jamanetwork.com/journals/jama/article-abstract/2776739.

[3]: Yekta, R., Vahid-Dastjerdi, L., Norouzbeigi, S., & Mortazavian, A. M. (2020). Food
products as potential carriers of SARS-CoV-2. Food Control, 107754.
https://doi.org/10.1016/j.foodcont.2020.107754.

[4]: Marqués, M., & Domingo, J. L. (2020). Contamination of inert surfaces by SARS-
CoV-2: Persistence, stability and infectivity. A review. Environmental Research, 110559.
https://doi.org/10.1016/j.envres.2020.110559.

[5]: Miranda, R. C., & Schaffner, D. W. (2019). Virus risk in the food supply chain.
Current Opinion in Food Science, 30, 43-48. https://doi.org/10.1016/j.cofs.2018.12.002.

[6]: O’Shea, H., Blacklaws, B. A., Collins, P. J., McKillen, J., & Fitzgerald, R. (2019).
Viruses associated with foodborne infections. Reference Module in Life Sciences,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7157469/pdf/main.pdf.

[7]: Wang, M., Yan, M., Xu, H., Liang, W., Kan, B., Zheng, B., . . . others. (2005). SARS-
CoV infection in a restaurant from palm civet. Emerging infectious diseases, 11, 1860.
https://dx.doi.org/10.3201%2Feid1112.041293.

[8]: Science Brief: SARS-CoV-2 and Surface (Fomite) Transmission for Indoor
Community Environments. Centers for Disease Control and Prevention. 2021 Apr.
https://www.cdc.gov/coronavirus/2019-ncov/more/science-and-research/surface-
transmission.html

[9]: Ong, S. W., Tan, Y. K., Chia, P. Y., Lee, T. H., Ng, O. T., Wong, M. S., & Marimuthu,
K. (2020). Air, surface environmental, and personal protective equipment contamination
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) from a symptomatic
patient. Jama, 323, 1610-1612. https://jamanetwork.com/journals/jama/article-
abstract/2762692.

[10]: van Doremalen, N.; Bushmaker, T.; Morris, D.H.; Holbrook, M.G.; Gamble, A.;
Williamson, B.N.; Tamin, A.; Harcourt, J.L.; Thornburg, N.J.; Gerber, S.I.; Lloyd-Smith,
J.0O.; de Wit, E.; Munster, V.J. Aerosol and Surface Stability of SARS-CoV-2 as



162

Compared with SARS-CoV-1. N Engl J Med. 2020 Apr 16;382(16):1564-1567. doi:
10.1056/NEJMc2004973. Epub 2020 Mar 17. PMID: 32182409; PMCID: PMC7121658.

[11]: Hu, X.; Chen, Z.; Su, Z.; Deng, F.; Chen, X,; Yang, Q.; Li, P.; Chen, Q.; Ma, J.;
Guan, W.; Pei, R.; Wang, Y. Ozone Water Is an Effective Disinfectant for SARS-CoV-2.
Virol Sin. 2021 Oct;36(5):1066-1068. doi: 10.1007/s12250-021-00379-7. Epub 2021 Mar
31. PMID: 33788169; PMCID: PMC8010484.

[12]: Khaneghah, A. M.; Abhari, K.; Es, |.; Soares, M. B.; Oliveira, R. B.; Hosseini, H.;
Rezaei, M.; Balthazar, C.F.; Silva, R.; Cruz A. G.; Ranadheera, S. C.; Sant'/Ana, A. S.
(2020). Interactions between probiotics and pathogenic microorganisms in hosts and
foods: A review. Trends in Food Science & Technology, 95, 205-218.
https://doi.org/10.1016/j.tifs.2019.11.022.

[13]: Di Cola, G. F. (2021). Foodborne transmission of hepatitis A and hepatitis E
viruses: A literature review. International Journal of Food Microbiology, 338(108986).
https://doi.org/10.1016/j.ijfoodmicro.2020.108986.

[14]: Ma, N.L.; Peng, W.; Soon, C.F.; Noor Hassim, M.F.; Misbah, S.; Rahmat, Z.; Yong,
W.T.L.; Sonne, C. Covid-19 pandemic in the lens of food safety and security. Environ
Res. 2021 Feb;193:110405. doi: 10.1016/j.envres.2020.110405. Epub 2020 Oct 29.
PMID: 33130165; PMCID: PMC7598367.

[15]: Raj, V. S.; Lamers, M. M.; Smits, S. L.; Demmers, J. A.; Mou, H.; Bosch, B.-J.;
Haagmans, B. L. (2015). Identification of protein receptors for coronaviruses by mass
spectrometry. In Coronaviruses (pp. 165-182). Springer. https://doi.org/10.1007/978-1-
4939-2438-7_15.

[16]: Rodriguez, V.; Lagares, A.; Arteaga, H.; Mattar, S.; Ruiz, L. C. (2020). Viral
emerging pathogen evolution. In Emerging and reemerging viral pathogens (pp. 35-51).
Elsevier. https://doi.org/10.1016/B978-0-12-819400-3.00003-X.

[17]: Farahmandfar, R.; Asnaashari, M.; Hesami, B. (2021). Monitoring of new
coronavirus (SARS-CoV-2): origin, transmission, and food preservation methods.
Journal of Food Processing and Preservation, e15564.
https://doi.org/10.1111/jfpp.15564.

[18]: Fecchi, K.; Anticoli, S.; Peruzzu, D.; lessi, E.; Gagliardi, M. C.; Matarrese, P.;
Ruggieri, A. (2020). Coronavirus interplay with lipid rafts and autophagy unveils
promising therapeutic targets. Frontiers in Microbiology, 11, 1821.
https://doi.org/10.3389/fmich.2020.01821.

[19]: Blanco, A., de Borja Ojembarrena, F., Clavo, B., & Negro, C. (2021). Ozone
potential to fight against SAR-COV-2 pandemic: facts and research needs.
Environmental Science and Pollution Research, 1-15.
https://link.springer.com/article/10.1007/s11356-020-12036-9.

[20]: Manjunath, S. N., Sakar, M., Katapadi, M., & Balakrishna, R. G. (2021). Recent
case studies on the use of ozone to combat coronavirus: Problems and perspectives.
Environmental Technology & Innovation, 21, 101313.
https://doi.org/10.1016/j.eti.2020.101313.



163

[21]: Huang, Y., Yang, C., Xu, X.-f., Xu, W., & Liu, S.-w. (2020). Structural and functional
properties of SARS-CoV-2 spike protein: potential antivirus drug development for
COVID-19. Acta Pharmacologica Sinica, 41, 1141-1149. https://doi.org/10.1038/s41401-
020-0485-4.

[22]: Afsah-Hejri, L., Hajeb, P., Ehsani, R. J. (2020). Application of ozone for degradation
of mycotoxins in food: A review. Comprehensive Reviews in Food Science and Food
Safety, 19, 1777-1808. https://pubmed.ncbi.nim.nih.gov/33336912/.

[23]: Fan, X. (2021). Gaseous ozone to preserve quality and enhance microbial safety of
fresh produce: Recent developments and research needs. Comprehensive Reviews in
Food Science and Food Safety, https://doi.org/10.1111/1541-4337.12796.

[24]: Afsah-Hejri, L., Toudeshki, A., Homayouni, T., Mehrazi, S., Pareh, A. G., Gordon,
P., & Ehsani, R. (2021). Potential of ozonated-air (OA) application to reduce the weight
and volume loss in fresh figs (Ficus carica L.). Postharvest Biology and Technology,
180, 111631. https://www.sciencedirect.com/science/article/pii/S0925521421001708.

[25]: Emerson, M. A., Sproul, O. J., Buck, C. E. (1982). Ozone inactivation of cell-
associated viruses. Applied and environmental microbiology, 43, 603—-608.
https://doi.org/10.1128/aem.43.3.603-608.1982.

[26]: Shin, G.-A., Sobsey, M. D. (2003). Reduction of Norwalk virus, poliovirus 1, and
bacteriophage MS2 by ozone disinfection of water. Applied and environmental
microbiology, 69, 3975-3978.

[27]: Thurston-Enriquez, J. A., Haas, C. N., Jacangelo, J., Gerba, C. P. (2005).
Inactivation of enteric adenovirus and feline calicivirus by ozone. Water research, 39,
3650-3656. https://doi.org/10.1016/j.watres.2005.06.006.

[28]: Predmore, A., Sanglay, G., Li, J., Lee, K. (2015). Control of human norovirus
surrogates in fresh foods by gaseous ozone and a proposed mechanism of inactivation.
Food microbiology, 50, 118-125.
https://www.sciencedirect.com/science/article/pii/S0740002015000775.

[29]: Brié, A., Boudaud, N., Mssihid, A., Loutreul, J., Bertrand, I., Gantzer, C. (2018).
Inactivation of murine norovirus and hepatitis A virus on fresh raspberries by gaseous
ozone treatment. Food Microbiology, 70, 1-6. https://doi.org/10.1016/j.fm.2017.08.010.

[30]: Zhou, Z., Zuber, S., Cantergiani, F., Sampers, |., Devlieghere, F., Uyttendaele, M.
(2018). Inactivation of foodborne pathogens and their surrogates on fresh and frozen
strawberries using gaseous ozone. Frontiers in Sustainable Food Systems, 2, 51.
https://doi.org/10.3389/fsufs.2018.00051.

[31]: Cristiano, L. (2020). Could ozone be an effective disinfection measure against the
novel coronavirus (SARS-CoV-2)? Journal of Preventive Medicine and Hygiene, 61,
E301. https://dx.doi.org/10.15167%2F2421-4248%2Fjpmh2020.61.3.1596.

[32]: Hirneisen, K. A. (2011). Ozone inactivation of norovirus surrogates on fresh
produce. Journal of food protection, 74(5), 836-839.
https://meridian.allenpress.com/jfp/article/74/5/836/173503/0Ozone-Inactivation-of-
Norovirus-Surrogates-on.



164

[33]: Sridhar, A., Ponnuchamy, M., Kumar, P. S., Kapoor, A. (2021). Food preservation
techniques and nanotechnology for increased shelf life of fruits, vegetables, beverages
and spices: a review. Environmental Chemistry Letters, 19, 1715-1735.
https://doi.org/10.1007/s10311-020-01126-2.

[34]: Mazur-Panasiuk, N.; Botwina, P.; Kutaj, A.; Woszczyna, D.; Pyrc, K. Ozone
Treatment Is Insufficient to Inactivate SARS-CoV-2 Surrogate under Field Conditions.
Antioxidants (Basel). 2021 Sep 16;10(9):1480. doi: 10.3390/antiox10091480. PMID:
34573110; PMCID: PMC8470094.

[35]: Criscuolo, E.; Diotti, R.A.; Ferrarese, R.; Alippi, C.; Viscardi, G.; Signorelli, C.;
Mancini, N.; Clementi, M.; Clementi, N. (2021). Fast inactivation of SARS-CoV-2 by UV-
C and ozone exposure on different materials. Emerging microbes & infections, 10, 206—
210. https://doi.org/10.1080/22221751.2021.1872354.

[36]: Tizaoui, C. (2020). Ozone: a potential oxidant for COVID-19 virus (SARS-CoV-2).
Ozone: science & engineering, 42, 378-385.
https://doi.org/10.1080/01919512.2020.1795614.

[37]: Bayarri, B.; Cruz-Alcalde, A.; Lopez-Vinent, N.; Mico, M. M.; Sans, C. (2021). Can
ozone inactivate SARS-CoV-2? A review of mechanisms and performance on viruses.
Journal of Hazardous Materials, 415, 125658.
https://doi.org/10.1016/j.jhazmat.2021.125658.

[38]: Clavo B, Cordoba-Lanus E, Rodriguez-Esparragén F, Cazorla-Rivero SE, Garcia-
Pérez O, Pifiero JE, Villar J, Blanco A, Torres-Ascension C, Martin-Barrasa JL,
Gonzalez-Martin JM, Serrano-Aguilar P, Lorenzo-Morales J. (2020). Effects of Ozone
Treatment on Personal Protective Equipment Contaminated with SARS-CoV-2.
Antioxidants, 9(12), 1222. https://www.mdpi.com/2076-3921/9/12/1222.

[39]: Murata T, Komoto S, Iwahori S, Sasaki J, Nishitsuji H, Hasebe T, Hoshinaga K,
Yuzawa Y. (2021). Reduction of severe acute respiratory syndrome coronavirus-2
infectivity by admissible concentration of ozone gas and water. Microbiology and
Immunology, 65, 10-16. https://doi.org/10.1111/1348-0421.12861.

[40]: Valverde-Miranda, D.; Diaz-Pérez, M.; Gémez-Galan, M.; Callejon-Ferre, A-J.
(2021). Total soluble solids and dry matter of cucumber as indicators of shelf life.
Postharvest Biology and Technology, 180, 111603.
https://www.sciencedirect.com/science/article/pii/S0925521421001423.

[41]: Perveen, R. S. (2015). Tomato (Solanum lycopersicum) carotenoids and lycopenes
chemistry; metabolism, absorption, nutrition, and allied health claims—A comprehensive
review. Critical reviews in food science and nutrition, 55(7), 919-929.
https://www.tandfonline.com/doi/full/10.1080/10408398.2012.657809.

[42]: USDA. (2020). U.S. Department of Agriculture FoodData Central. apple,
https://fdc.nal.usda.gov/fdc-app.html#/food-details/1750340/nutrients.

[43]: Masters, P. S. (2019). Coronavirus Genomic RNA Packaging. Virology, 537, 198-
207. https://doi.org/10.1016/j.virol.2019.08.031.

[44]: Popova, D. S.-H. (2015). Representative mammalian cell culture test materials for
assessment of primary recovery technologies: A rapid method with industrial



165

applicability. Biotechnology journal, 10(1), 162-170.
https://doi.org/10.1002/biot.201400294.

[45]: Tait, A. S.-S. (2013). Differential response in downstream processing of CHO cells
grown under mild hypothermic conditions. Biotechnology progress, 29(3), 688-696.
https://doi.org/10.1002/btpr.1726.

[46]: Toyama, B. H. (2013). Protein homeostasis: live long, won't prosper. Nature
reviews Molecular cell biology. Nature reviews Molecular cell biology, 14(1), 55-61,
https://doi.org/10.1038/nrm3496.

[47]: Reed, G. F. (2002). Use of coefficient of variation in assessing variability of
guantitative assays. Clinical and Vaccine Immunology, 9(6), 1235-1239.
https://doi.org/10.1128/cdli.9.6.1235-1239.2002.

[48]: Wood, R. J. (1980). Reproducibility of serological titers. Journal of clinical
microbiology, 11(6), 541-545. https://doi.org/10.1128/jcm.11.6.541-545.1980.

[49]: Maier, I.; Chu, T. (2016). Use of Ozone for Inactivation of Bacteria and Viruses in
Cryostats. Journal of Cytology & Histology, 7(3), 428. https://doi.org/10.4172/2157-
7099.1000428. .

[50]: Hudson, J. B. (2009). Development of a Practical Method for Using Ozone Gas as
a Virus Decontaminating Agent. Ozone: Science & Engineering , 31(3), 216-223.
https://doi.org/10.1080/01919510902747969.

[51]: Grignani, E. M. (2021). Safe and effective use of ozone as air and surface
disinfectant in the conjuncture of Covid-19. Gases, 1(1), 19-32.
https://doi.org/10.3390/gases1010002.

[52]: Batakliev, T.; Georgiev, V.; Anachkov, M.; Rakovsky, S.; Zaikov, G. E. (2014).
Ozone decomposition. Interdisciplinary Toxicology, 7, 47-59.
https://sciendo.com/pdf/10.2478/intox-2014-0008.

[53]: Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, Wolf CR, Chu HY,

Tortorici MA, Veesler D, Murphy M, Pettie D, King NP, Balazs AB, Bloom JD. (2020).
Protocol and Reagents for Pseudotyping Lentiviral Particles with SARS-CoV-2 Spike
Protein for Neutralization Assays. Viruses, 12, 15. https://doi.org/10.3390/v12050513.

[54]: Tizaoui, C.; Stanton, R.; Statkute, E.; Rubina, A.; Lester-Card, E.; Lewis, A.;
Holliman, P.; Worsley, D. (2022). Ozone for SARS-CoV-2 inactivation on surfaces and in
liquid cell culture media. Journal of Hazardous Materials, 428, 128251.
https://doi.org/10.1016/j.jhazmat.2022.128251.

[55]: Volkoff, S. J. (2021). Demonstrated SARS-CoV-2 Surface Disinfection Using
Ozone. Ozone: Science & Engineering, 43(4), 296-305.
https://doi.org/10.1080/01919512.2020.1863770.

[56]: Malka, S. K.-H. (2022). Fresh Produce Safety and Quality: Chlorine Dioxide’s Role.
Frontiers in Plant Science, 12. https://doi.org/10.3389/fpls.2021.775629.

[57]: Arslan M, Xu B, Gamal EI-Din M. Transmission of SARS-CoV-2 via fecal-oral and
aerosols-borne routes: Environmental dynamics and implications for wastewater
management in underprivileged societies. Sci Total Environ. 2020 Nov 15;743:140709.



166

doi: 10.1016/j.scitotenv.2020.140709. Epub 2020 Jul 3. PMID: 32652357; PMCID:
PMC7332911.

[58]: WHO. 2003b. Inadequate plumbing systems likely contributed to SARS
transmission. in: Inadequate Plumbing Systems Likely Contributed to SARS
Transmission: https://www.who.int/mediacentre/news/releases/2003/pr70/en/ (Accessed
29th April, 2020).

[59]: Qu G, Li X, Hu L, and Jiang G. An Imperative Need for Research on the Role of
Environmental Factors in Transmission of Novel Coronavirus (COVID-19). Environ. Sci.
Technol. 2020:54(7);3730-3732. https://doi.org/10.1021/acs.est.0c01102.

[60]: Nova, N. Cross-Species Transmission of Coronaviruses in Humans and Domestic
Mammals, What Are the Ecological Mechanisms Driving Transmission, Spillover, and
Disease Emergence? Front. Public Health. 2021:9.
https://doi.org/10.3389/fpubh.2021.717941

[61]: Payne S. Family Coronaviridae. Viruses. 2017:149-58. doi: 10.1016/B978-0-12-
803109-4.00017-9. Epub 2017 Sep 1. PMCID: PMC7149805.

[62]: Hilgenfeld R, Peiris M. From SARS to MERS: 10 years of research on highly
pathogenic human coronaviruses. Antiviral Res. 2013 Oct;100(1):286-95. doi:
10.1016/j.antiviral.2013.08.015. Epub 2013 Sep 6. PMID: 24012996; PMCID:
PMC7113673.

[63]: “Rich n Chip’s Tips and Tricks for Best Quantitation and Kinetics Performance on a
BLI system.” GatorBio. Uploaded Nov 24, 2021.
<https://www.youtube.com/watch?v=AhlAfCK_fEM> Accessed August 14, 2023.

[64]: Xue J, Hoorelbeke B, Kagiampakis |, Demeler B, Balzarini J, Liwang PJ. The
griffithsin dimer is required for high-potency inhibition of HIV-1: evidence for
manipulation of the structure of gp120 as part of the griffithsin dimer mechanism.
Antimicrob Agents Chemother. 2013 Aug;57(8):3976-89. doi: 10.1128/AAC.00332-13.
Epub 2013 Jun 10. PMID: 23752505; PMCID: PMC3719714.


https://doi.org/10.3389/fpubh.2021.717941

167

Chapter 5 Conclusion

Future Directions and Closing Thoughts

The Covid-19 pandemic has profoundly impacted the profile Coronaviridae family
viruses and the field of coronavirus research. More broadly, the Pandemic changed how
science is conducted: researchers engaged in citizen-science, donating computing
power to run simulations of the viral proteins, and numerous high-profile papers in the
field acknowledge the contribution of consortiums of researchers in their authorship lists
[1, 2, 3]. All of this kindled the rapid rise in the profile of coronavirus research, with the
growth of Covid-19 research articles being called “unprecedented” and “transformed
research publishing” [4, 5].

In this dissertation, we summarize our own work in contributing to the field of
SARS-CoV-2 research. First, we orient the reader by summarizing the discovery of and
evolutionary history of coronaviruses. Analysis of the mutation rates of coronaviruses
RNA replicase and phylogenetic analysis have led scientists to date the existence of the
Family to date as far back as the late Jurassic to early Cretaceous periods, although
formal discovery and classification of the Family only occurred in the early-to mid 20™
century [6, 7]. The field itself underwent growth in the 215 century, with the emergence
of several highly contagious human coronaviruses: SARS-CoV-1, MERS-CoV, and most
recently, SARS-CoV-2 [8].

5.1 Future Directions of SARS-CoV-2 Spike S1 Domain Glycan Mutation Research

Our work on the role of S1 domain SARS-CoV-2 Spike N-linked glycosylation
brings attention to the potential function of these glycans in regulating the hACE2-
mediated infectivity of Spike pseudotyped lentivirions. The removal of the glycans N17,
N61, N74, and N122 appeared to consistently decrease the hACE2-mediated infectivity
of SARS-CoV-2 Spike lentivirions, while N234 appeared to increase the hACE2-
mediated infectivity. Overall, these results are not inconsistent with existing literature:
for instance, the removal of N234Q ranged from slightly decreasing infectivity to slightly
increasing infectivity, while removing N17 and N61 consistently decreased infectivity [9,
10].

As a future step, we believe it would be of import to elucidate exactly how these
N-linked glycans facilitate hACE2-Spike protein binding. Some phenomena to analyze
would include: 1) whether the removal of these glycans affect the furin cleavage at the
S1/S2 junction, 2) whether the removal of these glycans affect the TMPRSS2 or
Cathepsin processing at the S2’ cleavage site, 3) whether the removal of these glycans
affect the number of Spike proteins that are expressed on the surface of the virion, 4)
whether the removal of these glycans affect the processing of glycans at other N-linked
sites on the SARS-CoV-2 Spike protein, and 5) whether the removal of these glycans
affect the dynamics of the Receptor Binding Domain of the Spike protein. All of these
guestions would likely require different expertise and varied specialized equipment to
test thoroughly, ranging from familiarity in Mass Spectroscopy (to characterize glycan
processing), mammalian protein expression (to consistently produce enough protein for
analysis), Transmission Electron Microscopy (to observe the number of Spike proteins
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expressed on the surface of the virion), fluorophore or other labeling techniques (to
characterize the dynamics of the RBD of the Spike protein), and computational
molecular dynamics modeling (to assist in characterizing the dynamics of the Spike
protein RBD), to name but a few. All of these techniques essentially would need the
capabilities of a University-level biochemistry department, meaning that there are
several collaborative projects that could branch out from our work on SARS-CoV-2.

Likewise, altering the glycans on the SARS-CoV-2 Spike protein also affected the
ability of lentivirions to undergo DC-SIGN mediated Trans-infection. We believe an
analysis of the SARS-CoV-2 Spike protein would be necessary to elucidate why this
occurs (particularly a characterization of whether any of the glycan mutations affects the
expression of the SARS-CoV-2 Spike on the viral surface). Out of all of the glycan
mutants, we believe that it may be important to test whether the removal of the glycan
site at N234 does increase the affinity of the Spike protein to DC-SIGN. To that end, it
may be most expeditious for a successor in our lab to perform BLI experiments with DC-
SIGN and Spike protein with and without the N234Q mutation. Given the predicted role
of the N234 glycan in propping the Spike protein in the “up” or “open” conformation, it
could be possible that the N234Q mutation leads the Spike protein to have a higher
tendency in adopting the “closed”/down conformation. Thus, it could be possible that the
“closed”/ “down” conformation of the Spike protein has higher affinity for attachment
receptors like DC-SIGN. Ergo, it would be important and not too labor intensive to also
assess the affinity of Spike protein locked in the “closed” conformation to DC-SIGN.
Furthermore, the DC-SIGN C-terminal CRD should not be very hard to create in high
guantities, as previous literature has shown that the CRD can be expressed in E. coli
[11, 12]. Alternatively, N234 is the S1 glycan site that is most consistently decorated with
high mannose glycans. Since complex and hybrid glycans have more representation of
charged sugars- such as N-Acetyl-Neuraminic Acid or D-Glucosamine- while mannose is
a neutral/uncharged sugar, it could be possible that the N234 glycan’s effect on SARS-
CoV-2 virus infectivity could be due to charge characteristics [13, 14]. Given that
researchers at our institution have already published papers reporting the effect of the
Spike protein’s conformation on the electric field surrounding the protein, it would be
feasible and academically appealing to assess how their model changes when the Spike
glycans are taken into account [15].

Finally, the Omicron strains of SARS-CoV-2 contain numerous mutations on the
Spike protein, leading to demonstrably different Spike conformational changes and furin
cleavage than other strains of Covid-19 [16-19]. Since we have developed an efficient
and relatively fast assay for lectin-receptor-mediated Trans-infection, it may be most
expeditious to assess whether the same S1 domain spike mutations cause similar
changes in Direct- and Trans- infectivity on our assay. Furthermore, NIH AIDS Reagent
offers a paired cell line transduced to express another potential SARS-CoV-2 lectin
attachment receptor called L-SIGN, meaning that it could be quite simple to perform
similar experiments to determine whether the aforementioned Spike glycan mutations
have the same effect when L-SIGN is used as the attachment reveptor to mediate
Trans-infection [20]. Over the course of the past 2 years, BEI Resources has also made
available a set of HEK 293t cells that express Furin or TMPRSS2 in addition to hACE2
[21]. Thus, utilizing these cells can provide insight into whether the SARS-CoV-2 Spike
glycan mutations are able to increase the susceptibility of Spike proteins to processing at
the S1/S2 or the S2’ sites, respectively. Finally, it may be worthwhile to assess whether
the S2 domain glycans can contribute to Direct- and Trans- infectivity, and more
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importantly, ascertain whether there is a more suitable cluster of glycans that can act as
an epitope for the development of a strain-resistant Covid-19 entry inhibitor.

5.2 Future Directions on Lectin-Based Inhibitors of SARS-CoV-2 Coronavirus

Our work also showed that the antiviral lectin Griffithsin showed enhanced
inhibitory capabilities when the SARS-CoV-2 Membrane Structural Protein was co-
expressed in cells with lentiviral particles. However, this does not necessarily mean that
Griffithsin preferentially binds to the M protein; for instance, the M protein could regulate
Spike protein dynamics in such a way as to make them more susceptible to Griffithsin
binding. Testing this should be a relatively easy task for a successor in our lab: either
BLI, fluorescence anisotropy, or a virus capture ELISA could provide information to
compare whether Griffithsin has higher binding affinity for M protein or SARS-CoV-2
Spike protein.

Furthermore, since Griffithsin has three putative glycan binding sites on each
monomer of the protein, exhibits favorable pharmokinetic properties, is highly stable and
relatively easy to produce, Griffithsin could serve as a viable backbone or starting point
in the development of a novel class of anti-Covid-19 prophylactics that bind to S1
domain glycan clusters that were identified in Chapter 2 [22-25]. Specifically, the glycan
cluster N17/61/74 is probably the best epitope to leverage for the development of
Griffithsin into a therapeutic. Not only was infectivity heavily decreased on the
N17/61/74Q Spike protein- indicating that there is high evolutionary pressure to retain
these glycans- but also these three glycans are in close proximity to each other,
indicating that Griffithsin may not need much more alteration in its backbone structure to
access the three glycans at once.
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B.)
R
C)
e I
D))
Residues Estimated Distance (Angstroms)
Griffithsin D30-D70 11.1
Griffithsin D30-D112 12.1
Griffithsin D70-D112 10.5
SARS-CoV-2 Spike N17-N61 33.0
SARS-CoV-2 Spike N17-N74 21.4
SARS-CoV-2 Spike N61-N74 34.2

Figure 5.1: Depiction of Griffithsin oriented to dock onto the glycans of the N17/61/74
cluster. A.) View of the Spike protein from the top with the D112 sugar binding site of Griffithsin
docked on top of the glycan at N17. To assist with visualizing the remaining sugar binding sites on
Griffithsin, the sugars that are present in the PDB structure 2NUO are colored tan. B.) View of the
Spike protein from the top with the D112 sugar binding site of Griffithsin docked on top of the
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glycan at N17. To assist with visualizing the remaining sugar binding sites on Griffithsin, the sugars
that are present in the PDB structure 2NUO are colored tan. Spike protein PDB ID: 7NT9 overlaid
on 6VYB. Griffithsin PDB ID: 2NUO. Although Griffithsin does not appear to be able to bind to all 3
putative glycan sites that are part of the N17/61/74 cluster, we stress that our figure only depicts
each glycan site as a monosaccharide. C.) We show the core pentasaccharide, Man3GIcNAc2,
which is initially attached onto the N-linked glycan sites in the Endoplasmic Reticulum. The
Man3GIcNAc2 is typically further processed to have more monosaccharides attached onto the
sugar chain. For comparison, only a single GIcNAc (N-Acetyl Glucosamine, boxed in purple) is
depicted on our SARS-CoV-2 Spike ribbon structures. D.) A table summarizing the distances of
the aforementioned amino acid residues on each protein. For Griffithsin, we depict the distance
between the sugar-binding Aspartic Acids. For SARS-CoV-2, we depict the distance between the
N-linked glycans as Asparagines 17, 61, and 74.

5.3 Future Directions on Assessing the Stability of SARS-CoV-2 Pseudotyped
Lentivirions

Finally, our work on SARS-CoV-2 led to an increase in collaborative opportunities
within our institution. Given that globally speaking, Covid-19 is likely to persist as a
disease of concern, it is therefore likely that there will be ample opportunity to
collaborate with colleagues in the future [26]. However, these collaborators come from
varied scientific disciplines, meaning they have/will have a variety of systems and
experimental setups that are not necessarily typical of microbiology and biochemistry
labs, and which would thereby expose our virions, proteins, and other biological
molecules in atypical experimental conditions. Indeed, there have been several
collaborative projects the writer of this dissertation has worked on that have failed due to
constraints relating to the instability of lentiviral particles.

Therefore, in the future, it would be useful to ascertain what aspects of the
pseudotyped virions are susceptible to various environmental conditions that are typical
of techniques in other realms of science. For example, our attempts at obtaining
Transmission Electron Microscopy (TEM) images of the SARS-CoV-2 Spike
pseudotyped virus typically failed due to damage to the enveloped virions, either during
the process of flash-freezing or during negative staining with uranyl acetate. The author
created virions in variations of standard media conditions, and it appeared that certain
alterations to the media aided in stabilizing the virus (information is forthcoming, likely to
be published in the works of Zachary Petrek, Chemistry and Biochemistry Graduate
Group, University of California, Merced).

5.4 Final Thoughts

One of the most important aspects of our work that was not explicitly stated was
the expansion in experimental capabilities at our institution, the University of California,
Merced. Over the course of the 2.5 years that this research was conducted, reagents
and materials were made available by other academic institutions and the United States
Government, allowing us to lay the foundations of our SARS-CoV-2 infectivity research
[21, 27, 28]. New staff who join our lab should be able to theoretically work on model
systems of any membrane-encapsulated virus that mediates infectious tropism via a
Spike glycoprotein. Perhaps rather than looking forwards, it may be prudent for us to
use our newfound capabilities to look backwards and study viruses that we were
previously incapable of working on. For example, it could be worthwhile to apply our
analysis of the glycosylation pattern of coronaviral Spike proteins to other human
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coronaviruses like SARS-CoV-1, MERS-CoV and HCoV-NL63. Alternatively, being able
to quickly test protein-protein interactions in a high-throughput manner via BLI could
greatly assist in the screening of novel inhibitory proteins. In short, the research
summarized in this dissertation should open the door to allowing our institution to
perform broader screens for therapeutics against a variety of pathogenic viruses, identify
methods of inhibiting those viruses, and develop ways to stabilize the structure of
pseudotyped virions and cVLPs to allow us to analyze the virions on relatively
uncommon assays, such as TEM and atomic force microscopy. The wealth of grants
that allowed diverse labs to enter into SARS-CoV-2 research allowed us to foster
relationships with varied staff at our institution, laying what should be the groundwork for
many more unique and fruitful collaborations. Staff and students merely need to ensure
that these relationships continue to persist and grow.
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