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Abstract

Severe acute respiratory syndrome related coronavirus 2 (SARS-CoV-2) is the
pathogen responsible the pandemic beginning in 2019 that has infected 776 million
people to date. This virus caused millions of deaths globally in addition to substantial
socioeconomic burden and is the causative agent of coronavirus disease 19 (COVID-19).
Throughout the course of the pandemic, rapid evolution of SARS-CoV-2 has allowed for
the emergence of novel variants with varying virological properties. These characteristics
have included increased host immune evasion, higher viral loads, and better transmission
between individuals. Utilizing the characteristics of naturally emerging SARS-CoV-2
variants, we investigated different aspects which influence the transmission of this virus.

When considering the requirements for a successful human pathogen, there are
several aspects to consider. From an ecological perspective, understanding the evolution
and novel reservoirs of a pathogen is important to mitigate spill over risk. Our survey of
hundreds of wildlife specimens native to the state of Vermont showed that none of the
animals had active SARS-CoV-2 infections at the time of collection during the 2021-
2022 season. However, it is important that surveillance efforts continue for various
animal species to capture the emergence and progression of disease over time, especially
as the variants circulating in wildlife can be antigenically different from those found in
people. When considering human-to-human transmission, the evolution of the virus is
also important. We showed that the viral load, or number of infectious units, was variable
between different SARS-CoV-2 variants of concern (VOCs). Notably, the Delta variant,
had higher viral loads than previously circulating variants, Alpha and Epsilon, perhaps
contributing to its increased pathogenicity. At the molecular level, individual mutations
within the genome can enhance viral replication and overall fitness. We identified a
mutation within the nucleocapsid protein which allows for a novel disulfide bond to form.
This bond allows for stronger nucleocapsid self-association, leading to enhanced
encapsidation of viral RNA and improved fitness in vitro and in vivo. Further studies will
continue to elucidate the connection between this novel cystine and improved fitness of
the viral lifecycle.

Characterization of these cellular mechanics could identify novel pharmacological
targets or improved vaccines. When applied, these results could help alleviate some of the
burden of SARS-CoV-2 or future emergent CoVs. Understanding the evolution of the
virus within reservoir species will allow for spill over risk-reduction and better protection
of agricultural workers. Knowing the different properties between variants that emerged,
while a retrospective analysis, helps us learn which measures to investigate in the future
to make better informed health decisions for the public. Lastly, understanding the
molecular mechanisms of the virus allows for better therapeutics to be created and
ultimately helps reduce the burden of this now endemic virus. Comprehensive knowledge
of a pathogen at a spectrum spanning macro to microscopic scale allows for robust public
health decisions to be made that both help prevent future outbreaks and mitigate the
damage currently being experienced.
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Chapter I- Comprehensive Literature Review

1.1 Introduction
Severe acute respiratory disease 2 (SARS-CoV-2) is the causative agent of the

contagious respiratory coronavirus disease of 2019 (COVID-19). The first outbreak of
COVID-19 was at a market in Wuhan, China in 2019 where it quickly spread into a
global pandemic and has been responsible for approximately 676 million cases and 7
million deaths globally.>? Just under a year into the pandemic, the first vaccines against
COVID-19 were approved for emergency use and administered into individuals. This
rapid technological development thankfully reduced the overall burden of the disease and
the number of critical cases. However, vaccine breakthrough cases of SARS-CoV-2 are

now common occurrences, highlighting the permanent endemic state we have reached.

Part of the difficulty with designing a vaccine against COVID-19 has been the
rapid evolution of the SARS-CoV-2 virus. SARS-CoV-2 has a typical betacoronavirus
mutation rate of ~1.5 x 10" mutations/nucleotide. This rate is lower than most RNA
viruses due to the unique proofreading machinery that coronaviruses possess. However,
the adaptive evolution seen by SARS-CoV-2 has been unexpectedly rapid?, even
compared to influenza which is generally considered a highly adapting virus due to its
segmented genome. In fact, analysis comparing the adaptation rate of SARS-CoV-2 S1 to
influenza hemagglutinin HA1 showed that the ratio of synonymous to nonsynonymous
mutations is 2.5x higher in SARS-CoV-2 compared to the 2009 HIN1 influenza

pandemic strain, suggesting that SARS-CoV-2 might undergo antigenic drift.*



Additionally, many mutations have arisen in clusters and caused novel variants to emerge
with characteristics concerning for public health, such as increased transmission, viral

load, immune evasion, or vaccine breakthrough.®

Understanding the transmission dynamics of SARS-CoV-2 is of paramount
importance due to its profound impact on both public health and societal wellbeing.
Learning how the virus transmits at various scales is an important aspect of disease

burden management. In this thesis, | look at how SARS-CoV-2 variants are transmitted:

0 0 )
S N oS
Deer as a reservoir species for Particle to PFU ratic in different SARS- Stable SARS-CoV-2 N dimer-dimer
SARS-CoV-2 CoV-2 variants interactions

v
.’__\":{

Transmission

Figure 1.1: Graphical Abstract of Dissertation Chapters. Diagram displays the
different factors which contribute to SARS-CoV-2 viral transmission discussed within
this work. This includes 1) zoonosis & disease ecology, 2) human transmission, and 3)
molecular virology. Understanding and surveilling a pathogen at all these tiers allows
for the best public health interventions and mitigation strategies. Created with

BioRender.com



between species, from person to person, and within a single host (Fig 1.1). This
multiscale analysis is important when comprehensively considering SARS-CoV-2
transmission and allows for proactive public health interventions. Moreover, identifying
factors which contribute to transmission such as spillback events, higher viral load, and
improved intra-host replication dynamics enables public health officials to implement a
more tailored approach to best protect both individuals and wildlife species.
1.2 Coronavirus Biology

The order Nidovirales consists of coronaviruses and three other families
(toroviruses, arteriviruses, and roniviruses). Nidoviruses have a unique replication cycle
consists of both a polyprotein precursors and nested sub genomic messenger RNAS (sg
mRNAs).> Within the Nidovirales, coronaviruses are a family of enveloped, positive-
sense, single-stranded RNA viruses which mainly infect mammals and birds. They were
classified as their own family in the 1960’s after the observation of an electron-dense
fringe on the surface of the virions with a pear-shape projections distinct from those of
Influenza.® Coronaviruses ultimately got their name because of how this fringe resembled

a solar corona.’

Coronavirus virions have a spherical morphology and are typically between 80-
120nm in diameter.? The structural proteins that make up the virion consist of spike (S),
envelope (E), membrane (M), and nucleocapsid (N). The coronavirus subgenus,

embecovirus, also have a hemagglutinin-esterase (HE) which coat the surface of the



virion under the spike proteins.®>'° The genome is encapsidated by N protein, which helps
organize and protect it. E and M help traffic the genome into the virus particle and are
inserted into the outer membrane of the virion in addition to S, which acts the receptor-
binding protein for cellular entry.®112
1.2.1 Cellular Entry

The first step of infection involves binding of the coronavirus spike (S) protein to its
designated cellular receptor (Fig 1.3.1) and proteolytic processing via host proteases to
allow for fusion at the plasma membrane.®?13 The S protein is a trimeric class I fusion
glycoprotein with two functional domains (S1 and S2).1* The S1 domain has the receptor
binding domain (RBD) that allows for the virion to engage with a specific cell surface
receptor. The receptors for several human coronaviruses have been identified:
angiotensin-converting enzyme 2 (ACE2: SARS-CoV-2,* SARS-CoV,® HCoV-NL63),
human aminopeptidase N (hAPN: HCoV-229E%), and dipeptidy! peptidase 4 (DPP4:

MERS-CoV?®), for example.

The S2 domain is the transmembrane domain which mediates the fusion of the viral
and cellular membranes via its fusion domain. In addition to receptor binding, the S
proteins needs to be proteolytically cleaved via trypsin-like host proteases to allow for
fusion. For some viruses, such as SARS-CoV-2, OC43, and MERS, this proteolytic
cleavage occurs via a different host protease called furin.?®?! Viruses which contain a

furin cleavage site (FCS) can have their spike proteins proteolytically processed this way



as well. The introduction of an FCS for SARS-CoV-2 is a characteristic that makes it
distinct from SARS-CoV and has truly enhanced fitness for the virus.?2? In fact, many
SARS-CoV-2 VOCs have acquired mutations flanking the FCS, improving furin
recognition of this cleavage site and allowing for more proteolytic processing overall (Fig
1.2).2* A common mutation seen within this region of the spike protein (S) was a
P681H/R mutation. This change was observed in the Alpha, Mu, Delta, and Omicron
variants.?4?" The P681H mutation in the Delta variant has been demonstrated to improve

viral replication and pathogenicity.??°

In addition to fusion at the plasma membrane, some betacoronaviruses such as SARS-
CoV, SARS-CoV-2, and MERS-CoV, can enter cells by a secondary mechanism:
endocytosis. After binding to their respective receptor, the virion is endocytosed by the
cell. Once the endosome acidifies, the spike protein is processed by a lysosomal protease,

allowing for membrane fusion and release of the viral RNA into the cytoplasm of the host

ceII 9,30,31
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Figure 1.2: Graphic of Furin Cleavage Site Adaption. A) Comparison of the S1-S2
cleavage site sequence for different coronaviruses and SARS-CoV-2 variants. A slash
indicates the punitive furin/serine protease cleavage site. B) Diagram of estimated
relative optimization of the S1-S2 FCS for different VOCs. Figure from Carabelli et al
(2023) Nature Reviews Microbiology. Used with permission under license from
Springer Nature.



1.2.2 Genome Replication & mRNA Synthesis
Once the positive-sense genetic material is released into the cytoplasm of the host

cell, translation can occur. Viral genome replication begins with the translation of the
genomic RNA into two large polypeptides (ORF1a and ORF1b) via host ribosomes (Fig
1.3.2).%%2 These polypeptides are enzymatically cleaved into the nonstructural proteins
(nsp) for the virus, including those which make up the replication transcription complex
(RTC) (Fig 1.3.3). The RTC is then able to create more full-length negative-sense
genomic copies (Fig 1.3.4), which are then used to generate more positive-sense genomic
RNA (Fig 1.3.5). These positive-sense copies go on to be packaged into virions and to

generate more replication machinery.®*2

Structural and accessory proteins are created through a discontinuous RNA
synthesis step. While the negative-sense RNA is being synthesized, the RTC can be
disrupted via transcription regulatory sequences (TRSs). These sequences prompt the
RTC to stop synthesis and re-initiate synthesis at the TRS sequence closest to the 5” end,
creating many short negative-sense SgRNAs which will ultimately be translated to the

structural proteins for the virus.®!2

Additionally, while the replication process does occur within the cytoplasm, the
virus has created a way to protect itself from cellular dSRNA sensors. The RTCs can
associate with cytoplasmic membranes, probably derived from the endoplasmic

reticulum. The RTC, with assistance from some nsps, prompts remodeling into vesicles



which shield the replicating virus from host cell sensors. This remodeling, called double
membrane vesicles (DMVs), also serve to concentrate all the essential host and viral
proteins in a centralized location.®? Non-structural proteins also play an important role in
the formation of DMVs; mostly nsp3 and nsp4.33** Nsp3 is a multifunctional protein with
protease activity and nsp4 assists in the attachment of the RTC to host membrane,
broadly speaking.®®
1.2.3 Viral Assembly & Egress

The membrane-bound structural proteins (M, S, E, and sometimes HE) are
translated into the endoplasmic reticulum (ER) (Fig. 1.3.6) and are further trafficked into
the endoplasmic reticulum golgi intermediate compartment (ERGIC) (Fig. 1.3.7). Here,
the membrane-bound structural proteins can interact with N-encapsidated viral genomes
and form virions which bud into the ERGIC and are then exported in lysosomes (Fig
1.3.8).%5 From there, the virus uses the lysosomal exocytosis pathway to release its
progeny from the plasma membrane, a process which is facilitated by SNARE (soluble
N-ethylmaleimide-sensitive factor attachment protein receptor) proteins (Fig 1.3.9).%1237
1.2.4 Coronavirus Nucleocapsid Protein

Corornavirus nucleocapsid (N) proteins are constructed of two highly structured
domains connected by a flexible linker region. The first of these structured regions binds

RNA and is
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Figure 1.3: Pictorial Representation of the Coronavirus Lifecycle. Adapted from
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aptly named the RNA binding domain (RBD) or less commonly the N2 domain. The
structured region is responsible for the dimerization of the protein to itself via eight
alpha-helices and which allows for it to assemble into its native functional state.®%° The
flexible linker region connecting these two domains contains a serine-arginine (SR) rich

region which is believed to play a role in the functional regulation of this protein via post-


https://app.biorender.com/biorender-templates

translation modifications. On either end of the RBD and dimerization domains are the N

and C terminal domains (NTD/CTD), respectively. 3°4142

The nucleocapsid protein is the most abundantly expressed structural protein for
the virus and is generally located within the cytoplasm of the host cell.*®% Its role within
the viral lifecycle involves VRNA synthesis, packaging, and viral assembly. The main
function of the nucleocapsid protein is to encapsidate the vVRNA, allowing for the

formation of ribonucleoprotein structures (RNPs).*®

This protein is also believed to have some chaperone properties during the
replication of RNA.* N colocalized with the RNA-dependent RNA polymerase (RdRp)
early within the viral lifecycle and has been seen to interact with nonstructural protein 3
(nsp3).4244% This N-nsp3 interaction has been shown to be between the ubiquitin-like
domain 1 (Ubl1) of nsp3 and the NTD of the nucleocapsid.* The proposed function of
this interaction is to help connect the genome to the RTC early in infection.**4¢ While the
presence of N does enhance viral replication, it is not required for transcription to occur.*’
For some coronaviruses, such as transmissible gastroenteritis virus (TGEV), it has also
been shown that N is involved in the hallmark feature of nidoviruses of template

switching.*?

A more minor role that N plays during the viral lifecycle involves some immune
modulation. It has been loosely associated with the suppression of the type | innate

immune response.*®4® Of interesting note, N is generally a highly conserved
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protein3®4%0 with the central linker region experiencing the most selective pressure. This
high conservation rate has led to work investigating using this protein as a potential
therapeutic target.>>2

1.3 Evolution of SARS-CoV-2 & Variant Emergence
Like other microbes, viruses
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that a virus experiences.

Positive sense RNA viruses have the fastest evolution rates compared to other
types of genome packaging (Fig 1.4).23% Much of this quick evolution is attributed to the

traditional lack of proof-reading capability in RNA viruses, making them error prone. To
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compensate for their low fidelity rate, most RNA viruses grow to higher titers, have short
replication periods, recombine easily, and have highly compact/multifunctional genomes.
However, unlike all other RNA viruses, coronaviruses encode a 3’ — 5’ exonuclease
(ExoN) which allows for proofreading capabilities and a 20-fold reduction in mutation
rate.*° These proofreading abilities are quite essential for coronaviruses, as they have the
largest genomes of any RNA virus (27 — 32kb) and it is thought that this proofreading

feature is essential for maintain the fidelity of such a large genome.

The rapid rate of SARS-CoV-2 variant emergence is surprising given encode
intact proofreading machinery. However, this is better understood when considering the
level of positive selective pressure SARS-CoV-2 experienced during the early years of
the pandemic. Like in other systems, it appears that this selective pressure was the main
driver for novel SARS-CoV-2 variants. Novel mutations needed to accomplish at least

one of following four things to be sustained within the population.

a) Improved transmission or replication within a host
Within the span of three months (March 2020 — June 2020), the spike protein
D614G mutation in SARS-CoV-2 went from rare to being in 74% of sequenced
individuals, implying some advantage.*! Mechanistic studies have demonstrated
that this mutation allows for better viral replication and fitness in interferon-
competent cells and animal models. The D614G mutation allows for the virus to

create more infectious particles per unit of RNA (lower RNA/PFU ratio),
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b)

increasing the viral load. This has been seen within the nasal and trachea of
infected hamsters*? and within clinical samples*3, providing some explanation to
its global dominance. Hamster-based transmission studies have also shown that
this mutation alone allows for the virus to be much more transmissible between
animals.** Further data suggests this mutation prompts the spike protein to be in a

more “open” or ACE2 receptor binding-ready state.*!

Mutations which allow for improved or novel interactions with host proteins
Many of the canonical mutations appearing in variants of concern altered
interactions between viral proteins and their cellular partners during infection. For
example, it has been demonstrated that the Alpha variant of SARS-CoV-2
produces 64.5-fold more Orf9b sgRNA compared to WT, which is thought to be
an innate immune regulator. This dramatic increase in transcripts is believed to be
due to a point mutation within the N protein (D3L) which allows for a novel TRS
site upstream of Orf9b. Since this variant is producing more Orf9b transcripts,
these transcripts are also being phosphorylated more. Phosphorylation of this
protein allows for it to interact with host protein TOM70, a key receptor located
on the surface of the mitochondria which allow for the activation of the MAVS
innate immune pathway. Since the Alpha variant is able to sequester more of this
TOM70 protein, we see a decrease in the innate immune response when compared

to wild-type SARS-CoV-2, perhaps explaining some of its global success.*
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Another example is the R203K + G204R double mutation within the
SARS-CoV-2 nucleocapsid. This double mutation (present in both the Alpha and
Omicron variants), has been shown to increase the phosphorylation of the N
protein, allowing for improved replication kinetics and pathogenesis in animals.*®
The increased phosphorylation of N occurs within the serine-arginine (SR)
domain of N, and this increase in phosphorylation might allow for N to have more
interactions with nsp3, an essential viral protease. This mutation also allows for
the virus to be more resistant to GSK-3 inhibitors, suggesting that they might

impact GSK-3 mediated phosphorylation of the protein.

Evasion of the adaptive immune response

The emergence of the Delta variant is a canonical example of a
combination of novel mutations which allowed for improved immune evasion.
The Delta variant had increased transmissibility, higher viral loads, and caused
‘break-through’ infections in vaccinated individuals.*~>° Work has been done to
demonstrate that a key mutation (P681R) within the furin cleavage site of the
spike protein plays a role in the improved replication of the Delta variant through
better cleavage,??° and therefore may be associated with the higher membrane

fusion rate seen in Delta, and reduced antibody neutralization.>!

d) Mutations which appear to be neutral for the virus
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Sometimes reoccurring mutations are simply along for the ride. In addition
to acquiring advantageous mutations, sometimes mutations are retained due to
genetic drift or genetic hitchhiking, which is the fixation of a mutation that occurs
with an advantageous mutation.>>%2 It is also important to note that it is incredibly
difficult prove that a mutation is truly neutral for an organism. Short of doing a
live challenge model in people, it is hard to be sure about whether the sensitivity
of the test or the properties of the mutation explain your negative results.

1.4 Variants of Concern (VOC)

All viruses acquire mutations over time as they replicate. Sometimes these
changes have large impacts on the properties of the virus, as discussed above; however,
something unusual has been happening with the evolution of SARS-CoV-2. The virus
often makes evolutionary “jumps” and acquires multiple mutations in rapid succession or
simultaneously at a rate much faster than predicted based on traditional mutation rate
calculations.® To help communicate with the public about the significance of different
clusters of mutations and variants of SARS-CoV-2 the World Health Organization
(WHO) has generated a classification system. A Greek letter system was implemented for

each variant which fell into the classification of variant of concern (VOC).

As of March 2023, a variant of concern is classified as a SARS-CoV-2 variant
with “genetic changes that are predicted or known to affect virus characteristics such as

transmissibility, virulence, antibody evasion, susceptibility to therapeutics and [have
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been] identified to have a growth advantage over other circulation variants.”>*
Additionally, these VOCs need to have a “detrimental change in clinical disease severity,
... cause substantial impact of the health care system to provide care, or significant

decrease in the effectiveness of available vaccines in protecting against severe disease.”>*

While VOC:s all share things in common, they each also have distinguishing
characteristics from each other. One of the shared properties which have intrigued
scientists is a large amount of genetic change (i.e. long phylogenic branch length) with
few or no genetic intermediates visible in publicly available sequencing data.?* There are
currently three widely accepted hypothesis of how VOCs arise with no apparent genetic
footprint: (1) they are in fact circulating, but in an under sequenced region (i.e. are being
missed by surveillance efforts), (2) a chronically infected individual allowed for the virus
to undergo rapid evolution®*%®, or (3) they are the result of spillback from an animal

reservoir.

1) VOCs are being missed by surveillance efforts
Traditional epidemiological surveillance methods typically rely on timely
assessments using laboratory techniques. The current method for identifying
VOCs is Next Generation Sequencing. However, this method is impractical or
limited in low- and middle-income countries and heavily relies on getting a
representative sample set from individuals. While newer methods have been

implemented to bypass traditional barriers, such as wastewater surveillance, these
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2)

methods also have limitations. For example, wastewater surveillance cannot be
done on areas without an established sewer system, which many regions do not
have. Many of these same regions are heavily impacted by the importation of
reagents/consumables as well.>® Due to reasons such as these, VOCs might be

missed in underserved areas.

Chronically infected individuals

The best supported of these three hypotheses is for this rapid evolution to be
occurring all within one individual. It should be noted that chronic infections and
“long COVID” are not the same thing and are distinguished by long-term
infection versus the persistence of symptoms, respectively. The best documented
cases of chronic infection have been within severely immunocompromised
patients who sustain a chronic SARS-CoV-2 infection for 100+ days.>’-%? This
sustained infection, coupled with prolonged periods of high viral load creates a
perfect environment for viral replication and selective pressure. Some of this
selective pressure is believed to be in part due to therapeutics, including
convalescent plasma or other antibody-based interventions, allowing for an

unusually high number of mutations to accrue.®’-3:

Notably, the same mutations have appeared in multiple patients,

suggesting that these chronic infections promote convergent evolution, with many
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3)

of these changes mirroring VOC-specific mutations.®® Additionally, in one case,
the patient gained 18 de novo mutations over four months, including two
associated with the mink-related cluster of SARS-CoV-2 (A69-70HV + Y453F)
which underscores the danger of spillover as well as convergent evolution is being

seen in both chronically infected individuals and minks.®

Spillback from an animal reservoir

Cross-species spillover, or zoonoses, is when a pathogen successfully
crosses from a wildlife species into humans. These types of events are concerning
for public health as they allow for the potential of novel pathogens or mutated
pathogens to be introduced into humans. There are several factors which
contribute to a zoonoses event occurring. Factors include the prevalence of the
disease within the reservoir species, the exposure of humans to the pathogen, and

the physiological suitability of the host for the pathogen.®*

In the case of COVID-19, while the initial introduction of this pathogen is
believed to be due to a spillover event, the main concern now is with two wildlife
species in which spillover and spillback have occurred: mink and white-tailed
deer (WTD). The most prominent case with mink occurred in the Netherlands in
2022 when several mink farms reported an outbreak of SARS-CoV-2 within their

animals. During this period, both animals and farmers were sampled, and
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retroactive next-generation sequencing (NGS) showed that the minks acquired
SARS-CoV-2 from the workers. Once within the animal species, the virus
successfully adapted to its new host and then was able to spillback into the
workers on the farm.® This highlights the ease at which this human-animal
interface can occur and the potential risk of divergent evolution of the virus when

within a new host species.

Recently a new potential reservoir species has been identified: white-tailed
deer (WTD). In 2021, the first reports of WTD testing positive and transmitting
SARS-CoV-2 was reported.®"* Since then, many case reports of SARS-CoV-2
within wild deer populations have been reported in the US and Canada and
infection of WTD appears to be spreading. Of note, when virus was sequenced
from the deer, many of the lineages circulating were historical VOCs which were
no longer circulating within the human population.” The harboring of these
extinct lineages allows for the potential of VOC recombination events that would
not be possible within the human population alone. These recombination events
could be particularly problematic if certain attributes like the transmissibility of
Omicron and the morbidity of Beta were combined into an antigenically novel

variant.
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1.5 Conclusion
My thesis work focuses on the intersections between SARS-CoV-2 variants.

Specifically, | elucidate specific aspects of how they are different from each other at a
cross-species, human population, and cellular level. This work highlights how public
health efforts need to span the spectrum from both surveillance efforts to understanding
molecular mechanisms to be most efficacious. To prevent and curb future pandemics and
iterations of SARS-CoV-2, surveillance efforts are vital. Being able to identify novel
viruses, variants, or reservoirs in a timely manner is the most important first step in

successful public health measures.
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2.1 Abstract
Previous studies have documented natural infections of SARS-CoV-2 in various

domestic and wild animals. More recently, studies have been published noting the
susceptibility of members of the Cervidae family, and infections in both wild and captive
cervid populations. In this study, we investigated the presence of SARS-CoV-2 in
mammalian wildlife within the state of Vermont. 739 nasal or throat samples were
collected from wildlife throughout the state during the 2021 and 2022 harvest season.
Data was collected from red and gray foxes (Vulpes vulples and Urocyon cineroargentus,
respectively), fishers (Martes pennati), river otters (Lutra canadensis), coyotes (Canis
lantrans), bobcats (Lynx rufus rufus), black bears (Ursus americanus), and white-tailed
deer (Odocoileus virginianus). Samples were tested for the presence of SARS-CoV-2 via
quantitative RT-gPCR using the CDC N1/N2 primer set and/or the WHO-E gene primer
set. Surprisingly, we initially detected several N1 and/or N2 positive samples with high
cycle threshold values, though after conducting environmental swabbing of the laboratory
and verifying with a second independent primer set (WHO-E) and PCR without reverse
transcriptase, we showed that these were false positives due to plasmid contamination
from a construct expressing the N gene in the general laboratory environment. Our final
results indicate that no sampled wildlife was positive for SARS-CoV-2 RNA, and
highlight the importance of physically separate locations for the processing of samples
for surveillance and experiments that require the use of plasmid DNA containing the

target RNA sequence. These negative findings are surprising, given that most published
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North America studies have found SARS-CoV-2 within their deer populations. The
absence of SARS-CoV-2 RNA in populations sampled here may provide insights in to the
various environmental and anthropogenic factors that reduce spillover and spread in
North American’s wildlife populations.
2.2 Introduction

Severe acute respiratory syndrome associated coronavirus-2 (SARS-CoV-2), the
virus that causes COVID-19, is most recognized for its ability to easily transmit from
person-to-person. Recently, natural infections in a range of domestic and wild animals
have also been documented®~*. With every new animal infected, the zoonotic potential of
SARS-CoV-2 increases. Animal species that facilitate within-species transmission of
SARS-CoV-2 are possible new reservoirs of the virus, and this transmission could lead to
evolutionary changes in the virus that would pose a risk to humans upon reintroduction.
In fact, this exact scenario occurred during 2020, with SARS-CoV-2 infection
documented in farmed minks >°. Notably, the Netherlands reported five different
outbreak events in 2020, resulting in over 50% of mink farms having animals that tested
positive for SARS-CoV-2. At over half of the farms with positive animals, employees
also tested positive for SARS-CoV-2. Sequencing data from both the mink and humans
suggests that both spillover, the transmission of disease from animals to humans, and
spillback, the transmission of disease from humans to animals, occurred several times

between these two populations®. Infected animals were detected in mink farms in
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multiple other countries which led to the selective culling of animals at affected farms, as

well as the culling of all (>17 million) mink in Denmark, to reduce the risk of spillover®,

Multiple recent studies in North America have shown that members of the
Cervidae family are susceptible to SARS-CoV-2. We hypothesized that SARS-CoV-2
might be circulating in Vermont deer and wildlife, given the numerous reports of
infections within wild deer populations*®-1°, and laboratory infections showing vertical'®
and horizontal transmission’. North American deer are of particular concern as they are
common, interact with humans, and are also domestically farmed. All three of these
factors create opportunities for spillover and spillback events. The 2021 estimate for
Vermont’s white-tailed deer population was approximately 133,000*8, which is about a
1:5 deer-to-person ratio within the state'®. While SARS-CoV-2 has been detected in
wildlife in several US states and Canadian provinces, there is currently no published data

on the virus in wildlife in the state of VVermont.

In this study, we examined the prevalence of SARS-CoV-2 viral RNA in a variety of
animals native to Vermont via reverse transcription quantitative polymerase-chain
reaction (RT-gPCR), using two different primer sets specific to SARS-CoV-2. We
sampled fur-bearing animals including red and grey foxes (Vulpes vulples and Urocyon
cineroargentus, respectively), fishers (Martes pennati), otters (Lutra canadensis), coyotes

(Canis lantrans), bobcats (Lynx rufus rufus), and big-game animals including white-tailed
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deer (Odocoileus virginianus) and black bears (Ursus americanus) over the 2021 and

2022 hunting seasons.

2.3 Results
Our SARS-CoV-2 surveillance effort covered the state of Vermont through the hunting

and trapping seasons of 2021 (Oct 2021-March 2022) and the hunting season of 2022
(Oct-Nov 2022). We prioritized white-tailed deer during the 2022 season, given their
prevalence, potential interaction with humans, and our ability to collect high-quality

samples for processing. In addition to white-tailed deer, the 2021 season also included a

variety of fur-bearing animals that

are commonly trapped in VT,

Table 2.3.1: Number of samples collected by species

type for each season.

Species 2021 Season 2022 Season
including foxes, fishers, otters, White-tailed Deer 17 470
(Odocoileus
coyotes, and bobcats. In 2021, we virginianus)
. ) Foxes 19 0
sampled 17 white-tailed deer as (Vulpes vulpes &
Urocyon
well as 250 furbearers (Table cinereoargenteus)
Fishers 77 0
2.3.1). However, most of our (Martes pennati)
] . ] Otters 43 0
Whlte'talled deer Sampllng (Lutra Canadensf_s}
. Coyotes 32 0
occurred during the 2022 season, (Canis latrans)
where we were able to sample 470 | Bobeats 7 0
(Lynx rufus rufus)
white-tailed deer as well as 2 black | Black bears 0 2
(Ursus americanus)
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Figure 2.1. Geographic Distribution of Specimen Harvest. Geographic
distribution of wildlife sampled for SARS-CoV-2 in Vermont during the 2021 and
2022 hunting seasons is shown. Specimens are shown based on the reported town
where the harvest occurred and colored according to the number of samples
collected from each location. Graphs were generated using QGIS version 3.28.2
(Firenze) https://qgis.org/.

bears (Table 2.1). Sampled animals were harvested across the state of Vermont,
generating samples from a broad geographic range (Figure 2.1, Figure S1). At the
conclusion of the 2021 season, we extracted RNA from all collected samples and
performed RT-gPCR using the Centers for Disease Control and Prevention (CDC) SARS-
CoV-2 N1 and N2 primer set for the structural nucleocapsid protein? to test for the
presence of viral RNA. We found no detectable SARS-CoV-2 RNA within any sample

from the 2021 season (n = 272). Positive control wells on each plate amplified as
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expected, as did the internal control included in each sample extraction to confirm RNA

integrity and rule out PCR inhibition. (Dataset S1).

Surprisingly, when we analyzed samples from the 2022 season (n = 472), we
observed a positivity rate of 28.2% of samples positive for both the N1 and N2 primers
(133/472). The average cycle threshold (Cr) for these samples was 36.6 for N1 and 38.0
for N2 (SD = 1.3 and 1.4, respectively). There were multiple additional samples positive
by either the N1 or N2 primer sets, but not by both (N1 only = 28 samples, N2 only = 56
samples) (Dataset S1). The suddenly high number of positive samples, paired with the
high average Cr values and the lack of any samples with a Ct<30 for N1 or C1<33 for N2
raised concerns that these initial numbers from the 2022 season may have been the result
of contamination. In the period between processing the 2021 and 2022 samples, The
University of Vermont’s laboratory began a separate project that involved in vitro
expression of the SARS-CoV-2 nucleocapsid protein, and thus a DNA construct
containing the sequences recognized by the N1 and N2 primer sets was newly present in
the general laboratory environment.

Therefore, we set out to determine if the positive results seen with the N1/N2
primers were authentic or the result of plasmid DNA contamination in the laboratory
environment from the University of Vermont during the sample aliquoting, before any
sample analysis. First, we performed environmental swabbing of commonly used items

and surfaces within the laboratory, including within the biosafety cabinet used to aliquot
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the wildlife specimens before RT-gPCR testing, the pipettes used for aliquoting, the
laboratory bench, and pipettes. We detected SARS-CoV-2 N nucleic acids on all surface
swabs with both the N1 and N2 primers with Cts as low as 23.6 (Dataset S2). None of
the negative controls for the RT-gPCR reaction amplified. To determine if we were
detecting RNA or DNA contamination, we next performed a quantitative polymerase
chain reaction (QPCR) in which the typical incubation for reverse transcription was
omitted, instead beginning directly with a 95 C step to deactivate RT and activate hot-
start Tag. The positive controls (remnant SARS-CoV-2 positive clinical specimen)
included in these experiments exhibited an average N1 Ct 5.4 0.6 cycles higher in qPCR
experiment than in RT-gPCR, as expected for samples where the input material was RNA
rather than DNA (Figure 2.2). Two of the three positive controls were undetectable with
the N2 primer set in gPCR experiments; for the third, the N2 Ct was 1.8 cycles higher in
gPCR experiment than in RT-gPCR. In contrast, all laboratory sites sampled (except the
biosafety cabinet floor, which had the highest C+ originally) showed consistent C+s

between RT-qPCR and gPCR reactions (average N1 Ct 0.3 0.9 cycles higher in qPCR
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Figure 2.2. Environmental Swabs Show Contamination of SARS-CoV-2
Nucleocapsid DNA in Laboratory Environment. Samples from residual
clinical SARS-CoV-2 positive specimens (pos #1-3), laboratory surfaces and
equipment used to process/aliquot field samples (BSC=Biosafety Cabinet) and a
selection of deer that initially tested positive for SARS-CoV-2 nucleic acid with
the N1 primer set were analyzed by RT-PCR (to detect either RNA or DNA) and
PCR (to detect RNA). The difference in cycle threshold (C+) between PCR and
RT-PCR for each sample is shown. Positive control clinical samples shown in
orange circles, environmental swabs shown in blue squares, deer samples shown
in gray triangles.

experiment than in RT-gPCR), suggesting that the surface contamination consisted of
DNA rather than RNA (Figure 2.2).

Next, we compared gPCR and RT-qPCR amplification on select deer specimens
that showed amplification with either the N1 or N2 primer sets (see Figure 2.2 for a
subset and Dataset S2 for complete data). In each case, we were still able to detect viral
nucleic acids, and as seen in the surface swabs the Cts were consistent between RT-gPCR
and gPCR reactions (average N1 Ct 1.1 1.4 cycles lower in gPCR experiment than in
RT-qPCR). This result indicated that the original N1/N2 results were most likely

detecting DNA contamination. The contamination likely occurred during the aliquoting
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step (after specimen collection), and illustrates the great difficulty posed by performing
RT-gPCR based surveillance efforts in tandem with experiments that require the handling
of plasmid DNA or PCR product without a physically separate facility, as previously
reported®:-24, Given the similar Cr values for both the RT-qPCR and qPCR of laboratory
surfaces and deer specimen samples, as well as the presence of N gene plasmid DNA
(and associated contamination) in the laboratory where the samples were aliquoted, we
concluded that the 2022 N1/N2 results were false positives.

To accurately detect the presence of SARS-CoV-2 viral RNA in the 2022 season
samples, we repeated our RT-gPCR analysis using a new and independent set of primers,
this time targeting the E gene? rather than N. There was no E gene plasmid DNA present
in the laboratory in which these samples were processed and aliquoted, and no E
amplification products were present at any point in the study. All 474 samples from the
2022 season were undetectable by the E gene primer/probe set, indicating that there was
no detectable SARS-CoV-2 viral RNA in any Vermont wildlife surveilled during the 2021

or 2022 seasons (Dataset S1).

2.4 Discussion
White-tailed deer can both successfully be infected with and transmit SARS-CoV-

2. This has been demonstrated by both laboratory studies*®” and several reports of
naturally infected deer in multiple states and provinces within the United States and

Canada*®*®. Since prior surveillance studies have reported RT-gPCR positivity rates of
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upwards of 30% in nasal swabs* and seropositivity rates of more than 40%'%25, it was
initially surprising that no animals within the Vermont sample set were positive,
especially during the 2022 season. However, recent work from Diel et al. describing the
spread of SARS-CoV-2 within deer in New York state during the 2021 and 2022 seasons
showed only sporadic positives during 2021 and a significant increase (up to 20%) in the
2022 season®®. Furthermore, the majority of positive cases were detected in the western
half of New York and near New York City, the farthest regions geographically from the
Vermont border®*. A second study furthers this argument, revealing the relatively low
positivity rate of 1.2% within the Quebec province in Canada, directly north of
Vermont?’. Therefore, SARS-CoV-2 may be circulating in Vermont deer at a low level. To
assess our ability to detect this, we performed a power analysis to calculate the
probability of detecting one case of SARS-CoV-2 within our 472 samples from the 2022
deer season as a function of underlying SARS-CoV-2 prevalence. If we were to repeat
our surveillance efforts, we would expect to find at least one positive sample 80% of the
time if the underlying prevalence were at least 0.34%; similarly, we have 95% power to
detect from a population that was 0.64% positive, and there is only a 1% chance of our

sampling no positives if the population were 0.97% positive (Figure S2.2).
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While it has not been established how SARS-CoV-2 is introduced into wild deer
populations, it seems likely that this occurs via human-to-deer transmission, deer-to-deer
transmission, or a combination of the two?%232°, \ermont may have multiple features that
reduced the risk of human-to-deer transmission so far in the COVID-19 pandemic. First,
the state of Vermont is sparsely populated in general, but especially in many of the places
where deer are hunted, therefore reducing the potential for human-deer interaction.

Additionally, the number of COVID-19 human infections within the state of \Vlermont was

Quebec Quebec

AN

NS
Case Count Prevalence
"\ . 10-151 o Vermont ™ I 0.0005 - 0.0034
151248 QR0 I 0.0034-0.0041
B 248-433 [ 0.0041-0.0047
7:' [ 433- 112 New Y [ 0.0047 - 0.0055
(] 272748 . pshire | 7 00066 -0.0420
NewaYork
Massachusetts
Connecticut
Pennsylvania . Pennsylvania
New Jersey y
Ohio Ohio

Delaware

Figure 2.3. Case Counts and Prevalence of COVID-19 in Vermont and
New York. Geographic distribution of COVID-19 cases (reported by the
Vermont Department of Health and New York State Department of Health)
during the during the surveillance period for the 2022 season (Oct 15"- Nov
15, 2022) at the county level. Raw case counts are shown on left and
prevalence (case counts/county population) is shown on right (population
counts are an estimate based on US Census 2022 data). Graphs were
generated using QGIS version 3.28.2 (Firenze) https://qgis.org/.
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much lower than most other places within the USA (including neighboring states with
higher levels of SARS-CoV-2 detected in deer) during the period in which we were
conducting surveillance (Figure 2.3, Dataset S3).

Finally, Vermont lacks an established deer farm industry, with only three farms
reported in 2017°°, all of which contain cervid species other than white-tailed deer since it
is illegal to have captive white-tailed deer in Vermont. This agricultural set-up decreases
the number and duration of direct contact between humans and cervids in the state.
Transmission between farmed animals (such as mink) and farm employees that care for
them has been well documented for viruses including SARS-CoV-2 and is a plausible route
for the initial introduction of SARS-CoV-2 into deer populations as well®!. Texas,
Pennsylvania, Indiana, Ohio, and Michigan alone account for over 65% of deer farms
within the United States®® and several of these states have also reported high rates of SARS-
CoV-2 prevalence in captive and/or wild deer®1-13:31,

A limitation of this study is the lack of samples other than nasal swabs, such as
retropharyngeal lymph nodes or blood samples. Retropharyngeal lymph nodes (RPLNSs)
are commonly collected as part of surveillance efforts for chronic wasting disease;
however, VT only conducts surveillance for this disease when warranted by clinical
signs/symptoms currently, and not on hunter harvested deer. A 2022 study from Ontario,
Canada reported a 2.3% (5/213) positivity in nasal swabs, compared to a 6% (17/298)
positivity in retropharyngeal lymph nodes within the white-tailed deer they sampled,

potentially demonstrating the increased sensitivity of RPLNs samples to detect SARS-
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CoV-2 in this species. Since no blood samples or lymph nodes were collected in this
study, we were unable to perform serology experiments to detect the presence of SARS-
CoV-2 antibodies that would reveal SARS-CoV-2 disease history. The results reported
here only represent a lack of active infections in the animals surveilled at a single discrete
timepoint. While information into the natural history of SARS-CoV-2 infections in
wildlife during the 2022 season would be highly informative, the lack of standard
collection of blood samples at Vermont hunting check stations made collecting samples
for serology logistically prohibitive for a number of reasons, including cost, training of
individuals collecting samples, and the timeline of proposal to implementation of this
project. Nonetheless, this sample represents the first data on SARS-CoV-2 RNA
surveillance in Vermont wildlife and may provide a helpful baseline for future
surveillance studies.

An additional limitation of this study regards the acquisition of 2021 season
samples. All fur-bearing specimens were collected throughout 2021, stored at -20°C, and
then thawed in a batch-wise fashion for sample collection. These specimens were
generously made available to us by Vermont Agency of Natural Resources, Department
of Fish & Wildlife but were independently collected for other surveillance purposes. As
specimen collection was independent of our lab, specimen storage duration and
temperature were factors beyond our scope to control. While SARS-CoV-2 RNA is
relatively stable through repeated freeze-thaw cycles and storage at -20°C)%?, for the

remainder of the study we chose to shift our focus to samples that we could collect from
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freshly deceased animals and quickly freeze at -80°C to minimize unintended variables
from the sample collection process. Thus, it should be noted that the samples collected in
the 2021 and 2022 seasons represent two separate populations and cannot be directly
compared.

While our findings indicate that there does not appear to be widespread SARS-
CoV-2 in Vermont deer are reassuring at present, we do not expect this to continue
indefinitely considering the increasing cases detected in the wildlife of neighboring
regions®. Surveillance efforts to help detect the transmission and adaptation of SARS-
CoV-2 in wildlife should be established throughout North America and should ideally
prioritize species susceptible to infection. Ongoing surveillance studies will be required
to understand not only the status of SARS-CoV-2 in Vermont wildlife populations, but
also to understand the transmission and spread of the disease over time. Efforts to
monitor the prevalence and mutational changes in SARS-CoV-2 viral genome are
especially important within common and social species, such as white-tailed deer. The
human health implication of deer as a SARS-CoV-2 reservoir is a sincere concern and

warrants continued surveillance as a crucial measure in pandemic preparedness.

2.5 Methods

2.5.1 Wildlife Specimen Procurement
All samples were collected in collaboration with the Vermont Agency of Natural

Resources, Department of Fish & Wildlife. All white-tailed deer and bear samples were
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collected during the Vermont hunting season. For the 2021 season, deer samples were
collected on the opening weekend of rifle season (November 12™", 2021). For the 2022
season, samples were collected on youth weekend (Oct 22-23", 2022) and the opening
weekend of rifle season (November 12-13", 2022). During these dates, samples were
collected across the state of Vermont from deceased animals brought to big game
reporting stations by hunters.

For fur-bearing animals (i.e., foxes, otters, coyotes, bobcats, and fishers), whole-
animal carcass specimens were collected throughout the entirety of 2021 and stored at -
20°C until SARS-CoV-2 swab sample collection occurred in a batch-wise fashion during
February-March 2022. Most whole-animal specimens were collected between October
2021 and March 2022 and therefore stored for only a few months (details for individual
specimens available in Dataset S1).

2022 season samples were all collected from recently deceased animals brought by
hunters to big game weigh stations. As animals are field dressed and brought directly to
the game station, each sample was collected from an animal that had been deceased for a
matter of hours at the time of collection and never frozen. A small number of deer were
brought to the weigh stations the following day (8+ hours postmortem), but these are
denoted in the data set.

For both the 2021 and 2022 season, nasal swabs were collected by inserting a dry,
sterile swab (Copan #164KS01) approximately 1 inch into each nasal cavity of the

specimen and making five passes around the interior of the nostril, ensuring even contact
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with the wall of the cavity. If the nasal cavity was inaccessible, throat swabs were taken
by inserting the swab as far back into the throat as possible and making five passes
around the entire circumference (denoted in Dataset S1). Samples were stored in 3mL of
phosphate-buffered saline (Gibco #10010023) on ice until returning to the laboratory
where they were transferred to -80°C until further use. At the conclusion of the deer
sampling period in 2022, we thawed all collected samples and divided each sample into
two aliquots (one for RT-gPCR and one for potential future viral isolation). As we did not
detect any samples that were positive for SARS-CoV-2 viral RNA, we did not attempt

virus isolation.

2.5.2 Environmental Swabbing for Laboratory Plasmid Contamination
Environmental contamination samples were collected by rubbing the surface of

interest with a dry, sterile swab (Copan #164KS01) for approximately 10 seconds, rolling
the swab during this time to ensure maximal surface contact. Samples were stored in 1ImL
of phosphate-buffered saline (Gibco #10010023) and stored at -80°C until nucleic acid

extraction and amplification could occur.

2.5.3 Nucleic Acid Extraction & Amplification
All 2022 season samples were thawed once and aliquoted at the University of

Vermont between sample collection and extraction. All further processing and testing of

swabs took place in a Clinical Laboratory Improvement Amendments (CLIA)- and
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College of American Pathologists (CAP)-certified facility at the University of
Washington Virology Laboratory.

Total nucleic acids (TNA) were extracted using Roche MagNA Pure 96 instruments
as previously described®3, with 200uL of swab liquid extracted and eluted into 50pL.
Each extraction plate included a positive control (pooled SARS-CoV-2-positive clinical
remnants) and a negative control (cells derived from a HeLa cell line). All amplifications
used AgPath ID One-Step RT-PCR enzyme and master mix (Life Technologies,
ThermoFisher, Cat. #4387424M) and 10pL of TNA per reaction and were carried out on
ABI 7500 thermocyclers. In addition to the positive and negative controls from each
extraction, each amplification plate contained a No-Template negative control (NTC;
water). One of two primer/probe sets was used in all reactions: WHO-E?°; or multiplexed
CDC N1 and N23**. The WHO-E primer probe set was utilized after the discovery of
SARS-CoV-2 N plasmid contamination in the laboratory, to eliminate false-positive
results. Only 2022 samples which were positive via the CDC N1/N2 primer/probe set
were re-run using the WHO-E set. RT-gPCR amplifications consisted of 10’ at 48 C
(reverse transcription), 10" at 95 C (Reverse Transcriptase inactivation / polymerase hot-
start), and 40 cycles of 15” at 95 C and 45” at 60 C. gPCR amplifications used the same
cycling conditions but omitted the initial 10” at 48 C step. EXO RNA was added to all
samples prior to extraction, and EXO amplification was included in every RT-gPCR

reaction as an internal control to monitor for RNA degradation and PCR inhibition3.
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2.5.4 Data Availability
All code, supplemental manuscript metadata, and supporting information can be found in

GitHub @emilybrucelab (https://github.com/emilybrucelab).
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Supplemental Figure 2.1. Geographic distrlbutlon of 2021 sample collection by
species. Graphs were generated using QGIS version 3.28.2 (Firenze)

https://qgis.org/.
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Supplemental Figure 2.2: Power to Detect a Given Prevalence. Using the binomial
distribution for 472 trials (the number of deer samples collected in the 2022 hunting
season), we calculated the probability of at least one success (SARS-CoV-2 detection) as
a function of the unknown underlying SARS-CoV-2 prevalence (percent positivity).
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3.1 Abstract
Background

Novel SARS-CoV-2 variants pose a challenge to controlling the COVID-19 pandemic.
Previous studies indicate that clinical samples collected from individuals infected with
the Delta variant may contain higher levels of RNA than previous variants, but the

relationship between levels of viral RNA and infectious virus for individual variants is

unknown.

Methods

We measured infectious viral titer (using a micro-focus forming assay), total and
subgenomic viral RNA levels (using RT-PCR) in a set of 162 clinical samples containing
SARS-CoV-2 Alpha, Delta, and Epsilon variants that were collected in identical swab

kits from outpatient test sites and processed soon after collection.

Results

We observed a high degree of variation in the relationship between viral titers and RNA
levels. Despite this, the overall infectivity differed among the three variants. Both Delta
and Epsilon had significantly higher infectivity than Alpha, as measured by the number
of infectious units per quantity of viral E gene RNA (5.9- and 3.0-fold increase p<0.0001,
p=0.014 respectively) or subgenomic E RNA (14.3- and 6.9-fold increase; p<0.0001,

p=0.004 respectively).
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Conclusion

In addition to higher viral RNA levels reported for the Delta variant, the infectivity
(amount of replication competent virus per viral genome copy) may be increased
compared to Alpha. Measuring the relationship between live virus and viral RNA is a
crucial step in assessing the infectivity of novel SARS-CoV-2 variants. An increase in the
infectivity for Delta may further explain increased spread, suggesting a need for

increased measures to prevent viral transmission.

3.2 Introduction

Despite the rapid development of effective vaccines against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the emergence of novel viral
lineages poses challenges to controlling the ongoing COVID-19 pandemic. In the fall of
2020, the Alpha (B.1.1.7) variant emerged in the U.K. and was associated with increased
transmission and spread®. By late 2020, the Epsilon (B.1.429/B.1.427) lineage emerged in
the US state of California with rapid spread and signs of partial immune evasion??,
before being overtaken by the Alpha variant later that year*. The Delta (B.1.617.2)
variant, first detected in India in early 2021, has outpaced both the Alpha and Epsilon

variants and accounts for > 95% of global viral sequences®. Delta’s rapid spread appears
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to be partially due to increased viral fitness conferred by mutations in the furin cleavage
site that increase the efficiency of viral entry®. Viral RNA levels in samples from people
infected with Delta are higher (for a longer duration) than those infected with previous

variants, and may be similar in vaccinated and unvaccinated individuals’®?.

While improved genomic surveillance allows almost real-time detection of viral
lineages, functional characterization is required to better understand which mutations
underlie increases in viral transmission. One difficulty of interpreting viral infectivity lies
in the widespread use of viral RNA levels (measured by RT-PCR in COVID-19-positive
clinical samples) as a proxy for viral load. This assumes that there is a relationship
between RNA and infectious viral levels, but it is unlikely to be a fixed ratio. The genome
to plaque forming units (PFU) ratio for SARS-CoV-2 is reported to be 103-10°:1, while
SARS is thought to be comparatively more infectious per particle (360:11%%).
Quantitative measurement of replication competent virus in clinical specimens would
improve the ability to determine and interpret infectious viral loads for current and future

variants.

3.3 Results

We previously found that infectious virus and RNA from SARS-CoV-2 WA-1
virus stocks are stable at 4°C (clinical specimens storage temperature) for >4 days'?. To

confirm that stability does not differ for variants, we measured viral titers for Alpha,
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Epsilon and Delta stocks stored at 4°C at varying concentrations (Fig 3.1A). We did not
observe any statistically significant decreases in viral stability over three days of storage.
We also tested stability at 25°C, 32°C and 37°C and observed no differences between
variants (SI Fig 3.1). We performed our focus assay in VeroE6 cells expressing the
TMPRSS2 protease which increases the assay sensitivity and allows us to detect low titer
clinical specimens*?. To determine if the relative infectious titers for each variant differs
between human cell lines we measured a selection of Alpha, Delta and Epsilon stocks in
VeroE6-TMPRSS2, Huh7.5 and Caco-2 cells in parallel (Fig 3.1B, C). As expected,
Vero-TMPRSS2 cells were the most sensitive of the tested cell lines. All three variants
showed the same relative titers (quantitatively in Huh7.5 cells which form discrete foci
and qualitatively in Caco-2 cells where comparative levels of antigen where observed),

and a cell type-variant interaction effect was not observed.
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Figure 3.1: Effect of Storage Time and Cell Type on Infectious Titers: (A)
Stability of infectious virus from Alpha, Epsilon or Delta variants were
measured by focus forming assay using viral stocks diluted 1:10, 1:100 or
1:10,000 in DMEM media and stored at 4°C for the indicated times. (B-C)
Titers of viral stocks obtained from independent Alpha (A1-A4), Delta (D1-5)
and Epsilon (E1) patient specimens were measured in parallel in Vero-
TMPRSS2, Huh7.5 and Caco-2 cells by focus-forming assay. Individual foci
were counted (B) for Vero-TMPRSS2 and Huh7.5 cells; overall anti-SARS-
CoV-2 N staining is shown in (C) as Caco-2 cells do not form countable foci.
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To measure the relationship between infectious viral titers of clinical specimens
and viral RNA, we performed viral focus assays and RT-gPCR on a set of 162 specimens
consisting of Alpha, Epsilon and Delta variants. These specimens were collected with
identical kits from community surveillance outpatient-testing sites and were processed in
< 54 hours. Delta samples had significantly higher (10x) levels of infectious virus on
average compared to Alpha (p=0.012; Tukey-HSD test), while the differences between
Alpha and Epsilon or Delta and Epsilon were not statistically different. As the *particle
to PFU ratio’ is often used to describe viral infectivity, we plotted the ‘FFU to RNA ratio’
for each sample in our dataset (Fig 3.2A). Delta samples had an FFU:RNA ratio 7.6x
(based on E) and 14.7x (based on subgenomic E [sgE]) times higher than Alpha with a p-
value p=0.0002 and <0.0001, respectively (Tukey-HSD test). Epsilon samples trended to
higher average FFU:RNA ratio than Alpha, with Epsilon 3.7x (based on E) and 7.1x
times (based on sgE) times more than Alpha (p=0.78 and 0.017; Tukey-HSD). This trend
was also observed in tissue culture when cells were synchronously infected with stocks of
each variant (SI Fig 3.2). High levels of variability in the clinical Delta FFU:RNA ratios
may reflect a more heterogeneous vaccination status among the population during the

Delta wave compared to earlier Alpha/Epsilon circulation.

We also compared the relationship between FFU and RNA for each variant by
generating lines of best fit using linear regression on log-transformed data for total levels

of E RNA (Fig 3.2B) and sgE RNA (Fig 3.2C). We observed a positive correlation
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between the amount of viral RNA and infectious virus in individual clinical specimens
for all three variants (DatasetS1). Our data suggest that Delta and Epsilon have 6.9x and
4.0x times more infectious virus than Alpha for samples with the same amount of total
viral RNA (p<0.0001 and 0.014 respectively). We observed an even stronger trend when
comparing infectious virus to sggE RNA levels (15.3x, p<0.0001; 7.9x, p=0.004) (Fig.
3.2C). Subgenomic RNA has been proposed as a marker of replicating virus, although
we and others have seen limited evidence that SRNAs are exclusively present during
viral replication'?. Nonetheless, the sgE data indicates that Delta may have substantially

increased (>7-times) infectivity compared to Alpha.

62



w0
g 10
z
':L_J N
= E copies
; w0* "0
- lu:'
€ 07
é W
2 “
£ W0
107
Apha Epsilon Dena
B 10
)
E
=1
[
1
3
=
g
a
Variant
=] Alpha
C 1 Epsilon
& Delta
)
E
=1
[
&
E
=
g
a

e

ngC|.

Figure 3.2. Epsilon and Delta are More Infectious than Alpha in Clinical
Specimens: (A-C) A set of 162 clinical specimens from individuals infected with the
Alpha (n=20), Epsilon (n=29) or Delta (h=55+58) SARS-CoV-2 variants was used to
visualize the relationship between viral titer and viral RNA level for each variant: A)
Average infectivity, calculated as the FFU divided by estimated E gene RNA copy
number (colored according to the quantity of E gene copies for in the patient
specimen); individual specimen measurements of B) total E RNA (Cy) and C)
subgenomic E RNA on the X axis plotted against viral titer (FFU/mL) on the Y axis.
Dashed line indicates the limit of detection for infectious titer (20 FFU/mL). Samples
for which we could not measure a viral titer were assigned fixed values of one tenth
the Limit of Detection, i.e. 2 FFU, and randomly assigned a value between 1.5-2.5 for
display purposes. Lines of best fit and 95% confidence intervals were generated by
linear rearession on log transformed data.
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3.4 Discussion
Limitations of this study include lack of access to individual patient-level

metadata, which may obscure the effects of age, pre-existing conditions, days from
exposure/symptom onset, and vaccination status on infectivity. In addition, we examined
total RNA (E) and subgenomic (E) but did not have sufficient residual volume to probe
genomic RNA (i.e., ORF1a/b). Furthermore, we cannot compare all three variants from
samples collected contemporaneously. We have attempted to address this by analyzing
only samples that were collected from outpatient community surveillance settings during
an upswing in cases, using identical swab kits, to minimize variations between samples
(SI Fig 3.3). Alpha and Epsilon samples were collected at the same time and from a
population expected to have similar vaccination rates. We also analyzed data for Delta
samples collected on two different days (n=55 and 59) 23 days apart and did not observe
a significant batch effect.

The data presented here suggest that measuring “viral load’ strictly by clinical C+
value has limitations. It is well established that ‘particle:pfu’ ratio for viruses can vary
between viral strains, cell type, and organism %3, Our data indicate infectivity might
vary between SARS-CoV-2 variants too. We propose that the RNA:FFU ratio should be
investigated for future variants rather than relying on RNA Cr+ as the sole measurement of
viral load. Our observation that Delta’s infectivity is increased compared to Alpha is in
line with the previously observed increased transmission, spread, and likelihood of

isolating live virus'*®. We observed similar infectivities for Delta and Epsilon, with
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trends toward increased infectivity and higher RNA levels for Delta samples compared to
Epsilon. The advantage of both higher replication and infectivity might explain Delta
overtaking Alpha worldwide; though as Alpha replaced Epsilon, factors in addition to
infectivity clearly play important roles in spread. Further work is needed to understand
the molecular basis of this phenotype, including in vitro and in vivo studies. We chose to
use VeroE6-TMRPSS2 cells as one of the most permissive cell lines for viral replication,
which facilitate a physiologically relevant route of viral entry. Using a highly permissive
cell line will help identify the largest number of infectious virions, without biasing
measurements by using cells that have an intact IFN response. The increased infectivity
in Delta clinical samples underscores the need for increased measures to prevent
transmission to those who remain vulnerable, such as widespread vaccination, masking,

distancing, and improved ventilation.

3.5 Materials and Methods
3.5.1 Viral Stability

Variant stocks (see Supplemental Methods) were diluted 1:10, 1:100 and 1:10,000 and
stored at 4°C for the indicated period in the dark. Aliquots were removed each day and

stored at -80°C, and viral titers were measured by focus assay.
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3.5.2 Selection of samples

Clinical specimens identified as SARS-CoV-2 positive at the University of Washington
Virology Laboratory (UWVL) were selected on Mar 25th, Aug 3rd, and Aug 26th, 2021,
and stored in a monitored -80°C until use (SI Fig 3.4). The use of deidentified positive
specimens was declared exempt by the University of Washington Institutional Review
Board (STUDY00010205). Specimens containing Alpha, Epsilon and Delta variants were

selected using RT-ddPCR (see Supplemental Methods).
3.5.3 RNA extractions and RT-PCR

Total nucleic acid in all clinical samples were extracted and amplified as previously
described!? using one of two sets of primers/probes: 1) WHO-E® or 2) Mills-sgE*?. Ct
measurements of the AccuPlex SARS-CoV-2 Verification Panel (SeraCare, cat. # 0505-
0168) and of an in vitro-synthesized sgE transcript'? were used to convert Ct to copy

number in clinical specimens.
3.5.4 Focus forming assay

SARS-CoV-2 viral titrations were conducted at the UVM BSL-3 facility under an
approved Institutional Biosafety protocol. Viral titer was determined by micro-focus
forming assay using VeroE6-TMPRSS2 cells (JCRB No, JCRB1819) (see Supplemental

Methods).
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3.6 Statistical Analysis & Data Availability
Data was analyzed with GraphPad Prism 8 and R (see Supplemental Methods). The data

in this study are available within the manuscript/supplementary figures. R code is

available at github.com/emilybrucelab.
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3.9 Supplemental Information

3.9.1 Extended Figures
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Fig S3.1. Effect of Storage Temperature on Infectious Titers. Stability of infectious virus
from Alpha, Epsilon or Delta variants were measured by focus forming assay using viral stocks
diluted 1:10, 1:100 or 1:10,000 in DMEM media and stored at 25°C, 32°C, or 37°C for the
indicated times.
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Fig S3.2. Variant Infectivity in Tissue Culture. Vero TMPRSS-2, Huh7.5, Caco-2 and Calu-
3 cells were infected with stocks of Alpha, Delta and Epsilon viruses at an MOI of 0.1.
Supernatants were collected and clarified at 24 hpi and the FFU and viral RNA levels (E gene
RNA copies) were measured for each sample, in order to plot the infectivity for each variant.
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Fig S3.3. SARS-CoV-2 Case Rates During Sample Collection Period. SARS-CoV-
2 testing statistics for the University of Washing Virology Laboratory around the
period of sample collection are shown?. Research indicates that samples collected
during periods of increasing cases tend to be collected closer to time of exposure than
those collected during periods of decreasing cases?. All samples used in this study
were collected during upswings in cases in the region.
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Fig S3.4. Freezer Temperature During Sample Storage. The samples for this study
were stored in a -80C freezer in the clinical laboratory at the University of Washington
Department of Laboratory Medicine & Pathology, Virology Division. The temperature
monitor data for the freezer the samples were stored in is shown for the period of sample
storage (March 25 to August 3).

3.9.2 Extended Methods
Generation of Viral Stocks

Clinical specimens positive for Alpha, Epsilon or Delta variants were used to isolate virus
in VeroE6-TMPRSS2 cells, essentially as in®. Viral titer from successful isolates was
determined by focus assay and this initial material was used to grow viral stocks by
infecting VeroE6-TMPRSS2 cells at an MOI of 0.0005 at 32°C, overlaid with DMEM,
10% FBS, 1% HEPES and 1% Penn/Strep. Viral stocks were harvested when cytopathic
effect was visible, and viral variant identification was confirmed by next generation

sequencing.
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Selection of samples

Clinical specimens were selected on three different days: Mar 25, Aug 3, and Aug 26,
2021. All specimens were nasal swabs in PBS collection kits (Greiner Bio-One cat.
#456163) from drive-up community test sites in western and southern Washington.
Aliquots from each sample were frozen at -80° C within 54 hours of sample collection
(Mean £ SD: Alpha=40.1+10.4; Epsilon=41.4+9.9; Delta=39.3+10.2), and kept frozen
until titering. Mutations in Spike indicating variants of concern (L452R and N501Y)
were identified in clinical specimens using an RT-ddPCR assay similar to that we have
previously described*. Specimens containing Alpha, Epsilon and Delta variants were
selected by interpreting these results in combination with NGS surveillance done by
UWNVL in the period of each sample collection. In the week of the March collection,
surveillance sequencing identified 31.5% Alpha (Y501), 29.5% Epsilon (R452), and
0.1% Delta; in the weeks of the August collection, samples were 0.4-0.6% Alpha, 0%
Epsilon, and 98.1-98.5% Delta (R452)

(https://depts.washington.edu/labmed/covid19/#sequencing-information).

Focus forming assay

VeroE6-TMPRSS2, Huh7.5 or Caco-2 cells were infected, overlaid with 1.2%
methylcellulose (Acros cat. #332620010) in DMEM and incubated for 24 h. As previous
described®, all dilutions were plated in duplicate with the exception of the neat clinical

sample for which we only had sufficient material to plate one well per sample. All
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clinical specimens were titered in VeroE6-TMPRSS2 cells. Foci were detected with a
cross-reactive rabbit anti-SARS-CoV N monoclonal antibody (Sinobiological, distributed
by Thermo Fisher, Cat. #40143-R001; 1:20,000), a peroxidase-labelled goat anti-rabbit
antibody (SeraCare, Cat. #5220-0336; 1:4,000) and peroxidase substrate (SeraCare, Cat.
#5510-0030). Plates were imaged on a BioTek ImmunoSpot S6 MACRO Analyzer and
foci were counted using an automated virus plaque counter as previously described® and

manually corrected.

In vitro infectivity assay

VeroE6-TMPRSS-2, Huh7.5, Caco-2 or Calu-3 cells were infected with stocks of Alpha,
Delta and Epsilon viruses at an MOI of 0.1. We collected clarified supernatants at 24 hpi

and measured the FFU and viral RNA levels (E gene RNA copies) for each sample.

Statistical Analysis

Data for Fig. 3.1A was analyzed with GraphPad Prism 8, using a linear regression
analysis to compare the stability of the three variants to each other at each concentration,
and determine if the slopes of the lines were significant from each other, or significantly
different than 0. P-values for whether slopes were non-zero ranged from p=0.1 to 0.87.
The slopes were not significantly different between variants; p=0.8, 0.1, 0.2 for high,
medium and low concentrations of virus respectively. Data for Fig. 3.1B, Fig. 3.2A-C
were analyzed using R”. For Fig 3.1B a linear regression model was fitted on log

transformed titers consisting of an intercept, a main cell effect, a main variant effect and a
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variant-cell type interaction. The variant-cell type interaction coefficients for delta and
epsilon (relative to an alpha reference) were not significant. For Fig 3.2 titers were log
transformed, and FFU values below LoD values were set to one-tenth the LoD. Linear
regression was employed to model the relationship between titer and Ct(E) or C+

(SsgE). Interaction terms between the Ct values and variant were not significant and were
dropped in favor of a simpler variant intercept only model, with all variants sharing a

common slope.
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4.1 Abstract
The evolution of SARS-CoV-2 variants and their respective phenotypes represents

an important set of tools to understand basic coronavirus biology as well as the public
health implications of individual mutations in variants of concern. While mutations
outside of Spike are not well studied, the entire viral genome is undergoing evolutionary
selection, particularly the central disordered linker region of the nucleocapsid (N) protein.
Here, we identify a mutation (G215C), characteristic of the Delta variant, that introduces
a novel cysteine into this linker domain, which results in the formation of a disulfide
bond and a stable N-N dimer. Using reverse genetics, we determined that this cysteine
residue is necessary and sufficient for stable dimer formation in a WA1 SARS-CoV-2
background, where it results in significantly increased viral growth both in vitro and in
vivo. Finally, we demonstrate that the N: G215C virus packages more nucleocapsid per

virion and that individual virions are larger, with elongated morphologies.

4.2 Introduction
The coronavirus disease of 2019 (COVID-19) pandemic originated from the

emergence of Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) in late
2019%. Subsequent worldwide spread and sustained transmission over the past four years,
combined with near real-time access to viral genomic surveillance data, has revealed a
detailed picture of SARS-CoV-2 evolution in the human population. Individual mutations

that conferred an evolutionary advantage were quickly selected and maintained in viral
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lineages, leading to the emergence of novel Variants of Concern (MoCs) distinguished by
increased immune evasion, transmission, disease burden, or infectivity. Understanding
the biological function of the individual mutations that led to the emergence of novel
variants of concern has important implications for public health consequences as well as

our fundamental understanding of basic coronavirus biology.

Most studies concerning these mutations have focused on genetic changes within
the spike (S) protein, due to concerns that sufficiently novel spike proteins can allow viral
escape from the immune memory induced by vaccination or prior infection®>. However,
mutations elsewhere in the viral genome can play key roles in viral replication and
pathogenesis®2. The nucleocapsid (N) protein in particular is a genetic ‘hotspot’ for
mutations across variants, with several mutations within the flexible linker region
associated with increased replication and pathogenesis®. Given the many attributed roles
of N, including RNA encapsidation®, production of viral RNA®13, and viral assembly
through interactions with the matrix protein (M)'#¢, mutations within this protein are
poised to have large impacts on the viral lifecycle. Additionally, N is a highly conserved
protein among coronaviruses, making the N protein a versatile diagnostic marker and

potential vaccine target candidate®’.

We have identified a novel cysteine within the linker region of N that was selected
and maintained within the SARS-CoV-2 Delta variant. This introduction of a cysteine

residue within the nucleocapsid is unique amongst pandemic-causing betacoronaviruses

79



and has major structural implications as it results in the production of a stable N-N dimer
linked by a disulfide bond. Here we describe the impact of this novel cysteine within the
N protein and the role it plays in viral replication and particle formation. We demonstrate
that this cysteine promotes N oligomerization, and that the Delta mutation (G215C)
results in increased viral replication kinetics in primary differentiated human bronchial
epithelial cells. The N:G215C mutation also increased viral replication in the nasal
washes and lungs of infected Syrian golden hamsters, while paradoxically delaying
weight loss. Finally, the N:G215C virus packaged substantially more N per virion and
many of the virions displayed elongated morphology. Together, our data suggest that the
Delta N:G215C mutation increases levels of nucleocapsid oligomerization which drives
increased packaging of N into mature virions and results in significant increases in viral

replication both in vitro and in vivo.

4.3 Results

4.3.1 Introduction of a novel cysteine in the nucleocapsid linker region of Variants of
Concern

The unprecedented access to sequences of SARS-CoV-2 genomes acquired from
individually infected people in near real-time throughout the COVID-19 pandemic has
revealed a detailed picture of the evolution of this viral pandemic over the last four years.
Mutations introduced by the viral RNA-dependent RNA-polymerase (RdRp) led to the

emergence of distinct lineages, characterized by suites of different mutations. Variants
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that met certain public health benchmarks, termed Variants of Concern (VOCs),
contained individual mutations in viral proteins that conferred distinct evolutionary
advantages. These properties included the ability to evade prior immunity, increased
transmission, and altered virulence. The Delta variant, which emerged in mid-2021
possessed all the properties above and contained a series of novel mutations, including
key changes in the spike (S) protein’. While the function of the mutations in spike has
been intensely studied 81 the majority of Delta sub-lineages also contained a unique
mutation in the nucleocapsid (N) protein which converted a glycine into a cysteine at
position 215 (G215C). This point-mutation dominated the Delta lineages (Fig. 4.1A) and
bioinformatic analysis suggested that its evolutionary advantage was distinct from co-

occurring mutations in spike or nucleocapsid?°.

The G215C mutation sits in the disordered linker region of the nucleocapsid
protein, which lies between a N terminal RNA-binding domain (RBD) and a C terminal
dimerization domain (Fig 4.1B). The introduction of a cysteine in the SARS-CoV-2
nucleocapsid is unique amongst zoonotic Betacoronavirus, as neither SARS-CoV,
MERS-CoV or other SARS-CoV-2 variants’ nucleocapsids contained any cysteines (Fig
4.1C). Furthermore, while other coronavirus nucleocapsid proteins do contain cysteines,
they are largely absent from the linker region (Fig S4.1). Surprisingly, when analyzing
the sequences of our panel of VOCs obtained from clinical specimens, we discovered that

two other variant (Beta & lota) isolates also contained a cysteine within the N protein
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(Fig 4.1C). Interestingly, all three of these mutations sit within the intrinsically
disordered linker region of N (also termed N3/sN3) between N2 (RNA binding domain)
and N4 (dimerization domain). Both our Beta (B.1.351) and lota (B.1.526) stocks
contained novel cysteines in the linker region, R185C (99.7% of reads) and G234C
(100% of reads), respectively (Fig 4.1C). Since the introduction of a cysteine residue
would allow for the formation of a new disulfide-bonded N-N dimer complex, we
predicted that this mutation could have major impacts on the secondary, tertiary and/or

quaternary protein structure of the nucleocapsid protein.

4.3.2 Cysteine in the N linker promotes the formation of a stable N-N dimer

To test if these novel cysteines would make a more stable N-N dimer, we
visualized the N from our panel of variant isolates by western blot under non-reducing
conditions. We infected VeroE6-TMPRSS2 cells with wildtype virus (ancestral SARS-
CoV-2 from the WAL infectious clone) as well as low passage stocks of the Alpha, Beta,
Gamma, Delta, Epsilon, lota, Mu, and Omicron variants isolated from clinical samples.
All viruses produced a band of the expected molecular weight (~47 kDa) for the N
monomer, and the majority also showed a series of truncation products (indicated with <)
that we hypothesize to be caspase cleavage products?! (Fig 4.2A). As predicted, the three
variants which contained the novel cysteine residue (Beta, Delta, lota) produced a second
band detected at twice the molecular weight of the expected N monomer (Fig 4.2A, see

*). Of the three variants, Delta (G215C) produced the greatest level of dimerized-N, with
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lota (G243C) and Beta (R185C) each producing slightly lesser amounts (Fig 4.2B).
While it is known that coronavirus N proteins typically form dimers via their
dimerization domains, this is mediated by non-covalent bonds and the canonical N-dimer
was not seen by SDS-PAGE gel/western blot for viruses that lacked cysteines (WT,

Alpha, Gamma, Epsilon, Mu and Omicron).

To further test whether this higher molecular weight band represented a disulfide-
bonded form of N-N dimer we performed several additional experiments. First, we
prepared samples under strong reducing conditions (10 mM DTT), where we observed
the higher molecular weight band was eliminated (Fig S4.2A). To ensure that this
disulfide bond truly occurred within infected cells and was not a post-lysis artifact,
lysates were harvested in the presence of n-ethylmaleimide (NEM). NEM binds
irreversibly to free cysteines and prevents the formation of post-lysis disulfide bonds, and
the band belonging to the putative N dimer remained visible in these conditions (Fig
S4.2B). To confirm the putative dimer was not an artifact of the monoclonal antibody
used, we probed lysates with a second independent antibody (Fig S4.2C/D). Slight
differences in cleavage products were seen with the two antibodies (see *), confirming
that the antibodies recognized different epitopes, but the higher molecular weight band
was visible in both conditions (Fig S4.2C-E). To ensure that the higher molecular band
did not represent a disulfide bond formed between N and a cellular or viral protein of

equivalent weight, we immunoprecipitated N from cells infected with WT or Delta
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SARS-CoV-2 and performed mass spectrometry on tryptic peptides from gel slices cut
from the regions corresponding to the monomer and putative ‘dimer’ (Fig S4.2F). In the
Delta infected sample, most peptides detected in the ‘dimer’ gel slice corresponded to N,
and roughly half the total N peptides were detected in the ‘dimer’ vs ‘monomer’ slice (Fig
S4.2G). Furthermore, there were no cellular peptides of similar abundance found in the
‘dimer’ slice, with the most abundant cellular protein found at >1/5" the levels of N
(Table S4.1). Given the structural location of these cysteines in the linker region, and the
fact that N is known to oligomerize into higher order structures®23, we think it is likely
that the introduction of this disulfide bond promotes the formation of a tetramer or higher

order structure by stabilizing the bond between two non-covalently-bonded dimers.

4.3.3 N dimer stability dependent on novel cysteines in linker region.

As the production of a disulfide bond in the reducing environment of the
cytoplasm is unusual, we next determined whether the formation of this stable N-N dimer
required the context of infection. SARS-CoV-2 replication produces many membranous
compartments with limited cytoplasmic access that could shield N during authentic
infection. We created plasmid expression constructs of the WT, Delta, Beta and lota
nucleocapsid sequences and transfected these into HEK-293T cells, in conjunction with

constructs where each cysteine was mutated back to the canonical residue in the WT
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sequence (Delta C215G, Beta C185R, lota C243G). While all three variant constructs
(Delta, Beta, lota) were capable of producing stably dimerized N (Fig 4.3A), Delta
produced this product to the highest levels while the Beta construct did not consistently
form visible, stable dimer (Fig 4.3B). In each case, when the cysteine was reverted to its
original amino acid the stabilized dimer was not made (Fig 4.3A/B). These data suggest
that, at least in the case of Delta and lota, the presence of other viral proteins/RNA and
the formation of double membrane vesicles (DMVSs) are not required for stably dimerized
N formation, and the presence of a cysteine at 215/243 in the Delta/lota backgrounds is

sufficient.

4.3.4 Impact of the N: G215C mutation on viral growth in vitro and in vivo

As bioinformatic evidence suggests that Delta variants containing the G215C
mutation outcompeted those that contained the ancestral glycine at that position® we
wanted to examine the impact of the G215C mutation on viral growth kinetics. Since WT
SARS-CoV-2 (WA1/2020) does not produce the stably dimerized N in infection (Fig
4.2A), we investigated if the introduction of a cysteine at 185, 215 or 243 (Beta, Delta,
lota) was sufficient to mediate stable dimer formation in a WT background. Using
plasmid constructs, we transfected HEK-293T cells with either WT N, or WT N
containing a single point mutation (R185C, G215C, and G234C). When visualized via

western blot in non-reducing conditions, only the construct which contained the Delta

85



G215C mutation could produce the stabilized dimer, suggesting that this mutation is both

necessary and sufficient for stable dimer formation (Fig 4.3C, D).

As inserting the G215C mutation in the WT background was sufficient to confer
dimer formation, we used a well-established reverse genetics system?* to rescue an
infectious clone containing the G215C nucleocapsid mutation (N: G215C) in the SARS-
CoV-2 WAL backbone (Fig 4.4A). We used a neon-green reporter virus in the WA1
background (MNG SARS-CoV-2), which is genetically identical to WAL except that
ORF7 has been replaced with a neon green fluorescent reporter). Notably, mNG SARS-
CoV-2 is attenuated compared to the parental WAL, due to the replacement of ORF7a
with the mNG reporter®. As expected, the N: G215C virus produced the stable N dimer in
infected VeroE6-TMPRSS2 cells under non-reducing conditions (Fig 4.4B). In a multi-
cycle growth curve, the WT and N: G215C viruses grew to identical peak titers, with very
similar growth kinetics. We did note that at the earliest timepoint (7hpi), the WT virus
shows an ~1 log drop in viral titer (representing the loss in infectivity of the original
inoculum), while the N: G215C virus did not display such a drop (Fig 4.4C), though the

biological significance (if any) of this observation is unclear.

Next, as VeroE6-TMPRSS2 cells are not a physiologically relevant target for
SARS-CoV-2 infection, we examined viral growth kinetics in primary differentiated
human bronchial epithelial cells (HBECs), grown in transwells on an air-liquid interface

(ALI). As expected, the N: G215C virus produced the stable N dimer in infected HBECs
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when harvested under non-reducing conditions (Fig 4.4D). Notably, in multi-cycle
growth curves the mNG N: G215C virus had improved growth Kinetics, with a peak titer
more than 100 times greater than the mNG WT virus (Fig 4.4E). These data suggest that
the stably dimerized form of N conveys a particular advantage to viral replication in

primary differentiated human bronchial epithelial cells.

Next, we determined the effect of the N: G215C mutation in vivo in the Syrian
Golden Hamster model of SARS-CoV-2 infection. Three to four week-old male hamsters
were inoculated intranasally with either PBS (mock), 10* PFU of the WT neon green
reporter SARS-CoV-2 (MNG WT) or 10* PFU of the neon green reporter SARS-CoV-2
containing the N: G215C mutation (N:G215C). Animals were monitored for weight
gain/loss daily for seven days, and cohorts of five animals underwent nasal washing
followed by euthanasia to obtain tissues to determine viral loads in the lung at both day 2
and day 4 (Fig. 4.5A). On day seven, surviving animals were euthanized and lung tissue
collected for virological and histopathological analysis. While animals infected with the
N: G215C mutation showed significant weight loss, relative to control WT virus, the
kinetics were delayed with peak disease achieved at day 5-6 post infection, 1-2 days after
WT infection (Fig 4.5B). Strikingly, despite delayed weight loss, viral replication was
increased with the G215C mutation. Modest but significant increases in viral titers were

observed in the nasal washes at day 4, and a sustained 10-fold increase over WT titers in
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the lungs throughout the infection (Fig 4.5C-D). Together, despite the kinetic delay, the

N: G215C mutant caused similar overall weight loss and augmented viral replication.

Examining histopathology, the N: G215C mutant had modest changes in antigen
staining, but increased infiltration and damage relative to WT control virus. At day 2,
both WT and N: G215C had similar antigen distribution and scores (Fig. S4.3 A-B). By
day 4, N: G215 had a modest increase in overall antigen staining mostly driven by
significant differences in airway staining. Viral staining was cleared in both WT and
mutant infected animals by day 7 post infection. Examining immune infiltration and
damage, lesions were of similar composition and size at day 2 for both groups, but more
severe in WT animals (Fig. 4.5E-F). However, at day 4, N: G215C had increased
infiltration and damage compared to WT infected animals. While interstitial pneumonia,
bronchiolitis, periarterial edema was common in both groups, N: G215C infected mice
were consistently observed to have epithelial cytopathology and subendothelial
mononuclear cells. Similarly at day 7, N: G215C maintained evidence of significant
damage with continued peribrochiolitis and epithelial cytopathology; in contrast, WT
infected hamsters had reduced overall damage scores. Together, the results demonstrate
that despite similar weight loss, the N:G215C mutant infected animals have increased

viral antigen accumulation and damage in the lung as compared to control.
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4.3.5 Wildtype SARS-CoV-2 containing the G215C mutation packages more nucleocapsid
protein per virion and displays oblong morphology

The SARS-CoV-2 nucleocapsid, like nucleocapsids of other betacoronaviruses, is
a highly multifunctional protein. Like other coronavirus nucleocapsids, it is thought to
play key roles in the packaging of viral RNA?®, the production of viral RNA through
interactions with the replication-transcription complex'®*2, and the antagonism of the
innate immune response?®-28, To better understand why the N: G215C mutation was
important at a molecular level, we looked at where in the viral life cycle the stably
dimerized form of N was observed. We first observed the stable N-dimer in lysates of
cells infected with the Beta, Delta, and lota variants (Fig 4.2A), though cells transfected
with the Delta (and to lesser extent lota) nucleocapsids were able to form the durable N-
dimer even in the absence of other viral machinery (Fig 4.3A, B). As we had observed a
gradient of dimer formation depending on where the cysteine mutation was located
(215>243>185; Fig 4.2B, 4.3B), we next explored whether the stable G215C N-dimer
was found at highest levels in transfected cells, infected cells, or in concentrated
extracellular virions. Accordingly, we measured the ratio of N dimer: N monomer visible
on a western blot of samples collected under non-reducing conditions from transfected
HEK-293T cells, infected VeroE6-TMPRSS?2 cells, or extracellular virus concentrated by
polyethylene glycol (PEG) precipitation (Fig 4.6A-C). Interestingly, we noted that the
dimer was enriched in extracellular virus (Fig 4.6C, D), though infection (vs transfection

in isolation) also promoted formation of the stably dimerized N (Fig 4.6B vs A).
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As this enrichment of dimerized N in virions suggested a potential role in
encapsidation, we next compared the incorporation of total levels of N to levels of M in
the WT vs N: G215C viruses (Fig 4.6D, E). Finally, we compared the levels of N to the
number of infectious focus forming units (FFU) for the two viruses (Fig 4.6F). In both
cases the N: G215C virus appeared to over-incorporate N in virions, compared to another
structural protein (M) or infectious units, suggesting that the stably dimerized N has

increased encapsidation activity compared to the WT nucleocapsid protein.

In order to examine these apparent changes in encapsidation and packaging on a
single virion level, we performed thin section transmission electron microscopy (TEM)
on VeroE6-TMPRSS2 cells that were infected with the WT or N: G215C virus. We
examined the morphology of mature virions that had completed budding into intracellular
compartments and were no longer attached to the cellular membrane, assessing virion
shape as well as the amount and arrangement of internal nucleocapsid structures inside
individual virions (Fig 4.7). The WT virions were largely round and ~60 M in diameter,
with electron dense complexes likely representing ribonucleoprotein (N+RNA)
complexes packed inside (Fig 4.7A). The N: G215C virus produced some spherical
particles similar to WT virions, but it also produced a substantial fraction of virions that
displayed oblong or elongated morphologies, and were larger than the WT virions in

circumference (Fig 4.7A,B, Fig S4.4). These virions also appeared to package more
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ribonucleoprotein complex structures than the smaller spherical virions, in agreement

with our previous biochemical analysis of bulk virions.

4.4 Discussion
In this study, we investigate the role of unique cysteine residues that were inserted

into the SARS-CoV-2 nucleocapsid linker domain in several Variants of Concern. We
demonstrate that these cysteines can form stable disulfide bonds that link nucleocapsid
proteins together, outside of the canonical dimerization domain. Sequencing data from
public health surveillance efforts suggested that the insertion of a cysteine at position 214
(Lambda) and 215 (Delta) were maintained in these two lineages (Fig 4.1), and our data
support the observation that the G215C mutation is beneficial to the virus in vitro (Fig
4.4E) and in vivo (Fig 4.5B, C). While betacoronaviruses are known to form dimers, this
process is generally thought to occur via a dimerization domain in the C terminus of the
protein and importantly is not normally the result of a disulfide bond. Due to the location
of the two conserved cysteine residues (214 & 215) in the center of the flexible N linker,
and prior data suggesting the linker can play a role in oligomerization?®23, we propose
that these mutations form disulfide bonds between pairs of N-N dimers and mediate
higher order N oligomerization (Fig 4.8). Increasing the affinity of the inter-linker
interactions that mediate oligomerization could have the effect of shifting the balance to

N towards higher levels of oligomerization.
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N is a highly multifunctional protein, and it is likely that some of the regulation of
its multiple activities depends on whether it is in the monomeric or oligomerized form. It
is thought that phosphorylation of N, specifically within the SR region of the linker, acts
as a biological ‘switch” and mediates the switch between genome packaging/assembly
and N’s intracellular roles (including binding nsp3)2%-3L. The G215C Delta mutation lies
only slightly upstream of key mutations at 203/204 seen in multiple VOCs that modulate
viral pathogenicity®. It is possible that oligomerization status and phosphorylation states
play interacting roles, and that steric considerations affect the ability of cellular kinases to
access these residues in the oligomerized state. Nucleocapsid in mature virions is known
to be hypo-phosphorylated in the SR region that encompasses both the 203/204 and 215
mutations, in contrast to the intracellular pool which is hyper-phosphorylated®?33, Qur
data indicates that the stably dimerized form of N is packaged at higher levels into mature
virions, this effect may be partially due to a decreased ability of cellular kinases to access

the key phosphorylation sites.

One of the key roles of the nucleocapsid is to encapsidate the viral RNA during
the process of packaging the full-length viral genome into newly forming virions, helping
to chaperone and protect the viral genome in its transition from the producer to new target
cell. It is known that the nucleocapsid bound to the viral genome is generally in higher
order structures (~14-20 nm, likely composed of 12 copies of N), around which the viral

RNA is wrapped (similar to beads on a string)*-3¢. Our data support this framework, as
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the stably dimerized form of N is seen preferentially in free virus (Fig 4.6C) compared to
transfected or infected cells (Fig 4.6A,B). Increasing the stability of nucleocapsid

oligomers could increase the rate or efficiency of viral encapsidation, which fits with our
observation that the G215C mutation increases the amount of nucleocapsid packaged into

virions, compared to infectious viral units or other viral structural proteins (Fig 4.6E,F).

While SARS-CoV-2 virions lack the rigid organization of a virus with a defined
icosahedral capsid, a 50-300% increase of nucleocapsid would seem difficult to
accommodate within the standard shape a WT virion. Indeed, our data show that, for at
least a portion of particles, shifting the oligomerization status by introducing the G215C
mutation results in particles that are elongated compared to WT virus (Fig 4.7). This
finding is particularly interesting in light of recent observations that the virions of a
clinical Delta isolate retain the spherical shape and radius size found in the ancestral
SARS-CoV-2 lineage®’, suggesting that additional mutations in the Delta lineage have the

effect of counteracting the phenotype we observe with the G215C virus.

Relatedly, one of the critical unanswered questions of this study is why no
Omicron sub-lineages have possessed such a cysteine in the linker region of the
nucleocapsid. It is clear from human transmission data, as well as the clear beneficial
effect in vitro and in vivo (Fig 4.4E, Fig 4.5B/C) of the G215C mutation that a cysteine in
this region of the nucleocapsid is beneficial. Differing stability of dimer formation at

different positions however (greatest at 215>243>185; Fig 4.2B/3B) suggests that the 215
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location is preferred over bond formation closer to either the RNA-binding or
dimerization-domains. Furthermore, while the mutations at 214 and 215 were
evolutionarily maintained in the Lambda and Delta lineages, the mutations at 243 and
185 we observed in our lota and Beta stocks were not maintained in these lineages. It is
possible that there has not yet been sufficient time for a cysteine-causing mutation to
arise at the 214/215 residue of nucleocapsid, and this mutation could occur in a future
variant of concern (in the context of omicron or an as-of-yet unknown future variant).
Our data suggest this mutation would be likely to increase viral titers significantly, and
mutations in this region should be monitored closely for their public health implications.
It is also possible that there are epistatic interactions that mediate the beneficial effect of
the G215C mutation that are not present in the Omicron background. While the G215C
mutation was clearly beneficial for Delta (Fig 4.1), as well as ancestral SARS-CoV-2 in
the absence of any other complementary mutations (Fig 4.4E, 4.5B/C), future studies in
the Omicron background would be needed to understand the effect this mutation would

have on currently circulating virus lineages.

Curiously, the mutations we observe in this study (particularly 215) lie on the
binding interface between the N linker and the nsp3 Ubl1 domain®®, and we hypothesize
that stably dimerized N would have a reduced ability to interact with nsp3. There is clear
evidence that the interaction between N and nsp3 at this binding interface is important for

coronavirus biology, and mismatches between the N linker region and the nsp3 Ubl1
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domain severely attenuate viral titers or block viral rescue®“°. The function of the N-
nsp3 interaction has not been fully resolved, though it has been suggested to play critical
roles in either tethering the incoming viral genome to the replication-transcription
complex, or delivering the viral genome to the double membrane vesicles (DMVs), to
ensure successful early replication®*-#!. N is known to play a key role early in infection,
as the gRNA of coronaviruses (unlike nearly all other positive strand RNA viruses) is
only minimally infectious in the absence of N protein, suggesting that this N-nsp3

interaction is likely key for efficient replication or transcription of viral RNA%>-4¢,

In addition to its role in the replicase, nsp3 forms a key portion of the pore
connecting the cytoplasm to the interior of the DMV where viral transcription occurs*’#,
nsp3 comprises the outermost (cytoplasmic facing) layer of the DMV, with the Ubl1
domain at the very tip of the ‘prongs’ that extend outwards from the pore into the
cytoplasm®. Recent structural work proposed that the interaction between the linker
region of N and the Ubl1 domain of nsp3 helps to mediate a condensation of the
nucleocapsid protein prior to encapsidation®®. In addition, this interaction is proposed to
tether nucleocapsid molecules in the immediate vicinity of the DMV exit, ensuring that
viral genomes are immediately coated with N as they are extruded out from the DMV
pore®. We believe that the mutations and viruses characterized in this study may prove
useful reagents for future studies studying the functional implications of the N-nsp3

interaction.
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Our data raise one additional unanswered question, in that we observe a
substantial advantage in viral growth of the N:G215C virus in differentiated human
bronchial cells and hamsters but not in VeroE6-TMPRSS2 cells (Fig 4.4C vs 4.4E/6B,C).
Vero cells often fail to recapitulate the results seen in human culture systems; they lack
the ability to produce and respond to IFN as well as encoding a different suite of cellular
proteins, including kinases®®%. It is possible that the increased oligomerization of N with
the G215C mutation drives a greater level of encapsidation that is better able to shield
viral RNA from detection by RIG-I and the cellular innate immune response present in
primary human lung cells and the hamster model. Alternatively, it is possible that there is
a specific host factor present in differentiated lung cells, either a restriction factor that the
N dimer is specifically able to evade, or a pro-viral factor that only the dimerized N can
access. Future studies using the mutations and viruses characterized in this study will be
focused on understanding the mechanism of the growth advantage of N:G215C in vitro
and in vivo and the larger role that levels of N oligomerization play in coronavirus

infection.
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4.5 Materials & Methods

4.5.1 Ethics statement
Research conducted in this study was reviewed and approved by the Institutional

Biosafety Committee of the University of Vermont (REG202100001) and the Institutional
Biosafety Committee of the University of Texas Medical Branch (UTMB). All studies in
animals were conducted under a protocol approved by the UTMB Institutional Animal
Care and Use Committee and complied with USDA guidelines in a laboratory accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care. UTMB
is a registered Research Facility under the Animal Welfare Act. It has a current assurance
(A3314-01) with the Office of Laboratory Animal Welfare (OLAW), in compliance with
NIH Policy. Procedures involving infectious SARS-CoV-2 were performed in the
Galveston National Laboratory ABSL3 facility. The use of deidentified positive clinical
specimens was approved by the University of Washington Institutional Review Board
(STUDY00000408) and the University of Vermont Institutional Review Board

(STUDY00000881) with a consent waiver.

4.5.2 Cell Culture
Stable cell lines: Human embryonic kidney cells (HEK-293T/17) (CRL-11268, American

Type culture Collection, Manassas, V) were kindly provided by J. Salogiannis (UVM);
Vero-EG6 cells expressing TMPRSS2 were obtained from the Japanese Cancer Research

Resources Bank (JCRB1819). All cell lines were maintained in Dulbecco’s Modified
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Eagle Medium (DMEM) (10-017-CM, Corning) and supplemented with 10% fetal bovine

serum (FBS) (16140-071, Gibco). Cells were grown at 37°C and 5% CO..

Primary cells: 24-well transwell inserts (3470-Clear, Costar) were coated with 125uL of a
50ug/mL rat tail collagen (A10483-01, Gibco) in 0.02N acetic acid for 1hr at room
temperature. Collagen solution was aspirated and washed once with DMEM (10-017-
CM, Corning) before membranes were equilibrated with DMEM in both the apical and
basolateral chambers for 1hr at 37°C. DMEM was replaced with “basal media”
containing PenumaCult Ex-Plus medium (05040, Stemcell Technologies), 10mL of
PneumaCult 50x supplement (05042, StemCell Technologies), 0.001% hydrocortisone
(07926, StemCell Technologies), 1% penicillin/streptomycin (30-001-CI, Corning),
30ug/mL gentamicin (15750060, Gibco) and 15ug/mL amphotericin (30-003-CF,
Corning) for 20 mins at 37°C. Expanded human bronchial epithelia cells (CC-2541,
Lonza) were plated onto transwell inserts at a density of 40,000 cells/cm2 in warmed
basal media. Apical media was changed the next day to remove residual DMSO after
which apical and basolateral media was changed every other day until cells were 98-
100% confluent. Once at confluency, basal media was aspirated from the apical side and
the basolateral chamber media was replaced with PneumaCult-ALI S media (05002,
StemCell Technologies), 0.002% heparin (07980, StemCell Technologies), 0.001%
hydrocortisone, 1% penicillin/streptomycin, 30ug/mL gentamicin, 10% v/v PneumaCult-

ALI supplement (05003, StemCell Technologies), 1% v/v PneumaCult-ALI maintenance
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Supplement (05006 StemCell Technologies), and 15ug/mL amphotericin. Basolateral
chamber media was changed every other day until differentiation occurred,

approximately 21 days post airlift.

4.5.3 Viruses
Viral isolation: SARS-CoV-2 WA1/2020 was obtained from the World Reference Center

for Emerging Viruses and Arboviruses at the University of Texas Medical Branch. Viral
isolates for Alpha (hCoV-19_USA_ WA-UWJ17 2021, B.1.1.7.3), Beta (hCoV-

19 USA_UWJO01_ 2021, B.1.351), Gamma (hCoV-19_USA WA-UWJ05 2021,
P.1.17/B.1.1.28.1.17), Delta (hCoV-19_USA_ WA-CDC-UW21061761110 2021, AY.44;
hCoV-19_USA WA-UWDO03 2021, AY.120.1; hCoV-19_USA WA-UWDO05_2021,
AY.3), Epsilon (hCoV-19 USA_WA-UWJ13_ 2021, B.1.429), lota (hCoV-19_USA VT-
UVM5927_ 2021, B.1.526), Mu (hCoV-19_USA_WA-UWMO04_2021, B.1.621.1.2/BB.2)
and Omicron (hCoV-19/USA/WA-CDC-UW21120651352/2021, BA.1) SARS-CoV-2
variants were obtained from primary clinical specimens. Deidentified nasal swabs were
acquired from persons who tested positive for COVID-19 and the variant lineage was
determined via Next Generation Sequencing (NGS) or digital droplet PCR either before
or after isolation®. All isolated specimens were less than eight days old before -80°C
storage, stored in saline solution, and had a diagnostic polymerase-chain reaction (PCR)

cycle threshold of less than 32. Virus from clinical specimens was isolated in \VeroE6-
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TMPRSS2 cells. Cells were monitored daily for cytopathic effect (CPE) and harvested
when ~50% of the cells exhibited CPE or death. Clarified samples were stored at -80°C
and used to generate working viral stocks. Viral stocks were titered by focus forming
assay. Next generation sequencing of viral stocks was conducted by the Microbial

Genome Sequencing Center or SeqCoast Genomics.

Construction of recombinant SARS-CoV-2: The sequence of recombinant wild-type

(WT) SARS-CoV-2 is based on the USA-WA1/2020 strain provided by the World
Reference Center for Emerging Viruses and Arboviruses (WRCEVA) and originally
isolated by the USA Centers for Disease Control and Prevention®®. Recombinant WT
SARS-CoV-2 and mutant viruses were created using a cDNA clone and standard cloning
techniques as described previously?4*, Construction of WT SARS-CoV-2 and mutant

viruses were approved by the University of Texas Medical Branch Biosafety Committee.

4.5.4 In vitro SARS-CoV-2 Infection
VeroE6-TMPRSS2 Cells: VeroE6-TMPRSS2 cells were seeded in a 24 well plate at

50,000 cells/well one day before infection. The following day, cells were inoculated in
100 ul of virus at the indicated MOI for one hour at 37°C and 5% CO, after which the

inoculum was removed and replaced with fresh growth media. Supernatants were
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collected at the indicated timepoints, clarified to remove cellular debris and stored at -

80°C until time of titering via focus assay.

Human Bronchial Epithelial Cells (HBECs): Differentiated HBECs cells were washed

three times with ~200ul of 37C HEPES buffered saline before being infected with 100ul
of virus at an MOI of 0.5 resuspended in ExPneumaCult ALI-S media + supplements (see
primary cell maintenance section). After a 1hr incubation at 37°C and 5% CO.,
supernatant was removed. The apical side of the cells were washed with 150 ul
ExPneumaCult ALI-S media + supplements at the indicated times post infection to
collect virus. Viral washes were stored at -80°C until time of titering via focus assay.

Basal media was changed every 48hrs during the infection time course.

4.5.5 Focus Forming Assay

Viral titrations were performed largely as previously described®!. VeroE6-TMPRSS2 cells
were seeded at a density of 60,000 cells/well into white 96-well plates (Falcon; #353296).
24hrs later, viral samples of interest were serially diluted 10-fold in DMEM + 10% FBS.
Plates were aspirated and infected with diluted viral samples for 1hr at 37°C and 5% CO:
before being overlaid with a 1.2% methylcellulose (Acros; #332620010) solution
suspended in DMEM. After 24hrs, the methylcellulose solution was aspirated, and the

plates were fixed a 4% formaldehyde solution (Honeywell; #F1635-4L) for 20mins
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before being washed once with deionized (DI) water. Cells were permeabilized in 50ul of
0.05% Triton X100 (Fisher; #BP151-100) for 5mins, washed with PBS and blocked (5%
non-fat milk solution in PBS) for 1hr at room temperature. Virally infected cells were
detected with an anti-SARS-CoV-2 N antibody (Sinobiological; #40143-R001, 1:20,000)
resuspended in 5% milk for 1hr at 37°C. Cells were washed twice with PBS and stained
with a HRP-conjugated secondary antibody (Seracare; #5220-0337, 1:4,000) resuspended
in 5% milk for 1hr at 37°C. Cells were washed twice with PBS, and foci developed using
a TruBlue HRP substrate (SeraCare; #5510-0030). Foci were imaged on a BioTek

ImmunoSpot S6 MACRO Analyzer and manually counted.

4.5.6 Viral Concentration
Viral stocks were concentrated by vortexing 1 ml of high titer viral stocks with 10%

polyethylene glycol (PEG) (Sigma-Aldrich; #P6667) for ~5-10 minutes before
centrifugation at 10,0009 for 30mins at 4°C. Pellets were then resuspended in a NP-40,

1% Trition X-100 lysis buffer (see SDS-PAGE and western blotting section below).

4.5.7 Analysis of Publicly Available Genomic Data

The identity of the amino acid residue in the nucleocapsid protein (including at 215) in
7,342,041 SARS-CoV-2 sequences deposited in GenBank, the China National Center for

Bioinformation and from COG-UK were analyzed using the phylogenetic tree
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(Cov2Tree) and visualized by Taxonium on January 10", 20245253, Sequences for non-
SARS-CoV-2 coronavirus nucleocapsid sequences were obtained through the NIH

Protein Databank and aligned using Clustal Omega (EMBL-EBI, Clustal 0 (1.2.4))>*.

4.5.8 Hamster Infection Studies

For in vivo studies, three- to four-week-old male hamsters were purchased from Envigio,
and all studies conducted within the Galveston National Laboratory ABSL3 facility.
Studies were conducted in accordance with a protocol approved by the University of
Texas Medical Branch Institutional Animal Care and Use Committee and comply with
the United States Department of Agriculture guidelines. All laboratories were accredited
by the Association for Assessment and Accreditation of Laboratory Animal Care. For
infection studies, animals housed in groups of five were intranasally infected PBS alone
(mock) or with 10* FFU of WT or N:G215C mutant viruses. Animals were then
monitored daily for weight loss and development of clinical disease until completion of
the experiment. All procedures were carried out under anesthesia with isoflurane (Henry

Schein Animal Health), except for weighing.

Histology

Hematoxylin- and eosin-stained microscopic slides of lung from each hamster were
separated into three groups according to the number of days after intranasal inoculation

of SARS Cov 2. Microscopic slides of each group were scrambled thoroughly and
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examined blindly to assess the severity of pathologic lesions. Slides were placed in the
order of serial pairwise comparison of the extent of lesions. Upon completion of the
ordering of severity, numbers were assigned to the slides from 1, least pathologic change,
to the highest number for the slide with the most severe pathology. At this point the code
was revealed, and the sum of the rank order of severity numbers for each group: mock,
wild type, and mutant was calculated and divided according to the number of slides in the
group to determine a severity score for the group. The number of slides in the groups
varied slightly as tissues which contained abundant polymorphonuclear leukocytes, very
likely indicating superimposed bacterial bronchopneumonia were removed and not
scored. Separate sums of rank order scores and average severity score were calculated for

each day.

Antigen Staining

Antigen staining was performed as previously described®. Briefly, cut sections were
deparaffinized by heading at 56°C for 10 minutes, followed by 3 washes with xylene and
4 washes with graded ethanol. Slides were then rehydrated with distilled water and
antigen retrieval performed by steaming slides for 40 minutes in antigen retrieval solution
(10 mM sodium citrate, 0.05% Tween-20, ph6). After cooling, slides were rinsed with
water, and endogenous peroxidases quenched in TBS + 0.3% hydrogen peroxide.

Sections were then washed with TBST, blocked with 10% goat serum diluted in 1%

104



BSA/TBST, followed by probing with primary anti-N antibody (Sino #40143-R001) at
1:1000. Sections were then washed in 3 times with TBST and incubated in secondary
HRP-conjugated anti-rabbit antibody (Cell Signaling Technology #7074) at 1:200. To
visualize antigen, sections were treated with ImmPACT NovaRED (Vector Laboratories
#SK-4805) for 3 minutes. Sections were then counter stained with hematoxylin for 5 min.
Finally, sections were the dehydrated by incubation in graded ethanol followed by xylene
and mounted with cover slips. Viral antigen staining occurred through blinded scoring on
a scale of 0 to 4, with the scores of two lung sections being averaged to determine the

final score.

4.5.9 Plasmid Generation
The sequences for the N protein of our Beta, Delta, and lota SARS-CoV-2 variants, as

well as the WA1/2020 (“WT’) sequences were synthesized and subcloned into a
pcDNA3.1 vector (GenScript). In addition, point mutants were generated in which the
cysteine in the Beta, lota, and Delta N sequences was mutated back to the corresponding
residue in WAL (Beta: C185R, Delta: C215G, lota:C243G) or where cysteine were
introduced at the 185, 215 or 243 positions into the WAL background (R185C, G215C,
G243C). Plasmid sequences were confirmed via whole-plasmid sequencing

(Plasmidsaurus).
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4.5.10 Transfection
HEK-293T cells were seeded at a density of 350,000 cells/well in a 12-well plate

(Corning #3512). The following day, 500 ng of the appropriate plasmid and 2yl of
Lipofectamine (Invitrogen #52887) diluted to a volume of 40ul in DMEM were incubated
for 24hrs at 37°C and 5% CO,. Cells were harvested by scraping into PBS, pelleted and

lysed for SDS-PAGE and western blotting (see below).

4.5.11 SDS-PAGE and Western Blotting
Cells were lysed in a NP-40 lysis buffer (Thermo Scientific #J60766.AK) containing a

1% Triton X-100 solution (Fisher, #BP151-100) and protease inhibitors (Thermo
Scientific Fisher #A32955) for 20mins on ice. Cell lysates were clarified by spinning at
14,000rpm for 10mins at 4°C to remove insoluble debris and diluted in a 1:1 ratio (v/v) of
4X Laemmli sample buffer (250 mM Tris-HCI pH 6.8,40% glycerol, 8% SDS, 0.04%
Bromophenol Blue). Reduced lysates were treated with either 2.75mM 2-
mercaptoethanol (Gibco #21985-023) or 10mM dithiothreitol (Fisher Bioreagents #
BP172-5). For NEM processing, samples were lysed in 1.25 M n-ethylmaleimide (NEM,;
Thermo Fisher #23030 and incubated at 4°C overnight. All samples were boiled for 5
mins before loading. Samples were separated in NUPAGE 4-12% Bis-Tris gels
(Invitrogen # NPO335BOX) in MES buffer (Invitrogen # NP0002) with a molecular

mass ladder (Thermo Fisher #L.C5925) at 180v for 50mins before being transferred into a
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nitrocellulose membrane (Invitrogen # 1B23001) using an iBlot 2 machine (Invitrogen) at

20V for 7mins.

Membranes were blocked in a 5% milk/PBS solution for 30mins and then
incubated overnight at 4°C in a solution containing the primary antibody in a 5%
milk/PBST (0.2% Tween 20 (Thermo Fisher Scientific, # J20605-AP). Membranes were
washed in PBST, incubated while rocking with secondary antibodies diluted in 5%
milk/PBST for 45 min, washed again with PBST and imaged with a LI-COR Odyssey

CLx. Protein expression was analyzed by measuring band densitometry in Fiji

(22743772).
Antibodies
Primary Antibodies
Species, Target Catalog #, Company Dilution Used
SARS-CoV-2 nucleocapsid Invitrogen, MA5-35943 1:1,000

protein (mouse)
SARS-CoV-2 nucleocapsid SinoBiological, 40143-R001 | 1:10,000

protein (rabbit) (western)
1:20,000 (focus
assay)
SARS-CoV-2 membrane (M) | Cell Signaling, ESA8A 1:1000
protein (mouse)
B-actin (mouse) Novus Biologicals, NB600- 1:10,000
501

Secondary Antibodies
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IRDye 680LT goat anti-rabbit | LICOR, #92668021 1:10,000
19G

IRDye 680RD goat anti- LICOR, #92668070 1:10,000
mouse 1gG

IRDye 800CW goat anti- LICOR, #92632210 1:10,000
mouse IgG

HRP anti-rabbit Seracare; #5220-0337 1:4,000

4.5.12 Immunoprecipitation Assays
VeroE6-TMPRSS?2 cells were infected at an MOI of 0.01 with WT (WA1) or Delta

SARS-CoV-2. 24hpi cells were scraped into PBS, pelleted and lysed in NP-40/Triton
lysis buffer (see SDS-PAGE and western blotting. SARS-CoV-2 N was affinity purified
using 10 ul of an anti-SARS-CoV-2 N antibody (40143-R001, Sinobiological) and
Protein G-conjugated Dynabeads (Invitrogen, #10003D) according to the manufacturer

instructions.

4.5.13 Mass Spectrometry
After immunoprecipitation, samples were run on an 8% BOLT gel (Invitrogen, #

NWO00085B0OX), bands were visualized via Coomassie stain (40% methanol, 20% acetic
acid, 0.01% Brilliant Blue) and de-stained (30% methanol, 10% acetic acid). Bands of
interest (monomer, dimer, or full lane) were cut out of the gel, and further cut into ~1 mm
cubes before being placed into tubes for processing using HPLC-grade Fisher brand

chemicals. Gel slices were incubated in water for 5 min, and then de-stained for 30 min at
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37 °C (50 mM ammonium bicarbonate, 50% acetonitrile). Slices were rinsed in fresh
acetonitrile for two 5 min incubations before incubating for 30 min at 55 °C in 25 mM
DTT (Thermo Fisher, #R0861)/50 mM ammonium biocarbonate. Slices were cooled,
incubated in 100% acetonitrile for 5 min and incubated for 45 min at room temperature in
10 mM iodoacetamide (Sigma-Aldrich, #16125)/50 mM ammonium bicarbonate, in the
dark. Slices were incubated in (50 mM ammonium bicarbonate, 50% acetonitrile) for 5
min, rinsed in water for 10 min and centrifuged at 13,000 rpm for 30 s. Next, samples
were dehydrated in acetonitrile before all liquid removed and gel slices allowed to dry
completely. Once dry, samples were placed on ice for 5 min before incubating for 30 min
on ice with 6 ng/ul trypsin (Promega #V511A) in 50 mM ammonium bicarbonate and
then digesting overnight at 37 °C. Supernatants were removed and saved, while gel slices
were covered with a 50% acetonitrile, 2.5% formic acid solution and spun for ten min
after which supernatants were combined with those from the previous step. Finally, 30 pl
acetonitrile was added to gel slices for a final 10 min incubation, after which these
supernatants were combined with those from the previous two steps and dried in a

vacuum centrifuge at 37 °C.

Following peptide preparation, samples were resuspended in 2.5% acetonitrile
and 0.1% formic acid. Then loaded onto an EASY n-LC 1200 for HPLC (300 nL/min)
followed by tandem MS/MS on an Exploris mass spectrometer (ThermoFisher). The

Exploris was fitted with a Nanospray Flex ion source and chromatograph column packed
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in-house (35 cm x 100 um, 1.8 pm 120 A UChrom, C18 packing material). Peptides were
eluted into the mass spectrometer on a 5-95% gradient of 80% acetonitrile and 0.1%
formic acid over 170 minutes, followed by a 10-min clear at 5% gradient. The following
were the mass spectrometer parameters. Precursor scan range = 350-1400 m/z, resolution
= 60,000, normalized AGC target = 250% of maximum, maximum IT = 25 ms. Data-
dependent MS2 orbitrap resolution = 15,000, normalized AGC target = 50% of
maximum, isolation window = + 1.4 m/z, collision energies = 30%, dynamic exclusion =
45 s with repeat count of 1. Followed by ten collision induced dissociation tandem mass

spectra of the top ten most abundance ions in the precursor scan.

Resulting raw mass spectra for each sample was searched against both a forward
and reverse African Green Monkey protein database and a SARS CoV-2 protein database
using SEQUEST?®®. Search parameters included a requirement for tryptic peptides and
differential modifications (phosphorylation on serine, threonine, and tyrosine (+79.9663
Da), oxidation of methionine (+15.99.49 Da), acrylamindation of cysteine (+71.0371
Da), and carboxyamidomethylation of cysteine (+57.0214 Da)). The resulting peptide
lists were filtered by mass accuracy (ppm <z 5), cross correlation scores (z=1 XCorr =
1.8, z=2 XCorr = 2, z=3 XCorr = 2.2, z=4 XCorr = 2.4, z=5 XCorr = 2.6), and a unique
delta-correlation (unigAcorr = 0.15). All filtering resulted in a false discovery rate of less
than 0.01%. The filtered peptide lists were then compared by sample type (present or

absent or enriched (2.5-fold increase)) by spectral count using R software.
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4.5.14 Sample Preparation for Electron Microscopy
VeroE6-TMPRSS?2 cells were cultured on plates and infected with mNG WT or G215C

SARS-CoV-2 under BSL-3 conditions. Cells were pre-fixed with 3% glutaraldehyde, 1%
paraformaldehyde, 5% sucrose in 0.1 M sodium cacodylate, then removed from the plates
and transferred to Eppendorf tubes and gently pelleted. The fixative supernatant was
removed and pellets rinsed with fresh cacodylate buffer containing 10% Ficoll, placed
into brass planchettes (Ted Pella, Inc.), and rapidly frozen with an HPM-010 high-
pressure freezing machine (Bal-Tec, Leichtenstein). The frozen samples were transferred
under liquid nitrogen to cryotubes (Nunc) containing a frozen solution of 2.5% osmium
tetroxide, 0.05% uranyl acetate in acetone. Tubes were loaded into an AFS-2 freeze-
substitution machine (Leica Microsystems, Vienna) and processed at -90°C for 72 h,
warmed over 12 h to -20°C, held at that temperature for 6 h, then warmed to 4°C for 1 h.
Samples were rinsed 3x with cold acetone, after which they were infiltrated with Epon-
Avraldite resin (Electron Microscopy Sciences) over 48 h. Cell pellets were flat-embedded
between two Teflon-coated glass microscope slides and the resin was polymerized at

60°C for 48 h.

4.5.15 Electron Microscopy and Dual-Axis Tomography
Embedded cells were observed by light microscopy and appropriate blocks were

extracted with a microsurgical scalpel and glued to the tips of plastic sectioning stubs.

Semi-thin (170 nm) serial sections were cut with a UC6 ultramicrotome (Leica
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Microsystems) using a diamond knife (Diatome Ltd., Switzerland). Sections were placed
on formvar-coated copper-rhodium slot grids (Electron Microscopy Sciences) and stained
with 3% uranyl acetate and lead citrate. Gold beads (10 nm) were placed on both surfaces
of the grid to serve as fiducial markers for subsequent image alignment. Grids were
placed in a dual-axis tomography holder (Model 2040, E.A. Fischione Instruments) and
imaged with a Tecnai T12-G2 transmission electron microscope operating at 120 KeV
(ThermoFisher Scientific) equipped with a 2k x 2k CCD camera (XP1000; Gatan, Inc.).
Tomographic tilt-series and large-area montaged overviews were acquired automatically
using the SerialEM software package®’. For tomography, samples were tilted +62° and
images collected at 1° intervals. The grid was then rotated 90° and a similar series taken
about the orthogonal axis. Tomographic data was calculated, analyzed, and modeled
using the IMOD software package®-° on iMac Pro and Mac Studio M1 computers

(Apple, Inc.).

4.5.16 Statistics
Unpaired T-tests on raw or log-transformed (viral titer) data were performed using

GraphPad Prism 10 or R, Statistical significance is indicated with - (p=.05-.1), *

(p<0.05), ** (p<0.01), *** (p<.001) or **** (p<.0001).
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4.5.17 Data Availability
All raw sequencing data are available in the NCBI Bioproject ID PRINA1083584.

Individual peptides identified in proteomics experiments are included in supplementary

table 1, raw spectrometry files are available upon request.
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SARS-CoV 177-SRGGSQASSRSSSRSRGNSRNSTPGSSRGNSPARMA---SGGGETALALLLLDRLNQLESKVSGKGQRQQQGQTVTK]

MERS 165-TGGNSQSSSRASSVSRNSSR QGSR TRGTSPGPSGIGAVGGDLLYLDLLNRLQALESGKVKQSQPKVITK]
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Figure 4.1: Introduction of Novel Cysteine Residues into the SARS-CoV-2
Nucleocapsid Linker

A) Amino acid identity of position 215 in the SARS-CoV-2 nucleocapsid protein in
genomic surveillance data from 7,342,041 sequences in The International Nucleotide
Sequence Database Collaboration is shown (Glycine in pink, Cysteine in orange).
Sequences were visualized by Taxonium11 on January 10%, 2024, at position 215 of
the N protein. The tree was rooted to Wuhan/Hu-1 (GenBank MN908947.3, RefSeq
NC_045512.2), sequences were added to the tree through the use of UShER12 and
Pangolin lineage identity is labelled (B.1617.2 branch shows Delta sequences and
B.1.1.529 shows Omicron sequences).

B) The SARS-CoV-2 N protein includes an unstructured N-terminus (residues 1-45;
in indigo), an N-terminal RNA binding domain (NTD; residues 45-176; in violet,
PDB code 6Y13%2, an unstructured linker (LKR) region (176-263, shown in yellow)
which binds to Nsp3, a C-terminal dimerization domain (CTD; residues 263-365; in
pink, PDB code: 6WZ0?, followed by an unstructured C-terminal region (residues
265-419; in peach).

C) The sequences of the Nucleocapsid linker region from SARS-CoV-1 (WAL), the
Beta, Delta and lota isolates used in this paper, as well as SARS-CoV and MERS
were aligned using Clustal Omega. Cysteines are highlighted in red, and arrows
highlight their position in the schematic. Figure created with BioRender.com.
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Figure 4.2: A Disulfide-bonded Nucleocapsid Dimer is Formed in Several Variants of Concern

VeroE6-TMPRSS?2 cells were infected with the indicated SARS-CoV-2 variants (or WAL, termed Wildtype)
at an MOI of 0.01 for 24 hours. Unreduced cell lysates were visualized by SDS-PAGE and western blot
using antibodies recognizing SARS-CoV-2 N. The presence of a ~100 kDa band recognized by the SARS-
CoV-2 N antibody in the Beta, Delta and lota variants is indicated by a *. (A) A representative gel and B)
the relative levels of N dimer to monomer from 3 independent biological replicates is shown. Mean +/-
SEM is plotted, individual data points for each experiment are superimposed onto bar graphs for each
condition.
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Figure 4.3: N-linker Cysteine Residues are Necessary and Sufficient for Stable Dimer Formation

A) HEK-293T cells were transfected with plasmids encoding the N protein of the indicated SARS-CoV-2
variant. In addition, cells were transfected with constructs in which each cysteine was changed back to the
parental residue in the WT (WAL) sequence. 24 hours post transfection, unreduced cell lysates were
visualized by SDS-PAGE and western blot using antibodies recognizing SARS-CoV-2 N and B-actin.

B). The ratio of N monomer to dimer bands seen in the western blot shown in A) was quantified.

C) HEK-293T cells were transfected with plasmids encoding the WT N protein or constructs introducing a
cysteine at positions 185, 215 or 243

D) The ratio of monomer to dimer bands was quantified. The presence of a ~100 kDa band recognized by
the SARS-CoV-2 N antibody corresponding to the stable dimer is indicated by a *.

A representative western from four (A/B) or three (C/D) independent biological experiments is shown,
probed for N (red) and beta-actin (green). Mean +/- SEM is plotted, individual data points for each
experiment are superimposed onto bar graphs for each condition.
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Figure 4.4: The Introduction of N:G215C in a WA1 Infectious Clone Recapitulates Stable N dimer
Formation and Displays Altered Growth Kinetics in HBECs

A) A schematic of the SARS-CoV-2 genome encoding the mNG infectious clone system is shown,
including the replacement of ORF7a with mNeon Green, and the introduction of the G215C mutation in N.
Figure created with BioRender.com

B) VeroE6-TMPRSS2 cells were infected, or mock infected, with the WT or N:G215C viruses at an MOI of
0.0005 for 1 hour. 72 hpi, unreduced cell lysates were collected and visualized by SDS-PAGE and western
blot using a rabbit anti-SARS-CoV-2 N and beta-actin. The presence of the higher MW (~100 kDa) band
seen in the N:G215C virus is indicated with a *. A representative gel from three independent biological
experiments is shown.

C) In addition, viral supernatants were collected at 8, 24, 32, 48, and 72 hours post infection and titered by
focus forming assay (FFU; focus forming unit).

D) Human bronchial epithelial cells were infected with WT or N:G215C viruses at an MOI of 0.5 for 1
hour. D) Unreduced cell lysates were collected and processed for western blot as in (B), while

E) viral supernatants were collected sequentially from the same well at 8, 24, 32, 48, and 72 hours post
infection and titered by focus forming assay (FFU; focus forming unit).

Mean +/- SEM is plotted [* (p<0.05), ** (p<0.01)], N=6 from three biological experiments (C), N=12 from
four biological experiments (E) is shown. Limit of detection (LoD) is 20 FFU/ml and the Y-axis minimum
is set as the LoD.
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Figure 4.5: The N:G215C Mutation Increases Viral Growth in Nasal Washes and the Lungs of Syrian
Golden Hamsters as well as Immune Infiltration and Damage.

A) Three- to four-week old male hamsters were intranasally infected with PBS alone (mock - grey) or 10*
FFU of WT (pink) or N:G215C (blue) m Neon Green (NG) SARS-CoV-2.

B) Weight-loss of infected animals was monitored daily for 7 days post infection. On days 2 and 4 post
infection, titer in the nasal wash (C) and right lung (D) were determined. On days 4 and 7 post infection,
left lung tissue was harvested, fixed, cut into 5 UM section, stained with hemoxylin and eosin, scored for
pathological severity (E) and imaged (F).

For weights, graphs represent mean weight change +/- SEM. For viral titers, lines represent mean viral titer
+/- SD. Statistical differences were determined by student’s T-test with * (p<0.05), ** p<0.01). Scale bars
are 100 m.
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Figure 4.6: Stably Dimerized N is Found Preferentially in Virions and the G215C Mutation Results in
Increased Viral Packaging of N.

(A) HEK-293T cells were transfected with plasmids encoding the WT or G215C N protein. B) Vero-
TMPRSS2 cells were infected with the WT or N:G215C viruses at an MOI of 0.0005 for 1 hour. C) High
titer viral stocks of the WT or N:G215C viruses were concentrated by binding to 10% polyethylene glycol
(PEG) then centrifugated at 10,000G for 30 minutes at 4°C. Unreduced lysates were collected 24 hours post
transfection, 72 hours post infection or directly from the concentrated viral pellet, visualized by SDS-PAGE
and the ratio of N monomer to dimer was quantified. D) A representative western of (C) is shown, probed
for N and M. E) The ratio of N to M (normalized to the WT N:M ratio for each replicate) is shown, as well
as (F) the ratio of N to FFU for each stock (again normalized to the N:FFU ratio in WT virus for each
replicate). N=3 for A, B,C, N=4 for D, E, F. Mean +/- SEM is plotted, individual data points for each
experiment are superimposed onto bar graphs for each condition [ (p=0.05-0.1), * (p<0.05), ** (p<0.01),
*** (p<0.001) or **** (p<0.0001).].
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Figure 4.7: N:G215C Virions are Enlarged and Show Over-incorporation of N

A) Vero-TMPRSS2 cells were infected with WT or N:G215C viruses at an MOI of 0.1. The following day
cells were prepared for electron microscopy by high-pressure freezing and freeze-substitution, then
sectioned and imaged by dual-axis electron tomography. Virus-containing exit compartments were located
in both samples, and virions that had completely separated from cellular membranes were selected and
analyzed in 3D in order to determine the structure of intact virions and the arrangement of internal
ribonucleoprotein complexes.

B) The maximum diameter of 20 randomly selected virions for each virus was measured (see Fig S4.4).
Mean +/- SEM is plotted, individual data points for each experiment are superimposed onto bar graphs for
each condition, **** (p<0.0001).
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Figure 4.8: Mutations in the Nucleocapsid Linker May Alter the Oligomerization Status

The SARS-CoV-2 N protein is composed of RNA-binding (red) and dimerization domains (green),
interspersed with flexible unstructured regions at the N and C-termini and a linker region (yellow) in the
middle of the protein. Mutations at three separate sites in the central linker region introduce novel cysteines
that differentially increase dimerization levels via a disulfide bond. (RNA-binding: PDB code 6Y13%,
Dimerization Domain PDB code: 6WZ0%). We propose that these interactions occur between the linker
regions of pairs of N-N dimers and mediate different levels of higher order N-N oligomerization. This
figure was made using BioRender.com.
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4.12 Supplemental Figures

NLE3 (RBK63972) EPKFS-———IALPPELSVVEFEDRSNNSSRASSRSSTRNNSRDSSRSTSRQQSRTRSDS 178

Ferret Enteric Coronavirus (ADD49362) DLKFD —GNVPNDFKLENVG-——-- SRNNSR-——————---SRSRGRSKSNNRSNN| 179
Canine Coronavirus (RWN0O0717) ALKFD———— GKVPVEFQLEYNQS—————-| RDNSRSR-——-SQSRSQSRNRSQSRGRQQS| 182

Feline Coronavirus (ABD33845) PLRFD---— GKIPPQFQL RP————— RNNSRSG-——-SQSRSVSRNRSQSRGRHHS | 182

Avian Coronavirus (QDY92366) PLRFAEGGPDDNFRWDFIPVEGRGRSGRSSVA--TSR—
Turkey Coronavirus (BCVB7268) PLRFSDGGPDGNFRWDFIPLB-RGRSGRSTAV—-SSA-————-ASSRAPSREGSRGRR-S|190
MHV (RFD97608) PTRFAPGTVL———PQGFYVE[SGRSAPA-SRSG-—SR—————-SQSRGPN-—-NRARSSS | 220

Rat Coronavirus (ARD33104) PTRFAPGTVL-—-PQGFYVEBSGRSAPA-SRSG--SR-——---SQSRGPS---NRARSSS|220
HRKU24 (YP_009113031) PTRFAPGTVL-—-PKGYYVEESGRSAPS-SRSS-~SR------ASSRASSVGGSRSRNNS | 216

0C43 (P33469) PTRFPPGTVL-—-PQGYYIEESGRSAPN-SRST-~SR-—----TSSRASSA-GSRSRANS | 219

Bovine Coronavirus (ARR42758) PTRFPPGTVL-—PQGYYIEESGRSAPN-SRST-—SR-—————ASSRASSA-GSRSRANS|219
Bat Coronavirus (ADKE6848) yIQLPQGTTL-——PKGFYAEGSRGGSQASSRSNSRSR— ~GNSRNSTPSSSRGSS-P| 206
SRRS-CoV (P58595) yLQLPQGTTL-——-PKGFYAEESRGGSQASSRSSSRSR-——-—-GNSRNSTPGSSRGNS-P] 208

) SARS-COV-2 (PODTCY) VLQLPQGTTL———PKGFYAEESRGGSQASSRSSSRSR—————-NSSRNSTPGSSRGTS—P|207
Pangolin Coronavirus (QIG55953) VLQLPQGTTL-—-PKGFYAEGSRGGSQASSRSSSRSR--——--NSSRNTTPGSSRGTS-P|207
Beta coronavirus Erinaceus (QRNE8097) VTQFAPGTQL-—-PKNCHIEETGGNSQSSSRASSTSR-————-NSTRSNSRGSQPGSR-5]196
MERS (BKL80580) VTQFAPGTKL-——PKNFHIE[TGGNSQSSSRASSVSR—————-NSSRSSSQGSRSGNS-T|196

Bat Coronavirus (BBJ36015) YTQFAPGTKL-—PKNFHIEGTGGNSQSSSRASSASR-—--—-GSSRSSSRGARSGNS-S]197

—-ESSRPGSREGSRGRRQM| 195

——-5SDLVAAVNLALKNLGFDNQSKSPSSSGTSTPKKPNKPLSQPRAD 226
Ferret Enteric Coronavirus (ADD49362) ~-SGDIATAVVAALAQMGFAPKDTQKNKS—--RSKBRDRSKSR-EKP 224
canine coronavirus (AWNOGT17) [NNKK-—— ——-DDSVEQAVLAALKKLGVDTEK-QQQRS—--RSKFKERSNSKTRDT 227

Feline Coronavirus (2BD33545) |NNQN-—————————NNVEDTIVAVLEKLGVTD--——KQRS-——RSKPRERSDSKPRDT 223

Avian Coronavirus (QDY92366) [0~ ~PN--EDLIAR--AARII-~ 225

Turkey Coronavirus (ACVS87268) ———SV—-DDLIAR--AAKII |—————AKAD-- 220

MEV (2FD97608) |[NQRQPA-STVKP-DMAEEIAALVLAKLG QPKQVTKE——-——QSAKEV 263

Rat Coronavirus (ZaD33104)[NQRQPA-STVKP-DMAEEIAALVLAKLG-———KDAG————— -QPKQVTK 263

HEU24 (¥P 009113031)|ASRNNT-SEVTP-DMADQIASLVLAKLN-——-KESG 259

oc43 (P33469) | GNRTPT-SGVTP-DMADQIASLVLAKLG KDAT— 262

Bovine Coronavirus (Raa42758)|GNRTPT-SGVTP-DMADQIVSLVLAKLG--—-KDAT————-KPQQVTK 262

NLE3 (RBK63972)

Bat Coronavirus (RADK66848)JA-— —RMAA-GGDTALALLLLDRLNQLESKVSGKTPQ-QSQVVTK 249
SARS-CoV (P59585)JA-—————RMASGGGETALALLLLDRLNQLESKVSGKGQQQQGQTVTK] 253
SBRS-CoV-2 (PODTCY) |A-——————RMAGNGGDAALALLLLDRLNQLESKMSGKGQQQQGQTVT 252

Pangolin Coronavirus (QIGS55953)[A- —RMAGNGGDAALALLLLDRLNQLESKMSGKGQQQQGQTVT!

Beta coronavirus Erinaceus (QRN&5097) |HS--PG-——-NAVG-PSDTSALLYLELVKRLDALEAGKTK-SAPKVITI
MERS (BKLE0590) JRGTSPGPSGIGAV-GGD——-LLYLDLLNRLQALESGKVKQSQPKVIT!

Bat Coronavirus (BBJ36015)RSASPGPAGIGAV-GGDASSILYLSLLKRLEDLEAGKSK-SAPKVVT

252
241
244
247

Supplementary Figure 4.1: Absence of Cysteines in the Linker Region of Coronaviridae Nucleocapsid
Proteins

Sequences for the indicated coronavirus nucleocapsid protein sequences were obtained through the NIH
Protein Databank and aligned using Clustal Omega from EMBL-EBI (Clustal 0 (1.2.4)). The navy box
highlights the linker region (residues 175-247 in SARS-CoV-2). Shown in red is the only cysteine in the
displayed sequences, which occurs immediately before the linker region in Erinaceus betacoronavirus.
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Supplementary Figure 4.2: SARS-CoV-2 N Dimer Formation

VeroE6-TMPRSS2 cells were infected, or mock infected, with the indicated SARS-CoV-2 variants (or
WAL, termed Wildtype) at an MOI of 0.01 for 24 hours. Cell lysates were harvested under

A) reducing conditions (10 mM DTT) or

B) non-reducing conditions, but in the presence of NEM (which prevents the formation of post-lysis
disulfide bonds) before visualization by SDS-PAGE and western blot using antibodies recognizing SARS-
CoV-2 N (red) and B-actin (green). Alternatively, unreduced lysates from cells infected as above were
visualized by SDS-PAGE and western blot using two different antibodies recognizing SARS-CoV-2 N:

C) Invitrogen anti-N mouse antibody (MA5-35943, in green) and
D) Sino Biological anti-N rabbit antibody (40143-R001 in red).

E) Lysates were stained and imaged simultaneously with the two anti-N antibodies and the overlay is
shown in yellow. Note minor bands that are seen with the Invitrogen but not the Sino-Biological antibody.
The MW of the ~100 kDa band observed in Beta, Delta and lota samples under non-reducing conditions is
indicated by a *.

A representative gel from 3 (A, B) or 2 (C) independent biological replicates is shown.

F) Vero-TMPRSS2 cells were infected with WAL or Delta SARS-CoV-2 at an MOI of 0.01. 24 hpi cells
were harvested, lysed and N was affinity purified using immunoprecipitation. N and associated proteins
were run on an SDS-PAGE gel, and bands corresponding to the monomer and dimer were cut and
processed for mass spectrometry.

G) The number of peptides for each SARS-CoV-2 viral protein found in the monomer or dimer portion of
the gel, for either WT (WAL) or Delta, is shown.
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Supplementary Figure 4.3: Antigen Staining of Lung Tissue from Infected Hamsters.

Section of lung tissue from infected hamsters were stained for viral antigen (nucleocapsid). Sections were
then blinded and scored on a 4-point scale for parenchyma, airway, and overall staining (A). Each data
point represents the average score form two lung section from each hamster in the group (n>4). Horizontal
lines represent the group mean and error bars are +/- SD. Significance determined by student’s T-test. (B)
Representative images are shown for WT and N:215C infected animals for 2, 4, and 7 dpi. [ (p=0.05-0.1), *
(p<0.05)]
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Supplementary Figure 4.4: N:G215C Virions are Enlarged

VeroE6-TMPRSS?2 cells were infected with WT or N:G215C viruses at an MOI of 0.1. The following day
cells were prepared for electron microscopy by high-pressure freezing and freeze-substitution, then
sectioned and imaged by dual-axis electron tomography. Virus-containing exit compartments were located
in both samples, and 20 virions that had completely separated from cellular membranes were randomly
selected and imaged for each virus.
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Chapter V- Discussion & Concluding Remarks
The amount of surveillance data generated during the SARS-CoV-2 pandemic has

allowed for highly informed monitoring of viral evolution and transmission dynamics of
variants as they arise. SARS-CoV-2, the causative agent of the most recent pandemic, has
imposed a massive health and economic burden on the global community. It is the third
coronavirus to cause a pandemic in the 21% century, perhaps suggesting that
coronaviruses will remain drivers of pandemic emergence. It also raises questions about
surveillance efforts and whether they are currently effective. Making use of naturally
occurring SARS-CoV-2 infections, this dissertation provides insights into properties of
SARS-CoV-2 VOCs which influence their transmission. Additionally, this work
highlights the importance of considering how a pathogen operates at multiple scales. It is
important to understand how this virus functions both as an intracellular pathogen and
within an entire ecosystem. This work explores the transmission of SARS-CoV-2 at three
scales: intra-host (Chapter 4), human-to-human (Chapter 3), and cross-species (Chapter
2).
5.1 SARS-CoV-2 Transmission: Intra-host Dynamics

The amount of genomic surveillance that occurred during the COVID-19 pandemic
has allowed for robust bioinformatic analysis, informing public health experts about
pathogen properties in almost real-time. Next-generation sequencing technology coupled
with publicly available visualization tools became essential for pandemic monitoring.

Using this publicly available sequencing data, many research groups globally were able
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analyze this vast amount of data in a way that informed us about the evolution,
transmission, and emergence of SARS-CoV-2. Most of these groups made their
visualization tools publicly available on sites such as NextStrain®, CoVariants?, and
Taxonium?. The privilege of having this much data has allowed for our research group
and others to make observations about mutation emergence, domination, and co-

occurrences.

For example, our lab has been able to use this publicly available data to not only
identify a novel cysteine within N (discussed in Chapter 4), but also to make predictions
about possible co-occurring mutations accompanying the novel cysteine (Fig 5.1). This
analysis pipeline provided mechanistic leads as to how this cysteine residue in N is
advantageous for the virus, with most of the co-occurring mutations appearing within the

nsp3 domain of ORF1ab, as well as nsp4 and nsp6. These predicted mutations are

[ NSP6-TM I 183 [ T3646A
[ NSP3-Beta-SM [ 103 [ P2046L
[ NSP4-no-domain [ 163 B 132551 1 LINK
orflab [ NSP4-TM m 147 [ v2930L
[ NSP3-Macll 66 [ A1306S G215C
[ NSP3-TM | 115 [ P2287S
[ NSP3-NAB (s [ A1918V
[0 rRBD /|4 [ D63G
I:I N mcm =19 [ D377y
[ LINK mn [ G215C Tos! [@ 5@ NTD |

Figure 5.1: Sankey Diagram of Possible Co-mutations with N:G215C. From left to
right, the Sankey diagram shows the source ORF, the domain within that ORF, the source
amino acid linked to target amino acid (G215G), target domain, target sliding window, and
the location and identity of each amino acid mutation. The diagram is colored by ORF,
green is for spike, orange for N, and blue for ORF1a/b. This figure was created in
collaboration with Stephanie Brown and Kieran Lamb at the Center for Virus Research,
Glasgow.
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exciting leads as these three proteins (nsp3, nsp4, and nsp6) are all associated with
coronavirus replication organelle (RO) formation*, also known as the protective vesicle
which allows for viral RNA synthesis to be shielded from host cell sensors. Of the 16
nonstructural proteins that SARS-CoV-2 produces, these three are the only ones with
transmembrane domains and therefore are believed to be associated with the monumental
intracellular membrane rearrangement which occurs during coronavirus infection. Also of
interesting note, each protein has a proposed co-mutation within one of their
transmembrane domains- indicating an influence on the assembly, maintenance, or

function of the replication organelles.

While our study focused on the impact of just this single mutation on the virus, we
appreciate that many mutations have cooperative effects on one another and therefore
should also be considered. These three proteins all play different roles in RO formation

and therefore mutations within each most likely serve different functions.
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Replication organelles are made up of two components. The first part are the double
membrane vesicles (DMVs), which are recruited host membranes which form a
protective lipid “bubble” around the replication transcription complex (RTC).
Additionally, there are “connectors”, which can be thought of as tracts of zippered
endoplasmic reticulum (ER) that help connect the ROs to intracellular lipid droplets
(LDs). These lipid droplets are proposed to help expand/grow the DMV particles (Fig

5.2).8° After vVRNA synthesis occurs within the DMVs, the (+)RNA is exported to the

DMV outer membrane
DMV inner membrane
M Crown pore complex
M dsRNA
M Virus particle envelope
M Nucleocapsid
[ ERGIC
M Spike protein
B Ribosomes
ER

Figure 5.2: Model of MHV Replication Organelle (RO) Complex Based on
Cryo-ET Reconstruction. Elements colored based on key. Figure adapted
from Beijer et al (2024) Annual Biochemistry Reviews. Used with permission
under CC BY 4.0 license.
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cytosol and encapsidated by nucleocapsid protein.

Nsp6 is believed to play a role mainly in the formation of “connectors” between

Coronavirus

Cytosol

[
gk

nsp12 n

?
Cofactors? DMV Interior

Figure 5.3: Proposed Crown Pore
Structure of Coronavirus Double
Membrane Vesicle. Regions highlight in
yellow represent membrane associated
regions. Figure adapted from Beijer et al
(2024) Annual Biochemistry Reviews.
Used with permission under CC BY 4.0
license.

DMVs and ER zippering, promoting the
clustering of DMVs together.® Nsp3 and nsp4
are thought to play a role in the crown-shaped
pore complex which allows for the shuttling of
VRNA between the DMV and cytosol.® Since
these two proteins line the pore, they are
allowed direct interaction with the vVRNA and

nucleocapsid proteins (Fig 5.3).1°

The mutations in nsp3 and nsp4 that co-
occur with N: G215C could permit novel or

improved interactions with other viral proteins

to allow for better kinetics with the RNA-dependent RNA polymerase (RdRp, nsp12) in

the case of nsp4 or with the nucleocapsid protein (N) within the cytosol via nsp3. This

N:nsp3 interaction has been demonstrated for mouse hepatitis virus (MHV), a classic

model betacoronavirus that can be handled at BSL-2.1* | would be interested in

performing experiments which tease apart the value of each of these mutations in

conjunction with our N:G215C mutation, discussed in Chapter 4. An obvious first pass

experiment would be to visually examine DMV morphology in the presence of these
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mutations via electron microscopy. These experiments could become a bit more
sophisticated with the introduction of tagged nsp3, nsp4, and nsp6 proteins to allow us to
visualize their cellular locations and interactions and open the door for immuno-gold
electron microscopy as well. In addition to their proximity to each other, understanding
modifications to these proteins’ functions would be insightful. Understanding the
influence of these modifications on RTC recruitment and processivity would be
incredibly valuable. Examining the relationship between the nsp3 mutations and
interactions with N would also be important. In silico modeling of this nsp3: N
interaction would help us understand where these modifications are exerting most of their
influence, especially since one of the co-occurring mutations is within the nucleic acid
binding (NAB) region of nsp3. This information could be corroborated with biochemical

assays like binding/docking experiments to see their binding efficiency.

Assessments like this would not be possible, or nearly as accurate, without the
millions of genomes sequenced throughout the course of the pandemic, which were used
as references for this analysis. Since replication organelles are a fundamental part of the
life cycle for many RNA viruses, understanding how they function furthers the greater
virology field and permits the formulation of more effective and targeted therapeutics

which target aspects of the viral lifecycle other than entry.
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5.2 SARS-CoV-2 Transmission: Human-to-human spread
Since the emergence of SARS-CoV-2, the public health community has been

trying to understand the transmission dynamics of SARS-CoV-2. The number of studies
surrounding other betacoronaviruses, such as SARS-CoV and MERS-CoV has been
limited. Additionally, the established research infrastructure surrounding this virus is still
being developed and pales in comparison to the systems in place for other respiratory
viruses, such as influenza. There have been a few epidemiological studies looking at
variables contributing to the human-to-human spread of SARS-CoV-2 and some

transmission studies also performed in animal models.

When looking at epidemiological studies about SARS-CoV-2 transmission there
are a few things that can be gleaned. One systematic review investigated the actual
percentage of asymptomatic but infected individuals who remain asymptomatic
throughout the entire course of their infection. This review included data from 94 studies
and resulted in an estimation of about 20% (95% CI 17-25) of individuals infected will
remain asymptomatic during the entire length of their infection.? A limitation of this
study was that it was performed during 2020, before many of the variants of concerns had
emerged and properties such as higher viral load had not been considered yet. It would be

interesting to see a similar analysis performed now, but with the Omicron lineages.

There have also been studies on the more technical end of the spectrum intended

to understand the environmental factors that contribute to the transmission of SARS-
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CoV-2. For example, it has been demonstrated that SARS-CoV-2 is more stable at lower
temperatures and humidity conditions on surfaces- suggesting it might have a survival
advantage in the cooler seasons of temperate climates.'®>'* Naturally, evidence like this
might suggest that SARS-CoV-2 might have seasonality transmission, like influenza and
respiratory syncytial virus (RSV). Interestingly, a study using the Syrian golden hamster
model investigated this exact question. Only the Delta variant showed improved
transmission at 22°C and 45% relative humidity, which recapitulates epidemiological
data.’® Additional studies investigating the importance of contact time and aerosol
exposure would be insightful into the kinetics of transmission for SAR-CoV-2.

5.3 Zoonosis: Cross-species transmission
Zoonosis, or the transmission of a disease from animal to human, can be thought of as a
five-stage process. These stages span a spectrum that ranges from pathogens which only
infect animals (Stage 1) to those that exclusively infect humans (Stage V). The area of
most public health concern lies within stages I1-1V in which the pathogen becomes
progressively more transmissible from animal to person but also gains the ability to transmit
person-to-person (Fig 5.4).2817 We find ourselves in a public health predicament when a
pathogen reaches Stage 1V; sustained chains of transmission from person-to-person and
having a persistent animal reservoir. SARS-CoV-2 clearly falls into the stage IV
classification at this point with ample evidence of sustained transmission between people;
however, the natural reservoir species for SARS-CoV-2 is still unknown with some

evidence suggesting pangolins or bats as probable candidates. Since over 60% of all
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human pathogens come from zoonotic origins, it is important to know all the natural

reservoirs for a pathogen.*®

Stage 4:
long outbreak

Rabies

Ebola

Dengue

HIV-1 M

Transmission

Stage to humans
Stage 5:
exclusive Only from
human agent humans

From animals
or (many cycles)
humans

Stage 3: From animals
limited or (few cycles)
outbreak humans
Stage 2:
primary Only from animals
infection
Stage 1:
agent only None
in animals

Figure 5.4: Graphic of the Five Stages of Animal Pathogen Adaptation into Human
Disease. From Wolfe et al (2007) Nature.* Used with permission under license from
Springer Nature.

While pangolins or bats are the probable original reservoir for SARS-CoV-2, two
additional potential reservoirs have been identified: minks and deer.*?* Having two
animal species which not only maintain a SARS-CoV-2 infection but are also frequently
near humans is inherently a public health risk. These reservoir species can put selective

pressure on the evolution of SARS-CoV-2 that is unique from similar pressures applied
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within the human population; however, there is also evidence to suggest convergent
evolution of SARS-CoV-2 within minks and immunocompromised patients.? If these
viruses successfully make the jump from animals back into humans, the risk of novel
variant emergence and changes in pathogenicity increases substantially. While our work
(Chapter 2) shows that during the fall of 2021 and 2022 there was no detectable
infectious SARS-CoV-2 within the Vermont deer population, this does not mean that we
should ignore surveillance and assessment for this pathogen. Understanding how
infectious disease populations are moving through animal reservoirs is an essential piece
of data to help prevent pandemics. It is important for systems to be established for routine
surveillance, and for the incorporation of serology data to understand the immune
memory of the animals as well.

Since the emergence of agriculture 11,000 years ago and the domestication of
livestock, humans are living closer to each other and animals in a way that is optimal for
zoonosis. Couple that with the more recent issue of global warming, an ever-increasing
human population, and poor land use, zoonotic spillover events will remain a source of
considerable risk.

However, | think there are tangible risk-reduction steps we as a scientific community
can take to slow/prevent spillover. Like with most issues, it is much easier to prevent a
disease than it is to eliminate it. These preventative measures can generally be put into
four main categories: land use, wildlife trade, livestock/domesticated animal handling,

and global warming.
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5.3.1 Land Use

It has been well documented that human-induced environmental changes
influence the behavior of wild animals and therefore can promote interactions at this
interface. A 2023 longitudinal study demonstrated that due to increased urbanization, the
bats which carry Hendra virus are experiencing more food shortages.?® This nutritional
stress is causing a behavioral change in bats which is increasing their residency within
agricultural areas- allowing for more bat-to-horse interactions and ultimately causing
more Hendra virus outbreaks in humans. Fortunately, this work demonstrated that the
addition of winter flowering trees (i.e. the bat’s preferred food) to forests reduced the
number of bats coming into agricultural settings, and consequently outbreaks of human
disease.?® | think this study underscores the importance of accommodating for wildlife

within our land use plans, as it serves both us as humans and the animals we coexist with.

5.3.2 Wildlife Trade

Illegal wildlife trade is one of the most profitable crime sectors globally,
trafficking up to 20 billion dollars of products annually?’. In addition to poaching and
trade causing harm to the species, environment, and enforcement officers, it also creates
an avenue for wildlife and humans to interact and transmit disease from one another.
Most of the prevention measures to reduce wildlife trade revolve around better support

and initiatives to help those individuals most directly involved. This can include
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increased support for the rangers protecting endangered species, but also helping to
reduce demand for wildlife products through consumer initiatives. A top-down approach
is also encouraged by having the governments strengthen and enforce regulations

surrounding illegal trade.

5.3.3 Climate Change

The warming of the earth is predicted to expand the geographical range of many
animal species. With this expanded range comes the introduction of many new pathogens
to new potential reservoir species and environments. Of particular concern is the
migratory patterns of bats, the only flying mammal. Compared to other mammals, even
non-migratory bats have substantially larger travel ranges than most other mammals-
allowing for them to be even more influential on the spread of disease as the world
warms. Another consideration is that this expanded range will allow for more species to
intermix, creating more concentrated areas of biodiversity. These areas of high
biodiversity are also predicted to coincide with areas of high human population density,

increasing the risk for a zoonotic event (Fig 5.5).%
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Figure 5.5: Diagram of Novel Viral Sharing Events and Human Density Overlap
Estimates. Predicted overlap of human population centers and cross-species transmission of
viral disease in wildlife in 2070. Diagram from Carlson et al (2022) Nature. Used with
permission under license from Springer Nature.

The SARS-CoV-2 pandemic has been unique because of current technological
advances that has allowed for almost real-time monitoring of this pathogen’s evolution.
The privilege and power which comes with this vast amount of data has allowed for
many researchers to understand emerging variants better and the role of specific
mutations. Within this thesis, | have studied properties between different SARS-CoV-2
variants and how these properties influence the virulence of the virus. This work
highlights different aspects between VOCs and the influential role of specific mutations

on variant fitness.
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Viral infectivity in pediatric SARS-CoV-2 clinical samples does not vary by age

Madaline M. Schmidt?, Hannah W. Despres!, David J. Shirley?, Michael E. Bose®, Kate
C. McCaul?®, Jessica W. Crothers*, Kelly J. Henrickson®, Benjamin Lee®, Emily A.
Bruce”

Affiliations:

!Department of Microbiology and Molecular Genetics, Robert Larner, M.D. College of
Medicine, University of Vermont, Burlington VT, USA.

2Faraday, Inc. Data Science Department. Burlington VT, USA.
3Department of Pediatrics, Medical College of Wisconsin, Milwaukee WI, USA.

*Department of Pathology and Laboratory Medicine, Robert Larner, M.D. College of
Medicine, University of Vermont, Burlington VT, USA.

°Department of Pediatrics, Robert Larner, M.D. College of Medicine, University of
Vermont, Burlington VT, USA.

*Address correspondence to: Dr. Emily Bruce, Department of Microbiology and
Molecular Genetics, University of Vermont, Burlington VT, 05405,
[Emily.bruce@med.uvm.edu], (802)-656-9069

Short title: Viral infectivity of pediatric SARS-CoV-2 samples

Abbreviations: SARS-CoV-2 (severe acute respiratory syndrome coronavirus 2),
COVID-19 (coronavirus disease 2019), Cr (cycle threshold), RT-gPCR (reverse
transcription-quantitative polymerase chain reaction), RNA (ribonucleic acid), TMPRSS2
(transmembrane protease, serine 2), FFU (focus forming unit)

Keywords: SARS-CoV-2, pediatric, viral infectivity, clinical isolates.

172



A.1 Abstract

At the start of the SARS-CoV-2 pandemic, there was much uncertainty about the role of
children in infection and transmission dynamics. Through the course of the pandemic, it
became clear that children were susceptible to SARS-CoV-2 infection, however they
were experiencing a notable lack of severe disease outcomes as compared to the adult
population. This trend held true with the emergence of new SARS-CoV-2 variants, even
in pediatric populations that were ineligible to be vaccinated. The difference in disease
outcomes has prompted questions about the virologic features of SARS-CoV-2 infection
in this population. In order to determine if there was any difference in the infectivity of
the virus produced by children infected with COVID-19, we compared viral RNA levels
(clinical RT-gPCR Crs) and infectious virus titers from 144 SARS-CoV-2 positive clinical
samples collected from children ages 0 to 18 years old. We found that age had no impact
on the infectiousness of SARS-CoV-2 within our cohort, with children of all ages able to

produce high levels of infectious virus.

A.2 Introduction
During the early months of the SARS-CoV-2 pandemic, notable uncertainty emerged

regarding the role of children in transmission dynamics . With time, it became more
clear that children were susceptible to infection with SARS-CoV-2, but that the vast

majority of children experienced mild symptoms with lower incidence of severe disease
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2, This pattern remained consistent despite the later emergence of SARS-CoV-2 variants,
including Delta and Omicron, even among children <5 ineligible for vaccination®. The
relative lack of severe disease in the pediatric population raised questions regarding viral

kinetics and infectivity in children versus adults.

We hypothesized that unique virologic features (i.e. defective interfering genomes
or other changes in particle infectivity) in children could explain this apparent decrease in
symptoms and transmissibility early in the pandemic. The infectious virus to viral RNA
ratio varies greatly in RNA viruses, including SARS-CoV-2, which has a ratio of 10%:1 to
10%:1 4. This high ratio means that most genome copies are associated with non-infectious
particles, thus leaving room for potential changes in the ratio between infectious virus
and viral RNA across different age groups. Changes in this ratio have been observed
between SARS-CoV-2 variants; both the Epsilon and Delta variants had significantly
higher infectious virus to viral RNA ratios than the Alpha variant®. Children have been
found to produce high levels of viral RNA, however, early in the pandemic, infectious
virus titer was not commonly measured. Plaque or focus assays that directly measure the
number of infectious virions are the gold standard for determining viral load. However,
they require inoculating a susceptible cell line with serial dilutions of the sample of
interest, allowing virus to infect cells under a semi-solid overlay, and detection of
individual “foci’ of infection by the viral-specific antibodies or the presence of cytopathic

effect. Due to the challenges posed by measurement of infectious viral titers (including
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the requirement for BSL-3 containment), the majority of work examining viral loads in
clinical samples has measured viral RNA levels, as determined by RT-gPCR cycle
threshold [Cr]. A previous study using this technique reported no differences in viral
RNA load in adults and children, when controlling for the presence of symptoms 6. A
second study reported both RNA viral load and level of infectious virus using a semi-
quantitative method (TCIDsp) in pediatric clinical samples, which revealed that neither
age or disease severity impacted viral load ’. In contrast however, others have found that
children have decreased levels of viral RNA, lower infectious virus titers as measured by
TCIDso, and were less likely to have virus successfully isolate in cell culture as compared
to adults®, however pediatric Delta variant infections increase the culture positive viral
titers to comparable levels to adults®. Other work indicates that ancestral SARS-CoV-2
replicates less efficiently in both children and pediatric versus adult nasal epithelial cells,
a defect that Omicron was able to abolish®® . Finally, we and others have demonstrated a
dynamic relationship between Ct values and infectious viral titers with potential for
significant discrepancies and a ratio dependent on both viral and host factors, ° but this

work did not include children 1.

Therefore, to further understand SARS-CoV-2 infection in children, we
investigated the ratio of infectious virus titer to RNA viral load in children aged 0 to <18
years old. We hypothesized that the ratio of infectious virus to RNA viral load would be

positively associated with age.
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A.3 Methods

A.3.1 Sample Selection
Banked SARS-CoV-2 positive nasopharyngeal specimens from children 0 to <18 years

old collected and stored at Children’s Wisconsin, Milwaukee, Wisconsin between
September 14, 2020 and May 17, 2021 were identified. Deidentified samples were binned
into four age groups (<1, 1-5, 6-11, and 12-17) and stratified by clinical Ctvalue (<20,
20-24, 25-29, and 30-34) to select a sample of children representing the full spectrum of
both age and Cr value (due to the de-identified nature of the samples, information on
biological sex and other metadata was not available).

A.3.2 Ethical Approval

The study received an exempt determination for use of deidentified specimens from the
University of Vermont (UVM) Institutional Review Board and the Children’s Wisconsin
Institutional Review Board. Because the study met the criteria for IRB exemption,
informed consent was not required.

A.3.3 RNA Extractions and RT-PCR

Total nucleic acid was extracted on the NucliSENS easyMAG or EMAG automated
extraction instruments (bioMerieux). SARS-CoV-2 RNA was detected using previously
published primers/probes for the SARS-CoV-2 E gene (Sarbeco'?) on the 7500 Fast Real-

Time PCR System or QuantStudio 7 Pro platforms.
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A.3.4 Viral Titer
All SARS-CoV-2 viral titering was conducted at the University of Vermont BSL-3

facility under an approved IBC protocol. Clinical samples were titered using a
microfocus forming assay on VeroE6-TMPRSS2 cells (Japanese Cancer Research
Resources Bank #JCRB1819). Cells were seeded 24 hours before infection, 60,000
cells/well. Samples were serially diluted using 10-fold dilutions. All samples were titered
in technical duplicate, except for the neat dilution due to insufficient sample volume.
Cells were infected for 1 hour at 37 , and then overlayed with 1.2% methylcellulose in
DMEM (Gibco cat. 11965084) and incubated for 24 hours at 37 , 5% CO,. Cells were
fixed using 4% formaldehyde in PBS. After fixation, cells were permeabilized using
0.01% Triton X-100 in PBS for 15 minutes and then incubated in a primary, cross-
reactive rabbit anti-SARS-CoV N monoclonal antibody (Sino Biological 40143R001100)
at 1:20,000 dilution. Cells were washed in PBS and then incubated in a peroxidase-
labeled goat-anti rabbit antibody (Seracare 5220-0337) at 1:4,000, followed by the
peroxidase substrate (SeraCare, Cat. #5510-0030). Foci were imaged using a BioTek
Cytation instrument and manually counted. Samples were titered in a blinded fashion,

personnel performing BSL-3 titering did not have access to sample Crs.

A.3.5 Statistical Analysis
Viral titers were log-transformed for analysis. Linear regression was used to predict log

titer as a function of Cr, fitting separate models without age and to control for continuous
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and categorical age effects, no data points were excluded from analysis. Models were

compared by F test. Data were analyzed and plotted with R.

A.3.6 Data Summary
Code and dataset (clinical RT-qPCR and infectious viral titers) is available at

https://github.com/emilybrucelab.

A.4 Results

N=144 clinical specimens were selected to determine the relationship between the
infectivity of SARS-CoV-2 in pediatric samples and RNA viral load. As expected, higher
RNA viral load generally correlated with higher infectious virus titer, although as
reported previously this ratio was somewhat variable > (Fig A.1A). In linear regression,
the relationship between infectious viral titer and Ctwas not significantly modified by
age (P=0.156) or age group (P=0.355 overall by F test). These data indicate that there is
no difference in the infectiousness of SARS-CoV-2 produced by children, regardless of

age.

A.5 Discussion
Consistent with previous findings, we found no significant differences in the relationship

between SARS-CoV-2 infectious virus titer and RNA viral load in children across the
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pediatric age spectrum®’ . Our findings suggest equal levels of viral infectivity in young
children and adolescents with similar RNA viral loads, thus other factors are contributing
to differential disease severity in this population. Interestingly, while we and others have
found equal levels of viral infectivity across pediatric age groups, it has been found that
age does influence severity of disease within the pediatric population. In one cohort,
asymptomatic patients and those with mild disease were significantly younger than those
hospitalized, suggesting that age related factors other than viral infectivity are playing a
role in disease manifestation’. This could include differences in immune response (i.e.
heavier reliance on the innate immune response), fewer comorbidities, or even fewer viral
entry receptors than adults®3. Limitations of this study include lack of access to viral
sequencing and individual level metadata, which could reveal differences in infectivity as
a result of viral genetic background, days post-symptom onset, host immune status, and
vaccination status. Furthermore, as sample collection took place at a children’s hospital
there was no direct comparison with adult samples, although we did include samples in
older teens who would closely resemble adults biologically. While our results are in
agreement with several recent studies, replicating prior work in a novel cohort with
independent methodologies is an important step in establishing a clear understanding of
SARS-CoV-2 infection dynamics in children. While we only had access to samples early
in the pandemic (during the circulation of Alpha and prior to the appearance of variants
of concern; Fig A.1B), future studies investigating the viral infectivity in pediatric

patients during waves of Delta, Omicron and future variants would strengthen our
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understanding of the dynamics of SARS-CoV-2 infection in the pediatric population.
Regardless, the finding that children of all ages with confirmed SARS-CoV-2 infection
are capable of producing high levels of replication competent virus should be balanced
against the finding that there was no age-dependent effect, when designing public health

policy based interventions.
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Figure A.2.1. SAR-CoV-2 Viral Infectivity Does Not Vary by Age in a Pediatric
Population.

A) A set of 144 clinical samples from children infected with SARS-CoV-2 was used to examine the
relationship between infectious virus titer and RNA viral load as a function of patient age. Individual
specimen measurements of E gene RNA levels (Ct) on the x-axis are plotted against viral titer, as
measured in focus forming units (FFU/mL) on the y-axis. Dashed line indicates the limit of detection
for infectious titer (20 FFU/mL). Samples for which we could not measure a viral titer were assigned
fixed values of one-tenth the limit of detection (2 FFU/mL). Lines of best fit were generated by linear
regression on log-transformed titer data as a function of Ct and age group. Symbol and color indicate
age group (<1: purple circle, 1-5: blue square, 6-11: turquoise diamond, 12-17: green triangle).

B) During the time of sample acquisition, epidemiological data about SARS-CoV-2 variants was
obtained in Milwaukee, Wisconsin. Sequencing prior to January 2021 indicates the presence of
ancestral (pre-VOC) SARS-CoV-2, and post January 2021 through June 2021 sequencing detects
primarily the Alpha variant. The epidemiological data collected includes both adult and pediatric
samples and are subject to sampling bias. The number of samples sequenced per day varied from 0 to
83. The solid line indicates the 7-day rolling average of percent sequences with mutations, and the
shaded area represents the 95% confidence interval. Sequencing data adapted from outbreak.info, April
202114,
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B.1 Abstract

Background: As the COVID-19 pandemic continues, efforts to better understand SARS-
CoV-2 viral shedding and transmission in both unvaccinated and vaccinated populations
remain critical to informing public health policies and vaccine development. The utility
of using RT-PCR cycle threshold values (C+ values) as a proxy for infectious viral titers
from individuals infected with SARS-CoV-2 is yet to be fully understood. This
retrospective observational cohort study compares quantitative infectious viral titers
derived from a focus-forming viral titer assay with SARS-CoV-2 RT-PCR Cr values in

both unvaccinated and vaccinated individuals infected with the Delta strain.

Methods: Nasopharyngeal swabs positive for SARS-CoV-2 by RT-PCR with a Ct value <
27 collected from June 26 to October 17" of 2021 at the University of Vermont Medical
Center Clinical Laboratory for which vaccination records were available were included.
Partially vaccinated and individuals < 18 years of age were excluded. Infectious viral

titers were determined using a micro-focus forming assay under BSL-3 containment.

Results: 119 specimens from 22 unvaccinated and 97 vaccinated individuals met all
inclusion criteria and had sufficient residual volume to undergo viral titering. A negative

correlation between RT-PCR Cr values and viral titers was observed in both unvaccinated
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and vaccinated groups. No difference in mean C+ value or viral titer was detected
between vaccinated and unvaccinated groups. Viral titers did not change as a function of

time since vaccination.

Conclusions: Our results add to the growing body of knowledge regarding the correlation
of SARS-CoV-2 RNA levels and levels of infectious virus. At similar Ct values,
vaccination does not appear to impact an individual’s potential infectivity when infected

with the Delta variant.
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B.2 Introduction
The COVID-19 pandemic continues to cause significant morbidity and mortality

worldwide. As of January 2023, 6.7 million deaths have been attributed to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2).! The arrival of effective vaccines,
including both viral vectored and mMRNA COVID-19 vaccines, in late 2020 led to a
significant decline in symptomatic disease, hospitalizations, and mortality among
vaccinated individuals.>* Initially, vaccine breakthrough infections were uncommon.®
However, the emergence of the highly transmissible Delta variant considerably altered
the trajectory of the pandemic. While vaccines continued to offer robust protection
against hospitalization and death, vaccine breakthrough infections became increasingly
common.?>87 Efforts to better understand SARS-CoV-2 viral shedding and transmission
in both unvaccinated and vaccinated populations are critical to inform public health
policies and vaccine development but continue to be complicated by the emergence of

new variants.

Often, RT-PCR cycle threshold (Ct) values are used as a proxy for infectious viral
titers in both clinical and research settings and multiple studies have demonstrated that
lower Cr values (representing higher viral RNA levels) positively correlate with an
increased probability of isolating SARS-CoV-2 in viral culture.®!! This is supported by
epidemiologic studies that report an association between lower Ct values and an
increased risk of onward household transmission.2*> However, while culture-based

studies are typically unable to isolate live virus beyond 8-10 days following the onset of
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symptoms, detection of viral RNA by RT-PCR can extend for weeks, even months, post

symptomatology. 9-11,16,17

Several key limitations exist when utilizing C+ values as a proxy for infectivity.
First, although detection of SARS-CoV-2 RNA by RT-PCR is the gold standard for the
diagnosis of COVID-19 disease, it is unable to differentiate between infectious and non-
infectious viral particles, thereby potentially overestimating infectivity.!! Second, many
clinical and pre-analytic variables may impact RT-PCR results, including time since
symptom onset, specimen collection method and source, and processing timeline.8 Third,
there are neither Food and Drug Administration-approved quantitative RT-PCR assays
nor universal standards widely available to establish comparable calibration curves,
making it difficult to interpret Cr results across different assay platforms, laboratories,
and studies.*® Lastly, viral culture traditionally provides qualitative rather than
quantitative results, providing information regarding the presence or absence of
infectious virus but not allowing for comparison of precise levels of virus between
clinical samples. In addition, viral culture is currently not widely performed in clinical or

research laboratories due to biosafety and technical challenges.

Despite the critical public health importance, relatively little is understood about
how vaccination against SARS-CoV-2 impacts viral infectivity during acute infection.
Data during Alpha variant circulation showed that RT-PCR Ct values were higher in

vaccinated individuals compared to those who were unvaccinated and that vaccination
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reduced onward transmission of the Alpha variant in household contacts.®”1%-22 Eyre et al.
(2022) showed similar findings, however to a lesser extent, when infection was with the
Delta variant compared to the Alpha variant.!> Whether the relationship between Ct
values and infectivity is different in vaccinated versus unvaccinated individuals is also
poorly understood. If true, this knowledge would significantly impact the interpretation

of Cr values in the clinical setting.

Here we present data from a retrospective observational cohort study utilizing a
high-throughput focus-forming viral titer assay to compare quantitative infectious viral
titers across a range of SARS-CoV-2 RT-PCR Cr values in both unvaccinated and
vaccinated individuals infected with the Delta strain of the SARS-CoV-2 virus. While
continued evolution of the SARS-CoV-2 virus has resulted in circulation of additional
strains since Delta, these results provide critical information regarding the correlation of
RNA levels and infectious virus and offers insight into the impact of vaccination on

SARS-CoV-2 infectivity as new variants continue to emerge.

B.3 Methods
B.3.1 Study Design & Setting

The University of Vermont Medical Center (UVMMC) is an academic medical center
located in Burlington, Vermont. It is the only tertiary referral center in the state. The

hospital laboratory processes both inpatient and outpatient specimens. Nasopharyngeal
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(NP) swabs positive for SARS-CoV-2 by RT-PCR with a Ct value < 27 collected from
June 26™ to October 17" of 2021 for which vaccination records were available were
included. This cut off was chosen because we demonstrated in prior work that infectious
virus was unable to be isolated by this method from specimens with Ct values > 272,
Partially vaccinated individuals and individuals < 18 years of age were excluded. We
considered an individual to be fully vaccinated against COVID-19 if 14 days or more had
passed since completion of a primary vaccination series of either two-doses of an mMRNA
vaccine (Pfizer or Moderna) or a single-dose of a viral vector vaccine (J&J’s Janssen).
Vaccination data was derived from both the Vermont Department of Health Vaccine
Registry and the UVMMC Electronic Medical Record. Inclusion dates were selected
based on publicly available epidemiologic data of the prevalence of circulating SARS-
CoV-2 variants in the region. During this time, the Delta variant comprised the
overwhelming majority of circulating cases (>90% according to outbreak.info data of
SARS-CoV-2 cases sequenced in \ermont).

B.3.2 Ethical Approval

The University of Vermont’s Institutional Ethical Review Board approved this study
under a waiver of consent (CHRMS STUDY00000881).

B.3.3 Specimen Collection & Storage

From March 2020 through October 2021, all respiratory specimens with sufficient
residual volume that tested positive for SARS-CoV-2 by RT-PCR at the UVMMC

Clinical Laboratory were coded and transferred from refrigeration to -80° Celsius for
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long term storage within four days of initial testing. In accordance with clinical
laboratory specimen requirements and procedures, all samples remained refrigerated from
the time of specimen collection until being transferred to long-term storage. Samples
used in this study represent a subset of this larger sample set.

B.3.4 Viral RNA Quantification by RT-PCR

The UVMMC Clinical Laboratory routinely utilized four RT-PCR assays for diagnostic
testing during the study period: ABI Quantstudio Flex 7 (Thermo Fisher Scientific),
Cobas 6800 (Roche), GeneXpert (Cepheid), and Panther Fusion (Hologic). Gene targets
and analytic testing characteristics vary across the different platforms with the ABI
Quantstudio assay targeting the N1 and N2 genes, the Cobas targeting the E and ORF1lab
genes, GeneXpert targeting the E and N2 genes, and the Panther Fusion targeting two
conserved regions of the ORF1ab sections of the SARS-CoV2 genome. All assays had
received Emergency Use Authorization (EUA) approvals and were performed in a
diagnostic clinical laboratory in accordance with Clinical Laboratory Improvement
Amendments (CLIA) standards. In order to minimize variability in reported Ct values,
we reran samples with sufficient volume originally tested on the ABI Quantstudio,
GeneXpert, or Panther Fusion on the Cobas 6800. Figure B.2 indicates whether reported
Cr values are derived from “Cobas” or “Non-Cobas” platforms, but Figure B.3 does not

make this distinction
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B.3.5 Focus-Forming Assay
All SARS-CoV-2 viral titering was conducted at the University of Vermont BSL-3

facility, under an approved IBC protocol, as previously published by Despres et al.
(2022)3, Clinical samples were titered using a microfocus forming assay on VeroE6-
TMPRSS2 cells (Japanese Cancer Research Resources Bank #JCRB1819). Cells were
seeded in a white bottom 96 well plate (Falcon, Cat. #353296), 24 hours before infection
(60,000 cells/well). Samples were serially diluted in DMEM (Gibco, Cat. #11965084)
using 10-fold dilutions. All samples were titered in duplicate across two serial dilutions,
with undiluted sample titered in a single well due to limitations of specimen volume.
Cells were infected for 1 hour at 37 , overlayed with 1.2% methylcellulose (Acros, Cat.
#332620010) in DMEM and incubated for 24 hours at 37 . Cells were fixed using 4%
formaldehyde in PBS, permeabilized using 0.01% Triton X-100 in PBS (15 minutes) and
blocked (5% dry milk in PBS) for 1hr before incubated in a primary, cross-reactive rabbit
anti-SARS-CoV N monoclonal antibody (Sino Biological, Cat. #40143R001) at 1:20,000
dilution for an additional hour. Wells were washed in PBS, incubated with a peroxidase-
labeled goat-anti rabbit antibody (Seracare, Cat. #5220-0337) at 1:4,000 for 1hr and
developed using a peroxidase substrate (SeraCare, Cat. #5510-0030).

B.3.6 Whole Genome Sequencing

A limited number of specimens were randomly selected for whole genome sequencing
(WGS), which was performed by the Hubbard Center for Genome Studies at the

University of New Hampshire. Briefly, coded samples were shipped to UNH on dry ice
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where the COVID-19 ARCTIC v3 primer panel and the Illumina COVIDSeq RUO kit
protocol (1000000126053 v06) was used to construct Illumina sequencing

libraries. Whole-genome sequencing was performed on the NovaSeq 6000 Sequencing
System (lllumina, San Diego, United States) and produced 250-bp paired-end reads.
Sample datasets were demultiplexed, filtered for known sequencing contaminants, and
consensus genome sequences were constructed using a reference-based mapping
approach (Wuhan-Hu-1 reference sequence NC_045512.2) within the BaseSpace Labs
DRAGEN COVID Lineage application v3.5.2. The software performs Kmer-based
SARS-CoV-2 detection and then aligns the sequencing reads against the reference
genome to perform variant calling and consensus sequence generation. The sequencing
data were deposited to the NCBI Sequence Read Archive under the

BioProject PRINA938406 and accession numbers are found in Supplementary Table 1.
B.3.7 Data Sources

Patient-level data including test order details, patient demographics, vaccination history,
and medical history, were extracted from the UVMMC Electronic Medical Record.
Additional COVID-19 vaccination data were obtained with permission from the Vermont

Department of Health Immunization Registry.
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B.3.8 Statistical Analysis
Comparisons between groups were performed using two-tailed unpaired t test for

continuous and Chi-square for categorical variables. Statistical tests used for comparisons

of RT-PCR Ct values included Welch two sample t-test (two-tailed) and Exact two sample
Kolmogorov-Smirnov (two-sided) for Viral Titers. Linear regression models (¥ = 0 + 1

x4 €) were fit to the viral titers and C+ values data and shading represents the confidence
interval (0.95). Statistical analyses were performed using GraphPad Prism (9.5.0) and R

Studio (4.2.1).

B.4 Results

B.4.1 Descriptive Characteristics
From March 2020 to October 2021, 4,066 clinical respiratory specimens positive

for SARS-CoV-2 by RT-PCR were captured. Of these, 169 available specimens were
identified that met all inclusion and exclusion criteria and were collected during the time
period of interest (June 26" to October 17" 2021). Viral titers were successfully
performed in 119 samples; 29 specimens were unable to be titered due to insufficient
volume. Cr values were initially derived from RT-PCR platforms other than the Cobas
6800 for 62 (52.1%) specimens. Following viral titering, sufficient volume was available
to allow for repeat testing on the Cobas 6800 in 31 of these samples (Fig B.1).

Ultimately, data derived from 119 specimens remained for analysis, of which 22 (18.5%)
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were from unvaccinated individuals and 97 (81.5%) were from fully vaccinated

individuals.

The demographic characteristics of the individuals included in our analysis are
shown in Table B.1. The mean age and male:female ratio was similar between groups. In
the vaccinated group, the mean number of days from the time individuals were
considered fully vaccinated (14 days following the last dose of their primary series) to the
collect date of their positive test was 128.3 with a range of 37 to 210 days. Booster shots
were not authorized until towards the end of the study period and none of the individuals
included in our analysis had yet been boosted at the time of their positive test. Of the 97
specimens from vaccinated individuals, 86 (88.7%) received an mRNA vaccine versus 11
(11.3%) who received Janssen/Johnson & Johnson, a viral vector vaccine. Within the
MRNA vaccine group, 65 (75.6%) individuals were vaccinated with Pfizer/BioNTech

versus 21 (24.4%) with Moderna.

All SARS-CoV-2 positive specimens included in this study were presumed to be
the Delta variant based on publicly available genomic data which demonstrated that Delta
was the predominate variant in circulation in Vermont during the study period as noted
above. This was corroborated by WGS performed on a subset of 37 randomly selected

samples; all of which were identified as the Delta variant.
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B.4.2 Ct values and viral titers are similar in unvaccinated and vaccinated individuals
infected with the Delta variant

The mean Cr value observed in vaccinated individuals was 18.0 with a range of
12.4 to 26.9 while the mean value in unvaccinated individuals was 19.2 with a range of
13.1 to 28.4. The mean direct viral titer obtained from NP specimens collected from fully
vaccinated individuals was 23,116.4 FFU/mL (range: 0.0 to 255,000 FFU/mL) while the
mean from unvaccinated individuals was slightly increased at 27,266.30 FFU/mL (range:
0.0 to 1,020,000 FFU/mL). No significant differences were observed in mean Ct values
(p =0.1321) or direct viral titers (p = 0.2602) between groups (Table B.1, Fig B.2A and
B.2B). To assess for the potential impact of outliers, we also compared the overall
proportion of unvaccinated versus vaccinated individuals with undetectable titers and
found no difference in the overall presence of titerable virus between the groups
(undetectable viral titers were observed in 27.3% of unvaccinated vs. 27.8% of

vaccinated samples; Table B.2).

B.4.3 RT-PCR Cr values broadly correlate with viral titers in both unvaccinated and
vaccinated individuals

We generally found that direct viral titers increased as Ct values decreased
(signifying higher levels of viral RNA), resulting in a negative correlation between RT-
PCR Cr values and direct viral infectious titers. This correlation held in both
unvaccinated and vaccinated individuals infected with the Delta variant as demonstrated

in Fig B.2C. Additionally, the likelihood of being able to titer virus from a sample
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decreased as the Cr value increased. We were unable to titer virus from any samples with
a Ct > 26. Conversely, infectious virus was titerable from the majority (86.7% (65/75)) of
samples with Ct values < 20. However, in agreement with prior studies, we observed
variation at the patient level between the amount of RNA and the amount of infectious
virus present, suggesting that Ct is an imprecise measurement of infectious viral

Ioad 8,23,24

B.4.4 Viral titers do not change as a function of time since vaccination
To evaluate whether there exists a time-dependent effect of vaccination on

infectivity, we assessed direct viral titers as a function of time since vaccination (Fig
B.3A). No correlation was observed. We also compared the relationship between viral
titers and Cr values as a function of time since vaccination using a linear regression

model and observed no differences (Fig B.3B).

Lastly, separate linear regression lines were fit to cases occurring within 100 days
versus > 100 days post vaccination and revealed no difference in the relationship between

infectious viral titers and Ct values between these two groups.
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B.5 Discussion
In this study we assessed the impact of vaccination status on viral RNA levels (as

measured by RT-PCR) and quantitative viral titers in individuals infected with the Delta
variant of SARS-CoV-2. We found a negative correlation between C+ values and direct
viral titers obtained using a focus forming assay in individuals infected with the Delta
variant and were unable to titer virus from any samples with a Ct > 26, findings which
are in keeping with our earlier work.?® While this suggests that Ct values may serve as a
reasonable proxy for infectiousness at a population level, our data also revealed
significant individual variation in viral titer levels across Ct values and undetectable viral
titers in 13% (10/75) of individuals with a Ct < 20. The reason for this is unclear and
could be related to a combination of both biologic (differences in viral inoculum, time
since symptom onset, immune status of host, etc.) and preanalytical variables (time from
sample collection to accessioning, sample storage, etc.). Ke et al. (2022) also
demonstrated significant variability of viral dynamics among individuals, and therefore,
caution should still be used when making clinical decisions based on Ct values alone.?
While there is a large body of evidence indicating infectious virus is unlikely to be
cultured from samples with a Ct> 30, caution should also be used when inferring
infectivity of patients based on individual Ct values, particularly when complicating
factors such as immune-suppression or antiviral drugs (ie, nirmatrelvir-ritonavir) are

present.
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Importantly, we observed no difference in mean Ct value or direct viral titer
between vaccinated and unvaccinated groups and vaccination status did not impact the
relationship between Cr value and viral titers of individuals infected with the Delta
variant. Additionally, no difference in the proportion of individuals with undetectable
viral titers was observed between vaccinated and unvaccinated individuals, suggesting
that vaccination status alone does not impact the likelihood of viral recovery from a given
sample. Few studies have quantified SARS-CoV-2 infectious viral titers using a focus-
forming assay, and this study, to our knowledge, is only the second of its kind to compare
direct viral titers in unvaccinated and vaccinated individuals.®?* Similar to our study,
Puhach et al. (2022) evaluated infectious viral titers of NP swabs with RT-PCR Ct values
< 27 from unvaccinated and vaccinated individuals infected with the Delta variant.?* In
agreement with our results, they found that while more RNA broadly equated to more
infectious virus in both unvaccinated and vaccinated individuals, the correlation of this
trend was weak, with significant variation in the ratio of RNA to virus between
individuals.?* They also reported a 2.8 fold decrease in viral genome copies calculated
from C+ value RNA levels following vaccination; however, the clinical and
epidemiologic relevance of the reported difference is unclear.?* While we had anticipated
a potential differential impact of vaccination status on titers versus Ct values due to the
neutralizing capabilities of vaccine-induced antibodies, our findings suggests that receipt
of original SARS-CoV-2 vaccine formulations does not markedly decrease the potential

infectivity of an individual infected with the Delta variant. This is in contrast to earlier
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data that reported reductions in both C+ values and onward transmission of pre-Delta

12.13,15,19,21,22.26.27 \Wjith widespread circulation of the Delta

strains following vaccination.
variant in the summer of 2021, reports of similar Ct values in vaccinated and
unvaccinated cohorts began to emerge, raising concern regarding the impact of
vaccination on infectivity and transmission.®”1228 Reports of lower infectious viral titers
at similar Ct values and reductions in the duration of viral shedding in vaccinated
individuals provided some hope that vaccination was still capable of limiting widespread
community spread of the virus; however, additional epidemiologic studies ultimately
revealed similar secondary attacks rates in vaccinated and unvaccinated populations
infected with the Delta variant.?®-3? We believe that these data provide additional in vitro
evidence that the emergence of Delta and subsequent SARS-CoV-2 variants have
ameliorated the impact of vaccination on viral infectivity and subsequent community
transmission and supports the continued use of additional public health interventions to
mitigate viral transmission. Importantly, these data indicate a clear need for the

development of second-generation vaccines targeting mucosal immune responses to

reduce viral transmission.

Further, we did not observe any changes in Ct values or viral titers as a function
of time since vaccination suggesting that there is no waning effect of vaccination on
Delta transmission potential. This is in contrast to several other studies that have

demonstrated waning of vaccine-associated reductions in RNA viral load at six months

202



post vaccination.?’ It is possible that our study does not include the necessary post
vaccination time range to observe such changes (mean days since vaccination, 128.3
days) and that our sample size is too small to detect meaningful differences in the

relationship between Cr values and viral titers across our study population.

Our study has at least three notable limitations. First, we lacked some sample-
associated metadata, including time since symptom onset. Although we were able to
extract data from our institution’s electronic medical record, most individuals were tested
in the outpatient setting, and the test order did not include any details regarding the
presence, absence, or duration of symptoms. Therefore, we were unable to correlate our
data with days post onset of symptoms or control for differences in symptom status in
vaccinated versus unvaccinated patients. This may bias our results and should be
considered when interpreting these data. Singanayagam et al. (2022) demonstrated that
vaccinated individuals reach similar peak viral loads as unvaccinated individuals but have
a more rapid decline in viral load, which could have a significant impact on onward
transmission dynamics at the population level.?° Considering when in the disease course
testing is performed is therefore of critical interest. Additionally, it is possible that
differences in test-seeking behavior existed between groups such that unvaccinated
persons sought diagnostic testing sooner in their disease course thus skewing the data
towards higher viral loads in this group. Second, due to limited residual specimen

volume, we were unable to obtain Ct values using the Cobas platform on all specimens,
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which may have impacted the comparability of Ct values across our data set. Third, our
results are limited by a small sample size and an uneven distribution of specimens from
unvaccinated versus vaccinated individuals, with only 18.5% of cases occurring in
unvaccinated individuals. While this was not surprising considering that early vaccination
efforts resulted in Vermont being the first state in the United States to reach national
vaccination targets and vaccination rates continue to be amongst the highest in the
country, it limited the number of unvaccinated cases available for comparison and thus

constrained robust statistical comparisons between the groups.

Despite these limitations, this study contributes to a growing body of literature
examining the relationship between Ct values and viral infectivity as well as the impact
of vaccination on SARS-CoV-2 transmission potential. Since the time of this work the
Delta variant has been surpassed by other strains, most notably those of the Omicron
lineages, and viral evolution continues to impact the effect of currently available
vaccines. Caution however should continue to be used when using clinical testing data
(e.g. Cr values) to infer infectivity of individual patients, regardless of vaccination status
and viral strain. Continued generation of quantitative viral culture data is critical to
enhance our understanding of the impact of novel viral strains and vaccine formulations

on viral transmission potential and to inform effective public health interventions.
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B.10 Figures

Table B.1: Cohort Characteristics. The statistical tests for age in year (Unpaired t test, two-tailed) and sex
(Chi-square, two-sided) were performed in GraphPad (9.5.0). The statistical tests for RT-PCR Cr value
(Welch two sample t-test, two-tailed) and Viral Titer (Exact two sample Kolmogorov-Smirnov, two-sided)
were performed in R Studio (4.2.1). FFU stands for focus forming unit.

Unvaccinated Vaccinated

cinate p
SARS-CoV-2 SARS-CoV-2 Cases value

Cases
Number of specimens, n (%) 22 (18.5) 97 (81.5) -
Age in years, mean (range) 46.1 (20-73) 48.2 (18-95) 0.6408
Female sex, n (%) 11 (50) 55 (56.7)
0.5680
Male sex, n (%) 11(50) 42 (43.3)
RT-PCR Ct value, mean (range) 18 (12.4-26.9) 19.2 (13.1-28.4) 0.1321
. . 27266.3 (0-
Viral Titer (FFU/mL), mean (range) 23116.4 (0-255000) 1020000) 0.2602
Days since full vaccination, mean i 128.3 (37-210) i
(range)
Vaccine received
Viral Vector vaccine, n (%) - 11 (11.3) -
mRNA vaccine, n (%) - 86 (88.7) -
mRNA manufacturer
Moderna, n (%) - 21 (24.4) -
Pfizer/BionTech, n (%) - 65 (75.6) -
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Table B.2: Proportion of Samples from Unvaccinated Versus Vaccinated Individuals with Viral Titers
Below and Above the Limit of Detection. Detectable viral titers (FFU/mL) are greater than or equal to the
assay limit of detection (10 FFU/mL). FFU stands for focus forming unit.

Unvaccinated Vaccinated

Undetectable titer, n (%) 6 (27.3) 27 (27.8)
Detectable titer, n (%) 16 (72.7) 70 (72.2)
Total 22 (100) 97 (100)
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Respiratory specimens positive for SARS-CoV-2 by RT-PCR at UYMMC Clinical Laboratory
- With sufficient residual volume
- Collected between March 2020 — October 2021

(N = 4,066)

Samples selected for Retrospective Cohort Sub-Study
- Collected between 26 June 2021 — 17 October 2021
- Nasopharyngeal sample
- Patient > 18 years of age
- Vaccination data available
- Ctvalue <27

(N = 169)

Viral Titer by Focus Forming Assay
- Excluded samples with insufficient volume (N = 29)
- Excluded samples that did not meet manual review of inclusion criteria (N = 21)

(N = 119)

Samples originally run on Cobas 6800 (N = 57)
Samples re-run on Cobas 6800 (N = 31)
Samples with Non-Cobas Ct values reported (N = 31)
- GeneXpert (N =12)
- Panther Fusion (N = 8)
- ABI QuantStudio (N = 11)

Unvaccinated Fully Vaccinated
(N =22) (N=97)

Figure B.1: CONSORT Diagram. Flow chart of clinical specimens included for analysis.
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Figure B.2: Infectious Viral Titers and C r Values for Unvaccinated Versus Vaccinated Individuals
Infected with Delta Variant.

A) Viral RNA (Cr) versus vaccination status. Data are summarized by boxplots and overlaid with points
representing individual subjects. y axis is flipped for visualization as Ct values are inversely proportional to
the amount of viral RNA.

B) Viral titer (FFU/mL) by vaccination status. Data are summarized by boxplots and overlaid with points
representing individual subjects. Dashed line indicates the limit of detection for infectious titer (10
FFU/mL).

C) Viral RNA (Cr) on the x axis plotted against viral titer (FFU/mL) on the y axis. Separate linear
regression lines (? = B0 + B1 ¥ + €) were fit to unvaccinated and vaccinated individuals. Shading indicates
confidence interval (0.95) for each line.

(A-C) Red symbols and lines indicate unvaccinated individuals (N = 12), blue symbols and lines indicate
vaccinated individuals (N = 76). Thermocycler method is indicated by shape (Cobas circles, Non-Cobas
triangles). FFU stands for focus forming unit.
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Figure B.3: Infectious Viral Titers and Ct Values as a Function of Time Since Vaccination.

Clinical specimens from vaccinated individuals (N = 97) infected with SARS-CoV-2 Delta variant were
used to visualize the relationship between viral titer, viral RNA (C+), and time since full vaccination.

A) Days since fully vaccinated (=14 days since completion of a primary COVID-19 vaccine series) on the x
axis plotted against viral titer (FFU/mL) on the y axis.

B) Viral RNA (Cy) on the x axis plotted against viral titer (FFU/mL) on the y axis. Data point fill color
corresponds with days post vaccination. Samples were grouped by <100 days (purple) or >100 days (green)
post vaccination, and separate linear regression lines (ﬁ = B0 + B1 ¥ + €) were fit to each group. Shading
indicates confidence interval (0.95) for each line.

(A-B) Dashed line indicates the limit of detection for infectious titer (10 FFU/mL). FFU stands for focus
forming unit.
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