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CHAPTER I

BACKGROUND AND LITERATURE REVIEW

Introduction
From the smallpox and yellow fever epidemics of the 16th and 17th centuries to the latest Ebola
outbreak in 2019, infectious diseases have shaped human history. Currently, the World Health
Organization (WHO) classifies 19 diseases as pandemic, epidemic threats. Viruses cause 15 of
these diseases, demonstrating the risk they pose to human health. As people continue to increase
their global travel and expand into previously uninhabited rural areas, the list of viral diseases
threatening humans will likely grow as well (World Health Organization, 2018). Unfortunately,
the United States Food and Drug Administration (FDA) has approved direct-acting antivirals to
mitigate only one of the viral diseases of epidemic concern (De Clercq and Li, 2016a). In the
absence of direct-acting antivirals to treat these infections, public health workers have
implemented measures, such as surveillance and quarantine, to control the spread of these
diseases (House, 2005; Svoboda et al., 2004). However, these practices take a toll on workers
and are difficult to achieve in rural and low-income areas (Delamou et al., 2017). This is
especially evident in recent Ebola epidemics in Africa, where weak health infrastructure and
social instability have hampered control efforts. Thus, the growing magnitude and frequency of
these outbreaks has emphasized the urgency of developing therapeutics to combat emerging viral
diseases of international concern.
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This dissertation research is aimed at identifying and understanding direct-acting antiviral
compounds able to combat coronaviruses, a family of viruses that have emerged into human
hosts from animal reservoirs to cause severe and lethal disease twice in the last twenty years and
pose continuing threats for new zoonotic diseases.

Coronavirus disease and emergence
In late 2002, a man in the Guangdong province of China fell ill with an unknown ailment that
caused pneumonia-like symptoms. Within 9 months, the illness, named severe acute respiratory
syndrome (SARS), infected over 8,000 people in 29 countries and killed approximately 800
people (WHO) (Fig. 1A). A coronavirus (CoV), SARS-CoV, was ultimately identified as the
culprit of SARS disease (Ksiazek et al., 2003). However, with the lack of direct-acting antivirals
against this CoV, public health measures such as contact tracing and quarantine were crucial to
prevent further spread (James et al., 2006; Klinkenberg et al., 2006). These methods were
ultimately successful as the global epidemic was contained in July 2003, and the last case of
SARS was reported in 2004. Up until this point, only two human CoVs (HCoVs), HCoV-229E
and HCoV-OC43, had been identified, and they were known to cause mild to moderate
respiratory disease associated with the common cold (McIntosh et al., 1970). So, the SARS
epidemic served as the introduction to the pandemic potential and disease severity of CoVs.

However, SARS-CoV is not the only CoV that has caused global concern. In 2012, the first case
of Middle East respiratory syndrome coronavirus (MERS-CoV) was reported in Saudi Arabia
(Zaki et al., 2012). While MERS-CoV has not spread as rapidly as SARS-CoV, the virus has
infected over 2,000 people and killed over 800 people in 27 countries thus far, and MERS-CoV
2

continues to cause new cases in humans (Fig. 1B). MERS-CoV outbreaks have primarily been
localized to the Middle East, but large outbreaks have occurred outside of this region, including
in South Korea. While MERS-CoV outbreaks have not persisted in the human population at
detectable levels, new MERS-CoV cases continue to be reported. These new MERS-CoV cases
may represent continued introduction of MERS-CoV into human populations or that MERS-CoV
subsists in human populations sub-clinically (Alshukairi et al., 2018; Dudas et al.).

So, where did these viruses come from? The emergence of SARS-CoV into human populations
prompted a search for its origin and ultimately resulted in the discovery of two other human
CoVs, HCoV-NL63 and HCoV-HKU1 (van der Hoek et al., 2004; Woo et al., 2005). This search
also identified a proposed route of transmission into humans from a reservoir species, horseshoe
bats, through an intermediate host, palm civets (Li et al., 2006). The origins of MERS-CoV also
trace to bats, with dromedary camels serving as intermediate hosts (Anthony et al., 2017; Azhar
et al., 2014; Han et al., 2016). In fact, there is evidence that supports that all human CoVs have
zoonotic origins, and bat reservoirs are particularly common for these viruses (Anthony et al.,
2017; Drexler et al., 2014; Hu et al., 2015). Thus, the search for related CoVs that may emerge
into human populations has focused on bats, and multiple CoVs that have been identified in bats
are poised for human emergence (Ge et al., 2013; Menachery et al., 2015; 2016; Woo et al.,
2018). However, CoVs infect a wide range of species. CoVs such as infectious bronchitis virus,
transmissible gastroenteritis virus, and bovine CoV, have critical implications in agriculture, as
they infect livestock such as chickens, pigs and cattle (Cavanagh, 2007; Oma et al., 2016;
Paarlberg, 2014; Wang et al., 2019). CoVs also infect common household pets such as dogs,
cats, and rodents (Licitra et al., 2014; Monchatre-Leroy et al., 2017; Myrrha et al., 2011).
3

Importantly for this dissertation work, murine hepatitis virus (MHV) infects mice and serves as a
model virus invaluable in understanding CoV replication and biology (Lavi et al., 1987; Yount et
al., 2002). Interactions between humans and animals may represent an additional zoonotic
source, emphasizing the potential for CoVs to emerge by multiple routes.

In total, there are six CoVs currently known to infect humans. HCoVs-229E, OC43, HKU1,
NL63 are endemic within human populations; they primarily infect the upper respiratory tract
and typically cause mild to moderate respiratory symptoms (Gaunt et al., 2010; Pyrc et al., 2007;
Walsh et al., 2013; Zeng et al., 2018). SARS-CoV- and MERS-CoV-infected individuals
typically present with nonspecific respiratory symptoms of fever, chills, coughing, headache,
malaise, and myalgia, within 13 days of exposure (de Wit et al., 2016). Severe disease in SARS
and MERS likely results from direct virologic damage and subsequent immunopathology in the
lower respiratory tract. SARS-CoV and MERS-CoV replicate to high titers in respiratory
epithelial cells early during infection (Channappanavar et al., 2016; Oh et al., 2016). However,
delayed and overexuberant immune responses may impair viral clearance and lead to acute
respiratory distress syndrome (ARDS), the primary cause of death from severe CoV disease
(Channappanavar and Perlman, 2017; Gralinski and Baric, 2015; Peiris et al., 2003). Poor
disease outcomes in both SARS and MERS patients are associated with comorbidities, such as
advanced age, diabetes mellitus, hypertension, cancer, and co-infections (Alqahtani et al., 2019;
Chan et al., 2003; Moni and Pietro Liò, 2014; Yang et al., 2017).

Current standard of care and clinically available therapeutic options. When CoVs first
emerged to cause severe disease in 2002, initial efforts were focused on using currently available
4

drugs that would inhibit SARS. Thus far, repurposing existing therapeutics has had little clinical
benefit for treating either SARS or MERS patients (Arabi et al., 2019; Cheng et al., 2013;
Stockman et al., 2006). However, one clinical trial is currently ongoing in Saudi Arabia to treat
MERS-CoV infected patients with repurposed human immunodeficiency virus (HIV) protease
inhibitors lopinavir and ritonavir in a fixed combination (Kaletra) along with human type I
interferon (IFN) (And the MIRACLE trial group et al., 2018). Nevertheless, no specific antiviral
treatment regimen is approved or recommended for MERS-CoV patients currently.

Coronavirus taxonomy, genome organization, and replication
According to the International Committee on Taxonomy of Viruses, the family Coronaviridae
exists within the order Nidovirales. Coronaviridae is divided into the subfamilies
Orthocoronavirinae and Letovirinae. All of the viruses discussed in this dissertation are
classified within the Orthocoronavirinae subfamily and will be referred to as coronaviruses
(CoVs) throughout this text. The Orthocoronavirinae subfamily is further subdivided into four
genera: Alphacoronavirus, Betacoronavirus, Deltacoronavirus, and Gammacoronavirus. The
Betacoronavirus genus consists of four lineages: A-D (Woo et al., 2007). All identified HCoVs
fall within either the Alphacoronavirus (HCoV-229E, HCoV-NL63) and Betacoronavirus
(HCoV-HKU1, HCoV-OC43, SARS-CoV, MERS-CoV) genera. Both SARS- CoV and MERSCoV fall within the Betacoronavirus genus, though they are classified within distinct lineages, B
and C, respectively (de Groot et al., 2013; Lau et al., 2013). MHV is classified as a lineage A
Betacoronavirus, along with HCoV-OC43 and HCoV-HKU1, making it an excellent and
relevant model for study (Woo et al., 2009).
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Figure 1. Coronavirus disease and emergence.
(A) SARS-CoV emerged in human populations in 2002 as the causative agent of SARS. The virus
likely originated from bat reservoirs and was introduced into humans primarily from palm civets.
Overall, the virus spread to 32 countries and had a case fatality rate (CFR) of 10% based on confirmed
cases. (B) MERS-CoV emerged into humans in 2012 and is the causative agent of MERS. The virus
has origins in bats and camels and, since emerging into humans, has an approximatley 35% CFR
based on reported cases across 27 countries. Numbers are current as of July 31, 2019 (WHO).
Figure 1. Coronav irus dis eas e and emergence.
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CoVs are enveloped viruses with large RNA genomes. CoVs contain four main structural
proteins: spike (S), envelope (E), membrane (M), and nucleocapsid (N) (Fehr and Perlman,
2015) (Fig. 2A). A subset of b-CoVs encode a hemagglutinin esterase (HE) that is not essential
for replication but appears to be important for infection in the host (Kazi et al., 2005; Lissenberg
et al., 2005). The S, E, and M proteins are anchored in the membrane of the CoV virion (Bárcena
et al., 2009). These viral proteins perform several vital functions, including facilitating viral
entry into and release from the cell (Belouzard et al., 2012; Fehr and Perlman, 2015; Siu et al.,
2008). Inside the virion lies the viral genome. The CoV genome is a large single-stranded
positive-sense RNA, up to 36 kilobases (kb) in length, and the Nidovirales order contains the
largest known RNA genomes, up to 41.1 kb (Saberi et al., 2018). The nucleocapsid (N) binds the
viral genome, aiding in virion assembly (McBride et al., 2014). The genome itself mimics
cellular messenger RNAs, as it has a 5´ cap and 3 poly A tail (Lai and Stohlman, 1978; 1981; Lai
et al., 1982; Lomniczi, 1977; Macnaughton and Madge, 1978). These features allow the RNA to
be directly translated into protein by host cell ribosomes in the cytoplasm (Nakagawa et al.,
2016). CoV RNA is composed of multiple open reading frames (ORFs) (Perlman and Netland,
2009). The first ORF (ORF1ab) encompasses approximately two-thirds of the genome and
encodes 16 nonstructural proteins (nsps) involved in genome replication (Fehr and Perlman,
2015). This ORF is translated as two polyproteins (pp1a and pp1ab) where the second
polyprotein (pp1ab) is generated as the result of a -1 frameshift during translation due to an RNA
structural element (Baranov et al., 2005; Brierley et al., 1989). The last third of the genome
encodes a variable, virus-specific number of ORFs that encode viral structural and accessory
proteins that are translated from a nested set of subgenomic mRNAs (de Wit et al., 2016; Fehr
and Perlman, 2015; Masters, 2006; Perlman and Netland, 2009) (Fig. 2B).
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Figure 2. Coronavirus virion and genome organization.
(A) Schematic representation of a CoV virion. Four structural proteins: spike (S), envelope (E),
membrane (M) and nucleocapsid (N) are indicated in orange, yellow, red, and blue, respectively. (B)
Genome organization of murine hepatitis virus (MHV). The MHV genome is 31.4 kilobases in length.
The 5’ two-thirds of the genome encode 16 nonstructural proteins in ORF1ab. The last one-third of the
genome encodes structural and accessory proteins. The location of the structural proteins highlighted
in (A) are colored as above in the genome.
Figure 2. Coronav irus vir ion and genome or ganization
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CoV infection commences with the interaction between the viral S protein and its cognate host
receptor to facilitate cell entry. The host receptors for SARS-CoV, MERS-CoV, MHV are
angiotensin-converting enzyme 2 (ACE2), dipeptidyl peptidase 4 (DPP4), and
carcinoembryonic adhesion molecule 1a (CEACAM1a), respectively (Hirai et al., 2010; Li et al.,
2003; Raj et al., 2013). Upon entry into the cell by either direct fusion at the plasma membrane
or receptor-mediated endocytosis, the virion is uncoated to reveal the viral genome (Masters,
2006). Once uncoated, host ribosomes in the cytoplasm translate the genome, producing viral
polyproteins pp1a and pp1ab. Viral proteases encoded within nsp3 and nsp5 cleave the
polyproteins into individual components (Gorbalenya et al., 2000). These proteins then assemble
to form replication complexes. Data suggest that nsp3, nsp4, and nsp6 co-opt and reorganize host
membranes to form double membrane vesicles that serve as the site of viral genome replication
(Knoops et al., 2008). Several nsps likely cooperate to form the viral replication/transcription
complex (RTC) that performs genome replication (Smith et al., 2014; Subissi et al., 2014). The
viral RTC must synthesize a negative-sense RNA intermediate from the positive-strand genomic
template. This negative-strand RNA then serves as a template to generate positive-sense genome
RNA molecules (Sawicki et al., 2007). Subgenomic mRNAs are generated by the RTC through
transcription of negative-sense RNAs, which are products of discontinuous synthesis led by
recognition of short transcriptional regulatory sequences (TRSs) and serve to amplify structural
and accessory proteins (Sawicki and Sawicki, 1998) (Fig. 3). Ultimately, progeny virions
assemble on membranes that bud into the endoplasmic reticulum-Golgi intermediate
compartment (ERGIC) and are trafficked to the cell surface where they are released to infect
other cells (de Haan and Rottier, 2005; de Wit et al., 2016).
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While nearly all RNA viruses encode their own polymerase and many encode a helicase to
replicate their genomes (Lai, 2005), CoVs encode several nonstructural proteins within their
large RNA genomes that aid in replication and transcription of the viral genome. Based on
interactions between these proteins (Brunn et al., 2007; Smith et al., 2014; Subissi et al., 2014)
(Fig. 4), the CoV RTC is proposed to consist of the following: a viral processivity factor encoded
within nsp7 and nsp8 (Imbert et al., 2006; Kirchdoerfer and Ward, 2019; Subissi et al., 2014;
Velthuis et al., 2012; Zhai et al., 2005), a single stranded RNA binding protein encoded within
nsp9 (Egloff et al., 2004), the viral RNA-dependent RNA polymerase (RdRp) and nidovirusRdRp associated nucleotidyltransferase encoded within nsp12 (Cheng et al., 2005; Lehmann et
al.; Xu, 2003)

The central enzyme of the CoV RTC is the viral RdRp. This enzyme performs elongation, which
is comprised of NTP binding, active site closure, catalysis, and translocation that are proposed to
occur in six sequential steps (Shu and Gong, 2016). Several regions of the polymerase play a role
in this process. Their roles are discussed more below.

Across viral families, RdRps fold into a structure that resembles a cupped right hand composed
of fingers, thumb and palm domains (Ferrer-Orta et al., 2006; Ng et al., 2008) (Fig. 5).
Generally, the fingers domain is involved in template and nucleotide entry, the thumb domain
contacts exiting nascent RNA, and the palm domain contains the three catalytic residues
(Venkataraman et al., 2018; Velthuis, 2014). Despite little sequence conservation among RdRps,
they contain conserved motifs A-G (Bruenn, 2003; Venkataraman et al., 2018). Motifs A-E are
located within the palm domain, while Motifs F and G are located within the fingers domain
10

Figure 3. Coronavirus genome replication and subgenomic mRNA transcription.
The negative-sense RNA antigenome is synthesized by the coronavirus replication/transcription
complex (RTC) from a postive-sense RNA genome. This negative-sense RNA also serves as a
template for generating postivie-sense genome RNA during genome replication. Negative-sense
subgenomic RNAs are generated from positive-sense RNA through discontinuous transcription where
the RTC relocates between body transcriptional regulatory sequences (TRS) and the 5´ leader TRS.
These negative-sense subgenomic RNAs are transcribed to yield subgenomic mRNAs that aid in
amplifying structural and accesory protein production.
Figure 3. Coronav irus genome repl ication and s ubgenomic mRNA t rans cription.
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(Velthuis, 2014). Motif C is one of the most conserved and contains the xDD catalytic residues
important for metal ion coordination in catalysis (Arnold et al., 1999; Jablonski and Morrow,
1995; Ng et al., 2008; Poch et al., 1989). Motif A houses a less conserved DX2-4D catalytic motif
that, along with motif B, assists in substrate discrimination (Garriga et al., 2013; Gorbalenya et
al., 2002; Velthuis, 2014). Motif D is one of the most dynamic and is involved in several
functions, including nucleotide selection and conformational changes (Jácome et al., 2015).
Motif E aids in primer positioning. Motif F is involved in nucleotide selection, and motif G
interacts with the template and priming NTPs (Jácome et al., 2015). In general, these motifs
cooperate to facilitate genome replication by recognizing the nucleoside that correctly pairs with
the template strand and catalyzing its addition (Ng et al., 2008). Thus, residues throughout the
polymerase may influence the ability of the polymerase to select the correct nucleotide and play
a role in regulating replication fidelity and nucleotide selectivity (Campagnola et al., 2015;
Ferrer-Orta et al., 2007). Indeed, many studies in several viruses have identified polymerase
mutations that impact the fidelity of genome replication (Pfeiffer and Kirkegaard, 2003a; Smith
et al., 2014b). In CoVs, previous studies have modeled the CoV RdRp structure based on other
viral RdRps (Sexton et al., 2016; Xu, 2003), but several specific details of CoV RdRp catalysis
remain unclear (Ahn et al., 2012; Cheng et al., 2005; Subissi et al., 2014; Velthuis et al., 2009).
The SARS-CoV polymerase structure has recently been reported in complex with nsp7 and nsp8
and will aid in further understanding details of the CoV RdRp (Kirchdoerfer and Ward, 2019).

While fidelity of genome replication in other RNA viruses has been primarily associated with
how faithfully the RdRp copies the viral genome, CoVs encode additional fidelity regulators.
Several studies have implicated the 3´-5´ exoribonuclease (ExoN) as a proofreading enzyme
12

Figure 4. Model of the coronavirus Replication/Transcription Complex (RTC).
CoVs encode multiple replicase proteins that likely assemble into a larger Replication/Transcription
Complex (RTC). Based on biochemical and genetic studies, the core of this complex is proposed to
include the RNA-dependent RNA polymerase (RdRp) in nsp12, the helicase and NTPase in nsp13,
and the processivity factors in nsp7 and nsp8. Additional functionalities of the RTC include the single
stranded binding protein in nsp9, which has been shown to interact with nsp8, and the nidovirus
RdRp-associated nucleotidytransferase in nsp12 . In addition to the RdRp in nsp12, fidelity regulation
is achieved by the nsp14 3´-5´ exoribonuclease in conjunction with its nonenzymatic cofactor nsp10,
likely through direct interactions. However, nsp10 may also bind the 2´-O-methyltransferase in nsp16
that, along with the N7-methyltransferase in nsp14, is involved in capping. The culmination of these
interactions may ultimately affect the composition of the RTC. This figure is reproduced from Sexton,
2017, with permission.
Figure 4. M odel of the coronavi rus Replication/T rans cription Comp lex (RTC)
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during RNA synthesis (Eckerle et al., 2007; 2010; Ferron et al., 2017; Minskaia et al., 2006;
Sexton et al., 2016; Smith et al., 2013). In addition, the non-enzymatic co-factor nsp10 also
modulates fidelity, likely through interactions with nsp14 (Smith et al., 2015). Thus, given the
direct interactions of the RdRp with nsp7, 8, and 13 as well as their importance for catalysis in
vitro (Subissi et al., 2014), it is plausible that several members of the RTC work together to
regulate viral replication fidelity (Graepel et al., 2017; Sexton et al., 2016) (Fig. 4). Indeed, the
helicase acts as a fidelity regulator in alphaviruses (Stapleford et al., 2015), further supporting
the hypothesis that CoV fidelity modulation may be regulated by additional RTC proteins.

Coronavirus antiviral strategies
Currently, there are no drugs approved to treat CoV infections, but several antiviral targets have
been identified within the CoV replication cycle (Fig. 6). Given that CoVs continue to circulate
in several animal populations and that they have a demonstrated ability to transcend species
barriers into humans (Peck et al., 2015), it is important to identify strategies that will aid in
combating any CoV that may emerge. The best approach to broadly inhibit CoVs would be to
develop antivirals that are targeted toward processes that are both conserved and essential during
viral replication. Some of the CoV antiviral targets under investigation have been chosen based
on their success in treating other viral infections; however, some targets are unique to the large
CoV genome. As such, CoV antivirals may be repurposed previously identified compounds or
newly identified and developed compounds. Combining multiple antiviral approaches and targets
may also be necessary to prevent emergence of viruses that are resistant to specific antiviral
treatments or approaches (Pirrone et al., 2011). While active vaccination remains an important
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Figure 5. Viral RNA-dependent RNA polymerases (RdRps) are highly structurally conserved.
Structures of the RdRps from (A) foot and mouth disease virus, (B) poliovirus, (C) human rhinovirus
16, (D) rabbit hemorrhagic disease virus, (E) Norwalk Virus, (F) hepatitis C virus (HCV), (G) Bovine
viral diarrhea virus, (H) bacteriophage ϕ6, and (I) reovirus λ3. Each of these RdRps show a high
degree of structural conservation and fold into a conserved structure resembling a cupped right hand
with fingers, palm, and thumb domains. These domains are shown in blue, green, and red,
respectively. This figure is reproduced from (Ferrer-Orta et al., 2006), with permission.
Figure 5. Vi ral RNA-dependent RNA poly meras es (RdRps ) are highly s tructural ly cons erved
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preventative strategy to combat CoV infection, this section focuses on some of the antiviral
strategies proposed to treat CoV infections and outlines their utility in pan-CoV inhibition.

Host targets. One pan-CoV antiviral strategy is to inhibit cellular processes that CoVs use
during replication. Since this strategy would target the host and does not target the virus directly,
viral mutations that mediate drug resistance are less likely to emerge. However, this antiviral
strategy also requires, regardless of the host target, extensive safety tests.

Because both SARS and MERS disease severity are partly mediated by immunopathology,
several host-centric antiviral strategies revolve around modulating the host immune response.
Several studies have focused on the antiviral activity of IFN, an immunomodulatory molecule
that serves as the first line of defense against invading pathogens (Fensterl and Sen, 2009). These
molecules act by inducing proteins that interfere and restrict viral replication and spread (Stark et
al., 1998). Several recombinant IFNs have been approved to treat various viral infections (Lin
and Young, 2014). These IFNs have also demonstrated antiviral activity against CoVs,
suggesting their utility as CoV therapeutics (Cinatl et al., 2003; Falzarano et al., 2013; Haagmans
et al.; Hart et al., 2014; Tan et al., 2004). Clinically, IFNs have been used to treat SARS and
MERS patients with limited effectiveness, potentially due to late administration (Stockman et al.,
2006; Totura and Bavari, 2019). However, other potentially immunomodulatory compounds
such as cyclosporin A (CsA) also inhibit CoVs, and showed positive combinatorial effects when
combined with IFN (de Wilde et al., 2011; Li et al., 2018). Immunomodulatory agents are not
without risk, as corticosteroids were used to treat SARS and MERS patients with little benefit
and possible deleterious effects. However, they remain an appealing antiviral strategy for CoVs,
16

Subgenomic (-)RNAs

Subgenomic (+)mRNAs

Figure 6. Many processes within the coronavirus replication cycle may be targeted for antiviral
development.
CoV spike proteins recognize the host receptor to facilitate viral entry. The virion is uncoated in the
cytoplasm and the released genomic RNA is translated by host ribosomes. The resulting polypeptides
are cleaved by viral proteases into individual nonstructural proteins (nsps). The nsps assemble to form
the RTC, which replicates genomic RNA and transcribes subgenomic mRNAs (sgmRNAs) on virusinduced double-membrane vesicles. CoV structural proteins are translated from these sgmRNAs.
Structural proteins and genomic RNA assemble into full virions in the endoplasmic reticulum golgiintermediate complex (ERGIC). Ultimately, the resulting progeny virions are trafficked and released
by non-lytic exocytic pathways. Some of the CoV antiviral targets discussed here are outlined in red.
Antiviral targets discussed here that have been successful for other viruses but are not discussed for
CoVs are outlined in green. This figure is adapted from (de Wit et al., 2016), with permission.
Figure 6. M any proces s es within the coronavi rus replication cycle may be ta rgeted fo r antiviral development
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considering the immunologically driven pathophysiology of severe SARS- and MERS-CoV
infections.

CoVs rely on multiple host factors during viral replication (de Wilde et al., 2017; Lim et al.,
2016). Rational antiviral design against host factors have focused primarily on proteases like
TMPRSS2 that assist with viral entry, but, due to the variability of proteases used by individual
CoVs, this strategy may require a cocktail of inhibitors for pan-CoV inhibition (Simmons et al.,
2005; Totura and Bavari, 2019; Zhou et al., 2016). Some reports have suggested that exocytic
pathways could be inhibited to block viral release, but few studies have extensively investigated
this proposition (Holmes, 2003). Additional studies have screened approved drugs in hopes of
repurposing them as CoV antivirals and have identified compounds that may target host proteins
and processes essential for viral replication (Coleman et al., 2016; de Wilde et al., 2014; Dyall et
al., 2014; Frieman et al., 2011; Müller et al., 2018). Overall, further studies are warranted to
better investigate the use of host-targeted strategies for developing pan-CoV antivirals.

CoV structural protein targets. Structural proteins perform essential functions during viral
replication. They are the structural components of the virion and their interactions with host
proteins ultimately facilitate entry into the cell. While these proteins make excellent antiviral
targets, they are generally not well conserved across CoVs, complicating pan-CoV antiviral
strategies directed at these proteins.

The clinical success of monoclonal antibodies (mAbs) for treatment of both viral and non-viral
diseases (Singh et al., 2018) has fueled interest in their utility as an antiviral strategy for CoVs.
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Neutralizing mAbs that inhibit viral infections principally target viral surface proteins to block
infection (Crowe, 2017). In CoVs, neutralizing mAbs can be targeted toward multiple different
regions of the CoV S glycoprotein to prevent viral infection (Du et al., 2017; Pallesen et al.,
2017; Wang et al., 2018). These mAbs may be derived from multiple sources, including human
survivors of infection or experimentally infected animals (Han et al., 2018; Wang et al., 2018;
2015a). Several groups have identified mAbs that inhibit SARS-CoV or MERS-CoV and
ameliorate disease in vivo (Houser et al., 2016; Johnson et al., 2016; Pascal et al., 2015; Zhu et
al., 2007). Some of these mAbs targeting MERS-CoV, REGN3048 and REGN3051, have
completed Phase I clinical trials, further emphasizing their potential as CoV therapeutics
(NCT03301090). However, S is less than 50% conserved across CoVs (Sheahan et al., 2017;
Stadler et al., 2003), and mAbs are generally not cross-reactive across CoVs (Agnihothram et al.,
2014), complicating mAbs as a pan-CoV antiviral strategy.

While small molecule inhibitors of E protein ion channels have been identified (Wilson et al.,
2006), antiviral development targeting structural proteins has primarily focused on inhibiting
viral entry and fusion by S protein (Xia et al., 2014; Zumla et al., 2016). Small molecule,
peptide, and RNA-based inhibitors have been identified and proposed to block various stages of
viral entry and fusion (Adedeji and Sarafianos, 2014; Liang et al., 2018; Zumla et al., 2016).
Some of the antivirals under development aim to target entry and fusion in CoVs in a similar
manner as therapeutics that have been successful for other viral infections, particularly HIV (Gao
et al., 2013; Kilby et al., 1998; Lu et al., 2014), and some even have broad- spectrum antiviral
activity (Xia et al., 2019; Zhao et al., 2016). Viral entry and fusion facilitated by structural
proteins are essential processes in viral replication and highly desirable antiviral targets.
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However, as has been mentioned previously, the entry and fusion mechanisms vary across CoVs,
which can complicate this strategy for pan-CoV antiviral discovery and development.

CoV nonstructural protein targets. Several nonstructural proteins are indispensable for viral
replication. Further, this region of the genome shares the most sequence identity across distantly
related CoVs (Sheahan et al., 2017; Stadler et al., 2003), making several nonstructural proteins
excellent targets for pan-CoV antiviral development.

The CoV polyproteins are cleaved into individual proteins at conserved sites primarily by the
3C-like protease (3CLpro) in nsp5 with additional cleavage performed by the papain-like
protease(s) (PLpro) in nsp3 in some CoVs (Gorbalenya et al., 2000; Perlman and Netland, 2009).
Given the essential role of proteases in viral protein processing, several studies have reported
compounds to inhibit these targets. The activity of some protease inhibitors, such as the
repurposed alcohol aversion therapy drug disulfiram, only have demonstrated activity against
PLpro (Lin et al., 2018), while compounds, such as polyphenols, inhibit both PLpro and 3CLpro
(Park et al., 2017). However, most antiviral development for CoV proteases has remained
focused on 3CLpro. Small molecules such as GC376 and N3 potently inhibit across CoVs (Kim
et al., 2016; 2012; Yang et al., 2005). The development of these and other inhibitors have
benefited from the solved 3CLpro structure, and some studies have even rationally designed
inhibitors using docking studies (Galasiti Kankanamalage et al., 2018; Niu et al., 2008; Xue et
al., 2008; Yang et al., 2005). Complementary efforts have focused on repurposing existing
compounds as CoV protease inhibitors. The combination of lopinavir and ritonavir was first
developed to inhibit HIV, but further testing has demonstrated its antiviral activity in CoVs
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targeting 3CLpro both in vitro and in vivo (Wu et al., 2004). Other compounds that may be
repurposed to inhibit 3CLpro include neuraminidase and enterovirus peptidomimetic 3Cpro
inhibitors (Kumar et al., 2017; 2016). Overall, several 3CLpro inhibitors displayed broadspectrum inhibition of CoV activity, making them important leads for pan-CoV antivirals.

The cap structure of the viral RNA helps prevent the virus from being recognized by innate
immune sensors and is important for viral genome translation (Ramanathan et al., 2016). These
features make targeting enzymes involved in viral capping an exciting antiviral target (Ferron et
al., 2012). CoVs encode multiple proteins that play a role in capping the viral genome that could
be targeted, such as the N7-methyltransferase in nsp14, the 2´-O-methyltransferase in nsp16, and
the nonenzymatic cofactor in nsp10 that interacts with both of these proteins (Chen and Guo,
2016). Initial studies have reported inhibitors that target capping in CoVs (Sun et al., 2014;
Wang et al., 2015), though specificity for viral targets over host molecules remain a concern for
these inhibitors (Aouadi et al., 2017). Future studies are warranted to further investigate this
potential pan-CoV antiviral strategy.

CoVs reorganize membranes to replicate their genomes. Targeting these proteins may represent
an additional anti-CoV strategy. Indeed, K22 is a broad-spectrum CoV inhibitor that acts by
disrupting membrane-bound viral RNA synthesis (Lundin et al., 2014) and warrants further
exploration.

CoVs encode a nidoviral uridylate-specific endoribonuclease (NendoU) in nsp15 (Ivanov et al.,
2004a). This protein is a unique and identifying feature of the Nidovirales order (Fehr and
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Perlman, 2015; Snijder et al., 2003), making it a target that could specifically target these
viruses. Recent studies have demonstrated the importance of NendoU in innate immune evasion
during viral replication (Deng et al., 2017). Previous reports have recognized the potential to
develop antivirals against this target in CoVs (Xu et al., 2006), but identification of inhibitors
have focused on the structural similarity of NendoU to ribonuclease A (RNase A)
(Treatment2010). Future studies may focus on novel CoV NendoU inhibitors or further
repurposing inhibitors of RNase A or cellular endoribonucleases based on structural similarities
(Deng and Baker, 2018; Ragno et al., 2011), though careful safety studies are a priority with
these approaches.

The proofreading 3´-5´ exoribonuclease activity is another unique functionality of CoVs that
could be targeted for antiviral development. Outside of the Nidovirales order, the only other
RNA virus family to encode a 3´-5´ exoribonuclease (ExoN) is arenaviruses (Qi et al., 2010).
While both the CoV and arenavirus ExoN play a role in the innate immune response (Case et al.,
2016; Qi et al., 2010), the CoV ExoN also has demonstrated proofreading activity (Ferron et al.,
2017; Minskaia et al., 2006; Smith et al., 2013). No CoV ExoN inhibitors have been identified,
but ATA and PV6R have demonstrated biochemical antiviral activity against the arenavirus
ExoN (Huang et al., 2016). These compounds present the opportunity to inhibit a signature factor
of CoV replication. Future studies would be necessary to assess the ability of these compounds to
inhibit CoVs as well as their toxicity.

Another antiviral target within the CoV RTC is the helicase and NTPase activity within nsp13.
Along with nsp12, nsp13 shows the most sequence conservation across CoVs (Stadler et al.,
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2003), making it a desirable target for development of pan-CoV antivirals. This protein uses the
energy of nucleoside triphosphate (NTP) hydrolysis to separate double-stranded nucleic acid to
facilitate viral replication (Adedeji and Lazarus, 2016; Ivanov et al., 2004b; Tanner et al., 2003;
Adedeji 2004). Some compounds, such as myricetin and scutellarein, selectively inhibit the
NTPase activity of nsp13 (Yu et al., 2012), whereas compounds such as aryl diketoacids and
SSYA10-001 and its derivatives, selectively inhibit the unwinding activity (Adedeji et al., 2012;
Lee et al., 2009). Further, some compounds, such as bananin, 5-hydroxychromone and their
derivatives were shown to inhibit both the NTPase and unwinding activities of SARS-CoV
nsp13 (Kim et al., 2011; Tanner et al., 2005). SSYA10-001 has demonstrated broad-spectrum
CoV activity (Adedeji et al., 2014), further emphasizing nsp13 as a pan-CoV antiviral target.
However, the major hurdle to nsp13 inhibitors is specificity for viral targets due to the large
number of cellular helicases that could be affected to consequently result in drug-related toxicity
(Adedeji and Sarafianos, 2014).

Given the critical role of polymerases in viral genome replication, they are attractive targets for
antiviral development. The CoV polymerase is an obvious pan-CoV antiviral target because the
amino acid sequence identity is approximately 70% conserved across divergent CoVs (Sheahan
et al., 2017). Polymerase inhibitors are classified in two major categories: nucleoside and nonnucleoside inhibitors. Nucleoside inhibitors directly compete for the polymerase active site with
natural nucleosides for incorporation into viral genomes (Sofia et al., 2012). Non-nucleoside
inhibitors inhibit polymerases, but are not competitive inhibitors as they often inhibit a site
distinct from the catalytic domain of the polymerase (Wang et al., 2003). Prior to this
dissertation work, CoV polymerase inhibitors had not been investigated in depth.
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Clinically approved direct-acting antivirals
Given all of the targets and strategies for discovering and developing CoV antivirals discussed
above, it is important to understand antiviral strategies that have been successful for other viral
infections. Learning from these successes can help inform design of CoV antivirals.

The first direct-acting antiviral compound, idoxuridine, was approved by the FDA to treat herpes
simplex virus (HSV) in 1963 (De Clercq and Li, 2016a). Now, more than 100 antiviral regimens
have been formally approved in the United States to treat human viral infections. Direct-acting
antivirals have been approved against DNA viruses, RNA viruses, and retroviruses (De Clercq
and Li, 2016a), and some compounds have been approved to treat multiple viral infections. The
following is an overview of approved direct-acting antiviral drugs.

Human Immunodeficiency Virus. HIV is the causative agent of acquired immune deficiency
syndrome (AIDS) and was first discovered in 1983 (Gallo and Montagnier, 2003). HIV is a
retrovirus, an RNA virus that replicates through a DNA intermediate that inserts into the host
genome (Baron and Cloyd, 1996). HIV is a chronic disease, and HIV therapeutics focus on
controlling infection and preventing progression to AIDS (Deeks et al., 2013; Detels et al.,
1998). Compounds approved to treat HIV target many aspects of viral replication and fall into
these main categories: nucleoside reverse transcriptase inhibitors (NRTIs), non-nucleoside
reverse transcriptase inhibitors (NNRTIs), protease inhibitors (PIs), integrase strand transfer
inhibitors (ISTIs), and entry inhibitors (EIs) (De Clercq and Li, 2016a).
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The first HIV inhibitor, azidothymidine (AZT) was approved in 1987 (Fischl et al., 1987). This
compound is classified as an NRTI, a group of compounds that target the viral reverse
transcriptase by mimicking nucleosides that that viral polymerase would typically recognize.
Drug resistance to AZT quickly emerged after treatment began with this compound, suggesting a
low barrier to resistance and demonstrating the need for additional HIV antivirals (Larder et al.,
1989; Rooke et al., 1989; Wainberg et al., 1991). Further investigation identified multiple
distinct NRTI inhibitors that have been approved in the United States (Cihlar and Ray, 2010).
However, other classes of compounds target the virus differently and have also been essential in
the fight against HIV. NNRTIs also inhibit reverse transcriptase, but their chemical structure is
different, allowing them to inhibit at a site distinct from the active site (de Béthune, 2010). PIs
inhibit the viral protease, and ISTIs inhibit HIV integration into the host genome (Hazuda et al.,
2000; Lv et al., 2015). EIs may inhibit viral entry into host cells by targeting multiple steps,
including interactions of HIV envelope protein gp120 with the CD4 T cell receptor or
CCR5/CXCR4 co-receptors (Kuritzkes, 2009; Qian et al., 2009). Due to the large number of HIV
inhibitors now available and the likelihood of resistance development to a single therapeutic,
HIV drugs are now primarily administered in combination as highly active antiretroviral therapy
(HAART), though NRTIs still serve as a backbone in several of these combinations (Dybul et al.,
2002; Pau and George, 2014). When used properly, HAART controls infection and opposes
progression to AIDS, though none of these approved drugs cure HIV-infected patients (Detels et
al., 1998; Sankaranantham, 2019).

Hepatitis C Virus. Hepatitis C virus (HCV) was first discovered in 1989 as a causative agent of
hepatitis (Choo et al., 1989). HCV is a positive-sense RNA virus (Chevaliez et al.). There are
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eight distinct genotypes and several subtypes of HCV (Borgia et al.; Smith et al., 2014a), with
genotype 1 being the most common around the world (Messina et al., 2015).In the absence of
direct-acting antivirals, the standard of care for HCV patients included ribavirin (RBV) and
interferon (IFN). However, patients experienced severe side effects from these treatments and the
cure rates on these regimens peaked at 80% only for specific genotypes after 24-48 weeks
(Antaki et al., 2010; Fried et al., 2002), underscoring the importance of continued drug
development. Protease inhibitors boceprevir (BOC) and telaprevir (TVR) were among the first
direct-acting antivirals approved to treat HCV in combination with RBV and IFN. As more
direct-acting antivirals were developed, the FDA ultimately approved the first treatment regimen
that did not require RBV or IFN. Common combination regimens included the modified uridine
prodrug sofosbuvir and the protease inhibitor ledipasvir (De Clercq and Li, 2016a). Overall,
several treatment regimens are now approved to treat HCV infection, though they are still largely
genotype specific (Burstow et al., 2017). The cure rate for HCV with the direct-acting antivirals
is now approximately 95% within 12 weeks of starting the treatment (Dahiya et al.).

Hepatitis B Virus. Hepatitis B virus (HBV) is a DNA virus that was first discovered in 1963 and
is one of the causative viral agents of hepatitis (Blumberg, 1997). While HBV and HCV are
members of different virus families, they cause similar clinical symptoms and may lead to
hepatocellular carcinoma (Bartosch, 2010). HBV can cause acute or chronic disease (Liang et al.,
2018). While antiviral treatment is typically not indicated for treatment of acute disease caused
by HBV (Terrault et al., 2018), all direct-acting antiviral agents for chronic HBV can be
classified as nucleoside analogues (De Clercq et al., 2010). The first direct-acting antiviral
approved to treat HBV was lamivudine (3TC), a cytidine analogue, that also inhibits HIV (De
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Clercq and Li, 2016a). This compound is rarely used alone now because of the high occurrence
of resistance (Thompson et al., 2007). Other antivirals approved to treat chronic HBV infection
include tenofovir, adefovir, entecavir, and telbivudine (De Clercq and Li, 2016a). Tenofovir and
adefovir are acyclic adenine analogues, where entecavir and telbivudine are deoxyguanosine and
deoxythymidine analogues, respectively. Unlike the HCV treatments discussed above, HBV
antivirals are not cures; they merely suppress viral replication (Tang et al., 2014). Because of the
nature of transmission of HIV, HCV, HBV, and some herpes viruses, several individuals are coinfected with combinations of these viruses (Soriano et al., 2010), making therapeutics that can
inhibit across these viral infections highly appealing.

Herpesviruses. Herpesviruses are DNA viruses that can cause a wide range of clinical
symptoms. One characteristic feature of these infections is that they can latently infect a person
for life and reactivate to cause disease (Grinde, 2013). Of the more than 100 known
herpesviruses, eight infect humans (Baron and Whitley, 1996). The FDA has approved antivirals
to treat three of the viruses within the Herpesviridae family: human cytomegalovirus (CMV),
varicella zoster virus (VZV), and herpes simplex virus (HSV). Many of the herpesvirus
therapeutics are approved to treat more than one of the infections listed above (De Clercq and Li,
2016a). This is unsurprising, as many of these antivirals target aspects of viral replication
conserved across the virus family. Most of the direct acting antivirals that combat herpesvirus
infection target the polymerase (De Clercq, 2014). Many of the polymerase inhibitors can be
classified as nucleoside analogues, though structurally these may take many forms (Vere Hodge
and Field, 2013). For example, nucleosides such as acyclovir require activation by the viral
thymidine kinase, aiding in their specificity for herpesviruses (Elion, 1982).
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Respiratory Syncytial Virus. Respiratory syncytial virus (RSV) is an RNA virus that causes
respiratory disease, and these infections can be particularly serious for infants and older adults
(Collins et al., 2013). Each year, RSV infection leads to approximately 3 million hospitalizations
and 60,000 deaths in children less than 5 years old (Shi et al., 2017). Currently, mAb therapies,
such as palivizumab, are approved, though this is only indicated as an immunoprophylaxis for
high risk children and does not provide benefit when administered after infection (Alansari et al.,
2019; American Academy of Pediatrics Committee on Infectious Diseases American Academy
of Pediatrics Bronchiolitis Guidelines Committee, 2014). Several studies have identified RSV
inhibitors, and multiple clinical trials are underway to assess RSV treatment options (Xing and
Proesmans, 2019).

Influenza Virus. Evidence of influenza outbreaks stretch back to as early as the 12th century
(Hirsch, 1883). Influenza is also the culprit of the large pandemic that occurred in 1918-1919
that killed an estimated 21-50 million people worldwide (Johnson and Mueller, 2002). Influenza
virus is a segmented RNA virus that typically causes acute respiratory disease outbreaks each
year during the winter months (Finkelman et al., 2007; Moghadami, 2017). These outbreaks lead
to as many as 650,000 deaths per year worldwide (Iuliano et al., 2018). There are currently six
antivirals approved to treat influenza infections in the United States, but additional antiviral
drugs have been approved in Japan (Centers for Disease Control and Prevention (CDC), 2019;
De Clercq and Li, 2016a; Principi et al., 2019). Influenza inhibitors are grouped into four classes:
neuraminidase inhibitors, endonuclease inhibitors, matrix 2 protein inhibitors, and polymerase
inhibitors (Centers for Disease Control and Prevention (CDC), 2019). The neuraminidase
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inhibitors target viral release from host cells and are the most common flu drugs (Moscona,
2005). While antivirals targeted against the influenza matrix 2 protein, which is involved in viral
entry, have been approved, they are not currently recommended to treat patients because
resistance widely circulates (Cady et al., 2009; Centers for Disease Control and Prevention
(CDC), 2019). One endonuclease inhibitor was approved in 2018, making it the only
recommended influenza drug approved in the US that does not target neuraminidase
(Dziewiatkowski et al., 2019; Hayden et al., 2018; Jones et al., 2016). Favipiravir, a nucleobase
that inhibits the viral RNA polymerase, is approved in Japan and inhibits influenza A and B
strains even if they are resistant to other classes of inhibitors (Furuta et al., 2017).

Nucleoside analogue antivirals
As discussed above, targeting viral genome replication through use of nucleoside analogues has
been a successful antiviral strategy for nearly all viral infections with approved therapeutics.
Nucleoside analogues have also been explored as anti-cancer agents (Galmarini et al., 2002).
Given the clinical success of these compounds and the sequence conservation of the CoV
polymerase, this dissertation research focuses on nucleoside analogues as pan-CoV antivirals.

The five most common nucleosides found in nature are adenosine (A), guanosine (G), cytidine
(C), thymidine (T), and uridine (U), and the ribonucleosides A, G, C, and U are the building
blocks of RNA (Fig. 7). A and G are purines, while C and U are pyrimidines. These nucleosides
consist of a sugar moiety of either ribose (RNA) or deoxyribose (DNA) and a nucleobase; they
are considered nucleotides when they contain a phosphate group at the 5´ position. Nucleoside
analogues refer to structurally modified versions of traditional, naturally occuring purine and
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pyrimidine nucleosides. Chemically, they take many forms. Modifications may be made at
multiple positions on the sugar scaffold or the nucleobase (Seley-Radtke and Yates, 2018) (Fig.
7). When used as therapeutics, nucleoside analogues aim to mimic naturally occurring
nucleosides to inhibit enzymatic processes. Since polymerases recognize NTPs as substrates
(Choi, 2012), nucleoside analogues often need to be metabolized into triphosphates after entry
into the cell to exert their antiviral activity (Eyer et al., 2017).

Prior to this dissertation work, some studies had reported the inability of previously identified
ribonucleoside and base analogues, such as RBV, to potently inhibit CoVs (Centers for Disease
Control and Prevention (CDC), 2003; Ströher et al., 2004), and this inactivity has been attributed
to the proofreading capacity of ExoN (Ferron et al., 2017; Smith et al., 2013). However, some
nucleoside analogues, such as 6-azauridine, β-D-N4-hydroxycytidine, and mizoribine, have been
reported to inhibit CoVs (Pyrc et al., 2006; Saijo et al., 2005). During the course of this
dissertation work, galidesivir (BCX4430), remdesivir (GS-5734), fleximer nucleosides, and
gemcitabine hydrochloride have also shown efficacy against CoVs (Dyall et al., 2014; Peters et
al., 2015; Pruijssers and Denison, 2019; Warren et al., 2016; 2015), though the inhibition of
CoVs by many of these nucleoside analogues has not been explored in depth.

Nucleoside analogues may have multiple mechanisms of action that can work independently or
together to inhibit a particular virus. Among the most common mechanisms are chain
termination and mutagenesis. Regardless of mechanism of inhibition, viruses must select for
mutations that enhance fitness in the presence of the inhibitor to survive. These resistance
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Figure 7. Chemical structure of the most common natural nucleosides.
(A) Cytidine is a pyrimidine nucleoside. (B) The pyrimidine ribonucleoside uridine has a 2´ OH group
on the sugar moiety. (C) Thymidine, a pyrimidine deoxyribonucleoside, lacks a 2´ OH group. The
purine nucleosides (D) adenosine and (E) guanosine. Numbers in green and blue represent the
positions on the sugar and nucleobase moieties, respectively.
Figure 7. Chemical s tructu re of the mos t common natu ral nucleos ides
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mutations can enhance our understanding of the interactions necessary for inhibition by these
compounds that can ultimately help guide future drug discovery and design while maintaining
the potential to reveal important aspects of viral biology and genome replication. Thus, some of
the mechanisms of inhibition and resistance to these compounds are explored more below.

Chain termination. Chain termination is a common mechanism of action amongst approved
nucleoside analogue antivirals, and it is typically achieved following analogue incorporation by
the viral polymerase and cessation of strand elongation (Fig. 8A). Nucleoside analogues that act
by chain termination may be classified as obligate or non-obligate (Eltahla et al., 2015). This
designation is determined by the absence or presence of the 3´ OH on the nucleoside,
respectively, and thus refers to the necessity of termination based on the ability to add an
additional nucleoside after incorporation (De Clercq and Neyts, 2009). Many nucleosides
terminate nucleic acid synthesis on the primary strand. However, others may inhibit second
strand synthesis; that is, they have an effect once the strand containing the compound serves as
the template (Deval, 2009). Little has been directly shown about the precise reasons for nonobligate chain termination. Some studies, particularly with compounds modified at the 2´ OH
position, have attributed chain termination to a potential steric clash with the incoming NTP (Ma
et al., 2007; Vernekar et al., 2014; De Clercq, 2007). Viral resistance to these compounds has
primarily been reported in the active site of the polymerase (Eyer et al., 2018; Migliaccio et al.,
2003), suggesting that these resistance mutations may alter the polymerase active site to better
discriminate against the nucleoside analogue. Despite the chain termination mechanism of
herpesvirus inhibitors, these compounds often select for resistance in the viral thymidine kinase
required to metabolize them to nucleotides (Frobert et al., 2005; Piret and Boivin, 2011).
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Lethal mutagenesis. Viral polymerases erroneously incorporate nucleosides during
polymerization providing a genetic platform for viral adaptation in various environments
(Domingo et al., 2012; Holland et al., 1982). However, there is a limit to the number of
mutations that genomes can tolerate while maintaining function, and this mutation rate limit is
referred to as the error threshold (Tejero et al., 2016). Since viruses naturally replicate near this
error threshold (Lauring and Andino, 2010), nucleoside analogues that inhibit by lethal
mutagenesis take advantage of this limit. In the case of lethal mutagenesis, the virus goes extinct
by accumulation of mutations (Tejero et al., 2016), typically during subsequent rounds of
replication following incorporation of the nucleoside (Fig. 8B). Viral resistance to lethal
mutagenesis may be achieved by modulating either replication fidelity (Pfeiffer and Kirkegaard,
2003a) or mutational robustness (Graci et al., 2012), a measure of the ability of a virus to buffer
deleterious mutations (Visher et al., 2016).

Additional mechanisms. While most nucleoside analogues show evidence of incorporation and
subsequent biological activity, they may also inhibit viral replication by additional mechanisms.
For example, RBV inhibits inosine monophosphate dehydrogenase (IMPDH) (Leyssen et al.,
2005; Streeter et al., 1973), which can result in altered nucleoside pools (Wray et al., 1985), and
5-azacytidine can lead to demethylation (Biktasova et al., 2017; Robertson et al., 1995). As for
additional mechanisms that involve the polymerase, one nucleoside analogue likely causes
backtracking by the polymerase (Dulin et al., 2017). Nucleosides may also have other viral
targets, such as the helicase/NTPase (Borowski et al., 2003; 2002) or the N7-methyltransferase
(Vernekar et al., 2015). Recently, a nucleoside analogue was reported to inhibit multiple viruses
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Figure 8. Model of chain termination and lethal mutagenesis, the most common mechanisms of
inhibition by nucleoside analogues.
(A) Model of a chain termination mechanism of action. The chain terminator nucleoside analogue is
shown in purple. Incorporation of this nucleoside into the nucleic acid strand halts replication either
immediately or after the addition of a few nucleotides. (B) Model of a mutagenic mechanism of
action. The mutagenic nucleoside analogue, shown in green, is incorporated into the nucleic acid.
Elongation continues, and mispairing upon subsequent rounds of replication cause mutations that may
lead to loss of genetic information.
Figure 8. M odel of chain terminat ion and lethal mu tagenes is , the mos t common mechanis ms of inhib ition by n ucleos ide analogues
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by targeting S-adenosyl-L-homocysteine hydrolase to disrupt viral RNA capping (Yoon et al.,
2019). In some cases, these mechanisms may be in addition to their activity on the viral
polymerase and may help mitigate viral resistance (Eyer et al., 2018).

Summary
Emerging infections continue to pose a threat to human health. However, direct-acting antivirals
have not been approved to treat emerging viruses, emphasizing the importance of antiviral
development to combat these diseases. CoVs are included within this classification, as two CoVs
with pandemic potential have emerged into humans over the past twenty years to cause severe
disease. CoVs encode multiple proteins within their large RNA genomes, and several of these
proteins have been investigated as potential antiviral targets. Since two distinct CoVs have been
the culprits for severe disease in humans thus far, antivirals directed toward CoVs should inhibit
essential yet conserved functions during replication. The CoV polymerase is a particularly
enticing target, as it performs an essential function during viral genome replication and is among
the most highly conserved proteins across CoVs. Further, all polymerases are highly structurally
conserved, allowing for potential broad-spectrum inhibitors not only across CoVs, but potentially
across viral families. Polymerase inhibitors have been successful antiviral targets for multiple
viral infections and primarily come in two flavors: nucleoside and non-nucleoside inhibitors.
Nucleoside inhibitors mimic naturally occurring nucleosides that the polymerase recognizes for
synthesis while non-nucleoside inhibitors targets are often distant from the active site that may
be less conserved. This dissertation work investigates the use of broad-spectrum nucleoside
analogue antivirals in the inhibition of CoVs.
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In Chapter II, I investigate the antiviral activity of the adenosine analogue GS-441524 and its
phosphoramidate prodrug remdesivir (GS-5734) in CoVs through identifying resistance
mutations and their implications on fitness. In Chapter III, I probe the antiviral activity of the
cytidine analogue, β-D-N4-hydroxycytidine (NHC), in CoVs. Chapter IV explores similarities
and difference in CoV inhibition and replication across nucleoside analogues with different
proposed mechanisms. Chapter V outlines the materials and methods used throughout this
dissertation research. In Chapter VI, I highlight the implications of this work and outline areas
for future investigation. Overall, this dissertation research identifies two nucleoside analogues
that potently inhibit CoVs that also provide insight into the intricacies of CoV replication.
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CHAPTER II

CORONAVIRUS SUSCEPTIBILITY TO THE ANTIVIRAL REMDESIVIR (GS-5734)
IS MEDIATED BY THE VIRAL POLYMERASE AND THE PROOFREADING
EXORIBONUCLEASE

Introduction
While nucleoside analogues have been approved to treat several viral infections, few nucleoside
therapeutics had been reported to inhibit emerging infections prior to this dissertation work. The
Ebola epidemic of 2014 in West Africa reignited fear of a global pandemic and underscored the
need for broadly active antivirals to combat emerging viral infections (Ravi et al.). Many studies
began revisiting compounds that demonstrated efficacy against other viral infections to
repurpose them for infections with pandemic potential.

GS-441524 is a C-nucleoside analogue that was first reported to inhibit RNA viruses such as
HCV (Cho et al., 2012). The designation C-nucleoside refers to the carbon-carbon linkage
between the heterocyclic nucleobase and sugar as opposed to the carbon-nitrogen bond present in
classical nucleosides. Well known C-nucleosides include pseudouridine, a natural component of
RNA (Charette and Gray, 2000) and showdomycin, an antibiotic (Böttcher and Sieber, 2010;
Nishimura et al., 1964). While no C-nucleosides are currently approved as antiviral therapies, Cnucleosides such as GS-6620 and galidesivir (BCX4430) have recently been reported to inhibit
viral infections (Feng et al., 2014; Taylor et al., 2016; Eyer et al., 2017; Julander et al., 2017).
These compounds have renewed interest in C-nucleosides as antivirals, especially since
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traditional N-nucleosides are subject to enzymatic and acid-catalyzed hydrolysis, where Cnucleosides are more stable (Boutureira et al.).

Upon cell entry, most nucleosides need to undergo stepwise metabolism by cellular kinases to
their triphosphate form to exert antiviral activity. Typically, the rate-limiting step of this process
is the first phosphorylation step (Sinokrot et al., 2017; Van Rompay et al., 2000). Since
nucleoside phosphates are inefficiently taken up due to their charged nature, prodrug strategies
have been developed and implemented to circumvent this problem (Hecker and Erion, 2008;
Pradere et al., 2014). The phosphoramidate strategy, where the nucleoside monophosphate is
masked by other moieties that are non-toxic when cellularly cleaved, has been employed to
combat this inefficiency (Mehellou et al., 2009). Remdesivir (GS-5734) is the
monophosphoramidate prodrug of the nucleoside GS-441524 (Slusarczyk et al., 2018).
Metabolism of this compound by cellular enzymes will result in GS-441524 monophosphate,
which kinases can act upon to ultimately result in GS-441524 triphosphate (Warren et al., 2016).

During this dissertation research, the body of work supporting the use of remdesivir as a broadspectrum antiviral has continued to grow. Remdesivir was first reported to potently inhibit Ebola
virus, but further studies have reported activity against multiple viruses, including but not limited
to, hepatitis C virus, Nipah virus, Lassa fever virus, and respiratory syncytial virus (RSV) (Cho
et al., 2012; Lo et al., 2019; 2017a; Warren et al., 2016). Importantly, remdesivir potently
inhibits diverse CoVs, suggesting its utility as a pan-CoV antiviral (Brown et al., 2019; Sheahan
et al., 2017). Biochemical studies with polymerases from RSV, Nipah virus, and Ebola virus
have demonstrated that remdesivir inhibits through delayed chain termination in these systems
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(Jordan et al., 2018; Tchesnokov et al., 2019; Warren et al., 2016). Clinically, remdesivir has
been used in two compassionate use cases and both patients have survived (Dörnemann et al.,
2017; Jacobs et al., 2016). Remdesivir clinical trials have also been undertaken to test efficacy in
Ebola infected patients (Nakkazi, 2018) and Ebola survivors (NCT02818582).

In this study, I sought to understand the inhibition of CoVs by remdesivir. Here, I describe the
only reported resistance mutations for remdesivir during viral infection and begin to identify the
impact of these mutations on viral replication. I also work toward understanding the mechanism
by which remdesivir inhibits CoVs. I performed all experiments and final analyses for the data in
this chapter with the exceptions listed below. Erica Andres helped perform cytotoxicity assays
for remdesivir and GS-441524, began the passage of WT MHV in the presence of GS-441524,
engineered the polymerase mutations into MHV, and performed initial sensitivity tests with
remdesivir resistant mutants. Xiaotao Lu provided technical support to sequence the entire p23
genome. Amy Sims performed the HAE experiments. Rachel Graham engineered the SARSCoV F480L+V557L virus and assessed its resistance to remdesivir. Tim Sheahan performed the
SARS-CoV animal studies.

GS-441524 and remdesivir inhibit MHV replication
GS-441524, a 1´cyano 4-aza-7,9-dideazaadenosine C-nucleoside (Fig. 9A), has been shown to
inhibit multiple virus families in vitro (Cho et al., 2012; Lo et al., 2017b). To determine if GS441524 inhibited the model β-2a CoV, murine hepatitis virus (MHV), I infected DBT cells with
MHV and treated with increasing concentrations of drug. I observed a dose-dependent reduction
in viral titer with up to a 6-log10 decrease at 11.1 µM GS-441524 (Fig. 9B). The half-maximum
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effective concentration (EC50) value resulting from GS-441524 treatment was 1.1 µM (Fig. 9C).
We observed minimal detectable cytotoxicity within the tested range, with the concentration
resulting in 50% cytotoxicity (CC50) > 300 µM (Fig. 9D). This resulted in a therapeutic index
(CC50 /EC50) of > 250. Having demonstrated the inhibition of MHV by GS-441524, I next tested
its monophosphoramidate prodrug remdesivir (Fig. 9E). Treatment with increasing
concentrations of remdesivir resulted in up to a 6-log10 decrease in viral titer, and virus was
undetectable by plaque assay at concentrations above 0.5 µM remdesivir (Fig. 9F). Remdesivir
inhibited MHV more potently than GS-441524, with an EC50 value of 0.03 µM (Fig. 9G),
consistent with higher cellular permeability and more efficient metabolism of the prodrug into
the active nucleoside triphosphate by bypassing the rate-limiting first phosphorylation step
(Murakami et al., 2008; Warren et al., 2016). We also observed minimal cytotoxicity at
concentrations required for antiviral activity of remdesivir, with a CC50 value of 39 µM (Fig.
9H), resulting in a therapeutic index of > 1000. These results expand the breadth of GS-441524
and remdesivir inhibition of CoVs to include the modelβ-CoV MHV.

GS-441524 and remdesivir potently inhibit SARS-CoV and MERS-CoV in HAE cells
Primary human airway epithelial cell cultures (HAE) are among the most clinically relevant in
vitro models of the lung, recapitulating the cellular complexity and physiology of the epithelium
in the human conducting airway (Sims et al., 2005). Previous results have demonstrated that
remdesivir inhibits viral titer of multiple CoVs in this model but did not assess the potency or the
effect of delaying treatment with compound (Sheahan et al., 2017). Thus, we determined the
EC50 values after treatment with GS-441524 and remdesivir in SARS-CoV and MERS-CoV40

Figure 9. GS-441524 and remdesivir inhibit MHV with minimal cytotoxicity.
(A) GS-441524 is a 1’-cyano 4-aza-7,9-dideazaadenosine C-adenosine nucleoside analogue. (B)
Change in viral titer of MHV compared to vehicle control after treatment with GS-441524. The data
represent the results from 2 independent experiments, each with 3 replicates. Error bars represent
standard error of the mean (SEM). (C) Viral titer data from panel B presented as the percentage of
uninhibited control. The EC50 of GS-441524 was calculated to be 1.1 µM. (D) Cell viability
normalized to the vehicle control after treatment with GS-441524. The data represent the results from
3 independent experiments, each with 3 replicates. Error bars represent SEM. (E) Remdesivir is a
monophosphoramidate prodrug of GS-441524. (F) Change in viral titer of MHV compared to vehicle
control after treatment with remdesivir. The data represent the results from 4 independent experiments,
each with 3 replicates. Error bars represent SEM. (G) Viral titer data from panel F presented as the
percentage of uninhibited control. The EC50 of remdesivir was calculated to be 0.03 µM. (H) Cell
viability normalized to vehicle control after treatment with remdesivir. The data represent the results
from 3 independent experiments, each with 3 replicates. Error bars represent SEM.
Figure 9. GS -441524 and remdes ivir in hibit M HV with minimal cyto toxicity
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infected HAE cultures. Mean EC50 values for both viruses were approximately 0.86 µM for GS441524 and 0.074 µM for remdesivir (Fig. 10A). Further, delaying addition of remdesivir until
24 hours post-infection resulted in decreased viral titer in HAE cultures for both SARS-CoV
(Fig. 10B) and MERS-CoV (Fig. 10C) at 48- and 72-hours post-infection. No measurable
cellular toxicity was observed in HAE cultures for either compound (Table 1). These results
demonstrate a similar high potency of remdesivir across divergent CoVs, supporting the utility of
the model MHV system to study remdesivir inhibition and resistance.

Remdesivir acts at early times post-infection to decrease viral RNA levels
The predicted mechanism of action of remdesivir is through incorporation of the active
triphosphate into viral RNA (Warren et al., 2016). I therefore tested the hypothesis that
remdesivir would inhibit CoVs at early steps in replication by inhibiting viral RNA synthesis. To
determine which stage in the viral replication cycle remdesivir inhibited CoVs, I infected cells
with MHV at an MOI of 1 PFU/cell and treated with 2 µM remdesivir (>50x EC50 value) at 2
hour intervals from 2 hours pre-infection to 10 hours post-infection. I observed maximal
inhibition when remdesivir was added between 2 hours pre-infection and 2 hours post-infection.
Less inhibition was detected when remdesivir was added between 4- and 6-hours post-infection
and no inhibition was observed when remdesivir was added after 8-hours post-infection (Fig.
11A). These results demonstrate that remdesivir inhibits CoVs at early steps during infection.
Because viral RNA is synthesized early in infection and remdesivir is implicated in inhibiting
viral RNA synthesis (Daelemans et al., 2011; Fehr and Perlman, 2015; Warren et al., 2015), I
next determined the level of viral RNA present in cellular monolayers after treatment with
remdesivir by qRT-PCR. Treatment with increasing concentrations of remdesivir resulted in
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Figure 10. Antiviral activity of GS-441524 and remdesivir and modeled therapeutic efficacy of
remdesivir against SARS-CoV and MERS-CoV in HAE cultures.
(A) Mean EC50 values of SARS-CoV and MERS-CoV-infected HAE cultures from three different
patient isolates treated with GS-441524 or remdesivir. (B) Viral titers of SARS-CoV-infected HAE
cultures when treated with various doses of remdesivir 24 h post-infection. (C) Viral titers of MERSCoV-infected HAE cultures when treated with various doses of remdesivir 24 h post-infection.
Figure 10. Ant iviral activ ity of G S-44152 4 and remdes ivir and modeled therapeut ic efficacy of remdes ivir agains t SAR S-CoV and M ERS -CoV in HAE cu ltures
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decreased viral RNA levels that correlated with the decrease in titer I observed (Fig. 11B). These
results suggest that remdesivir inhibits CoVs early after infection by interfering with viral RNA
levels.

Viruses lacking ExoN-mediated proofreading are more sensitive to treatment with
remdesivir
The resistance of CoVs to inhibition by the nucleoside and base analogues RBV and 5-FU has
been attributed to the proofreading ExoN in nsp14, as engineered ExoN(-) mutant MHV and
SARS-CoV are profoundly more sensitive to these compounds (Smith et al., 2013). I therefore
compared the sensitivity of WT and ExoN(-) MHV to remdesivir. ExoN(-) MHV demonstrated
up to a 100-fold greater reduction in virus titer at 0.25 µM remdesivir compared to WT (Fig.
12A), and the calculated EC50 for ExoN(-) in this experiment was 0.019 µM, a 4.5-fold decrease
compared to the WT EC50 of 0.087 µM (Fig. 12B). Similarly to other nucleoside analogues
tested in CoVs, ExoN(-) virus demonstrates an increased sensitivity to remdesivir and suggests
that, if remdesivir is incorporated into viral RNA, it can likely be removed, albeit inefficiently,
by ExoN. However, the results also suggest there is a fundamentally different relationship of
remdesivir with the CoV replicase compared with RBV or 5-FU, since remdesivir potently
inhibits CoVs with intact proofreading (Smith et al., 2013) .

Two mutations in the RdRp mediate partial resistance and restoration of RNA levels in the
presence of remdesivir
We next sought to identify the target(s) of remdesivir inhibition. WT MHV was serially passaged
in the presence of increasing concentrations of GS-441524, and, after 23 passages, we observed
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Table 1. EC50 and CC50 values of GS-441524 or remdesivir in MERS-CoV or SARS-CoV
infected HAE culturesa

GS-441524

a

remdesivir

Virus

EC50 ± SD (µM)

CC50 ± SD (µM)

EC50 ± SD (µM) CC50 ± SD (µM)

MERS

0.86 ± 0.78

>100

0.074 ± 0.023

>10

SARS

0.18 ± 0.14

>100

0.069 ± 0.036

>10

Values represent the average (mean ± SD) from HAE cultures from at least three donors.

Table 1. EC50 and CC50 values of G S-441524 or rem des ivir in M ERS -CoV or SARS-CoV in fected HAE cultu res
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an increased ability of the passaged virus to replicate in the presence of GS-441524 as
determined by increased viral CPE. Full genome sequencing of passage 23 (p23) viral RNA
revealed 6 non-synonymous mutations in four viral protein-coding regions (Fig 13A): the nsp13
helicase (A335V); the ns2 2´,5´ phosphodiesterase (Q67H); the spike glycoprotein (A34V,
I924T); and the nsp12 RdRp (F476L and V553L) (Fig. 13B). Molecular modeling of the MHV
RdRp predicts that both the F476 and V553 residues reside within the predicted fingers domain
of the conserved right-hand structure of the RdRp (Fig. 13C) (Sexton et al., 2016; Xu, 2003), and
this is also the case in the SARS-CoV RdRp (Kirchdoerfer and Ward, 2019). In addition, both
the F476 and V553 residues are identical across sequenced a, b, and g CoVs (Fig. 13D). Based
on the known role of polymerase mutations in resistance to nucleoside analogues for other
viruses (Coffey et al., 2011; Migliaccio et al., 2003; Miller et al., 1998; Pfeiffer and Kirkegaard,
2003b), and the previous work describing inhibition of the RSV polymerase by remdesivir
(Warren et al., 2016), we first engineered and recovered recombinant MHV encoding the F476L
and V553L RdRp mutations. We then tested if these mutations were necessary and sufficient for
the observed resistance phenotype of the passage 23 (p23) virus population. Recombinant MHV
containing either F476L or V553L individually was less sensitive to remdesivir inhibition than
WT MHV, but still more sensitive than the p23 virus population across a broad range of
concentrations. In contrast, MHV encoding both F476L and V553L demonstrated a resistance
pattern indistinguishable from p23 (Fig. 14A). Neither the p23 virus population nor any of the
recombinant viruses were completely resistant to remdesivir; all viruses remained sensitive to
higher but non-toxic concentrations of remdesivir. Compared to WT MHV, the F476L virus
showed 2.4-fold resistance to remdesivir, V553L demonstrated 5-fold resistance to remdesivir
while combined mutations mediated 5.6-fold resistance to remdesivir based on EC50 values
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Figure 11. Remdesivir acts at early times post-infection to decrease viral RNA levels.
(A) MHV viral titer after single-cycle infection and treatment with 2 µM remdesivir at the indicated
times post-infection. The data represent the results from 2 independent experiments, each with 3
replicates. Error bars represent SEM. Statistical significance compared to addition of remdesivir at 0 h
post-infection (p.i.) was determined by one-way analysis of variance (ANOVA) with Dunnett’s post
hoc test for multiple comparisons and is denoted by asterisks: *, P < 0.05; **, P < 0.01; ***, P <
0.001. (B) Change in viral titer (black bars) and viral RNA levels (hatched bars) normalized to vehicle
control 10 h post-infection after treatment with remdesivir. The data represent the results from 2
independent experiments, each with 3 replicates. Error bars represent SEM. Statistical significance
compared to DMSO-treated samples was determined by one-way ANOVA with Dunnett’s post hoc
test for multiple comparisons and is denoted by asterisks: **, P < 0.01; ***, P < 0.001.
Figure 11. Remdes ivir acts at early times pos t-infectio n to decreas e viral RNA levels
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(Table 2). Because remdesivir decreases viral RNA levels, I next tested if resistance mutations
restored viral RNA levels in the presence of remdesivir. RdRp resistance mutations partially
restored RNA levels in the presence of remdesivir, and that the degree of restoration of RNA
levels correlated with their fold resistance to remdesivir (Fig. 14B). Together, these results are
consistent with a mechanism of action of remdesivir primarily targeting RdRp-mediated RNA
synthesis.

Remdesivir resistance mutations impair competitive fitness of MHV
To assess the effect of remdesivir resistance on viral fitness, I first determined the replication
capacity of recombinant MHV encoding the F476L, V553L, and F476L + V553L mutations.
Each of these viruses replicated similarly to WT MHV, both in replication kinetics and observed
peak titer (Fig. 14C). I next tested the competitive fitness of F476L + V553L MHV compared to
WT MHV during co-infection over multiple passages. Murine DBT cells were co-infected with
WT MHV and F476L + V553L MHV at WT:mutant ratios of 1:1, 1:9 or 9:1 in the absence
of remdesivir, and infected culture supernatants were serially passaged 3 times to fresh cell
monolayers. By passage 4, F476L + V553L MHV was outcompeted by WT MHV in the
population at every input ratio (Fig. 14D), demonstrating a competitive fitness cost of the F476L
+ V553L mutations in the absence of remdesivir. This competitive fitness cost further suggests
that remdesivir resistance mutations will not persist in the absence of treatment.

Mutations identified in remdesivir-resistant MHV also confer resistance in SARS-CoV
Given the high conservation of the F476 and V553 residues across CoVs, we next tested whether
substitutions at the homologous SARS-CoV residues (F480L and V557L) could confer
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Figure 12. Viruses lacking ExoN-mediated proofreading are more sensitive to remdesivir
inhibition.
(A) Change in viral titer of WT and ExoN(-) viruses normalized to vehicle control after treatment with
remdesivir. The data represent the results from 2 independent experiments, each with 3 replicates.
Error bars represent SEM. Statistical significance compared to WT at each concentration was
determined by unpaired t test using the Holm-Sidak method to correct for multiple comparisons and is
denoted by asterisks: ***, P < 0.001. (B) Viral titer reduction from panel A represented as percentage
of vehicle control, resulting in a WT EC50 value of 0.087 µM and an ExoN(-) EC50 of 0.019 µM.
Figure 12. Vi rus es lacking ExoN- mediated proo freading are more s ens itive to remdes ivi r inhibi tion
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resistance to remdesivir. We recovered SARS-CoV encoding the homologous F480L and V557L
substitutions and tested recovered mutant viruses for resistance to remdesivir in Calu-3 2B4
cells. WT SARS-CoV demonstrated dose-dependent inhibition by remdesivir with an EC50 of
0.01 µM (Fig 15A). The F480L + V557L recombinant virus was also inhibited by remdesivir.
However, the F480L + V557L EC50 value was 0.06 µM, a 6-fold resistance to remdesivir (Fig.
15B), that is nearly identical to the fold-resistance of F476L + V553L MHV. These results
support the conclusion that the conserved residues across divergent CoVs reflect conserved
functions impaired by remdesivir, potentially implying common pathways to resistance across
CoVs.

Remdesivir-resistant SARS-CoV is attenuated in vivo
To gain insight into the pathogenic potential of remdesivir resistant viruses, we directly
compared WT SARS-CoV and F480L + V557L SARS-CoV following high (104 PFU) and low
(103 PFU) dose inoculation in a well-characterized mouse model of SARS-CoV pathogenesis
with disease reminiscent of that observed in humans (Gralinski et al., 2013). Mice infected with a
high dose of F480L + V557L SARS-CoV lost significantly less weight (P < 0.05) than WT
SARS-CoV infected mice (Fig. 15C). At 2 days post-infection, mouse lung viral titers were
similarly high between WT and F480L + V557L SARS-CoV, but by 4 days post-infection lung
viral titers were significantly reduced (P < 0.05) in mice infected with F480L + V557L SARSCoV (Fig. 15D). Together, these data demonstrate that remdesivir resistant SARS-CoV is likely
attenuated in its ability to cause disease and replicates less efficiently than WT virus in robust
mouse models of human SARS-CoV disease.
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Figure 13. Two mutations in the predicted fingers domain of the nsp12 RdRp, F476L and
V553L, arose after 23 passages in the presence of GS-441524, and these residues are highly
conserved across CoVs.
(A) Schematic of the MHV genome displaying proteins with mutations identified after passage with
GS-441524. The nsp12 RdRp is shown in yellow, nsp13-helicase in purple, ns2 in green, and spike in
blue. (B) Linear schematic of nsp12 showing the locations of F476L and V553L within the predicted
fingers of the RdRp core domain. (C) A model of the MHV RdRp core domain was determined based
on the SARS-CoV polymerase structure (Kirchdoerfer and Ward, 2019) using the Phyre2 platform.
This model was used to map the predicted locations of the F476L and V553L residues, shown here in
magenta. The SDD active site residues are shown in yellow, the palm domain in red, the fingers
domain in blue, and the thumb domain in green. (D) Amino acid conservation of F476 and V553
residues across CoVs demonstrating that both of these residues are highly conserved.
Figure 13. Two mutati ons in the predicted fingers domain of the ns p12 RdRp, F476 L and V553 L, aros e after 23 pas s ages in the pres ence of GS-441524, and thes e res idues are highly cons erved acros s CoVs
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Discussion
Broadly active antivirals are needed to treat contemporary human CoVs, including endemic
MERS-CoV in the Middle East and potential future zoonotic CoV epidemics. The prophylactic
and therapeutic efficacy of remdesivir (GS-5734) was recently demonstrated in a mouse model
of SARS-CoV infection, as well as in vitro activity against multiple other human and zoonotic
CoVs (Sheahan et al., 2017). In this study I began to define the ability of remdesivir to inhibit
CoVs in the setting of intact nsp14 proofreading activities. While ExoN(-) MHV is 4.5-fold more
sensitive to remdesivir treatment than WT MHV, the potent inhibition of WT CoVs suggests a
unique mechanism of inhibition of CoV RNA synthesis that is able to circumvent ExoN
surveillance and activity. Further, we report for the first time for any virus inhibited by
remdesivir that selection for partial resistance to remdesivir required prolonged passage.
Surprisingly, no resistance mutations were selected within ExoN, but rather two mutations of
highly conserved residues in the RdRp reduced the sensitivity to remdesivir to a level
comparable to the passaged virus. Introduction of the homologous substitutions in SARS-CoV
reproduced the fold resistance to remdesivir observed in MHV, demonstrating the potential for
common, family-wide drug resistance pathways in the RdRp.

Potential remdesivir mechanism of action in CoVs. Nucleoside analogues can have multiple
mechanisms of action, including lethal mutagenesis, obligate or non-obligate chain termination,
and perturbation of natural nucleotide triphosphate pools via inhibition of nucleotide
biosynthesis (Baranovich et al., 2013; Crotty et al., 2000; Eltahla et al., 2015; Pyrc et al., 2006;
Sangawa et al., 2013; Streeter et al., 1973; Te et al., 2007). Remdesivir has been reported to
cause premature termination of nascent RNA transcripts in biochemical assay with purified
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Figure 14. The F476L and V553L mutations mediate resistance to remdesivir and are associated
with a fitness defect.
(A) Change in viral titer of WT, F476L, V553L, F476L + V553L, and p23 viruses normalized to the
vehicle control after treatment with remdesivir. The data represent 2 independent experiments, each
with 3 replicates. Error bars represent SEM. Statistical significance compared to WT was determined
by Kolmogorov-Smirnov test and is denoted by asterisks: *, P < 0.05. (B) The change in genomic
RNA levels of WT, F476L, V553L, and F476L + V553L MHV normalized to vehicle control after
treatment with remdesivir. The data represent the results from 2 independent experiments, each with 3
replicates. Error bars represent SEM. Statistical significance compared to WT at each concentration
was determined by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons and is
denoted by asterisks: *, P < 0.05; **, P < 0.01. (C) Multi-cycle replication kinetics of WT, F476L,
V553L, or F476L + V553L MHV. The data represent the results from 2 independent experiments,
each with 3 replicates. Error bars represent SEM. (D) Coinfection competition assay of WT and
F476L + V553L MHV at the indicated ratios. The percentage of the population of each mutation was
assessed after four successive passages. The data are representative of 2 independent experiments each
with 2 replicates. Error bars represent standard deviation (SD).
Figure 14. The F476 L and V553 L mutatio ns mediate res is tance to remdes ivir and are as s ociated with a fit nes s defect
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polymerases, but the mechanism of inhibition in CoVs has not been fully explored (Warren et al.,
2016). Our data demonstrate that remdesivir acts early in infection and decreases RNA levels in
a dose-dependent manner that parallels impairment of viral titer. Further, while remdesivir is
highly active against WT CoVs, it is 4.5-fold more active in MHV lacking the proofreading
activity of ExoN. Finally, remdesivir is 3-30 times more active than GS-441524 in all of the
CoVs tested, suggesting the triphosphate metabolite is the active molecule inhibiting the viral
RdRp. All of the above support a mechanism involving incorporation of remdesivir into nascent
CoV RNA, but do not discriminate between chain termination and incorporation mutagenesis. In
fact, other nucleoside analogues have multiple proposed mechanisms of virus inhibition,
including favipiravir in influenza and RBV in HCV (Baranovich et al., 2013; Sangawa et al.,
2013; Te et al., 2007). Future studies using deep sequencing and biochemical approaches will
allow us to precisely define the remdesivir mechanism(s) of action against CoVs.

Nucleoside analogues have been approved to treat a variety of RNA and DNA viruses, but CoVs
have been refractory to inhibition by some nucleoside analogues (Smith et al., 2013). This
resistance to potent inhibition by RBV and 5-FU has been attributed to the CoV nsp14
proofreading exoribonuclease. Previous reports have shown that MHV and SARS-CoV lacking
the proofreading activity of ExoN [ExoN(-)] were more sensitive to 5-FU and RBV,
underscoring the role of ExoN-mediated proofreading in resistance to inhibition by these
compounds (Smith et al., 2013). These results suggest that, to effectively inhibit CoVs,
nucleoside analogues would need to inhibit ExoN directly, be incorporated so efficiently that the
5´-3 elongation reaction is much faster than the ExoN cleavage reaction, or not be recognized for
ExoN-mediated removal. The latter mechanism has been proposed for sensitivity of herpes
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Table 2. F476L and V553L mutations confer up to 5.6-fold resistance to remdesivir in MHVa

Virus

EC50 (µM)

Fold resistance

WT

0.024 ± 0.011

1

F476L

0.057 ± 0.040

2.4

V553L

0.12 ± 0.06

5.0

F476L + V553L

0.13 ± 0.06

5.6

a

Mean EC50 values ± SD and fold resistance of remdesivir -resistant viruses were calculated using
viral titer data following infection of DBT cells with the indicated virus at MOI = 0.01 PFU/cell and
treatment with increasing concentrations of remdesivir. Fold resistance was calculated as EC50 of
mutant/EC50 of WT. The data represent the results from 3 independent experiments, each with 3
replicates.
Table 2. F476 L and V553 L mutatio ns confer up to 5 .6-fo ld res is tance to remdes ivir i n M HV
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simplex virus (HSV) to acyclovir; specifically, that the HSV exonuclease is unable to remove
acyclovir (Derse et al., 1981). Here, I show that ExoN(-) MHV is more sensitive than WT MHV
to remdesivir treatment. This result suggests that remdesivir is recognized, at least partially, by a
functional ExoN, but that the ExoN activity is not sufficient to prevent potent inhibition of CoV
replication. One possible explanation is that remdesivir may be recognized and removed by
ExoN less efficiently than these mutagens or other incorrect nucleotides, though further studies
are needed to fully understand the role of ExoN in remdesivir inhibition of CoVs. Overall, the
enhanced activity of the monophosphate prodrug, the increased sensitivity of ExoN(-) viruses to
remdesivir inhibition, selected resistance mutations in the modeled RdRp fingers domain, the
time-dependent viral inhibition profile, and decreased viral RNA levels support the hypothesis
that remdesivir directly inhibits viral RNA synthesis.

Mechanism of resistance to remdesivir. Previous studies have assessed inhibition by
remdesivir in multiple viruses, but none have reported resistance mutations during treatment. In
this study, passage of MHV in the presence of GS-441524 resulted in selection of 5.6-fold
resistance. Sequencing identified consensus non-synonymous F476L and V553L mutations in
the nsp12 core polymerase-coding region. A similar level of resistance was observed for the
homologous F480L and V557L substitutions in SARS-CoV. As these mutations are not in the
immediate vicinity of the RdRp active site, the mechanism of resistance to remdesivir remains to
be determined. Both of these residues are conserved across CoVs, suggesting that they mediate
conserved functions. Sequence alignment and molecular modeling of the CoV RdRp predicts
that V553L lies just outside of motif F of the fingers domain, which forms a channel for
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Figure 15. MHV resistance mutations confer resistance and are attenuated in SARS-CoV.
(A) Change in luciferase activity normalized to vehicle control of WT or F480L + V557L SARS-CoV
containing the NanoLUC reporter. The data are representative of the results from 2 independent
experiments, each with 3 replicates. Error bars represent SEM. (B) Viral titer data from panel A
presented as the percentage of vehicle control. This EC50 value was calculated as 0.01 µM for WT and
0.06 µM for F480L + V557L virus, which represents a 6-fold increase in resistance. (C) Percent
starting weight of BALB/c mice inoculated with WT or F480L + V557L SARS-CoV containing the
NanoLUC reporter at 103 or 104 PFU. The data are representative of the results from 2 independent
experiments, each with 10 to 12 animals per group. Error bars represent SEM. Statistical significance
was determined by 2-way ANOVA and is denoted by asterisks: *, P < 0.05. (D) Lung titers from
animals in panel C 2, 4, and 7 days post-infection. The data are representative of the results from 2
independent experiments, each with 3 animals per group. Error bars represent SEM. Statistical
significance was determined by Wilcoxon test and is denoted by asterisks: *, P < 0.05.
Figure 15. M HV res is tance mutations confe r res is tance and are attenuated in SARS-CoV
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incoming NTPs and contacts the 5´end of the template, while F476L is not within any defined
structural motif but also resides in the fingers domain (Ferrer-Orta et al., 2007; Xu, 2003).

Resistance mutations to nucleoside analogues, including those that lie in the fingers domain,
have been implicated in altering replication fidelity as a mechanism of resistance in
picornaviruses and HIV (Hsu, 1997; Pfeiffer and Kirkegaard, 2003b; Wainberg et al., 1996). In a
previous study, using homology modeling of the CoV RdRp based on the Coxsackie Virus B3
RdRp structure, work by Nicole Sexton is the Denison lab predicted and confirmed that a V553I
substitution in the MHV RdRp increases CoV fidelity in ExoN(-) viruses (Sexton et al., 2016),
suggesting that viral replication fidelity modulation may also impact susceptibility to remdesivir.
This conclusion is supported by the result that remdesivir, while highly active in WT virus, is
even more potent in the absence of nsp14-ExoN proofreading activity. However, the CoV
replicase encodes many proteins, and these mutations may alter protein-protein interactions
among these components. Thus, it will be interesting to determine if F476L and V553L confer
class-level resistance to nucleotide analogues, general increased fidelity, changes in specific
nucleotide selectivity, alterations in replicase protein interactions, or if they act by other novel
mechanisms.

Recombinant MHV containing the F476L and V553L mutations very closely recapitulated the
remdesivir resistance phenotype of passage 23 virus population, confirming the importance of
these mutations for resistance. However, we also identified additional non-RdRp mutations in the
consensus sequence of passage 23 virus, including another component of the MHV replicase, the
nsp13 helicase. It will be important to determine if other proteins contribute to resistance, as well
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as using remdesivir as a probe to define protein interactions and functions within the viral replicase.

Remdesivir resistance is associated with a fitness cost in vitro and attenuation in vivo.
Identifying resistance mutations to antiviral compound candidates in vitro provides an
opportunity to assess the concern that resistance may promote viral fitness, leading to enhanced
transmission or greater disease severity. The resistance of MHV to remdesivir was very slow to
emerge and only partial, suggesting a high genetic barrier to resistance, similar to that seen for
HCV resistance to the nucleotide antiviral sofosbuvir (Svarovskaia et al., 2016). Moreover,
although recombinant MHV containing both F476L and V553L replicated similarly to WT in
parallel cultures, resistant virus failed to compete with WT MHV during co-infection over
multiple passages, demonstrating a fitness cost to the resistance mutations that may limit
emergence during treatment. The fitness impairment was further evidenced in vivo by attenuation
of F480L + V557L in a SARS-CoV mouse model, similar to that reported for other viruses with
selected resistance to nucleotide analogues, including HIV and chikungunya virus (Coffey et al.,
2011; Paredes et al., 2009; Pfeiffer and Kirkegaard, 2005). This fitness impairment may be due
to alterations in RNA replication, fidelity, nucleotide incorporation, or protein stability, but
suggests that remdesivir resistance will not lead to more transmissible or pathogenic virus.

Conclusion
In summary, this work provides evidence that remdesivir is highly active against CoVs and that
there is a high genetic barrier to achieve resistance. Additionally, resistant virus suffers a loss of
competitive fitness in vitro and attenuation in animals, suggesting these mutations will not favor
disease emergence and are likely to be poorly maintained in nature, particularly during acute
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infections. Finally, the results identify potential novel determinants of polymerase function that
will guide future studies focused on better understanding polymerase structure-function
relationships and remdesivir mechanism. Together, these results argue strongly for the continued
clinical development of remdesivir to treat MERS-CoV and demonstrate its potential utility in
the broad-spectrum treatment of CoV infections.
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CHAPTER III

β-D-N4-HYDROXYCYTIDINE: A MUTAGEN ACTIVE AGAINST A
PROOFREADING-INTACT CORONAVIRUS WITH A HIGH GENETIC BARRIER TO
RESISTANCE

Introduction
β-D-N4-Hydroxycytidine (NHC) represents one of the products of the reaction between cytidine
and hydroxylamine (Brown and Hewlins, 1968; Brown et al.). This compound is modified solely
on the N4 position of the cytosine nucleobase compared with its naturally occurring cytidine
counterpart. Early work with this compound focused on the mutagenic effects of this compound
in multiple bacterial systems (Popowska et al.; Popowska and Janion, 1974; Salganik et al.,
1973). However, more recent studies have investigated the antiviral properties of NHC. NHC
inhibits multiple RNA virus families, including chikungunya virus, Venezuelan equine
encephalitis virus (VEEV), respiratory syncytial virus (RSV), hepatitis C virus (HCV),
norovirus, influenza A and B viruses, and Ebola virus (Costantini et al., 2012; Ehteshami et al.,
2017; Reynard et al., 2015; Stuyver et al., 2003; Urakova et al., 2017; Yoon et al., 2018).
Previous reports have demonstrated an increased introduction of transition mutations in viral
genomes after treatment as well as a high genetic barrier to resistance (Stuyver et al., 2003;
Urakova et al., 2017; Yoon et al., 2018). Antiviral activity of NHC has also been reported against
the human a-CoV HCoV-NL63, as well as the b-CoV SARS-CoV (Barnard et al., 2004; Pyrc et
al., 2006). Neither an NHC mechanism of action or resistance have been described for any CoVs
to date.
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In this chapter, I investigated NHC inhibition and resistance in CoVs. NHC potently inhibits WT
MHV and MERS-CoV with minimal cytotoxicity. I demonstrate that MHV ExoN RNA
proofreading has a limited, but measurable effect on sensitivity to NHC. In addition, I observed
an NHC inhibition profile consistent with a mutagenic mechanism of action featuring an
accumulation of transition mutations, indicative of a high genetic barrier to resistance.

I performed all experiments and final analyses for the data in this chapter with the exceptions
listed below. Jim Chappell passaged MERS-CoV in the presence of NHC, and Andrea Pruijssers
performed all other MERS-CoV NHC experiments. Erica Andres performed DBT-9 cytotoxicity
assays. Jennifer Gribble bioinformatically processed deep sequencing mutagenesis data files.

NHC inhibits MHV and MERS-CoV replication with minimal cytotoxicity
NHC (Fig. 16) has potent broad-spectrum antiviral activity against many RNA viral families
(Stuyver et al., 2003). We first determined if NHC also inhibited CoV replication using a doseresponse experiment with two divergent b-CoVs: the model CoV, MHV, and the epidemically
circulating zoonotic CoV, MERS-CoV. NHC treatment resulted in a dose-dependent reduction in
viral titer for MHV (Fig. 17A) and MERS-CoV (Fig. 17B). This inhibition resulted in a 50%
effective concentration (EC50) of 0.17 µM for MHV (Fig. 17C) and 0.56 µM for MERS-CoV
(Fig. 17D). We detected negligible changes in DBT-9 cell viability out to 200 µM (Fig. 17E) and
CC50 values above 10 µM in Vero cells (Fig. 17F), respectively. Thus, the selectivity index was
>1000 for MHV and >20 for MERS-CoV. Together, these results confirm potent inhibition of bCoVs by NHC.
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Figure 16. Chemical structure of EIDD-1931, β-D-N4-hydroxycytidine (NHC).
Figure 16. Chemical s truct ure of EIDD -1931, β -D-N4- hydroxycyt idine (NHC
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Figure 17. NHC inhibits MHV and MERS-CoV with minimal cytotoxicity.
(A) Change in MHV and (B) MERS-CoV titer relative to vehicle control after treatment with
increasing concentrations of NHC. The data represent the results of 2 independent experiments, each
with 3 replicates. Error bars represent standard error of the mean (SEM). (C) Change in titer data from
(A) represented as percent of vehicle control. WT MHV EC50 = 0.17 µM. (D) Change in titer data
from (B) represented as percent of vehicle control. WT MERS-CoV EC50 = 0.56 µM. (E) DBT-9 cell
viability as a percent of DMSO control across NHC concentrations. No cytotoxicity was detected up
to 200 µM. The data represent the results of 2 independent experiments, each with 2 replicates
(MHV). Error bars represent standard error of the mean (SEM). (F) Vero cell viability as a percent of
DMSO control across NHC concentrations. Less than 50% cytotoxicity was detected up to 10 µM.
The data represent the results of 2 independent experiments, each with 3 replicates. Error bars
represent standard error of the mean (SEM).
Figure 17. NHC inhi bits M HV and M ERS-CoV with minimal cyt otoxicity
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NHC inhibition profile in CoVs is consistent with mutagenesis
To better understand the mechanism through which NHC inhibits CoV replication, I performed a
time-of-drug addition assay to determine at what point in the viral replication cycle NHC acts
(Daelemans et al., 2011). Therefore, I added 16 µM (~100x EC50 concentration) NHC to cells at
the indicated times pre- or post-infection with WT MHV at a MOI of 1 PFU/cell and quantified
viral replication after a single infectious cycle. Compared to the vehicle (DMSO) control, NHC
significantly inhibited MHV replication when added at or before six hours post-infection (Fig.
18A), suggesting that NHC acts at early stages of the viral replication cycle. I next determined
the effect of NHC on MHV RNA levels and compared that to its effect on infectious viral titer.
RNA levels were reduced by approximately 10-fold at the highest tested concentration of NHC
in both MHV-infected cell monolayers (Fig. 18B) and supernatants (Fig. 18C). In contrast, viral
titer was reduced up to 5,000-fold at these concentrations. I therefore calculated the ratio of
infectious titer per viral RNA genome copy (specific infectivity) after NHC treatment and found
that the specific infectivity of WT MHV was reduced in a dose-dependent manner after treatment
with increasing concentrations of NHC (Fig. 18D). Together, these data are consistent with a
mutagenic mechanism of NHC anti-CoV activity.

NHC treatment increases transition mutations present across the MHV genome,
particularly the proportion of G:A and C:U transitions
To directly test the effect of NHC treatment on MHV mutational burden, I treated WT MHV
with increasing concentrations of NHC and performed full-genome next-generation sequencing
(NGS) on viral populations released after a single infection. My data demonstrate a dosedependent increase in mutations present at low frequencies (<5 % of viral population)
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Figure 18. NHC inhibition profile of MHV is consistent with mutagenesis.
(A) Treatment with 16 𝜇M NHC (~100X EC50) significantly inhibits MHV replication during a single
infection when added before 6 h p.i. (B) Both MHV titer and monolayer RNA copies decrease after
treatment with increasing concentrations of NHC. (C) NHC treatment results in a decrease in
supernatant MHV RNA. (D) Data from (C) represented as the ratio of infectious WT MHV to
genomic MHV RNA present in supernatant, or specific infectivity, normalized to vehicle control.
NHC treatment results in a decrease in specific infectivity of MHV. All data in this figure represent
the results of 2 independent experiments, each with 3 replicates. Error bars represent standard error of
the mean (SEM). Statistical significance compared to DMSO control was determined by one-way
analysis of variance (ANOVA) with Dunnett’s post-hoc test for multiple comparisons and is denoted
*, P < 0.05; **; P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Figure 18. NHC inhi bition p rofi le of M HV is cons is tent with mutagenes is
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across the genome after treatment with increasing concentrations of NHC (Fig. 19A-C). Further
analysis of the types of mutations introduced by NHC revealed an increase in the total number of
transition mutations, or mutations resulting in a purine-to-purine or pyrimidine-to-pyrimidine
change, with increasing NHC concentrations (Fig. 19D-F). Specifically, the relative proportion
of G:A and C:U transitions increased approximately 15% in the presence of 2 µM NHC and 40%
in the presence of 4 µM NHC compared to the vehicle control (Fig. 19G, H). Conversely, the
relative proportion of A:G and U:C transitions decreased with increasing NHC concentrations
compared to the vehicle control (Fig. 19G, H). Together, these results demonstrate that NHC
treatment during a single round of WT MHV infection introduces predominantly G:A and C:U
transition mutations that are detectable at low frequencies across the genome. These data further
support a mutagenic mechanism of action for NHC inhibition of WT MHV.

NHC inhibition is modestly enhanced in the absence of ExoN proofreading
Mutagenic nucleoside analogues, such as RBV and 5-fluorouracil (5-FU), have been ineffective
at potently inhibiting WT CoVs and this has been attributed to the ExoN proofreading activity
(Smith et al., 2013). A proofreading-deficient MHV mutant, ExoN(-), displays increased
sensitivity to previously tested nucleoside analogues, indicating that proofreading dampens
inhibition by these compounds (Agostini et al., 2018; Graepel et al., 2017; Smith et al., 2013).
Thus, I tested the sensitivity of ExoN(-) MHV to NHC inhibition. NHC decreases viral titer of
both WT and ExoN(-) MHV in a dose-dependent manner, but ExoN(-) MHV demonstrates a
statistically significant increase in sensitivity to NHC inhibition compared to WT MHV (Fig.
20A). However, this difference is reflected in only a modest decrease in EC90 concentration by
approximately 2-fold for ExoN(-) (0.72 µM) compared to WT MHV (1.59 µM) (Fig. 20B). The
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Figure 19. NHC treatment drives increase in low-frequency G:A and C:U transition mutations
in WT MHV during a single infection.
(A) Distribution and frequency of variants across the genome detected by NGS after vehicle treatment,
(B) 2 µM NHC treatment, or (C) 4 µM NHC treatment. Log10 depth of coverage at each genomic
position is depicted by the line; frequency of individual mutations spread across the genome are
represented by dots. (D) Number of mutations in WT MHV after infection in the presence of (D)
vehicle, (E) 2 µM NHC, or (F) 4 µM NHC presented by type. Transition mutations are shown in grey
and transversion mutations are shown in white. (G) Change in relative proportion of each mutation
type after treatment with (G) 2 µM NHC, or (H) 4 µM NHC compared to vehicle control. The relative
proportions of G:A and C:U transitions increase with increasing concentrations of NHC treatment and
are denoted by green shading.
Figure 19. NHC t reatment drives increas e in low -frequency G:A and C:U trans ition mutations in W T M HV during a s ingle in fection
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minimal change in sensitivity to NHC observed for ExoN(-) MHV indicates that NHC potency is
only marginally affected by ExoN proofreading activity.

Passage in the presence of NHC yields low-level resistance associated with multiple
transition mutations
To better understand the development and impact of NHC resistance in CoVs, I passaged WT
MHV in two lineages thirty times in the presence of increasing concentrations of NHC. I first
tested the sensitivity of passage 30 (p30) MHV populations to NHC inhibition. I found that the
lineage 1 (MHV p30.1) viral population showed no change in sensitivity to NHC compared to
WT MHV (Fig. 21A). However, lineage 2 (MHV p30.2) did show a decrease in sensitivity to
NHC inhibition in a titer-reduction assay, especially at higher concentrations of compound. I
observed a modest, approximately 2-fold, increase in EC90 values for MHV NHC passage
viruses (MHV p30.1 EC90 = 2.61 µM; MHV p30.2 EC90 = 2.41 µM; WT MHV EC90 = 1.53 µM)
(Fig. 21B). This suggests that MHV passage resulted in minimal resistance to NHC. I next
sought to determine if passaging WT MHV in the presence of NHC altered the replication
capacity of these viruses. I found that both of these lineages showed a delay in replication but
ultimately reached similar peak titers as WT MHV (Fig. 21C). This delay in replication suggests
that MHV p30 viruses are less fit than WT MHV.

To identify mutations associated with these phenotypes after passage, I sequenced complete
genomes of MHV p30.1 and MHV p30.2. Both lineages passaged in the presence NHC had
accumulated over 100 consensus mutations distributed across the genome (Fig. 21D, E). By
comparison, a previous study reported that WT MHV accumulated only 23 total mutations after
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Figure 20. Sensitivity of ExoN(-) MHV to inhibition by NHC.
(A) Change in viral titer for WT MHV and ExoN(-) MHV relative to vehicle control after treatment
with NHC. ExoN(-) is more sensitive to NHC than WT. The data represent the results of 3
independent experiments, each with 3 replicates. Error bars represent SEM. Statistical significance
compared to WT MHV was determined by Wilcoxon test and is denoted **, P < 0.01. (B) Change in
viral titer data from (A) represented as percent of vehicle control. WT EC90 = 1.59 µM, ExoN(-) EC90
= 0.72 µM. ExoN(-) MHV is approximately 2-fold more sensitive to NHC than WT MHV.
Figure 20. Sens it ivity o f ExoN (-) M HV to inhibit ion by NHC
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250 passages in the absence of drug (Graepel et al., 2017). Further analysis of the p30 MHV
mutational profile demonstrated that slightly more of the total mutations in both lineages were
synonymous changes that did not result in an amino acid change as opposed to nonsynonymous
changes that did alter amino acid sequence (Fig. 21F). Additionally, the vast majority of
mutations in both lineages were transition mutations (Fig. 21G). Both lineages contained only
two transversion mutations resulting in a purine-to-pyrimidine or pyrimidine-to-purine change.
Though all possible transition mutation types were detected in both viral lineage populations, the
majority in both passage lineages were G:A transitions (Fig. 21H), which is consistent with the
MHV NGS data (Fig. 19). To determine if the mutational profile at p30 was consistent with an
earlier passage, I analyzed the whole genome of both lineage 1 and 2 at passage 19 (p19). Both
lineages demonstrated fewer mutations at p19 than at p30, but the profiles of synonymous vs.
nonsynonymous changes and the transition mutations were similar (Fig. 22).

To determine whether the lack of robust resistance to NHC was broadly applicable across bCoVs, we assessed the capacity of MERS-CoV to evolve resistance to NHC. Like MHV, we
passaged two lineages of MERS-CoV 30 times in the presence of increasing concentrations of
NHC and tested the sensitivity of these lineages to NHC inhibition. Compared to WT MERSCoV passaged in the absence of drug, both MERS-CoV p30.1 and p30.2 exhibited decreased
sensitivity to NHC inhibition (Fig. 23A). This correlated with modestly increased EC90 values
for the passage lineages (MERS-CoV p30.1 EC90 = 3.04 µM; MERS-CoV p30.2 EC90 = 2.12
µM; WT MERS-CoV EC90 = 1.31 µM) (Fig. 23B), corresponding to approximately 2-fold
resistance. Similar to MHV, we observed no substantial shift in dose response curve for

71

Figure 21. Resistance and mutational profile of MHV after 30 passages in the presence of NHC.
(A) Change in viral titer for WT MHV, MHV NHC passage 30 (p30) lineage 1 (MHV p30.1), and
MHV NHC p30 lineage 2 (MHV p30.2) relative to vehicle controls after treatment with NHC. MHV
NHC p30.2 is less sensitive to NHC than WT MHV while MHV p30.1 shows no change in sensitivity.
The data represent the results of 2 independent experiments, each with 3 replicates. Error bars
represent SEM. Statistical significance compared to WT MHV was determined by ratio paired t test
and is denoted *, P < 0.05. (B) Change in viral titer data from (A) represented as percent of vehicle
control. WT MHV EC90 = 1.53 µM; MHV p30.1 EC90 = 2.61 µM, MHV p30.2 EC90 = 2.41 µM. (C)
Replication kinetics of NHC passage viruses. MHV p30.1 and p30.2 are delayed in replication
compared to WT MHV but ultimately reach similar peak titers. The data represent the results of 2
independent experiments, each with 3 replicates. Error bars represent standard deviation (SD). (D)
MHV p30.1 accumulated a total of 162 consensus mutations across the genome detectable by Sanger
sequencing. Of these mutations, 81 were synonymous, 64 were nonsynonymous, and 17 were
noncoding. (E) MHV p30.2 accumulated 102 total mutations across the genome. Of these mutations,
54 were synonymous, 42 were nonsynonymous, and 7 were noncoding. (F) Each lineage accumulated
more synonymous changes than nonsynonymous or noncoding changes over passage. (G) Breakdown
of transition and transversion mutations present in each lineage after passage. MHV p30.1 and p30.2
mutations were predominantly transitions. (H) Breakdown of the types of transition mutations present
in each lineage across passage. G:A transitions were the most abundant for both MHV p30.1 and
p30.2.
Figure 21. Res is tance and mutational pro file o f M HV after 30 pas s ages in the pres ence of NHC

72

Figure 22. Mutational profile and resistance of MHV after 19 passages in the presence of NHC.
(A) Lineage 1 accumulated a total of 16 mutations across the MHV genome by passage 19, 146 fewer
mutations than identified after p30. Of these mutations, 8 were synonymous, 7 were nonsynonymous,
and 1 was noncoding. (B) Lineage 2 accumulated 58 mutations by passage 19, 44 fewer mutations
than identified after p30 . Of these mutations, 33 were synonymous, 22 were nonsynonymous, and 3
were noncoding. (C) The majority of mutations present at p19 were transitions. G:A was the most
common type of transition mutation present in both lineages at p19, similar to p30. (D) Change in viral
titer for WT MHV and MHV p19.1 and p19.2 relative to vehicle controls after treatment with NHC.
MHV p19.2 is less sensitive to NHC than WT while MHV p19.1 shows no change in sensitivity. The
data represent the results of 2 independent experiments, each with 3 replicates. Error bars represent
SEM. Statistical significance compared to WT MHV was determined by ratio paired t test and is
denoted *, P < 0.05. (E) Change in viral titer data from (D) represented as percent of vehicle control.
WT MHV EC90 = 1.53 µM, MHV p19.1 EC90 = 1.11 µM, MHV p30.2 EC90 = 2.28 µM. (F) Replication
kinetics of NHC passage viruses. MHV p19.1 and p19.2 are delayed in replication compared to WT
MHV, similar to their p30 counterparts. The data represent the results of 2 independent experiments,
each with 3 replicates. Error bars represent SD.
Figure 22. M utational prof ile and res is tance of M HV after 19 pas s ages in the pres ence of NHC
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MERS-CoV, indicating minimal acquired resistance. However, NHC p30 viruses replicated
similarly to WT p30 MERS-CoV (Fig. 23C). We sequenced both lineages of MERS-CoV p30
population virus and detected 27 consensus mutations in MERS-CoV NHC p30.1 (Fig. 23D) and
41 consensus mutations in MERS-CoV NHC p30.2 (Fig. 23E) randomly distributed across the
genome. Both MERS-CoV NHC p30.1 and MERS-CoV NHC p30.2 accumulated
nonsynonymous and synonymous mutations in roughly equal proportions (Fig. 23F). Like MHV,
the mutations detected in MERS-CoV p30 lineages were predominantly transition mutations
(Fig. 23G). Further analysis of these mutations revealed that the predominant type of transition
was lineage-dependent. The majority of transition mutations in MERS-CoV NHC p30.1 were
G:A transitions, as was observed in both p30 MHV lineages, whereas MERS-CoV NHC p30.2
contained a similar number of each type (Fig. 23H). These results indicate that MERS-CoV can
achieve low-level resistance to NHC and that development of resistance is associated with the
accumulation of multiple transition mutations. Together, our data suggest NHC acts as a
mutagen and that it poses a high genetic barrier to resistance for β-CoVs.

Discussion
In this chapter, I present results that demonstrate the potent inhibition of MHV and MERS-CoV,
two divergent b-CoVs, by NHC. My results are consistent with a mutagenic mechanism of action
for NHC in CoVs, as evidenced by a decrease in specific infectivity and an increase in G:A and
C:U transition mutations present at low frequencies across the genome after treatment. We also
demonstrate that robust resistance to NHC is difficult to achieve in both MHV and MERS-CoV.
Both WT MHV and ExoN(-) MHV are sensitive to NHC inhibition, suggesting that NHC is able
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Figure 23. Resistance and mutational profile of MERS-CoV after 30 passages in the presence of
NHC.
(A) Change in viral titer relative to vehicle controls after treatment with NHC for WT MERS-CoV
passaged 30 times in the absence of drug, MERS-CoV NHC passage 30 lineage 1 (MERS-CoV
p30.1), and MERS-CoV NHC passage 30 lineage 2 (MERS-CoV p30.2) relative to vehicle controls
after treatment with NHC. Both MERS-CoV p30.1 and p30.2 are less sensitive to NHC than WT
MERS-CoV. The data represent the results of 2 independent experiments, each with 3 replicates. Error
bars represent SEM. (B) Change in viral titer data from (A) represented as percent of vehicle control.
WT MERS-CoV EC50 = 1.31 µM, MERS-CoV p30.1 EC90 = 3.04 µM, MERS-CoV p30.2 EC50 = 2.12
µM. (C) Replication kinetics of NHC passage viruses. WT MERS-CoV, MERS-CoV p30.1, and
MERS-CoV p30.2 replicate with similar kinetics and reach similar peak titers. The data represent the
results of 2 independent experiments, each with 3 replicates. Error bars represent SEM.(D) MERSCoV p30.1 accumulated 27 total mutations across the genome. Of these mutations, 14 were
synonymous and 13 were nonsynonymous. (E) MERS-CoV p30.2 accumulated 41 total mutations. Of
these mutations, 17 were synonymous, and 24 were nonsynonymous. (F) Both MERS-CoV p30.1 and
p30.2 accumulated a similar numbers of nonsynonymous and synonymous changes during passage.
(G) MERS-CoV p30.1 and p30.2 acquired predominantly transitions. (H) The types of transition
mutations present in each lineage across passage. MERS-CoV p30.1 acquired relatively more G:A
transitions, whereas MERS-CoV p30.2 acquired similar numbers of each transition type.
Figure 23. Res is tance and mutational pro file o f M ERS-CoV af ter 30 pas s ages in the pres ence of NHC
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to overcome ExoN-mediated proofreading to inhibit WT CoVs and that it interacts with CoVs
differently than other previously tested nucleoside analogues.

Utility of the broad-spectrum antiviral NHC as a pan-CoV therapeutic. Early work with
NHC focused on the mutagenic effects of this compound in multiple bacterial systems
(Popowska et al.; Popowska and Janion, 1974; Salganik et al., 1973). More recently, the antiviral
properties of this compound have been reported for multiple RNA viruses, including
chikungunya virus, VEEV, RSV, HCV, norovirus, influenza A and B viruses, and Ebola virus
(Costantini et al., 2012; Ehteshami et al., 2017; Reynard et al., 2015; Stuyver et al., 2003;
Urakova et al., 2017; Yoon et al., 2018). NHC has also been shown to potently inhibit SARSCoV and HCoV-NL63 (Barnard et al., 2004; Pyrc et al., 2006), suggesting its utility in treating
CoV infections (De Clercq, 2014). Based on previous studies, NHC appears to primarily inhibit
viral replication by mutagenesis (Urakova et al., 2017; Yoon et al., 2018). Serial passaging in the
presence of NHC led to low-level resistance for VEEV, but no detectable resistance for RSV,
Influenza A virus, or bovine viral diarrhea virus, indicating a high barrier to resistance (Stuyver
et al., 2003; Urakova et al., 2017; Yoon et al., 2018). Consistent with these previous studies, the
results in this chapter demonstrate that NHC is mutagenic in CoVs and that passage yields lowlevel, approximately 2-fold resistance. Low-level resistance has also been observed for
remdesivir, another nucleoside analogue that potently inhibits CoVs. Approximately 6-fold
resistance to remdesivir is conferred by two mutations in the CoV RdRp (Agostini et al., 2018).
This study expands the known antiviral spectrum of NHC to include MHV and MERS-CoV, two
genetically divergent b-CoVs and further supports NHC development as a broad-spectrum CoV
antiviral.
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NHC inhibition may circumvent ExoN-mediated proofreading. NHC is the first mutagenic
nucleoside analogue demonstrated to potently inhibit proofreading-intact CoVs. Previous studies
have demonstrated that viruses lacking ExoN proofreading activity, or ExoN(-) viruses, are more
sensitive to inhibition by nucleoside analogues, especially RBV and 5-FU (Agostini et al., 2018;
Graepel et al., 2017; Sexton et al., 2016; Smith et al., 2013). This increased sensitivity has been
attributed to an inability of ExoN(-) to efficiently remove incorrect nucleosides (Ferron et al.,
2017). However, I observed a minimal change in NHC sensitivity between WT MHV and
ExoN(-) MHV, especially by EC90 This suggests that NHC interacts with the CoV replicase
differently than these previously tested nucleoside analogues. One explanation of NHC’s unique
potency is that it may evade removal by the proofreading ExoN. Studies investigating
nucleosides that inhibit DNA viruses have suggested an inability of the viral exonuclease to
efficiently excise some nucleoside analogues (Chamberlain et al., 2019; Derse et al., 1981).
Further, a previous study suggested that the T4 DNA exonuclease activity was incapable of
removing NHC (Śledziewska-Gójska and Janion, 1982). While the SARS-CoV ExoN efficiently
removes 3´ terminal mismatches regardless of type (Bouvet et al., 2012; Ferron et al., 2017), the
effect of NHC on this activity has not been investigated. Interestingly, mismatches readily
observed during single nucleotide elongation by the SARS-CoV polymerase in the absence of
drugs correspond to mismatches that would lead to the G:A and C:U transitions observed after
NHC treatment (Ferron et al., 2017). This suggests that the CoV polymerase could be naturally
more prone to make these types of errors, which are then magnified by NHC. This could lead to
a scenario where ExoN cannot prevent dipping below the error threshold, ultimately resulting in
lethal mutagenesis and similar inhibition of both WT and ExoN(-) MHV (Tejero et al., 2016).
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However, several nucleosides, including the mutagenic RBV, have multiple demonstrated
mechanisms beyond direct incorporation (Biktasova et al., 2017; Crotty et al., 2000; Leyssen et
al., 2005). Thus, another explanation for the unique potency of NHC in the presence of an active
proofreading ExoN is that it may inhibit viral replication by additional mechanisms beyond
mutagenesis. Indeed, previous reports have suggested that NHC may also interfere with the RNA
secondary structure or virion release to cause inhibition (Stuyver et al., 2003; Urakova et al.,
2017). Further, exogenous C or U in the presence of NHC could rescue viral replication in HCV,
chikungunya virus, RSV, and Influenza A virus (Ehteshami et al., 2017; Stuyver et al., 2003;
Yoon et al., 2018), indicating that NHC competes with exogenous nucleosides at some stage
prior to viral inhibition. These results raise the possibility that NHC could inhibit a process that
results in similar inhibition of these viruses by a mechanism unrelated to ExoN. Thus, future
studies will be important to investigate the role of proofreading in NHC inhibition of CoVs to
shed light on intricacies of NHC inhibition of the CoV replication complex.

NHC mutagenesis may hinder emergence of robust resistance to NHC. The decrease in
specific infectivity along with the accumulation of transitions across the CoV genome support a
mutagenic mechanism of action for NHC in CoVs. NHC resistance in CoVs was modest and
difficult to achieve, as we obtained approximately 2-fold resistance after 30 passages. Resistance
was associated with multiple mutations. Interestingly, MERS-CoV accumulated less mutations
over 30 passages than MHV. While differences in viral mutation rates could be the driver of this
difference, previous studies have suggested that MHV does not have a higher mutation rate than
MERS-CoV (Cotten et al., 2014; Hemida et al., 2014; Sanjuan et al., 2010). The differences in
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mutation accumulation between MHV and MERS-CoV may be a product of different passage
conditions. While MHV was passaged with a consistent transfer volume, MERS-CoV passage
volumes were adjusted over time to sustain viral replication under escalating selection for drug
resistance. The constant volume passaging conditions may have more severely bottlenecked
MHV populations and fixed more mutations in the genome than the variable volume passaging
conditions applied to MERS-CoV (Domingo et al., 2012). Alternatively, this difference could
also reflect a difference in mutational robustness of the MHV and MERS-CoV genomes, though
this proposition would need to be investigated further (Bloom et al., 2007; Fares, 2015). While a
portion of the mutations that accumulated over passage likely contribute to NHC resistance,
other mutations, such as those in ns2 or nsp2, which encode proteins dispensable for viral
replication in cell culture, may be merely tolerated because of their limited effect on viral fitness
in the context of our passage conditions (Graham et al., 2005; Schwarz et al., 1990; Zhao et al.,
2011). Few common mutations arose in both MHV and MERS-CoV passage series, (Appendix
C), suggesting that multiple pathways to low-level NHC resistance exist in CoVs. Both MHV
passage lineages replicated less well than WT MHV, suggesting that the accumulation of
mutations during passage may impact viral fitness and the ability of MHV to evolve robust
resistance to NHC. Interestingly, for both MHV and MERS-CoV, the p30 lineage that
demonstrated a greater decrease in sensitivity to NHC was the lineage that had fewer overall
mutations (Fig. 21, 23). Further, the MHV lineage that did not change sensitivity to NHC by p30
(MHV p30.1) had fewer mutations present at consensus by p19 than the other lineage (Fig. 22).
Thus, mutations promoting NHC resistance may need to arise early during passage to help
mitigate the accumulation of excess deleterious mutations. If that is the case, the inability to
evade inhibition by NHC may lead to the accumulation of a greater number of NHC-associated
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transitions and ultimately a higher mutational burden that negatively impact viral fitness (Lyons
and Lauring, 2018; Sanjuán et al., 2004). Consequently, it is possible that the accumulation of
deleterious mutations counteracts potential benefits of resistance mutations (Manrubia Cuevas et
al., 2010). Together, our results support the hypothesis that establishment of resistance to NHC
in CoVs requires a delicate balance of resistance-promoting mutations, viral fitness, and
accumulation of deleterious mutations. Thus, defining the roles of individual NHC resistanceassociated mutations will be an important goal for future studies.

Conclusion
Overall, these results, in combination with previous reports, demonstrate that NHC inhibits a
wide range of RNA viruses, including diverse CoVs. This compound exerts its antiviral function,
at least in part, by increasing the number of G:A and C:U transition mutations present in viral
RNA. Interestingly, ExoN proofreading only modestly affects inhibition by NHC, suggesting
that this compound interacts differently with the CoV replicase than others that have been
previously reported. In addition, passage in the presence of NHC results in minimal acquired
resistance that is associated with multiple transition mutations, indicating a high genetic barrier
to resistance and further supporting mutagenesis as the mechanism of action of NHC in CoVs.
Together, these results support further development of NHC as a broad-spectrum CoV antiviral
and contribute new insights into important aspects of CoV replication.
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CHAPTER IV

INHIBITORY EFFECTS OF A PANEL OF NUCLEOSIDE ANALOGUES DURING
CORONAVIRUS INFECTION

Introduction
In the previous chapters, I have demonstrated the potent inhibition of CoVs by two nucleoside
analogues: remdesivir (GS-5734) and β-D-N4-hydroxycytidine (NHC). While these nucleoside
analogues inhibit CoVs independently, many clinically available antiviral therapies are
composed of multiple compounds with different mechanisms of action as a combination regimen
(Hofmann et al., 2009). Thus, several compounds in combination may be required to effectively
treat CoV infections and control the emergence of drug resistance. Advancing our understanding
of the similarities and differences between inhibitors may be helpful for determining these types
of regimens.

In this chapter, I investigate the inhibition of CoVs by a panel of three nucleoside analogues with
distinct proposed mechanisms of action: 2´-C-methyladenosine (2´-C-MeA), NHC, and
remdesivir. 2´-C-MeA is structurally identical to adenosine except for the addition of a methyl
group at the 2´ position on the ribose sugar (Fig. 24A). Modifications at the 2´ position have
been important components of approved hepatitis C virus (HCV) antivirals and have been shown
to cause immediate chain termination (Carroll et al., 2003). As discussed above, NHC (Fig. 24B)
is a cytidine analogue with the addition of a hydroxyl group at the N4 position of the cytosine
nucleobase. NHC also inhibits multiple RNA virus families, likely through
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Figure 24. Chemical structures of a panel of three nucleoside analogues.
(A) The adenosine analogue 2´-C-Methyladenosine (2´-C-MeA). (B) The cytidine analogue β-D-N4hydroxycytidine (NHC). (C) The adenosine analogue GS-441524, the 1´cyano 4-aza-7,9dideazaadenosine parent C-nucleoside of remdesivir.
Figure 24. Chemical s truct ures of 2’ -C-M ethyladenos ine, β-D -N4-hyd roxycytidi ne, and GS-44 1524
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incorporation into the viral genome and subsequent mutagenesis (Urakova et al., 2017; Yoon et
al., 2018). Remdesivir is the monophosphoramidate prodrug of GS-441524 (Fig. 24C), a 1´cyano
4-aza-7,9-dideazaadenosine C-nucleoside with broad-spectrum antiviral activity, and has been
shown to cause delayed chain termination (Jordan et al., 2018; Tchesnokov et al., 2019; Warren
et al., 2016). The mechanisms of the compounds discussed here have primarily been
demonstrated in other RNA viruses; prior to this dissertation work, direct evidence of any of
these mechanisms had not been reported in CoVs. Since some nucleoside analogues have distinct
mechanisms of action in different viruses (Furuta et al., 2017), I sought to further investigate the
inhibition of CoVs using this panel of antiviral nucleoside analogues. In this chapter, I present
preliminary data that suggest both similarities and differences between the inhibition of CoVs by
these compounds.

I performed all experiments and final analyses for the data presented in this chapter, except that
Jennifer Gribble performed bioinformatic processing of NGS data and Tia Hughes performed 2´C-MeA cytotoxicity assays.

Nucleoside analogues decrease viral titer and genomic RNA levels
To begin assessing the antiviral effect of the nucleoside analogue panel, I first determined WT
MHV titers and RNA genome copy levels after treatment with these compounds. WT MHV
titers were significantly decreased by all nucleosides tested. Further, each of the nucleoside
analogues in this panel reduced viral titer similarly across the concentration range tested (Fig.
25A-C). WT MHV supernatant RNA genome copies were also significantly decreased after
treatment with this panel of nucleoside analogues (Fig. 25D-F), but the effects on RNA levels
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Figure 25. Treatment of WT MHV with nucleoside analogues decreases viral titer and
supernatant viral genomic RNA.
(A) MHV titer after treatment with increasing concentrations of 2´-C-MeA, (B) NHC, and (C)
remdesivir. Treatment with each of these nucleoside analogues significantly reduces MHV titer. (D)
MHV supernatant RNA levels after treatment with 2´-C-MeA, (E) NHC, and (F) remdesivir.
Nucleoside analogue treatment also significantly decreases MHV supernatant RNA levels. All data in
this figure represent the results of two independent experiments, each with 3 replicates. Error bars
represent SEM. Statistical significance for each compound treatment compared to DMSO control was
determined by one-way ANOVA with Dunnett’s post hoc test for multiple comparisons and is denoted
by asterisks: *, P < 0.05; **; P < 0.01; ***, P < 0.001; ****, P < 0.0001.
Figure 25. Treatment o f WT M HV wit h nucleos ide analogues decreas es viral titer and s upernatant viral genomic RNA
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were nucleoside-dependent. I have demonstrated in previous chapters that the antiviral activity of
remdesivir and NHC were not due to toxicity at the concentrations tested here. This holds true
for 2´-C-MeA: the CC50 of this compound was > 100 µM (Table 3). Together, these results
demonstrate the inhibition of WT MHV by the panel of nucleoside analogues in this study at
nontoxic concentrations.

Nucleoside analogue inhibition in WT MHV is MOI-dependent
To begin probing the antiviral activity of this nucleoside analogue panel, I tested the effect of
viral load on WT MHV inhibition by these compounds. Previous reports have proposed that
mutagenic nucleoside analogues may be more effective upon multiple rounds of infection as
more mutations accumulate in the viral population (Moreno et al., 2012; Smith et al., 2013).
However, these studies have not investigated this effect in depth with compounds proposed to act
by other mechanisms. Thus, I infected cells with WT MHV at either a high (1) or low (0.01)
multiplicity of infection (MOI) and treated with a dose-range of each of the nucleoside
analogues. Each compound in this panel decreased WT MHV titer significantly more at low
MOI than high MOI (Fig. 26A-C), especially at higher concentrations tested. These results
demonstrate that increased rounds of replication increase inhibition by these nucleoside
analogues in CoVs, regardless of proposed mechanism of action.

Effect of exogenous ribonucleoside addition on nucleoside analogue inhibition
Several nucleoside analogues inhibit viruses through multiple mechanisms. For example, the
broad-spectrum antiviral activity of ribavirin (RBV) has been attributed to both mutagenesis
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Table 3. Cytotoxicity of the nucleoside analogue panel.

Compound

CC50 (µM)

remdesivir

39

NHC

>200

2´-C-MeA

>100

Table 3. Cytotoxicit y of the panel o f nucleos ide analogues

86

(Crotty et al., 2000; 2014) and depletion of cellular GTP pools attributed to inosine
monophosphate dehydrogenase (IMPDH) inhibition (Leyssen et al., 2005; Streeter et al., 1973).
As such, addition of exogenous guanosine (G) can restore nucleoside pools and viral titer in the
presence of RBV. Thus, I sought to address whether exogenous ribonucleosides could compete
with any of the nucleoside analogues in this panel to prevent inhibition. To investigate this
proposition, I determined viral titer after I treated cells with fixed, inhibitory concentrations of
each of the nucleoside analogues in the panel and added back individual exogenous
ribonucleosides. Treatment with exogenous ribonucleosides itself did not alter viral titer (Fig.
27A). However, treatment with adenosine (A) significantly increased viral titer in the presence of
2´-C-MeA, suggesting that 2´-C-MeA competes with A prior to inhibiting WT MHV (Fig. 27B).
After treatment with NHC, both cytidine (C) and uridine (U) significantly restored viral titer
compared with NHC treated controls (Fig. 27C), suggesting that NHC competes with both C and
U before inhibiting CoVs. However, viral titer was not restored in the presence of any tested
exogenous nucleosides after treatment with the parent nucleoside of remdesivir, GS-441524 (Fig.
27D), suggesting that remdesivir metabolism and viral inhibition do not rely on similar pathways
as these particular nucleosides. Overall, each nucleoside showed different patterns of titer
restoration after exogenous nucleoside addition indicating potential differences in the
mechanisms, uptake, and metabolism of these nucleoside analogues (Furuta et al., 2005).

Nucleoside analogues can decrease CoV specific infectivity
To further probe the mechanisms of inhibition of these nucleoside analogue inhibitors, I next
tested the ratio of infectious virus per viral RNA, or specific infectivity, after treatment with this
panel of compounds. Some previous studies have reported that treatment with mutagens decrease
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Figure 26. Nucleoside analogues more potently inhibit WT MHV at lower MOI regardless of
proposed mechanism of action.
(A) Change in viral titer relative to vehicle control after infection with WT MHV at a high (1) or low
(0.01) MOI and treatment with 2´-C-MeA, (B) NHC, or (C) remdesivir. Viral titer was significantly
reduced at a low MOI (0.01) compared with a high (1) MOI after treatment with each of these
compounds. All data in this figure represent the results of two independent experiments, each with 3
replicates. Error bars represent SEM. Statistical significance compared to higher MOI at each
concentration was determined by unpaired t test using the Holm-Sidak method to correct for multiple
comparisons and is denoted by asterisks: *, P < 0.05; **; P < 0.01.
Figure 26. Nucleos ide analogues more po tently inhi bit WT M HV at lowe r M OI regar dles s of propos ed mechanis m of action
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Figure 27. Addition of exogenous ribonucleosides can restore viral titer after treatment with 2´C-MeA and NHC but not remdesivir.
(A) Addition of exogenous ribonucleosides in the presence of DMSO do not alter viral titer compared
to DMSO controls. (B) Addition of exogenous Adenosine (A) significantly increases viral titer in the
presence of 40 µM 2´-C-MeA. (C) Addition of exogenous cytidine (C) and uridine (U) significantly
increased titer after treatment with 4 µM NHC. (D) None of the ribonucleosides tested here could
restore viral titer after treatment with GS-441524 when added exogenously. All data in this figure
represent the results of two independent experiments, each with 3 replicates. Error bars represent
SEM. Statistical significance compared to the respective compound’s DMSO control was determined
determined using the Kruskal-Wallis test with Dunn’s post hoc test to correct for multiple
comparisons and is denoted by asterisks: *, P < 0.05.
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specific infectivity (Crotty et al., 2001) and others have hypothesized that specific infectivity
would not be altered by non-mutagenic nucleoside analogues. However, very few studies have
directly addressed whether other mechanisms of action of nucleoside analogues alter viral
specific infectivity, particularly in CoVs (Delang et al., 2014). Thus, I used my panel composed
of nucleoside analogues with multiple proposed mechanisms of action to determine their effect
on specific infectivity in CoVs. Using the concentration range established in Fig. 20 that
similarly reduced viral titer for each nucleoside analogue, I demonstrate that specific infectivity
is not significantly decreased by 2´-C-MeA (Fig. 28A). As expected from its mutagenic
mechanism of action, NHC significantly decreased specific infectivity of WT MHV (Fig. 28B).
However, remdesivir, a proposed chain terminator, also significantly decreased specific
infectivity (Fig. 28C). Together, these results suggest that nucleoside analogues may decrease
specific infectivity of WT MHV regardless of proposed mechanism of action.

NHC is the only nucleoside analogue in the panel that induces mutagenesis
Because decreases in specific infectivity have been associated with mutagenesis, I directly
investigated whether this nucleoside analogue panel induced mutagenesis by performing fullgenome next-generation sequencing (NGS) on released MHV RNA after compound treatment.
Neither 2´-C-MeA (Fig. 29B) or remdesivir (Fig. 29D) treatment resulted in an increase in lowfrequency mutations compared to vehicle control (Fig. 29A). However, as has been previously
reported, NHC increased the number of low-frequency transition mutations after a single
infection (Fig. 29C) compared with WT MHV. Together, these results indicate that NHC is the
only mutagenic nucleoside analogue in this panel and that the decrease in specific infectivity
observed after nucleoside analogue treatment is not solely associated with mutagenesis in CoVs.
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Figure 28. Treatment with NHC and remdesivir significantly decreases specific infectivity.
(A) The ratio of infectious WT MHV to genomic MHV RNA present in supernatant, or specific
infectivity, after treatment with 2´-C-MeA, (B) NHC, or (C) remdesivir. The specific infectivity of
WT MHV is significantly decreased by NHC and remdesivir. All data in this figure represent the
results of two independent experiments, each with 3 replicates. Error bars represent SEM. Statistical
significance compared to DMSO control was determined using the Kruskal-Wallis test with Dunn’s
post hoc test to correct for multiple comparisons and is denoted by asterisks: *, P < 0.05; **; P < 0.01;
***, P < 0.001; ****, P < 0.0001.
Figure 28. Treatment wi th NHC and remdes ivir s ignificantly dec reas es s pecific infectivity
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A qPCR-based approach to detect truncated RNAs after nucleoside analogue treatment
Only NHC increased low-frequency mutations across the genome, suggesting that decreases in
CoV specific infectivity represent mechanisms beyond mutagenesis. To begin to determine
whether a chain termination mechanism of action could decrease specific infectivity of WT
MHV, I designed a qPCR assay to detect the ends of ORF1 in genomic RNA released after viral
infection. Specifically, I designed primers with similar efficiencies to detect nsp1 and nsp16 of
positive-sense MHV RNA in an effort to identify truncated RNA species. Using this approach, I
detected a significant decrease in the amount of nsp16 relative to nsp1 in supernatant RNA after
treatment with higher concentrations of 2´-C-MeA (Fig. 30A), indicating potential truncations. I
did not detect a significant difference in the amount of nsp16 and nsp1 after treatment with NHC
(Fig. 30B). Treatment with remdesivir may have decreased the amount of nsp16 relative to nsp1
present, but this result was also associated with an increase in this ratio over vehicle control (Fig.
30C). Overall, this qPCR-based approach to detect truncated RNAs in viral supernatants proved
to be highly variable, suggesting this method may require further refinement or that it may lack
the capability to reliably detect small changes in these targets when low levels of viral RNA are
available after treatment with highly inhibitory nucleoside analogue concentrations.

RNA species released after infection are altered after treatment with nucleoside analogues
To better address the viral RNA species released after treatment with nucleoside analogues, I
used NGS approaches. First, I collected RNA released from WT-infected cells after treatment
with each of the nucleosides in this panel. I subjected RNA from the same biological samples to
library preparation with and without selecting for polyadenylated [poly(A)] RNAs. Poly(A)
library selection should detect only RNAs with a poly(A) tail and may include viral genomic
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Figure 29. NHC is the only nucleoside analogue in the panel that increases low-frequency
mutations spread across the WT MHV genome compared with the vehicle control.
(A) Frequency in the population, distribution across the genome, and mutation type for variants
detected by NGS after treatment with vehicle (DMSO), (B) 40 µM 2´-C-MeA, (C) 4 µM NHC, or (D)
0.25 µM remdesivir. Transition mutations in the table are shown in shaded boxes.
Figure 29. NHC is the only n ucleos ide analogue in the panel that inc reas es low-frequency mutatio ns s pread acros s the WT M HV genome compared with vehicle cont rol
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RNA, sgmRNAs, or cellular mRNAs. However, lack of poly(A) selection will also detect RNAs
without a poly(A) tail, which may include but is not limited to, truncated, degraded, or
unprocessed RNAs. We first determined sequencing coverage across the genome with poly(A)
library selection using Bowtie2 for alignment to the MHV genome. I found that coverage is
similar and relatively uniform across the MHV genome after treatment with DMSO (Fig, 31A),
2´-C-MeA (Fig. 31B), NHC (Fig. 31C), and remdesivir (Fig. 31D). In addition, coverage in the
absence of poly(A) selection was minimally altered for the vehicle control compared with the
poly(A) selected libraries (Fig. 31E). However, coverage across the genome after nucleoside
analogue treatment in the absence of poly(A) selection was much more variable for 2´-C-MeA
(Fig. 31F), NHC (Fig. 31G), and remdesivir (Fig. 31H), and this change in coverage was dosedependent for remdesivir (Fig. 32A-C). Together, these results serve as additional evidence that
nucleoside analogue treatment may alter the released viral RNA species.

Lack of cross-resistance across the nucleoside analogue panel
To continue to address the similarities and differences in CoV inhibition across this nucleoside
analogue panel, I utilized the viruses with altered susceptibility to remdesivir and NHC that I
identified in the previous chapters to test loosely for cross-resistance. I first assessed the
sensitivity of remdesivir resistant MHV to NHC. I found that remdesivir resistance mutations,
either individually or in combination, did not confer resistance to NHC and may actually
increase sensitivity to NHC, though this difference did not reach statistical significance (Fig.
33A). Further, remdesivir resistance also did not confer resistance to 2´-C-MeA, despite both
being adenosine analogues proposed to act by chain termination (Fig. 33B). Given this lack of
cross-resistance, I also assessed the sensitivity of NHC MHV p19 and p30 viruses to remdesivir.
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Figure 30. Change in levels of nsp16 relative to nsp1 after nucleoside analogue treatment.
(A) Levels of nsp16 relative to nsp1 of MHV RNA after treatment with 2´-C-MeA. Treatment with the
highest concentration of 2´-C-MeA results in a significant decrease in the amount of nsp16 relative to
nsp1. (B) Levels of nsp16 relative to nsp1 of MHV RNA after treatment with NHC. NHC treatment
does not significantly alter the level of nsp16 relative to nsp1. (C) Levels of nsp16 relative to nsp1 of
MHV RNA after treatment with remdesivir. The ratio of nsp16 relative to nsp1 decreases with
increasing concentrations of remdesivir, but not compared with the DMSO control. All data in this
figure represent the results of two independent experiments, each with 3 replicates. Statistical
significance compared to DMSO control was determined by Kruskal-Wallis test using the Dunn’s post
hoc test to correct for multiple comparisons and is denoted by asterisks: *, P < 0.05.
Figure 30. Change in levels of ns p16 relative to ns p1 af ter nucleos ide analogue treatmen t
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I found that neither lineage of NHC passaged viruses decreased sensitivity to remdesivir
inhibition compared to WT MHV (Fig. 33C). Together, these results demonstrate the lack of
cross-resistance across this nucleoside panel and support their compatibility in resistance
mitigation.

Discussion
In this chapter, I present data that probes the details of CoV inhibition by a panel of nucleoside
analogues that are proposed to act by distinct mechanisms. I demonstrate that, regardless of
proposed mechanism of action, nucleoside analogues more potently inhibit CoVs during
infection with low viral loads. Further, MHV specific infectivity can be decreased by nucleoside
analogues even if they do not induce mutagenesis. I also show preliminary data that suggests
nucleoside analogue treatment alters viral RNA released after infection. However, regardless of
proposed mechanism, no cross-resistance was detected across this panel of nucleoside analogues,
suggesting their utility in controlling antiviral resistance. Together, these results contribute to a
better understanding of the mechanisms of action of these compounds in CoVs.

Lower viral load enhances CoV inhibition by nucleoside analogues regardless of proposed
mechanism. Each of the nucleoside analogues investigated here had a proposed mechanism of
action in other viral systems, but specific inhibitory details may vary from virus to virus. While
specific differences in multiple phenotypes emerged after treatment with this nucleoside
analogue panel, I observed that they all inhibited MHV more potently after multiple rounds of
replication within a single infection, regardless of proposed mechanism of action. This result
suggests that nucleoside analogue impacts on viral replication are compounded over time.
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Figure 31. Sequencing coverage is more variable in the absence of poly(A) library selection after
nucleoside analogue treatment.
(A) Number of NGS reads aligned to the genome at each nucleotide position after poly(A) library
selection of MHV-infected samples treated with vehicle (DMSO), (B) 40 µM 2´-C-MeA, (C) 4 µM
NHC, or (D) 0.25 µM remdesivir. (E) Number of NGS reads aligned to the genome at each nucleotide
position without poly(A) library selection of MHV-infected samples treated with vehicle (DMSO), (F)
40 µM 2´-C-MeA, (G) 4 µM NHC, or (H) 0.25 µM remdesivir.
Figure 31. Sequenci ng coverage is more var iable in the abs ence of poly (A) lib rary s election afte r nucleos ide analogue treatment
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Further, it also suggests that some aspects of inhibition may not be indicative of a particular
mechanism of action and may be shared across nucleoside analogues. This is particularly
interesting because few studies have investigated the impact of viral load on nucleoside analogue
efficacy, especially with nucleoside analogues that do not act by a mutagenic mechanism
(Moreno et al., 2012; Perales et al., 2011; Sierra et al., 2000). In addition, this result could be
clinically relevant. For example, nucleoside analogue treatment may be more effective earlier in
infection, when the viral load of a patient is lower. This is consistent with the increased efficacy
of remdesivir when given prophylactically vs therapeutically, but future studies are warranted to
more deeply investigate this proposition. Future studies may also address whether these findings
are consistent across different types of inhibitors beyond nucleoside analogues in CoVs, as a
protease inhibitor of chikungunya virus also showed a similar effect of viral load-dependent
inhibition (Das et al., 2016).

Nucleoside analogue treatment may alter viral RNA released after infection. In this chapter,
I demonstrate that non-mutagenic compounds, such as remdesivir, can significantly decrease
MHV specific infectivity. Since remdesivir treatment did not increase low-frequency mutations
present across the genome, these data indicate that changes in specific infectivity can represent
more than mutagenesis. But what, beyond mutagenesis, may damage infectivity of viral RNA
after nucleoside analogue treatment? Because remdesivir is proposed to be a chain terminator,
one potential explanation is that CoVs package truncated or defective RNAs after remdesivir
treatment. While truncated RNAs may result from chain termination, they could also represent
loss of polymerase processivity in the presence of remdesivir. However, loss of polymerase
processivity may also lead to template switching and the generation of defective recombinants
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Figure 32. Dose-dependent change in sequencing coverage variability without poly(A) library
selection after remdesivir treatment.
(A) Number of NGS reads aligned to the genome at each nucleotide position without poly(A) library
selection of MHV-infected samples treated with vehicle (DMSO), (B) 0.125 µM remdesivir, or (C)
0.25 µM remdesivir. Sequencing coverage variability increases with increasing concentrations of
remdesivir. (D) Number of NGS reads aligned to the genome at each nucleotide position with poly(A)
library selection of MHV-infected samples treated with vehicle (DMSO), (E) 0.125 µM remdesivir, or
(F) 0.25 µM remdesivir. Sequencing coverage in the presence of poly(A) library selection at the same
concentrations of remdesivir shows less variability.
Figure 32. Dos e-dependent change in s equencing coverage va riability w ithout po ly(A) librar y s election after re mdes ivir treat ment
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Figure 33. Resistance to a single nucleoside analogue does not confer broad cross-resistance.
(A) Change in viral titer for WT MHV and remdesivir resistant MHV relative to vehicle control after
treatment with NHC or (B) 2´-C-MeA. Remdesivir resistant mutants are not less sensitive to NHC or
2´-C-MeA inhibition. (C) Change in viral titer for WT MHV and NHC passage 19 and passage 30
virus lineages relative to vehicle control after treatment with remdesivir. NHC passage lineages are not
less sensitive to remdesivir inhibition. All data in this figure represent the results of two independent
experiments, each with 3 replicates. No statistical significance compared to WT was detected by the
Kruskal-Wallis test using the Dunn’s post hoc test to correct for multiple comparisons.
Figure 33. Res is tance to a s ingle nucleos ide analogue does not confer broad c ros s -res is tance
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(Kim and Kao, 2001). Since nucleoside analogues in this panel also made coverage across the
genome by Bowtie2 more variable, as is seen during generation of defective RNA genomes
(Jaworski and Routh, 2017), it will be important to further investigate truncation and
recombination events in the presence of these nucleoside analogues. Beyond truncation and
recombination, CoVs could lead to nonspecific packaging, especially of sgmRNAs or negativesense RNA based on less genomic RNA being present. However, another possibility remains that
chain termination occurs when the nucleoside is incorporated in the template strand (Deval,
2009), decreasing infectivity and altering the coverage of this template RNA. Overall, the data
presented here raise many unanswered questions about the precise effects of nucleoside analogue
treatment on released viral RNA that warrant further exploration.

Lack of cross-resistance between nucleoside analogues indicates their potential to control
antiviral resistance. Multiple therapeutic regimens have employed combinations of antivirals to
combat infection and control resistance (De Clercq and Li, 2016a; Hofmann et al., 2009).
Previous reports in HIV have studied the effect of M184V, a lamivudine (3TC) resistance
mutation that increases sensitivity to other nucleoside inhibitors such as AZT (Larder et al.,
1989), and this relationship may be important for the efficacy of some drug combinations
(Larder et al., 1995). Thus, with the increasing number of nucleoside analogues that inhibit
CoVs, I sought to understand the compatibility between these compounds. Here, I demonstrate
no evidence of cross-resistance between a panel of nucleosides with different proposed
mechanisms of action. Interestingly, both remdesivir and 2´-C-MeA are adenosine analogues
proposed to act by non-obligate chain termination, but I found differences in their inhibition
profiles of CoVs, including the lack of cross-resistance between these two nucleosides. This
101

suggests that residues involved in resistance may recognize distinct features of these nucleosides
(Deval et al., 2016a). Overall, these results support the potential of nucleoside analogues to be
used in conjunction to mitigate CoV antiviral drug resistance. Future studies will be important to
probe the mechanisms of resistance to these compounds and to better understand the utility of
nucleoside analogue combinations in combating CoV antiviral resistance.

Conclusion
The data presented in this chapter highlight some of the similarities and differences of CoV
inhibition by three distinct nucleoside analogues. Specifically, this chapter begins to probe the
ability of this nucleoside analogue panel to cause CoV inhibition by the two most common
mechanisms of action: chain termination and mutagenesis. Collectively, these results expand our
knowledge of nucleoside analogue inhibition of CoVs and provide insights into CoV replication.
Finally, these results indicate the potential of these nucleoside analogues to be used in
combination to control antiviral resistance.
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CHAPTER V

MATERIALS AND METHODS

Cell culture
Murine astrocytoma delayed brain tumor (DBT) cells (Chen and Baric, 1996), Vero cells (ATCC
CCL-81), and baby hamster kidney 21 cells expressing the MHV receptor (BHK-R) (Yount et
al., 2002) were maintained at 37°C in Dulbecco’s modified Eagle medium (DMEM; Gibco)
containing 10% fetal bovine serum (FBS; Invitrogen), penicillin and streptomycin (Gibco),
HEPES (Gibco), and amphotericin B (Corning). BHK-R cells were further supplemented with
0.8 mg/ml of G418 (Mediatech). The human lung epithelial cell line Calu-3 (clone 2B4) was
kindly donated by C. T. Tseng (University of Texas Medical Branch) (Sims et al., 2013) and
maintained in DMEM (Gibco), 20% fetal bovine serum (HyClone), and 1× Gibco antibioticantimycotic solution. Human tracheobronchial epithelial cells were obtained from airway
specimens resected from patients undergoing surgery under University of North Carolina
Institutional Review Board-approved protocols by the Cystic Fibrosis Center Tissue Culture
Core (UNC Tissue Core). Primary cells were expanded to generate passage 1 cells, and passage
2 cells were plated at a density of 250,000 cells per well on Transwell-COL (12-mm diameter)
supports. Human airway epithelium cultures were generated by provision of an air-liquid
interface (ALI) for 6 to 8 weeks to form well-differentiated, polarized cultures that resembled in
vivo pseudostratified mucociliary epithelium (Leslie Fulcher et al., 2004; Scobey et al., 2013;
Sims et al., 2005).
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Viruses
All work with MHV was performed using the recombinant WT strain MHV-A59 (GenBank
accession number AY9108610 (Yount et al., 2002)). SARS-CoV expressing green fluorescent
protein (SARS-GFP) and MERS-CoV expressing red fluorescent protein (MERS-RFP) used in the
remdesivir work were created from molecular cDNA clones according to protocols described
previously (Scobey et al., 2013; Sims et al., 2005). MERS-CoV stocks used in the NHC work were
generated from cDNA clones (GenBank accession number JX869059 (Almazán et al., 2015)).

Compounds and cell viability studies
GS-441524 and remdesivir (GS-5734) were synthesized at Gilead Sciences and prepared as 50
mM and 20 mM stock solutions in dimethyl sulfoxide (DMSO), respectively. NHC was
synthesized at the Emory Institute for Drug Development and prepared as a 20 mM stock
solution in DMSO. Cell viability was assessed using CellTiter-Glo (Promega) in 96-well plates
according to the manufacturer’s instructions. DBT cells were incubated with indicated
concentration of compound at 37°C for 24 h. Vero cells were incubated with indicated
concentration of compound at 37°C for 48 hours. DBT cell viability was determined using a
Veritas microplate luminometer (Promega) and Vero cell viability was determined using the
GloMax (Promega) with values normalized to those of untreated cells.

Compound sensitivity studies and generation of EC50 curves
Subconfluent monolayers of DBT cells were infected with the indicated virus at a multiplicity of
infection (MOI) of 0.01 PFU per cell for 1 h at 37°C. The inoculum was removed and replaced
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with medium containing the indicated compound concentration. Cell supernatants were
harvested 24 h post-infection. Titers were determined by plaque assay (Eckerle et al., 2007).
MOI effect experiments were performed as described above except that cells infected at a high
MOI (1 PFU/cell) were collected 12 h post-infection. Subconfluent monolayers of Vero cells
were infected with an MOI of 0.01 PFU/cell of MERS-CoV. After virus adsorption for 30
minutes at 37°C, the inoculum was removed. Cells were washed with PBS and incubated with
medium containing the indicated concentrations of NHC or DMSO (vehicle control). After 48 h,
supernatant was collected and titers were determined by plaque assay as described previously
(Coleman and Frieman, 2015). EC50 curves as well as EC50 and/or EC90 values were generated
with the nonlinear regression curve fit in GraphPad Prism software (La Jolla, CA).

In vitro efficacy in human airway epithelial cells
Fully mature HAE cultures were obtained from the UNC Tissue Core. At 48 h prior to infection
the apical surface of the culture was washed with 500 µl 1× phosphate-buffered saline (PBS) for
1.5 h at 37°C, and the cultures were moved into wells containing fresh air-liquid interface (ALI)
medium (Leslie Fulcher et al., 2004). Immediately prior to infection, 500 µl of PBS was added to
the apical surface of the HAE cultures for 30 min at 37°C, the first wash was removed, and a
second wash was added prior to moving the HAE cultures into ALI medium containing
remdesivir concentrations ranging from 0.0016 to 10 µM, as indicated for each experiment. The
second wash was removed, and 200 µl of viral inoculum (MOI of 0.5 PFU/cell for MERS-RFP
and SARS-GFP) was added to the apical surface of the cultures for 3 h at 37°C. The viral
inoculum was then removed, and the apical surface of the cultures was washed three times with
500 µl 1× PBS, the final wash was removed, and the cultures were incubated at 37°C for a total
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of 48 h post-infection. For all cultures, apical washes were performed (100 µl 1× PBS) to assess
viral replication titers, and then total RNA was collected in 500 µl TRIzol (Life Technologies/
ThermoFisher) and frozen at −80°C prior to extraction for real-time PCR analysis. The data that
are shown are representative of duplicate sample sets performed with a minimum of three
different patient isolates. For the therapeutic HAE experiments, cultures were washed as
described above, and HAE cells remained in drug-free ALI medium for the first day of infection.
At 24 h post-infection, cultures were moved to ALI medium containing remdesivir
concentrations ranging from 1 to 10 µM as indicated. Cultures were harvested at 48 h post-drug
treatment, which was 72 h post-infection.

Time-of-drug addition assay
Subconfluent monolayers of DBT cells were treated with media containing DMSO, 2 µM
remdesivir, or 16 µM NHC at the indicated time pre- or post-infection. Cells were infected with
WT MHV at an MOI of 1 PFU/cell for 1 hour at 37oC. Virus inoculum was removed and
medium was replaced. Culture supernatant was harvested 12 hours post-infection, and viral titer
was determined by plaque assay.

Quantification of viral genomic RNA
Subconfluent DBT cells were infected with WT MHV at an MOI of 0.01 PFU/cell. Inoculum
was removed after 1 h incubation at 37oC and medium containing indicated compound
concentration was added. Total RNA from cells and supernatant RNA was harvested using the
TRIzol reagent (Invitrogen) after 20 hours. Both total RNA and supernatant RNA were extracted
by phase separation. Total RNA was purified by ethanol precipitation and supernatant RNA was
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purified using the PureLink RNA mini kit (Invitrogen) according to manufacturer’s protocol.
Total RNA was reverse transcribed using SuperScript III (Invitrogen) to generate cDNA that was
quantified by polymerase chain reaction (qPCR) as previously described (Smith et al., 2013).
Data are presented as 2-DDCT, where DDCT denotes the change in the threshold cycle for the viral
target (nsp10) normalized to the control Glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
before and after drug treatment. Supernatant RNA was quantified using one-step reverse
transcriptase-quantitative PCR (qRT-PCR) as previously described (Sexton et al., 2016). Data
are presented as the fold change in genome RNA copies normalized to vehicle control.

Determination of specific infectivity
Subconfluent DBT cells were infected with WT MHV at an MOI of 0.01 PFU/cell. Inoculum
was removed after 1 h incubation at 37oC and medium containing indicated concentrations of
NHC was added. Supernatant RNA was harvested using the TRIzol reagent (Invitrogen) after 20
hours, followed by extraction and quantification as described above. Viral titer was determined
by plaque assay. Specific infectivity was calculated as PFU per supernatant genome RNA copy.

NGS studies
Subconfluent DBT cells were infected with WT MHV at an MOI of 0.01 PFU/cell and treated
with the indicated concentrations of NHC. Supernatant was collected 24 hours post-infection.
Purified viral RNA was submitted to GENEWIZ for library preparation and sequencing. Briefly,
after performing quality controls, viral RNAs were randomly fragmented using heat. Libraries
were prepared and sequenced on the Illumina HiSeq platform. GENEWIZ performed basecalling and read demultiplexing. Trimmomatic was used to trim adapter contaminants and reads
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shorter than 36 basepairs as well as filter low quality bases (Q-score <30) (Bolger et al., 2014).
The paired-end fastq reads were then aligned to the MHV genome using Bowtie2 to generate a
SAM file (Langmead et al., 2019). SAMtools was used to process the resultant alignment file
and calculate coverage depth at each nucleotide, generating a sorted and indexed BAM file.
LoFreq was used to call substitution variants, including low- frequency variants, and generate a
variant file (Wilm et al., 2012). The Bash shell and Excel were used to further process and
analyze the resultant vcf file. A frequency of 0.001 was used as a cutoff for variants, consistent
with previous reports (Nakamura et al., 2011). Absolute numbers of mutations are reported for
each NHC treatment. The percentage of the total mutations for each specific mutation type was
calculated using these numbers. The difference in percentage for each class of mutation after
treatment as compared with vehicle control is referred to as the relative proportion of these
mutations.

Selection of remdesivir resistance mutations
WT MHV was passaged in triplicate in increasing concentrations of GS-441524, ranging from 1
to 12 µM. Infection was initiated for passage 1 at an MOI of 0.1 PFU/cell. Supernatant was
harvested and frozen when the cell monolayer demonstrated 80% cytopathic effect (CPE) or
after 24 h. A constant volume of 16 µl was used to initiate subsequent passages. All lineages
were maintained until passage 17 (p17). Lineages 2 and 3 were lost after p17 and p20,
respectively, when virus CPE did not reach above 50% upon multiple efforts and at various
concentrations of GS-441524. Lineage 1 demonstrated an increase in visible CPE, and thus
lineage 1 was carried to passage 23. After each passage, total RNA was harvested from infected
cell monolayers using the TRIzol reagent to be used for viral population sequencing. After
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passage 23, RNA was extracted and reverse transcribed using SuperScript III, followed by
generation of amplicons for all three lineages covering nsp12 and nsp14 at passage 16 and 12
PCR amplicons to cover the whole genome after 23 passages of lineage 1. Dideoxy amplicon
sequencing was performed by GenHunter (Nashville, TN) and analyzed to identify mutations
using MacVector.

MHV population passage in the presence of NHC
WT MHV was passaged in triplicate in increasing concentrations of NHC, ranging from 1 µM to
5 µM. Infection was initiated for passage 1 at an MOI = 0.1 PFU/cell. Viral supernatants were
harvested and frozen when the cell monolayer demonstrated 80% cytopathic effect (CPE) or
after 24 hrs. A constant volume of 16 µl was used to initiate subsequent passages. All three
lineages were maintained until passage 16 when lineage 3 demonstrated no visible CPE upon
multiple attempts at varying concentrations. Lineage 1 and 2 were maintained until passage 30.
After each passage, total RNA was harvested from infected cell monolayers using the TRIzol
reagent. Viral RNA was extracted from passage 19 and passage 30 samples and reverse
transcribed using SuperScript III, followed by generation of 12 PCR amplicons to cover the
whole genome. Dideoxy amplicon sequencing was performed by GENEWIZ and analyzed to
identify mutations present at greater than 50% of total using MacVector. Viral mutation maps
depicting the identified mutations were generated using MacVector.

MERS-CoV population passage in the presence of NHC
Three parallel, independent passage series of WT MERS-CoV were performed on Vero cells in
the presence of escalating concentrations of NHC up to a maximum of 6.5 µM to select for drug109

resistant mutant viruses. Virus adaptation to replication in the presence of NHC-supplemented
complete culture medium was assessed by monitoring progression of characteristic MERS-CoV
CPE. Volumes of transferred culture supernatants were adjusted empirically to balance
continuous selective pressure against culture extinction. Each of triplicate lineages in the MERSCoV passage experiment was sustained through passage 30. However, the third lineage was
severely impaired in replication and was excluded from further analysis. Total infected-cell
MERS-CoV RNA purified from monolayers infected with terminal-passage (p30) culture
supernatant was used to generate RT-PCR products for consensus Sanger sequencing of the
complete viral genome (GENEWIZ). Changes in passaged virus nucleotide and deduced amino
acid sequences were identified via alignment with the WT parental virus genomic sequence
using MacVector.

Modeling and conservation of resistance mutations in the CoV MHV nsp12 RdRp
The F476 and V553 residues were located on the previously described MHV RdRp model
(Sexton et al., 2016) using the Pymol Molecular Graphics System (Schrödinger, LLC). A model
of the MHV RdRp was also generated using Phyre2 (Kelley et al., 2015) based on the solved
structure of SARS-CoV, and mutations were modeled on this polymerase model (Kirchdoerfer
and Ward, 2019). Multiple sequence alignments were generated using MacVector.

Cloning, recovery, and verification of mutant viruses
QuikChange mutagenesis was performed according to the manufacturer’s protocol to generate
mutations in MHV individual genome cDNA fragment plasmids using the previously described
infectious clone reverse-genetics system (Yount et al., 2002). Mutants were recovered in BHK-R
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cells following electroporation of in vitro-transcribed genomic RNA. All fragments containing
mutations as well as virus stocks were sequenced to ensure mutations were present before use in
further studies (GenHunter). To generate SARS-CoV encoding nsp12 resistance substitutions, a
1,450-bp cassette encoding the substitutions (F480L and V557L) was synthesized by BioBasic.
The synthesized cassette was then cloned into the SARS-CoV D infectious cDNA plasmid at
unique MluI and MstI sites, and the subsequent selected clone was sequence verified across the
cassette. SARS-CoV expressing the resistance substitutions along with the nanoluciferase
(NanoLuc) reporter in place of ORF7 was produced as described previously (Yount et al., 2011).

SARS-CoV remdesivir resistance assessment
Calu-3 2B4 cells were seeded in 96-well plates at a density of 5 × 105 cells/well 48 h prior to
infection. The medium was replaced with fresh medium 24 h prior to infection to encourage
optimal cell growth. Cells were then infected with SARS-CoV F480L + V557L-NanoLuc or
SARS-CoV-WT-NanoLuc at an MOI of ~5 PFU/cell in the presence or absence of remdesivir at
1:3 dilutions, with DMSO (diluent) as an untreated control and UV-inactivated virus as a
NanoLuc reporter background control. Cells were lysed after incubation at 37°C for 72 h using a
Promega NanoGlo assay kit and assayed on a luminescence plate reader (SpectraMax M3;
Molecular Devices). EC50 values and curves were generated with the nonlinear regression curve
fit feature in GraphPad Prism software (La Jolla, CA).

Virus replication assays
For MHV, Subconfluent monolayers of DBT cells were infected with the indicated virus at an
MOI of 0.01 PFU/cell for 1 h. For MERS-CoV, subconfluent monolayers of Vero cells were
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infected with MERS-CoV at an MOI of 0.01 PFU/cell for 30 min. Inocula were removed, and
cells were washed with PBS before addition of prewarmed medium. Supernatants were harvested
at indicated times post-infection, and titers were determined by plaque assay.

Competitive fitness of mutant viruses
Subconfluent DBT cells were coinfected with F476L + V553L and WT MHV at input ratios of
1:9, 1:1, or 9:1 at an MOI of 0.01 PFU/cell for 1 h at 37°C. The virus inoculum was removed,
and fresh medium was added. At 20 h post-infection, virus supernatants were collected, and
infected cell monolayers were harvested using the TRIzol reagent. Samples were frozen, and cell
supernatant was passaged onto fresh DBT cells for a total of four passages. Supernatants and cell
monolayers in TRIzol were collected from each passage when nearly all of the monolayer was
involved in CPE—approximately 16 h post-infection. RNA was extracted and reverse
transcribed using SuperScript III, and PCR amplicons covering the region of the mutations were
sequenced (GenHunter). Results represent the combined frequency of F476L and V553L
mutations as determined by chromatographic traces and analyzed using MacVector.

Assessment of resistant virus virulence in vivo
Groups of 10 to 12 10-week old female BALB/c (Charles River, Inc.) mice were anesthetized
with ketamine-xylazine and intranasally infected with either 104 or 103 PFU/50 µl wild-type
mouse-adapted SARS-CoV expressing NanoLuc (WT SARS-CoV) or SARS-MA15 NanoLuc
engineered to harbor resistance mutations in nsp12 (F480L + V557L SARS-CoV). Animals were
weighed daily to monitor virus-associated weight loss. On days 2 and 4 post-infection, 5 to 6
animals per group were sacrificed by isoflurane overdose and the inferior right lobe was
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harvested and frozen at −80°C until the titer was determined by plaque assay as described
previously (Gralinski et al., 2013). A 5- to 6-animal cohort was monitored out to 7 days postinfection in order to compare the kinetics of recovery, after which lung samples were harvested
and the titer determined as described for previous samples.

Relative quantification of viral nsp1 and nsp16 RNA
Subconfluent monolayers of DBT cells were infected with the indicated virus at a multiplicity of
infection (MOI) of 0.01 PFU per cell for 1 h at 37°C. The inoculum was removed and replaced
with medium containing the indicated compound concentration. Cell supernatants were
harvested 24 h post-infection. Supernatant RNA was extracted by phase separation and purified
using the PureLink RNA mini kit (Invitrogen) according to manufacturer’s protocol. Supernatant
RNA was quantified using the Power SYBR Green RNA-to-Ct 1-step kit (ThermoFisher) using
primers designed to detect nsp1 or nsp16. Primer sequences are listed below as nsp1B and
nsp16A. Briefly, dilution of viral RNA from were made from 103 to 108 genome equivalents to
generate standard curves and determine primer efficiencies. Reaction mixtures were set up on
ice, with enzyme added last. The final volume for individual reaction mixtures was 20 µl, with
200 nM each primer, 1 µl sample RNA, 0.16 µl 125× RT Enzyme Mix and 10 µl 2× Power
SYBR Green RT-PCR Mix. Samples were plated in duplicate and run on the StepOnePlus realtime PCR system (ThermoFisher) with the following conditions according to manufacturer
protocol: 48°C for 30 min, 95°C for 10 min, 95°C for 15 s, and 60°C for 1 min, with the last two
steps repeated 40 times. Data are presented as 2-DDCT, where DDCT denotes the change in the
threshold cycle for the viral target (nsp16) relative to the control (nsp1) normalized the vehicle
(DMSO) control after drug treatment.
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Exogenous nucleoside addition assays
Subconfluent monolayers of DBT cells were infected with WT MHV at a multiplicity of
infection (MOI) of 0.01 PFU per cell for 1 h at 37°C. The inoculum was removed. Medium
containing DMSO, 60 µM 2´-C-MeA, 3 µM NHC, 5 µM GS-441524 together with 100 µM of
the indicated nucleoside (A, G, C, or U) or equivalent volume of DMSO vehicle was added to
infected cells. Cell supernatants were harvested 24 h post-infection. Viral titers were determined
by plaque assay.

Statistics
Statistical tests were performed using GraphPad Prism 7 software (La Jolla, CA) as described in
the respective figure legends.

Primers generated for this dissertation research
Table 4. Primers generated for this dissertation researcha
Primer name

Sequence 5´-3´

QuikChange primers for generation of viruses containing replicase mutations after
remdesivir passage
V553L_S_F

CTAAGAATAGGGCCCGCACCCTTGCTGGTGTCTCTATTC

V553L_S_R

GAATAGAGACACCAGCAAGGGTGCGGGCCCTATTCTTAG

V553L_D_F

CTAAGAATAGGGCCCGCACCCTCGCTGGTGTCTCTATTC

V553L_D_R

GAATAGAGACACCAGCGAGGGTGCGGGCCCTATTCTTAG
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F476L_S_F

GAAGTTGTTAATAAGTATTTAGAGATCTATGAGGGTGGG

F476L_S_R

CCCACCCTCATAGATCTCTAGATACTTATTAACAACTTC

F476L_D_F

GAAGTTGTTAATAAGTATCTAGAGATCTATGAGGGTGGG

F476L_D_R

CCCACCCTCATAGATCTCTAGATACTTATTAACAACTTC

13A335V_F

GCACGCGTATTGTTCCTGTCAAGGTGCGTGTAGATTGTTATG

13A335V_R

CATAACAATCTACACGCACCTTGACAGGAACAATACGCGTGC

qPCR primers

a

nsp1A_F

AACACCAGGGAGTGCTCTTG

nsp1A_R

ATGGCTGTGACTGGAACGAA

nsp16A_F

CGGTAAAACCATGCATGCCA

nsp16A_R

TAACAACAGCCGTACCAGCC

nsp1B_F

CTGCCATGGGGTTGTTCAAG

nsp1B_R

GGCCATTACCCAGGCATACA

nsp16B_F

TCTGGAATTATGGCAAGCCGA

nsp16B_R

CGCATATTAGCCGGAACTGC

Primers were generated by IDT.

Table 4. Pr imers generated fo r this dis s ertation res earch
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CHAPTER VI

SUMMARY AND FUTURE DIRECTIONS

Introduction
New viral infections will continue to emerge into human populations to cause disease.
Throughout the course of this dissertation, several emerging virus outbreaks have been reported:
Ebola virus has caused large outbreaks in two different regions of Africa, MERS has caused an
outbreak in Korea and continues to infect humans in the Middle East, and Zika virus has
emerged as a disease culprit particularly throughout the tropics. This dissertation work focuses
on CoVs, a set of viruses with a demonstrated ability to emerge into humans from animal
reservoirs. While all human CoVs are proposed to have animal origins, two CoVs are of
particular importance. Both SARS-CoV and MERS-CoV have crossed into humans to cause
severe disease within the last 20 years, and many related CoVs still circulate in bats (Menachery
et al., 2015; Woo et al., 2018). Thus, CoVs will likely continue to emerge into human
populations, emphasizing the importance of developing antivirals that can broadly inhibit them.
While several antiviral targets exist, the conserved and essential role of the viral polymerase in
replication makes it a particularly enticing antiviral target. The importance of polymerase
inhibitors is only reinforced by the clinical success of these compounds in combating other viral
diseases. Compounds that target viral polymerases primarily come in two flavors: nucleoside and
non-nucleoside inhibitors. Nucleoside inhibitors share the structure of naturally occurring
nucleosides and contain modifications along this backbone, whereas non-nucleoside inhibitors
target sites distinct from the active site that may be specific to a particular polymerase (Heck et
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al., 2008; Siberry and Hazra, 2012). Given that all viral polymerases must utilize nucleotides for
genome synthesis, nucleoside analogues serve as an enticing strategy to combat a wide range of
emerging infections.

At the beginning of this dissertation research, the primary nucleoside analogues that had been
tested in CoVs were broad-spectrum agents, such as RBV, that did not potently inhibit WT CoVs
(Smith et al., 2013). Throughout the course of this dissertation research, multiple broad-spectrum
antiviral nucleoside analogues have been identified and investigated as inhibitors for several viral
infections (Delang et al., 2014; Deval et al., 2015; Kulkarni et al., 2016; Warren et al., 2015).
The main goals of this dissertation research were to identify nucleoside analogues that could
broadly inhibit across CoVs, to understand their mechanism of action, and to identify impacts of
resistance to these compounds as they relate to CoV biology. In this chapter, I summarize the
findings of this dissertation work and highlight important areas for future study.

Nucleoside analogues with broad antiviral spectrum potently inhibit CoVs
The continued threat for zoonotic viral infections emphasizes the need for broad-spectrum
antivirals that can inhibit any emerging virus. In this dissertation work, I demonstrated that two
broad-spectrum nucleoside analogues, remdesivir and NHC, potently inhibit CoVs. Interestingly,
remdesivir inhibits positive-sense RNA viruses such as CoVs, but the many of the viruses most
potently inhibited by this compound are negative-sense RNA viruses such as filo-, pneumo- and
paramyxoviruses (Lo et al., 2017b). Notably, NHC potently inhibits alphaviruses, a positivesense RNA virus family absent from the antiviral spectrum of remdesivir (Cho et al., 2012;
Urakova et al., 2017). Thus, the antiviral spectrum of these compounds that potently inhibit
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CoVs overlap but are not identical. Further, nucleoside analogues, such as favipiravir and
sofosbuvir, are active against multiple viruses that remdesivir and NHC inhibit, but they do not
appear to inhibit WT MHV (unpublished observations). Understanding antiviral spectrum may
help illuminate particular features of a compound or virus that promote robust inhibition.
Ultimately, these discoveries may also guide rational design of single broad-spectrum antivirals
or combination regimens that could combat any emerging infection of the future.

Specific determinants must underlie viral susceptibility patterns to antiviral compounds. Much of
the focus for identifying viral susceptibility determinants, especially for remdesivir and NHC,
will remain on viral polymerases, as they are the central target of these compounds for every
virus they inhibit. Viral RdRps have seven conserved motifs. Motifs A and C make up the active
site and are assisted by motifs B and D. Motif G interacts with incoming template; motif E
specifically interacts with the 3´end of that template; and motif F interacts with the incoming
NTPs. All of these motifs are relatively closely clustered around the active site in the SARS-CoV
RdRp , making them all potentially important in resistance to nucleoside analogues
(Kirchdoerfer and Ward, 2019). For remdesivir, as was previously reported, antiviral spectrum
may be predicated on sequence similarities between motifs A and B of the viral polymerase
across viruses potently inhibited by this compound (Lo et al., 2017b). However, direct
assessment of the involvement of these motifs in remdesivir susceptibility across viruses by
mutagenesis would strengthen this conclusion. In addition, investigating resistance mutations
across viral families may contribute to a more complete understanding of antiviral spectrum. The
studies described in this dissertation work, along with structural data of the CoV RdRp,
demonstrate that remdesivir resistance mutations in CoVs may impact critical viral motifs.
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Specifically, F476 and V553 are located outside of motif B and motif F, respectively
(Kirchdoerfer and Ward, 2019), further supporting the importance of motif B in determining
susceptibility to remdesivir and implicating a potential role for motif F. However, some CoVs
naturally contain the resistant mutation at the F476 residue and this does not prevent remdesivir
inhibition, suggesting this is not the sole susceptibility determinant (Brown et al., 2019). Future
studies may investigate the role of the identified CoV resistance mutations on remdesivir
susceptibility in other viral families through homology, but this may be challenging due to the
low sequence conservation of polymerases outside the motifs, where these mutations lie (Choi,
2012). Since this dissertation work describes the only reported remdesivir resistance mutations,
studies are also warranted to address regions of the polymerase where remdesivir resistance
mutations arise in different viruses. Testing the portability of remdesivir resistance mutations
identified in other viruses into CoVs may also contribute to a better understanding of the
antiviral spectrum of remdesivir. For NHC, approaches that focus on resistance portability may
be challenging since even low-level NHC resistance is remarkably difficult to obtain in multiple
viral systems (Stuyver et al., 2003). The mutations that have been identified in Venezuelan
equine encephalitis virus (VEEV) lie in the fingers domain (Urakova et al., 2017). Thus, the role
of homologous mutations in CoVs and other viruses should be assessed for their susceptibility to
NHC. However, identifying and analyzing specific variations in polymerase motifs that coincide
with susceptibility may provide the best insight into determinants of NHC’s antiviral spectrum.
Overall, when taken together, identifying determinants of susceptibility to these compounds
across viruses will likely enhance our understanding of interactions between polymerase
determinants and specific features of nucleoside analogues. This knowledge will strengthen our
ability to rationally design and develop potent broad-spectrum antivirals. And designing broad119

spectrum antiviral regimens that could inhibit across virus families to combat whatever virus
emerges next could potentially keep the world a step ahead of the next viral pandemic.

Nucleoside analogues can potently inhibit CoVs by multiple mechanisms of action
Remdesivir and NHC are among the first nucleoside analogues demonstrated to potently inhibit
CoV replication. However, there are distinct differences between these compounds; remdesivir
likely inhibits through a chain termination mechanism of action and NHC likely acts by
mutagenizing viral RNA. Since some nucleoside analogues that have the same proposed
mechanisms have not potently inhibited CoVs, it is possible that specific features of these
particular nucleoside analogues encourage potent inhibition of CoVs. Approaches to probe these
differences are discussed below.

NHC is the first mutagenic nucleoside analogue reported to potently inhibit WT CoVs.
Mutagenic nucleoside analogues, such as ribavirin (RBV) and 5-fluorouracil (5-FU), have been
incapable of inhibiting WT CoVs, raising the question of what in particular sets NHC apart from
these mutagenic nucleoside analogues. One potential explanation is that the mutagenic signature
of NHC is different than the other tested nucleoside analogues. While NHC introduces G:A and
C:U transitions, 5-FU introduces A:G and C:U transitions in MHV (Smith et al., 2013).
However, both RBV and favipiravir increase G:A and C:U transitions in viruses (Galli et al.,
2018; Goldhill et al., 2019), the same types as NHC, but do not potently inhibit WT MHV
(Smith et al., 2013). Thus, the inhibition of WT CoVs by NHC is not purely due to the types of
mutations that it introduces. How is NHC able to potently inhibit CoVs when other previously
identified mutagens could not? A combination of factors could be involved. For example, NHC
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may be more efficiently incorporated by the polymerase than the nucleoside analogues that have
been tested previously. NHC may also be more stably incorporated into the RNA or less
susceptible to removal, and this hypothesis is consistent with the results I observed in ExoN(-)
MHV. Another possibility is that NHC could inhibit by additional mechanisms beyond
mutagenesis. Previous studies have suggested NHC may interfere with RNA secondary structure
or interfere with release of productive virions (Stuyver et al., 2003; Urakova et al., 2017). Other
nucleoside analogues also have multiple proposed mechanisms of action that may occur either
independently or together in a specific virus (Furuta et al., 2017). While the multiple
mechanisms of RBV do not encourage CoV inhibition, this relationship may be distinct for
specific nucleoside analogues and may not hold true for NHC. Future studies of CoV inhibition
by NHC will be important to better address these possibilities.

Both 2´-C-MeA and remdesivir are adenosine analogues that are proposed to act by chain
termination mechanisms. Though precise differences in these chain termination mechanisms
have been proposed biochemically, the differences I observed here demonstrate that remdesivir
does not inhibit CoVs in precisely the same way as 2´-C-MeA during viral replication. Even
further, remdesivir resistance mutations did not confer cross-resistance to 2´-C-MeA. This result
suggests that the different modifications on these compounds may interact with the polymerase
differently, even if they are both proposed to result in chain termination. These differences in
resistance could indicate a difference between immediate and delayed chain termination in CoV
replication, but future studies are warranted to examine this prospect further. However, given
that 2´-C-MeA does not inhibit CoVs as potently as remdesivir, the differences between these
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compounds may represent an interesting avenue to determine specific factors that contribute to
the potent inhibition of CoVs by remdesivir.

Nucleoside analogues are important tools for investigating CoV replication
Nucleoside analogues have been important tools to better understand replication in several
systems (Kuchta, 2010). Thus, since CoVs are the only RNA viruses with demonstrated
proofreading activity, nucleoside analogues may serve as essential tools to understand the role of
proofreading in RNA virus replication. During this dissertation work, other groups have
investigated the ability of the CoV ExoN to remove incorrect nucleosides biochemically, and
these studies suggest that the CoV ExoN can remove RBV to prevent potent inhibition by this
compound (Ferron et al., 2017). But the presence of proofreading does not prevent potent
inhibition by all nucleoside analogues, raising questions of the role of proofreading when the
nucleoside analogues can potently inhibit CoVs. Since remdesivir and NHC act by different
mechanisms of action, they may provide insight into the differing roles of proofreading
depending on specific nucleoside analogue characteristics. For instance, a proofreading-deficient
MHV mutant [ExoN(-)] was approximately 4-fold more susceptible to remdesivir inhibition than
WT MHV, suggesting that proofreading does still have an effect on inhibition by remdesivir.
However, this does not prevent inhibition by this compound, perhaps because ExoN does not
efficiently and consistently recognize remdesivir or because the compound is stably incorporated
into viral RNA by the polymerase (Feng, 2018). In contrast, ExoN seems to play even less of a
role in NHC inhibition. While ExoN(-) MHV is more sensitive to NHC inhibition, this difference
is only approximately 2-fold. As more mutagenic compounds that potently inhibit CoVs are
discovered, it will be interesting to investigate if strong recognition of a mutagenic nucleoside by
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ExoN always prevents potent inhibition of CoVs. Though the CoV ExoN does not appear to have
a preference for removal of specific 3´-end mismatches (Bouvet et al., 2012), future studies may
investigate whether the CoV ExoN may more efficiently remove nucleosides with specific
modifications as well as the role of the other replicase proteins in this process.

The mutations uncovered after passage in the presence of NHC will likely aid in our
understanding of CoV replication. Specific mutations that underlie the low-level resistance
phenotype of NHC have yet to be identified and characterized in MHV or MERS-CoV. Because
nearly none of the mutations overlap between the MHV or MERS-CoV passage series, there are
likely several pathways to resistance that can be explored further. After particular mutations have
been identified, determining their role in viral replication may provide interesting insights into
the CoV replication machinery. For example, HIV resistance to AZT may be because its excision
is enhanced in the presence of resistance mutations (Boyer et al., 2002). In the case of NHC
inhibition of CoVs, the large number of potentially neutral or deleterious mutations could
provide insight into regions that are capable of tolerating change within the CoV genome. Since
the mutations were spread across the genome, determinants in other replicase proteins outside the
polymerase may be involved and may give us a better idea of interactions between CoV these
replicase proteins. In addition, several studies have identified replication fidelity determinants
from mutations that confer resistance to mutagenic nucleoside analogues (Coffey et al., 2011;
Pfeiffer and Kirkegaard, 2003a; Zeng et al., 2013). Further investigation of the mutations present
after NHC passage might identify determinants of replication fidelity, nucleotide selectivity,
replicase processivity, or phenotypes that have yet to be linked to nucleoside analogue inhibition,
emphasizing the importance of this avenue of investigation.
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While this dissertation research identified the importance of F476L and V553L in remdesivir
resistance as well as their attenuation in combination, the precise role they play in viral
replication was not thoroughly investigated. While these mutations did not confer crossresistance to NHC or 2´-C-MeA, assessing cross-resistance to other related and unrelated
nucleosides will undoubtedly lead to a better understanding of specific modifications that
resistance mutations recognize to prevent inhibition (Deval et al., 2016b). Specifically, GS441285 has been reported to inhibit HCV and combines the modifications of remdesivir and 2´C-MeA; given the lack of cross-resistance between these compounds, it makes an interesting
candidate to investigate (Feng et al., 2014). In addition, the V553 residue has been identified by
homology modeling as a potential fidelity determinant in CoVs (Sexton et al., 2016), further
emphasizing the role of nucleoside analogue resistance in replication fidelity. Interestingly, the
V553L mutation in MHV was identified after remdesivir passage and the mutation in MERS was
identified in the NHC passage series. However, the residue was changed to an isoleucine (I) after
NHC passage and leucine (L) after remdesivir passage. Given that the V553L virus was not more
resistant to NHC in MHV and the V553I mutation was implicated in replication fidelity, the
particular change at this residue may be important in the specific response to the nucleoside. This
differential effect based on the specific amino acid change has been observed previously for
replication fidelity in chikungunya virus (Rozen-Gagnon et al., 2014), making exhaustive
mutagenesis at the MHV V553 residue an enticing prospect for investigating its role in CoV
replication.

In addition, one of the six mutations that emerged after 23 passages in the presence of GS124

441524 was in nsp13 (Agostini et al., 2018), which encodes the helicase and NTPase. Previous
studies have identified nucleoside analogues that target the viral helicase and NTPase (Borowski
et al., 2002; 2003). The CoV NTPase hydrolyzes nucleoside triphosphates (NTPs), with a
particular preference among ribonucleosides for adenosine, and facilitates nucleic acid
unwinding (Tanner et al., 2003). Thus, it is not improbable that nsp13 may play a role in the
inhibition by the adenosine analogue remdesivir. Specifically, the mutation that emerged after
passage was the A335V mutation in the helicase core (Hao et al., 2017) that has previously been
reported to decrease viral fitness (Zhang et al., 2015). Given the small differences in sensitivity
between F476L+V553L MHV and p23 MHV to remdesivir, it may be difficult to discern the role
of this mutation during viral replication in remdesivir resistance. However, this mutation may
still play an important role in viral replication. Helicases have also been shown to contribute to
replication fidelity (Stapleford et al., 2015), and it is possible that this resistance mutation could
play a role in replication fidelity. While other studies in CoVs have suggested the importance of
other replicase proteins outside of nsp10, nsp12, and nsp14 in replication fidelity (Graepel et al.,
2017), this has not been explicitly demonstrated and warrants further investigation.

Interestingly, treatment with nucleoside analogue antivirals may also help elucidate questions
related to CoV packaging. The significant decrease in specific infectivity I observed after NHC
and remdesivir treatment suggests that viral RNA produced under these conditions is less
infectious. Given that decreases in specific infectivity have traditionally been linked with
mutagenic mechanisms of action, this result is seemingly clear for NHC. However, these results
are likely much more complex for remdesivir, which did not increase mutations to levels above
WT MHV. One explanation for the decreased infectivity of viral RNA after remdesivir treatment
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is that truncated viral nucleic acid resulting from chain termination is packaged, raising
interesting questions about what is necessary to package and release CoV RNA. While a
packaging signal in nsp15 of MHV has been reported, it appears that it aids in correct packaging
but is not absolutely required (Kuo and Masters, 2013). The loss of this packaging signal is
associated with aberrant packaging, especially as it relates to sgmRNAs. Thus, it is possible that
increased concentrations of remdesivir would result in more truncated nucleic acid that would
not contain this packaging signal. Further, a nucleoside analogue, such as remdesivir, could also
interrupt secondary structure of this packaging signal. Either of these possibilities would likely
lead to more aberrant packaging of CoVs. Additional avenues of investigation may include
examining recombination and defective genomes after nucleoside analogue treatment using NGS
approaches since these species may also be generated and are more likely to be packaged in the
absence of a functioning packaging signal. One way these defective genomes could be generated
is alteration of polymerase processivity by a nucleoside analogue. If a polymerase falls off and
reanneals more readily, this may increase recombination (Simon-Loriere and Holmes, 2011).
This would likely occur through increased template switching. NTP availability, which could be
altered in the presence of these compounds, has been shown to affect template switching that
occurs to generate recombinants (Kim and Kao, 2001). In addition, previous studies in HIV have
demonstrated increased template-switching in the presence of the nucleoside inhibitor AZT
(Nikolenko et al., 2005), and initial NGS studies described here have revealed a change in
genome coverage in the absence of poly(A) selection, which may further support this hypothesis.
Interestingly, previous studies with CoVs have identified defective genomes that contain the 5´
and 3´ genomic ends that are necessary for their replication (Yang and Leibowitz, 2015).
However, coverage by Bowtie2 is increasingly variable only without poly(A) selection,
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suggesting that defective RNAs that do not contain the poly(A) tail may be generated in the
presence of these nucleoside analogues. Together, future studies to address these questions may
elucidate necessary elements for CoV packaging and the importance of genomic ends in CoV
recombination, among other aspects of CoV replication.

Nucleoside analogue combination treatments to prevent and control resistance emergence
Traditionally, antiviral combination therapies have been designed to inhibit multiple independent
targets. However, if resistance to these targets is independent, it seems that, given enough
evolutionary time, a multi-drug resistant virus would emerge. But if resistance is not
independent, for instance when compounds inhibit the same target differently, resistance to
multiple compounds would be more difficult to achieve (Deval et al., 2016; Mangel et al., 2001).
Given the lack of cross-resistance between the nucleoside analogues I have tested here,
resistance to both of these compounds simultaneously could be difficult to achieve. However,
passaging virus in both compounds simultaneously or passaging virus resistant to one compound
in the other may provide more direct insight on this possibility. In addition, I demonstrate that
mutations that arise in the presence of NHC and remdesivir treatment are not more fit than WT,
suggesting that combining them may result in a virus that is even less fit. Thus, these results
suggest that combining these compounds could form an enticing antiviral strategy. Additionally,
one of the NHC resistance mutations identified in VEEV may increase sensitivity to RBV,
suggesting that different combination regimens may be successful against multiple viruses due to
lack of cross-resistance (Urakova et al., 2017). However, more work is necessary to further
investigate cross-resistance and nucleoside analogue combinations before this approach could
become reality. Assessing cross-resistance to related and unrelated nucleoside analogues will
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lead to a better understanding of specific nucleoside analogue modifications that the RdRp
recognizes and will inform nucleoside analogue compatibility in combinations. Because this
work did not address the stability of any of the resistance phenotypes in the absence of
compound, future studies may focus on resistance emergence and stability in the presence of
single or combination regimens to WT virus. Overall, these studies will advance our
understanding of whether combinations of compounds may prove useful in treating CoVs or
other emerging infections.

Concluding remarks
Within approximately 24 hours, an increasingly global travel network could transport an
unknown emerging disease anywhere in the world. This idea will continue to alarm humans for
as long as there are limited countermeasures to address these events. Thus far, the most
promising strategy to prevent this prospect from continuing to become reality is to have broadspectrum antiviral cocktails on hand to inhibit a wide range of viruses. This approach could help
circumvent the necessity of determining the precise identity of the viral culprit and may be
refined as we advance our knowledge of viral biology. This dissertation work describes my
contributions toward these efforts. I begin to define the antiviral activity of two broad-spectrum
compounds in CoVs, a group of viruses that has continually been among the emerging viral
threats. I also begin to address antiviral complementarity of these compounds to further the
discussion on combination treatments. Given the distinct spectrum of these compounds,
combining these drugs could expand the range of emerging viral infections we could combat
with a single antiviral regimen. While the studies described here have contributed to our
knowledge about these broad-spectrum antivirals, I hope they also provide insights into CoV
128

replication that can clarify our approach to treat and prevent CoV disease. We have been illequipped to address emerging infections of the past. There is still much work to be done, but I
hope that this work will bring us one step closer to effectively combating the emerging viruses,
especially CoVs, of the future.
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APPENDIX A: CORONAVIRUS SUSCEPTIBILITY TO THE ANTIVIRAL
REMDESIVIR (GS-5734) IS MEDIATED BY THE VIRAL POLYMERASE AND THE
PROOFREADING EXORIBONUCLEASE
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APPENDIX B: THE SMALL MOLECULE ANTIVIRAL b-D-N4-HYDROXYCYTIDINE
INHIBITS A PROOFREADING-INTACT CORONAVIRUS WITH A HIGH GENETIC
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APPENDIX C: MUTATIONS IN PASSAGED VIRUSES
C.1 MHV p30.1 mutationsa
ORF
UTR

Gene
UTR
nsp1

nsp2

ORF1ab

nsp3

Residue
181
456
792
830
915
965
1160
1307
1703
1898
1952
2043
2214
2276
2422
2448
2470
2581
2663
2665
2730
3237
3270
3363
3433
3470
3474
3676
3681
3743
3776
3815
3839
3901
4236
4247

SNP

Gene AA

GAT->AAT
GGT->AGT
CGC->CGT
TGC->CGC
CTG->CTA
GTA->GTG
TCC->TCT
ATT->ATC
TGC->TGT
GTG->GTA
ATG->GTG
TAC->CAC
GTG->GTA
GAA->GGA
TAT->CAT
AGC->AAC
TCT->TTT
GAC->GAT

Change
n/a
Asp83Asn
Gly195Ser
Arg207
Cys236Arg
Leu252
Val317
Ser366
Ile498
Cys563
Val581
Met612Val
Tyr669His
Val689
Glu738Gly
Tyr747His
Ser754Asn
Ser791Phe
Asp818

ACT->ATT
AAG->GAG
GGA->AGA
ACC->GCC
GAG->AAG
GCG->GTG
GCC->GCT
TGC->CGC
TGC->TAC
GTG->ATG
GCA->GCG
AGC->AGT
GAC->GAT
TTG->TTA
ACC->ATC
ATT->GTT
CCT->CCC

Thr819Ile
Lys841Glu
Gly1010Arg
Thr1021Ala
Glu1052Lys
Ala1075Val
Ala1087
Cys1089Arg
Cys1156Tyr
Val1158Met
Ala1178
Ser1189
Asp1202
Leu1210
Thr1231Ile
Ile1343Val
Pro1346

T572I
K9E
G178R
T189A
E220K
A243V

180

G195S
C236R

M365V
Y422H
E491G
Y500H
S507N
S544F

C257R
C324Y
V326M

T399I
I511V

nsp3

nsp4

nsp5
ORF1ab

nsp6

nsp7
nsp9
nsp10

nsp12

4383
4878
5090
5972
6099
6525
6611
6658
6870
7589
7757
7909
7925
8738
9245
9717
9971
10040
10408
10430
11043
11152
11273
11375
11585
11604
12224
13100
13106
13163
13422
13862
14054
14263
14276
14522
14663
15049
15701
15703
15915

GCC->ACC
GTT->ATT
GTA->GTG
TTT->TTC
GTC->ATC
GAT->AAT
CCT->CCC
ACC->ATC
GTC->ATC
ATC->ATT
GGC->GGT
ACA->ATA
GTT->GTC
ATG->ATA
CAC->CAT
GTT->ATT
TTT->TTC
TTG->TTA
TGT->TAT
AGC->AGT
TTA->CTA
TGC->TAC
GTA->GTG
TAC->TAT
GCC->GCT
CTA->TTA
GTT->GTC
GTG->GTA
GGG->GGA
TTG->TTA
GTT->ATT
GTG->ATG
AAG->GAG
TGT->TGC
GCA->ACA
GTC->ATC
TCT->CCT
GTT->GTC
CAC->TAC
CAC->CAT
CAG->CGG

181

Ala1392Thr
Val1557Ile
Val1627
Phe1921
Val1964Ile
Asp2106Asn
Pro2134
Thr2150Ile
Val2221Ile
Ile2460
Gly2516
Thr2567Ile
Val2572
Met2843Ile
His3012
Val3170Ile
Phe3254
Leu3277
Cys3400Tyr
Ser3407
Leu3612
Cys3648Tyr
Val3688
Tyr3722
Ala3792
Leu3799
Val4005
Val4297
Gly4299
Leu4318
Val4405Ile
Val4552Met
Lys4616Glu
Cys4685
Ala4690Thr
Val4772Ile
Ser4819Pro
Val4947
His5165Tyr
His5165
Gln5236Arg

A560T
V725I

V1132I
D1274N
T1318I
V1389I

T1735I
M2011I
V29I

C67Y

C12Y

V86I
V96M
K160E
A234T
V316I
S363P
H709Y
Q780R

nsp12

nsp13

ORF1ab
nsp14

nsp15

nsp16

2a

ns2

15943
16200
16379
16459
16995
17305
17509
17528
17608
17840
17926
18247
18643
18688
18789
19024
19442
19609
19666
19822
19855
19924
19959
20054
20710
20905
21274
21810
21896
21971
21999
22019
22125
22223
22264
22283
22346
22497
22531

TTT->TTC
AAT->AGT
GTC->ATC
CAT->CAC
CGC->CAC
GCG->GCA
CTG->CTA
GTT->ATT
CTA->CTG
TTA->CTA
AAG->AAA
GAC->GAT
GTT->GTC
TTG->TTA
ACC->ATC
TCT->TCC
GCT->ACT
GAG->GAA
TTT->TTC
GCC->GCT
AAA->AAG
CCC->CCT
GTG->GCG
GAA->AAA
GAT->GAC
TCG->TCA
AAC->AAT
CCC->TCC
CAG->CAA
CAA->CAT
GAG->AAG
GAC->GAT
CAA->TAA
CTC->CTT
GTG->GCG
AAA->AAG
CCT->CCC
GTG->ATG
TGT->TAT

182

Phe5245
Asn5331Ser
Val5391Ile
His5417
Arg5596His
Ala5699
Leu5767
Val5774Ile
Leu5800
Leu5878
Lys5906
Asp6013
Val6145
Leu6160
Thr6194Ile
Ser6272
Ala6412Thr
Glu6467
Phe6486
Ala6538
Lys6549
Pro6572
Val6584Ala
Glu6616Lys
Asp6834
Ser6899
Asn7022
Pro14Ser
Gln42
Gln67His
Glu77Lys
Asp83
Gln119STOP
Leu151
Val165Ala
Lys171
Pro192
Val243Met
Cys254Tyr

N875S
V7I
R212H

V390I

T210I
A428T

V79A
E111K

P14S
Q67H
E77K

V165A

V243M
C254Y

HE

S

HE

Spike

noncoding
4

4a
noncoding
4b

5

5a

E

E

M

M

N

N

22565
22818
22894
22895
22930
22972
23332
23382
23427
23818
23902
23909
25308
25872
26130
26458
26493
26499
26630
27048
27846
27917
28049
28054
28354
28360
28422
28477
28519
28586
28768
29067
29213
29306
29426
29677
29939
29992
30283
30323

AAA->AAG
GAA->GAG
ATG->ATA
AAT->GAT
ACA->ACG
GCT->GCC
CGT->CCT
AAA->AAG
GAG->GAA

Lys460
Glu648
Met734Ile
M734I
Asn844Asp N844D
Thr855
Ala857
Arg901Pro R901P
Lys1040
Glu1306

TTG->TTA

Leu19

CTT->CTC
AGG->AGA
TTA->TTG
AAT->GAT
AAG->GAG
GGT->GAT
GCA->GCG
CTA->TTA
GTG->GTA
GGT->GGC
GGC->GGT
TTT->TTC
ATT->GTT
AAC->AAT
TCG->TCA
AGT->GGT

Leu99
Arg101
Leu16
Asn35Asp
Lys49Glu
Gly71Asp
Ala21
Leu34
Val82
Gly113
Gly153
Phe3
Ile91Val
Asn108
Ser205
Ser219Gly

183

N35D
K49E
G71D

I91V

S219G

N

N

UTR

noncoding

30450
30661
30901
30971
31047
31203

AAA->AGA
GAA->GAG
AGC->AGT
TTG->CTG

a

Lys261Arg K261R
Glu331
Ser411
Leu435

Mutations in orange represent residues that are conserved across human CoVs. Mutations in
green represent residues where mutations arose in both MHV passage lineages.
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C.2 MHV p30.2 mutationsa
ORF

Gene
nsp1

nsp2

ORF1ab
nsp3

nsp4
nsp5

Residue
512
928
1418
1634
1853
1925
2099
2239
2973
3238
3442
3578
4175
4340
4793
5090
5382
6277
6463
6480
6513
6612
6786
7088
7451
7835
8055
8066
8444
8765
9390
9398
10037
10312
10485
10715
10760

SNP
AGT->AGC
GCT->GTT
GGC->GGT
CCA->CCG
CTT->CTC
CTT->CTC
GTT->GTC
GCA->GTA
GTC->ATC
GGA->GAA
ACC->ATC
CTG->CTA
CCA->CCG
GTG->GTA
GCG->GCA
GTA->GTG
CTG->TTG
ATT->ACT
GAT->GGT
GGT->AGT
GCT->ACT
GTT->ATT
AAG->GAG
TTT->TTC
CTG->CTA
CAT->CAC
GTG->ATG
GAG->GAA
AAT->AAC
TTG->TTA
TTA->CTA
GAG->GAA
TAC->TAT
AAA->AGA
CTG->TTG
ACT->ACC
CCC->CCT
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Change
Ser101
Ala240Val
Gly403
Pro475
Leu548
Leu572
Val630
Ala677Val
Val922Ile
Gly1010Glu
Thr1078Ile
Leu1123
Pro1322
Val1377
Ala1528
Val1627
Leu1725
Ile2023Thr
Asp2085Gly
Gly2091Ser
Ala2102Thr
Val2135Ile
Lys2193Glu
Phe2293
Leu2414
His2542
Val2616Met
Glu2619
Asn2745
Leu2852
Leu3061
Glu3063
Tyr3276
Lys3368Arg
Leu3426
Thr3502
Pro3517

Gene AA
A240V

A430V
V90I
G178E
T246I

I1191T
D1253G
G1259S
A1270T
V1303I
K1361E

V1784M

K35R

nsp5
nsp6

nsp8
nsp10

ORF1ab

nsp12

nsp13

nsp14
nsp15
nsp16
noncoding region

2a

ns2

HE

HE

S

Spike

11009
11369
11558
11696
12509
12604
12752
13176
13383
13702
13848
14096
14107
14277
15231
15595
16016
16329
16480
17176
17416
17788
18266
19197
19733
20854
21532
21752
21971
22087
22134
22194
22259
22281
22646
22995
23082
23526
23601
24109
24691

186

AAG->AAA
GTT->GTC
AGC->AGT
GTG->GTA
TTG->TTA
GCA->GTA
CAA->CAG
GCA->ACA
GTT->ATT
CGA->CGG
AAA->AGA
GTG->ATG
AAG->AAA
GCA->GTA
ACC->ATC
CCA->CCG
ATG->GTG
AAG->AGG
AAA->AAG
GGA->GGG
CGC->CGT
AAG->AAA
GAT->AAT
AAG->AGG
AAT->GAT
GCT->GCC
CTG->CTA

Lys3600
Val3720
Ser3783
Val3829
Leu4100
Ala4132Val
Gln4181
Ala4323Thr
Val4392Ile
Arg4498
Lys4547Arg
Val4630Met
Lys4633
Ala4690Val
Thr5008Ile
Pro5129
Met5270Val
Lys5374Arg
Lys5424
Gly5656
Arg5736
Lys5860
Asp6020Asn
Lys6330Arg
Asn6509Asp
Ala6882
Leu7108

CAA->CAT
ATT->ACT
CAC->TAC
CAA->TAA
GAG->GAA
AAA->GAA

Gln67His
Ile106Thr
His122Tyr
Gln142STOP
Glu163
Lys171Glu

Q67H
I106T
H122Y
Q142*

GCC->ACC
GCT->ACT

Ala61Thr
Ala255Thr

A61T
A255T

A117V
A4T
V73I
K91R
V174M
A234V
T552I
M814V
K918R

D36N
K346R
N4D

K171E

S

Spike

4

4b

E

E

M

M

N

N

UTR

noncoding region

24708
24978
25028
25125
25250
25384
25701
25924
25968
26067
26630
27780
28242
28768
28923
29369
29591
29678
30460
30615
30841
30874
30898
30905
31055

GTT->GTC
ACT->ACC
GCT->GTT
AGG->AGA
CAT->CGT
ATA->GTA
CAA->CAG
ATT->GTT
TTG->TTA
CGC->CGT
CGT->CCT
TTC->TTT
ACA->ATA
GCA->GCG
ATG->ACG
GTG->GTA
GTC->GTT
GTT->ATT
AGG->AGA
GAG->GGG
AAG->AAA
GAA->GAG
GTA->GTG
GCA->ACA

a

Val260
Thr350
Ala367Val
Arg399
His441Arg
Ile486Val
Gln591
Ile666Val
Leu680
Arg713
Arg901Pro
Phe1284
Thr62Ile
Ala21
Met73Thr
Val134
Val208
Val4Ile
Arg264
Glu316Gly
Lys391
Glu402
Val410
Ala413Thr

A367V
H441R
I486V
I666V

R901P
T62I
M73T

E316G

A413T

Mutations in orange represent residues that are conserved across human CoVs. Mutations in
green represent residues where mutations arose in both MHV passage lineages.
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C.3 MHV p19.1 mutationsa
ORF

Gene
nsp2

ORF1ab

nsp3

nsp5
nsp6
nsp12

a

2a

ns2

S

Spike

UTR

noncoding

Residue
965
1160
2581
3237
3363
4383
5090
6611
6870
10430
11273
15703
15915
21971
25716
26630
31047

SNP
CTG->CTA
GTA->GTG
TCT->TTT
GGA->AGA
GAG->AAG
GCC->ACC
GTA->GTG
GGC->GGT
AGC->AGT
GTA->GTG
CAC->CAT
CAG->CGG
CAA->CAT
GAG->GAA
CGT->CCT

Change
Leu252
Val317
Ser791Phe

Gene AA

S544F
Gly1010Arg G178R
Glu1052Lys E220K
Ala1392Thr A560T
Val1627
Pro2134
Gly2516
Ser3407
Val3688
His5165
Gln5236Arg Q780R
Gln67His
Q67H
Glu596
Arg901Pro
R901P

. Mutations in green represent residues where mutations arose in both MHV passage lineages.
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C.4 MHV p19.2 mutationsa
ORF

Gene
nsp1
nsp2

nsp3

ORF1ab

nsp5

nsp8
nsp10
nsp12
nsp13
nsp14
nsp15
Noncoding
2a

ns2

HE

HE

Residue
512
1634
1853
2099
2973
3442
3578
4793
5382
6480
6513
6786
7451
7835
8444
8765
9390
9398
10485
10715
10760
11009
12509
12604
13383
14096
15231
16329
16480
17788
18266
19197
21532
21752
21971
22087
23082

SNP
AGT->AGC
CCA->CCG
CTT->CTC
GTT->GTC
GTC->ATC
ACC->ATC
CTG->CTA
GCG->GCA
CTG->TTG
GGT->AGT
GCT->ACT
AAG->GAG
CTG->CTA
CAT->CAC
AAT->AAC
TTG->TTA
TTA->CTA
GAG->GAA
CTG->TTG
ACT->ACC
CCC->CCT
AAG->AAA
TTG->TTA
GCA->GTA
GTT->ATT
GTG->ATG
ACC->ATC
AAG->AGG
AAA->AAG
AAG->AAA
GAT->AAT
AAG->AGG
CTG->CTA

Change
Ser101
Pro475
Leu548
Val630
Val922Ile
Thr1078Ile
Leu1123
Ala1528
Leu1725
Gly2091Ser
Ala2102Thr
Lys2193Glu
Leu2414
His2542
Asn2745
Leu2852
Leu3061
Glu3063
Leu3426
Thr3502
Pro3517
Lys3600
Leu4100
Ala4132Val
Val4392Ile
Val4630Met
Thr5008Ile
Lys5374Arg
Lys5424
Lys5860
Asp6020Asn
Lys6330Arg
Leu7108

Gene AA

CAA->CAT
ATT->ACT

Gln67His
Ile106Thr

Q67H
I106T

189

V90I
T246I

G1259S
A1270T
K1361E

A117V
V73I
V174M
T552I
K918R

D36N
K346R

HE

S

HE

Spike

E

E

M

M

N

N

23601
24691
24708
25125
25250
25701
25924
25968
26067
26630
27780
28768
28923
29369
29678
30460
30615
30841
30874
30898
30905

GCT->ACT
GTT->GTC
AGG->AGA
CAT->CGT
CAA->CAG
ATT->GTT
TTG->TTA
CGC->CGT
CGT->CCT
TTC->TTT
GCA->GCG
ATG->ACG
GTG->GTA
GTT->ATT
AGG->AGA
GAG->GGG
AAG->AAA
GAA->GAG
GTA->GTG
GCA->ACA

a

Ala255Thr
Val260
Arg399
His441Arg
Gln591
Ile666Val
Leu680
Arg713
Arg901Pro
Phe1284
Ala21
Met73Thr
Val134
Val4Ile
Arg264
Glu316Gly
Lys391
Glu402
Val410
Ala413Thr

A255T

H441R
I666V

R901P

M73T
V4I
E316G

A413T

Mutations in orange represent residues that are conserved across human CoVs. Mutations in
green represent residues where mutations arose in both MHV passage lineages.
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C.5 MERS-CoV p30.1 mutationsa
ORF

SNP
Change
Gene AA
GTA -> ATA Val2803Ile
V63I
TTG -> TTA Leu3339
nsp5
GCG -> GCA Ala3515
nsp6
ACA -> ACG Thr3596
nsp 7
GAT -> AAT Asp3919Asn D74N
nsp10
CTC -> CTT Leu4265
nsp12
GTT -> ATT Val4935Ile
V558I
ACA -> ACG Thr5661
nsp13
TCC -> TCT Ser5964
ORF1ab
TGT -> TGC Cys6115
GAA ->
18907
GAG
Glu6210
GAA ->
nsp14
19347
GGA
Glu6357Gly E449G
19354
CAT -> CAC His6359
19418
GCT -> ACT Ala6381Thr A473T
19816
TAC -> TAT Tyr6513
nsp15
20581
CAA -> CAG Gln6768
21735
GGC -> CGC Gly94Arg
G94R
23201
AAT -> AAC Asn582
23201
AAT -> AAC Asn582
24112
GCA -> GTA Ala886Val
A886V
S
Spike
GAA ->
24504
AAA
Glu1017Lys E1017L
24569
AGC -> AGT Ser1038
25207
TCC -> TTC Ser1251Phe S1251F
25383
TTA -> CTA Leu1310
AAA ->
ORF3
3
25601
GAA
Lys24Glu
K24D
Deletion: 25685-27263; Part of ORFs 3 and 5, and all of ORFs 4a and 4b were deleted.
ORF5
5
27500
TCG -> CCG Ser221Pro
S221P
Envelope
E
27752
GCA -> ACA Ala55Thr
A55T
Membrane
M
27859
AAT -> GAT Asn3Asp
N3D
28593
GTT -> ATT Val10Ile
V10I
N
Nucleocapsid
29187
GCA -> ACA Ala208Thr
A208T

a

Gene
nsp4

Residue
8685
10295
10823
11066
12033
13073
15080
17260
18169
18622

Mutations in green represent residues where mutations arose in both MHV passage lineages.
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C.6 MERS-CoV p30.2 mutationsa
ORF

Gene

nsp2

nsp3
nsp4
nsp5
ORF1ab

nsp6
nsp8

12076
13906
14323

nsp12

15080
15754
15820
18067
19090
19466
19615

nsp13
nsp14
nsp15

S

Residue
1173
1822
2611
2693
2797
4626
4724
5139
8506
9294
10326
11297
11372

Spike

20423
21735
22022
22691
23152
23777
24112
24504
25175

5

ORF5

5

ORF5

25207
26841
26886
26888
26889
26922

SNP
CGC -> TGC
AAA -> AGA
ACT -> ATT
ATG -> ATA
AAT -> AGT
AAG -> GAG
CAG -> CAA
CAT -> TAT
ACA -> ATA
GAT -> AAT
GCC -> ACC
ATT -> ATC
TTG -> TTA
GAG -> GGG
TTT -> TTC
GAC -> GAT
GTT -> ATT
AAT -> AAC
ACC -> ACT
TAT -> TAC
CTT -> CTC
AGA -> GGA
CAT -> CAC
GCT -> ACT
GGC -> CGC
CCT -> CCC
ACC -> ACT
CAA -> CGA
AAT -> AAC
GCA -> GTA
GAA -> AAA
AAA -> AAG
TCC -> TTC
ATG -> ACG
GTT -> GCT
TCT -> ACT
TCT -> TGT
TCT -> TTT
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Change
Arg299Cys
Lys515Arg
Thr778Ile
Met805Ile
Asn840Ser
Lys1450Glu
Gln1482
His1621Tyr
Thr2743Ile
Asp3006Asn
Ala3350Thr
Ile3673
Leu3698
Glu3933Gly
Phe4543
Asp4682
Val4935Ile
Asn5159
Thr5181
Tyr5930
Leu6271
Arg6397Gly
His6446
Ala6716Thr
Gly94Arg
Pro189
Thr412
Gln566Arg
Asn774
Ala886Val
Glu1017Lys
Lys1240
Ser1251Phe
Met1Thr
Val16Ala
Ser17
Ser17
Ser28Phe

Gene AA
R105C
K322R
T585I
M612I
N647S
K596E
H767Y
T3I
D266N
A103T

E5G

V558I

R489G?
A284T
G94R

Q566R
A886V
E1017L
S1251F
M1T
V16A

S28F

E
M
N
a

27163
Envelope
27768
Membrane
28323
28597
Nucleocapsid
29624

TGG -> TGA
AAT -> AGT
GCT -> GCC
TCC -> TTC
CAA -> CAG

Trp108Stop
Asn60Ser
Ala157
Ser11Phe

Y108*
N60S
S11F

Gln353

Mutations in green represent residues where mutations arose in both MHV passage lineages.
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