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Abstract

Picornaviruses belong to the Picornaviridae tfamily which are one of the largest and most diverse
family of RNA viruses that cause a broad spectrum of infections in both humans and animals.
These diseases range from severe infections such as poliomyelitis, meningitis, myocarditis to mild
illnesses such as the common cold. Picornavirus outbreaks are a worldwide threat as they are
continuously occurring. A recent outbreak of foot-and-mouth disease caused by a picornavirus
occurred in South Africa, resulting in a temporary ban on the movement of cattle. Currently, the
FDA has not approved any antiviral drugs against this virus, increasing the urgency for identifying
effective antivirals. Picornaviruses have similar genomes and capsid organisation as such, those
that are non-hazardous to humans can be used as a model system. A Theiler’s murine
encephalomyelitis virus (TMEV) strain GDVII and Baby Hamster Kidney fibroblasts (BHK-21
cells) was used as a replication system to develop and optimise a medium-throughput antiviral

screening assay.

The TMEV GDVII replication system in BHK-21 cells was validated, and preliminary
experiments were performed that were necessary for the development of the TMEV GDVII
antiviral assay. This was achieved by conducting a CPE assay to visually monitor the onset and
development of CPE induced by TMEV GDVII. Plaque assays accurately quantified the number
of infectious virus particles required for calculating the MOI in downstream experiments. Lastly,
indirect immunofluorescence and Western blot analysis detected the expression of viral proteins
using previously generated antibodies against the TMEV GDVII VP1 capsid and 2C protein,
thereby confirming infection in BHK-21 cells.

The development of robust and reproducible assays is an essential component in antiviral drug
discovery. Therefore, the confirmed replication system was then used as a foundation to develop
a medium-throughput CPE-based TMEV GDVII antiviral assay whereby the parameters were
optimised to produce one of high quality. Firstly, the quantitation of viral-induced CPE was
examined and confirmed in a 96-well plate using resazurin as a cell viability indicator. Each
parameter was tested at varying conditions, and the optimal was concluded as 2 % FBS in the assay
media, a 15 000 cells/well seeding density, infecting the cells with TMEV GDVII at an MOI of

0.00625 and measuring resazurin at an endpoint of 72 hpi. Furthermore, the parameters were
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validated by calculating the Z’- factor, which consistently produced scores above 0.5, indicative

of a reliable, robust, reproducible antiviral assay.

Currently, there are no inhibitors against TMEV GDVII that have been reported or confirmed in
cell lines, animal models or clinical trials. Therefore, once the optimal assay parameters were
selected, it presented an opportunity to assess whether potential compounds, including itraconazole
(ITZ) and dipyridamole (DIP), possessed antiviral activity that could firstly, be utilised as a control
inhibitor when screening compounds against TMEV GDVII and secondly, contribute to research
on this virus. Additionally, the previously produced anti-TMEV GDVII capsid antibody was
shown to neutralise viral infection and was also included as a potential control. The sensitivity of
the cells towards DMSO, a solution in which the compounds were solubilised, was first
investigated. It was found that concentrations above 1 % are toxic to the cells; as such, the final
DMSO concentrations were always kept below 1 % when screening compounds. Lastly, the
generation of dose-response curves aided in the conclusion that the antibody was the most suitable
control inhibitor as it displayed potent antiviral activity and no cytotoxicity towards the cells. In
contrast, ITZ and DIP did not possess effective antiviral action and were toxic to cells at high

concentrations.

Finally, after all the components of the medium-throughput TMEV GDVII antiviral assay were
identified, it was possible to screen 24 compounds from a coumarin and marine natural product
library for cell cytotoxicity and antiviral activity. After generating dose-response curves, it was
concluded that no compound effectively inhibited virus-induced CPE, and most were toxic to cells

at relatively high concentrations.

In conclusion, this is the first study that describes the development and optimisation of a robust
medium-throughput CPE-based antiviral assay that has immense potential to screen other libraries

of compounds for antiviral activity against TMEV GDVIL.
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Chapter 1 Literature review

1.1 Introduction and classification of picornaviruses

Picornaviridae is one of the largest and most diverse families of viruses that have caused a
multitude of epidemics globally. Picornaviruses are characterised as small, icosahedral, non-
enveloped positive-sense RNA viruses (Zell, 2017; Kuhn et al., 2020). Currently, there are 68
genera that consist of 158 species (International Committee on Taxonomy of Viruses, 2021);
however, these figures are constantly changing as many viruses await classification. Genera with
pathological importance include Enterovirus (EV), Parechovirus, Aphthovirus, Cardiovirus and
Hepatovirus (Tuthill et al., 2010; Lemon, 2022; Novikov and Melentev, 2022; Sarry et al., 2022;
Zhang et al., 2022; Foglia et al., 2023) (Table 1.1).

Picornaviruses cause a broad range of infections in humans and animals. These diseases can range
from severe infections such as poliomyelitis, meningitis, and encephalitis to mild illnesses like the
common cold (Jiang et al., 2014). The largest genus in this family is EVs which are ubiquitous and
responsible for a substantial number of infections annually around the globe (Sinclair and Omar,
2021). EVs consist of 12 species and over 300 types (Palmenberg et al., 2009; Simmonds et al.,
2010; McIntyre et al., 2013; Sinclair and Omar, 2021). They are mainly transmitted via the faecal-
oral route with the possibility of spreading to other organs via blood circulation. Infections may
also occur in the upper and lower respiratory tracts (Rubsamen-Schaeff and Buschmann, 2021).
EVs include the species Enterovirus A-D, Rhinovirus A-C, which infect humans and Enterovirus
E-J (Table 1.1), which cause animal disease. EV-A consists of numerous coxsackievirus (CV) A
serotypes and EV-A71, the foremost causative agent of hand-foot-and-mouth disease (HFMD).
The serotype EV-A71 has been accountable for several global outbreaks of HFMD since 1990,
where symptoms include skin rashes and mouth sores commonly affecting young children (Wang
et al., 2015; Dai et al., 2019, Wang et al., 2022). EV-B is the largest EV species and consists of
several CV-B serotypes and echoviruses causing diseases such as meningitis, encephalitis,
myocarditis, and pancreatitis (Tapparel et al., 2013; Lugo and Krogstad, 2016; Alhazmi et al.,
2022). EV-C includes polioviruses (PV) 1,2,3 and many other serotypes. PV infections are mild;

however, some cases can lead to poliomyelitis or non-paralytic meningitis. Poliomyelitis, also



known as polio, is a form of flaccid paralysis and has been the source of a multitude of epidemics
with high morbimortality since the 19™ century (de Jesus, 2007). In 1988 the Forty-first World
Health Assembly launched the Global Polio Eradication Initiative (GPEI). Since the GPEI was
introduced, polio cases have decreased by over 99% globally, with 80% of the world’s population
certified as polio-free (World Health Organization, 2019). However, there have been recent
unexpected outbreaks in the UK, the United States and parts of Africa (Sethi et al., 2022). EV-D
contains serotypes such as EV-D68, EV-D70 and EV-D94. EV-D68 has recently re-emerged with
an increase in epidemics worldwide, causing severe respiratory illness in children (Khetsuriani et
al., 2006; Furuse et al., 2015; Messacar et al., 2015). The last human-related EV species are the
rhinoviruses (RV). Unlike most EVs, RVs infect the respiratory tract causing the most widespread
infectious disease worldwide, the common cold. The common cold has a significant economic
impact as it leads to countless losses of working and school days, an increase in medical assistance
costs, and an upsurge in prescription medication (Heikkinen and Jarvinen, 2003). In addition, RVs
can also infect the lower respiratory tract and are linked to diseases such as pneumonia,
bronchiolitis (Papadopoulos et al., 2002; Renwick et al., 2007), asthma (Edwards et al., 2012), and
chronic obstructive pulmonary disease (COPD) exacerbations (Mirabelli et al., 2017).

Parechovirus is another genus of pathological importance. The genus is classified into six species:
Parechovirus A-F. Parechovirus A comprises 19 serotypes, whereas Parechovirus B consists of
Ljungan virus 1-6 (Chuchaona et al., 2015; Zhao et al., 2017) (International Committee on
Taxonomy of Viruses, 2021) (Table 1.1). The human parechovirus (HPeV) prevalence is said to
be as high as EVs, and due to an upsurge of HPeVs circulating worldwide, this virus has gained
more attention and awareness. HPeV-1 induces mild to severe gastrointestinal and respiratory
illness, HPeV-3 is the most pathogenic HPeV and is associated with viral sepsis-like illness,
meningitis, paralysis and even fatality in infants (Boivin et al., 2005; Harvala et al., 2009;
Schuffenecker et al., 2012). Other noteworthy genera in the picornavirus family include
Hepatovirus, which consists of hepatitis A virus (HAV) known to cause hepatitis, a liver disease
(Smith and Simmonds, 2018; Lemon, 2022). The genus Aphthovirus includes the species Foot-
and-mouth disease virus (FMDV), which threatens livestock, resulting in extreme economic
challenges. Foot-and-mouth disease (FMD) is one of the most contagious and devastating animal

diseases to occur (Tulloch et al., 2018).



Table 1.1 Classification of picornaviruses that are clinically important to humans/animals.

Genus Selected species Serotypes Clinical infections
Enterovirus Enterovirus A Coxsackievirus A8, A16 Hand-foot-and-mouth disease,
EV-A71 herpangina, encephalitis, paralysis,
myelitis, meningitis
Enterovirus B Coxsackievirus B1, B3, B4 Neonatal sepsis, insulin-dependent
Echoviruses 3, 30 diabetes mellitus, meningitis,
encephalitis, myocarditis,
pancreatitis
Enterovirus C Poliovirus 1,2,3 Poliomyelitis, non-paralytic
meningitis
Enterovirus D EV-D68, EV-D70, EV-D9%4 Severe respiratory illness, acute
haemorrhagic conjunctivitis, acute
flaccid paralysis
Rhinovirus A, B, C Common cold, asthma, pneumonia,
bronchiolitis, COPD
Parechovirus ~ Parechovirus A Human parechovirus 1, 2, 3,4  Gastroenteritis, respiratory illness,
viral sepsis-like illness, meningitis,
paralysis
Parechovirus B Ljungan virus 1-6 Diabetes mellitus, neurological
disease, myocarditis (rodents)
Hepatovirus Hepatovirus A Hepatitis A virus Hepatitis
Aphthovirus Foot-and-mouth Foot-and-mouth disease virus ~ Foot-and-mouth disease, acute fatal
disease virus 0O, A, C, Asial myocarditis
Bovine rhinitis A, B~ Bovine rhinitis A virus 1,2, Respiratory illness
virus Bovine rhinitis B virus
1,2,3,4,5
Cardiovirus Cardiovirus A Encephalomyocarditis 1, 2 Encephalitis, myocarditis

Cardiovirus B

Cardiovirus D

Theiler’s murine
encephalomyelitis virus

Saffold virus

Polioencephalomyelitis, chronic
persistent demyelinating disease

Respiratory and gastrointestinal
disease




Agricultural production is impeded due to FMDYV infecting domestic animals such as cattle, pigs
and sheep by causing blistering of limb epithelia, myocarditis in younger animals and after an
extended period of infection, milk and meat production can decline (Paton et al., 2021). More
relevantly, a recent outbreak of FMD occurred in South Africa, followed by a temporary
suspension of the movement of cattle within the entire country, resulting in significant economic
losses (Orabi, 2022). Lastly, the Cardiovirus genus consists of the six species Cardiovirus A-F
(Table 1.1). It has long been thought that cardioviruses mainly infect rodents. However, in 2007,
the first human cardiovirus was discovered and was named the Saffold virus (SAFV), belonging
to the species Cardiovirus D. SAFV has been isolated from nasal and stool samples predominantly
from children, presenting respiratory and gastrointestinal disease (Jones et al., 2007; Abed et al.,
2008; Zoll et al., 2009). Encephalomyocarditis virus (EMCV) (Cardiovirus A) infections result in
encephalitis and myocarditis in rodents, pigs, and many other mammals (Carocci and Bakkali-
Kassimi, 2012). Theiler’s murine encephalomyelitis virus (TMEV) belonging to the species
Cardiovirus B infects mice either causing a fatal polio-encephalomyelitis or a chronic persistent
demyelinating disease depending on the subgroup (Gerhauser et al., 2019). TMEV consists of two
major subgroups. These subgroups are differentiated by their neurovirulence and antigenicity
(Oleszak et al., 2004). GDVII and FA strains are part of the first subgroup and are highly
neurovirulent, causing fatal acute encephalitis (Theiler and Gard, 1940). Theiler’s original (TO) is
the second subgroup and consists of the more persistent BeAn and DA strains. These strains result
in mild encephalitis and can induce late chronic demyelinating disease. The GDVII, BeAn and DA
strains have been sequenced and characterised (Lehrich et al., 1976; Lipton, 1980). TMEV GDVII
can infect BHK-21 cells causing CPE in culture, but poses a low risk to human health as TMEV
has been shown to only infect mice and not any other species (Omura et al., 2018). It can thus be
used as a biosafe replication system to study picornaviruses in conventional BSL 2 tissue culture

facilities and was the subject of this study.

1.2 Genome structure and polyprotein processing

Although picornaviruses of different genera infect different hosts and cause diverse diseases, these
viruses share a notable similarity in their genome structure and capsid organisation (Francisco-
Velilla et al., 2022). Picornavirus genomes consist of single-stranded positive-sense RNA, ranging

from 6.7 to 10.1 kb in size (Zell et al., 2017). Generally, the genome comprises a single open



reading frame (ORF) encoding a large polyprotein. The ORF is flanked on the 5* and 3’ ends by
untranslated regions (UTR) of different lengths (Figure 1.1) (Bedard and Semler, 2004; Zell et al.,
2021). The 5> UTR consists of a cloverleaf structure that functions in the initiation of replication
and the internal ribosome entry site (IRES), which allows translation of RNA in a CAP-
independent manner (Mokre;js et al., 2010). The 3’ ends of all RNAs in the picornavirus family are
polyadenylated like eukaryotic mRNAs. However, the 5’ ends do not have the usual triphosphate
cap; instead, they have viral-coded, genome-linked proteins (VPg) attached to the RNA via a
tyrosine phosphodiester bond. The exact function of VPg is unclear, but it is believed to be

involved in the initiation of RNA synthesis (Palmenberg, 1990; Francisco-Velilla et al., 2022).

The ORF that encodes the large polyprotein is separated into P1, P2 and P3 domains, as seen in
Figure 1.1. P1 is the domain that encodes four structural capsid proteins and is highly conserved
across picornaviruses. The P2 - P3 domains code for seven non-structural proteins that have several
functions, such as host translational shutoff and replication. Some functions of these non-structural
proteins are genus-specific, while others are conserved in function, such as viral RNA-dependent
RNA polymerases (Cathcart et al., 2015). Several picornaviruses belonging to the aphthoviruses
and cardioviruses encode a leader protein (L) located upstream on the 5’ end. The role of this
protein is also genus-specific. For example, it is proteolytically active only in aphthoviruses
(Cathcart et al., 2015). In cardioviruses, it regulates host cell antiviral immune responses by
inhibiting interferon production (Freundt et al., 2018). The three domains are cleaved by viral
encoded proteases, including 3C/3CD. The use of the Hsp90 chaperone to facilitate efficient
cleavage of the P1 domain has been recognised in several picornaviruses, such as PV (Geller et

al., 2007; Mutsvunguma et al., 2011).



Figure 1.1 Picornavirus genome organisation. The picornavirus genome consists of a single open reading
frame (ORF) that encodes a large polyprotein. The ORF is flanked on the 5” end with a 5* UTR that consists
of'an IRES (cloverleaf structure) and a VPg. The 3° UTR consists of a polyadenylated tail. The polyprotein
is processed into three domains, namely P1, P2 and P3. Cleavage of each domain into its specific proteins
is facilitated by proteases such as 3C/3CD with the help of chaperones such as Hsp90. The P1 domain
encodes for the capsid proteins VP4, VP2, VP3 and VP1. Whereas the P2 and P3 domains encode for the
seven non-structural proteins. Some picornaviruses, such as the aphthoviruses and cardioviruses, encode a

leader protein (L) that is upstream on the 5° end. Adapted from Louten, (2016).

1.3 Picornavirus capsid structure

Mature virions in the picornavirus family have a non-enveloped icosahedral capsid with an
approximate size of 30 nm. The capsid structure consists of 60 protomers organised in a pseudo-
T=3 symmetry, enclosing the viral RNA genome (Sherry et al., 2020). A single protomer is
comprised of three key surface capsid proteins, VP1, VP2 and VP3 (Figure 1.2) and one internal
capsid protein, VP4. The surface proteins, VP1, VP2 and VP3, are arranged in a pentameric
structure resulting in five VP1 proteins meeting at the five-fold axis and the VP2 and VP3 proteins
meeting at the two-fold and three-fold axes, as seen in Figure 1.2 (Jiang et al., 2014). The N-



termini of these three proteins are internal, while the C-termini are on the surface. Therefore, the
VP4 protein located on the inside of the capsid forms a network with the N-termini and functions
to stabilise the virion particle (Rossmann, 2002). Generally, the N-termini of VP4 proteins are
located close to the five-fold axis, where they are bonded to a myristic acid group. The
myristoylated VP4 capsid protein is associated with transporting the RNA into the host for

replication and stabilising the pentameric subunits (Panjwani et al., 2014).

Figure 1.2 Picornavirus capsid structure and axes. Representation of a picornavirus capsid structure.
The capsid consists of 60 protomers organised in a pseudo-T=3 symmetry enclosing the RNA genome. One
protomer is comprised of the three surface proteins, VP1, VP2 and VP3, which are arranged in a pentameric
structure. This pentameric structure results in an asymmetric unit. The different axes of symmetry consist
of five VP1 proteins meeting at the five-fold axis and the VP2 and VP3 proteins meeting at the two-fold
and three-fold axes. Adapted from Baggen et al., (2018).

1.4 Infectious cycle of picornaviruses

Picornaviruses generally have a short infectious cycle. The cycle begins with attachment to the

host cell and ends with the virion being released. This is further discussed below.



1.4.1 Attachment, entry and uncoating

Picornavirus infection initiates when the virus binds to the host cell receptor (Figure 1.3). Specific
cellular receptors are a crucial component in viral tropism and pathogenesis, meaning that the virus
is incapable of infecting cells that lack the corresponding receptor (Whitton et al., 2005; Baggen
etal., 2018). This family of viruses has diverse receptors; however, the most common picornavirus
receptors are often within the immunoglobulin family, integrin receptor family, low-density
lipoprotein receptor (LDLR) family, and complement control family (Tuthill et al., 2010). These
receptors play a vital role in attachment, endocytosis, and inducing conformational changes in the

capsid, which facilitate the uncoating of the virus (Tuthill et al., 2010; Baggen et al., 2018).

Once attachment to the receptor has occurred, the next step in the picornavirus life cycle is entry
and uncoating of the capsid to release the viral RNA. Entry into the host cytoplasm usually takes
place using endocytosed vesicles. Viruses are known to hijack several endocytic pathways to enter
the cell. These include the clathrin-mediated and caveolin-mediated endocytic pathways
(Pelkmans et al., 2001). Once the virus has entered, the single-stranded RNA needs to be released.
Genome release is not well studied in picornaviruses; nevertheless, there are a few examples in the
literature. Enteroviruses such as PV sustain the icosahedral capsid structure even after the VP4 and
RNA release, leaving behind an empty 80S capsid intermediate (Levy et al., 2010). In contrast,
cardioviruses and aphthoviruses disassemble their capsids into the pentameric subunits once they
enter acidic conditions such as the endosome environment. This causes the externalisation of the
VP4 subunit and RNA (Johns et al., 2009). Even though this process differs among picornaviruses,
a successful infection is achieved when the genome is released and delivered to the cytoplasm in

a complete and undamaged form.



Figure 1.3 Overview of a typical picornavirus infectious cycle. 1. Receptor and attachment 2. Entry and
uncoating 3. IRES-mediated translation 4. Polyprotein processing 5. Replication 6. Assembly and release.

Adapted from Whitton et al., 2005 and Baggen et al., 2018.
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1.4.2 Translation and polyprotein processing

Once the viral RNA is released into the cytosol, the genome is directly translated by the cellular
ribosomes. Picornavirus translation is initiated in a cap-independent manner as they lack the usual
7-methyl guanosine cap at the 5’ terminal. This mechanism is mediated by an IRES found on the
5’ end of the genome (Baggen et al., 2018). Host proteins are usually modified during the early
phases of infection such that cellular mRNA translation is shut down and viral mRNA translation
can proceed. As discussed above, translation of picornavirus viral mRNA occurs through a single

OREF to produce a single polyprotein that is proteolytically processed (Figure 1.1; Figure 1.3).

Proteinases encoded by the virus involved in processing include 2Aprwo, 3Cpro and 3CDyro in EVs,
Lpro and 3Cpro in aphthoviruses, 3Cpro and 3CDyyo 1n cardioviruses and kobuviruses. Once the
protein has been processed, an L protein (aphthoviruses, kobuviruses and cardioviruses) and the
polyproteins P1, P2, and P3 are generated (Jackson and Belsham, 2021). The P1 domain, which is
released by proteinase 2A (EVs) or 3C (other picornaviruses), is further cleaved into the capsid
proteins VPO, VP3 and VP1. In comparison, the P2 and P3 domains are cleaved into non-structural
proteins. P2 proteins such as 2BC and 2C play a role in the formation of membranous vesicles
where RNA replication occurs. P3 proteins are involved in the replication process and have distinct

functions, for example, 3D is the RNA-dependant RNA polymerase (Palmenberg, 1990).

1.4.3 Replication

After the initial translation of viral proteins and sufficient non-structural proteins are produced,
replication can occur. Firstly, virus-induced membranous vesicles, also known as replication
organelles (ROs), are formed as sites of replication (Figure 1.3). They are generated from
remodelling the endoplasmic reticulum (ER) and Golgi apparatus membranes. Generally, the viral
proteins 2BC and 3A and specific host proteins are required for RO formation (Steil and Barton,
2009; Baggen et al., 2018). Once the ROs are formed, replication is initiated by the uridylation of
VPg. The RNA-dependant RNA polymerase 3Dpol is responsible for this process. 3Dpol uses the
cis-acting replication element (Cre), a secondary RNA structure that acts as a template for the
uridylylation of VPg to form VPgpUpU, a primer of replication (van der Linden et al., 2015). 3Dpol
elongates uridylylated VPg to generate a negative-strand intermediate which serves as a template

to produce more positive-strand RNAs. Positive strand RNAs can either be used for further rounds
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of translation, replication or packaged to create infectious virus particles (Steil and Barton, 2009;

van der Linden et al., 2015; Jackson and Belsham, 2021).

1.4.4 Virion assembly and release

After replication of the positive-strand RNA, encapsidation follows to produce new infectious viral
particles (Figure 1.3). This complex oligomerisation process begins with the capsid precursor P1
undergoing myristoylation (absent in hepatoviruses and parechoviruses) (Jackson and Belsham,
2021). The Hsp90 chaperone protein will then associate and fold the myristoylated P1 domain,
which also assists in the proteolytic processing by 3CDpro to produce capsid proteins VPO, VP1
and VP3 (Geller et al., 2007). These proteins spontaneously form a protomer, and five of these
protomers form a pentameric structure. They then assemble around the positive-strand RNA to
form the provirion. The last step is the maturation process of VPO into VP2 and VP4, producing
the mature virion particle (Basavappa et al., 1994) (Figure 1.4). Typically, picornavirus virions
are released via cell lysis, killing the host cell. However, studies have suggested that they could
also be released by non-lytic mechanisms associated with releasing the mature virion in vesicles

(van der Grein et al., 2019).

Figure 1.4 Picornavirus capsid assembly process. Once the P1 domain is separated from the P2/3
domains, the Hsp90 chaperone will stabilise it for proteolysis by the 3C/3CD proteases. Once it is cleaved
into the three subunits, they will immediately form a 5S protomer. Five of these protomeric structures will
combine to create a 14S pentamer, followed by twelve pentamers forming a 150S provirion which encloses
the RNA genome. The last step is the maturation process, where VPO is cleaved into VP2 and VP4, creating

a 160S mature infectious virion. Adapted from van der Linden et al., (2015).
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1.5 Disease prevention and control

1.5.1 Vaccination

Vaccination is one of the most effective methods for protecting against virus infections (Kinobe et
al., 2022). Recently, the severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2)
virus pandemic broke the vaccine research and development record as numerous vaccines were
developed for the fight against this virus. The vaccines are known to provide sufficient protection
against severe disease and death. However, there are drawbacks, as with many other RNA viruses
(Yang et al., 2023). Picornaviruses cause significant diseases, yet only a few vaccines are available
due to many challenges, which will be discussed. Current human-related vaccines against HAV,
PV, and EV-A71 are approved for use by the public. Additionally, an animal-related vaccine
against FMDV is also approved. Briefly, the most used commercial FMD vaccines are inactivated
monovalent, bivalent or multivalent vaccines. The main drawback is that since FMDV contains
numerous serotypes, the vaccine must also incorporate these several serotypes. Furthermore, the
vaccines need to be temperature controlled as FMDYV is heat sensitive. Lastly, these vaccines were
found not to prevent primary infection resulting in a high possibility that more than 50 % of

vaccinated animals will become carriers (Hardham et al., 2020).

HAV infection is highly contagious and is one of the foremost causes of acute viral hepatitis
globally. Effective and safe vaccines have been accessible since the 1990s. Nevertheless, epidemic
outbreaks still occur in various parts of the world (Migueres et al., 2021). Two types of HAV
vaccines are available, including eight formaldehyde-inactivated vaccines commonly used in most
countries and two live attenuated vaccines (LAV) commercialised and used in China (WHO,
2019). The LAVs are a single-dose subcutaneous injection that is generated by decreasing the
virulence of the virus until it is harmless but still retains its antigenicity and ability to replicate
(Wang et al., 2007). The benefit of this type of vaccine is that it elicits long-lasting immunity with
both humoral and cellular immune responses without booster shots. The main disadvantage of
LAVs is the safety concern, as the live virus has the ability to revert back to the virulent strain.
Thus, the genetic stability of the vaccine needs to be guaranteed before its clinical use (Zhao et al.,
2000). Another drawback is that the LAVs should not be administered to immunocompromised
individuals (Faridi et al., 2009). In contrast, viral replication cannot occur with inactivated vaccines

and is considered safer. However, the challenge with formaldehyde-inactivated vaccines is that
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they require two doses instead of one for a significant cellular and humoral response (Jiang et al.,
2008). It has been reported that a 60- 80 % decrease in T-cell and B-cell responses after 24 weeks
post-HAV vaccination is reversed with a booster shot, resulting in an increase in humoral and

cellular immunity (Shen et al., 2008; Cui et al., 2014).

PV contains three types, 1, 2 and 3, responsible for the disabling disease known as polio. The
WHO held a meeting in 1988 intending to eradicate polio globally through vaccination. The
generation of two different types of polio vaccines is considered one of the most significant
medical breakthroughs of the 20" century (WHO, 2023). Wild PV types 2 and 3 have been
confirmed to be eradicated globally, whereas type 1 is endemic to Afghanistan and Pakistan.
Incidences of paralytic poliomyelitis are predominantly caused by rare cases of vaccine-associated
paralytic poliomyelitis (VAPP) or recently due to circulating vaccine-derived polioviruses
(cVDPV) (Erdem et al., 2023). There are two types of vaccines, including a live attenuated oral
polio vaccine (OPV) and a killed or inactivated polio vaccine (IPV). Firstly, the OPV vaccine is
composed of live strains of all three types that are weakened with a low possibility of spreading to
the central nervous system (CNS). This type of vaccine is known to generate antibodies in the
bloodstream against all three types, known as a humoral response, whereby it will inhibit the
spread to the CNS in the event of infection with the wild type. Additionally, antibodies are
produced in the mucous lining of the intestines, which are the site for PV replication
(Bandyopadhyay et al., 2015). A significant challenge in administering OP Vs is that, in rare cases,
VAPP can occur where the vaccine strains revert back to their neurovirulent properties. This can
lead to the transmission and infection of the paralytic disease (Bigouette et al., 2021). Secondly,
IPVs are created by inactivating the wild-type PV strains with formalin. Typically, three doses are
administered however, a booster dose is often required for an adequate immune response. It has
been reported that the level of intestinal mucosal immunity is significantly lower compared to the
OPV resulting in most countries administering the live vaccine. Another drawback is that
substantial quantities of the virus are required to produce the IPV, leading to increased production

costs and safety risks where the live virus is handled (Hampton et al., 2016).

EV-AT71 is the causative agent of HFMD, creating a global threat. Several vaccine development
methods have been published, including but not limited to the LAV, subunit vaccine, DNA

vaccine, and mucosal vaccine (Lin et al., 2019; Li et al., 2021). However, recently three inactivated
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whole virus vaccines against EV-A71 have completed clinical trials, have been approved and are
commercially available in China with a recommendation by WHO that one of them could be used
globally (Lei et al., 2020; Li et al., 2021). Inactivated vaccines are considered safe as they do not
replicate. Additionally, the EV-A71 vaccines were shown to induce high levels of immunogenicity
and neutralisation titres, with the efficacy of the three vaccines ranging between 90 % - 97 % (Li
et al., 2021). Although the vaccines are effective, there are several drawbacks. These include the
insufficient level of cellular immunity required for long-term protection as the virus is inactivated
and does not replicate. Furthermore, a study showed that even though the vaccines induced
neutralisation against other genotypes, it was found that the EV-A71 vaccines could not protect
against other strains responsible for HFMD outbreaks, such as CV-A16 and CV-A10 (Lim and
Poh, 2019).

Another limitation in developing these vaccines is the conformational instability of virus particles
as they are heat sensitive. The maintenance of antigenicity will depend on the stability of the viral
capsid, as unstable capsids result in different antigenic conformations. Thus, to preserve
antigenicity and efficacy, the vaccines need to be refrigerated at 2 - 8 °C, which may not always
be achievable in developing countries with limited infrastructure (Wang et al., 2013). Due to
several challenges as mentioned, only a few vaccines are available against picornaviruses. This

has led to a focus on alternative strategies to control these viruses, such as antiviral compounds.

1.5.2 Control using antivirals

Due to vaccine limitations, a wealth of information and intensive research has been placed into
developing and identifying antiviral agents against significant RNA viruses. For example, the Food
and Drug Administration (FDA) has approved drugs against influenza, such as amantadine,
oseltamivir, zanamivir, peramivir, laninamivir and baloxavir marboxil (Swierczyfiska et al., 2022);
SARS-CoV-2 such as remdesivir (Chera and Tanca, 2022) and dozens of drugs against HIV such
as AZT, Maraviroc and Raltegravir (Adamson and Freed, 2009). In contrast, currently, there are
no commercially available antivirals against picornaviruses. There are many limitations in vaccine
development, as discussed above. Therefore, more attention and research are being conducted on
anti-picornavirus drug identification. A range of compounds have been recognised to target
picornaviruses; however, none have been approved for clinical use (van der Linden et al., 2015).

As previously discussed, the infectious cycle of picornaviruses begins with binding to the host cell
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receptor and ends with mature virions being released. Each stage of the lifecycle represents a
potential target for antiviral compounds, either by targeting viral proteins directly or host factors
involved in the virus life cycle. A summary of the significant picornavirus antiviral compounds

that have been published are discussed below.

1.5.2.1 Direct-acting antivirals (DAAs)

Direct-acting antivirals are compounds that target the virus or its proteins. This has been the
classical strategy to combat viral infections with the advantage of limited side effects (Baggen et
al., 2018). However, the main drawback of this approach is that the virus is more likely to develop
resistance against the drug. Nevertheless, there have been numerous compounds that have been
identified to target specific viral proteins. EVs are the most extensively studied picornavirus genus;

thus, there is more research on EV antiviral compounds.

1.5.2.1.1 Attachment inhibitors

The first step in the picornavirus life cycle is attaching to the host cell via the receptor. Several
attachment inhibitors have been reported for EVs. Three compounds, pleconaril, BTA798 and
pocapavir, have been shown to bind to the EV receptor binding site and prevent viral attachment
to the host receptor (Table 1.2; Figure 1.5). Pleconaril was shown to exhibit broad-spectrum
activity against the majority of EVs (Hayden et al., 2002; Hayden et al., 2003; Egorova et al.,
2020); however, it was rejected by the FDA for treatment of the common cold due to safety
concerns and adverse side effects (Senior, 2002). Since pleconaril only binds to the canyon in the
capsid, it cannot be used to inhibit viruses such as HPeVs, which have a shallower canyon (Jackson
et al., 2000). BTA798, also called vapendavir is still being tested in asthma patients that have been
infected with RV. A clinical phase IIb trial was performed by Biota and reported substantial
decreases in cold-like symptoms in asthmatic patients. Another phase IIb trial will be carried out
to confirm these results (Biota, 2015). Pocapavir is another compound that binds to the EV capsid
and was initially developed to use against PV infections; however, there has been a case where
pocapavir treated neonatal enteroviral sepsis caused by CV-B3 (Torres-torres et al., 2015). Capsid
binders or attachment inhibitors have the disadvantage of the virus developing resistance, making
it difficult for these compounds to reach commercialisation. Additionally, they are genus-specific

due to differences in the receptor binding site across the family (Jackson et al., 2000).



Table 1.2 Overview of selected inhibitors of the picornavirus life cycle
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Group Compounds Viral target Mechanism or
Target
Direct-acting
antivirals
Attachment Pleconaril, BTA798, Broad spectrum EVs, RVs Capsid binders
inhibitors pocapavir, pirodavir
Translation Peptide conjugated PV1, CV-B2, RV-14, IRES — preventing
and phosphodiamidate EV-A71 ribosome attachment
polyprotein morpholino oligomers
inhibitors (PPMO),
Quinacrine, kaempferol,
amantadine
Rupintrivir, AG7404, fisetin, Broad spectrum RVs and EVs 3Chro
rutin
Replication Nucleoside analogues- Broad spectrum anti-picornaviral 3Dpot
inhibitors Ribavarin, NITD008,
gemcitabine
Non-nucleoside analogue- CV-B3 3Dpot
Amiloride
Dibucaine, fluoxetine, EV-A71, CV-B3, EV-D68, EV-B, 2C
pirlindole EV-D
Dipyridamole PV, cardioviruses RNA synthesis
Host-
targeting
antivirals
Replication Enviroxime, GW5074, Broad spectrum anti-picornaviral P14KB
inhibitors BF738735
OSBP
Itraconazole, OSW-1, 25- Broad spectrum EVs, cardioviruses,
hydroxycholestrol HAV
Assembly Geldanamycin, 17-AAG Broad spectrum antiviral Hsp90
inhibitors
Buthionine sulfoximine, Broad spectrum antiviral Glutathione

TP219
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1.5.2.1.2 Translation and polyprotein inhibitors

As discussed above, picornavirus translation is initiated in a cap-independent mechanism using the
IRES region on the genome. Without the initiation of translation, the ORF cannot be translated
into proteins, resulting in the halting of the virus’s life cycle. This makes the IRES a suitable drug
target. Peptide-conjugated phosphodiamidate morpholino oligomers (PPMO) are ss-DNA like
anti-sense agents, whereby a study demonstrated that it targets the IRES region, preventing
ribosome attachment (Table 1.2; Figure 1.5). This study produced encouraging results illustrating
the inhibition of PV1, CV-B2 and RV type 14 (Stone et al., 2008). Numerous compounds that
inhibit EV-A71 translation by targeting the IRES site have been identified. For example, the
compound quinacrine hinders the interaction between the IRES and polypyrimidine-tract-binding
protein (PTB) (Wang et al., 2013). Kaempferol, which is a flavonoid, disrupts IRES activity by
modifying the IRES trans-acting factors (ITAFs) (Tsai et al., 2011). Lastly, amantadine, a tricyclic
amine, also prevents translation initiation of EV-A71 via the IRES (Chen et al., 2008).

Once the polyprotein has been translated, numerous polyprotein processing events occur, as
mentioned previously. Therefore, many antiviral targets are created, such as protease inhibitors.
The 3C protease (3Cpro) is a chymotrypsin-like cysteine proteinase that is accountable for the bulk
of polyprotein processing and is present in all picornaviruses. Thus, the majority of research has
been towards the identification of 3Cpro inhibitors. The proteases 2A of RV and EV and L of FMDV
are only responsible for one cleavage event on their polyprotein. Hence, research has been minimal
on drugs that target 2A,r0 and L. (Neubauer et al., 2009). The 3C,ro inhibitor rupintrivir is one of
few protease inhibitors that have made it to clinical studies. Rupintrivir is an irreversible
peptidomimetic with an a, B-unsaturated ester. This compound imitates the protease substrate
inhibiting the 3Cpo. Studies have shown that this drug displays broad-spectrum in vitro antiviral
activity against various RV serotypes and related picornaviruses (Patrick et al., 2005). However,
clinical trials have been halted due to its poor oral bioavailability and inability to decrease disease
severity against natural RV infections (Patrick et al., 2005). A recent study described the
combination of rupintrivir and pleconaril showing a synergistic effect against EV-1 infections and
suggested that it should be further investigated in clinical trials (Ianevski et al., 2022).
Furthermore, rupintrivir analogues were developed, such as AG7404, which offered better oral

bioavailability, exhibited antiviral in vitro activity, and was safe to use in vivo against CV-B3
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(Dragovich et al., 2003; Kankam et al., 2021). Other 3C,, inhibitors, such as the flavonoids fisetin

and rutin, have been identified to inhibit picornaviruses such as EV-A71 (Lin et al., 2012).

1.5.2.1.3 Replication inhibitors

Once the translation of the initial viral proteins has taken place, replication of the genome can
occur. A potential replication target is the RNA-dependant-RNA polymerase 3D,ol, as this enzyme
is crucial in the replication process. Polymerase inhibitors are divided into two categories:
nucleoside analogues and non-nucleoside analogues. Nucleoside analogues resemble endogenous
nucleosides, and the integration of these nucleosides by 3Dpo will result in chain termination or
erroneous incorporation of nucleosides which could lead to high mutation rates (Crotty et al.,
2000). An example of a compound is ribavirin, a synthetic purine analogue with broad-spectrum
antiviral activity (Table 1.2; Figure 1.5). Studies have shown that it displays lethal activity against
RNA viruses such as PV as it is highly mutagenic and forces the virus into ‘error catastrophe’ or
the lethal accumulation of mutations within the nascent genome (Crotty et al., 2002). Gemcitabine
is another nucleoside analogue that has been shown to display broad-spectrum inhibitory effects
against EVs such as CV-B3 and EV-A71. A study was conducted whereby the authors proposed
that gemcitabine causes mutations by being integrated into the RNA and that it directly binds to
3Dyo1, disrupting nucleotide incorporation (Kang et al., 2015). Recently, the nucleoside analogue
2’-C-methylcytidine was identified as an in vitro replication inhibitor of HPeV1 and HPeV3
targeting 3Dpol and established a foundation for further HPeV studies to be performed (Lanko et
al., 2019).

The second class of polymerase inhibitors, known as non-nucleoside analogues, have diverse
mechanisms of action. An example is the compound amiloride which enhances the error rate of
3Dypol. A study was carried out that described the molecular mechanism against CV-B3. Amiloride
inhibited 3Dpo1 of CV-B3 by competing with incoming nucleoside triphosphates and Mg?*
whereby, preventing VPg uridylylation and RNA elongation (Gazina et al., 2011). GPC-N114 is
also a non-nucleoside analogue shown to exhibit broad-spectrum activity against EVs through the
RNA-binding channel of 3Dpo1 (van der Linden et al., 2015). 3Dpo inhibition studies have been
performed in vitro; however, no clinical trials have been conducted. Additionally, dipyridamole

(DIP) was tested in this study, which will be further discussed in chapter 4. DIP is described as a
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modified purine known to be an antiplatelet drug. However, antiviral activity was reported against
a broad spectrum of viruses, such as PVs and cardioviruses, making it a suitable drug to test against

TMEV GDVII (Tonew and Dzeguze, 1977; Fata-Hartley and Palmenberg, 2005).
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Figure 1.5 Schematic overview of selected inhibitors of the picornavirus lifecycle. The infectious cycle
of picornaviruses initiates with host cell receptor attachment (1) and ends in mature virions exiting the cell
(6). Theoretically, each stage of this virus lifecycle can be inhibited by antivirals. A few examples of

compounds that have been published are listed.

1.5.2.2 Host-targeting agents

The most prevalent approach in antiviral research is directed towards inhibitors of viral proteins;
however, there are high risks of the virus developing resistance to these compounds. Therefore, an
alternative strategy targeting host factors involved in the replication cycle has emerged. The
advantage of this approach is that it minimises viral resistance and could offer broad-spectrum
activity against different viruses (Mahajan et al., 2021). Several compounds that target host factors

involved in the picornavirus life cycle have been published.

For example, the lipid phosphatidylinositol 4-kinase type IIIB (P14KB) is a potential drug target
as this host factor is essential in forming the RO in replication initiation. The compound
enviroxime was identified as a P14KB inhibitor (Table 1.2; Figure 1.5) (van der Linden et al.,
2015). However, the unsatisfactory in vivo efficacy in clinical trials and side effects prevented
further research on enviroxime (Lamarche et al., 2012). Another crucial host factor in RO
formation is oxysterol-binding protein (OSBP) which is responsible for cholesterol transport into
the RO. The compound itraconazole (ITZ) is a well-studied, FDA-approved drug with anti-fungal
and anti-cancer properties. Studies have identified ITZ as a broad-spectrum EV, cardiovirus, and
Hepatitis C virus inhibitor. ITZ binds to the OSBP or OSBP-related protein 4 whereby it disrupts
the shuttling of cholesterol into the RO (Strating et al., 2015; Shim et al., 2016; Lee et al., 2017;
Bauer et al., 2018; Rhoden et al., 2018; Lanko et al., 2019). This significantly prevents RNA
replication, and further research is needed for clinical development. This drug was tested as a

potential control inhibitor of TMEV GDVII and will be further discussed in chapter 4.

The final step in the picornavirus life cycle is assembling and releasing the virion. A critical host
factor that is involved in the assembly of the capsid is the Hsp90 chaperone. Hsp90 ensures that
the P1 domain is correctly folded such that it can be successfully cleaved by 3CDpyo into the capsid
proteins (Geller et al., 2007; Mutsvunguma et al., 2011), Geldanamycin or its analogue 17-
allyamino-17-demethoxygeldanamycin (17-AAG) are compounds that have been shown to target

Hsp90 and prevent the P1 precursor from being processed. An in vivo study was conducted
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whereby SCARB2-transgenic mice were infected with C2, C4 and B4 genotypes of EV-A71.
Geldanamycin and 17-AAG were also administered, and the results showed that the inhibitors
displayed similar antiviral activity, protecting the mice from infection (Tsou et al., 2013). Thus,

targeting Hsp90 is another possible therapeutic approach.

1.5.3 Resistance and toxicity

Over the last decade, numerous antivirals against picornaviruses have been discovered and tested
in vitro. Despite the abundance of information published, little success has been accomplished as
no commercialised drugs against any picornavirus exist. The main reasons for this are the high
mutation rates of RNA viruses leading to resistance and toxicity of host-targeting agents. Other
challenges include the shortage of broad-spectrum antivirals that could be used across the family
and the difficulty of replicating results from in vitro studies to in vivo studies (Tammaro et al.,
2023). RNA viruses are known to mutate rapidly, leading to antiviral resistance against drugs that
directly target viral proteins (Ruiz and Russell, 2012). RNA viruses, including picornaviruses,
present extraordinary abilities to adapt to new environments (Glanville and Johnston, 2015). This
is because the replication process is error-prone, meaning incorrect nucleotides are inserted into
the RNA copies by the RNA polymerase (Castro et al., 2005). Furthermore, picornaviruses do not
possess a proofreading mechanism. Consequently, many of these mutations are maintained in the
nascent genomes resulting in a heterogeneous population of viruses termed quasi-species. Quasi-
species is a term that describes a population of closely related genomes in which they constantly
undergo the process of genetic variation, selection, and competition resulting in a continuous
evolution of the virus (Domingo et al., 2014). As such, it increases the heterogeneity and number
of serotypes of each virus, making it extremely difficult not only for effective antiviral
identification but also for vaccine development. For example, RVs have over 100 serotypes
making it problematic when identifying those that establish disease for vaccine design (Papi and
Contoli, 2011; Glanville and Johnston, 2015). It has also been reported that resistant mutations in
EV-A71 have been identified against nearly all DAA in vitro, creating the concern that EV-A71
antivirals might rapidly develop resistance when commercialised (Wang et al., 2022).
Additionally, capsid binders are the most advanced type of antiviral against picornaviruses in
clinical trials. Unfortunately, resistant strains have appeared, limiting further development

(Tammaro et al., 2023).
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The rise in resistance has made host-targeting agents a more attractive strategy to focus on.
However, several drawbacks are introduced when cellular components in the host are targeted, as
this could lead to toxicity or adverse side effects. A high safety profile is required when testing
drugs in clinical trials. For example, another reason that the clinical trials of the capsid binders
against EV-A71 and RVs were halted was because of severe side effects. Vapendavir caused
headaches, and pleconaril resulted in menstrual irregularities in females consuming an oral
contraceptive (Hayden et al., 2003). Even though host-targeting agents display broad-spectrum
activity across the family and other families, toxicity levels are demonstrated when transitioning
to testing in human cells. For example, P14KB inhibitors were identified against HCV and were
not found to be toxic to primary fibroblast cell lines. On the contrary, when tested in bone marrow
cells and lymphocytes, it inhibited proliferation directly (Lamarache et al., 2012). Therefore, the
antiproliferative function prohibits using P14KB as a target in HCV infection. Additionally, the
strong responses to bone marrow proliferation would affect the prevention of transplant rejection

(Lamarache et al., 2012).

1.6 Drug discovery and antiviral assays

Drug discovery research is a wide-ranging process through which new drugs are developed or
identified. Essential factors to consider in drug discovery include developing therapeutically safe
and non-toxic drugs that are efficacious against diseases of concern. Drug development is a
complex process which can take approximately 12 — 15 years to reach commercialisation costing
an average of $1 billion (Hughes et al., 2011). Generally, the process is divided into early drug
discovery, pre-clinical phase, clinical phase and regulatory or FDA approval. The antiviral industry
has evolved immensely throughout the last decade however, the consistent challenge of resistance
and toxicity to the host cell, as described above, has hampered successful drug discovery,
especially against picornaviruses. Therefore, the prediction of toxicity in humans by utilising in
vitro cell-based assays has become an increasingly attractive method (Green et al., 2008) and will
be focused on. The primary step in determining the efficacy of possible antivirals is to develop
simple yet economical methods to evaluate whether the target is inhibited or not. Modern drug
discovery consists of two approaches: phenotypic drug discovery, also known as classical

pharmacology, and target-based drug discovery, also called reverse pharmacology (Zheng et al.,
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2013). Different types of antiviral cell-based assays within these categories are also described

below.
1.6.1 Target-based and phenotypic drug discovery

Target-based drug discovery is initiated with target identification in disease, typically discovered
by doing basic research involving clinical observations of patient phenotypes or animal models
(Zheng et al., 2013). For instance, a gene that codes for a protein associated with causing disease
is identified, followed by assay development targeting that gene. Finally, compounds are screened
to identify hits against the target (Lage et al., 2018). For the past two decades, target-based
screening has been the leading technique in drug discovery; however, it does pose some
limitations, such as restricting the identification of a new mechanism of action for the drug.
Additionally, assays can only be developed once the molecular target is known and may be less

biologically worthy (Arrowsmith, 2011).

As such, phenotypic drug discovery has gained more interest and will be focused on more in this
study. This approach does not require the identification of the protein target or mechanism causing
disease. Instead, it takes advantage of distinguishing traits of a disease, such as cytopathic effects
(CPE), to develop an assay that can screen large compound libraries and identify hits that alter the
disease phenotype (Zheng et al., 2013). CPE refer to infected cells which display degenerative
changes in the monolayer. These changes can range from shrinking to clustering or even lysis of
the monolayer (Agol, 2012). In a viral context, phenotypic screening examines the effect of all
molecules in a viral replication cycle, which can unlock novel mechanisms of host-pathogen
interaction. Another advantage is that both viral and cellular targets can be identified, broadening

the spectrum of antiviral contenders.

1.6.2 Virus-specific antiviral assays
1.6.2.1 Reporter viruses/cell assays

Reporter probes are used to monitor viral replication directly, either by a reporter virus or a reporter
cell assay. A reporter virus assay utilises a reporter gene that is introduced into a non-essential
section of the genome in a live virus. Therefore, the reporter gene will also be expressed when the

virus undergoes replication (Zuck et al., 2004). On the other hand, a reporter cell assay inserts the
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reporter gene into the host cell, which is then activated when infected with the virus. Consequently,
when drugs inhibit viral replication, the expression and activity of the reporter protein are also
halted, indicating whether a drug possesses antiviral activity (Cao et al., 2005). A disadvantage of
this system is that the decrease in signal endpoint can result in many false positives caused by
certain molecules in the cell disrupting reporter activity resulting in performing additional counter
screens simultaneously (Westby et al., 2005). An example of a newly synthesised reporter virus is
a Senecavirus A picornavirus carrying a foreign reporter gene (SVA GD05/2017) that expresses
green fluorescent protein (GFP), red fluorescent protein (RFP) or NanoLuc luciferase (Nluc). This

reporter virus has the potential to screen for inhibitors against this virus (Wang et al., 2021).

1.6.2.2 Viral replicon assays

Reporter viruses utilise live viruses, creating a safety risk as these microorganisms cause severe
diseases. Thus, they can only be cultured under high containment levels, which increases the cost
and reduces the efficiency of the assay (Green et al., 2008). To overcome this problem, viral
replicons can be used. Replicons are recombinant RNA molecules that comprise an in-frame
deletion of the capsid protein region, resulting in RNA retaining its ability to replicate without
generating infectious progeny virions (Hannemann, 2020). The advantages of replicons are that
they can replicate efficiently in cultured cells, allowing quick high-throughput screening of
potential replication, transcription and translation inhibitors (Xiong et al., 2017). The drawbacks
of this technique are similar to those encountered with reporter viruses. Since luminescent and
fluorescent probes are also inserted into replicons such as GFP and RFP, as mentioned above, hit
compounds are characterised through a reduction of luminescent or fluorescent signal. This also
introduces the disadvantage of loss-of-signal endpoints and requires counter screens such as
cytotoxicity assays to remove any false positives (Emerson et al., 2004). An example worth
mentioning is the hepatitis C virus (HCV) replicon. HCV only requires the expression of non-
structural proteins NS2-NS5B to replicate efficiently in cell culture (Lohmann et al., 1999).
Therefore, other proteins were replaced with a neomycin resistance cassette and expression of the
non-structural proteins was driven by the EMCV IRES site, creating a bicistronic HCV replicon.
This replicon initiated the development of first-generation DAAs boceprevir and telaprevir,
resulting in the treatment and curing of patients infected with HCV (Kwong et al., 2011;
Venkatraman, 2012).
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1.6.3 Cytotoxic and cell viability CPE-based assays

Cytopathic viral effects on the host cell can be assessed with cytotoxic or viability assays that are
used for screening potential drugs against the CPE-inducing virus. CPE-based assays are well
recognised and are based on infected cells displaying virus-induced degenerative changes. These
assays offer several advantages, such as achieving a high throughput when luminescent and
fluorescent assays are performed on a microplate reader. This allows numerous libraries of
compounds to be screened efficiently without being time-consuming. Additionally, CPE viability
assays rely on a gain-of-signal compared to the loss-of-signal mentioned above. A gain-of-signal
decreases the number of false positives in a high-throughput screen (HTS) during the early testing
stages (Green et al., 2008). Since CPE assays allow potential inhibitors that can disrupt one of
many stages in the viral life cycle to be examined, it results in additional costs when identifying
the mechanism of action of hit compounds. Another drawback is that infectious virus particles are
used, whereby the safety risk is enhanced, and further costs need to be employed for containment
facilities. Numerous cytotoxic and viability assays exist to measure the percentage of viable cells
in a population. However, four assays characterised according to their measurement endpoints will

be described below (Aslanturk, 2018).

1.6.3.1 Dye exclusion

One of the simplest methods is the dye exclusion assay, whereby viable cells exclude the dyes,
and dead cells take up the dyes (Yip and Auersperg, 1972). Trypan blue dye is commonly used as
it is a negatively charged molecule. Therefore, the principle is based on viable cells with intact and
strong cell membranes, excluding the dye, whereas dead cells cannot (Strober, 2001). The viability
of cells is visually observed and measured under a microscope as viable cells retain their clear
cytoplasm, and dead cells possess a blue cytoplasm (Johnston, 2010). The benefits of this method
are that it is simple, quick as non-viable cells become blue within seconds, cost-effective, and a
good measure of membrane integrity (Stone et al., 2009). Several disadvantages include the use of
a haemocytometer to count cells. This introduces counting errors caused by inadequate dispersion
of cells, cells lost during mixing, and incorrect chamber filling. In addition, trypan blue fails to
distinguish healthy cells from cells losing functions as it is not sufficiently sensitive. Trypan blue
can also be toxic to specific mammalian cells thus, dyes such as eosin, Congo red and erythrosine

B can be alternatively used (Aslanturk, 2018).
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1.6.3.2 Colourimetric assays

Colourimetric assays are based on the principle that biochemical markers are used to assess the
metabolic activity of cells. Substances are used to generate a colour response in viable cells,
allowing the quantification using a spectrophotometer (Prabst et al., 2017). An example is the
tetrazolium compound 3-(4,5-dimethyl-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium, known as MTS. The MTS assay is a colourimetric method that can quantify the
viability of cells. The principle is based on converting the tetrazolium salt into a coloured formazan
dye in the mitochondria of viable cells. The quantity of formazan is proportional to the number of
viable cells, which can be measured using a spectrophotometer at 492 nm (Berg et al., 1994;
Tominaga et al., 1999). The advantage of MTS cytotoxicity assays is that they are sensitive,
inexpensive, and provide a rapid signal of compound toxicity (Riss and Moravec, 1992). Several
studies have been carried out using the MTS assay as an antiviral screen. A few examples include
a rapid MTS assay that was developed for the detection of anti-HIV compounds (Pauwels et al.,
1988), the identification of natural compounds with antiviral activity against SARS-associated
coronavirus (Li et al., 2005), the development of a high through-put (HTP) screen for inhibitors
against SARS-CoV (Severson et al., 2007) and antiviral activity of selected flavonoids against
Chikungunya virus was investigated (Lani et al., 2016). Like any assay, MTS has a few drawbacks,
including parameters such as incubation time, cell line and number affecting the absorbance levels.
Therefore, these factors need to be optimised to yield a reliable assay (Rotter et al., 1993). Several
other colourimetric assays include additional tetrazolium compounds such as, the MTT assay, the
XTT assay, the WST-1 assay and the LDH assay, neutral red uptake assay and crystal violet assay
(Aslanturk, 2018).

1.6.3.3 Luminometric assays

Luminometric assays are based on measuring luminescence signals with a microplate reader and
are often convenient to use in HTSs. A common example is the adenosine triphosphate (ATP)
assay. ATP is an essential energy reserve in cells used in several biological processes. This makes
cellular ATP levels an attractive endpoint to measure cell viability (Duellman et al., 2015). The
principal is based on the conversion of luciferin to oxyluciferin catalysed by the enzyme luciferase
in the presence of ATP, yielding a luminescent signal. Therefore, the intensity of the signal is

proportional to the ATP content representing viable cells. ATP viability assays are the most rapid
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and sensitive and produce the least background noise. The signal is known to reach a stable glow
within 10 minutes after addition, as there is no incubation step for the conversion to occur
(Macehara et al., 1987). A drawback is that pipetting errors are exemplified due to the assay's high
sensitivity (Aslanturk, 2018). Numerous antiviral studies have been reported on the use of ATP
assays, such as the identification of antivirals against bluetongue virus (Li et al., 2009; Gu et al.,
2013), the development of a HTS against dengue virus (Che et al., 2009) and influenza virus (Noah
etal., 2007).

1.6.3.4 Fluorometric assays

The last category of viability assays that will be discussed is fluorometric assays. Fluorescence can
be easily quantified using a fluorometer or a microplate reader and is often used in HTSs.
Fluorometric assays are more beneficial compared to dye-exclusion and colourimetric assays as
they offer more sensitivity (O’Brien et al., 2000). An example is the resazurin or Alamar blue
assay. This technique involves the reduction of the non-fluorescent blue dye resazurin to a bright
pink-fluorescent dye called resorufin and only occurs in the mitochondria of viable cells
(Rampersad, 2012). The resazurin assay was selected as the most suitable assay format for the
development of an in vitro assay to screen compounds for inhibition of TMEV GDVII-induced

CPE. This is discussed in detail in chapter 3.

1.7 A biosafe picornavirus replication system using Theiler’s murine
encephalomyelitis virus (TMEYV)

Specialised biosafety facilities are needed to study many highly infectious picornaviruses in
humans and livestock. However, since picornaviruses share similar genome organisation and
various lifecycle characteristics, a virus can be used which causes CPE in cell culture but is not
infectious to humans handling it (Palmenberg, 1990). An example of a biosafe picornavirus is the
Theiler’s murine encephalomyelitis virus (TMEV), part of the genus cardiovirus (Table 1.1).
Firstly, TMEV is known to cause neurological and intestinal infections in rodents and consists of
two major subgroups described above (Oleszak et al., 2004). TMEV GDVII can infect BHK-21
cells, but it is not hazardous to human health. It can thus be used as a biosafe reference to study

picornaviruses in conventional BSL 2 tissue culture facilities.
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The Virus Research Group at Rhodes University has spent years developing a robust picornavirus
replication system using the TMEV GDVII strain as a biosafe model. This virus has been optimised
to readily infect BHK-21 cells, and infection at a high MOI results in full CPE of the cell
monolayer after 8 hours. This system has been used to investigate several aspects of TMEV GDVII
biology. Jauka et al. (2010) developed polyclonal antibodies against TMEV GDVII 2C protein,
making it possible to proceed with techniques such as immunofluorescence and western blotting.
Jauka et al. (2010) concluded that 2C, and therefore virus replication, is localised to the Golgi
apparatus. Upfold et al. (2018) generated neutralising antibodies against the TMEV GDVII capsid
that recognise the VP1 C-terminal of the capsid, thereby neutralising the infection by preventing
the receptor’s binding to the capsid. These studies have provided essential tools to detect TMEV

GDVII infection by Western analysis or immunofluorescence.

1.8 Motivation

The Picornaviridae family cause a variety of harmful infections to both humans and animals.
These diseases range from severe infections to mild illnesses and are a circulating global threat.
Outbreaks of EV-A71, HPeV-A3 and the more recent PV outbreaks in the UK and FMDYV in South
Africa (Solomon et al., 2010; Pons-Salort et al., 2015; Orabi, 2022) have intensified the pressure
to control these viruses. Currently, only three human-related vaccines against PV, HAV and EV-
A71 and an animal-related vaccine against FMDV have been commercialised for public use.
Vaccine development poses many limitations, especially for RNA viruses. Therefore, the
substitute is to focus on drug discovery and antiviral compounds. A plethora of studies have been
conducted, generating an immense amount of information regarding the inhibition of
picornaviruses. However, none of these drugs is commercialised due to problems regarding
resistance and toxicity. This amplifies the need for alternative strategies, such as screening novel
compounds that have not been tested. Picornaviruses that are non-hazardous to humans can be
used as a model virus, and TMEV GDVII was used in this study as the replication system was
fortunately available. This presented an opportunity to develop a CPE-based resazurin assay to
screen novel compounds against TMEV GDVII. Two libraries consisting of novel coumarin and
quinoline compounds were acquired and were not tested on picornaviruses which created a

knowledge gap and a possibility to screen them using a TMEV GDVII antiviral assay.
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1.9 Aims, objectives and overview of chapters.

The overall aim of this study was to develop and optimise an antiviral screening assay using TMEV
GDVII which infects BHK-21 cells in culture. The first objective aimed to validate the TMEV
GDVII replication system that was required for developing the antiviral assay (chapter 2). Once
the replication system was confirmed, the second objective was to identify the optimal parameters
of a medium-throughput TMEV GDVII antiviral assay to produce one that was robust and
reproducible (chapter 3). Subsequently, chapter 4 described the identification of a suitable control
inhibitor against TMEV GDVII when screening compounds using the previously identified
parameters of the assay. The final objective was to screen two libraries of compounds for antiviral

activity using the optimised TMEV GDVII assay (chapter 5).
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Chapter 2 Validation of the TMEYV GDVII
replication system for the development of an
antiviral drug assay

2.1 Introduction

Before developing an antiviral assay, it was necessary to perform preparatory experiments to
validate the TMEV GDVII replication system to be used. TMEV GDVII can infect BHK-21 cells
and can be handled under conventional BSL-2 conditions as it does not pose a risk to human health.

For this reason, it was chosen for the purpose of this study.

TMEV GDVII causes CPE in BHK-21 cells. CPE refers to infected cells which display
degenerative changes in the monolayer. These changes can range from shrinking to clustering or
even lysis of the monolayer (Agol, 2012). A CPE assay was performed in this chapter to monitor
the onset and development of CPE in TMEV GDVIlI-infected cells compared to mock-infected
cells at a high virus concentration. It was essential to confirm that cell death was caused by virus-
induced CPE, not senescence, as the antiviral assay in the following chapters utilised a CPE-based
antiviral assay for compound screening. Thus, this experiment allowed a further understanding of

the virus's effects on the host cell.

Virus quantification assays are critical tools in virus research, and plaque assays remain a popular
and gold standard method to quantify the concentration of infectious virus particles (Mendoza et
al., 2020). The principle is based on individual virions infecting a cell, replicating then producing
progeny infectious particles. These virions only infect closely surrounding cells as they are
immobilised with an overlay such as methocel, generating a plaque or zone of clearance in the cell
monolayer (Payne, 2017). Serial dilutions of the virus stock are made to attain a countable number
of plaques in the monolayer. If there are too many infectious virions, individual cells will be
infected with multiple virus particles resulting in individual plaques merging and clearing the
monolayer. As the dilutions increase, plaques become more prominent and countable (Hu et al.,
2022). Adapting the plaque assay in the TMEV GDVII replication system was important as

accurate virus counts were required to calculate the multiplicity of infection (MOI). MOI refers to



32

the ratio of infectious virions to cells. For example, if 50 infectious particles are incubated with 50
cells, the MOI would be 1 (100/100 = 1). Optimising the MOI was critical in developing the TMEV
GDVII antiviral assay, which is further discussed in chapter 3.

As mentioned in section 1.7, the TMEV GDVII system has not only been used to investigate
several aspects of TMEV GDVII biology but also to develop tools to detect virus replication and
assembly. For example, Jauka et al. (2010) developed polyclonal antibodies against the TMEV 2C
replication protein, and Upfold et al. (2018) generated neutralising antibodies against the TMEV
GDVII capsid that recognised the VP1 C-terminal of the capsid. Therefore, it is possible to detect
the expression of TMEV GDVII viral proteins by Western analysis or indirect
immunofluorescence using both sets of antibodies, which will further confirm the infection of

BHK-21 cells.

This chapter aimed to validate TMEV GDVII replication and perform preliminary experiments
required for developing the antiviral assay. The specific objectives were to monitor the onset and
development of CPE induced by TMEV GDVII infection; to culture and titrate TMEV GDVII
stocks for the antiviral assay; and to confirm infection of cells by TMEV GDVII using

immunological methods such as Western blot analysis indirect immunofluorescence.

2.2 Methods and materials

2.2.1 BHK-21 cell culture

2.2.1.1 Cell maintenance

Baby hamster kidney cells, strain 21 (BHK-21) (kindly provided by M. Ryan, University of St
Andrews, UK) were cultured in a BSL-2 safety hood and maintained in complete media that
consisted of Dulbecco’s modified eagle medium (DMEM) (HyClone, USA) supplemented with 5
% [v/v] heat-inactivated foetal bovine serum (FBS) (Gibco, USA) and 1 % [v/v] mixture of
antibiotics [100 U penicillin ml™!, 10 mg streptomycin ml ™! and 25 pg Amphotericin B ml™!' (PSA)]
(Gibco, USA), in 25 cm? vented flasks incubated at 37 °C with 5 % CO..

Once cells reached 70 - 80 % confluency, the medium was discarded, and cells were rinsed with

pre-warmed phosphate-buffered saline (PBS) [137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO4 and
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1.8 mM KH2POs4: pH 7.4]. Cells were overlayed with 2 ml pre-warmed trypsin (Lonza, USA) and
incubated for 5 - 10 minutes (min). Trypsin was poured off as soon as the cells started to detach,
and the flask was gently tapped to lift off all cells. Cells were resuspended in 5 ml complete
medium and were seeded into 25 cm? flasks containing fresh complete media at a ratio between

1:3 and 1:10, dependent on when the cells were needed.

2.2.1.2 Cell cryopreservation

An 80 % confluent 25 cm?® flask was subcultured into a 75 cm? flask, and once cells reached
optimal confluency, they were trypsinised and resuspended in 4 ml complete media. Cells were
collected by centrifugation at 300 x g for 3 min, and pellets were resuspended in 2 ml
cryopreservation media [29 % DMEM, 60 % FBS, 10 % DMSO and 1 % PSA]. Resuspended cells

were aliquoted into cryovials and stored at -80 °C or in liquid nitrogen.

2.2.1.3 Cell counting

Cell viability was tested by mixing an equal volume of trypan blue [0.4 % trypan blue and PBS]
into an aliquot of trypsinised cells. Cells were counted using the Neubauer improved counting

chamber and seeded in complete media at specific cell densities, depending on the experiment.

2.2.2 Preparation of TMEYV GDVII viral stocks

TMEYV strain GDVII (kindly provided by M. Ryan, University of St Andrews, UK) was used to
infect BHK-21 cells in subsequent experiments. Confluent 75 cm? flasks were rinsed three times
with pre-warmed PBS and infected with 500 ul of a TMEV GDVII stock diluted in serum-free
DMEM. Infected cells were gently agitated at room temperature (RT) for 1 hour (h) to allow the
virus to adsorb. Additional serum-free DMEM was added, and infected cells were incubated at 37
°C with 5 % COas. Following 24 h of incubation, infected cells were freeze-thawed three times,
aspirated, and then centrifuged to remove cell debris. Supernatants were aliquoted into cryovials,

and viral stocks were stored in 1 ml aliquots at -80 and titrated by plaque assay.

2.2.3 CPE assay

CPE was monitored by counting and seeding cells into a 6-well plate containing complete media

at a density of 5.75 x 10° per well. Following 24 h or once cells reached 80 % confluency,
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monolayers were rinsed twice with pre-warmed PBS. Cells were infected with 1 ml of TMEV
GDVII virus stock, and control cells were mock-infected with serum-free DMEM containing no
virus. The plate was gently agitated for 1 h at RT to allow virus adsorption before aspirating virus
inoculum and rinsing with PBS. 1.5 ml of serum-free DMEM was added to each well and incubated
for 7 h at 37 °C with 5 % CO,. Microscopic images were captured between 0 - 8 hours post-

infection (hpi) to monitor the development of CPE.

2.2.4 Titration of TMEV GDVII by plaque assay

A plaque assay determined the quantity or concentration of infectious virus particles as plaque
forming units per ml (PFU/ml). Cells were counted and seeded into a 12-well plate containing
complete media at a density of 1.75 x 10° per well. Following 24 h or until cells reached 80 %
confluency, a 10-fold serial dilution of the TMEV GDVII stock was made in serum-free DMEM
in a total volume of 1 ml. Cell monolayers were rinsed with pre-warmed PBS, followed by adding
0.25 ml of virus dilutions 10 — 10”7 into individual wells. Infected cells were gently agitated at
RT for 1 h to allow virus adsorption. Virus inoculum was aspirated from each well without
disturbing the monolayer and overlayed with 1.5 ml of methocel overlay solution [60 mM NacCl,
1.25 % methocel (Sigma-Aldrich, USA), ddH>O and 50 % DMEM]. Infected cells were incubated
at 37 °C with 5 % COx> for 48 h or until visible plaques (zones of clearance on monolayer) formed.
The overlay solution was aspirated off the monolayers before rinsing the cells with pre-warmed
PBS. Cells were fixed with 4 % paraformaldehyde solution for 15 min with gentle agitation before
rinsing with PBS. The monolayers were stained overnight at RT with Coomassie solution [45 %
methanol, 45 % ddH>0, 10 % glacial acetic acid and 0.002 % [w/v] Coomassie Brilliant Blue R-
250]. Stained cells were rinsed with PBS, and the number of plaques was counted for each dilution.
Plaque assay was performed in triplicate, and virus titre was calculated in terms of PFU/ml using

the formula:

average no.of plaques

PFU per ml =

dilution factor*volume plated

2.2.5 Indirect immunofluorescence and microscopy

Cells were seeded and grown to 80 % confluency on ethanol-sterilised 13 mm coverslips in a 24-

well plate containing complete media before being rinsed with pre-warmed PBS. Cells were



35

infected with 0.1 ml of TMEV GDVII virus stock diluted in serum-free DMEM at MOI of 25 per
well. Control cells were mock-infected with serum-free DMEM. The plate was gently agitated at
RT for 1 h before removing virus inoculum and rinsing with PBS. Cells were incubated in 0.15 ml
serum-free DMEM for a further 4 h at 37 °C with 5 % CO». Virus inoculum was aspirated, and

cells were rinsed with PBS before being fixed with 4 % paraformaldehyde for 15 min.

Following fixation, cells were rinsed three times with PBS and incubated with polyclonal rabbit
primary antibodies against TMEV GDVII 2C (1:500) (Jauka et al., 2010) or anti-TMEV capsid
antibodies (1:5000) (Upfold et al., 2018) diluted in 2 % BSA block buffer that contained
permeabilisation buffer (PB) [10 % sucrose and 0.15 % Triton X-100 in PBS] for 2 h with gentle
agitation at RT. Cells were washed three times with wash buffer [PBS containing 0.1 % Tween-
20] for 15 min each before incubating with anti-rabbit Alexa Fluor 546 or 488 conjugated
secondary (2 °) antibodies (Invitrogen, USA) (1:500) for 20 min. Cells were washed three times
with wash buffer for 15 min each, followed by incubating the cells with 4',6-diamino-2
phenylindole dihydrochloride (DAPI) (Sigma, USA) (0.8 pg/ml) for 15 min to stain the cell nuclei.
Cells were washed twice with PBS before mounting the slides using Dako fluorescence medium
(Dako Inc., USA). Images were captured using the EVOSTM FL Auto 2 Imaging System and

microscope (Invitrogen, USA). Immunofluorescent experiments were performed in duplicate.

2.2.6 Preparation of TMEYV GDVIlI-infected cell lysates

Cell lysates were produced for Western Blot analysis as described in section 2.2.3 however, cells
were only incubated for 6 hpi before being rinsed with PBS, trypsinised and resuspended in serum-
free DMEM. Pellets were collected by centrifugation at 1000 x g for 2 min and were resuspended
in PBS. Cell lysates were stored at -20 °C for sodium dodecyl-sulfate polyacrylamide gel

electrophoresis (SDS) and Western analysis.

2.2.7 SDS-PAGE

Samples for SDS-PAGE analysis were resuspended in 4 x SDS loading buffer [62.5 mM Tris-HCI
(1 M stock, pH 6.8), 10 % glycerol, 0.02 % bromophenol blue, 0.5 % B-mercaptoethanol and 2 %
SDS] and boiled at 95 °C for 5 min. Denatured samples were resolved on a 12 % polyacrylamide
resolving gel [12 % [v/v] acrylamide/bisacrylamide (Sigma-Aldrich, USA), resolving gel buffer
[37.5 mM Tris-HCI (1.5 M stock), (pH 8.8), 0.1 % [w/v] SDS, 0.1 % [w/v] ammonium persulphate
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and 0.2 % TEMED] which were prepared using a Mini-Protean 3 gel casting system (Bio-Rad,
USA). The gels were electrophoresed in 1 x SDS running buffer [25 mM Tris, 190 mM glycine
and 0.1 % [w/v] SDS] at 100 V for 1.5 h. Protein molecular weights were estimated using the
PageRuler™ Prestained Protein Ladder (10 - 170 kDa) (Thermo Scientific, USA). The gel was
stained with Coomassie solution overnight at RT and destained in destain solution [40 % methanol,

10 % glacial acetic acid and 50 % ddH>O] until protein bands were visible.

2.2.8 Western blot analysis

Samples were resolved by SDS-PAGE and transferred onto nitrocellulose membranes (Bio-Rad,
USA) in ice-cold transfer buffer [25 mM Tris, 192 mM glycine, 20 % methanol and 70 % ddH»O]
at 100 V for 1 h. The membrane was stained with Ponceau [0.5 % [w/v] Ponceau and 1 % glacial
acetic acid] for 1 min, then washed with ddH,O to confirm protein transfer. Membranes were
incubated overnightat 2 °C in 1 % block solution [1 % blocking reagent (B.M. Chemiluminescence
western blotting kit (mouse/rabbit) (Roche, Germany) (cat. no. 11 520 709 001)) and Tris-buffered
saline (TBS; 100 mM Tris, 300 mM NaCl)]. Followed by incubation in 0.5 % block solution that
contained the polyclonal rabbit primary antibodies against TMEV GDVII 2C (1:200) (Jauka et al.,
2010) or anti-TMEV capsid antibodies (1:2500) (Upfold et al., 2018) for 1 h at RT while shaking.
Membranes were washed three times in Tris-buffered saline with Tween (TBS-T) [100 mM Tris,
300 mM NaCl and 0.1 % Tween-20] for 5 min each. Secondary anti-mouse/rabbit IgG-POD
labelled antibodies (B.M. Chemiluminescence western blotting kit) diluted 1:20 000 pul in 0.5 %
block solution were added to the membranes for 20 min while shaking at RT, followed by three
wash steps in TBS-T for 10 min each. Membranes were then incubated for 1 min in a protein
detection reagent (B.M. Chemiluminescence western blotting kit), and proteins were visualised
using the ChemiDoc Molecular Imager XRS + (Bio-Rad, USA). Images were analysed using
Image Lab™ software, version 5.1 (Bio-Rad, USA).

2.3 Results

2.3.1 Development of CPE in TMEV GDVII-infected cells

A CPE assay (Figure 2.1) was performed to visually monitor the development of CPE in TMEV
GDVIl-infected cells by infecting 80 % confluent monolayers with TMEV GDVII or with serum-

free DMEM containing no virus (mock). The cells were incubated and monitored until full CPE
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occurred. Images captured under the microscope illustrate that mock-infected monolayers
remained fully confluent even after 8 hpi. In contrast, TMEV GDVII-infected cells presented the
onset of CPE at 5 hpi, and by 8 hpi, the cells were all rounded, dead and had reached full CPE.

:
@
=

Figure 2.1 Development of CPE in TMEV GDVIlI-infected cells. CPE assay illustrating TMEV GDVII
and mock-infected cells over 8 hpi. Full CPE was observed at 8 hpi in TMEV GDVIl-infected cells, in

contrast, mock-infected cells remained confluent.

2.3.2 Titration of TMEYV by plaque assay

To perform a plaque assay, confluent cell monolayers were infected with TMEV GDVII at
dilutions between 103 and 10”. Plaques were quantifiable at dilution 10% which yielded a mean
pfu/ml of 1.08 x 10® (Figure 2.2) of the prepared virus stock. Dilutions 107> and 10™* produced a
clear monolayer, 107 resulted in too many plaques to count, and 10”7 remained a confluent
monolayer with no plaques. In subsequent experiments, the virus titre in pfu/ml was used to

determine the MOI.
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Figure 2.2 Titration of TMEV GDVII stock by plaque assay. BHK-21 cells grown to 80 % confluency
were infected with 10-fold serial dilutions of a TMEV GDVII stock between 10 and 107. Infected
monolayers were overlayed with methocel and incubated for 48 h or until plaques formed. Cells were
stained with Coomassie, and plaques were quantifiable at dilution 10, yielding an average pfu/ml of 1.08

x 10% of the TMEV GDVII stock. Values are the average of three independent experiments.

2.3.3 Detection of TMEYV GDVII by indirect immunofluorescence and Western

analysis

Infection of BHK-21 cells was confirmed using virus-specific antibodies by indirect
immunofluorescence and Western analysis. The results are presented in Figure 2.3.A and B. No
signal was detected in the control cells, including mock-infected cells and TMEV GDVII-infected
cells probed with secondary antibody alone (Figure 2.3.A panels B and F). The anti-VP1 capsid
antibodies generated a signal detecting TMEV GDVII VPI1 capsid proteins in infected cells
(panels J and K) with a cytoplasmic distribution but an increased concentration in the juxtanuclear
region (panel L). Similarly, a signal was detected using anti-2C antibodies (panels N and O) with

slight cytoplasmic staining and intense concentration in the perinuclear region (panel P).

Cell lysates were collected at 6 hpi for Western analysis. Polyclonal primary antibodies against
TMEV GDVII capsid (1:2500) were used for detecting TMEV GDVII viral proteins. A single
protein band of approximately 37 kDa was detected in TMEV GDVIl-infected cells corresponding
to the TMEV GDVII VPI protein, and bands were absent in mock-infected cells (Figure 2.3.B).
Similarly, antibodies against TMEV GDVII 2C (1:200) were used, and a band of approximately
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37 kDa was also detected. Again, no protein bands were visible in the lysates of mock-infected

cells.

Figure 2.3 Detection of TMEYV GDVII viral proteins. A) Cells were infected with TMEV GDVII (Panels
E-P) or mock-infected (panels A-D) with serum-free DMEM and fixed with paraformaldehyde after 5 hpi.
Cells were stained with primary antibodies against TMEV GDVII 2C (1:500) (Panels M-P) or anti-TMEV
GDVII capsid VP1 antibodies (1:5000) (Panels A-D; I-L). Primary antibodies were probed using species-
specific Alexa Fluor 546 (RFP) or 488 (GFP) conjugated secondary antibodies. DAPI was used to stain cell
nuclei. Scale bars = 50 uM. B) Western analysis of 6 h TMEV GDVII-infected and mock-infected cell
lysates. Polyclonal primary antibodies against TMEV GDVII 2C (1:200) and capsid VP1 (1:2500) were
also used to detect TMEV GDVIL. MW (molecular weight marker in kDa).

2.4 Discussion

This chapter aimed to validate the TMEV GDVII replication system in BHK-21 cells by
monitoring CPE, determining the infectious viral titre, and detecting viral proteins using indirect
immunofluorescence and Western analysis. These preliminary experiments were necessary for the

development of the antiviral assay in subsequent chapters.
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A CPE assay was performed to distinguish mock from TMEV GDVII infected monolayers visually
and to monitor the development of CPE in infected cells. Mock-infected cells remained confluent
and displayed the typical BHK-21 fibroblast morphology even after 8 hpi. In comparison, TMEV
GDVIl-infected monolayers started exhibiting signs of CPE at 5 hpi accompanied by cell
detachment, rounding-up and clumping by 8 hpi. This result confirmed that the observed changes
in cell morphology were caused by TMEV GDVII infection and not cell senescence. It was also
noted that the onset and development of CPE within 8 hpi was consistent with studies by Upfold
et al. (2018) and Upfold, (2019).

The next experiment was to perform plaque assays to quantify the concentration of infectious virus
particles in the TMEV GDVII stock. This was necessary to calculate the MOI, which is an
important parameter to optimise when developing an antiviral assay and will be further discussed
in chapter 3. It should be noted that the TCIDso was not used to calculate the MOI as plaque assays
were previously optimised in this replication system, which was validated in this chapter. Plaque
assays are also considered to be more accurate than TCIDsg assays. Plaques were prominent and
countable at dilution 10" and were averaged from three independent experiments yielding a pfu/ml
of 1.08 x 10%. These results are consistent with those reported in previous studies where plaque
assays to titre TMEV GDVII stocks were performed (Jauka et al., 2010; Mutsvunguma et al.,
2011).

Previously generated polyclonal primary antibodies against the TMEV GDVII capsid VP1 and 2C
protein were utilised as tools to detect the presence of TMEV GDVII and confirm that it was
responsible for the infection of BHK-21 cells. Mock-infected cells and cells probed with secondary
antibodies alone were used as controls and generated no signal as expected. However, capsid VP1
proteins were detected after 5 hpi in TMEV GDVIl-infected cells and had similar cytoplasmic
distribution with increased concentration in juxtanuclear regions as in previous experiments (Ross
et al., 2016; Upfold et al., 2018). Furthermore, 2C proteins were detected in TMEV GDVII-
infected cells and accumulated in the perinuclear region after 5 hpi. Jauka et al. (2010) described
similar results and concluded that 2C localises to the Golgi apparatus at later stages of infection.
Cell lysates collected from the CPE assay after 6 hpi and analysed using Western blots produced
protein bands detected using anti-capsid VP1 and anti-2C primary antibodies in TMEV GDVII-

infected cells but were absent in mock-infected cells confirming that it was a viral protein. 37 kDa



41

protein bands were consistent with the size of the VP1 capsid and 2C proteins reported previously
(Upfold et al., 2018; Jauka et al., 2010, respectively). The detection of the expression of viral
proteins VP1 and 2C using indirect immunofluorescence and Western analysis in TMEV GDVII-

infected cells confirms that TMEV GDVII was present and caused CPE.

In conclusion, the CPE assay visually confirmed virus infection of BHK-21 cells. Secondly, plaque
assays accurately quantified infectious virus particles. Finally, indirect immunofluorescence and
Western experiments detected TMEV GDVII viral proteins confirming infection. Therefore, the

replication system was used in subsequent experiments to develop the antiviral assay.



42

Chapter 3 Optimisation of the parameters
for the TMEYV GDVII resazurin antiviral
assay

3.1 Introduction

The ability to develop and run robust, sensitive, and reproducible assays is critical for antiviral
drug discovery. Typically, there are two drug screening approaches, including target-based or
phenotypic screening, which was previously discussed. For this study, a phenotypic cell-based
assay was developed to test compounds against TMEV GDVII. Phenotypic screening does not
require the identification of a specific protein target or a complete understanding of the mechanism
causing disease. Instead, distinctive traits of the disease are selected, and appropriate model
systems, such as cell lines, are chosen to develop an assay that can screen compounds and identify
those that alter the disease phenotype (Zheng et al., 2013). In the previous chapter, TMEV GDVII
was shown to infect BHK-21 cells causing CPE and cell death. This confirmed the replication
system and presented the opportunity to develop a CPE-based cell viability antiviral assay. CPE
antiviral assays form part of the phenotypic approach, and compounds are assessed on their ability

to inhibit virus-induced cell death by quantifying cell viability.

A range of assays exist to measure cell viability, but resazurin was selected as an indicator for the
TMEV GDVII antiviral assay. Resazurin (7-hydroxy-10-oxidophenoxazin-10-ium-3-one) acts as
an electron acceptor in the electron transport chain, and it is believed that NADPH dehydrogenase
is responsible for the transfer of electrons from NADPH to resazurin which is reduced to resorufin.
This reduction assay is both colourimetric and fluorometric as resazurin is a non-fluorescent blue
dye that is reduced to bright pink, highly fluorescent resorufin in the mitochondria of metabolically
active cells. Viable cells continuously reduce the dye, thereby increasing the levels of fluorescent
resorufin and the pink colour of the cell culture medium (O’Brien et al., 2000). Thus, it is possible
to observe the colour change visually and quantify the fluorescence using a microplate reader set
to an excitation and emission wavelength of 560 nm and 590 nm, respectively (Aslanturk, 2018).
Resazurin has been used for the detection of microbial contamination in food products over the

last 70 years (O’Brien et al., 2000; Travnickova et al., 2019) but has gained interest in drug
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discovery against microbial pathogens in the last 20 years, with it being one of the most highly
referenced reagents used for viability and cytotoxic assays (Rampersad, 2012). These assays have
not only been developed to screen compounds against bacteria such as Mycobacterium (Taneja
and Tyagi, 2007; Webster et al., 2010); parasites such as Trypanosoma brucei (Sykes and Avery,
2009); fungi such as Aspergillus fumigatus (Monteiro et al., 2012); cancer cell lines (Uzunoglu et
al., 2010) but also against numerous viruses. Several publications describe the use of resazurin in
cytotoxic and CPE inhibition assays against but not limited to Zika virus (Rausch et al., 2017; Zhu
etal., 2019; Pettke et al., 2020); Chikungunya virus (Cruz et al., 2013; Archila et al., 2022); SARS-
CoV-2 virus (Tietjen et al., 2020; Uemura et al., 2021) and FMDV (Willems et al., 2011).
Resazurin possesses various advantages over other metabolic indicators, such as MTS, including
the low cost of the reagent, and the short incubation period, which is usually 1 - 4 hours, depending
on the assay parameters. It can be used in numerous cell models as it is non-toxic, non-radioactive
and involves no cell lysis, as resorufin diffuses outside cells after being formed, making it possible
for post-measurement assays and continuous observation of cells. Resazurin reduction can be
measured qualitatively as a colour change to pink but also quantitively as colourimetric absorbance
readings or fluorometric fluorescence readings (Page et al., 1993; O’Brien et al., 2000).
Fluorescence readings have higher sensitivity and were chosen as the detection method in the
TMEV GDVII assay. Another benefit of resazurin is that it is water soluble and easily permeable
through cell membranes resulting in an assay with no extra wash or incubation steps. As with any
assay, resazurin has disadvantages as a viability indicator. Firstly, it is photosensitive, and handling
or incubations should be carried out in the dark. The optimum pH and temperature are between 7-
7.4 and 37 °C, respectively, meaning that the culture medium should have a buffering capacity and
plates should be incubated at this specific temperature. Another drawback of the reduction
resazurin assay is the bleaching or quenching of the pink colour caused by the production of the
colourless product dihydroresorufin (Erb and Ehlers, 1950; Goegan et al., 1995). This usually
occurs after extended incubation times, which is an essential consideration when designing these
assays. The suitability of the parameters used in the assay, such as incubation times, cell density,
and negative and positive controls, should be optimised to produce a resazurin assay that does not

result in false positives or artefact signals (O’Brien et al., 2000).

The parameters focused on in this chapter include FBS concentration, cell density, virus

concentration and the endpoint of the assay. BHK-21 cells were readily susceptible to infection
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with TMEV GDVII, which induced pronounced CPE at high virus concentrations, as shown in the
previous chapter. Developing a medium-throughput screen (MTS) for antiviral testing against
TMEV GDVII requires the quantitation of CPE in a 96-well plate or larger to allow multiple
compounds to be tested. The approach chosen to measure viral-induced CPE was based on
determining cell viability by quantifying resazurin reduction to the highly fluorescent resorufin in
viable and metabolically active cells. Once the quantification of CPE with resazurin was confirmed

in a pilot assay, the parameters were optimised to produce a robust and reproducible assay.

FBS promotes rapid cell growth, and traditional cell culture media contains 5 % or higher
concentrations (L1 et al., 2009). In this study, 5 % FBS was used for maintenance and seeding;
however, the risk of overgrowth could lead to over-confluent cell monolayers, which could affect
assay sensitivity. Therefore, an FBS concentration that yields a confluent monolayer was essential
at the end of the assay. Similarly, cell seeding density was also optimised to obtain high fluorescent
signals without cell overgrowth. Monolayers should be confluent with cells in the exponential

growth phase to prevent the possibility of false negatives or positives when screening compounds.

Additionally, identifying the optimal virus concentration in terms of MOI and the endpoint of the
assay was critical in developing an accurate assay. A high infectious titre would be too potent for
a compound to inhibit in cell culture, and a low concentration would not cause CPE, resulting in a
false positive compound. Thus, the lowest possible MOI yielding full CPE (lowest cell viability)
was identified at the end of the chosen incubation time. Selecting a low MOI to allow multiple
viral replication cycles was important as it allowed the identification of compounds that can affect
each stage of the life cycle. The optimal parameters were also determined and confirmed using

standard assay statistics.

The main aim of this study was to develop a medium-throughput compound screening assay of
high quality and preciseness. An acceptable assay generates a distinct difference between the
positive and negative control without high variability. This is measured using metrics such as
Signal/Background (S/B) ratios and Z’- factors (Zhang et al., 1999). These standard statistics were
used to evaluate the TMEV GDVII assay as it effectively measures its overall performance, quality
and robustness. The S/B ratio is a simple measure to compare the mean signal to the mean

background and is beneficial in the initial stages of assay development. Unfortunately, this method
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does not consider the variability of the controls. Instead, a different statistical analysis called the
Z’- factor is used, which compares the variability of both controls to the difference in means. A Z’
value between 0.5 - 1 suggests a statistically significant difference between the positive and

negative control indicative of robust assay performance (Sui and Wu, 2007).

The overall aim of this chapter was to optimise the parameters of a medium-throughput TMEV
GDVII antiviral assay to produce a sensitive, robust, and high-quality assay. The quantitation of
CPE in 96-well plates was first confirmed, followed by identifying the optimal FBS concentration,
cell density, virus concentration and endpoint of the assay. Once the suitable parameters were

chosen, the assay quality was validated using standard statistical analysis.

3.2 Methods and materials

3.2.1 Cell culture and plating

BHK-21 cells were maintained as described in section 2.2.1. For assay optimisation, cells were
counted and then seeded in 96-well clear flat bottom plates (Sigma-Aldrich, USA) in 100 pl
complete media [DMEM, 5 % [v/v] FBS, 1 % [v/v] PSA]. Cells were incubated for 24 h at 37 °C
with 5 % CO..

3.2.2 Quantitation of CPE using resazurin

A pilot assay was conducted to determine whether or not viral-induced CPE in BHK-21 cells could
be quantitated in 96-well plates with resazurin by seeding 7500 cells, as described in section 3.2.1.
Following the 24 h incubation, cells were infected with TMEV GDVII at a 10-fold dilution ranging
from an MOI of 0.5 - 0.00005 in assay media [DMEM, 2 % [v/v] FBS and 1 % [v/v] PSA]in a
total volume of 200 pl/well. Background controls included wells with only assay media (no cells),
and cells were also mock-infected with only assay media (no virus) as a positive control. Infected
cells were incubated for 72 h at 37 °C with 5 % COs». Cell viability was measured by adding 20 pl
of resazurin (0.54 mM) (Sigma-Aldrich, USA) per well, followed by a 3 h incubation at 37 °C
with 5 % COa. Fluorescence signals were detected using the Synergy MX microplate reader
(BioTek Instrumentd, Inc) at excitation wavelength 560 nm and emission wavelength 590 nm.

Microscopic images were also captured after 72 hpi using an inverted light microscope (10 X
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magnification). Three independent experiments were performed with three technical replicates for

each treatment in each plate.

3.2.3 Optimisation of FBS concentration

The optimal FBS concentration was determined by seeding cells, as described in section 3.2.1.
After the 24 h incubation, the media was replaced with fresh media containing varying
concentrations of FBS ranging from 0 — 8 % in a total volume of 200 pl/well. Background controls
included wells with only assay media (no cells). Cells were then incubated for 72 h at 37 °C with
5 % COa, and cell viability was measured by adding 20 pl of resazurin per well. Microscopic
images were captured for each FBS concentration. The assay was performed in independent

triplicates, with each plate containing four technical replicates per treatment.

3.2.4 Optimisation of cell density

The cell density was optimised by seeding cells in 5 % FBS at varying cell densities between 5000
- 35000 cells/well, as described in section 3.2.1. Following 24 h, the media was replaced with
fresh assay media containing 2 % FBS in a total volume of 200 pl/well, and cells were incubated
for a further 72 h at 37 °C with 5 % CO.. Background controls included wells with only assay
media (no cells). Cell viability was quantified by adding 20 pl/well resazurin. Furthermore,
microscopic images were taken for each density after 72 hpi. Three independent experiments were

performed, each including four technical replicates.

3.2.5 Optimisation of TMEYV GDVII MOI and endpoint of the assay

The optimal MOI and endpoint of the assay were identified by seeding 15 000 cells/well in 5 96-
well plates as described in section 3.2.1. After the 24 h incubation, cells in all plates were
identically infected with TMEV GDVII at a 2-fold dilution ranging from an MOI of 0.1 - 0.00039.
The TMEV GDVII stock was first diluted in assay media, followed by a 2-fold serial dilution of
the virus. The media was replaced with virus dilutions in a total volume of 200 pl/well.
Background controls included wells with only assay media (no cells), and positive controls
consisted of cells mock-infected with assay media (no virus). Cells were incubated at 37 °C with

5 % COg, and 20 pl/well of resazurin was added to a plate at varying hpi, including 10, 24, 34, 48
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and 72 hpi. The assay was performed in three independent experiments, with each plate containing

four technical replicates.

3.2.6 Validation of the parameters of the TMEV GDVII assay

15 000 cells/well were seeded as described in section 3.2.1. Once the cells were incubated for 24
h, Rows 2-4 in a 96-well plate were infected with TMEV GDVII, diluted in 2 % FBS assay media,
at an MOI of 0.00625. Rows 5-7 were mock-infected (no virus) with 2 % FBS assay media, and
rows 8-10 included the background control with assay media only (no cells) in a total volume of
200 pl/well. The cells were incubated for 72 h at 37 °C with 5 % COx, followed by the addition of
20 ul/well of resazurin to measure cell viability. Microscopic images were captured, and two

independent experiments were performed.

3.2.7 Data normalisation and statistical analysis

Fluorescence readouts were analysed in Microsoft Excel by subtracting the mean no-cell
background control from all treatments. Fluorescence signals were either reported as relative
fluorescence units (RFU) representing the mean + SD fluorescence for each treatment or cell

viability (%). The measured RFU values were normalised as cell viability (%) using the formula:

Cell viability (%) = (Z;’;U—m“) x 100
mock

where RFUjumpie represents fluorescence values of each treatment and pRFU,.cx represents the
mean value of the mock-infected (no virus) positive control. Unpaired t-tests were performed
where a p-value less than 0.05 was considered statistically significant. * p-value <0.05, ** p-value
< 0.005, *** p-value < 0.0005, **** p-value < 0.00005. Graphs were created and analysed using
GraphPad Prism (version 9.4.1 for Windows 64-bit). Statistical validation of the TMEV GDVII

assay was determined and calculated using S/B ratios, and Z’-factors using the following formulas:

S/B =( HRFUsample )

URFUNC control

where pPRFUjumpie represents the mean fluorescence values of each treatment and uRFUwc control

represents the mean fluorescence of the no-cell background control.
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7’ factor=1 — ((30mock+3avirus))
(Mmock— Hvirus)

where tmock, lvirus, Omock, and ovirus represent the mean (¢) and standard deviations (o) of the mock-

infected positive control (mock) and virus only (virus) negative control.

3.3 Results

3.3.1 Quantitation of CPE induced by TMEYV GDVII infection in BHK-21
cells

In order to establish whether viral-induced CPE in BHK-21 cells can be quantitated in 96-well
plates with resazurin, cells were infected with TMEV GDVII at a 10-fold dilution starting with an
MOI of 0.5, followed by detecting fluorescence signals using resazurin after a 72 h incubation.
Cells were also mock-infected with assay media (no virus) as a positive control which was used to
normalise RFU values to cell viability (%). Figure 3.1.A shows that cell viability decreases as
MOI increases. TMEV GDVII infected cells were also compared to mock-infected cells and
yielded decreases in cell viability (S/B) as MOI decreased (Figure 3.1.B) illustrating that cells
infected at higher MOIs produced larger S/B ratios. Additionally, all virus-infected cells showed

a significant difference compared to the mock (P < 0.05).
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Figure 3.1 Quantitation of TMEV GDVII induced CPE in BHK-21 cells. 7500 cells/well were seeded
in 96-well plates and incubated for 24 h at 37 °C before being infected with TMEV GDVII at a 10-fold
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dilution. A) Fluorescence signals were detected after 72 hpi with resazurin, and data were normalised to the
means of mock-infected cells and represented cell viability. Unpaired t-tests were performed whereby
statistically significant values were represented as * (P < 0.05). Each data point represents the mean value
+ SD of 3 replicates. B) S/B ratios were calculated for each MOI relative to the mock control. Three

independent experiments were performed, and one representative experiment is presented.

A step-by-step approach is described below to identify the optimal assay conditions, including

FBS concentration, seeding cell density, virus concentration and endpoint of the assay.

3.3.2 Optimisation of FBS concentration

The optimal FBS concentration that yields a confluent monolayer at the end of the assay was
selected by replacing the media with fresh media containing varying concentrations of FBS
between 0 - 8 %. After 72 hpi, fluorescence signals were measured using resazurin and expressed
as relative fluorescence units (RFU). Cell viability is represented as these RFU values and Figure
3.2.A shows that viability increases as the FBS concentrations increase. A statistically significant
difference is observed between no cells (NC) and 0 % FBS (P < 0.05). However, both treatments
produced relatively lower signals than the rest of the concentrations. There was no significant
difference between 4 % and 8 % FBS-treated cells, whereas 2 % FBS-treated cells showed a strong
fluorescent signal with a significant difference between both 1 % and 4 % FBS-treated cells (P <
0.05). As the FBS concentrations increased, so did the S/B ratios, showing that 2 - 8 % FBS-treated
cells yielded good S/B ratios greater than 5 (Figure 3.2.B). Microscopic images were captured at
72 hpi and illustrated that 0 % and 1 % FBS-treated cells produced a non-confluent cell monolayer
(Figure 3.2.C), coinciding with the low RFU values and S/B ratios. Cells treated with 4 % and 8
% FBS started aggregating, which is a sign of overgrowth. Finally, the 2 % FBS-treated cells
produced high fluorescent signals and a suitable S/B ratio of 9.96 but also resulted in evenly
distributed confluent monolayers. As such, 2 % was chosen as the optimal FBS concentration in

subsequent experiments.
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Figure 3.2 The effect of varying FBS concentrations on BHK-21 cells. 7500 cells/well were seeded in
96-well plates and incubated for 24 h at 37 °C before replacing media with fresh media containing varying
FBS concentrations. A) Cell viability was expressed as relative fluorescence units which were detected
after 72 hpi with resazurin. Unpaired t-tests were performed whereby statistically significant values were
represented as * (P < 0.05). Each data point represents the average value of 4 replicates = SD. B) S/B ratios
were calculated for each FBS concentration, where the signal represented the mean value of each FBS
concentration and background the mean value of the no-cell (NC) control. C) Microscopic images of cells
treated with varying FBS concentrations were captured after 72 hpi. Independent experiments were

performed in triplicate, with one representative experiment being presented.

3.3.3 Optimisation of seeding cell density

Cell seeding density in a 96-well plate was optimised to obtain high fluorescent signals without
cell overgrowth by the end of the assay. Cells were seeded at varying cell densities between 5000
— 35 000 cells/well and were incubated for 24 h before replacing media with new assay media
containing 2 % FBS, as chosen from the previous experiment. Cell viability was assessed by
adding resazurin and detecting fluorescence readings after 72 hpi. Figure 3.3.A demonstrates that
fluorescence intensity increased proportionally to cell density and produced S/B ratios greater than

5 from 10 000 cells and above (Figure 3.3.B). When observed under the microscope after 72 hpi,
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5000 cells per well did not grow to a confluent monolayer, coinciding with low RFU values and
S/B ratios, and cells started aggregating from densities of 20 000 onwards, even though they
produced high RFU values (Figure 3.3.C). Lastly, not only did 15000 cells/well grow to a
confluent monolayer with no cell aggregation, but it also yielded high RFU values with an

acceptable S/B ratio of 10.74. For these reasons, it was chosen as the optimal cell density.
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Figure 3.3 Optimisation of seeding cell density. BHK-21 cells were seeded in 96-well plates at varying
densities and incubated for 24 h at 37 °C, followed by replacing media with fresh assay media containing
2 % FBS. A) Cell viability was expressed as relative fluorescence units (RFU) which were measured after
72 hpi with resazurin. Each data point represents the average value of 4 replicates + SD. B) S/B ratios were
calculated for each cell density, where the signal represented the mean value of each density and the
background the mean value of the no-cell (NC) control. C) Microscopic images of cell monolayers at
different densities were captured after 72 hpi. Independent experiments were performed in triplicate, and

one representative experiment is presented.

3.3.4 Optimisation of TMEV GDVII MOI and endpoint of the assay

In order to identify the optimal virus concentration and endpoint of the assay, seeded cells were

infected with TMEV GDVII at a 2-fold dilution series ranging from an MOI of 0.1 - 0.00039.
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Background controls included wells with only assay media (no cells), and positive controls
consisted of cells mock-infected with assay media (no virus). Cells were incubated for 10, 24, 34,
48 and 72 hpi after which resazurin was added to each plate. Figure 3.4.A illustrates that at 10 hpi,
cell viability values were high at all MOls, and Z’-factors were inadequate for an acceptable assay
(Figure 3.4.B). Cell viability decreased for all MOIs except 0.00078 and 0.00039 as the incubation
times became longer, between 24 - 48 hpi. However, 72 hpi yielded the lowest viability for MOIs
between 0.1 - 0.00156 compared to the rest of the incubation times. Again, MOIs of 0.00078 and
0.00039 produced high viability signals after 72 hpi, which coincides with their unsuitable Z’-
factors. Z’- factors ranging between 0.89 - 0.93 were calculated for MOIs 0.1 - 0.00156 after 72
hpi. Cells infected with an MOI of 0.00625 was the lowest MOI that yielded acceptable Z’-factors
between 34 - 72 hpi with a score of 0.93 at 72 h. As such, 0.00625 and 72 h were chosen as the

assay’s optimal MOI and the endpoint as the Z’-factors were indicative of a robust assay.

Figure 3.4 Optimisation of TMEV GDVII MOI and endpoint. 15000 cells/well were seeded in 5 96-
well plates and incubated for 24 h before infecting them with TMEV GDVII at a 2-fold dilution. A)
Fluorescence signals were detected with resazurin at various time points, and data were normalised to the
means of mock-infected cells and represented cell viability. Each data point represents the mean value +

SD of 4 replicates. B) Z’- factors were calculated for each MOI at varying times relative to the mock-
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infected cells. Independent experiments were performed in triplicate, with one representative experiment

shown.

3.3.5 Validation of the chosen parameters of the TMEV GDVII assay

In order to validate that the chosen parameters resulted in a robust, reproducible and reliable assay,
15 000 cells/well were seeded and incubated for 24 h at 37 °C, followed by infecting rows 2 - 4
with TMEV GDVII at an MOI of 0.00625 diluted in 2 % FBS assay media. Rows 5 - 7 of the plate
were mock-infected with assay media (no virus), and finally, rows 8 - 10 of the plate consisted of
the background control no-cells (media only). Plates were incubated for 72 h before the addition
of resazurin. The experiment was repeated in independent duplicates. All replicate RFU values
from both experiments are presented in Figure 3.5.A, demonstrating low variability between
replicates and a Z’- factor of 0.74 between the mock positive control and virus-negative control.
A statistically significant difference (P <0.05) between the mean cell viabilities of mock and virus-
infected cells is presented in Figure 3.5.B, which corresponds to images captured on the
microscope illustrating confluent mock-infected monolayers and rounded-up cells exhibiting signs

of full CPE in virus-infected cells.
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Figure 3.5 Validation of the parameters chosen in the TMEV GDVII assay. 15 000 cells/well were
seeded and incubated for 24 h. The 96-well plate was divided into cells being infected with TMEV GDVII
at an MOI of 0.00625, cells being mock-infected with assay media (no virus) and lastly, wells that only
contained assay media (no cells). All media contained 2 % FBS and plates were incubated for 72 h. A)
Fluorescence signals were detected using resazurin, and RFU values for each replicate were plotted. B)
RFU values were normalised to the mean mock control to represent cell viability and unpaired t-tests were
performed whereby statistically significant values were represented as * (P < 0.05). Each data point
represents the average value of 40 replicates + SD calculated from two independent experiments. C)
Microscopic images were captured distinguishing mock-infected from virus-infected monolayers after 72

hpi.
3.4 Discussion

This chapter aimed to identify suitable parameters, including FBS concentration, cell density, virus
concentration and the assay endpoint. Once optimal conditions were selected, the assay was
validated using standard assay development statistics to confirm that the chosen parameters

resulted in a clear difference between the positive and negative controls. CPE-based antiviral



55

assays are considered one of the most common and reliable assays for screening compounds.
Therefore, this approach was taken when developing a TMEV GDVII resazurin-based antiviral
assay. Numerous studies have reported the development of CPE-based assays against viruses such
as influenza, SARS-CoV-2, arenavirus, bluetongue, dengue, yellow fever, EVs and HPeVs
(Bolken et al., 2006; Noah et al., 2007; Severson et al., 2007; Gong et al., 2008; Severson et al.,
2008; Li et al., 2009; Rhoden et al., 2015; Rhoden et al., 2018; Lanko et al., 2019; Zhang et al.,
2019; Jeon et al., 2020).

The replication system that was confirmed in the previous chapter demonstrated that BHK-21 cells
were susceptible to TMEV GDVII-induced CPE at high MOIs. This study aims to develop an
assay that can screen numerous compounds with medium throughput. As such, it was essential to
test whether viral-induced CPE could be quantitated in a 96-well plate using resazurin as a viability
indicator in a preliminary experiment. Cell viability decreased as the virus concentration increased,;
similarly, S/B ratios relative to the mock-infected cells were reduced as virus concentration
decreased, suggesting a correlation between CPE and fluorescent signals. This indicated that
TMEV GDVII-induced CPE could be quantitated in BHK-21 cells using resazurin. Subsequently,

the assay parameters were further optimised to produce a more robust assay.

FBS is the most commonly used supplement in cell culture media, typically at 5 - 15 %
concentrations, as it promotes division and rapid cell growth (Baker, 2016). Most antiviral assays
need longer incubation times to allow the virus to replicate multiple times, which creates the risk
of cell overgrowth and over-confluent cell monolayers (Li et al., 2009). When varying
concentrations of FBS were tested on BHK-21 cells, cell viability was shown to increase as the
FBS concentration increased. Cells treated with 0 % and 1 % generated low viability and S/B
values corresponding to the microscopic images showing non-confluent monolayers. Additionally,
there was no significant difference between 4 % and 8 % FBS-treated cells suggesting that the
viability of cells reached a plateau and cell growth was stunted. This concurred with the
microscopic images illustrating over-confluent and aggregated cells concluding that these FBS
concentrations were not suitable for the assay. Finally, cells treated with 2 % FBS yielded high
viability readings, an S/B ratio of 9.96, and a confluent monolayer was observed under the
microscope. Therefore, 2 % FBS was chosen as the optimal concentration in the assay media.

Several studies have also used 2 % or less FBS when conducting cell-based antiviral activity assays
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against RNA viruses, such as dengue (Che et al., 2009; Qing et al., 2010; Zou et al., 2011; Nobori
et al., 2018; Sanaki et al., 2019; Uemura et al., 2021), zika (Han et al., 2018; Li et al., 2018), and
SARS-CoV-2 (Jeon et al., 2020; Runfeng et al., 2020; Damme et al., 2021; Uemura et al., 2021).
Most importantly, supplementation with a 2 % FBS concentration was used in numerous assays
testing for viral inhibition against other picornaviruses, such as but not limited to EMCV, HAV,
PV, EV-AT71, EV-D68, CV-A24, CV-B3, and HPeV-1 (Debing et al., 2013; Rhoden et al., 2013;
Strating et al., 2015; Smee et al., 2016; Hao et al., 2019; Zhang et al., 2019; Li et al., 2022). It has
also been reported that some viruses replicate more efficiently at lower FBS concentrations,
between 0 - 2 % and that viral replication is suppressed in host cells at higher concentrations above
10 % (Tobita et al., 1997; Tmizutani et al., 1999; Iki et al., 2005; Hossain et al., 2007 and Qin et
al., 2013). It is speculated that FBS contains fetuin-like factors that inhibit virus replication by
preventing virus attachment to the host cell (Hossain et al., 2007; Qin et al., 2013).

The next experiment optimised the seeding cell density to verify that the cells were not overgrown
when the resazurin readings were measured. It was important that confluent monolayers were
grown and that cells were still in the exponential log phase of growth to prevent false negatives
from occurring when testing compounds for antiviral activity. The fluorescence intensity was
shown to increase proportionally to cell density and did not reach a plateau. However, microscopic
examination illustrated that seeding 5000 cells/well did not grow to a confluent monolayer, and
cells seeded at 20 000 cells/well and above had become over-confluent after 72 hpi. Therefore,
15 000 cells/well was identified as the optimal density for the antiviral assay as the cells grew to a

confluent monolayer with a high fluorescence reading and an S/B ratio of 10.74.

The endpoint of the assay for the initial experiments was 72 hpi which was chosen based on
previous studies where similar experiments were carried out using other picornaviruses (Palma et
al., 2007; Oberste et al., 2009 Strating et al., 2015; Smee et al., 2016; Zhang et al., 2019; Lietal.,
2022). However, an MOI - time matrix experiment was conducted to confirm that 72 hpi was the
optimal endpoint and to identify the most suitable virus concentration for the TMEV GDVII assay.
Typically, virus concentration, in terms of MOI, is optimised to avoid the infection being too potent
or weak for the compound to inhibit. When varying MOIs of TMEV GDVII were used to infect
BHK-21 cells, all MOlIs at 72 hpi yielded the lowest cell viability readings compared to the rest of

the time points and confirmed that it was the most appropriate endpoint for the assay. The
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exceptions were MOIs 0.00078 and 0.00039, generating high viability readings at all time points,
meaning that these concentrations were too low to cause CPE in cells. Therefore, the optimal MOI
was chosen based on the calculated Z’- factors. The lowest MOI that yielded consistently good
scores with a Z’-factor greater than 0.5 of 0.93 at 72 hpi was 0.00625. For this reason, an MOI of
0.00625 and an endpoint of 72 hpi were decided as the optimal parameters.

Any assay developed should be reproducible and robust, especially if the purpose is to screen
numerous compounds. Hence, the parameters chosen above for the TMEV GDVII assay were
validated by performing the assay with multiple replicates on a plate (intra-plate) and
independently repeating the experiment (inter-plate). An assay of high quality should have a
distinctive difference between the positive control (mock-infected with assay media and no virus)
and the negative control (infected with virus causing full CPE) with low variability. The TMEV
GDVII assay produced a Z’- factor greater than 0.5 of 0.74, and a statistically significant difference
(P < 0.05) is demonstrated between the two controls. Furthermore, microscopic images were
captured, visually illustrating a clear difference between the monolayers. Mock-infected cells
displayed the typical fibroblast morphology and were confluent, whereas virus-infected cells were
all rounded and presented signs of full CPE. This further indicated that the assay was robust and

reliable for compound screening.

In conclusion, the parameters chosen for the TMEV GDVII antiviral assay included adding 2 %
FBS to the assay media, seeding the cells at a density of 15 000 cells/well, infecting the cells with
TMEV GDVII at an MOI of 0.00625 and an endpoint of 72 hpi at which resazurin will be added.
These parameters were optimal as they resulted in a significant difference between the mock-
infected positive control and virus-infected negative control yielding an acceptable Z’- factor
above 0.5. The next chapter involves utilising the TMEV GDVII antiviral assay to test potential

control inhibitors for antiviral activity.
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Chapter 4 Identification of a suitable control
inhibitor for the TMEYV GDVII antiviral
assay

4.1 Introduction

When the screening of compounds is performed, a principal factor to consider is the selection and
inclusion of experimental controls. The previous chapter optimised the mock and virus-alone non-
biological controls to develop a robust and reproducible assay. However, a control drug that can
potentially inhibit CPE in TMEV GDVII infected cells is also needed so that it can be compared
to newly screened compounds. A known inhibitor can be used to identify hit compounds that
exhibit a higher inhibitory effect than the control compound in terms of ICso values, which will be
further discussed below (Chai et al., 2015; Amanat et al., 2020). To date, no studies have been
reported on a drug capable of inhibiting CPE induced by TMEV GDVII infection in cell culture.
Nevertheless, optimising the parameters of the TMEV GDVII antiviral assay created an
opportunity to test for potential inhibitors that could not only be used to screen other compounds

but would also contribute to research on TMEV GDVII.

Since there are currently no approved antiviral therapies against picornaviruses, the repurposing
of FDA-approved drugs that have succeeded in clinical trials is an emerging substitute for
developing novel antivirals (Bauer et al., 2018). Itraconazole (ITZ) is a well-recognised triazole
antifungal agent that has been repurposed and shown to exert anticancer and, more importantly,
antiviral activity. It inhibits the CYP51 fungal enzyme, an essential catalyst in the sterol
biosynthesis pathway, thus weakening the fungal cell membrane (Lestner and Hope, 2013).
Additionally, drug-repurposing screens found that ITZ exhibits anticancer activity through the
prevention of angiogenesis by inhibiting the functions of mTOR and vascular endothelial growth
factor receptor (VEGFR2) (Kim et al., 2010; Xu et al., 2010; Nacev et al., 2011). More relevantly,
previous studies have shown that ITZ possesses broad-spectrum antiviral activity against
picornaviruses, including EVs, HPeVs, and cardioviruses (Gao et al., 2015; Strating et al., 2015;
Shim et al., 2016; Lee et al., 2017; Bauer et al., 2018; Rhoden et al., 2018; Lanko et al., 2019). It

has been reported to inhibit viral replication in a broad spectrum of EVs and cardioviruses by
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targeting the oxysterol-binding protein (OSBP) (Strating et al., 2015). Picornaviruses are known
to form membranous replication organelles (ROs) through virus-induced alterations of the
secretory pathway membranes (Belov et al., 2012). The viral non-structural proteins 2BC and 3A
are thought to be responsible for recruiting vital host proteins to the RO (Gao et al., 2015). For
example, EVs recruit phosphatidylinositol 4-kinase type III B (PI4KB), whereas the cardiovirus
EMCYV uses a different isoform, PI4KA. These are Golgi-localised lipid kinases that generate
phosphatidylinositol-4 phosphate (PI4P), which in turn recruits OSBP to ROs (Hsu et al., 2010;
Dorobantu et al., 2015; Strating et al., 2015). OSBP functions to transport lipids at membrane
contact sites (MCSs) which are defined as sites between two organelles that are in close proximity
to each other, such as the ER and trans-Golgi apparatus (Mesmin et al., 2013). OSBP contains an
OSBP-related domain (ORD) that attaches cholesterol and PI4P to its lipophilic pocket, thereby
facilitating the shuttling of cholesterol from the ER to the Golgi apparatus. For viral RO formation,
cholesterol is transported to the RO instead (Mesmin et al., 2013). A novel mechanism of action
of ITZ has been reported against EVs and cardioviruses whereby the drug directly binds to OSBP,
inhibiting cholesterol from being shuttled to the RO, thereby hindering the formation of ROs and
viral replication (Strating et al., 2015). This suggested that ITZ had the potential to possess antiviral
activity against TMEV GDVII, which is also a cardiovirus, and was selected as a possible control

compound to use in the TMEV GDVII antiviral assay.

Dipyridamole (DIP) is a modified purine (Fata-Hartley and Palmenberg, 2005) that was first
introduced in 1959 as a coronary vasodilator agent (Gibbs and Lip, 1998) and is known to be an
orally administered antiplatelet drug. DIP reduces platelet aggregation by inhibiting platelet
phosphodiesterase, resulting in cyclic adenosine monophosphate (cAMP) accumulation, thereby
preventing platelet prostaglandin synthesis (Kim and Liao, 2008). Additionally, DIP elevates
tissue adenosine levels by hindering its reuptake into cells and further increasing cAMP
concentrations (Kim and Liao, 2008). However, the administration of DIP for coronary artery
disease has become outdated as more modern antiplatelet drugs have emerged (Allahham et al.,
2021). DIP has been repurposed and screened for antiviral activity whereby several studies have
described broad-spectrum activity against viruses such as PV, RV, influenza virus A, herpes
simplex virus, SARS-CoV-2 and HIV (Tonew and Dzeguze, 1977; Tonew et al., 1977; Oehring
and Schmidt, 1978; Tonew et al., 1982; Szebeni et al., 1989; Tenser and Gaydos, 2001; Fata-
Hartley and Palmenberg, 2005; Liu et al., 2020). More appropriately, DIP has been reported to
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demonstrate effective inhibition of the cardiovirus EMCV in cell culture using the Krebs-2 system
(Fata-Hartley and Palmenberg, 2005). This study confirmed that DIP did not affect viral translation
and polyprotein processing. Instead, viral RNA synthesis was inhibited in an unknown reversible
mechanism of action. DIP was shown to decrease the formation of both minus and positive-strand
RNA when added at early stages in the replication cycle. Therefore, it was concluded that the drug
disrupts a stage in the initiation of EMCV RNA synthesis (Fata-Hartley and Palmenberg, 2005).
DIP was thus chosen as another potential control compound against TMEV GDVII for the antiviral

assay.

As mentioned in chapter 2, neutralising polyclonal antibodies that recognise the 37 kDa VP1
protein were generated by Upfold et al. (2018). TMEV GDVII particles were utilised as an antigen
for immunisation, resulting in the serum consisting of antibodies that specifically recognise the
VP1 capsid protein (Upfold et al., 2018). The study also showed that the antibodies significantly
reduced plaque formation, and the prevention of receptor binding was suggested to be the
neutralisation mechanism. The anti-TMEV GDVII capsid antibodies recognised epitopes inside
the VP1 C-terminal loop, which extends over a pit that is thought to be the receptor binding site in
TMEV GDVII (Grant et al., 1992; Luo et al., 1992). Thus, the antibodies neutralise viral infection
by preventing attachment and entry into the host cell (Upfold et al., 2018). These results created
an opportunity to investigate whether the anti-TMEV GDVII capsid antibodies could also be used

as an effective antiviral control for the screening assay.

Typically, compounds that are screened are first dissolved or stored in the organic solvent dimethyl
sulfoxide (DMSO). ITZ, DIP and the compound libraries to be assayed in the next chapter were
also solubilised in DMSO. However, high concentrations above 1 % are known to become toxic
to cells (Tomeczkowski et al., 1993; Irvine et al., 1999). As such, before the antiviral effects of the
compounds can be tested in the TMEV GDVII assay, it is important to investigate what
concentrations of DMSO are toxic to BHK-21 cells. Once this is established, the antiviral efficacy
of the potential inhibitors will be examined using a dose-response analysis. When a possible
antiviral agent is identified, usually dose-response curves are generated by testing the compound
at ten doses to reveal the range of cellular cytotoxicity and antiviral efficacy (Gu et al., 2013).
Cytotoxicity is represented as 50 % cytotoxicity concentration (CCso), i.e., the dose of a drug that

exhibits 50 % cytotoxicity to cells between the minimum and maximum. Similarly, antiviral
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efficacy is denoted by the 50 % inhibitory concentration (ICso), which is the half-maximal
inhibitory concentration of a drug that inhibits virus-induced CPE. These values are essential in
selecting an effective antiviral inhibitor and are used to compare the potencies and toxicities of
potential compounds that are screened (Hughes et al., 2011). Therefore, dose-response curves were
generated for ITZ, DIP and the anti-TMEV GDVII capsid antibodies to determine and identify the
most suitable inhibitor to use as a control in the TMEV GDVII assay.

The overall aim of this chapter was to select a suitable control inhibitor of TMEV GDVII that
could be used to compare to when screening compounds for antiviral activity using the TMEV
GDVII assay. Firstly, the sensitivity of the cells to DMSO was investigated, followed by the
generation of dose-response curves to test for cytotoxicity and antiviral activity of ITZ, DIP and
the anti-TMEV capsid antibodies. Lastly, the antiviral effects of the potential inhibitors were

assessed using Western blot analysis.

4.2 Methods

4.2.1 Cell culture and plating

BHK-21 cells were maintained as described in section 2.2.1. Cells were counted and seeded in 96-
well clear flat bottom plates (Sigma-Aldrich, USA) at a cell density of 15 000 cells/well in a total
volume of 100 pl complete media [DMEM, 5 % [v/v] FBS, 1 % [v/v] PSA]. Cells were incubated
for 24 h at 37 °C with 5 % CO..

4.2.2 DMSO sensitivity analysis

All compounds were dissolved in DMSO. Therefore, the effect of DMSO on BHK-21 cell growth
was evaluated by firstly seeding cells, as described in section 4.2.1. After the 24 h incubation, the
media was replaced with fresh assay media [DMEM, 2 % [v/v] FBS, 1 % [v/v] PSA] containing a
range of DMSO (Thermo Scientific, USA) concentrations between 0.02 - 2.56 % in a total 200
pl/well volume. Positive controls included mock-treating cells with only assay media (no DMSO),
and background controls consisted of wells with only assay media (no cells). Cells were then
incubated for 72 h at 37 °C with 5 % CO; before adding 20 ul of resazurin (0.54 mM) to detect
fluorescence readings. The cells were incubated for 3 h at 37 °C with 5 % CO.. Fluorescence

signals were detected using the Synergy MX microplate reader (BioTek Instrumentd, Inc) at
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excitation wavelength 560 nm and emission wavelength 590 nm. Each treatment had three

technical replicates.

4.2.3 Compound and antibody preparation

Potential reference compounds ITZ and DIP were purchased from Acros Organics (USA) and Alfa
Aesar (USA), respectively. Compounds were dissolved in DMSQO, yielding stock solutions of 10
mM for ITZ and 100 mM for DIP. The neutralising anti-TMEV GDVII capsid antibody (Upfold
et al., 2018) was also tested as an antiviral inhibitor. The antibody’s concentration (uM) was
measured using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific, USA). Samples
were prepared by performing a 10-fold dilution of the antibody in PBS between 1:1000 and 1:10
before measuring the concentration. The spectrophotometer was blanked with 1 pl of sterile water
before each sample was measured. The final concentration was the average of 18 readings. The

compounds and antibodies were stored at -20 °C.

4.2.4 Cytotoxicity assays to generate dose-response curves

The toxicity of the compounds and the anti-TMEV GDVII capsid antibodies on BHK-21 cells was
assessed by firstly seeding cells as described in section 4.2.1. Following the 24 h incubation, ITZ,
DIP, and the antibody were each prepared by performing a 10-point 3-fold serial dilution in assay
media. Media was replaced with fresh assay media containing the prepared dilutions yielding final
concentrations between 100 - 0.005 uM for ITZ and DIP and 30 - 0.002 uM for the antibody in a
total volume of 200 pl/well. Background controls included wells with assay media only (no cells),
and positive controls included cells mock-treated with assay media (no compound). Respective
dilutions for each compound/antibody had four technical replicates. Cells were then incubated for
72 h at 37 °C with 5 % COz before adding 20 pl of resazurin (0.54 mM) to detect fluorescence
signals for the generation of dose-response curves and CCso values. Three independent

experiments were performed for each compound/antibody.

4.2.5 Antiviral assays to generate dose-response curves

ITZ, DIP and the anti-TMEV GDVII capsid antibodies were tested for antiviral activity against
TMEV GDVII simultaneously and similarly to the cytotoxic assay described in section 4.2.4. The

only addition is that after treating cells with the compounds/antibody in a total volume of 100
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ul/well, they were infected with TMEV GDVII at an MOI of 0.00625 in a total volume of 100
ul/well, resulting in the final volume being 200 pl/well. Background controls consisted of wells
with assay media only (no cells). Positive controls included cells mock-treated with assay media
(no compound or virus) and negative controls comprised of cells infected with TMEV GDVII (no
compound). The 10 dilutions for each compound/antibody had three technical replicates. After a
72 h incubation, 20 pl of resazurin (0.54 mM) was added to each well to detect fluorescence for
the generation of dose-response curves and ICso values. The experiment was performed
independently in triplicate for each compound/antibody. Microscopic images were captured after

72 hpi.

4.2.6 Antiviral assays with varying MOIs and endpoints

Various parameters of the assay were tested, such as MOI and endpoint, to confirm that the
previously selected parameters were optimal. Cells were seeded as described in section 4.2.1.
followed by replacing media with new assay media consisting of varying concentrations of
compounds in a total volume of 100 pl/well. Final concentrations included 1, 0.5, 0.25 and 0.0125
uM for ITZ and 30, 20, 13 and 9 uM for DIP (each surrounding their CCso value). Additionally,
cells were treated with the anti-TMEV GDVII capsid antibody at a concentration of 3.3 uM. Next,
the cells were infected with TMEV GDVII at three MOls, 0.00625, 0.00312 and 0.00156, in a total
volume of 100 pl/well, resulting in the final volume being 200 pl/well. Background controls
consisted of no cells and only assay media, positive controls included cells mock-treated with
assay media (no compound/virus) and negative controls comprised of cells infected with the virus
alone (no compound). The cells were incubated at 37 °C with 5 % COx, followed by the addition
of 20 pl of resazurin (0.54 mM) at two endpoints, 48 and 72 hpi, to measure fluorescence. Each

treatment was repeated in triplicate.

4.2.7 Western blot analysis of cell lysates

Potential antiviral effects of ITZ, DIP and the anti-TMEV GDVII capsid antibody were assessed
by detecting viral proteins through Western blot analysis. Cells were counted and seeded in 24-
well plates at a density of 95 000 cells/well in a final volume of 500 ul/well complete media.
Following a 24 h incubation at 37 °C with 5 % CO., the media was replaced with fresh assay media

containing the compounds/antibody in a total volume of 250 ul/well. The cells were then infected
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with TMEV GDVII at an MOI of 0.00625 in a total volume of 250 pul/well, yielding a final volume
of 500 pl/well with final concentrations of 0.6 uM, 16 uM and 3.3 uM for ITZ, DIP and the
antibody respectively. Positive controls consisted of cells mock-treated with assay media (no
compound/virus), and negative controls included cells infected with the virus alone (no
compound). Cells were incubated at 37 °C with 5 % CO; before collecting cell lysates using trypsin
at 30, 48 and 72 hpi. Samples were analysed by SDS-PAGE and Western blot as described in

section 2.2.8.

4.2.8 Data analysis and normalisation

Fluorescence readouts were analysed in Microsoft Excel by subtracting the mean no-cell
background control from all treatments. The values were normalised to the mean mock-infected

controls (no virus/compound) representing 100 % cell viability (%) using the formula:

Cell viability (%) = (R”’—’"pl) x 100

URFUmock

where RFUjumpie represents fluorescence values of each treatment and uRFU,ocx represents the
mean value of the mock-infected positive control. Unpaired t-tests were performed where a p-
value less than 0.01 was considered statistically significant. * p-value < 0.01, ** p-value < 0.001,
*#% p-value < 0.0001, **** p-value < 0.00001. Graphs were created and analysed using GraphPad
Prism (version 9.4.1 for Windows 64-bit).

For the dose-response curves, results were expressed as the percent inhibition of CPE by
comparing the fluorescence intensity of experimental wells to the intensities of mock-infected cells
(representing 100 % inhibition of CPE) and TMEV GDVII-infected control wells (0 % inhibition

of CPE) on the same plate using the formula:

e RFU —URF i
Inhibition of CPE (%) = ( sample P W”S) x 100
URFUmock—MURFUyirys

where RFUsunpie represents fluorescence values of each treatment, pRFU,c« represents the
average of the mock-infected (no virus/compound) control, and uRFU,;.s are the mean values of

TMEV GDVlIl-infected control wells (no compound). Compound toxicity was presented as cell
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viability and calculated using the formula above. Curves represented the mean and standard
deviation from 3 or 4 technical replicates and were generated using a four-parameter curve fitting

function on GraphPad Prism (version 9.4.1 for Windows 64-bit) to calculate ICso and CCso values.

4.3 Results

4.3.1 DMSO sensitivity analysis

The effect of DMSO on the growth of BHK-21 cells was assessed since all compounds were
dissolved in this reagent. Varying final concentrations of DMSO were used to treat cells ranging
between 0.02 - 2.56 %. Following the 72 h incubation, resazurin was added to detect fluorescence
signals which were then normalised to the mock-treated positive control (no DMSO) representing
cell viability (%). Figure 4.1 illustrates that when cells were treated with DMSO at 0.64 % or
lower concentrations, cell viability remained high with no significant differences compared to the
mock-treated cells (P < 0.01). In contrast, when concentrations of 1.28 % or higher were tested,
there was a considerable decrease in cell viability, with a significant difference compared to mock-
treated cells (P <0.01).
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Figure 4.1 The effect of DMSO on the viability of BHK-21 cells. 15000 cells/well were seeded and
incubated for 24 h before replacing media with new assay media containing various DMSO concentrations
between 0.02 - 2.56 %. Fluorescence signals were measured after 72 hpi with resazurin, and data were
normalised to the average of mock-treated (no DMSO) cells and represented cell viability. Unpaired t-tests
were carried out whereby statistically significant values were represented as * (P < 0.01), and non-

significant values were abbreviated as ns. Each data point represents the mean value + SD of 3 replicates.

4.3.2 Cytotoxicity and antiviral activity of potential control inhibitors for the
TMEYV GDVII antiviral assay

In order to investigate the cytotoxicity and antiviral activity of the potential control compounds,
ITZ and DIP, and the anti-TMEV GDVII capsid antibodies, two simultaneous assays were
performed using the parameters identified in the previous chapter. Firstly, the toxicity of the
compounds/antibody on BHK-21 cells (without virus) was tested by treating cells with a 3-fold
dilution ranging from 100 - 0.005 uM for ITZ and DIP and 30 - 0.002 uM for the antibody. Dose-
response curves were generated (Figure 4.2.A) by measuring fluorescence with resazurin after 72
hpi and normalising values to the mock-infected (no virus/compound) cells to represent cell
viability in blue. The compounds displayed a typical sigmoidal curve indicating that they become
toxic to BHK-21 cells at 1.23 uM and above for ITZ and 33 uM and higher for DIP, yielding CCso
values of 0.69 uM and 16.25 uM respectively. The antibody did not exhibit toxicity at any tested
concentration; therefore, the CCso could not be defined as a linear response was generated. A
similar assay was performed (Figure 4.2.A), except that antiviral activity was examined against
TMEV GDVII by infecting cells at an MOI of 0.00625. Dose-response curves were created by
detecting fluorescence signals and normalising the data to mock-infected (no virus/compound) and
infected (no compound) cell controls to represent the inhibition of CPE in red. Neither ITZ nor
DIP inhibited TMEV GDVII CPE at non-toxic concentrations resulting in ICso values that could
not be determined, and this coincided with microscopic images showing full CPE for all
concentrations (data not shown). In contrast, the antibody potently inhibited TMEV GDVII CPE
as it depicts a characteristic sigmoidal curve producing an ICso of 1.62 uM, preventing CPE at
concentrations of 3.3 uM and above. Additionally, when the mean values of the controls were
compared to the antibody-treated cells infected with the virus (3.3 uM), a significant difference
was detected compared to the virus-alone infected cells (P < 0.01). In contrast, no significant

differences were shown relative to the mock-treated cells and the cells treated with antibody alone
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(no virus) at this concentration (Figure 4.2.B). This correlated to microscopic images illustrating
a confluent monolayer that was identical to the mock-infected and uninfected antibody-treated
cells (Figure 4.2.C). Thus, the anti-TMEV GDVII capsid antibody was considered the most

suitable control inhibitor for the assay.
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Figure 4.2 Cytotoxic and antiviral effects of potential control inhibitors for the TMEV GDVII
screening assay. 15000 cells/well were seeded and incubated for 24 h before treating cells with ITZ, DIP
or the anti-TMEV GDVII capsid antibody at varying concentrations between 100 - 0.005 uM for the
compounds and 30 - 0.002 puM for the antibody. A) Fluorescence signals were detected after 72 hpi using
resazurin, normalised to the average of mock-treated cells, and represented cell viability in blue. Each data

point represents the mean value + SD of 4 replicates. Similarly, the antiviral activity of the
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compounds/antibody at those various concentrations was tested by infecting cells at an MOI of 0.00625.
Fluorescence readings were measured, and data were normalised to the average of mock-treated and
infected cells generating dose-response curves representing the inhibition of CPE in red. Each data point
represents the mean value = SD of 3 replicates. B) Mean values £ SD of the mock and virus alone controls
compared to cells treated with the antibody (3 uM) with and without virus. Unpaired t-tests were performed
whereby statistically significant values were represented as * (P < 0.01). Three independent experiments
were performed, but one representative experiment is presented. C) Microscopic images of control cells

and antibody-treated (3 uM) cells with and without the virus were captured after 72 hpi.

4.3.3 Confirmation that I'TZ and DIP do not effectively inhibit TMEV GDVII
and that the chosen assay parameters are optimal

Since the previous experiment showed that ITZ and DIP could not inhibit TMEV GDVII-induced
CPE, various assay components, including MOI and endpoint, were tested to confirm that the
previously chosen parameters were optimal and that the compounds failed to inhibit CPE. Seeded
cells were treated with 4 concentrations of each compound, ranging from 1 - 0.0125 uM for ITZ
and 30 - 9 uM for DIP (each surrounding their CCso values). Cells were then infected at three
MOiIs, 0.00625, 0.00312 and 0.00156, followed by measuring fluorescence using resazurin at two
endpoints, including 48 and 72 hpi. Figure 4.3 illustrates that when cells were treated with ITZ
and infected at an MOI of 0.00625, none of the concentrations effectively inhibited TMEV GDVII
CPE after 72 hpi as cell viability values were similar and as low as the virus alone control (no
compound). There was also a significant difference compared to the positive mock-infected control
(P <0.01). Similar results were produced after 48 hpi where no significant inhibition was detected.
There were also minimal differences when comparing the results between 48 and 72 hpi. DIP did
not effectively inhibit TMEV GDVII CPE when infecting cells at 0.00625 MOI at 72 and 48 hpi.
All concentrations in cells displayed low viability readings that were similar, if not lower than the
virus alone control, also showing a significant difference to mock-infected cells (P <0.01). Again,
no significant differences were seen between 48 and 72 hpi values. In addition, when cells were
infected at lower MOIs, 0.00312 and 0.00156, neither ITZ nor DIP inhibited TMEV GDVII CPE
as cells treated with all compound concentrations yielded low viability readings, and most were
even lower than the virus alone control. When comparing the negative virus-infected controls (no
compound), cells infected at an MOI of 0.00625 produced the lowest viability values of 52 % and
45 % at 48 hpi and 72 hpi, respectively, followed by MOI of 0.00312 yielding 66 % and 50 %
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viability at 48 hpi and 72 hpi, respectively and lastly, infection at an MOI of 0.00156 resulted in
72 % and 68 % viability readings confirming that an MOI of 0.00625 with an endpoint of 72 hpi
was optimal. Lastly, each experiment incorporated treating cells with the anti-TMEV GDVII
capsid antibody at the non-toxic concentration of 3.3 pM. The resulting viability readings were
high, ranging between 80 % - 101 % showing inhibition of infection at all three MOlIs, even at
both endpoints.
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Figure 4.3 Confirmation that ITZ and DIP do not inhibit TMEV GDVII infection. 15000 cells/well
were seeded, followed by treating cells with various concentrations of ITZ (1 - 0.0125 uM), DIP (30 - 9
uM) and the anti-TMEV GDVII capsid antibody (3.3 uM). Cells were then infected at three different MOls,
including 0.00625, 0.00312 and 0.00156. Fluorescence readouts were measured with resazurin at two

endpoints, 48 and 72 hpi, followed by normalising the data to the mean values of mock-infected cells
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representing cell viability. Unpaired t-tests were performed whereby statistically significant values were

represented as * (P < 0.01). Each data point represents the average value = SD of 3 replicates.

4.3.4 Detection of viral proteins after treatment with I'TZ, DIP and the anti-
TMEYV GDVII capsid antibody

TMEV GDVII viral proteins were detected after treating cells with ITZ (0.6 uM), DIP (16 puM)
and the anti-TMEV GDVII capsid antibody (3.3 uM), followed by infection at an MOI of 0.00625.
Cell lysates were collected at 30, 48 and 72 hpi before TMEV GDVII proteins were detected using
the primary antibodies anti-TMEV GDVII capsid (1:2500) and anti-2C (1:200). Coomassie-
stained gels were presented on the left panel since internal loading controls were inaccessible
(Figure 4.4). Western analysis showed that faint bands were detected at 30 hpi, corresponding to
the TMEV GDVII VPI1 protein in the virus control and ITZ-treated samples. The intensity of these
two bands increased at 48 hpi and was the brightest at 72hpi, with an additional band being
produced in the DIP-treated lane. Compound-treated cells generated significantly fainter bands,
meaning fewer VP1 proteins, compared to the virus-infected control at 72 hpi. No proteins were
detected in the DIP samples at 30 and 48 hpi. Similarly, no viral protein bands were observed for
mock-infected controls and antibody-treated cells at any time point. Furthermore, viral protein
bands were produced corresponding to the size of the 2C TMEV GDVII protein when the anti-2C
antibody was used. A faint band was detected at 30 hpi in the virus control sample, which increased
in intensity after 48 and 72 hpi. No bands were seen at 30 hpi for ITZ and DIP-treated samples.
Contrastingly, faint bands developed at 48 hpi with an increase in intensity at 72 hpi. Again mock-
infected controls and antibody-treated samples did not result in bands forming at any time as

expected.
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Figure 4.4 Detection of the expression of TMEV GDVII viral proteins. Cells were seeded and treated
with ITZ (0.6 uM), DIP (16 uM) and the anti-TMEV GDVII capsid antibody (3.3 uM) before being infected
at an MOI of 0.00625. Controls included mock-infecting cells (no virus) and infecting cells with the virus
alone (no compound). Coomassie-stained gels are presented on the left panel and Western blots are on the
right. Viral proteins were detected after 30, 48 and 72 hpi using the primary antibodies anti-TMEV GDVII
capsid (1:2500) and anti-2C (1:200). MW (molecular weight marker in kDa).

4.4 Discussion

The overall aim of this chapter was to select a suitable inhibitor of TMEV GDVII-induced CPE
that could be used in the antiviral assay as a reference control for comparison. The compounds
tested in the current and following chapter were solubilised in a DMSO solution; typically, most
chemical libraries are stored in this organic solvent (Hughes et al., 2011). Therefore, before the
potential inhibitors were tested for antiviral activity, the sensitivity of the cells towards varying
concentrations of DMSO was investigated. High concentrations above 1 % were shown to affect
membrane permeability and cell viability (Irvine et al., 1999). When previously tested in BHK-21
cells, DMSO concentration-dependent damage was observed, and it was concluded that
concentrations above 0.7 % become toxic (Tomeczkowski et al., 1993). These results are

consistent with this study which showed that DMSO concentrations above 1.28 % are toxic to
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BHK-21 cells as there was a considerable reduction in cell viability. Similar experiments were
conducted in antiviral assay development against dengue and bluetongue virus, where these studies
also concluded that there should be no more than 1 % DMSO added to the cell culture for the
screening process, which is recommended for most standard cell-based assays (Che et al., 2009;
Lietal., 2009). Therefore, when screening compounds with the TMEV GDVII antiviral assay, the

final DMSO concentrations were always kept below 1 % to prevent toxicity.

The subsequent experiments focused on generating dose-response curves to compare and identify
the most suitable inhibitor of TMEV GDVII-induced CPE between ITZ, DIP and the anti-TMEV
GDVII capsid antibody. The results showed that ITZ did not inhibit CPE at non-toxic
concentrations even after certain parameters of the assay were modified, such as MOI and the
endpoint at which resazurin readings were measured. The previously mentioned study, which was
used as motivation for selecting ITZ, showed that it inhibited a broad spectrum of EVs and
cardioviruses (Strating et al., 2015). However, a few differences compared to the TMEV GDVII
assay could be speculated as to why ITZ did not exhibit antiviral activity. Firstly, different cell
lines were used in the Strating et al. (2015) study, namely HeLa R19 and Buffalo green monkey
(BGM) kidney cells. ITZ did not display any cytotoxic effects in these cell lines at any
concentration. In contrast, the results in this chapter showed that it was highly toxic to BHK-21
cells at concentrations of 1.23 uM and above, suggesting that a dose that could have had antiviral
activity was too toxic to the BHK-21 cells. Currently, BHK-21 cells are the only cell line found to
be susceptible to TMEV GDVII infection in cell culture. More importantly, the Strating et al.
(2015) study investigated a different cardiovirus species, EMCV (Cardiovirus A). As mentioned,
ITZ is believed to target the host factor OSBP, thereby preventing cholesterol shuttling to ROs and
disrupting replication in EMCV (Strating et al., 2015). Since TMEV GDVII is a different species
of cardiovirus and no inhibitors have been tested against this virus before, it can be hypothesised
that it relies on different host factors for replication since ITZ did not have an effect. Similar results
were reported demonstrating antiviral activity of ITZ against the picornavirus strain HPeV-3 but,
interestingly, not against HPeV-1 (Lanko et al., 2019). Additionally, ITZ was reported to inhibit
the EV-D68 strain (Strating et al., 2015) but failed to exhibit any antiviral activity towards the
same strain in a different study (Rhoden et al., 2015). Therefore, it was suggested that ITZ activity
might be sensitive to virus concentration even within a relatively narrow range (Rhoden et al.,

2015).
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DIP did not inhibit TMEV GDVII-induced CPE at non-toxic concentrations either, even when the
assay parameters were changed. The previous study mentioned in the introduction showed that
DIP effectively inhibited a different cardiovirus species EMCV (mengovirus) (Fata-Hartley and
Palmenberg, 2005). However, various differences were highlighted when compared to the TMEV
GDVII antiviral assay, which could be the cause of unsuccessful inhibition. Firstly, HeLa and
mouse L929 cells were used instead of BHK-21 cells. The results in this chapter illustrated that
DIP became toxic at concentrations of 33.33 uM and higher. In contrast, the mengovirus study
showed inhibition in HeLa and L cells at the high DIP concentration of 80 uM (Fata-Hartley and
Palmenberg, 2005), suggesting that an inhibitory dose might have been missed due to toxicity to
the BHK-21 cells. Secondly, DIP was dissolved in ethanol in the mengovirus study instead of
DMSO, implying that the solubility of the drug might not have been efficient enough in DMSO.
Future solubility experiments could be conducted comparing whether dissolving DIP in ethanol or
DMSO increases the inhibitory effect. Thirdly, different inhibition assays were performed where
mengovirus plaque formation was observed (Fata-Hartley and Palmenberg, 2005) instead of
quantifying CPE using a resazurin-based assay. This was similar to another study that investigated
the inhibitory effects of DIP on mengovirus using an agar diffusion plaque inhibition test (Tonew
and Dzeguze, 1977). The virus was only allowed to replicate for 1 replication cycle between 4 - 8
hpi in FL and L cells, after which an inhibitory action was observed (Tonew and Dzeguze, 1977).
These differences compared to the TMEV GDVII assay could explain why DIP did not inhibit
TMEV GDVII-induced CPE in BHK-21 cells. It should also be noted that an experiment was
performed whereby ITZ and DIP were allowed to incubate with the cells for 2 h before being
infected with the virus (data not shown); however, it did not make a difference as no inhibition of

CPE was observed.

The anti-TMEV GDVII capsid antibody effectively inhibited TMEV GDVII-induced CPE at
concentrations of 3.3 uM and above with an 1Cso of 1.62 uM. Additionally, the antibody did not
exhibit any cytotoxic effects on the BHK-21 cells. Compared to other positive and negative
controls, the antibody-treated cells (infected) generated signals that were significantly different to
the virus-alone infected cells but showed no significant differences to the mock-treated cells and
the cells treated with antibody alone (no virus). Microscopic images coincided with these results

illustrating a confluent monolayer after infected cells were treated with the antibody. Therefore,
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based on the above data, the neutralising anti-TMEV GDVII capsid antibody was chosen as the
most appropriate and effective anti-TMEV GDVII control among the tested three inhibitors.

The last experiment used the anti-2C and anti-TMEV GDVII capsid antibodies as tools to observe
whether TMEV GDVII viral proteins were expressed after being treated with ITZ, DIP and the
anti-TMEV GDVII capsid antibody, seeing that the compounds did not inhibit CPE. VP1 proteins
are structural proteins of the mature capsid, and 2C is a non-structural protein involved in genome
replication. VP1 was detected at 30 - 72 hpi in [TZ-treated cells, yet the intensity of the bands was
much fainter than the virus control. Interestingly, VP1 proteins were not detected in DIP-treated
cells at 30 and 48 hpi but were observed at 72 hpi with a fainter band compared to the virus control.
Furthermore, the anti-2C antibody was used to detect the 2C replication protein. No protein was
detected in both ITZ and DIP-treated cells at 30 hpi, even though a faint band was observed in the
virus control lane. At 48 and 72 hpi, the intensity of the bands slightly increased but was not as
bright as the virus control. No conclusion can be made from this observation, as this preliminary
experiment was not quantifiable, which will be further discussed. Nonetheless, no bands appeared
in mock-infected and anti-TMEV GDVII capsid antibody lanes meaning that the antibody potently
inhibited virus-induced CPE and prevented viral proteins from being expressed even up to 72 hpi.
This further confirmed that it was the most suitable inhibitor of TMEV GDVII of the three. A
drawback of this experiment is that only the presence of the viral protein and not the amount could
be examined, as no loading control was accessible at the time. The Coomassie-stained gels
provided a vague indication of the amount of protein loaded. Therefore, this experiment could be

improved in the future by including an appropriate loading control.

The overall aims of this chapter were achieved as it was concluded that DMSO concentrations
above 1 % were toxic to BHK-21 cells, the anti-TMEV GDVII capsid antibody exhibited potent
antiviral activity and displayed no cytotoxicity based on the dose-response curves. Contrary to
expectation, ITZ and DIP did not inhibit virus-induced CPE. Thus, the anti-TMEV GDVII capsid
antibody was selected as the most suitable control inhibitor of TMEV GDVII when screening

compound libraries in the next chapter and the future.
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Chapter 5 Screening of compound libraries
using the TMEYV GDVII antiviral
assay

5.1 Introduction

The previous chapters described the optimisation and development of a TMEV GDVII antiviral
assay, providing an opportunity to screen two libraries for antiviral activity containing novel
compounds. Natural products from plants or other organisms are a valuable source of novel
chemical compounds such as antivirals (Musarra-Pizzo, 2021). Coumarin (2H-chromen-2-one) is
a compound that is naturally found in an extensive range of plants, animals, and micro-organisms.
It is made up of a bicyclic system containing an a-pyrone and a benzene ring. Thus, numerous
chemical substitutions are feasible, generating a range of potential medicinal compounds (Hassan
et al., 2016). Coumarins and its derivatives have been shown to target various proteins, enzymes
and pathways that are necessary for viral entry and successful infection, such as polymerase-
related proteins, proteases, integrases, and several factors involved in interferon signalling
pathways (Mishra et al., 2020). Several studies have reported that coumarins and their analogues
exert antiviral activity against HIV, hepatitis B virus, HCV, herpes simplex virus, SARS-CoV-2,
chikungunya virus, dengue virus, RVs, EVs and HAV (Kashman et al., 1992; Huang et al., 1994;
Chang et al., 1997; Bedoya et al., 2005; Marquez et al., 2005; Conti et al., 2009; Neyts et al., 2009;
Conti et al., 2010; Xu et al., 2014; Hassan et al., 2016; Kassem et al., 2019; Mishra et al., 2020;
Chidambaram et al., 2021). A large group of coumarin compounds and derivatives were newly
synthesised and tested for HIV integrase inhibition (Jesumoroti, 2016), and twelve of these

compounds were screened against TMEV GDVII.

In recent years, antiviral activity on viruses such as influenza and hepatitis B has been described
for certain quinones and other structurally related molecules with therapeutic potential (Hossan et
al., 2018; Parvez et al., 2019). Quinones are a class of cyclic organic compounds that are formed
from aromatic compounds by converting CH= groups into C=0 carbonyl groups, producing a fully

conjugated cyclic dione structure (Skancke and Skancke, 1988). Quinones are located in a wide
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variety of plants, bacteria and some fungi and animals (O’Brien, 1991). Quinones have shown
antiviral activities against DNA and RNA viruses by inhibiting viral entry, replication, and genome
transcription, as well as affecting the function of important enzymes for the viral replicative cycle
(Da Costa et al., 2013; Liu et al., 2013; Pinto et al., 2014; Yiu et al., 2014; Alam et al., 2015; Chi
et al., 2015). For the purpose of this study, a Marine Natural Product (MNP) library was screened
to assess the viral activity against the TMEV GDVII virus (Kalinski et al., 2021). A total of twelve
pure compounds from the MNP library were tested, where two compounds were orthoquinones

while the rest of the compounds were pyrroloiminoquinones.

Thus, this chapter aimed to examine whether the novel compounds supplied in the coumarin and
MNP library possessed any antiviral activity against TMEV GDVII using the newly optimised
antiviral assay from the previous chapters. This was achieved by generating dose-response curves
to test for cytotoxicity against BHK-21 cells and antiviral activity against TMEV GDVII, whereby
ICso and CCso values were obtained. Additionally, Z’- factors were calculated to validate the

robustness of the assay.

5.2 Methods and materials

5.2.1 Cell culture and plating

BHK-21 cells were maintained as described in section 2.2.1. Cells were seeded in 96-well clear
flat bottom plates (Sigma-Aldrich, USA) at a cell density of 15 000 cells/well in a total volume of
100 pl complete media [DMEM, 5 % [v/v] FBS, 1 % [v/v] PSA]. Cells were incubated for 24 h at
37 °C with 5 % COa.

5.2.2 Compound libraries

Two compound libraries consisting of 12 compounds each were screened. Prof R. Klein
(Department of Chemistry, Rhodes University) kindly donated the coumarin library, and Prof R.
Dorrington (Department of Biochemistry and Microbiology, Rhodes University) kindly supplied
the MNP library. All compounds were dissolved in DMSO, yielding stock solutions of 100 mM
and 50 mM for compounds in the coumarin and MNP libraries, respectively, which were stored at

-20 °C. Stocks were made up using the calculation below:
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Mass of compound (g) = concentration (M) * volume (L) * molecular weight (ﬁ)

5.2.3 Antiviral and cytotoxic assays to generate dose-response curves

The compound libraries were assessed for antiviral activity against TMEV GDVII by seeding cells,
as described in section 5.2.1. After the 24 h incubation, the compounds were serially diluted (3-
fold) in assay media [DMEM, 2 % [v/v] FBS, 1 % [v/v] PSA]. The media was substituted with
new assay media containing the prepared dilutions resulting in final concentrations between 100 -
0.005 uM for each compound in a total 100 ul/well volume. Cells were then infected with TMEV
GDVII at an MOI of 0.00625 in a total volume of 100 pl/well, resulting in the final volume being
200 pl/well. Cytotoxicity was tested simultaneously on each plate for each compound by omitting
the virus and adding an additional 100 ul/well of assay media instead. Background controls
comprised of wells with assay media only (no cells). Positive controls included cells mock-treated
with assay media (no compound/virus), and negative controls consisted of cells infected with
TMEV GDVII (no compound). After incubating the cells for 72 h, 20 pul of resazurin (0.54 mM)
was added to each well followed by a 3 h incubation at 37 °C with 5 % COx. Fluorescence signals
were detected to generate dose-response curves using the Synergy MX microplate reader (BioTek
Instrumentd, Inc) at excitation wavelength 560 nm and emission wavelength 590 nm. The anti-

TMEV capsid antibody dose-response curves were used as a comparison control curve.

5.2.4 Data analysis and normalisation

Fluorescence readouts were analysed in Microsoft Excel by subtracting the mean no-cell
background control from all treatments. For the dose-response curves, results were expressed as

percent inhibition of CPE using the formula:

Inhibition of CPE (%) = (’;2 ';j]“m’”e_l’;’: Hris) 100
mock™ virus

where RFUgunpie represents fluorescence values of each treatment, pRFU,,c« represents the
average of the mock-infected (no virus/compound) control (100 % inhibition), and uRFU,;s are
the mean values of TMEV GDVll-infected control wells (no compound) (0 % inhibition).

Similarly, compound cytotoxicity was presented using the formula:
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Cell viability (%) = (i’;zuﬂ) x 100
mock

where RFUjumpie represents fluorescence values of each treatment and pRFU,cx are the mean
values of the mock-infected positive control (100 % viability). Curves represented the mean and
standard deviation from 2 or 3 technical replicates and were generated using a four-parameter
curve fitting function on GraphPad Prism (version 9.4.1 for Windows 64-bit) to calculate ICso and
CCsovalues. Z’-factors were calculated on each plate using the mock-infected and TMEV-infected

controls as described in section 3.2.7.

5.3 Results

5.3.1 Screening of the coumarin and MNP libraries for antiviral activity and
cytotoxicity

In order to examine the antiviral efficacy and cytotoxicity of the compounds within the coumarin
and MNP libraries, two simultaneous assays were performed using the TMEV GDVII antiviral
assay. The ability of the compounds to reduce virus-induced CPE was tested by treating cells with
3-fold diluted compounds with concentrations ranging from 100 - 0.005 uM. This was followed
by infecting cells at an MOI of 0.00625 and detecting fluorescence after 72 hpi. Inhibitory dose-
response curves are represented in red (Figure 5.1.A and B). The toxicity of the compounds in
the same cell line was investigated simultaneously on each plate, and toxicity dose-response curves
are shown in blue (Figure 5.1.A and B). Many of the coumarin compounds (compound A-L) were
toxic to the cells at concentrations of 33 uM and above, and none of the compounds effectively
inhibited CPE as most values were around 0 %. Similarly, compounds 1-12 in the MNP library
were mostly toxic at higher concentrations. Compound 11 was the only non-toxic compound with
high viability readings at all concentrations. However, no compound exhibited sufficient antiviral
activity, and ICso values could not be calculated due to the lack of dose-dependent protection
(undefined) (Figure 5.1.C). In comparison, the anti-TMEV GDVII capsid antibody control was
able to neutralise TMEV GDVII infection with an ICso of 1.62 uM. Lastly, the Z’-factors were
calculated for each plate using the mock-infected (no virus/compound) and TMEV GDVII-
infected (no compound) cell controls and consistently produced scores above 0.5, confirming a

robust and reliable assay (Figure 5.1.C).
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Compound ICso (uM) CCso (nM) 7.- factor
A Undefined 18.37 0.61
B Undefined 18.76 0.61
C Undefined 36.43 0.62
D Undefined 30.87 0.62
E Undefined 13.15 0.70
F Undefined 31.85 0.70
G Undefined 19.52 0.74
H Undefined 45.47 0.74
I Undefined 87.4 0.64
J Undefined Unstable 0.64
K Undefined 33.13 0.68
L Undefined 1.192 0.68
1 Undefined 23.97 0.76
2 Undefined 0.16 0.76
3 Undefined 1.31 0.76
4 Undefined 0.34 0.77
5 Undefined 0.17 0.77
6 Undefined 0.46 0.74
7 Undefined 18.11 0.74
8 Undefined 9.69 0.72
9 Undefined 2.42 0.72
10 Undefined 17.16 0.79
11 Undefined Undefined 0.79
12 Undefined 15.69 0.77
Anti-TMEV 1.62 Undefined 0.76
capsid

antibody

Figure 5.1 Cytotoxic and antiviral effects of novel compounds in coumarin and MNP libraries. 15000
cells/well were seeded before adding the compounds at varying concentrations between 100 - 0.005 pM.
Fluorescence readouts were measured after 72 hpi, normalised to the average of mock-treated cells, and
represented cell viability in blue. Similarly, the antiviral activity of the compounds was examined by
infecting cells at an MOI of 0.00625. Fluorescence signals were detected, and data were normalised to the
average of mock-treated and infected cells generating dose-response curves representing the inhibition of

CPE in red. A) Dose-response curves of the coumarin library. B) Dose-response curves of the MNP library,
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including the anti-TMEV GDVII capsid antibody control curve. C) ICso, CCso and Z’-factors of each

compound.

5.4 Discussion

The overall aim of this chapter was to screen novel compounds from two chemical libraries,
consisting of coumarins (compounds A-L) and MNP (compounds 1-12) for antiviral activity using
the TMEV GDVII antiviral assay. The results from the dose-response curves indicated that none
of the 24 compounds effectively inhibited CPE in this assay compared to the anti-TMEV GDVII
capsid antibody control, which neutralised TMEV GDVII infection with an 1Cso of 1.62 uM.

Even though no hits were identified, the assay was still considered robust and consistent. Each 96-
well plate tested two compounds simultaneously, including the positive (mock-infected) and
negative controls (infected with no compound). This made it possible to calculate the Z’- factor
for each plate, whereby consistent values between 0.61 - 0.79 were produced. These scores

demonstrated that the assay was sufficiently robust, reproducible, and reliable.

A majority of the coumarin compounds displayed toxicity towards the BHK-21 cells at
concentrations of 33 uM and higher as cell viability readings decreased at these concentrations.
When compared to the results from the study that described the synthesis of these compounds and
their activity against HIV, low toxicity levels against HeLa cells were reported (Jesumoroti, 2016).
However, a few key similarities and differences should be noted compared to the TMEV GDVII
assay. Firstly, the cell cytotoxicity assay was also resazurin based, whereby cell viability was
represented based on fluorescence readings. In contrast, the HeLa cell line was used, which was
shown to be more tolerable to the compounds compared to BHK-21 cells. More importantly, it
should be noted that the conclusion stating that the compounds produced a low toxicity profile was
based on performing the assay at only one concentration of 25 uM. This differed from the TMEV
GDVII assay as varying doses with a maximum concentration of 100 uM were tested, resulting in
toxicity at these high concentrations. Another key difference is that the cytotoxicity assay had an
endpoint of 48 h instead of 72 h (Jesumoroti, 2016); therefore, it would be worthwhile to
investigate whether 48 h improves the results. Additionally, an interesting study described the
synthesis of newly developed coumarin derivatives and their antiviral activity against

picornaviruses by binding to their capsids (Conti and Desideri, 2010). The picornaviruses tested
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were RV serotypes 1B and 14 and EV-A71, and the compounds were shown to disrupt the
replication of these picornaviruses. Cell cytotoxicity of the compounds towards HeLa and HEp-2
(human epithelioma) cells was measured using a tetrazolium-based colourimetric assay.
Furthermore, a plaque reduction assay was used to examine inhibitory activity. Overall, the
compounds produced low toxicity towards HeLa cells, while three compounds were toxic to the
HEp-2 cells. Substantial differences were noted in the sensitivity of the viruses to each compound,
as the potency was considerably lower for EV-A71 compared to the RV serotypes. The most active
compounds in HeLa cells against the viruses were also the most toxic towards HEp-2 cells,
indicating that the cell line greatly affects the results (Conti and Desideri, 2010). Therefore, even
though no hits were identified in the TMEV GDVII assay, possibly due to toxicity towards the
cells, there might be antiviral activity if tested in another cell line. This was not possible to

investigate as BHK-21 cells are currently the only cell line susceptible to TMEV GDVII infection.

Similarly, compounds 2-6 and 8-9 in the MNP library were highly toxic to the BHK-21 cells as
low cell viability readings were generated even at low concentrations such as 3.7 pM. Compound
11 was the only compound that possessed no cytotoxicity however, no antiviral activity was
observed at these concentrations. Similar studies were performed whereby emodin, a natural
anthraquinone, was investigated as an antiviral to treat infections caused by the picornavirus CV-
B4 (Liu et al., 2013). The results showed that the compound decreased CV-B4 replication and
entry into HEp-2 cells in a dose-dependent manner. In contrast to the TMEV GDVII assay,
cytotoxicity was tested on HEp-2 cells by an MTT assay which showed that the highest non-toxic
dose was 46.26 uM (Liu et al., 2013).

Another consideration when evaluating the results of these experiments is that the assay used can
be described as a medium-throughput screen, as only 24 compounds were tested for antiviral
activity. Placing this into perspective, the hit rate in a HTS, which screens thousands of
compounds, is usually below 2 %. For example, the hit rates in HTSs against bluetongue virus
were between 0.05 - 0.10 % (Li et al., 2009), influenza virus inhibition assays produced hit rates
of 0.08 % and 0.022 % (Noah et al., 2007; Severson et al., 2008) and 0.01 % for a SARS-CoV
HTS (Severson et al., 2007). Additionally, a study was published that described a HTS that aimed
to identify quinone analogues as potential inhibitors of the picornavirus CV-B3, specifically

targeting the 3C protease using a FRET assay (Jung et al., 2018). Initially, 6000 molecules were
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screened, resulting in 81 molecules displaying inhibition above 64 %. After performing dose-
response assays with the selected compounds, only two compounds exhibited significant antiviral
activities (Jung et al., 2018). Thus, it was not unexpected that no hits were confirmed from the
coumarin and MNP libraries in this study, especially since they have not been tested in

picornaviruses.

The main aim of this chapter was achieved as the coumarin and MNP libraries of compounds were
screened for TMEV GDVII antiviral activity. After the dose-response curves were generated, it
concluded that most of the compounds were highly toxic to the BHK-21 cells, and no hits or
antiviral activity against TMEV GDVII was discovered. Nevertheless, the assay was consistently
robust as the Z’- factors indicated a reproducible and reliable assay. Therefore, the TMEV GDVII
antiviral assay will benefit the drug discovery field as other compound libraries can now be

screened for antiviral activity against this virus.
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Chapter 6 General discussion and future
work

Even though worldwide efforts are on their way to eradicate PV, several other picornaviruses are
still a threat and are circulating globally. There have been outbreaks, accompanied by severe
diseases, of PV, EV-A71 and EV-D68 in Asia, Europe, the UK and the USA and HPeV-A3
outbreaks in Australia (Solomon et al., 2010; Khatami et al., 2015; Pons-Salort et al., 2015; Sethi
et al., 2022). More recently, an unexpected outbreak of FMDV occurred in South Africa,
predominantly in KwaZulu-Natal, resulting in a temporary suspension of the movement of cattle
in the entire country (Orabi, 2022). At present, there are no antiviral drugs against any picornavirus
that the FDA has approved. Therefore, the pressure and urgency to develop and identify antivirals
against these viruses have intensified. Picornaviruses share similarities in their genome structure
and capsid organisation. As such, picornaviruses that are non-hazardous to humans without posing
any biosafety concerns can be used as model systems, and in this case, TMEV GDVII was
investigated. The overall aim of this study was to develop and optimise an antiviral screening assay

using TMEV GDVII, which infects BHK-21 cells in culture.

The purpose of the first objective of this study was to validate the TMEV GDVII- BHK-21
replication system and perform preparatory experiments. Before attempting to develop the
antiviral assay, it was essential to confirm that BHK-21 cells were susceptible to infection by
TMEV GDVII. A CPE assay was conducted to distinguish non-infected from infected cells
visually. This confirmed that the observed changes in cell morphology were triggered by TMEV
GDVII infection and not cell senescence. Additionally, the onset and development of full CPE
when infected at a high MOI was within 8 hpi, consistent with a study performed by Upfold et al.
(2018). Furthermore, the plaque assays successfully quantified the number of infectious virus
particles in the TMEV GDVII stock, making it possible to calculate the MOI that was required
when optimising the parameters of the antiviral assay. The results from the plaque assays were
similar to those described in previous studies that titred TMEV GDVII stocks (Jauka et al., 2010;
Mutsvunguma et al., 2011). Several difficulties were encountered when performing the plaque
assays before achieving acceptable results. Therefore, future experiments could investigate

whether replacing the methocel with suspensions of a microcrystalline cellulose Avicel overlay
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would improve the assay. It has been reported that using Avicel as an overlay medium in plaque
assays is easier, more sensitive and faster than the popular methocel or agar overlays due to its low
viscosity (Matrosovich et al., 2006; Yin et al., 2014). Lastly, indirect immunofluorescence and
Western blot experiments using the previously generated antibodies against the TMEV GDVII
VP1 capsid and 2C protein detected the presence of these viral proteins in TMEV GDVII infected
cells but not in uninfected cells. This confirmed the infection of BHK-21 cells by TMEV GDVI]I,

resulting in the utilisation of the replication system in the development of the antiviral assay.

Once the replication system was validated, the second objective was to identify the optimal
parameters of a medium-throughput phenotypic CPE-based TMEV GDVII antiviral assay. In the
initial stages of antiviral identification, a crucial step in antiviral drug discovery is to develop
robust assays (Chai et al., 2015). Therefore, the first parameter that was examined was FBS, a
traditional supplement used in cell culture generally between 5 - 15 % (Li et al., 2009). Since the
assay required a relatively long incubation time, the risk of overgrowth was increased. Thus, 2 %
was selected as the optimal FBS concentration as it generated a confluent monolayer without any
signs of overgrowth. The subsequent experiment assessed the most suitable cell seeding density
that yielded confluent monolayers with cells in the exponential log phase of growth. A 15000
cells/well density was identified as optimal since it produced confluent monolayers with a high
fluorescence reading. The following two parameters, which included the MOI and endpoint of the
assay, were tested simultaneously, and the most appropriate factors were chosen based on the
calculated Z’-factors. The purpose of the experiment was to select the lowest MOI that yielded full
CPE at the endpoint that yielded acceptable Z’- factors. Longer incubation times were included as
it was necessary to choose a low MOI that would allow multiple viral replication cycles so that a
variety of compounds that could potentially inhibit each stage of the lifecycle could be identified.
Therefore, an MOI of 0.00625 and an endpoint of 72 hpi were the most optimal.

It should be noted that although cell-based assays are well-established tools for drug discovery as
they offer data of higher value than target-based or biochemical assays, the characteristic
biological complexity and variability of cells introduce drawbacks with assay design and execution
(Beske and Goldbard, 2002). These include disparities when seeding cells, varying cell responses
and the edge effect. The edge effect refers to a phenomenon which states that the contents in the

peripheral wells of a plate evaporate quicker during longer incubations, such as 72 hpi. The thermal
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gradients are highest around the edges of the plate, meaning that the outer wells reach 37 °C more
rapidly than the innermost wells. This can cause a change in cell morphology, leading to a varied
response in the compounds being tested (Lundholt et al., 2003). PBS was added to the peripheral
wells in the TMEV GDVII assay to prevent this from occurring. However, when compounds were
screened, the entire 96-well plate was utilised to maximise throughput, thereby introducing the
risk of the edge effect. Instead of reducing throughput by excluding the outer wells, a study was
published that described pre-incubating plates at RT for an hour after seeding cells. This allows
the cells to settle to the bottom of the well, thereby reducing thermal gradients in the outer wells
to control the edge effect (Lundholt et al., 2003). The phenotypic response, in this case, virus-
induced CPE, determines the readout of the assay, which results in longer incubation times or
endpoints compared to target-based assays. Therefore, artefacts caused by instruments such as
incubators in shorter assays will be magnified with longer incubation times. The temperature, CO>
levels and even plate positions must be closely monitored in the incubator to minimise any noise
and variability that can deteriorate the assay performance (Maddox et al., 2008). Even though the
TMEV GDVII antiviral assay consistently produced Z’-factors above 0.5, validating a robust assay
performance, it would be worthwhile to explore whether decreasing the assay endpoint of 72 hpi
would increase the hit rate from the compound libraries as suggested in a published study (Li et
al., 2009). Endpoints below 72 hpi were tested when optimising the parameters of the assay, which
showed that both 48 and 72 hpi produced acceptable Z’- factors, and for this reason, ITZ and DIP
were also tested at these time points. However, when the compound libraries were screened,
fluorescence was only measured after 72 hpi as this endpoint produced better Z’- factors.
Therefore, future experiments could compare readouts taken after 48 hpi and whether decreasing

the endpoint would improve the assay.

Finally, after the parameters were identified, an experiment was conducted whereby the assay
robustness was validated with high reproducibility and low deviation using Z’- factors. This
statistical metric compares the variability of both uninfected and infected controls to the difference
in their means. Multiple replicates on a plate (intra-plate) and repeating the experiment
independently (inter-plate) produced an average Z’- factor of 0.74, indicative of its high quality.
This was important to perform, especially when numerous compounds were being screened. In

this study, the compound libraries were only screened once, as low quantities of the compounds
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were supplied. Thus, the assay needed to be robust enough to produce accurate, sensitive and

reliable results.

When comparing the uninfected mock control (100 % viability) to the infected virus-alone control,
it should be critiqued that the infected control yielded viability readings that were higher than
expected (approximately 40 - 50 %). Upon visual examination under the microscope, the infected
control generated a monolayer that illustrated 100 % CPE, where all cells appeared to be dead.
Thus, lower viability readings below 50 % were expected when measured using resazurin. This
could have been caused by cell debris or cells that visually appeared dead but were still
metabolically active and able to take up and convert the resazurin, thereby increasing the
fluorescence readouts. Future experiments could investigate whether rinsing cells with PBS before
adding resazurin would reduce viability readings as dead cells would be removed (Smee et al.,
2017). A study reported the antiviral activity of compounds against three unrelated RNA viruses
(chikungunya, dengue and Junin) using four dyes, including resazurin (Smee et al., 2017). The
study also evaluated how efficiently the dyes could distinguish the infected from the uninfected
cells. It was estimated that in the dengue infection, cell viability appeared to be approximately 15
% 1in infected cells when examined under the microscope. Interestingly, resazurin fluorescence
detected 32 % viability, almost double what was observed and similar to the results found in this
study. In comparison, resazurin absorbance readings detected 16 %, which was the most accurate,
and neutral red dye detected 24 % cell viability (Smee et al., 2017). Therefore, in the future, it
would be interesting to compare different dyes or methods to detect cell viability, such as neutral
red or measuring resazurin absorbance instead of fluorescence in the TMEV GDVII antiviral
assay. Nevertheless, acceptable Z’-factors were still produced by measuring resazurin fluorescence

readings confirming a robust TMEV GDVII assay.

At present, no inhibitor has been identified against TMEV GDVII. Thus, after optimising the assay
parameters, the third objective involved investigating whether potential inhibitors possessed
antiviral activity that could not only be used as a control when screening compounds but would
also contribute to research on this virus. Before antiviral activity was tested, DMSO toxicity
towards BHK-21 cells was investigated as the compounds were solubilised in this solution. The
results generated were similar to other studies, which showed that DMSO concentrations above 1

% were toxic to BHK-21 cells (Tomeczkowski et al., 1993; Che et al., 2009; Li et al., 2009).
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Consequently, when compounds were screened with the TMEV GDVII assay, the final DMSO

concentrations were always kept lower than this concentration to prevent toxicity.

The chosen compounds, which included ITZ and DIP, were described in the literature as broad-
spectrum cardiovirus inhibitors (Tonew and Dzeguze, 1977; Fata-Hartley and Palmenberg, 2005;
Strating et al., 2015; Bauer et al., 2018). Therefore, after the assay parameters were optimised, it
presented an opportunity to test these compounds against TMEV GDVII, another cardiovirus.
Additionally, the anti-TMEV GDVII capsid antibody that was described in chapter 2 was found to
neutralise the virus infection after a plaque reduction assay was performed (Upfold et al., 2018).
Thus, the antibody was also examined as a possible control inhibitor for the antiviral assay. After
generating dose-response curves, it was found that the anti-TMEV GDVII capsid antibody
displayed potent antiviral activity against TMEV GDVII and no cytotoxicity against BHK-21 cells.
Contrary to expectation, ITZ and DIP exhibited cytotoxicity at high concentrations but no
inhibition of the virus. The antibody was thus selected as the most suitable control inhibitor for the
antiviral assay. It should be noted that only two compounds were tested due to time constraints
and logistics. Even though the antibody served as a sufficient control inhibitor, it is preferred to
incorporate a control compound instead of a control antibody when screening other compounds
for antiviral activity. The work performed in chapter 4 can be expanded in the future as plenty of
other compounds could be examined for antiviral activity against TMEV GDVIIL. Compounds that
have exhibited cardiovirus antiviral activity, such as pyrrolidine dithiocarbonate (PDTC), can be
tested. PDTC was shown to inhibit EMCV (mengovirus) by disrupting viral RNA synthesis and
polyprotein processing (Lanke et al., 2007). However, the SARS-CoV-2 pandemic resulted in a
plethora of studies being published on antiviral strategies and broad-spectrum inhibitors against
RNA viruses. It would be worthwhile to test whether some of these compounds would affect
TMEV GDVII, which is also an RNA virus. Three nucleoside analogues stand out as remarkable
broad-spectrum antivirals against RNA viruses, including remdesivir, an FDA-approved drug for
the treatment of COVID-19 patients; ribavirin, an approved drug against HCV and favipiravir an
approved drug in Japan against influenza T-705 (Crotty et al., 2000; Furuta et al., 2002; Graci and
Cameron, 2006; Delang et al., 2018; Tchesnokov et al., 2019; Beigel et al., 2020; de Wit et al.,
2020; Grein et al., 2020; Jeon et al., 2020; Geraghty et al., 2021).
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The last experiment for this objective used the anti-TMEV GDVII capsid and anti-2C antibodies
to detect the presence and expression of viral proteins after treating infected cells with ITZ, DIP
or the anti-TMEV GDVII capsid antibody, considering that the compounds did not inhibit CPE.
Western blot analysis detected viral proteins after treatment with ITZ, DIP and the infected control.
As expected, no viral proteins were detected in cells treated with the anti-TMEV GDVII capsid
antibody and uninfected control, supporting the conclusion that the antibody was the most
appropriate control inhibitor of the three. This preliminary experiment presented a few flaws and
drawbacks that could be improved in the future. The experiment could only detect whether viral
proteins were present but failed to quantify the expression levels. This was due to an absence of
an appropriate loading control which was not accessible at the time. When performing Western
blotting experiments, the total amount of protein loaded into each well must be carefully controlled
to ensure an accurate comparison of protein content between samples (Welinder and Ekblad,
2011). The most popular solution is to use antibodies that can detect housekeeping proteins that
are continuously expressed as loading controls (Welinder and Ekblad, 2011; Nie et al., 2017).
Common housekeeping proteins include B-actin, B-tubulin and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Liu and Xu, 2006; Wu et al., 2012). Therefore, future experiments
could include a loading control such as those mentioned above. Before using the protein as a
loading control, it should be investigated whether their expression levels in BHK-21 cells are
consistent when exposed to varying treatments. On another note, it would be interesting to perform
immunofluorescence experiments after treating infected cells with the compounds and examining
whether viral proteins could be detected at various times post-infection. This could then be

compared to the results generated from the Western analysis.

Finally, the last objective of this study aimed to screen novel compounds from a coumarin and
MNP library for antiviral activity against TMEV GDVII using the optimised assay from the
previous chapters. No hits were determined as compounds displayed no inhibition of CPE.
Considering that only 24 compounds were tested, it was not unexpected that no hits were
discovered. High-throughput studies which screen thousands of compounds typically generate hit
rates below 2 % (Noah et al., 2007; Severson et al., 2008; Li et al., 2009; Jung et al., 2018).
Nevertheless, the current novel TMEV GDVII antiviral assay presented in this study can still be
used to screen numerous relevant libraries of compounds which will benefit the drug discovery

field against picornaviruses that can be FDA-approved or commercialised.
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In conclusion, this study focused on developing and identifying a novel TMEV GDVII antiviral
screening assay. After the TMEV GDVII-BHK-21 replication system was validated, it served as a
foundation for the optimisation of the parameters of a medium-throughput TMEV GDVII antiviral
assay to produce one that was robust and reproducible. Subsequently, the anti-TMEV GDVII
capsid antibody was selected as the most suitable control inhibitor when screening compounds.
Finally, after all the components of the assay were confirmed, it was possible to screen two libraries
of novel compounds for antiviral activity. Even though no hits were discovered, this assay has
great potential to screen numerous compound libraries. This is the first study to develop an assay
using TMEV GDVII and provides a widespread platform for further studies and possibly high-
throughput screening to be conducted. This study enhanced the current knowledge and contributed

to the battle to discover and approve drugs against picornaviruses.
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