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Abstract

Globally, there are approximately one billion cases of influenza annually,
including 3-5 million severe respiratory infections and over 290,000 fatalities.
Influenza A viruses (IAVs) have historically caused multiple pandemics, and the
continued spillover of highly pathogenic avian IAV into the human population
poses a significant public health threat. The rapid development and deployment
of effective therapeutics against IAV are crucial for pandemic preparedness.
However, the emergence of drug-resistant IAV strains from the use of current
antiviral inhibitors necessitates the development of new classes of inhibitors.
Conventional in vitro antiviral screening assays predominantly rely on 2D
immortalised cell lines, though they poorly reflect the microenvironment of the
human lung and often demonstrate drug efficacy that does not translate well to
complex animal models or clinical trials. Here, we employed primary human
bronchial epithelial (HAEC-b) cells in both 2D and 3D culture systems to assess
the efficacy of inhibitors against IAV using advanced imaging platforms. 2D
antiviral screening assays revealed significant variability in inhibitor efficacy
between immortalised canine kidney (MDCK) cells, immortalised primary human
bronchial epithelial (HBEC3-KT) cells, and HAEC-b cells. Established IAV
antivirals, favipiravir and oseltamivir, exhibited reduced efficacy in HBEC3-KT
and HAEC-b cells relative to MDCK cells. Given that host-directed antivirals are
less likely to produce drug resistant mutants, we investigated the antiviral
potential of epigenetic inhibitors. Two repurposed cancer drugs, CM272 and
CM579, demonstrated inhibition of IAV replication across all cell types, achieving
complete viral inhibition in HAEC-b cells at a concentration of 10 uM, whilst
maintaining cell viability. Additionally, we established two 3D air-liquid
interface (ALI) models by differentiating HAEC-b cells on novel bioprinted
scaffolds and Transwell inserts. These models, combined with advanced imaging
techniques, enabled us to visualise the spatial localisation of IAV replication
within the native tissue architecture. Favipiravir was shown to inhibit IAV
replication and alter the spatial distribution of viral populations, potentially in a
donor-dependent manner. Collectively, these findings underscore the
importance of screening antiviral inhibitors in biologically relevant in vitro
models and highlight the potential of repurposed epigenetic inhibitors as host-

directed therapies against IAV.
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Nanometre

Nucleoprotein

Non-structural protein 1

Penicillin / streptomycin
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Plaque forming units
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RNA-dependent RNA polymerase
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Severe acute respiratory syndrome coronavirus 2
Serum-free medium

Transepithelial electrical resistance
Transmembrane protease serine S-1 member 2
Ultra-low adhesion

African green monkey kidney epithelial cells
Viral RNA

Viral ribonucleoprotein

World Health Organization

A/WSN/1933

Microgram

Microlitre

Micrometre

Micromolar
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1. Introduction

1. 1. Importance of influenza viruses

Influenza is an acute and contagious respiratory disease caused by
influenza viruses (Krammer et al., 2018). In humans, the incubation period,
which is the time from infection to symptom onset, ranges from one to four days
(Cox and Fukuda, 1998; Lessler et al., 2009). Symptoms can vary widely, some
infections are asymptomatic, while others may present with symptoms such as
headaches, myalgia, dry cough, sore throat, nasal congestion, fever, and
malaise. In children, symptoms can also include nausea, vomiting, and
diarrhoea. Typically, symptoms resolve within three to seven days, but a small
proportion of cases may develop severe complications such as direct viral
pneumonia and indirect secondary bacterial infection, which can lead to
respiratory failure, acute respiratory distress syndrome (ARDS), septic shock, and
multiorgan failure (Macintyre et al., 2018). The severity of influenza is
influenced by factors including age, health status, genetics, and immune
function (Uyeki et al., 2022). While influenza can cause serious illness in
previously healthy individuals, certain at-risk groups - such as infants, the
elderly, the immunocompromised, and pregnant individuals - are particularly

vulnerable (Paules and Subbarao, 2017).

The Global Burden of Disease Study estimated that in 2017, influenza
virus caused 54.5 million cases of lower respiratory tract infections, of which 8.2
million severe cases lead to 145,000 deaths (GBD 2017 Influenza Collaborators,
2019). However, other estimates suggest that the annual death toll from
influenza may be much higher, ranging from 290,000 to 650,000 (luliano et al.,
2018). Influenza A viruses are also known to cause pandemics, such as the 1918
Spanish Flu outbreak, which resulted in an estimated 50 million deaths (Johnson
and Mueller, 2002). Subsequent pandemics in 1957, 1968, and 2009 demonstrate
the ongoing pandemic potential of influenza virus (Taubenberger and Morens,
2010).

Beyond its impact on global health, influenza represents a significant

economic burden (Brown et al., 2023). Absenteeism related to seasonal
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influenza is estimated to result in a £644m loss to the UK's economy (Romanelli

et al., 2023). The cost of an influenza pandemic is predicted to reach $60 billion
per year, whereas the proposed cost for effective pandemic preparedness is
approximately $4.5 billion (Commission on a Global Health Risk Framework for
the Future and National Academy of Medicine, Secretariat, 2016; Sands,
Mundaca-Shah and Dzau, 2016). The World Health Organization (WHO) describes
pandemic preparedness as “a continuous process of planning, exercising,
revising, and translating into action pandemic preparedness and response plans”
(World Health Organization, 2011). Ideally, such plans involve many steps
including surveillance of circulating strains in humans and animals, sequencing,
phenotyping, antiviral testing, and vaccine development (Harrington, Kackos and
Webby, 2021).

The incidence of seasonal influenza significantly declined during the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pandemic due to
the introduction of mask-wearing, social distancing, and reduced travel (Feng et
al., 2021; Groves et al., 2021). However, the reduced circulation of influenza
viruses may have led to decreased population-level immunity (Baker et al.,
2020). With the relaxation of coronavirus disease 2019 (COVID-19) prevention
measures, concerns emerged about increased susceptibility to influenza and the
potential for more severe disease (Ali et al., 2022). Indeed, from 2021 onwards,
seasonal influenza epidemics have surged, exhibiting unusually late and
extended seasonal patterns, resulting in higher case numbers than those
observed pre-pandemic (Lee, Viboud and Petersen, 2022). Concurrently,
outbreaks of highly pathogenic avian influenza have caused millions of deaths in
poultry and wild birds, with spillover cases detected many mammals including
cattle, and humans who have been in direct contact with infected animals (Wille
and Barr, 2022; Caserta et al., 2024; Centers for Disease Control and Prevention,
2024).

Taken together, influenza continues to be a significant global health
threat due to its capacity for rapid spread, its pandemic potential, its potential

to cause severe disease, and its substantial economic impact.
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1.2. Influenza A virus

1.2. 1. Introduction to influenza viruses

Influenza viruses are enveloped, single-stranded, negative-sense RNA
viruses belonging to the Orthomyxoviridae family. They are classified into four
types - A, B, C, and D - based on antigenic differences in their viral proteins
(Sugawara et al., 1991; Hause et al., 2014). Among these, influenza A viruses
(IAVs) and influenza B viruses (IBVs) are the major cause of seasonal influenza
epidemics in humans (World Health Organization, 2023). IAVs have the widest
host range, highest mortality rates, and cause the most severe disease
(Ghebrehewet, MacPherson and Ho, 2016). IAVs can be further subdivided based
on the antigenic properties of two surface glycoproteins: hemagglutinin (HA) and
neuraminidase (NA). 18 HA and 11 NA subtypes have been identified,
predominately in birds, which can give rise to novel strains with pandemic
potential (Shao et al., 2017). IBVs are classified into two antigenically diverse
lineages: B/Victoria and B/Yamagata, with the latter trending towards
extinction as of 2020 (Rota et al., 1990; Barr and Subbarao, 2024). Unlike IAVs,
IBVs lack an established host reservoir and have not been associated with
influenza pandemics (Chen and Holmes, 2008; Lee et al., 2019). IBV infections
typically causes less severe disease than IAVs, though both viruses frequently
circulate together during seasonal influenza epidemics (Webster et al., 1992;
Krammer et al., 2018; Tang et al., 2021). Influenza C viruses (ICVs) generally
cause less severe disease than IAVs and IBVs, and are less commonly found in
humans, predominantly affecting children (Sederdahl and Williams, 2020).
Influenza D virus (IDVs) have also been identified, but while antibodies against
IDVs have been detected in humans, the virus itself has not been successfully
isolated from human infections, suggesting that IDVs primarily infect animals
(White et al., 2016).

1.2.2. Influenza A virus virion structure and genome

Within the lipid envelope of IAV virions, there are three main proteins: HA

and NA surface glycoproteins, and the matrix protein 2 (M2) ion channel.
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Beneath the envelope, the matrix protein 1 (M1) lines the inside of the virion

(Petrich et al., 2021). At the core of the virion is its genetic material,
comprising eight segments of viral RNA (VRNA), each encoding one or more
proteins (Jagger et al., 2012). Each segment forms a helical hairpin structure
that is tightly bound by multiple nucleoprotein (NPs), and capped by the
polymerase complex: polymerase basic 1 (PB1), polymerase basic 2 (PB2), and
polymerase acid (PA) (Pflug et al., 2017). The nuclear export protein (NEP), non-
structural protein 1 (NS1), and host proteins, such as cytoskeletal proteins, are
also found in the virion (Shaw et al., 2008; Hutchinson et al., 2014). Virion
structure is illustrated in Figure 1.1 and the functions of gene products are

summarised in Table 1.1.

HA
AN
v, 2
& PB2 %
& Le (= 0 Lipid
PA
—— envelope
NA « HA

NP

= NA
@& M1/M2

% NS1/NEP \ M2

& i @¥\®

VRNA

fffﬁﬁﬁﬁfﬁf@

Figure 1. 1: IAV virion structure. Illustration of IAV virion particle containing the key
proteins in order of genome segments. Polymerase complex is highlighted. Created on
Biorender (https://app.biorender.com) and adapted from (Dou et al., 2018).
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Table 1.1: IAV proteins and functions.

Protein Segment | Function

PB? ] Polymerase subunit - recognises cap-binding domain to
capture the 5’ cap of nascent host capped mRNA

PB1 5 Polymerase subunit - binds to VRNA, RNA elongation and
polymerase activity
Pro-apoptotic activity and interferon agonist, in a +1

PB1-F2 2
alternate reading frame

PB1-N40 2 Unknown, truncated form of PB1

PA 3 Polymerase subunit - viral mRNA endonuclease responsible
for cap snatching

PAX 3 Endoribonuclease affecting host cell shut off, in a +1
ribosomal frameshift

HA 4 Surface glycoprotein - mediates receptor binding and entry

NP . Formation of vRNPs, VRNP nuclear import, required for
transcription

NA 6 Surface glycoprotein - responsible for virion release

W . Matrix protein - VRNP interaction, RNP nuclear export,
viral assembly, and budding

" ; Transmembrane ion channel - virion acidification,
uncoating, and budding

NS1 8 Interferon antagonist - regulation of host gene expression

NEP/NS2 8 Mediates nuclear export of VRNA

Adapted from Pinto et al. (2021) with additional information: (O’Neill, Talon and
Palese, 1998; Varga and Palese, 2011; Wise et al., 2012; Levene, Shrestha and Gaglia,

2021).
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1.2.3. Influenza A virus replication cycle

The IAV replication cycle begins with the HA protein on the viral envelope
recognising and binding to sialic acid (SA) receptors on the host cell membrane
(Weis et al., 1988; Gao et al., 2009). The HA protein is composed of two
subunits: HA1 and HA2, linked by disulfide bonds (Laver, 1971; Chen et al.,
1998). The HA1 subunit binds to the SA receptor, while HA2 mediates fusion of
the virus with the host cell membrane (Wiley and Skehel, 1987; Chen et al.,
1998). Human IAV HA proteins preferentially recognise a-2,6 SA receptors, while
avian AV HA proteins preferentially recognise a-2,3 SA receptors (Matrosovich et
al., 2000; Skehel and Wiley, 2000; Xiong et al., 2013). The carbon-2 of SA binds
to the carbon-6 or 3 of HA1 to form a-2,6 or 2,3 linkages, respectively (Bouvier
and Palese, 2008). a-2,6 SA receptors are found in bronchial epithelial cells of
the human upper respiratory tract, and a-2,3 SA receptors are located in
intestinal epithelial cells and lower respiratory tract cells of birds (Shao et al.,
2017). Receptor specificity is thus a critical determinant of host range and can
create a barrier to cross-species transmission, although mutations in the HA
protein can enable a switch from avian to human receptor specificity
(Matrosovich et al., 2000; Imai et al., 2012; Yang et al., 2012; de Graaf and
Fouchier, 2014).

IAV enters the host cell via endocytosis, predominantly through clatherin-
and clavoline-dependent pathways (Rust et al., 2004; Mazel-Sanchez et al.,
2023). The low pH environment of the endosome triggers a conformational
change in the HA protein, exposing the HA2 fusion peptide, which inserts into
the endosomal membrane, facilitating the fusion of viral and endosomal
membranes (Skehel et al., 1982; Bullough et al., 1994; Bottcher et al., 1999).
The pH stability of the HA protein is a key determinant of IAV tropism, as
endosomal pH differs among host species (DuBois et al., 2011; Zaraket, Bridges
and Russell, 2013). Following membrane fusion, the M2 ion channel on the viral
envelope opens, allowing hydrogen ions to enter the virus particle, leading to its
acidification (Martin and Helenius, 1991; Pinto and Lamb, 2006; Bouvier and
Palese, 2008). This acidification disrupts the protein-protein interactions that

stabilise viral ribonucleoproteins (VRNPs), resulting in viral uncoating and the
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release of VRNPs into the cytoplasm (Martin and Helenius, 1991; Bui, Whittaker

and Helenius, 1996; Bouvier and Palese, 2008).

VRNPs contain nuclear localisation signals (NLS) that bind to importin
proteins, which transport the vRNPs to the nucleus (Gottlieb et al., 1993; O’Neill
et al., 1995; Cros and Palese, 2003; Hutchinson and Fodor, 2012). The
replication of the negative-sense genome involves two steps: the synthesis of
positive-sense mRNA templates for viral protein translation, and the synthesis of
complementary RNA (cRNA) to replicate the negative-sense genomic VRNA (Dou
et al., 2018). The viral polymerase complex engages in “cap snatching” to
initiate transcription, where the PB2 subunit binds to the 5’ caps of nascent host
pre-mRNA transcripts, and the PA endonuclease subunit subsequently cleaves 10-
13 nucleotides downstream of the cap (Plotch et al., 1981; Li, Rao and Krug,
2001; Dias et al., 2009). The PB2 cap-binding domain facilitates the movement
of the capped primer to the PB1 subunit, which extends the viral mRNA
transcript (Li, Rao and Krug, 2001; Reich et al., 2014). The viral mRNA tail is
encoded in negative-sense VRNA as multiple uracil residues, which is transcribed
by the viral polymerase into a positive-sense poly(A) tail (Robertson, Schubert

and Lazzarini, 1981; Bouvier and Palese, 2008).

After capping and polyadenylation, viral mRNA binds to M1 and NEP,
which binds to exportins, such as chromosome region maintenance 1 protein
(CRMT1), for nuclear export (O’Neill, Talon and Palese, 1998; Neumann, Hughes
and Kawaoka, 2000; Schreiber et al., 2020). PB1, PB2, PA, NP, NS1, NEP/NS2,
and M1 are translated on cytosolic ribosomes and are imported back into the
nucleus to further assist in the replication cycle and assembly of VRNPs (Dou et
al., 2018). HA, NA, and M2 are translated on endoplasmic reticulum (ER)
membrane-bound ribosomes, folded in the ER, and trafficked to the Golgi
apparatus for post-translational modification (Copeland et al., 1986). The HA
protein is transported from the ER as a precursor (HAO) and is cleaved into HA1
and HA2 subunits to become functionally active (Klenk et al., 1975; Lazarowitz
and Choppin, 1975). In humans, HAOQ is cleaved at the carboxyl terminus of the
arginine residue by serine endoproteases secreted by cells in the respiratory
tract (Klenk and Garten, 1994; Bertram et al., 2010). Such proteases include

transmembrane protease serine S-1 member 2 (TMPRSS2) and human airway
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trypsin-like protease (HAT), located at the Golgi and plasma membrane,

respectively (Bottcher et al., 2006; Dou et al., 2018). In contrast, avian IAV
strains have an insertion mutation at the HAO cleavage site, allowing
ubiquitously expressed proteases to cleave HAO in multiple organs in birds (Rott
et al., 1995; Taubenberger, 1998).

VRNPs are transported to the cell membrane either by diffusion or via
Rab11-dependent vesicles that move along actin filaments (Digard et al., 1999;
Amorim et al., 2011; Hutchinson and Fodor, 2012; de Castro Martin et al., 2017).
Membrane budding is potentially initiated by the accumulation of viral proteins
at the lipid bilayer, particularly the M1 protein, which alters membrane
curvature (Rossman and Lamb, 2011; Dahmani, Ludwig and Chiantia, 2019). All
eight viral segments are packaged into budding virus particles (Hutchinson et al.,
2010). To complete the viral replication cycle, the NA protein cleaves SA from
the host cell surface, breaking the bond between HA and SA, and releasing the
newly formed progeny virus particles from the infected cell (Lai et al., 2010;
Long et al., 2019).
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1.2.4. Antigenic drift and shift

Both antigenic drift and shift contribute to IAVs ability to evade the
immune system and cause recurrent seasonal epidemics and sporadic pandemics.
Antigenic drift refers to the gradual accumulation of minor changes in key viral
epitopes, principally HA and NA, through point mutations in the viral genome
(Both et al., 1983). IAV mutates at a high frequency due its low-fidelity RNA
polymerase which lacks proof-reading abilities; therefore, nucleotide
substitutions are not corrected, and genome diversity expands upon selection
(Parvin et al., 1986; Drake, 1993). When the mutation rate surpasses a critical
threshold, slower but more robust replicating viruses tend to outperform their
faster-mutating counterparts - a phenomenon termed “survival of the flattest”
(Wilke et al., 2001). RNA viruses typically replicate near the edge of an “error
catastrophe” limit, which allows them space to explore available mutations
whilst maintaining essential viral components (Domingo, 1997; Drake and
Holland, 1999). The continually changing epitopes are selected by host
immunity, leading to the immune escape from seasonal vaccinations or previous

infections (Couceiro, Paulson and Baum, 1993).

In contrast to the gradual changes seen with antigenic drift, antigenic
shift involves a sudden and substantial change in the HA and NA proteins, due to
the exchange of entire gene segments (Webster et al., 1982). This can lead to
the introduction of unrecognised HA or NA surface antigens into the human
population from alternate animal reservoirs. This process, known as
reassortment, can occur when two different strains of IAV infect the same host
cell and exchange genetic material, resulting in a virus with human pandemic
potential and increased disease severity (Cox and Subbarao, 2000). Historically,
several influenza pandemics have resulted from antigenic shift. The 1918 H1N1
pandemic, which led to an estimated 50-100 million deaths, is believed to have
originated from an avian virus that crossed over to humans (Johnson and
Mueller, 2002). Subsequent pandemics, 1957 H2N2 and 1968 H3N2, have been
linked to avian origins (Kawaoka, Krauss and Webster, 1989; Claas et al., 1998).
Swine, which can be infected with both human and avian IAV strains, are
proposed to serve as intermediary hosts that facilitate reassortment events
(Ludwig et al., 1995). The 2009 H1N1 pandemic originated from pigs, with a
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triple-reassortant virus containing swine, avian, and human genes, underscoring

the critical role swine play in the emergence of novel IAVs (Trifonov, Khiabanian
and Rabadan, 2009; Zeng et al., 2011; Nelson and Worobey, 2018).
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1. 3. Host immune barriers to influenza virus infection

1.3. 1. Physical barriers to infection

To protect the respiratory tract from infection, the epithelium is coated
with mucus secreted by goblet cells and submucosal glands (Rubin, 2002;
Ganesan, Comstock and Sajjan, 2013). The lower layer of mucus is less viscous
than the upper layer, allowing ciliated cells underneath to beat in coordination
to expel mucus from the airway (Wanner, Salathé and O’Riordan, 1996; Knowles
and Boucher, 2002). Mucus contains mucin glycoproteins which act as decoy
receptors for IAV, as they express SA allowing the binding of HA proteins (Rose
and Voynow, 2006; Ehre et al., 2012; Zanin et al., 2016; McAuley et al., 2017).
IAV becomes trapped within the mucus layer and is removed from the body via
mucociliary clearance (Button et al., 2012). To evade this defence, the IAV NA
protein constantly removes SA from mucins, allowing the virus to penetrate the

mucus layer (Matrosovich et al., 2004b; Cohen et al., 2013).

Epithelial cells also present a physical barrier to IAV infection as they
form tight junctions with neighbouring cells to stabilise the epithelium. Tight
junctions are composed of proteins including claudins, occludins, junction
adhesion molecules, and ZO-1 (Otani and Furuse, 2020). However, IAV can
impair this barrier by downregulating key components of tight junctions, such as
Claudin-4 (Short et al., 2016). Additionally, IAV NS1 protein has been shown to
bind to tight junctions through a PDZ-binding motif, rearranging ZO-1 and
occludin, to disrupt barrier integrity (Golebiewski et al., 2011). Damage to the
epithelial-endothelial barrier in alveolar cells can lead to fluid leaking into the
alveolar space, and the subsequent development of ARDS, highlighting the
critical role of the epithelial barrier (Short et al., 2014).

1.3.2. Intrinsic immune response to infection

The intrinsic immune response provides an immediate defence against
infection by directly restricting viral replication before the onset of innate

immune defences (Bieniasz, 2004). Intrinsic restriction factors are constitutively
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expressed, providing cells with a pre-existing level of immunity to infection (Yan

and Chen, 2012). Interferon-induced transmembrane (IFITM) proteins play a
significant role in inhibiting the cellular entry of a broad range of viruses
(Meischel et al., 2021; Majdoul and Compton, 2022). IFITM3, in particular, is
constitutively expressed in endosomes and impedes the fusion of IAV and cellular
membranes, thus blocking the internalisation of IAV VRNPs (Brass et al., 2009;
Desai et al., 2014; Klein et al., 2023). It modulates lipid composition of the
endosomal membrane, increasing the energy barrier required for fusion pore
formation, resulting in the virus being degraded by host proteases and lipases
(Feeley et al., 2011; Everitt et al., 2012; Klein et al., 2023). Other members of
the IFITM family, such as IFITM1 and IFITM2, also contribute to the inhibition of
IAV entry and can be upregulated to enhance the antiviral response (Meischel et
al., 2021).

Another key player in intrinsic immunity is zinc metallopeptidase STE24
(ZMPSTE24), which is constitutively expressed in nuclear membranes and
organelles (Fu et al., 2017). While its endoprotease activity is necessary for the
biogenesis of lamin A and maintaing structural integrity of nuclear membranes,
it also contributes to antiviral defence in conjunction with IFITM proteins
(Pendas et al., 2002; Wang et al., 2017). ZMPSTE24 also shows independent
inhibition of 1AV, proposed to act similarly to IFITM proteins, though it is not
further upregulated by IFN (Fu et al., 2017).

The TRIpartite Motif (TRIM) proteins are another class of restriction
factors that play a role in defence against both RNA and DNA viruses (Wei et al.,
2024). These proteins function as E3 ligases due to their RING domains,
facilitating the ubiquitination and degradation of viral proteins (Meroni and Diez-
Roux, 2005; Cai et al., 2022). For instance, TRIM22 is constitutively expressed in
bronchial epithelial cells and has been shown to target IAV NP for
polyubiquitination and degradation (Di Pietro et al., 2013; Charman et al.,
2021). Similarly, TRIM41 constitutively expressed in alveolar cells and has been
shown degrade NP (Patil et al., 2018). TRIM32 is also constitutively expressed in
alveolar cells where it targets IAV PB1 and directly ubiquitinates it, consequently

reducing viral polymerase activity (Fu et al., 2015). Thus, intrinsic immune
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barriers can inhibit the initiation of infection by blocking the virus from entering

a productive infectious cycle.

1.3.3. Innate immune response to infection

The innate immune response begins shortly after infection and plays a
crucial role in controlling viral replication and spread. Unlike intrinsic immunity,
innate immunity inhibits viral infection following the activation of signalling
cascades that directly upregulate the expression of antiviral proteins. Conserved
components of IAV VRNA, not typically shared by host cellular RNAs, can act as
pathogen-associated molecular patterns (PAMPs) (Chen et al., 2018). These are
recognised by host pattern recognition receptors (PRRs), such as retinoic acid-
inducible gene-I protein (RIG-I) and Toll-like receptors (TLR) (Rehwinkel et al.,
2010). RIG-I-like receptors (RLRs) are constitutively expressed in the cytoplasm
of bronchial epithelial cells (Le Goffic et al., 2007). RLRs caspase activation and
recruitment domains (CARD) domains are exposed upon recognition of
intracellular foreign single-stranded RNA (ssRNA) (Pichlmair et al., 2006;
Yoneyama and Fujita, 2007). CARD is ubiquitinated by the E3 ligase TRIM25,
which translocates RIG-I to the mitochondria, where it interacts with
mitochondrial antiviral signalling protein (MAVS) (Gack et al., 2007). MAVS
triggers downstream signal transduction pathways, and recruits transcription
factors, such as interferon regulatory factor 3 (IRF3) and nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB)), to induce expression of type |
IFNs (IFN-a/B) and other proinflammatory cytokines (Seth et al., 2005; Hiscott et
al., 2006; Kolakofsky, Kowalinski and Cusack, 2012). IAV infection can further
upregulate the expression of RLRs via a positive IFN feedback loop (Le Goffic et
al., 2007)

In addition to RLRs, TLR3 and TLR4 also play a key role in the innate
immune response to IAV by increasing the expression of IFNs (loannidis et al.,
2013). TLR3 is constitutively expressed on the surface of bronchial epithelial
cells and within endosomes, where it recognises unidentified RNA in
phagocytosed cells and double-stranded RNA (dsRNA) in endosomes (Alexopoulou
et al., 2001; Guillot et al., 2005; Schulz et al., 2005; Kumar, Kawai and Akira,
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2011; loannidis et al., 2013). TLR7, on the other hand, recognises IAV ssRNA

within the endosomes of plasmacytoid dendritic cells (Diebold et al., 2004; Lund
et al., 2004). Both TLR3 and TLR7 induce transcription of type | IFNs via the
myeloid differentiation factor 88 (MyD88) and Toll-interleukin-1 receptor-
domain-containing adaptor-inducing IFN-B (TRIF) signalling pathways
(Alexopoulou et al., 2001; Guillot et al., 2005; Le Goffic et al., 2007; Pang and
Iwasaki, 2011).

Following PRR-PAMP recognition, the expression of type | IFNs leads to
autocrine and paracrine signalling (Park and Iwasaki, 2020). IFN binds to the IFN-
a/B receptor (IFNAR), which is associated with Janus kinases (JAKs) (Randall and
Goodbourn, 2008). This creates a conformational change in IFNAR, and the
activation of JAK, which phosphorylates signal transducer and activator
transcription (STAT) proteins (Stark et al., 1998). Phosphorylated STAT1/2 then
recruit IRF-9 to form the ISGF3 complex, which binds to IFN-stimulated response
elements (ISREs) to activate the transcription of IFN-stimulated genes (ISGs)
(Garcia-Sastre, 2002). Hundreds of ISGs are upregulated in response to IAV
infection, including protein kinase R (PKR), MxA/1, and OAS family members,
which creates a broadly neutralising intracellular antiviral state. PKR is a
serine/threonine protein kinase that binds to IAV dsRNA and phosphorylates
eukaryotic translation initiation factor 2 (elF-2), inhibiting the translation of
mRNAs (Balachandran et al., 2000). MxA/Mx1 is a GTPase that blocks the nuclear
import of VRNPs and binds to IAV NP to inhibit viral transcription (Turan et al.,
2004; Xiao et al., 2013). Members of the OAS family, such as OAS3, bind to IAV
dsRNA, activating RNase L endoribonuclease activity which cleaves and degrades
VRNA (Min and Krug, 2006; Li et al., 2016). Despite these defence mechanisms,
IAV has evolved strategies to evade these cellular IFN-mediated immune
defences (Table 1.2). For example, the NS1 protein is particularly important in
counteracting immune responses activated in response to IAV infection,
predominantly through immune antagonism functions, and IAV lacking NS1
demonstrate reduced replication and pathogenicity in IFN-competent in vitro

and in vivo models (Garcia-Sastre et al., 1998; Nogales et al., 2018).
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IAV proteins counteracting innate immune responses.

Protein

Function

Examples

IFN

antagonist

NS1 blocks NF-kB, IRF3, and IRF7 activation to prevent
transcription of type | IFNs (Talon et al., 2000; Wang et al.,
2000; Geiss et al., 2002).

NS1 directly binds to ubiquitin ligase TRIM25, inhibiting RIG-I
ubiquitination and activation, blocking signal transduction
and subsequent type | IFN production (Gack et al., 2009;
Rajsbaum et al., 2012).

NS1

ISG

antagonist

NS1 binds to dsRNA, blocking activation of IFN-induced
protein kinase (PKR), inhibiting phosphorylation of elF-2, thus
lifting the PKR translational block (Lu et al., 1995; Min et al.,
2007).

NS1 competes with OAS proteins for dsRNA binding, inhibiting
RNase L viral degradation (Min and Krug, 2006).

Host cell
mRNA

inhibitor

NS1 interacts with the cleavage and polyadenylation
specificity factor (CPSF), an essential component of host cell
MRNA processing, inhibiting cleavage and polyadenylation of
host cell pre-mRNA, thus preventing their nuclear export and
protein synthesis (Fortes, Beloso and Ortin, 1994; Qiu and
Krug, 1994; Nemeroff et al., 1998). Nuclear export of VRNAs
remains unaffected as the viral polymerase complex is
responsible for their polyadenylation (Robertson, Schubert

and Lazzarini, 1981).

NP

ISG escape

NP can acquire mutations, particularly at residues 1001/V,
283P, and 313Y, to escape the action of MxA (Manz et al.,
2013). Though escape still results in decreased nuclear
import of VRNPs by MxA (Gotz et al., 2016).

PB1-F2

IFN

antagonist

PB1-F2 interacts with MAVS to inhibit type | IFN production
(Varga and Palese, 2011).

PA-X

IFN

antagonist

PA-X reduces expression of MAVS-dependent type | IFNs
(Rigby et al., 2019).




33
1.3.4. Epigenetic modulation of immune responses

Regulation and induction of the host immune response to infection can be
significantly influenced by reversible epigenetic modification, which can alter
gene expression levels. Epigenetic mechanisms are key in determining the
accessibility of chromatin for transcription, thereby influencing cellular

responses to viral infections.

Within the nucleus, genomic DNA is packaged into chromatin through the
binding of histones. The fundamental unit of chromatin is the nucleosome,
composed of DNA wrapped around octamers of core histone proteins H2A, H2B,
H3, and H4 (Luger, Dechassa and Tremethick, 2012). Histone protein H1 links the
DNA and histone octamers to stabilise the complex, and facilitates chromatin
folding into higher order structures (Kalashnikova, Rogge and Hansen, 2016; Pan
and Fan, 2016). Chromatin folding can render areas of the DNA transcriptionally
active or inactive (Grigoryev, 2012). Most chromatin exists as heterochromatin,
which is densely folded and transcriptionally inactive (Grewal and Jia, 2007;
Morrison and Thakur, 2021). More loosely folded regions of chromatin, termed
euchromatin, are more accessible for transcription factors to bind DNA,
rendering these areas of chromatin more transcriptionally active (Morrison and
Thakur, 2021). External chromatin modifications, such as DNA methylation and
histone modification, can regulate gene expression without altering the DNA
sequence, and is referred to as “epigenetics” (Kanwal and Gupta, 2012). Prior to
viral infection, baseline levels of intrinsic immunity are known to be regulated
by the epigenetic state of the cell (Sun and Barreiro, 2020; Felipe Fumero et al.,
2024). Upon infection, the epigenome is also known to be modified, further
contributing to the levels of innate immune induction observed within cells,

including ISG expression (Lefkowitz et al., 2024).

DNA methylation involves the addition of methyl groups to DNA promoters
to prevent transcription factor binding and gene expression (Lefkowitz et al.,
2024). This process is catalysed by DNA methyltransferases (DNMTs), such as
DNMT1, DNMT3a, and DNMT3b, which are referred to as “writers” of epigenetic
marks (Moore, Le and Fan, 2013). DNMT1 binds to hemimethylated sites on DNA

during replication to copy and maintain methylation patterns throughout
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replication cycles, while DNMT3a and DNMT3b are involved in de novo

methylation (Moore, Le and Fan, 2013; Lefkowitz et al., 2024). Ubiquitin-like
containing PHD and RING finger (UHRF) proteins and methylated DNA binding
domain (MBD) proteins are “readers” which can recognise epigenetic marks
(Cheng et al., 2019). UHRFs recruit DNMT1 to the binding site to maintain
methylation, while MBDs help to induce histone modifications to alter the
accessibility of DNA for transcription (Bashtrykov et al., 2014; Cusack et al.,
2020). DNA demethylation can restore genes to their unmodified state and is

catalysed by ten-eleven translocation (TET) methylcytosine dioxygenase

proteins, such as TET1, TET2, and TET3, known as “erasers” (He et al., 2011; Wu
and Zhang, 2017).

During IAV infection, the expression of DNMT1, DNMT3a, and DNMT3b is
downregulated, leading to changes in the methylation status of genes encoding
inflammatory proteins (J. Fang et al., 2012; Mukherjee, Vipat and Chakrabarti,
2013; Zhao et al., 2023). For instance, DNMT1 and DNMT3b methylate the
promoter of IL-32, a proinflammatory cytokine, silencing its transcription in
uninfected cells (Li et al., 2010). However, during IAV infection, the binding of
DNMT1 and DNMT3b to the IL-32 promoter is reduced, increasing IL-32 expression
which inhibits viral replication (Li et al., 2008, 2010). Similarly, demethylation
of IL-17C and IL-13 gene promoters during IAV infection leads to the upregulation
of these interleukins, which increasing the production of proinflammatory
cytokines and chemokines (Mukherjee, Vipat and Chakrabarti, 2013).
Furthermore, the UHRF1 protein represses the production IFN-B and ISGs, such
as IF130, OAS1l, OAS3, and Mx1 in uninfected cells (Gao et al., 2021). IAV
infection reduces UHRF1 expression, leading to the demethylation of the IFN-B8
promoter and increased IFN-B transcription. Thus, changes in host DNA
methylation induced by IAV infection can increase the production of IFNs, ISGs,

and interleukins to reduce viral replication.

In addition to DNA methylation, modifications of histone proteins play a
critical role in regulating gene expression. The amino-terminal domains of
histones, termed histone tails, serve as scaffolds for the assembly of protein
complexes and are subject to post-translational modifications to control gene

expression (Bowman and Poirier, 2015). Modifications involve the binding of
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acetyl or methyl groups to histone tails which can alter the configuration of

chromatin, thereby influencing the accessibility of DNA for transcription (Miller
and Grant, 2013). Histone methylation, acetylation, and deacetylation is
mediated by histone methyltransferases, histone acetyltransferases, and histone
deacetylases (HDAC). HDACs, particularly HDAC1, have been shown to
upregulate the expression of type | IFNs and I1SGs, such as ISG15, ISG54, IFITM1,
IFITM2, IFITM3, and viperin, to increase the innate immune response to IAV
infection (Nagesh and Husain, 2016). Additionally, HDAC6 acetylates
microtubules, decreasing the trafficking of IAV HA to the plasma membrane,
thus preventing viral budding (Husain and Cheung, 2014). Thus, host histone
modification can reduce IAV replication by increasing the production of IFNs and

ISGs and reducing microtubule trafficking.

Epigenetic modifications at the RNA level, such as methylation, can also
alter gene expression. The post-transcriptional N6-methyladenosine (m°A)
modification methylates the N6 position of adenosine in RNA and is known to
impact mRNA function (X. Liu et al., 2024). Methyltransferase dimers,
METTL3/METTL14, and the co-factor Wilms tumour 1-associated protein (WTAP)
interact to form the methyltransferase complex, which recognise and methylate
RNA (Flamand, Tegowski and Meyer, 2023). The binding of WTAP promotes the
complex to localise to mRNA-rich sites in the nucleus (Ping et al., 2014). Upon
viral infection, TBK1, a key component of the type | IFN signalling pathway,
phosphorylates METTL3 to enhance its catalytic activity (Chen et al., 2022).
METTL3 stabilises IRF3 transcripts through m®A modification to promote their
expression, subsequently inducing IFN-B production and the expression of ISGs.
Thus, host cell regulation of RNA methylation can increase the immune response

to viral infection and reduce viral replication.

While host cells use epigenetic modifications to enhance immune
responses, viruses have evolved strategies to manipulate host epigenetic
machinery to their advantage (Locatelli and Faure-Dupuy, 2023). IAV heavily
relies on host cellular machinery for its lifecycle and there is a growing body of
evidence that IAV alters host epigenetics to reduce IFN production and enhance
viral replication (Table 1.3) (Keshavarz et al., 2021). Although much is known

about epigenetic manipulation by DNA viruses, the strategies employed by IAV
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are less explored and represents an important area of ongoing research (Hu,

Zhang and Liu, 2020). Investigating the epigenetic regulation of the antiviral
immune response to IAV infection, and proviral antagonism by IAV, is critical to
better understand host-virus interactions and to identify new classes of

inhibitors targeting epigenetic modification (X. Liu et al., 2024).
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Table 1.3: IAV exploitation of host cell epigenetics.

Epigenetic
. Examples
mechanism
IAV NS1 binds DNMT3B and transports it to the cytoplasm for
DNA ubiquitination and degradation, preventing the methylation of

methylation

suppressors of JAK-STAT signalling. This results in the overexpression
of suppressors of JAK-STAT signalling which reduce the host cell

immune response and enhance viral replication (Liu et al., 2019).

RNA

methylation

IAV HA, NA, M1, M2, and NP mRNAs contain m°A sites and METTL3-
mediated m°A modification increased viral gene expression and
replication, potentially by stabilising transcripts (Courtney et al.,
2017).

IAV infection upregulates the expression of YTHDC1 - an m®A
“reader”. YTHDC1 binds an m®A site on NS1 mRNA at a splice site to
inhibit splicing of NS1, decreasing NEP expression, thus increasing
viral replication (Zhu et al., 2020, 2023).

Histone

methylation

Type | IFN produced upon IAV infection upregulates Setdb2, an ISG
and lysine methyltransferase that trimethylates H3K9, which silences
Mx1 and Isg15 in vivo and IL-2 and IL-10 in vitro (Kroetz et al., 2015;
Schliehe et al., 2015).

Histone

demethylation

IAV decreases H3K79 methylation, which suppresses IFN-B8 and 1SGs
Mx1 and ISG56 (Marcos-Villar et al., 2018).

IAV downregulates HDAC1 expression by promoting its degradation,
inhibiting STAT1 and ISG expression of IFITM3, ISG15, and viperin
(Nagesh and Husain, 2016; Husain, 2024).

IAV NP interacts with HDAC1, enhancing the acetylation of IAV

Histone
] proteins, promoting their stability and function to enhance viral

acetylation o
replication (Chen et al., 2017).
HDAC8 enhances endocytosis and acidification of AV virions by
maintaining microtubule organisation for virion transport (Yamauchi
etal., 2011).

) IAV capsids mimic misfolded proteins, using ubiquitin chains to
Histone

deacetylation

recruit HDAC6 to fusion sites, allowing the uncoating of capsids and

VRNP entry to the cytosol (Banerjee et al., 2014).

Histone

mimicry

The C-terminus of AV NS1 protein shares a similar sequence to
histone H3K4, acting as a histone mimic to downregulate the
transcription of type | IFNs and ISGs IFIT1 and IFI6 (Marazzi et al.,
2012; Qin et al., 2014).




38
1.4. Vaccines

Vaccination is the primary strategy for preventing influenza infection,
reducing severe disease, and managing the spread of drug-resistant strains
(Krammer and Palese, 2015). The WHO Global Influenza Surveillance and
Response System (GISRS) continuously monitors circulating strains to recommend
the seasonal reformulation of vaccine compositions to keep pace with antigenic
drift (Salk and Suriano, 1949; Payne, 1953; Ziegler et al., 2022). However,
vaccine composition decisions are made 9-12 months before the intended
influenza season, and the circulating strains may differ from the predicted
strains, which reduces vaccine efficacy (Carrat and Flahault, 2007; Treanor,
2020). Currently, licenced influenza vaccines target the HA protein to produce
neutralising antibodies that block viral attachment to the host cell SA receptor
(Houser and Subbarao, 2015; Han et al., 2019). Since HA is under positive
selection to escape neutralisation by pre-existing antibodies, the virus can
mutate to evade immune detection (Chai et al., 2016). There are three classes
of licenced vaccines: live attenuated, inactivated, and recombinant HA vaccines,
all of which are multivalent, comprising both influenza A and B virus

components.

Live attenuated influenza vaccines (LAIV), Fluenz and Flumist, are
administered intranasally and contain live viruses with temperature
sensitive/attenuating mutations (Gould, Easton and Dimmock, 2017). These
quadrivalent vaccines include a mix of HIN1 and H3N2 IAV and two lineages of
IBV on an Ann Arbor backbone (Carter and Curran, 2011). LAIV viruses replicate
at the cooler temperatures of the nasal cavity but are restricted by the higher
temperatures of the lower respiratory tract (Chan et al., 2008; Fischer et al.,
2015). It is recommended for children aged 2-18 years and provides protection
for up to a year, although it is not suitable for individuals with egg allergies
(Mohn et al., 2015; UK Health Security Agency, 2024). The effectiveness of LAIV
ranges from 18-48%, with suboptimal efficacy attributed to the mismatches

between vaccine antigens and circulating strains (Caspard et al., 2017).

Recombinant vaccines, Flublok and Fluzone, are administered

intramuscularly and contain HA proteins expressed in insect cells (Baxter et al.,
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2011). These trivalent and quadrivalent vaccines contain HIN1 and H3N2 IAV and

1 to 2 lineages of IBV (Baxter et al., 2011; Kackos et al., 2023). The
manufacturing process is shorter than LAIV and does not contain egg proteins
(Cox, Patriarca and Treanor, 2008). They are recommended for individuals over
6 months old, and shows protection in immunocompromised individuals over 65
year old (Keitel et al., 1994, 1996; Hsiao et al., 2023). Lastly, inactivated
influenza vaccines, such as Flulaval, are trivalent and quadrivalent vaccines
containing a mix of H1IN1 and H3N2 IAV and 1 to 2 lineages of IBV. They are also
licenced for individuals over 6 months old, immunocompromised individuals, and
individuals over 65 years (Kieninger et al., 2013; Tinoco et al., 2014; Bekkat-
Berkani et al., 2016). In 2024, the WHO recommended trivalent formulations of
both inactivated and recombinant vaccines for countries located within the
northern hemisphere (World Health Organization, 2024).

Standard influenza vaccines necessitate continuous monitoring and
predictions of circulating strains to formulate the most effective vaccine for the
upcoming season. Given their varying efficacy, the development of a universal
vaccine is of high priority. A successful universal vaccine would provide broad
and long-term immunity against all strains by targeting conserved antigens.
Research is ongoing, with clinical trials exploring vaccines targeting the exterior
of M2, the stem of HA, NP, and M1, to assess their ability to produce cross-
protective antibody responses (Francis et al., 2015; van Doorn et al., 2017,
Boyoglu-Barnum et al., 2021; Mezhenskaya et al., 2021; Nachbagauer et al.,
2021). Moreover, next generation influenza mRNA vaccines are currently being
developed due to their success in the COVID-19 pandemic (Isakova-Sivak and
Rudenko, 2024). These vaccines can be produced quicker than traditional
vaccinations, allowing for a more rapid response potential IAV outbreaks (Kackos
et al., 2023). Quadrivalent mRNA vaccines containing a mix of HIN1 and H3N2
IAV and 2 lineages of IBV have shown promise in recent phase | and Il clinical
trials, and pentavalent vaccines containing an additional H3N2 strain elicited
enhanced antibody responses (I. T. Lee et al., 2023; Hsu et al., 2024).
Nonetheless, immunity from previous infections and currently licenced
vaccinations wanes over time due to antigenic drift and shift in circulating

strains. The COVID-19 pandemic highlighted issues with vaccine supply chains,
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underscoring the need for a broader range of effective therapeutics as part of

global pandemic preparedness (Alam et al., 2021; Shet et al., 2021).

1.5. Antivirals

Current antiviral strategies against IAV can target viral proteins directly,
or indirectly, by targeting the host’s cellular machinery required to support viral
replication. Licenced antiviral drugs are designed to inhibit various stages of the

IAV lifecycle, including entry, uncoating, replication, assembly, and budding.
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Figure 1.2: Mechanism of action of influenza virus antivirals. Illustration of influenza

virus lifecycle, highlighting the stages inhibited by HA, NA, M2, polymerase direct

acting antivirals, and host directed antivirals DAS-181 and nitazoxanide. Adapted from

template on Biorender (https://app.biorender.com).
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1.5. 1. M2 protein inhibitors

Adamantanes, such as amantadine (Symmetrel®) and rimantadine
(Flumadine®), were the first class of antiviral drugs approved for the treatment
of influenza. These drugs block the M2 ion channel, preventing the influx of
hydrogen ions into the viral interior, which is necessary for lowering the pH. This
prevents viral uncoating and the subsequent release of viral RNA into the host
cell. These inhibitors are effective only against IAV and must be administered
within 48 hours of symptom onset to be effective. However, the emergence of
drug-resistant variants has greatly reduced their clinical utility. By the
2005/2006 flu season, 90% of circulating strains were resistant to adamantanes
(Bright et al., 2006). These resistant isolates are genetically stable,
transmissible, and equally as pathogenic as wild type 1AV, and thus these

inhibitors are no longer a recommended treatment.

1.5.2. Neuraminidase inhibitors

Neuraminidase inhibitors (NAls) prevent the release of progeny viruses
from infected cells by blocking the cleavage of SA, thus inhibiting further viral
spread in the respiratory tract (Gubareva, Kaiser and Hayden, 2000). Two NAls,
zanamivir (Relenza, GG167) and oseltamivir phosphate (Tamiflu, GS4 104), are
authorised for use in the European Economic Area for treatment and prophylaxis
of influenza disease. These drugs, which are sialic acid analogues, fit into active
site pocket of NA, acting as reversible competitive inhibitors of both IAV and IBV
NAI treatment administered within the first 48 hours after symptom onset has
been shown to shorten the duration of disease (Aoki et al., 2003; Jefferson et
al., 2014; Dobson et al., 2015). While NAls are generally less likely to induce
resistance compared to M2 inhibitors, mutations in NA altering the architecture
of the active site, such as the His274Tyr mutation, weaken oseltamivir binding
and have led to resistant strains emerging (Brown, 2000; Collins et al., 2009;
Bloom, Gong and Baltimore, 2010). NAI resistant mutants can be obtained when
serial passaging in the presence of the drug, and more concerningly 100% of
circulating strains in Japan were resistant to Tamiflu during the 2008/2009 flu

season (Tai et al., 1998; Baranovich et al., 2010).
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1.5.3. Polymerase inhibitors

Polymerase inhibitors target the subunits of the influenza virus RdRp,
including PB1, PB2, and PA. Favipiravir (T-705) is recognised as a purine
nucleoside analogue and gets incorporated into the nascent RNA strand (Sangawa
et al., 2013). This inhibitor competitively prevents adenosine and guanine
triphosphates from being incorporated instead, thus inhibiting RNA elongation by
PB1. Furthermore, favipiravir also induces lethal mutagenesis by increasing
nucleotide mutation frequency, resulting in functionally impaired proteins
(Baranovich et al., 2013; Vanderlinden et al., 2016). Favipiravir exhibits broad
inhibition of RNA viruses, effective against IAV, IBV, ICV, IDV, and NAIl and
amantadine resistant strains (Furuta et al., 2002a; Mishin et al., 2019). There
have been few reports of resistance to favipiravir, with only two in vitro studies
observing resistant strains containing a mutation in the IAV H7N9 PB1 gene and
compensatory mutation in PA gene, which do not show a viral fithess advantage
in vivo (Goldhill et al., 2018, 2021; Komeno et al., 2022). Favipiravir is an
approved anti-influenza treatment in Japan, and no resistant variants have been
found in phase IlIb and Ill clinical trials (Takashita et al., 2016; Mu et al., 2023)

Baloxavir marboxil (S-033188) inhibits the PA protein by binding to its
endonuclease domain, blocking its cap-dependent endonuclease activity (Noshi
et al., 2018; Omoto et al., 2018). Baloxavir is effective against IAV, IBV, ICV,
and IDV, and is approved for use in Japan and the USA (Mullard, 2018; Mishin et
al., 2019). However, resistance due to PA amino acid substitutions has been
observed in vitro, and up to 8% of AV strains monitored in Japan contained a PA
138 substitution responsible for resistance, even in patients without prior
inhibitor exposure, indicating human-to-human transmission of resistant strains
(Noshi et al., 2018; Omoto et al., 2018; Gubareva et al., 2019; Takashita et al.,
2019). Pimodivir (VX-787) is a PB2 inhibitor that binds to its cap-snatching
domain, preventing RNA binding (Clark et al., 2014). It inhibits IAV, including
strains resistant to NAls and amantadines (Byrn et al., 2015). However, PB2
mutations conferring reduced susceptibility to pimodivir have been observed in
vitro and in phase lIb clinical trials (Byrn et al., 2015; Finberg et al., 2019).
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1.5.4. Hemagglutinin inhibitors

Monoclonal antibodies (mAbs) target the globular head or stalk regions of
the HA protein. Importantly, antibodies targeting the HA stalk domain usually
exhibit broad-spectrum activity against multiple subtypes (Throsby et al., 2008;
Kirkpatrick et al., 2018). For example, mAbs like 9H10 and CR6261 recognise
conserved pockets on the HA stalk, preventing pH-mediated conformational
changes in HA, thus inhibit HA-dependent fusion of the viral and endosomal
membranes, and disrupting viral egress (Ekiert et al., 2009; Tan et al., 2014).
mABs have shown inhibition of IAV and IBV in vitro and in vivo, with some
demonstrating reduced disease severity in phase Il clinical trials (DiLillo et al.,
2014; Tan et al., 2014; McBride et al., 2017). Additionally, NA-targeting mAbs
have demonstrated inhibition of IAV and IBV (Yasuhara et al., 2022).

Umifenovir (Arbidol, DB13609) inhibits HA-induced virus-cell membrane
fusion by binding to the HA stem and stabilising it before fusion, thus preventing
the required conformational change for membrane fusion in the endosome
(Kadam and Wilson, 2017). Umifenovir has demonstrated inhibition of IAV and
IBV in vitro and in vivo, including amantadine-resistant strains, with no reported
resistance (Leneva et al., 2005, 2016; Shi et al., 2007). Randomised control
trials have shown umifenovir treatment shortens the time to relieve clinical
symptoms, and is licenced for use in Russia and China (Wang et al., 2004;
Kolobukhina et al., 2008; Blaising, Polyak and Pécheur, 2014; Pshenichnaya et
al., 2019).

1.5.5. Host-directed antivirals

The emergence of drug-resistant viruses necessitates the development of
novel inhibitors targeting non-viral components, such as host cellular factors
(Watanabe et al., 2014). Host-directed antivirals have gained traction in recent
years, particularly because they are less likely to produce drug-resistant mutants
(van de Wakker, Fischer and Oosting, 2017; N. Kumar et al., 2020). For example,
Fludase (DAS-181) is an enzyme-based sialidase fusion protein which binds to

respiratory epithelial cells and removes a2,6- and a2,3-linked SA receptors on
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the surface to prevent HA attachment (Chan et al., 2009). It inhibits IAV and IBV

in vitro and in vivo, including NAl-resistant strains (Malakhov et al., 2006; Belser
et al., 2007; Triana-Baltzer et al., 2009). While phase Il clinical trials showed a
reduction viral load, the treatment did not significantly affect the severity of
clinical symptoms, and prolonged use led to adverse effects (Moss et al., 2012;
Zenilman et al., 2015).

Nitazoxanide inhibits HA glycosylation and transport from the ER to the
Golgi apparatus, preventing the maturation of HA, and ultimately preventing
virion assembly at the plasma membrane (Rossignol, 2014). It was originally used
as antiparasitic drug but has been repurposed, showing inhibition of IAV and IBV,
including NAl-resistant strains, with no resistance reported (Rossignol, 2014;
Tilmanis et al., 2017; Stachulski et al., 2021). Phase IlIb and Ill clinical trials have
shown that it shortens the time to relieve clinical symptoms and reduces viral
titres (Haffizulla et al., 2014). Host-directed antivirals offer alternative
therapeutic strategies by targeting essential host factors involved in the viral
lifecycle. These approaches may overcome limitations associated with direct-
acting antivirals; however, further research is required to explore potential host

targets.
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1.6. Cell culture models for influenza virus drug discovery

1.6.1. 2D vs. 3D cell culture models for antiviral drug discovery

In vitro cell culture is a crucial component in the drug development
process. The majority of cell cultures used in drug discovery utilise two-
dimensional (2D) monolayers of cells grown on flat plastic surfaces. For decades,
2D cell cultures have been instrumental in providing significant insights into
disease mechanisms and drug discovery processes (Kapatczynska et al., 2018;
Roman et al., 2023). 2D models typically use laboratory-adapted, transformed,
or immortalised cell lines, such as Madin-Darby canine kidney epithelial (MDCK)
cells and human lung alveolar adenocarcinoma (A549) cells. Cell lines are highly
valuable in virology research due to their susceptibility to infection by a wide
range of viruses and their ability to produce high viral titres (Powell and Waters,
2017). 2D cultures offer several advantages: they are relatively inexpensive,
highly replicable, and results are easy to interpretate (Kaur and Dufour, 2012).
These features make them valuable for high-throughput drug screening,
particularly in the initial stages of antiviral drug discovery. However,
immortalised cell lines have dysregulated antiviral immune responses and are
highly permissive to infection, thus not predictive of disease outcome in humans
(Stojdl et al., 2000). Primary cells isolated from biopsies can also be used,
demonstrating more complex immune responses in comparison to transformed
cell lines, resulting in increased viral restriction (Hsu et al., 2012). Though,
despite retaining many in vivo properties, they have limited life spans and are
costly (Richter et al., 2021). 2D cell cultures also lack cellular differentiation, so
cannot mimic tissue structures and functions of the human lung (Ross et al.,
2007; Bhowmick et al., 2018). Ultimately, 2D cultures are not physiologically
representative of the human lung environment, and, as a result, often show drug
efficacy that does not translate effectively to more complex, biologically
relevant systems (Breslin and O’Driscoll, 2016; Cacciamali, Villa and Dotti, 2022;
Sun et al., 2022; Zarkoob et al., 2022). A recent example being
hydroxychloroquine, which demonstrated inhibition of SARS-CoV-2 in multiple 2D
cell lines, though proved ineffective in human three-dimensional (3D) cell

cultures, animal models, human clinical trials (Funnell et al., 2020; Yuan et al.,
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2022). While 2D cell cultures provide a useful starting point, promising drug

candidates must be further tested in more biologically relevant systems.

Animal models are widely used to study IAV infection in vivo and are
essential to obtain preclinical drug data (Oh and Hurt, 2016). Mice, ferret,
guinea pig, hamster, chicken, swine, feline, and canine models have proven
invaluable in studies of IAV pathogenesis, vaccine efficacy, antiviral drug
efficacy, transmission, and surveillance (Nguyen, Rollon and Choi, 2021). Ferrets
are considered to be the most suitable model for IAV antiviral studies as they
can be infected with human IAV, demonstrate similar human lung pathology and
SA receptor distribution, and exhibit similar clinical symptoms (Jia et al., 2014;
Belser et al., 2016; Oh and Hurt, 2016). Additionally, ferret-to-ferret
transmission of IAV can be monitored to investigate the efficacy of antivirals to
limit virus transmission (L. Y. Y. Lee et al., 2020). However, studies using ferret
models are limited by small sample sizes, biological variability, high costs, and
most importantly, ethical concerns (Oh and Hurt, 2016). Alternative animal
models capable of overcoming some of these limitations are often less
susceptible to human IAV, not suitable for transmission studies, or present less
clinical symptoms (Nguyen, Rollon and Choi, 2021). Importantly, most drugs
demonstrating efficacy in animal models fail in the clinical phases of drug
development (Van Norman, 2019; Loewa, Feng and Hedtrich, 2023). Since no
single animal model can accurately recapitulate influenza or predict drug
efficacy in humans, the use of more accurate preclinical models is required to
increase the success of clinical trials. Moreover, the use of complex in vitro
models prior to animal testing adheres to the 3Rs (reduction, replacement, and
refinement) framework by reducing the number of animal models required for

drug research (Jaroch, Jaroch and Bojko, 2018).

To bridge the gap between 2D cultures and animal models, 3D lung
models can be deployed. These models maintain the spatial architecture of the
lung and preserve the natural cell shape, offering several advantages over 2D
models (Bhowmick et al., 2018). Primary cells can be differentiated into tissues
containing multiple cell types maintained by tight junctions, creating a polarised
structure which can mimic the microenvironment of the lung (Whitcutt, Adler
and Wu, 1988; Ross et al., 2007; BéruBé et al., 2010). 3D cultures share similar
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transcriptional profiles to human lung tissue, more closely resembling the in vivo

state compared to 2D cultures (Dvorak et al., 2011; Pezzulo et al., 2011).
Additionally, cellular differentiation increases the expression of a-2,6-linked SA
receptors and HAT proteases to levels comparable to human tissues which allows
better replication of human IAVs, and alters innate immune responses to IAV
infection compared to undifferentiated cells (Matrosovich et al., 2004a; R. W. Y.
Chan et al., 2010). The ciliary movements in 3D cultures mimic the mucociliary
clearance observed in the human lung, showing decreased IAV replication by
blocking viral attachment (Fu et al., 2018). Importantly, 3D cultures often
provide results that are more predictive of in vivo outcomes, as they tend to be
more resistant to drug treatments compared to their 2D counterparts (Ponce de
Leon and Barrera-Rodriguez, 2005; Balharry, Sexton and BéruBé, 2008; Wen et
al., 2013; de la Puente et al., 2015; Breslin and O’Driscoll, 2016; Fang and
Eglen, 2017). Additionally, the toxicity profiles and metabolism of drugs in 3D
cell cultures is more predictive of human outcomes than in 2D models (Yamaya
et al., 1992; Pampaloni, Reynaud and Stelzer, 2007; Ramaiahgari et al., 2019).
Despite their advantages, 3D cell cultures also present challenges in drug
discovery. In 2D cell monolayers, all cells are equally exposed to the drug,
making it easier to interpret results. In 3D cultures, however, the drug may only
impact the cells on the surface or treated section, complicating reproducibility
and result interpretation (Breslin and O’Driscoll, 2016). 3D cultures are more
expensive and labour intensive, making them less suitable for high-throughput
screening - though efforts to increase their throughput capacity are ongoing
(Wang and Jeon, 2022). Therefore, initial screening should be conducted with 2D
cell cultures to identify lead compounds, with further validation using 3D models
prior to animal testing. This combined approach utilising both 2D and 3D models
allows for a comprehensive in vitro drug evaluation, balancing high-throughput

drug screening capabilities with the need for physiologically relevant data.

1.6.2. 3D lung models for influenza virus drug discovery

Several 3D lung models - such as air-liquid interface (ALI) cultures,
organoids, lung-on-a-chip systems, and bioprinting technology - are increasingly

being used to simulate the complex microenvironment of the human lung (Table
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1.4). These models use differentiated lung cells, which secrete serine proteases

to allow IAV multicycle replication without the requirement for endogenous
proteins, in contrast with 2D cultures (Zhou et al., 2018). ALI cultures are
created by harvesting primary epithelial cells from human lung biopsies and
differentiating them on Transwell inserts (Fulcher and Randell, 2013). The cells
are grown on the apical chamber and maintained in cell culture until reaching
confluency, then medium is removed from the apical chamber, exposing the
cells to air which triggers their differentiation process (Javaherian, Paz and
McGuigan, 2014; Silva et al., 2023). These cells differentiate into a tissue
containing multiple epithelial cell types, including ciliated, goblet, and basal
cells, mimicking the natural composition of the lung (Silva et al., 2023). ALI
cultures exhibit gene expression patterns similar to those observed in human
lung epithelial tissue samples, making them a valuable model for studying IAV
replication and drug responses (Ross et al., 2007; Dvorak et al., 2011; Pezzulo et
al., 2011).

Lung organoids are derived from human pluripotent stem cells (hPSCs),
which are isolated from patient lung tissue and differentiated (Vaughan et al.,
2006; Rock et al., 2009; Dye et al., 2016). These cells are initially grown in a
monolayer and manipulated to develop into cell types corresponding to the
human airway, which then self-assemble into free-floating spheroids (Miller et
al., 2019). The spheroids are embedded in a 3D Matrigel droplet, forming an
organoid that consists of an outer layer of basal cells, a luminal layer of ciliated
cells, and goblet and secretory cells within (Kuhl et al., 2023). Lung organoids
demonstrate gene expression profiles similar to in vivo lung tissues (W. Lee et
al., 2023). They have been successfully utilised in IAV research, with viral
replication kinetics comparable to those observed in human ex vivo bronchus
cultures (Hui et al., 2018; Zhou et al., 2018; Salgueiro et al., 2022).

Lung-on-a-chip models are miniature lung systems on a microfluidic cell
culture chip created using microfabrication techniques (Khademhosseini et al.,
2006). Primary human airway epithelial cells are differentiated into tissues on
the chip, with a microfluidic device containing upper and lower channels
surrounding the tissue that supply nutrients and remove waste products (Bennet

et al., 2021). The upper channel contains air circulation, while the lower
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channel is perfused with cell culture medium, which allows cells to be exposed

to air to trigger ALI conditions and continuous medium feeding (Sellgren et al.,
2014; Benam, Villenave, et al., 2016). This model can also be used to simulate
smoking environments, mimic breathing motions in the lung, and can be
connected to other organ-on-a-chip models to study drug toxicity (Huh et al.,
2010; Sonntag et al., 2010; Wagner et al., 2013; Benam, Novak, et al., 2016).
Lung-on-a-chip technologies have been used to investigate the impact of lung
breathing motions on IAV replication and to identify antiviral compounds
effective against IAV (Si et al., 2021; Bai et al., 2022).

3D bioprinting is a relatively new tissue engineering technique that uses
computer aided design (CAD) software and various printing technologies to
construct 3D scaffolds. These scaffolds are made with polymer-based bioinks,
which can be cross-linked and cured during printing processes, such as
stereolithography (Gauvin et al., 2012). The properties of bioinks can be
customised with biocompatible components tailored to cell specific types. Cells
can be seeded onto the scaffolds or printed directly within the bioink itself in a
layer-by-layer design to facilitate co-culture methods (Gopinathan and Noh,
2018; Semba, Mieloch and Rybka, 2020). Spheroids and cells can be cultured on
bioinks to generate lung organoids and ALI cultures, and can be integrated into
lung-on-a-chip technologies (Huh et al., 2010; Wilkinson et al., 2017; Park et
al., 2018). 3D bioprinting has been employed in IAV studies, where viral
replication was visualised within 2D cells bioprinted in a 3D configuration (Berg
et al., 2018). A detailed comparison of 3D cell culture models is given in Table
1.4. Collectively, 3D tissue models are becoming increasingly important and
utilised alongside traditional 2D cell cultures to help bridge the gap between in
vitro and in vivo drug discovery. Additionally, patient-derived cells can be
utilised in all models to enable a personalised medicine approach to drug

discovery to investigate antiviral efficacy on an individual basis.
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Table 1.4: Summary of advantages and limitations of 3D cell culture models.

Model Advantages Limitations
- Primary cell differentiation
- Comparable gene expression - Labour intensive
Air-liauid patterns to in vivo epithelium - Hard flat surface can
d - Constrained internal dimensions influence cell physiology
Interface . .
- Standard protocol - No continuous airflow or
- Surfaces are exposed, easy to blood flow
infect or apply inhibitors
- Variable in size and shape so
lack reproducibility
- hPSC differentiation - Composition of extracellular
- Comparable gene expression matrix is largely undefined
patterns to in vivo epithelium - Low/medium throughput
- Resembles human lung shape capacity
Organoids - Mimic spatial organisation - Difficult to maintain
effectively by self-organisation |- Hypoxic/necrotic core
- Co-culture with immune cells - Entrapped cells in lumen are
- Can be passaged long-term difficult to sample
- Can be gene edited - Must be dissociated to infect
with virus
- No standard protocols
- Primary cell/hPSC Requires external apparatus
differentiation d PP
. . to operate
- Controlled microenvironment .
. . . . - Lacking in scaffold/
including chemical gradients . .
. . . . extracellular matrix materials
- Constrained internal dimensions .. .
Lung-on-a- . . - Sensors are limited in
. - Use mechanical force similar to e
chip . . sensitivity and throughput
fluid sheer stress in lung T
.. . . - Optimisation is needed for
- Mimic breathing motions .
. automation of the system
- Can be linked to other organ-
. - No standard protocols
on-a-chip models Requires technical expertise
- Potential for automation d P
- Constrained internal dimensions | - Issues with cell viability and
- Customisable architecture differentiation
L - Controlled cell positioning - Challenges with
Bioprinted . .. . D
scaffolds - Customisable bioinks to support biocompatibility
growth of various cell types - Technology lacks resolution to
- High-throughput manufacturing print intricate structures
process - No standard protocols

References: (Bhatia and Ingber, 2014; Sellgren et al.,

2014; Berg et al., 2018; Probst,

Schneider and Loskill, 2018; Park, Georgescu and Huh, 2019; Rijsbergen et al., 2021;
Cacciamali, Villa and Dotti, 2022; Francis et al., 2022).
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1.7. Project aims

The main objectives of this project were as follows:

1. To establish the use of novel 3D cell culture models amenable to IAV
infection studies.

2. To develop 2D cell culture assays to measure IAV replication and to utilise

them for drug discovery.

3. To adapt assays for use in more biologically relevant cell types.

4. To utilise the assays to measure IAV replication in the presence of epigenetic
inhibitors and assess their inhibitory effects in biologically relevant cell

types.
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2. Materials and methods

2.1. Cells

2.1.1. Cell culture and passaging

All cells were grown and maintained in T75 cell culture flasks
(ThermoFisher, #156499). Flasks were incubated at 37°C and 5% CO; in a
humidified incubator. After cells grew to 80-90% confluency, they were washed
with Versene (E&O Laboratories, #BM0400) and trypsinised using 2.5%
trypsin/Versene (ThermoFisher Scientific, #15090-046) or TrypLE (ThermoFisher,
#12604013). Medium (detailed in Table 2.1) was added to the flask and cells
were split into fresh flasks. HBEC3-KT and hAECb cells required media changes
every 2-3 days.

Table 2.1: Cell types and culture medium.

Cell Line Description Culture Medium

Primary human bronchial
hAEC medium for expansion

(Epithelix, #EP0O9AM), Pneumacult-
ALl medium for differentiation
(STEMCELL Technologies, #07980)

epithelial cells. Three donors: 56
HAEC-b year old Hispanic female, 71 year
old Caucasian male, 62 year old

Hispanic male

Normal human bronchial epithelial

cells from a 65 year old female,
KSFM (ThermoFisher, #17005042) +
immortalised with human

HBEC3-KT 1% P/S (ThermoFisher Scientific,
telomerase reverse transcriptase
#15140122)

(hTERT) and cyclin-dependent
kinase 4 (CDK4)

DMEM (ThermoFisher Scientific,
#MA4966029), 10% FCS
(ThermoFisher Scientific,
#10270106), 1% P/S

Human fetal embryonic kidney
HEK-293T epithelial cells transformed with
SV40 T-antigen

Madin-Darby canine kidney cells
MDCK from adult female cocker spaniel DMEM, 10% FCS, 1% P/S
kidney




2.1.2. Cell seeding

Cell counts were calculated using a haemocytometer cell counting

chamber under a light microscope. Cells were seeded into plastic plates, glass
coverslips, and flasks (Table 2.2). Cells were incubated at 37°C with 5% CO; to

form a confluent monolayer over 1-3 days.

Table 2.2: Cell seeding apparatus.

Seeding apparatus Manufacturer Catalogue No.
12 well plate Corning 3512
24 well plate Corning 3524
96 well plate Corning 3598
Black 24 well plate Griener 662892
Black 96 well plate Griener 655892
13 mm2 round glass coverslip VWR 631-0148
T25 flask ThermoFisher Scientific 156367
T75 flask ThermoFisher Scientific 156499
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2.2, Air-liquid interface cultures on Transwells

2.2. 1. Differentiation on Transwells

HAEC-b cells between passage 2 - 5 were seeded into 6.5 mm Transwell
inserts (STEMCELL Technologies, #38024; Falcon, #353292; Greiner Bio-One,
#665640) with a 0.4 uM pore size at a seeding density of 4x10* per insert in 100
uL hAEC medium. 500 puL of medium was added to the basal chamber and
Transwells were incubated 37°C with 5% CO,. Cells became confluentin 3 - 5
days, then media was removed from the apical chamber - creating an air-liquid
interface. 500 uL of Pneumacult-ALlI medium (STEMCELL Technologies, #05022)
supplemented with heparin (STEMCELL Technologies, #07980) and
hydrocortisone (STEMCELL Technologies, #07925) was added to the basal
chamber. Basal media was changed every 2 days until Transwells were fully
differentiated at 5 weeks. Airway secretions were washed from the apical
chamber with 1X PBS (ThermoFisher Scientific, #14190-094) alongside every

media change.

2.2.2. Transepithelial electrical resistance measurements

TEER measurements were taken using the Millicell ERS-2 Voltohmmeter
(Merck, #MERS00002) and electrodes (Merck, #MERSSTX03). Transwells were
washed with 1X PBS, then both apical and basal sides were submerged in 1X PBS.
The short electrode was placed into the apical chamber and long electrode into
the basal chamber. TEER values were taken and multiplied by the surface area

to give Ohm’s per cm?.

2.2.3. Histopathology for Transwells

Tissues were washed in 1X PBS and fixed in 10% Neutral Buffered
Formaldehyde overnight at room temperature. After fixation they were washed

in 1X PBS and given to the Veterinary Diagnostic Services, University of Glasgow,
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UK for paraffin-embedding and H&E staining. H&E stained sections were scanned

using the Aperio VERSA Digital Pathology Scanner (Leica Microsystems) to create

images for analysis in Aperio ImageScope 12.4.6 (Leica Microsysems) software.
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2.3. Cellbricks

2.3.1. Cell culture in Haemobricks and Membricks

The Haemobrick is a bioprinted hollow cone shaped construct that allows
cell seeding via a dedicated port (Florentino et al., 2022). The 3D crescent-
shaped ridges on the inside provide the construct with an uneven, textured
shape similar to the native human lung tissue (Figure 2.1A). This construct
measures six millimetres in diameter and rests at the bottom of an ultra-low
adhesion (ULA) cell culture plate. Haemobricks were equilibrated in cell culture
media at 37°C and 5% CO; for 1 hour then placed in holders raising them from
the base of a 24 well ultra-low adhesion plate and filled with cell culture media.
They were seeded with 6 uL of a 6x10* cell suspension per brick, left to settle,
then topped up to 900 uL of media. Haemobricks were incubated at 37°C with
5% CO; for 2-3 days until confluent.

The Membrick features a flat bioprinted base attached perpendicularly to
a plastic cylinder to replicate the design of a standard Transwell insert (Figure
2.1B). The lateral plastic supports allow the Membrick to hook onto the edge of
a cell culture plate well, so the bioprinted scaffold is suspended a few
millimetres above the bottom of the plate (Kreuder et al., 2020). Membricks
were placed into 24 well plates and equilibrated in cell culture medium for 1
hour at 37°C. They were seeded with 100 puL of a 4x10* cell suspension per brick,

left to settle, then topped up to 200 uL of media.



seeding port Culture Area Seeding Socket

Figure 2. 1: Cellbricks bioprinted scaffolds. A - Haemobrick construct side and top
views with human lung fibroblast monolayer inside. B - Membrick construct without
plate (References: Cellbricks and Florentino et al., (2022)).
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2.3.2. Differentiation on Membricks

Membrick cultures were equilibrated in cell culture medium for 1 hour at
37°C, 5% CO; in an incubator. Cell seeding and TEER measurements followed the

same protocols as Transwells.

2.3.3. Histopathology for Membricks

Tissues were washed with 1X PBS and frozen in OCT medium (CellPath,
#KMA-0100-00A) using Cryofreeze spray (CellPath, #KNA-0173-00A). They were
given to the Histopathology Services at the Beatson Institute for Cancer
Research, UK for H&E staining. H&E-stained sections were imaged following the

same protocol as Transwells.



59
2.4, Virus infections and assays

2.4.1. Virus propagation

IAV stocks were grown in MDCK cells when T75 flasks were 80% confluent
containing a predicted 1x107 cells. Cells were washed with 1X PBS and 2 mL of
virus inoculum was added. Inoculum consisted of SFM and a low MOI of 0.01
PFU/mL or an unknown concentration for untitrated viruses. The flask was
incubated at 37°C with 5% CO; for 1 hour with frequent shaking. Inoculum was
removed and cells were washed with 1X PBS and overlayed with serum free
media (SFM): DMEM and 1% P/S. Influenza A/Puerto Rico/8/1934 (PR8) (Public
Health England), mouse-adapted influenza A/California/07/2009 (MaCal/09),
and BrightFlu (generously provided by the Hutchinson group (MRC - University of
Glasgow Centre for Virus Research)) viruses were supplemented with 1.0ug/mL
TPCK-trypsin (Sigma-Aldrich, #4352157) and 5% bovine serum albumin (BSA).
BrightFlu is a fluorescently tagged influenza A/Puerto Rico/8/1934 (PR8) virus,
containing a ZsGreen fluorophore within in the NS1 genome segment. Influenza
A/WSN/1933 (WSN) virus was supplemented with 2% FCS. Flasks were incubated
at 37°C with 5% CO; for 48-72 hours until most cells had detached. Supernatant
was harvested and centrifuged at 1500 RPM to pellet cellular debris, filtered
through a 0.4 uM filter, frozen at -70°C, and titrated.

2.4.2. Virus titration by plague assay

MDCK cells were seeded in 12 well plates at a density of 4x10* cells per
well. The next day cells were washed with SFM and infected with 250 uL of virus
inoculum over a 10-fold dilution series and incubated at 37°C with 5% CO> for 1
hour, with shaking every 10 minutes. Inoculum was removed, cells were washed
with SFM, and overlayed with Avicel prior to incubation at 37°C with 5% CO; for
48 hours. The avicel overlay consists of SFM, 1% DEAE Dextran (Sigma-Aldrich,
#D9885), 7.5% NaHCOs (ThermoFisher Scientific, #25080060), 2.4% Avicel
(DuPont, #RC-591); with an additional 1 mg/mL trypsin-TPCK and 5% BSA for
BrightFlu and MaCal/09, and 2% FCS for WSN. After 48 hours, avicel overlay was

removed and cells were washed with 1X PBS. Cells were fixed and permeabilised
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using fixing solution for 30 minutes at room temperature, washed with 1X PBS,

then blocked in PBS containing 5% milk powder for 30 minutes at room
temperature. Blocking solution was removed and 250 uL of 1:2000 diluted mouse
anti-NP primary antibody (Abcam, #ab20343) was added overnight at 4°C. Cells
were washed three times with 1X PBS then 250 uL of 1:1000 donkey anti-mouse
secondary antibody (ThermoFisher, #A-21202) was added for 1 hour at room
temperature. Cells were washed with 1X PBS then number of plaques within the
linear range of dilution were counted using the Celigo Imaging Cytometer
(Nexcelom Bioscience). Virus stock was calculated using: PFU/ ml = (number of

plagues | 0.25 ml) * dilution factor.

2.4.3. Real-time virus replication kinetic assays

For real-time virus replication kinetic assays, MDCK cells were seeded
onto 96 well black glass bottom plates and incubated at 37°C with 5% CO2
overnight. The following day, cells were washed with SFM and infected with
BrightFlu and incubated for 1 hour, with frequent tilting of the plate. Cells were
washed with SFM and overlayed. The overlay consisted of FluoroBrite DMEM
(ThermoFisher Scientific, #A1896701) supplemented with 1% P/S, 5% L-Glutamine
(ThermoFisher Scientific, #25030024), 1 mg/mL trypsin-TPCK, and 5% BSA. Virus
replication was monitored by measuring fluorescence intensity (ZsGreen:
excitation 470 nm, emission 515 nm) every 15 minutes using a CLARIOstar Plus
microplate reader (BMG Labtech) for 24-48 hours. Data were analysed using
MARS Data Analysis Software (BMG Labtech) and visualised using GraphPad Prism
(GraphPad Software, San Diego, California USA).

2.4.4. Endpoint focus forming assay

MDCK, HBEC3-KT, and HAEC-b cells were seeded into 24 well plates and
incubated until confluent at 37°C with 5% CO,. Following this, cells were
infected with WSN, BrightFlu, or MaCal/09 and incubated for 1 hour, with

frequent tilting of the plate. Cells were washed with SFM and overlayed. Overlay
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medium consisted of SFM and 2% FCS for WSN, and SFM, 1 mg/mL trypsin-TPCK,

and 5% BSA for BrightFlu and MaCal/09. Cells were fixed and permeabilised at 24
or 48 hours post infection using 4% paraformaldehyde (PFA)/1% Triton-X-100 in
PBS. After antibody staining, a Celigo Imaging Cytometer was used to image

plates and to quantify numbers of infected cells and cell counts.

2.4.5. Virus infections in 3D

ALI cultures were washed with 1X PBS to remove secretions in the apical
chamber. The apical chamber was infected with 1,000 PFU/mL per tissue in 100
uL of hAEC medium, then incubated at 37°C with 5% COz for 2 hours, with
frequent shaking. Inoculum was removed and both chambers were washed with
1X PBS. 500 uL of Pneumacult-ALlI medium was placed in the basal chamber and

cultures were incubated at 37°C with 5% CO; for up to 72 hours.

2.4.6. Reverse genetics of influenza viruses

A pDUAL 8 plasmid reverse genetics system as described in
deWit/Fouchier 2004 was used. HEK 293T cells were split and seeded at a
density of 1x10° into 6-well plates and incubated overnight at 37°C and 5% COx.
250 ng of each plasmid segment were added to 100 yL Optimem (Invitrogen,
#31985-047) to create a mastermix for both WSN and MaCal/09 viruses. This
included segments 1-7 from each virus in individual plasmids, then the 8t
segment from BrightFlu. Plasmids were a kind gift from the Hutchinson group
(CVR). 4 pL lipofectamine 2000 (Invitrogen, #11668019) was added into 100 pL
Optimem and left for 15 minutes at room temperature. The plasmid DNA
mastermix was added into this, mixed, and left for 20 minutes at room
temperature. HEK 293T cells transfected and incubated overnight at 37°C and
5% CO,. The next day media was changed (SFM, 0.14% BSA, and 1 ug/mL TPCK
trypsin) and incubated for a further 48 hours. PO supernatants were harvested,
centrifuged at 1300 rpm for 1 minute to pellet cells, supernatant removed, and
frozen at -70°C. MDCK cells were seeded into T25 flasks at a density of 4x10° in
DMEM, 10% FCS, 1% P/S and incubated overnight at 37°C and 5% CO,. 100 pL of
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PO supernatant from HEK 293T cells and 100 puL SFM was added to each flask and

incubated for 1 hour at 37°C and 5% CO;. Flasks were washed then overlayed
with SFM, 0.14% BSA, +/- 1 ug/mL TPCK trypsin and incubated for 48 hours.
Supernatants were harvested, centrifuged at 1300 rpm for 5 minutes at 4°C,
supernatant removed, and frozen at -70°C. P1 stock of virus was titrated using

focus forming and plaque assays.
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2.5. Immunofluorescence staining

2.5.1. Staining cells on glass coverslips

Cells on glass coverslips were washed with cytoskeletal (CSK) buffer (10
mM HEPES, 100 mM NaCl, 300 mM sucrose, 3 mM MgClz, 5 mM EGTA, distilled
water). Cells were fixed and permeabilised using a 4% PFA/1% Triton-X-100
solution in CSK buffer for 30 minutes at room temperature. Cells were washed
with CSK buffer and blocked with CSK buffer plus 2% FCS for 1 hour. 50 pL of
primary antibody was applied overnight and left at 4°C. Cells were washed with
CSK buffer, and secondary antibody and 4',6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich, #D9542) were applied for 1 hour. Cells were washed with CSK
buffer twice and with distilled water. Coverslips were mounted on a glass
microscopy slide (ThermoFisher Scientific, #87011/2) using CitiFluor AF 1
mounting medium (Science Services, #£17970-25) and sealed with a clear nail

polish.

2.5.2. Staining Haemobricks

Haemobricks were removed from the cell culture plate and transferred
into a glass-bottom 24 well plate. They were fixed with 4% PFA and
permeabilised with 4% NP40 for 20 minutes, washed with then stained with 1:700
dilution of DAPI.

2.5.3. Staining Membricks and Transwells

Membricks/Transwells were washed with CSK buffer and then fixed and
permeabilised using a 4% PFA/1% Triton-X-100 solution in CSK buffer overnight at
4°C. Then, Membricks/Transwells were washed with filtered 1X PBS/2% FCS
solution and blocked for 1 hour at room temperature with 1X PBS/2% FCS
solution added to both apical and basal chambers. All antibody dilutions used 1X

PBS/2% FCS solution as a blocking buffer. Membrick biomaterial/Transwell
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membrane was cut out of the plastic scaffold with a scalpel and placed in a 24

well cell culture plate. 100 pL of primary antibody solution was added to wells
and left overnight at 4°C. Primary antibody was removed, washed with 1X
PBS/2% FCS, and 100 pL of secondary antibody and/or DAPI (Sigma-Aldrich,
#D9542) (1:500) was added and left for 1hr at room temperature. The secondary
antibody was removed, washed with 1X PBS/2% FCS, then washed with distilled
water. The biomaterial/membrane was mounted on a glass microscopy slide
(ThermoFisher Scientific, #87011/2) using CitiFluor AF 1 mounting medium

(Science Services, #£17970-25) and sealed with a clear nail polish.

Table 2.3: Primary antibodies.

Species
Target 2D Dilution | 3D Dilution Cat No.
Raised
PML Mouse 1:500 1:300 Abcam, #ab96051
B IV Tubulin Rabbit 1:100 Abcam, #ab179509
Mucin 5AC Rabbit 1:100 Abcam, #ab78660
p63 Mouse 1:200 Abcam, #ab735
Paul Digard Lab
IAV NP Mouse 1:1000 1:500

(University of Edinburgh)
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Table 2.4: Secondary antibodies.

Target Species
Fluorophore 2D Dilution | 3D Dilution Cat No.
Species Raised
Invitrogen,
Rabbit Alexa 488 Donkey 1:1000 1:500
#A-21206
Invitrogen,
Mouse Alexa 488 Donkey 1:1000 1:500
#A-21202
Invitrogen,
Rabbit Alexa 555 Donkey 1:1000 1:500
#A-31572
Invitrogen,
Mouse Alexa 555 Donkey 1:1000 1:500
#A-31570
Table 2.5: Secondary nanobodies.
Species 2D 3D
Target Species | Fluorophore Cat No.
Raised Dilution | Dilution
ChromoTek,
Mouse 568 Alpaca 1:1000 1:500
#sms1AF568-1-10
ChromoTek,
Mouse 647 Alpaca 1:1000 1:500
#sms1AF647-1-10
ChromoTek,
Rabbit 568 Alpaca 1:1000 1:500
#srbAF568-1-10
ChromoTek,
Rabbit 647 Alpaca 1:1000 1:500

#srbAF647-1-10
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2.6. Microscopy

2.6. 1. Imaging 2D cells

Samples were imaged using a Zeiss Confocal Laser Scanning Microscope
880 (LSM880) using the 63x Plan-Apochromat oil immersion lens with 405, 488
nm, 555 nm laser lines. ZEN Black (Zeiss) software was used for capturing Z-

stack images and exporting the maximum intensity projection images.

2.6.2. Imaging Haemobricks

A multi-modal approach was employed to image the Haemobricks. The
Celigo Imaging Cytometer was used to cover a range of different Haemobrick
depths by manually moving the X3 objective. The EVOS M5000 Imaging System
(ThermoFisher Scientific) was used for 3D imaging of the Haemobrick. 100 Z-
slices were taken spanning the depth of each brick at different focal points in
order to image the whole brick using the X4 objective. Fiji (Schindelin et al.,
2012) and IMARIS v9.7.1 (BitPlane, South Windsor, CT, USA) software were used
to stitch together individual TIFF files and ZEN Black (Zeiss) software was used
to view the 3D model. “Optimal” spacing between Z-slices was used on ZEN Blue
(Zeiss) software (Heintzmann and Sheppard, 2007). The Zeiss AxioObserver Z1
Microscope was used for automated imaging of the Haemobrick. A depth of 300
pMm over 201 Z-slices spanning 252 tiles was captured with the LD Plan-Neofluar
20x/0.4 Corr Ph2 M27 air objective (NA 0.4) using a 405 nm laser line with an
exposure time of 166 ms. The Zeiss Confocal LSM880 was used for automated
imaging at greater resolution. A depth of 119 um over 120 Z-slices spanning 100
tiles was captured with the Plan-Apochromat 10x/0.45 M27 air objective (NA
0.45) or Plan-Apochromat 20x/0.8 M27 air objective (NA 0.8) using a 405 nm
laser line. Microscopes were focussed manually for both brick models with image

processing using ZEN Black/Blue editions and IMARIS.
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2.6.3. Imaging Membricks and Transwells

To image cells on the entire Membrick the Zeiss Confocal LSM880 was
used. The depth of the Membrick was captured over 120 Z-slices spanning 100
tiles was captured with the Plan-Apochromat 10x/0.45 M27 air objective (NA
0.45) or Plan-Apochromat 20x/0.8 M27 air objective (NA 0.8) using a 405 nm
laser line. The same confocal microscope was used to image tissues grown on
Membricks and Transwells. Regions of interest were captured over 120 Z-slices
over the entire tissue depth using a Plan-Apochromat 63x/ 1.4 oil DIC M27
objective with Airyscan (AU = 1) and deconvolution. 405 nm, 488 nm, and 561
nm laser wavelengths were used at varying intensities. IMARIS image analysis
software was used to render each channel captured (https://imaris.oxinst.com).
Images were opened in IMARIS, automatically reconstructing Z-stacks (.czi files)
into 3D projections (.ims files). The surface tool was used to transform signal
captured by microscopy into rendered objects by tracing the boundaries of
signals. The statistics tool was used to measure BrightFlu volume (volume of
green objects) and depth of BrightFlu infection (distance from red object to
furthest point of green object). Data were compiled into a tabular format for

further analyses.
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2.7. Inhibitors

2.7.1. Drug preparations

All inhibitors were resuspended in (dimethyl sulfoxide) DMSO (Sigma, #D2650) to
a working stock of 10 mM with the exception of IFN-B. The master stock of IFN-8
was diluted to a working stock of 2.8x10* IlU/mL in SFM. Working stocks were

stored at -70°C or -20°C depending on manufacturer’s instructions.

Table 2.6: Drugs and inhibitors.

Name Cat. No.
CM272 MedchemExpress, #HY-101925
CM579 MedchemExpress, #HY-117421A
SYC-522 Sigma-Aldrich, #5.31711
DZNep Abcam, #ab145628 and Selleckchem, #57120
El1 Selleckchem, #S7611
EPZ (Tazemetostat) Selleckchem, #57128
Favipiravir Selleckchem, #S7975
IFN-8 R&D Systems, #8499-1F-010
JIB-04 Selleckchem, #57281
JQ1 Selleckchem, #57110
OM173- aA (Nanaomycin A) Abcam, #ab144849
Oseltamivir MedchemExpress, #HY-13318
Ruxolitinib ThermoFisher Scientific, #AC469381000
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2.7.2. Drug toxicity assays

An MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium) assay was used to assess drug cytotoxicity. MDCK
cells were seeded and incubated overnight at 37°C with 5% CO,. The following
day, cells were washed with FluoroBrite DMEM, overlayed with 100 uL of drug
dilutions (0-500 pM) in FluoroBrite, and incubated for 48 hours at 37°C with 5%
COz. Controls included: puromycin as a death control, and no drug treatment.
After the incubation period, 20 uL of MTS reagent (Abcam, #ab197010) was
added and cells were incubated for 1 hour. Absorbance at 490 nm was recorded
using a PHERAstar plate reader (BMG Labtech) to quantify levels of formazan
dye. Absorbance fold changes were calculated relative to no drug treatment.
Identically treated plates were also processed for cell counting to assess drug
toxicity. Cells were fixed and permeabilised at 48 hours with 4% PFA/1% Triton-
X-100 in PBS. Cells were stained with DAPI, images were captured using the
Celigo Imaging Cytometer at 405 nm, and the number of nuclei counted using a
haemocytometer cell counting chamber under a light microscope. Cell counts

were expressed as fold change relative to no drug treatment.

2.7.3. Drug treatment for infection assays

Real-time and end point assays were used to assess the efficacy of
inhibitors on BrightFlu and WSN replication, respectively. For real-time assays
assessing the efficacy of favipiravir and favipiravir analogues, inhibitors were
added to the medium immediately post-infection. For real-time assays assessing
epigenetic inhibitor efficacy, inhibitors were added to cell culture medium 24
hours prior to virus infection to pre-treat cells and re-applied immediately post-
infection for the 36-hour incubation period. Treatment conditions for end point
assays assessing the efficacy of epigenetic inhibitors also involved a 24-hour pre-

treatment and 24-hour post-treatment with the inhibitors.
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3. Validation of novel 3D bioprinted scaffolds to
support bronchial airway differentiation

3. 1. Introduction

Conventional cell culture models used to study respiratory virus infections
often fail to accurately recapitulate the complex microenvironment of the lung
(Petpiroon et al., 2023). These two-dimensional (2D) models typically utilise
various laboratory-adapted, transformed, or immortalised cell lines, such as
Madin-Darby canine kidney (MDCK) epithelial cells and human lung alveolar
adenocarcinoma (A549) cells. While these cell lines are valuable for high-
throughput drug screening, they are not physiologically representative of the
human lung. To complement 2D models, three-dimensional (3D) lung models,
including air-liquid interface (ALI) cultures, organ-on-a-chip systems, and
organoids, are increasingly used to better simulate the microenvironment of the
human lung (Ross et al., 2007; Huh et al., 2010; Dvorak et al., 2011; Dye et al.,
2016; Lacroix et al., 2018; Huang et al., 2021).

In Mid-2020 our group formed a collaboration with Cellbricks, a small to
medium enterprise in Berlin, Germany (https://cellbricks.com). Cellbricks
specialised in the chemical engineering of bioinks for use in multi-material
stereolithographic bioprinting of miniature organ models. At the time of
collaboration, Cellbricks was developing bioprinted scaffolds aiming to support
the differentiation of airway cells, with the goal of facilitating SARS-CoV-2
research as part of the global COVID-19 pandemic response. This chapter details
the development of bronchial ALI cultures on Cellbricks’ bioprinted scaffolds.
Within the scope of our collaboration, Cellbricks designed two models: the

Haemobrick and the Membrick.

The exact composition of the biomaterials was proprietary and
undisclosed to us, though they were primarily based on methacrylated gelatin
(GelMA) and methacrylated hyaluronic acid (HAMA). GelMA, a photocrosslinkable
hydrogel containing denatured collagen, retains arginyl-glycyl-aspartic acid
sequences and matrix metalloproteinase sensitive sites, which promote cell

adhesion (Nichol et al., 2010). HAMA, a glycosaminoglycan found in the
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extracellular matrix, is nonimmunogenic, biocompatible, and has rapid

photosensitive responses (Schuurmans et al., 2021). Together GelMA and HAMA
provide ideal properties for bioprinting scaffolds suitable for cell culture
applications (Wang et al., 2022). A photoinitiator, lithium phenyl-2,4,6-
trimethylbenzoylphosphinate, was incorporated into the bioink for
photopolymerisation. The bioink was printed using stereolithography, layer by
layer onto the print head, where it was cured with blue light illumination (Lam
et al., 2019). Bioinks can be customised with additional materials to enhance
cellular health, and cells can be printed directly within the bioink itself (Grix et
al., 2018; Lam et al., 2019; Kreuder et al., 2020; Amler et al., 2021).

The aim of this collaboration was to optimise the Haemobrick and
Membrick scaffolds for bronchial epithelial cell adhesion, differentiation,

infection studies, and bioimaging in 3D tissues.
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3.2. Results

3.2. 1. Haemobricks support epithelial cell attachment and

proliferation

The potential of the Haemobrick to support the adhesion and proliferation
of epithelial cells was evaluated. Normal human lung fibroblast (NHLF) cells
have previously been shown to adhere and proliferate in the first-generation
Haemobrick (work carried out by Joanna Wojtus at the MRC - University of
Glasgow Centre for Virus Research). MDCK cells and NHLF cells (positive control)
were seeded into first-generation Haemobricks and maintained in culture for 14
days. Additionally, MDCK cells were seeded onto an ultra-low adhesion (ULA)
plate as a negative control to visualise cell adherence without a growth support.
Images were captured every 2-3 days to monitor cell growth over the 14-day
period. MDCK cells showed minimal adhesion to the Haemobrick and limited
growth by day 14 (Figure 3.2A). In contrast, NHLF cells adhered and proliferated
rapidly - forming an extended bridge over the seeding port by day 14 (Figure
3.2B). MDCK cells in ULA plates did not attach or proliferate by day 14 (Figure
3.2C). Under these seeding conditions, the MDCK cells clumped together and
were removed during media changes. The biomaterial composition of the first-
generation Haemobrick supported the adhesion and proliferation of NHLF cells
but was not suitable for MDCK cells. Correspondingly, Cellbricks developed a
second-generation Haemobrick, which supported MDCK cell adhesion and
growth, achieving confluency by day 14 (Figure 3.2D). This indicates that the
composition of the bioink plays an important role in the scaffold’s ability to

support cell adhesion and growth in a cell type-dependent manner.
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Figure 3.2: Improved bioink supports epithelial cell attachment and proliferation.
MDCK and NHLF cells were seeded into Haemobricks and ultra-low adhesion (ULA)
plates and incubated for 14 days. Representative phase contrast images were captured
of cells on first-generation Haemobricks and ULA plates over 14 days. A - MDCK cells; B

- NHLF cells; C - MDCK cells on ULA plates. D - MDCK cells on second-generation
Hemobricks over 14 days. N = 3 per condition.
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3.2.2. Membricks support human bronchial epithelial cell

attachment and proliferation

Given that the second-generation Haemobrick could support the growth of
transformed epithelial cells, the bioink was tested to determine if it could
support the growth of primary bronchial epithelial cells. The 3D crescent
structures within the Haemobrick enhance its ability to simulate the human
lung; however, the enclosed design presents challenges under ALI conditions.
The small seeding port of the Haemobrick prevents the complete removal of cell
culture media, a necessary step to trigger the differentiation process into a
ciliated respiratory epithelium (Gerovac et al., 2014). Consequently, the
Membrick model was used for further optimisation of bioinks, as its apical
chamber is more accessible. Cellbricks developed multiple Membricks using a
range of bioinks, with four materials showing promising results in their in-house
testing using small airway epithelial cells. To evaluate whether these
biomaterials support airway cell attachment, primary human bronchial epithelial
(HAEC-b) cells were seeded onto the Membricks and cultured for five days.
Material 1 and 3 did not support cell adhesion, material 4 supported cell
adhesion until day 3, and material 2 supported cell adhesion until day 5 (Figure
3.3). Thus, only material 2 successfully supported the attachment and

proliferation of HAEC-b cells for up to five days.
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Figure 3.3: Membricks support adherence and proliferation of human bronchial
epithelial cells. HAEC-b cells were seeded onto four different biomaterials and
cultured for five days. Phase contrast images were captured on days 1, 3 and 5, and
representative images are shown. N = 3 Membricks for each biomaterial.
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3.2.3. Membricks support the differentiation of human bronchial

epithelial cells

To evaluate whether HAEC-b cells grown on Membricks can successfully
differentiate into a tissue, cells differentiated on Membricks and Transwells
(positive control) were compared. ALI triggers a differentiation process via
increase in oxidative cellular metabolism and basolateral medium feeding,
resulting in the formation of a pseudostratified epithelium with apical-basal
polarisation (Javaherian, Paz and McGuigan, 2014; Silva et al., 2023). HAEC-b
cells from three donors - male, 62, Hispanic; female, 56, Hispanic; male, 71,
Caucasian were seeded onto Membricks and Transwells. Cells grew to confluency
3-4 days post-seeding, and cell culture medium was removed from the apical
chamber to establish ALl conditions. After five weeks in culture, tissues were
fixed and processed for H&E staining to visualise the morphology of the tissue.
Sections were imaged by Joanna Wojtus (MRC - University of Glasgow Centre for
Virus Research) using an Aperio VERSA Digital Pathology Scanner, and
representative images were obtained using Aperio ImageScope software. No
substantial differences were observed between HAEC-b cells differentiated into

tissues on Membricks relative to those on Transwells (Figure 3.4).

Additionally, transepithelial electrical resistance (TEER) measurements
were taken to assess the integrity of the epithelial barrier within the tissues.
HAEC-b cells from the same three donors were differentiated on Transwells and
Membricks over five weeks. After washing with PBS, TEER measurements were
taken from three tissues for each condition. TEER values from empty (unseeded)
Transwells and Membricks were subtracted from TEER values of tissues grown on
both scaffolds. An unpaired t-test was performed to determine if there were
statistically significant differences between Membrick and Transwell TEER
measurements for each donor. Although Membrick TEER values were lower than
Transwells, no significant differences in the epithelial barrier integrity were
observed between tissues grown on both scaffolds across all three donors (Figure
3.5). Taken together, these data confirm that HAEC-b cells differentiated on
Membricks can successfully differentiate into tissues which are comparable to

tissues differentiated on Transwells.
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Figure 3.4: Tissues differentiated on Membricks and Transwells are similar in

appearance. HAEC-b cells were differentiated on Membricks and Transwells over five
weeks. Tissues were washed, fixed in 10% NBF, and frozen for cryosectioning and H&E
staining. Slides were imaged using an Aperio VERSA Digital Pathology Scanner and
representative images were obtained using Aperio ImageScope software. A - female,
56, Hispanic on Membrick, B - male, 62, Hispanic on Membrick, C - 71, Caucasian on

Membrick, D - female, 56, Hispanic on Transwell.
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Figure 3.5: Epithelial barrier integrity is comparable between tissues on Transwells
and Membricks. Transepithelial electrical resistance (TEER) measurements were taken
from tissues on Transwells and Membricks from three donors using a voltohmmeter.
TEER values from empty (unseeded) Transwells and Membricks were subtracted from
values and multiplied by surface area to give Q per cm?. The difference in TEER
measurements between Transwell and Membricks was assessed using an unpaired t-

test. N = 3 per condition. Error bars = mean + 1 SD.
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3.2.4. Biomaterial composition impacts imaging quality

The porous polyethylene terephthalate and polycarbonate membranes
commonly used in Transwells emit autofluorescence, resulting in images with
high background fluorescence (Gillespie et al., 2016). The base of the Membrick
is transparent which should, in theory, provide enhanced imaging properties
compared to standard Transwell inserts used for ALI. However, components
added to the bioink can alter its refractive properties and optical transparency,
potentially impact imaging quality. To reduce autofluorescence, Cellbricks
developed four new bioinks based on material 2 to test their imaging potential.
HBEC3-KT cells were seeded onto Membricks, and after two days in culture,
images were captured using a phase contrast microscope. Materials 1, 2, and
0.5L supported cell attachment and proliferation, while material 3 only partially

supported cell attachment (Figure 3.6A).

Membricks were fixed and stained with DAPI to visualise the nuclei of
cells, and images were captured using confocal microscopy. Material 2 provided
the most well-defined images with relatively low background signal, closely
followed by material 1 (Figure 3.6B). Material 0.5L showed greater background
signal, and material 3 very high background signal. To quantify the differences in
background signal between materials, the frequency of pixel intensity values for
each image was plotted. High intensity values indicate greater background
fluorescence, with lower intensity values being more optimal for imaging. For
material 1, most pixels had an intensity of 21, SD = 20; for material 2, an
intensity of 22, SD = 16; for material 0.5L, an intensity of 27, SD = 18; and for
material 3, and intensity of 40, SD = 17 (Figure 3.6C). To better visualise the
comparison between materials, histograms from each material were overlapped
and a heatmap of pixel intensity was created. Materials 1 and 2 displayed lower
intensity values compared to materials 0.5L and 3 (Figure 3.6D and E).
Therefore, materials 1 and 2 were identified as the best bioinks for confocal

imaging of 2D cells on Membricks.
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Figure 3.6: Biomaterial composition impacts image quality. HBEC3-KT cells were

seeded onto four Membrick bioinks and cultured for two days. A - Membricks imaged
with phase contrast microscope. B - cells were fixed, stained with DAPI, and imaged
with confocal microscopy using a 63X magnification objective lens. C - histograms of
pixel intensity values. D - overlapping histograms from all materials. E - heatmap of

intensity values from all materials.
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3.2.5. Developing imaging methods for 2D cells on Haemobricks

and Membricks

To investigate the imaging properties of Haemobricks and Membricks,
various imaging methods were explored. MDCK cells were seeded into
Haemobricks and Membricks, incubated for 24 hours, then fixed, permeabilised,
and stained with DAPI. Initially, the Celigo Imaging Cytometer (Nexcelom
Bioscience) was used to image the Haemobrick by manually setting the Z-plane
to capture different depths of the biomaterial. Cells were observed at the base
of the Haemobrick at a depth of 2.5, growing up the side of the crescents at 2.9
and 3.0, and the seeding port at 3.4 (Figure 3.7A). The Celigo Imaging Cytometer
was restricted to a single field of view (FOV) with a 3X objective lens, so the
Invitrogen EVOS M5000 Imaging System with a 4X objective lens was trialled
next. This allowed for the acquisition of 100 Z-stacks from a single FOV to
capture Haemobrick’s depth. Six FOVs were taken to cover the entire width of
the Haemobrick, then images were manually stitched together with IMARIS
Stitcher and projected together in ZEN Blue (Figure 3.7B).

To improve upon the manual stitching process and automate sample
movement between imaging FOVs, the Zeiss Axio Observer with a 10X objective
lens was used. The integrated ZEN Black software facilitates automatic sample
movement and image stitching (Figure 3.7C). For higher resolution images, the
Zeiss confocal laser scanning microscope (LSM) 880 was used, as its pinhole
feature eliminates out-of-focus light. Similarly, the sample was moved
automatically with greater accuracy and resolution using a 40X oil objective
lens. Among all the microscopes tested, the Zeiss confocal LSM 880 provided the

highest resolution images, though it had the smallest FOV (Figure 3.7D).

Widefield microscopy allowed imaging of the entire Haemobrick, while
confocal microscopy enabled imaging at high resolution. Confocal microscopy
was also used to image MDCK cells on the Membrick, providing high-resolution
images of the entire scaffold when stitched together (Figure 3.8). Therefore, 2D
cells on both Haemobricks and Membricks can be imaged using various
microscopes and imaging software, demonstrating these bioprinted scaffolds

provide an optically transparent platform for imaging-based studies.
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Figure 3.7: Imaging of Haemobricks using various microscopes. MDCK cells were
seeded into Haemobricks and cultured for 24 hours. Cells were fixed, permeabilised,
and stained with DAPI. A - Celigo imaging of a single FOV at multiple depths using a 3X
objective lens. B - EVOS imaging of six FOVs spanning the Haemobrick with a 4X

objective lens. For each FOV, 100 images per stack were acquired and stitched
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manually using IMARIS, Zen, and Fiji software. C - Zeiss Axio Observer imaging using

automated stitching with a 10X objective lens. D - Zeiss confocal laser scanning

microscope 880 imaging using a 40X oil objective lens.

200 pm

Figure 3.8: Imaging of Membricks using confocal microscopy. MDCK cells were seeded
onto Membricks and cultured for 24 hours. Cells were fixed, permeabilised, stained
with DAPI, and mounted onto a glass coverslip. Zeiss confocal laser scanning microscope
880 was used for imaging with 40X oil objective lens and automated stitching to

capture the width of the Membrick.
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3.2.6. Developing imaging methods for 3D tissues on Membricks

Antibody size can be a limiting factor in the immunofluorescent staining
of 3D differentiated tissues. Conventional secondary antibodies, typically
conjugated to an Alexa Fluor™, have a molecular weight of approximately 150
kDa and struggle to penetrate 3D tissues due to densely packed cells with tight
junctions (Smyrek and Stelzer, 2017). This results in heterogenous staining, with
strong fluorescence at the tissue surface, decreasing in quality deeper within the
tissue. To combat this, paraffin embedding and tissue sectioning is commonly
used to create thin slices, allowing antibodies to bind directly to the surface of
the tissue following antigen retrieval. However, it is difficult to reassemble
sections into a coherent 3D picture, resulting in potential loss of information
inherent to the tissues native structure. The aim of using the Membrick is to
bypass tissue sectioning to preserve the native 3D architecture to accurately

reflect the parameters of virus replication within each tissue.

To determine whether antibody penetration was an issue, 3D tissues were
fixed and permeabilised overnight, stained for promyelocytic leukaemia protein
(PML) using conventional fluorescent secondary antibodies, and counterstained
with DAPI. Tissues were imaged using confocal microscopy to capture Z-stacks
throughout the tissue. PML, a major scaffolding protein of PML nuclear bodies,
should be expressed in all cell types. (Human Protein Atlas,
https://www.proteinatlas.org/ENSG00000140464-PML/single+cell+type/lung;
GTex, https://gtexportal.org/home/gene/PML). PML staining was successfully

achieved up to a depth of approximately 30 um within the tissue, beyond which
PML staining abruptly stopped (Figure 3.9). In contrast, nuclear DAPI staining
was observed throughout the entire tissue. Thus, conventional
immunofluorescent staining using primary and secondary antibodies is

inadequate for visualising proteins deeper into the tissue.


https://www.proteinatlas.org/ENSG00000140464-PML/single+cell+type/lung
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Figure 3.9: Immunofluorescent staining using conventional primary and secondary
antibodies limits depth of staining. HAEC-b cells were differentiated on Membricks
over five weeks, then fixed and permeabilised overnight. Tissues were stained with
PML primary antibody and conventional secondary antibodies conjugated to Alexa Fluor
488. Zeiss confocal laser scanning microscope 880 with 40X oil objective lens was used

to capture Z-stacks throughout tissue depth. Green - PML, blue - DAPI.
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To address the limited penetration of conventional immunofluorescent

staining, the application of nanobodies was tested. These heavy chain only
antibodies are approximately 15 kDa in size - 1/10t the size of conventional
secondary antibodies. Nanobodies lack the light chain and first constant domain,
with the antigen-binding fragment consisting of a single variable domain
(Beghein and Gettemans, 2017). Unlike traditional staining methods, which
involve separate incubation steps for primary and secondary antibodies,
nanobodies combine both steps into one. To evaluate whether the nanobody
protocol performed equal to or better than conventional indirect
immunofluorescence double staining, HBEC3-KT cells were seeded onto glass
coverslips and stained for PML using either conventional antibodies or
nanobodies. Two antibody incubation protocols were used: a 1-hour separate
antibody incubation (primary, wash, secondary) and a 1-hour pre-conjugated
antibody incubation (primary and secondary combined). Confocal microscopy
revealed minimal differences in PML immunostaining between nanobodies and
conventional secondary antibodies (Figure 3.10). Laser intensity was increased to
obtain clearer images of the nanobody stained samples, which resulted in
increased cellular autofluorescence, and cell outlines can be observed in the red
channel. No signal was observed in the secondary antibody only control.
Nevertheless, nanobodies performed similar to conventional secondary
antibodies in the immunofluorescent staining of 2D cells, regardless of staining

protocol.
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Figure 3. 10: Nanobodies provide similar immunofluorescent staining to conventional
secondary antibodies in 2D cells. HBEC3-KT cells were seeded onto coverslips,
cultured for 24 hours, fixed, permeabilised, and stained for PML. Left - staining with
Alexa 555 conjugated secondary antibody. Right - staining with secondary nanobody.
Two staining protocols were used: 1-hour separate incubations and 1-hour pre-
conjugated incubation. Zeiss confocal laser scanning microscope 880 with 63X oil

objective lens and airyscan were used to image cells.
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To determine if nanobodies can penetrate deeper into the tissue, they

were used in the immunofluorescent staining of tissues grown on Membricks.
Fixed and permeabilised tissues were stained with primary PML antibodies and
secondary nanobodies. Confocal microscopy was used to capture Z-stacks
throughout the tissue. PML staining was observed throughout the tissue depth,
with the final slice of the Z-stack still showing PML staining (Figure 3.11).
Increased green background fluorescence was observed compared to previous
conventional antibody staining of 3D tissues, likely due to increased levels of

laser excitation required to detect a visible signal. Thus, nanobodies can be used

for deeper immunofluorescent staining of tissues grown on Membricks.

Figure 3. 11: Nanobodies overcome antibody penetration limitations in tissue
staining. HAEC-b cells were differentiated on Membricks, fixed, permeabilised, stained
for PML using a primary antibody and secondary nanobody, and counterstained with
DAPI. A Zeiss confocal laser scanning microscope 880 with 63X oil objective lens was
used to capture Z-stacks throughout tissue. A - Z-stack projection of the tissue on a
Membrick. B - image of the bottom slice from the Z-stack. Green - PML, Blue - DAPI.
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Using these imaging techniques, 3D tissues were nanobody-stained to

identify epithelial cell markers. The onset of ALl conditions initiates the
differentiation process, leading to the development of multiple epithelial cell
types, including ciliated, goblet, and basal cells (Silva et al., 2023). After five
weeks in culture, fully differentiated tissues were fixed, permeabilised, and
stained for B-tubulin (ciliated cells), Muc5AC (goblet cells), and p63 (basal cells)
(Pharo et al., 2020). Confocal microscopy was used to obtain Z-stack images
throughout the tissue depth. All three cell types were observed within the
differentiated cell population on Membricks. Ciliated cells were detected
protruding from the apical surface, goblet cells were located beneath, and basal

cells were found at the bottom of the tissue (Figure 3.12).

A

Figure 3. 12: Cell marker staining of tissues differentiated on Membricks. Tissues

were fixed overnight, immunofluorescence stained for cell markers, then imaged with
a Zeiss confocal laser scanning microscope 880 with 40X oil objective lens. A - ciliated

cells, B - goblet cells, and C - basal cells. Green - cell marker. Blue - DAPI.
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3.2.7. Membricks have similar imaging properties in comparison to

Transwells

To investigate the potential of Membricks for imaging studies, their
imaging properties were compared to those of commercially available Transwell
inserts. PML forms 10-30 nuclear bodies per nucleus, each approximately 0.2-1
pm in diameter (Zhong, Salomoni and Pandolfi, 2000). Due to their small size,
lower resolution imaging methods cannot distinguish PML bodies due to their
dense packing in the nucleus resulting in converging bodies, and therefore,
higher resolution imaging is required (Osterwald et al., 2012). Imaging cells on
Membricks and Transwells alters imaging quality compared to conventional glass
coverslips due to altered refractive indices and dispersion (Elliott, 2020; You et
al., 2023). Thus, confocal microscopy imaging of PML was used to compare

imaging properties between products.

HBEC3-KT cells were seeded onto Membricks, glass coverslips, and three
brands of Transwell inserts: Corning, Greiner, and Falcon. Cells were cultured
for 48 hours, fixed and permeabilised overnight, immunostained for PML, and
counterstained with DAPI. Transwells and Membricks were mounted onto
coverslips and imaged using confocal microscopy with Airyscan. Compared to
cells on glass coverslips, Membricks produced darker images with less well-
defined structures when using the same laser intensity (Figure 3.13A). To
quantify background fluorescence in Membricks and Transwells, intensity profiles
were analysed from images acquired from each product. Profiles were created
by drawing a straight line across images which encompassed three cells. Ideally,
fluorescence should be confined to areas containing cells, with no signal in
empty regions. Imaging of Corning Transwells showed blue speckles in the
background, blurry nuclei, and barely visible PML staining (Figure 3.13B).
Intensity profile analysis demonstrated small peaks of fluorescence in areas
without cells, indicating background noise (Figure 3.13C). Falcon Transwells had
slightly improved imaging with faint blue and green speckles, sharper nuclei, and
more discernible PML staining. The intensity profile showed lower fluorescence
in areas without cells, though it never reached zero. Greiner Transwells and
Membricks displayed similar imaging quality with no speckles, and clear
visualisation of nuclei and PML. The intensity profile reached zero in areas

without cells, indicating little to no background signal. These results suggest
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Membricks may offer enhanced imaging quality compared to Corning and Falcon

Transwells for 2D cell imaging, and are comparable to Greiner Transwells. To
further investigate if Membricks provide enhanced imaging quality, a higher
number of replicates and statistical analysis should be carried out on

fluorescence intensity between both Membricks and Transwells.
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Figure 3. 13: Imaging of 2D cells on coverslips, Membricks, and Transwells. HBEC3-KT

cells were seeded onto glass coverslips, Membricks, and Transwells, and cultured for 48
hours. Cells were fixed, permeabilised, and stained for DAPI (blue) and PML (green).
Maximum intensity projections were captured using a Zeiss confocal laser scanning
microscope 880 with 63X oil objective lens and Airyscan. A - cells on coverslip and
Membrick. B - cells on Corning Transwell, Greiner Transwell, Falcon Transwell, and
Membrick. C - intensity profiles of a line spanning three cells from images of
Transwells and Membricks. X-axis represents the line distance and Y-axis represents the

Grey Value (pixel intensity).
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Membricks and Greiner Transwells demonstrated the highest imaging

quality, prompting an investigation of their imaging capabilities for 3D tissues.
HAEC-b cells were seeded onto both scaffolds, differentiated over five weeks,
fixed, permeabilised, and stained with DAPI. Confocal microscopy was used to
capture Z-stack images of tissues on both Membricks and Transwells. Greiner
Transwells showed elongation of the nuclei in the Z-plane which resulted in
blurred images, and a noticeable decrease in signal intensity towards the basal
side (Figure 3.14A). In contrast, Membricks showed less elongation of the nuclei
resulting in a more defined shape and maintained consistent signal intensity
throughout the tissue depth (Figure 3.14B). These findings indicate Membricks
offer similar imaging properties with more well-defined nuclei compared to

Greiner Transwells for tissue imaging.



Figure 3. 14: Membricks provide more well-defined images to Greiner Transwells for
3D tissue imaging. HAEC-b cells were differentiated for 5 weeks on Membricks and
Greiner Transwells. Tissues were fixed and permeabilised then stained for DAPI (blue).
A Zeiss confocal laser scanning microscope 880 with 40X and 63X oil objective lens and
Airyscan was used to capture Z-stacks throughout the tissues. A - top view of tissues

and B - Z-stack projection. Left - Greiner Transwell and Right - Membrick.
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3.2.8. Imaging influenza virus infection in 3D cultures

differentiated on Membricks

ALI cultures are known to be susceptible to IAV infection (M. C. W. Chan
et al., 2010; Davis et al., 2015; Pharo et al., 2020). IAV infection was imaged in
ALI cultures on bioprinted scaffolds using the 3D confocal imaging techniques
developed previously. The Membrick scaffolds were chosen for these
experiments as they demonstrated successful cellular differentiation and have a
fully exposed apical surfaces allowing for easier infection and washing compared
to the partially enclosed Haemobrick scaffold. HAEC-b cells were differentiated
on Membricks for five weeks, washed with PBS to remove secretions, and
infected with mouse-adapted influenza A/California/07/2009 (MaCal/09) for two
hours. Following infection, tissues were washed, and basal media was changed.
After incubation at 37°C and 5% CO; for 48 hours they were fixed and
permeabilised overnight, washed, and antibody stained for IAV NP overnight.
Tissues were stained with secondary nanobodies and DAPI for one hour, then the
biomaterial was removed from the cylindrical plastic supports and mounted onto
a glass coverslip. Confocal microscopy was used to capture Z-stacks throughout
the depth of the tissue. IAV infection was observed only in cells at the apical
surface (Figure 3.15). NP staining could not be seen beyond a tissue depth of 15
pm, although DAPI staining was visible throughout the entire tissue. This
suggests that either IAV replication is limited to the surface layer of the tissue at
48 h.p.i., the fluorophores are photobleaching, or the nanobodies failed to
penetrate deeper into tissues - contrasting with the deep tissue nanobody

staining seen with PML (Figure 3.11).



S———

naw 'v.n J ,. |"~W9Tm ..." . [ 9

Figure 3. 15: MaCal/09 infection of tissues differentiated on Membricks. Tissues
cultured on Membricks were infected with MaCal/09 and incubated for 48 hours at
37°C. Tissues were fixed, permeabilised, antibody stained for IAV NP, and
counterstained with DAPI. Z-stacks were captured using Zeiss confocal laser scanning
microscope 880 with 40X oil objective lens. A - individual slices from Z-stack from
apical layer (0 um) to bottom of virus replication (15 um). B - Z-stack with and without
DAPI. Green - IAV, blue - DAPI, red - cilia.
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Instead of relying on immunofluorescent staining of IAV proteins, a

fluorescently tagged influenza A/Puerto Rico/8/1934 (PR8) virus, termed
“BrightFlu”, was utilised for infection assays (generously provided by the
Hutchinson group (MRC - University of Glasgow Centre for Virus Research)). This
virus contains a ZsGreen fluorophore within in the NS1 genome segment. 2A
autoproteolytic sequences flank the ZsGreen gene, ensuring the fluorophore is
cleaved from the NS1 protein upon replication, resulting in a fluorescent trail
representing IAV replication from cell to cell, and bypassing the constraints of
antibody-based staining. Tissues grown on Membricks were infected with 1,000
plaque forming units (PFU)/mL of BrightFlu per tissue for two hours, then fixed
at 24- and 48-hours post-infection (h.p.i.) and stained for ciliated cells and DAPI.
Confocal microscopy was used to capture areas of infection. Figure 3.16A
illustrates the spatial localisation of BrightFlu, moving from the apical surface
deeper into the middle of the tissue. Virus replication was observed up to 50 pm
deep at 24 hours, whereas by 48 hours, it reached the bottom of the tissue at 90
pm (Figure 3.16B and C). Additionally, a gradual reduction in TEER was observed
over the infection period, suggesting IAV replication progressively damaged the
epithelial barrier of the tissues (Figure 3.16D).
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3.2.9. Membrick “delamination” is a critical product flaw

Cellbricks increased their supply of Membricks as differentiation, imaging,
and infections were successful. However, due to changes in their manufacturing
supply chain, they were no longer able to use the original materials. Shortly
after they switched materials, a problem was identified when HAEC-b cells were
cultured under ALI conditions. The bioink membrane began to spontaneously
detach from the plastic cylinder, allowing cell culture medium to leak into the
apical chamber, inhibiting epithelial differentiation under ALl conditions
(Gerovac et al., 2014). This defect was termed “delamination” and can be

visualised in Figure 3.17C when compared to healthy Membricks in Figure 3.17A

and B.

Transwells

Normal Membricks

Delaminated Membricks

Sy

Figure 3. 17: Spontaneous “delamination” of Membricks. HAEC-b cells differentiated
on Membricks and Transwells over 5 weeks and imaged with phase contrast microscope.

A - Transwells, B - normal Membricks, C - “delaminated” Membricks.
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In response to the “delamination” issue, Cellbricks developed various

materials over multiple batches in an effort to rectify the problem. As we
communicated our observations, they created improved batches of Membricks,
which we tested in rolling cycles to assess “delamination”. Due to our limited
access to the specific compositions of these biomaterials, we lack information
regarding the alterations made in each new batch of Membricks. Figure 3.18
illustrates the progression of material evolution based on the limited knowledge

available to us.

Material 4
Supports cell growth and attachment
Cell adhesion experiments

Delamination experiments
Material 1
Control material derived from material 4.
Supports cell growth and attachment

v

Material 2 Material 3 Material 4 Material 8
1 Crosslinker L 1 Crosslinker HA 1 Crosslinker E 1 Crosslinker E than Material
1 but below Material 4

v
Material 5

1 Crosslinker E

than Material 4

/N

Material 6 Material 7
Same as Material 1 Crosslinker E
5 with new Batch than Material 5

of Crosslinker E
Figure 3. 18: Schematic representation of Membrick material development.
Cellbricks supplied multiple batches of Membrick materials to address the
“delamination” issue. Each successive material was modified based on feedback

provided from our testing.
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Multiple batches of new Membricks were seeded with HAEC-b cells and

put under ALI, alongside Transwells as a control. Over five weeks, Membricks
were monitored every 2-3 days to record the rate of “delamination”. The
survival rate was calculated by dividing the number of intact and healthy
Membricks by the total number of Membricks for each material after the five-
week period. The number of Membricks varied for each material, ranging from 4-
15, with three batches tested for materials 1-4, and one batch for materials 5-8.
None of the tested materials demonstrated a consistent survival rate above 90%,
a rate which had been observed in previous materials, and statistical analysis
could not be carried out due to lack of power, and non-normal distribution and
variance of datapoints (Figure 3.19). Due to the inconsistency in materials
between batches and low survival rates, the Membrick became commercially

unviable, leading to the discontinuation of its production.
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Figure 3. 19: Delamination rates of different Membrick materials. Membrick materials
(1-8) were seeded with HAEC-b cells and differentiated over five weeks. They were
monitored for regularly and numbers of “delaminated” Membricks were recorded.
Materials 1-5 N = 4-15 over three independent batches. Error bars = mean survival rate
(%) + 1 SD across three batches. Materials 5-8 N = 4-15 over only one batch, mean was
not calculated due to lack of reproducibility. Threshold was set to 90% survival rate as

previous batches of Membricks provided 90% survival rates.
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3.3. Discussion

The field of bioprinting and its application in 3D tissue culture is rapidly
advancing, with vast potential for innovation. While bioinks possess optimal
properties for bioprinting scaffold structures, adapting these bioinks for the
differentiation of primary cells requiring extended incubation periods poses
significant challenges (Pepelanova et al., 2018). Through frequent discussions
with Cellbricks, the biomaterial composition was adjusted after each round of
testing to enhance their compatibility with bronchial epithelial cells. This
process led to the identification of biomaterials which successfully supported the
adhesion and proliferation of 2D epithelial cells in both Haemobrick and
Membrick formats. Furthermore, the Membrick supported the differentiation
HAEC-b cells under ALI conditions, and the morphology of these tissues closely
resembled those differentiated on conventional Transwell inserts. Together,
these findings confirm that Membricks can be utilised for 3D ALI cultures of the

lung epithelium.

The development of 2D and 3D microscopy methods allowed for the
imaging of cells on Haemobrick and Membrick scaffolds, as well as tissues
differentiated Membricks. Widefield microscopy proved the most efficient
method to image entire scaffolds due to its ease and speed. For higher
resolution imaging of tissues, confocal microscopy proved superior, albeit
limited to capturing small sections of the scaffold. Additionally, the use of
nanobodies in place of conventional secondary antibodies allowed
immunofluorescence staining deeper into the tissues. The composition of the
bioink greatly influenced the imaging quality, and through screening processes a
biomaterial was identified with optimal imaging properties. Although ALI
cultures on Transwells can be imaged, the quality and tissue depth of imaging
are compromised by the PET membrane, and imaging can vary between
Transwell materials (Gillespie et al., 2016; Zaderer et al., 2019; Mockel et al.,
2022; Awatade et al., 2023). Confocal imaging of cells and tissues on Membricks
and Transwells revealed that the Membricks had similar imaging properties.
Together, these imaging advancements enabled the imaging of cells within the

Haemobrick and Membrick scaffolds in both 2D cells and 3D tissues.
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Using these bioimaging techniques and a fluorescently tagged PR8 virus,

IAV infection was visualised within tissues cultured on Membricks. Virus
replication was observed from the apical layer through the multiple cell layers
at 24 hours, reaching the bottom cells at 48 hours. Notably, the virus was
observed replicating vertically instead of horizontally. Traditional fluorescence
imaging of ALI cultures typically involves fixing the tissue, embedding in
paraffin, followed by sectioning, antigen retrieval, and immunofluorescent
staining (Shinya et al., 2006; Thompson et al., 2006; Bhowmick et al., 2018;
Rayner et al., 2019; Xia et al., 2020). This approach often leads to challenges in
reconstructing sections into a larger 3D tissue assembly, resulting in a loss of
spatial information. In contrast, imaging intact, unsectioned tissues grown on
Membricks retained the native tissue architecture, allowing for more data to be

gathered on the spatial dynamics of virus replication.

Unfortunately, the Membrick model ultimately suffered from a critical
design flaw that could not be resolved within the timeframe of our
collaboration. The “delamination” problem caused basal media to leak into the
apical chamber - disrupting ALI conditions essential for cellular differentiation
(Gerovac et al., 2014). Despite multiple material alterations, consistent survival
rates of Membricks could not be achieved, rendering them unsuitable for
commercialisation and the cessation of the project. Nonetheless, the potential
applications of bioprinted scaffolds for 3D tissue culture models were clearly
demonstrated prior to the “delamination” issue. The Membrick supported the
cellular differentiation of HAEC-b cells into a tissue and provided higher quality
images compared to Transwells. Moreover, it enabled the visualisation of 1AV
replication throughout the tissue without the need for sectioning. These findings
highlight both the promise and challenges of utilising bioprinted scaffolds to

advance tissue culture models.
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4. Monitoring influenza virus replication kinetics
for inhibitor screening

4. 1. Introduction

The ALI model cultured on Membricks enabled the development of
advanced 3D imaging techniques for studying IAV replication. However, the
“delamination” issue necessitated the transition to a Transwell ALI model. As
confocal microscopy of individual Transwells is extremely time consuming and
labour intensive, we decided to adopt a more traditional 2D cell culture
approach for inhibitor screening. The efficacy of IAV inhibitors are typically
measured using endpoint assays in MDCK cells (Furuta et al., 2002b; Takahashi et
al., 2003). To complement endpoint assays, real-time assays can be used to
detect delays in virus growth and effects of inhibitors that may be missed using
only a single timepoint. This chapter describes the development of a 2D real-
time assay designed to monitor IAV replication kinetics throughout the entire
time course of infection. This assay was then applied to investigate a range of

potential antiviral inhibitors and translated to tissues using imaging methods.

Favipiravir (T-705), initially developed as an anti-influenza treatment, has
broad-spectrum antiviral activity against RNA viruses by inhibiting RdRp (Furuta
et al., 2002b, 2013). As a prodrug, favipiravir is converted by cellular enzymes
inside the body into its active form favipiravir-RTP. This active form is a purine
analogue which is incorporated into the synthesis of complementary viral RNA in
place of guanosine or adenosine, thereby terminating elongation and halting
viral replication (Furuta et al., 2005). Favipiravir has demonstrated broad in
vitro and in vivo activity against influenza virus strains, including those
otherwise resistant to antiviral drugs (Takahashi et al., 2003; Sleeman et al.,
2010). In particular, favipiravir has shown greater antiviral efficacy against PR8
in MDCK cells and mouse models compared to oseltamivir (Takahashi et al.,
2003). Due to its antiviral properties, favipiravir was selected as a model
inhibitor to validate assay design and establish a positive control benchmark for

screening other putative inhibitors.



107
In 2023 a collaboration was initiated with Janet Scott (MRC - University of

Glasgow Centre for Virus Research), and Glenn Burley’s research group
(University of Strathclyde (https://www.burleylabs.co.uk)). The Burley group
specialises in synthetic organic chemistry and our primary collaborator, Otto
Linden, focusses on difluoromethylation of nucleosides and nucleic acids. Using
their established methodologies, the group have the capability to screen
chemical databases, model chemical compounds, identify top drug candidates,
and synthesise these compounds. As part of this collaboration, four novel
favipiravir analogues were synthesised in an attempt to improve the antiviral
potential of favipiravir. The primary objective was to investigate these

analogues for their potential antiviral activity relative to favipiravir.

The aim of this chapter is to develop an assay to monitor the real-time
replication kinetics of 1AV and to utilise this assay for drug discovery using

favipiravir and its analogue derivatives.
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4.2. Results

4.2. 1. Influenza virus replication kinetics can be monitored in

real-time

A real-time assay was established to monitor AV replication kinetics over
a time course of infection. MDCK cells were infected with BrightFlu ranging from
MOI 0.01 - 0.00001 and incubated in a plate reader up to 36 hours. Relative
fluorescence units (RFU) from BrightFlu’s ZsGreen expression were recorded at
488 nm every 15 minutes over the incubation period. To account for background
fluorescence, RFU values were adjusted by subtracting the mock-infected
negative control. A parallel plate was set up under the same conditions and was
kept in a separate incubator. At 0, 12, 24, and 36 hours post-infection, cells
were imaged using widefield microscopy at 488 nm to capture ZsGreen
expression. The highest MOI (0.01) showed the quickest replication increase,
starting at 6 hours, and reached a plateau by 24 hours (Figure 4.1A). The lowest
MOI (0.00001) showed delayed replication that onset at 18 hours and plateaued
by 36 hours. The MOI of 0.0001 showed a well-fitted sigmoidal curve of
replication that stabilised by 36 hours, making it the optimal MOI for further
experiments. Widefield images confirmed a gradual increase in green
fluorescence from 0 to 36 hours (Figure 4.1B). This fluorescence-based assay

successfully monitored ZsGreen expression from BrightFlu in real-time.

To validate that the increasing RFU recorded by the plate reader
corresponded to virus replication, confirmatory plaque assays were carried out.
MDCK were infected with BrightFlu at an MOI of 0.0001, At 0, 12, 24, and 36
hours post-infection, cells were fixed, permeabilised, and stained for IAV NP.
Representative images were captured using the Celigo Imaging Cytometer
(Figure 4.1C), and the number of plaques were counted to calculate plaque
forming units (pfu) per mL. pfu/ml increased to 3.4x10* at 12 h.p.i. and grew to
2.1x108 at 24 and 36 h.p.i. (Figure 4.1D). The increasing trend in pfu/mL
correlated with the increase in RFU, though pfu/mL had increased earlier at 12
h.p.i. relative to RFU, by 36 h.p.i, both pfu/ml and RFU start to plateau. These

observations confirm that the fluorescence recorded by the plate reader was
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associated with an increase in viral titre. Together, these results demonstrate

that the plate reader assay can successfully monitor IAV replication kinetics in

real-time.
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Figure 4. 1: Influenza virus growth kinetics can be monitored in real-time in 2D cells.
MDCK cells were infected with BrightFlu (MOI 0.01- 0.00001) and incubated for 36
hours. A - replication kinetics of BrightFlu over 36 hours post-infection (h.p.i). ZsGreen
expression was measured in relative fluorescent units (RFU) in 15-minute intervals and
adjusted to subtract mock infected wells. B - representative widefield images from
focus forming assay on MDCK cells infected with BrightFlu (MOI of 0.0001) at 0, 12, 24,
and 36 h.p.i. C - representative images from plaque assay on MDCK cells infected with
BrightFlu (MOI of 0.0001), fixed, and imaged at 0, 12, 24, and 36 h.p.i. D - plaque
forming units (pfu) per mL at 0, 12, 24, and 36 h.p.i., with RFU datapoints from panel
A (MOI of 0.0001). N = 3 biological replicates, with 3 technical repeats each. Error bars

= mean + 1 SD.
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4.2.2. Favipiravir inhibits influenza virus replication

Favipiravir has been shown to inhibit PR8 in MDCK cells (Furuta et al.,
2005). For this reason, favipiravir was used as a model drug to evaluate whether
the real-time assay could identify compounds that impact IAV replication. MDCK
cells were mock treated (negative control) or infected with BrightFlu (MOI of
0.01-0.0001). Favipiravir was added into the overlay medium at increasing
concentrations with a negative control lacking favipiravir treatment. Cells were
incubated in a plate reader and green RFU were recorded every 15 minutes up to
24 hours for an MOI of 0.01, 28 hours for MOI 0.001, and 30 hours for MOI 0.0001.
Favipiravir demonstrated a clear dose-dependent inhibition in BrightFlu
replication at MOI 0.01 and 0.001 (Figure 4.2A and B). At the lowest MOI of
0.0001, BrightFlu replication was significantly delayed and showed increasing
deviation between biological replicates at 30 h.p.i, with dose-dependent
inhibition being difficult to observe between different concentrations of

favipiravir (Figure 4.2C).

Several measurements can be used to determine drug efficacy, one of
which is the ICso value. This indicates the drug concentration at which 50% of the
virus is inhibited. Favipiravir ICso values were obtained using real-time data from
BrightFlu replication kinetic curves. Favipiravir concentrations were transformed
into a logarithm and the maximum RFU value was extracted from each
concentration. RFU values were normalised so that the maximum RFU value
equals 100% and the minimum equals 0%. A nonlinear regression was then fitted
to the normalised RFU values to obtain the log(ICso), ICs0, and HillSlope values.
Log(ICs0) represents the concentration where the dose-response curve reaches
50% of the maximum RFU. To obtain the inhibitory value in the original
concentration, log(ICso) was transformed back to ICso. The R? value is an
inadequate measure for goodness of fit in nonlinear regression models (Spiess
and Neumeyer, 2010). Instead, the HillSlope, which describes the steepness of
the curve, is more informative. A HillSlope value close to -1 represents a typical
sigmoidal curve, which shows the gradual decrease in virus replication with

increasing drug concentrations (Gadagkar and Call, 2015).
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The results of the favipiravir dose-response curves were as follows:
e MOI 0.01: ICso of 104 uM and HillSlope of -4.24.
e MOI 0.001: ICs0 of 35 puM and HillSlope of -1.461.
e MOI 0.0001: ICso of 9.99 uM and HillSlope of -1.297.

MOIs 0.001 and 0.0001 showed HillSlopes closest to -1, indicating a more optimal
curve shape. However, MOI 0.0001 showed more deviation between replicates,
likely due to the longer incubation time. It should be noted that gaps in the X-
axis data points may impact the accuracy of regression calculations, as these
datapoints are not spaced in continuous increments. Overall, this shows that the
real-time assay can quantify the inhibition of 1AV replication kinetics. However,
further optimisation of both the virus MOl and favipiravir concentrations is

necessary to improve the accuracy of nonlinear regression analyses.
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Figure 4.2: Favipiravir decreases BrightFlu replication kinetics. Left - MDCK cells

were infected with BrightFlu and overlayed with cell culture medium containing a

range of favipiravir concentrations. Green relative fluorescent units (RFU) were

recorded every 15 minutes from 0 to 24, 28, or 30 hours post-infection (h.p.i.), with

mock infection values subtracted. Right - corresponding favipiravir dose-response

curves generated using nonlinear regressions on the maximum RFU at each favipiravir
dose. Calculated log(ICso), ICs0, and HillSlope values shown on the right. A - MOI 0.01, B
- MOI 0.001, C - 0.0001. N = 3 biological replicates with 3 technical replicates each.

Datapoints on replication kinetic curves represent mean values.
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To optimise the nonlinear regression model used for calculating I1Cso

values, favipiravir dilutions were prepared in logarithmic increments. This
prevents overcrowding specific areas of the dose-response curve and ensures
datapoints are evenly distributed across the X-axis. Both a real-time assay and
an endpoint assay were used to corroborate findings between them. An MOI of
0.001 was selected for its sigmoidal curve shape and can be monitored in a
shorter time frame than an MOI of 0.0001, with less deviation between
replicates. A 24-hour incubation period was selected as a middle ground
timepoint for both assays as IAV replication kinetics plateau at 24-28 h.p.i. Two
plates of MDCK cells were infected with BrightFlu at an MOI of 0.001, and mock
infected as a negative control. Logarithmic increments of favipiravir
concentrations were added to the overlay medium, with a negative control
lacking favipiravir (Table 4.1). Replication kinetics were monitored in one plate
using a plate reader to record RFU in the 488 nm range over 24 hours. The
second plate was used for a focus forming assay, where cells were incubated for
24 hours, then fixed, permeabilised, and stained for NP. Representative images
were captured using the Celigo Imaging Cytometer at 488 nm, and the number of
foci were recorded. For nonlinear regression calculations, the maximum RFU and
maximum number of virus positive cells from each well were used. Both assays
demonstrated that favipiravir inhibited BrightFlu replication in MDCK cells with
similar 1Cso values of 24 and 28 uM (Figure 4.3). These results indicate that both
the real-time assay and endpoint assay can be used to measure the impact of

favipiravir on IAV replication.
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Table 4.1: Favipiravir concentrations used in influenza replication kinetics assay.

Standard concentration (uM) Log concentration (uM)
1 0
3.16 0.5
10 1
31.62 1.5
100 2
316.23 2.5

Favipiravir concentration increasing in 0.5 log increments. The standard concentrations

are provided alongside corresponding log values.
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Figure 4.3: Favipiravir inhibits BrightFlu replication. MDCK cells were infected with

BrightFlu and incubated for 24 hours with favipiravir in the overlay medium added in

logarithmic increments. A - dose-response curve of favipiravir inhibition using the real-

time plate reader assay to record RFU. B - dose-response curve of favipiravir inhibition

using the focus forming Celigo assay to record virus positive cells. The calculated

log(ICso), ICs0, and Hillslope values are shown from the nonlinear regression output. N =

3 biological replicates, containing 3 technical replicates each.
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4.2.3. Favipiravir analogues do not inhibit influenza virus

replication

Favipiravir inhibits the replication of IAV in MDCK cells with an ICso value
of 24 - 28 pM. However, in the field of drug discovery, this inhibitory value can
be considered relatively high. For example, oseltamivir, a licenced influenza
virus antiviral, has an ICso value of 0.559 + 0.150 nM against PR8 in MDCK cells
(McSharry et al., 2004). Potent drugs typically have lower ICso values, meaning
the drug is more effective at lower concentrations, which reduces the dosage
required to observe inhibitory effects in clinical trials. One approach to drug
discovery involves designing new drug analogues by altering the composition of
existing inhibitors to enhance their antiviral properties. In collaboration with
Janet Scott (MRC - University of Glasgow Centre for Virus Research), Glenn
Burley, and Otto Linden (University of Strathclyde), four favipiravir analogue
derivatives were synthesised to determine whether the structural modification
of favipiravir could improve its antiviral properties. The chemical names and
molecular weights of these analogues are given in Table 4.2, and Figure 4.4
shows their chemical structures. All four analogues had a higher molecular
weight than favipiravir and were each resuspended in DMSO to prepare a 10 mM

stock solution.

Table 4.2: Properties of favipiravir and analogues.

Compound Chemical name Molecular weight (g/mol)

6-Fluoro-3-hydroxy-2-pyrazine
Favipiravir 157.10
carboxamide

Analogue 1 O*-Difluoromethyl-uridine 294.21
Analogue 2 02-Difluoromethyl-cytidine 293.23
Analogue 3 O2-Difluoromethyl-deoxycytidine 277.23
Analogue 4 | 5-Fluoro-0?-difluoromethyl-deoxycytidine 295.22

Chemical names and molecular weights of favipiravir and its synthesised analogues are

given.
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Figure 4.4: Chemical structures of favipiravir and analogues. Chemical structures of

A - Favipiravir, B - Analogue 1, C - Analogue 2, D - Analogue 3, E - Analogue 4.
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Favipiravir analogues were first evaluated for their impact on the health

of MDCK cells. An MTS assay is commonly used to assess cell proliferation,
viability, and cytotoxicity (Riss et al., 2004). This assay relies on the reduction
of an MTS tetrazolium compound by NAD(P)H-dependent dehydrogenase enzymes
in metabolically active cells, resulting in a coloured formazan dye (Wong, Ong
and Traini, 2022). MDCK cells were overlayed with a range of drug dilutions (0O-
500 pM) and incubated for 48 hours. Drugs included all four favipiravir
analogues, favipiravir, puromycin (death control), and no drug treatment
(positive control). After incubation, MTS reagent was added for 1 hour, and
absorbance at 490 nm was recorded using a plate reader to quantify levels of
formazan dye. Absorbance fold changes were calculated relative to no drug
treatment. Figure 4.5A shows that absorbance decreased with increasing
concentrations of analogue 2 from 200 puM onwards - dropping below the
puromycin death control by 300 uM. The absorbance values from analogues 1, 3,
4, and favipiravir varied marginally relative to untreated cells and failed to
reach the low absorbance values observed for puromycin (death control). These
results suggest that of all the compounds tested, only analogue 2 caused MDCK

toxicity at concentrations over 200 pM.

To further evaluate the impact of favipiravir analogues on cell health, the
number of cells were counted after drug treatment (as described above). After
48 hours, cells were fixed and stained with DAPI, and images were captured
using the Celigo Imaging Cytometer at 405 nm. The number of DAPI stained cell
nuclei were counted and fold changes were calculated relative to no drug
treatment. Figure 4.5B shows a decrease in cell numbers from 200 pM, 100 pM,
500 pM, and 10 pM onwards for analogues 1, 2, 3, and 4, respectively. By 300
MM, the cell counts for analogue 1 dropped to a value comparable to puromycin
treated cells. Analogue 2 cell counts gradually decreased, reaching zero at 300
MM, consistent with puromycin (death control). Analogues 3 and 4 exhibited a
50% reduction in cell count at 500 pM and 100 pM, respectively. Favipiravir cell
counts decreased from 300 uM onwards, and reached zero by 500 uM. Analogues
1, 2, and 4 resulted in increased MDCK cell detachment compared to favipiravir.
With the exception of analogue 4, favipiravir and its derivative analogues had

little impact on cell count at concentrations below 100 pM.
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Figure 4.5: Impact of favipiravir analogues on MDCK cell health. A - absorbance fold
change relative to untreated cells. MTS assay absorbance readings taken at 490 nm
after 48 hours of drug treatment. B - cell count fold change relative to untreated cells.
DAPI stained cell count after 48 hours of drug treatment. Purple - analogue 1; Blue -
analogue 2; Green - analogue 3; Orange - analogue 4; Pink - favipiravir; Black -
puromycin death control. N = 3 biological replicates, with 2 technical replicates each.

Error bars = mean + 1 SD.



120
The inhibitory effects of favipiravir analogues on IAV replication were

investigated. MDCK cells were infected with BrightFlu at an MOI of 0.001 and
analogues were added into the overlay at increasing concentrations, with a
negative control of no drug treatment and positive control of favipiravir. After
24 hours incubation, cells were fixed, and images were captured using the Celigo
Imaging Cytometer at 488 nm. The number of BrightFlu infected cells were
counted, and fold change was calculated relative to no drug treatment. A dose-
dependent relationship was observed between increasing favipiravir
concentrations and decreasing number of BrightFlu positive cells (Figure 4.6).
Analogues 1 and 3 increased in BrightFlu positive cells at 100 and 316 pM. For
analogue 2, BrightFlu positive cell counts remained constant except for a small
increase at 100 pM. Analogue 4 slightly increased BrightFlu positive cells at 1 and
3 UM before returning to levels comparable to no drug treatment at higher
concentrations. From this selection of compounds, only favipiravir demonstrated

dose-dependent inhibition of BrightFlu replication at 24 h.p.i. in MDCK cells.
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Figure 4. 6: BrightFlu replication in the presence of favipiravir analogues. MDCK cells
were infected with BrightFlu MOI 0.001 and overlayed with analogues and favipiravir
for 24 hours. Images were captured, and the number of virus positive cells were
counted. Fold change was calculated relative to the no drug treatment control. N = 3

biological replicates, error bars = mean + 1 SD.
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To determine whether favipiravir analogues influenced the replication

kinetics of 1AV beyond a 24-hour timepoint, the real-time plate reader assay was
used. MDCK cells were infected with BrightFlu at an MOI of 0.001 and analogues
were added into the overlay medium at increasing concentrations, with a
negative control of no drug treatment and positive control of favipiravir. The
cell culture plate was incubated in a plate reader to record green RFU expressed
over 36 hours. To determine if a dose-dependent relationship existed between
IAV replication and drug concentration, a two-tailed Mann-Whitney U-test was
performed to assess whether there was a statistically significant difference in
virus replication from 1 pM of each inhibitor to the maximum concentration that

maintained cell viability.

Favipiravir demonstrated significant inhibition of IAV replication in a dose-
dependent manner (Figure 4.7A). Analogues 1 and 2 significantly increased IAV
replication in a dose-dependent manner, up to 100 uyM, after which the
concentration was detrimental to cell count, and thereby reduced the number of
cells available for virus replication (Figure 4.7B and C). Similarly, analogue 3
significantly increased IAV replication up to 316 uM (Figure 4.7D). Analogue 4
significantly increased IAV replication until 100 pM, where it also became
detrimental to cell viability (Figure 4.7E). The real-time assay showed that while
favipiravir inhibited IAV replication in a dose-dependent manner, all analogues
enhanced viral replication to varying degrees by 36 h.p.i. In conclusion, none of
the four favipiravir analogues demonstrated inhibitory effects on IAV replication

under dosing conditions that maintained cell viability.
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Figure 4.7: BrightFlu replication kinetic curves and fold changes with favipiravir and

analogues. MDCK cells were infected with BrightFlu MOI 0.001 and overlayed with cell
culture medium containing a range of favipiravir and analogue concentrations. Left -
Green relative fluorescent units (RFU) were recorded every 15 minutes from 0 to 36
hours post-infection (h.p.i.), with mock infected values subtracted. Right - Maximum
RFU recorded for each drug concentration was extracted, and fold changes were
calculated relative to no drug treatment. A two-tailed Mann-Whitney U-test was
performed to determine statistical significance from 1 uM to the highest concentration
before cell health declined. A - favipiravir, B - analogue 1, C - analogue 2, D -

analogue 3, E - analogue 4. N = 2 biological replicates.
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4.2.4. Influenza virus replication kinetics cannot be monitored in

AL/l cultures

Since favipiravir was the only drug that successfully inhibited BrightFlu
replication in MDCK cells, its effects were further investigated in 3D ALI models
(described in Chapter 3). To determine whether the real-time assay could be
applicable to 3D tissues, cells were trialled on Transwells to monitor viral
replication. MDCK cells were seeded onto the apical chamber of Transwells and
incubated overnight. The following day, cells were mock treated or infected
with BrightFlu (MOI of 0.01 - 0.00001), and green RFU were recorded up to 36
hours. Figure 4.8A illustrates the plate reader settings used to monitor BrightFlu
replication on Transwells. The focal plane on the Z-axis was adjusted to read
RFU specifically from the Transwell apical chamber, on which the cells reside,
instead of the bottom of the well. RFU were recorded across the entire diameter
of the well, and values were extracted from the apical chamber by manually
selecting regions of interest from the generated heatmap. This provided RFU
values exclusively from the cells within the Transwell boundary. Values from the
negative control (mock infected MDCK cells on Transwells) were subtracted to
account for background fluorescence. The kinetics of virus replication could be
observed to occur in an MOI-dependent manner - analogous to previous results
observed in standard tissue culture plates (Figure 4.8B). This confirmed the real-
time assay could be used to monitor IAV replication kinetics in cells grown on

Transwells.
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Figure 4.8: Influenza virus replication kinetics in MDCK cells on Transwells. MDCK
cells were seeded onto Transwells, infected with BrightFlu (MOl 0.01- 0.00001), and
incubated over 36 hours in a plate reader. A - plate reader settings used to monitor
relative fluorescence units (RFU) from the apical chamber of Transwells. B - replication
kinetics of BrightFlu over 36 hours post-infection (h.p.i). BrightFlu ZsGreen expression
was measured in RFU at 15-minute intervals, with values from mock infected wells

subtracted.
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To determine if the real-time assay was suitable for 3D ALI cultures,

HAEC-b cells from a 71 year old Caucasian male donor were seeded onto
Transwells. Cells reached confluency 3-4 days post-seeding, after which cell
culture media was removed from the apical chamber to establish ALI conditions.
After 5 weeks in culture, tissues were infected with 1,000 PFU of BrightFlu per
tissue for 2 hours, washed, and incubated up to 80 hours. At 24, 48, and 80
h.p.i, tissues were removed from the incubator, then TEER and green RFU were
measured at each timepoint. Figure 4.9A shows TEER measurements after tissues
were washed with PBS, subtracting TEER values from empty (unseeded)
Transwells. TEER decreased from 300 Ohm’s per cm? at 0 h.p.i to 100 by 80
h.p.i, reflecting a decline in epithelial barrier integrity due to virus replication
over time. Figure 4.9B shows the green RFU of infected tissues without washing
with PBS. 80,000 RFU were recorded at 24 h.p.i, which decreased to 50,000 at
48 h.p.i, then increased again to 90,000 at 80 h.p.i. The unexpected decrease in
viral replication at 48 h.p.i. has not been previously observed, prompting further
investigation. Representative images of tissues were captured using widefield
microscopy. At 24 h.p.i .individual infected cells can be observed clearly (Figure
4.9C). Images captured at 48 h.p.i. appeared blurry with a dull green signal,
making it difficult to identify individual infected cells. By 80 h.p.i the entire
tissue appeared cloudy despite an increase in green signal observed visually. The
cloudiness was attributed to mucus secretion from differentiated HAEC-b cells.
ALI cultures are routinely washed every 1-2 days to remove mucus from the
apical chamber. The thick layers of mucus formed from infection and extended
timepoints likely obstructed fluorescence detection (Li and Tang, 2021). Thus,
the fluorescence from BrightFlu replication using the plate reader cannot be
accurately measured in real-time without manually removing mucus from the

tissue.
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Figure 4. 9: Influenza virus replication kinetics cannot be monitored in real-time in
AL/ cultures. HAEC-b cells from a 71 year old Caucasian male donor were seeded onto
Transwells and differentiated over 5 weeks, then infected with 1,000 PFU of BrightFlu
per tissue or mock infected. Transwells were incubated and removed at 0, 24, 48, and
80 h.p.i. A - Transepithelial electrical resistance (TEER) measurements were taken at
each timepoint using a voltohmmeter, after washing Transwells with PBS. Mock
(empty) Transwell values were subtracted, and results were multiplied by the surface
area to give Q per cm?. B - relative fluorescence units (RFU) were recorded at each
timepoint using a plate reader, without washing with PBS. C - widefield images of
Transwells were captured at each timepoint following RFU measurements. N = 2

Transwells per timepoint.
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4.2.5. Favipiravir’s impact on influenza virus replication in AL/

cultures

The real-time assay offered continuous monitoring of virus replication
kinetics over the infection period; however, this method was not applicable to
3D ALI cultures. We therefore examined the utility of confocal microscopy to
monitor IAV replication in 3D. HAEC-b cells were differentiated on Transwells
and infected with 1,000 PFU of BrightFlu per tissue. Cultures were fixed at 24
h.p.i. and stained for ciliated cells and DAPI. Confocal imaging was used to
capture areas of infection, and IMARIS image analysis software was used to
render each channel captured (https://imaris.oxinst.com). Images were opened
in IMARIS, which automatically reconstructed Z-stacks into 3D projections. The
surface tool allowed objects to be rendered by tracing the boundaries of signals
captured by confocal imaging. This rendering tool created measurable objects in
the software within a 3D space. Figure 4.10 shows an example of an IAV infected
3D ALI culture on a Transwell, with cilia rendered in red, BrightFlu in green,

nuclei in blue, and merged composite image.
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Figure 4. 10: 3D rendered AL/ cultures infected with BrightFlu. HAEC-b cells from a

71 year old Caucasian male donor were seeded onto Transwells and differentiated over
5 weeks, then infected with 1,000 PFU of BrightFlu. The tissue was fixed and
permeabilised at 24 hours post-infection (h.p.i) and stained for cilia and nuclei. A Zeiss
confocal laser scanning microscope 880 with 40X oil objective lens and Airyscan was
used to capture Z-stacks throughout the entire tissue. IMARIS image analysis software
was used to reconstruct the 3D image and create objects using the surface tool. Red -

cilia, green - BrightFlu, blue - nuceli, merge - composite image.
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Confocal imaging and IMARIS image analysis was used to investigate the

effects of favipiravir on BrightFlu replication within tissues. HAEC-b cells from
two different donors were used: male, 71, Caucasian (donor 1), and female, 56,
Hispanic (donor 2). Cells were differentiated on Transwells and infected with
1,000 PFU of BrightFlu per tissue. Tissues were washed and overlayed with cell
culture medium containing either 200 uM of favipiravir or DMSO as a control.
After 48 h.p.i, cultures were fixed, permeabilised, and stained for ciliated cells
and nuclei. Confocal imaging and IMARIS image rendering were carried out as
described above. For each condition, three FOVs were selected for imaging -
focussing on regions of the Transwells where BrightFlu replication was most
pronounced. Representative 3D images from confocal imaging are shown in
Figure 4.11. Notably, a loss of cilia was observed in DMSO treated donor 2 tissues
(Figure 4.11D). The volume of BrightFlu was quantified by measuring the volume
of each rendered object in the green channel. Volumes smaller than 20 pm3
were excluded from the dataset, as uninfected ALI cultures often result in green
channel autofluorescence artifacts of 1-20 pm?3. The depth of BrightFlu infection
throughout the tissue was measured by recording the distance from the cilia to
the furthest point of each BrightFlu object. These measurements were

calculated using the statistics tool in IMARIS and compiled into a tabular format.
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Figure 4. 11: Confocal imaging of BrightFlu replication in AL/ cultures treated with

favipiravir. Tissues were infected with BrightFlu and overlayed with 200 uM of
favipiravir or DMSO. Tissues were fixed and permeabilised at 48 h.p.i., and stained for
cilia (red) and DAPI (blue). Z-stacks were captured using a Zeiss confocal laser scanning
microscope 880 with 40X oil objective lens and Airyscan. Representative images of
donor 1 (male, 71, Caucasian) tissues treated with favipiravir (A) and DMSO (B); and
donor 2 (female, 56, Hispanic) tissues treated with favipiravir (C) and DMSO (D). Z-
stacks are shown with and without DAPI. Green - IAV, blue - DAPI, red - cilia. N = 2

biological repeats per treatment condition, with three FOVs captured per repeat.
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The analysis of BrightFlu volume in donor 1 tissue showed that the

presence of favipiravir reduced the volume of virus within the tissues (Figure
4.12A). The highest volume observed in DMSO treated tissues reached almost
6,000 um3, whereas the highest volume in favipiravir treated tissues was
approximately three times smaller at 2,000 pm3. To take a closer look, a violin
plot was created, focussing on the top five largest BrightFlu volumes from both
DMSO and favipiravir treated tissues. The distribution of volume sizes showed
that most BrightFlu objects had a smaller volume in favipiravir treated tissues
compared to the DMSO control. The depth of infection appeared similar in both
favipiravir and DMSO treated tissues (Figure 4.12B). In contrast, the analysis of
BrightFlu volume in donor 2 tissues showed that the presence of favipiravir
reduced the volume of virus by just one third (Figure 4.12C). Interestingly,
BrightFlu infection was deeper after favipiravir treatment (Figure 4.12D). While
most BrightFlu objects in DMSO treated tissues were located near the cilia, after
favipiravir treatment the distribution was more binomial, with a significant
proportion located deeper within the tissues. This suggests that favipiravir may

alter the spatial distribution of viral replication within the tissue from donor 2.
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Figure 4. 12: Volume and depth of BrightFlu infected AL/ cultures treated with
favipiravir. Donor 1 (male, 71, Caucasian) and donor 2 (female, 56, Hispanic) cells were
seeded onto Transwells and differentiated over 5 weeks, then infected with 1,000 PFU
of BrightFlu. Tissues were overlayed with 200 uM of favipiravir or DMSO (carrier
control). Tissues were fixed and permeabilised at 48 hours post-infection (h.p.i) and
stained for cilia and nuclei. A Zeiss confocal laser scanning microscope 880 with 40X oil
objective lens and Airyscan was used to capture Z-stacks throughout the tissues. IMARIS
image analysis software was used to reconstruct the 3D image and create objects using
the surface tool. Two measurements were taken from each of the rendered objects:
the volume of BrightFlu (A and C), and the depth of BrightFlu (B and D). N = 2
biological repeats per treatment condition, with three FOVs captured per repeat.
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Since the number of objects measured in favipiravir treated tissues was

higher than DMSO controls, the total volume of BrightFlu was calculated by
finding the sum of all volumes within each sample. In donor 1 tissues, favipiravir
treatment resulted in a reduction of total BrightFlu volume by approximately
half compared to the DMSO control (Figure 4.13). In contrast, donor 2 tissues
showed a minimal decrease in total BrightFlu volume with favipiravir treatment.
Interestingly, the total volume of BrightFlu in donor 1 tissues under DMSO
control conditions was six times higher than donor 2. This stark difference
highlights variability in IAV replication between different donor cells and tissues.
It is important to note, that although cells were isolated from healthy male and
female donors, these observations do not pertain to sex, and simply refer to
variability in donor cells. There are many additional factors, such as age,
smoking status, ethnicity, and pathology, involved in donor variability in primary
cell culture (Mori et al., 2022).

Overall, favipiravir decreased BrightFlu replication in both donor tissues,
although the degree of inhibition varied between them. Additionally, a
difference in the spatial distribution of BrightFlu was observed after favipiravir
treatment in donor 2 tissues. However, due to the limited number of biological
repeats, the experiment lacked sufficient statistical power to determine
whether the difference in BrightFlu volume and depth between favipiravir
treated and control treated tissues were statistically significant. Despite this
limitation, the imaging methodology can be applied to identify differences in IAV
replication within 3D cell culture models. This approach can be utilised in future
studies with a larger sample size to better assess the impact of drug treatments

on viral replication and spatial distribution within tissues.
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Figure 4. 13: Total volume of BrightFlu in AL/ cultures treated with favipiravir. Total
volume of BrightFlu was calculated for each treatment condition by summing the
volumes of all BrightFlu objects in the rendered images. Left - total volumes for both
donors under favipiravir and DMSO control conditions. Right - expanded donor 2 total
volumes. N = 2 biological repeats per treatment condition, with three FOVs captured

per repeat.
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4, 3. Discussion

This chapter describes the development and application of a 2D cell
culture assay to monitor influenza virus replication kinetics in real-time. As
detailed in Chapter 3, the 3D Membrick ALI model was not suitable for initial
antiviral inhibitor screening experiments, which led to the development of a
real-time 2D cell culture assay. The use of a fluorescently tagged IAV enabled
the continuous monitoring of virus replication kinetics over 36 hours across a
range of MOI. The assay’s ability to measure RFU as a proxy for virus replication
proved successful, as RFU correlated well to pfu/mL measured by a traditional
plaque assay. This confirmed that the plate reader assay can be used to monitor
IAV replication kinetics in real-time in 2D cell culture models amenable to the

growth of a range of cell types.

Favipiravir was selected as a model antiviral drug to determine whether
the real-time assay could be applicable for drug discovery. Furuta et al. (2002)
reported favipiravir exhibited an ICso value of 1.0 + 0.9 yM against influenza PR8
virus (70 PFU/well) using a plaque reduction assay over six days at 33°C in MDCK
cells. However, replicating this precise experimental design is challenging due to
variability in virus stock and preparation, cell lineage, and drug preparation. In
this study, favipiravir inhibited BrightFlu replication in a dose-dependent
manner, with ICso range of 24 - 28 pM after 24 hours by endpoint and real-time
assays, respectively. The MOI of 0.001 PFU/mL was selected based on the
sigmoidal shape of the dose-response curve and time to saturation (plateau in
virus replication). Though, the input MOl impacted the 1Cso values of favipiravir -
ranging from 10 to 104 pM. While ICso values are valuable when comparing drug
efficacy within experiments, discrepancies between reported values highlights
the difficulties in standardising experimental conditions between research
groups. Nonetheless, both the real-time and endpoint assays successfully
measured the antiviral activity of favipiravir and allowed for the identification

of antivirals within a three-day timeframe.

Both the real-time and endpoint assays were used to assess the antiviral
activity of four favipiravir analogues synthesised in collaboration with the Burley

group. While favipiravir demonstrated inhibition of IAV replication in a dose-
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dependent manner, none of the analogues showed similar antiviral activity.

Analogue 1 and 3 increased viral replication at 24 hours using the endpoint
assay, and all four analogues increased replication over an extended 36-hour
period using the real-time assay. These results indicate that the analogues lack
the desired antiviral properties and are not suitable for further development as
influenza virus inhibitors. Previous studies have explored various favipiravir
analogues with mixed results. T-1105, a non-fluorinated analogue of favipiravir,
inhibited IAV replication more effectively than favipiravir itself in MDCK cells
(Huchting et al., 2018). T-1105 is converted into its active metabolite, T-1105-
RTP, which inhibits influenza virus RdRp. Notably, there were bottlenecks in the
activation pathway from T-1105-RMP to T-1105-RDP, but no bottlenecks from T-
1105-RDP to T-1105-RTP. These bottlenecks were more pronounced when further
studied in A549 and Vero cells, concluding T-1105 was less effective than
favipiravir in these two cell lines (Huchting et al., 2019). These observations
highlight the importance of prodrug activation and cell type specificity, which
may be relevant factors for the analogues tested in this study. Expanding the
testing of alternative analogues to established antivirals, such as oseltamivir,
should be carried out, as it has been shown enhance antiviral activity (S. Kumar
et al., 2020). Future research also should focus on evaluating a more diverse
panel of favipiravir analogues to identify more effective inhibitors potentially

applicable to a variety of RNA viruses.

The cytotoxicity observed in some analogues raised concerns about the
potential adverse effects of inhibitors in cell culture. Previous studies found
favipiravir has a 50% cytotoxic concentration (CCso) of over 6,370 uM in MDCK
cells using an XTT assay, meaning that favipiravir would need to be present at
concentrations greater than this to reduce cell viability by 50% (Furuta et al.,
2002b). This is consistent with CCso values exceeding 1,000 uM reported in other
studies cells using MTT and CellTiter-Glo assays (Baranovich et al., 2013). The
XTT and MTT are colorimetric assays using tetrazolium salts to measure cellular
metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity
- comparable to the MTS assay. CellTiter-Glo is a luminescent assay measuring
intracellular ATP using a luciferase reaction to assess cell viability. The MTS
assay used in this study supports these findings, showing MDCK cell metabolism

remained relatively stable up to the maximum concentration of 500 pM.
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Conversely, cell counts decreased to almost zero by 500 pM, possibly due to

washing cells before staining, which may have physically removed cells from the
well. Therefore, multiple assays should be utilised to assess the toxicity of

compounds in cell culture systems.

Application of the real-time assay measure virus replication kinetics on
Transwells was successful; however, translating this assay to 3D ALI cultures
proved difficult. The mucus produced from HAEC-b cells obstructed fluorescence
readings, leading to inaccurate RFU measurements. Instead, confocal microscopy
was used to visualise IAV replication in ALI cultures, following the imaging
methods established in Chapter 3. This approach allowed for the visualisation of
virus replication throughout the tissue depth. Favipiravir treatment of infected
tissues reduced IAV replication in both donors relative to DMSO controls.
Notably, the inhibitory effects of favipiravir were more pronounced in donor 1
derived tissues than those derived from donor 2. Additionally, in donor 2 derived
tissues, favipiravir treatment resulted in two distinct populations of virus: one
nearest the apical side, and one located deeper within the tissue. This suggests
that favipiravir may alter the spatial distribution of viral replication within
tissues in a donor-dependent manner. Notably, donor 1 showed a six-fold
increase in total volume of infection compared to donor 2, highlighting the
expected variability in donor cell sources (Illyushina, Dickensheets and Donnelly,
2019; Bovard et al., 2020). Although limited by sample size, these findings
demonstrate the utility of 3D imaging methods in assessing the impact of
antivirals on virus distribution and replication within 3D cell culture models.
Taken together, these data demonstrate the plate reader and Celigo assays can
be used to monitor virus replication in real-time and at a designated endpoint
and confirmed inhibitory effects of favipiravir can be measured using both assays

in 2D cell cultures, and by confocal imaging for 3D cell cultures.
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5. Establishing influenza virus inhibitor screening in
biologically relevant cells

5. 1. Introduction

The study of antiviral inhibitors often involves the use of continuous cell
lines, yet the efficacy of these antiviral inhibitors can differ significantly when
tested across various primary and non-primary cell types from different species.
Dittmar et al. (2021) highlights that while many direct-acting antivirals
effectively reduce SARS-CoV-2 replication across multiple cell types, the efficacy
of host-directed antivirals is often cell type specific. Their findings reveal that
top drug candidates identified in Huh7.5 cells do not always translate effectively
to Vero and Calu-3 cells, showing variations in antiviral efficacy and cellular
toxicity. Additionally, mouse models are less permissive to certain human IAV
strains due to differences in SA receptor binding preferences (lbricevic et al.,
2006). Even within airway cells, the efficacy of IAV antivirals can vary; for
instance, combined IFN A1 and heptakis-(6-deoxy-6-thioundec)-beta-cyclodextrin
grafted with 6’SLN(Neu5Ac-a-(2-6)-Gal-b-(1-4)-GlcNAc;6’-N-Acetylneuraminyl-N-
acetyllactosamine (6’SLN-CD) treatment is more effective in secretory cells than
in ciliated cells (Medaglia et al., 2022). Therefore, to account for these species-
specific and cell-type-specific differences in antiviral efficacy, it is essential to

screen inhibitors across multiple cell types.

Primary cells offer significant advantages in drug screening over
immortalised or cancer-derived cell lines. For example, A549 cells, which are
frequently used in IAV studies, exhibit a limited immune response compared to
primary cells. Recent transcriptomic analyses have shown ISGs (IFNa2 and IFNa8)
and RIG-I like receptor signalling genes (IFITM1 and IFITM2) are significantly
downregulated in A549 cells compared to primary type Il alveolar epithelial cells
during IAV infection (Bertrams et al., 2022). Similarly, proteomic studies have
found that ISGs (STAT1, RIG-I, SAMD9, SAMHD1, IFIT1, IFIT2, IFIT3) are
upregulated in primary bronchial epithelial cells compared to A549 cells during
IAV infection (Kroeker et al., 2012). These findings suggest that both cell type

(bronchial vs. alveolar) and cell properties (primary vs. transformed) influence



141
the immune response to IAV infection and, consequently, the permissivity to

infection and efficacy of antiviral inhibitors.

HAEC-b cells can be differentiated to form 3D tissues in ALI cultures,
which are among the closest in vitro models to mimic the human lung
environment (as described in Chapter 3). The immune response observed in ALI
cultures upon SARS-CoV-2 infection closely aligns with responses seen in infected
patient samples and animal models (Assou et al., 2023). While high-throughput
antiviral screening is impractical in 3D cultures, HAEC-b cells represent the most
biologically relevant cell type currently available for 2D inhibitor screening (Orr
and Hynds, 2021). Moreover, the use of patient-derived cells allows for the study
of drug efficacy on an individual basis, thereby supporting the development of
personalised medicine therapies (Dugger, Platt and Goldstein, 2018; Goetz and
Schork, 2018; Lattanzi et al., 2021).

The previous chapter described the development of 2D cell culture assays
to monitor IAV replication and their application for inhibitor screening in MDCK
cells. The aim of this chapter is to adapt these assays for use in more
biologically relevant cell types, which will be employed in Chapter 6 to screen
for novel inhibitors of IAV replication.
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5.2. Results

5.2.1. TPCK trypsin required for BrightFlu replication prevents

inhibitor screening in biologically relevant cells

To ensure that the observed effect of any inhibitor is not cell type
specific, it is crucial to evaluate their impact across multiple cell types. This
study aimed to develop a screening assay using bronchial epithelial cells
pertinent to IAV infection. HBEC3-KT cells, Cdk4/hTERT-immortalised primary
human bronchial epithelial cells, were chosen for initial testing and inhibitor
screening prior to studies using primary human bronchial cells (Ramirez et al.,
2004). For multicycle replication, the IAV HA precursor (HAO) must be cleaved by
host proteases into its active subunits, HA1 and HA2 (Lazarowitz, Compans and
Choppin, 1973). Cell types lacking endogenous proteases must be supplemented
with TPCK to facilitate HAO cleavage to promote IAV multicycle infection in cell
culture experiments. However, challenges arose when all BrightFlu infected
wells supplemented with TPCK exhibited detachment of HBEC3-KT cells (data
not shown). TPCK trypsin is a serine endoprotease that cleaves peptide bonds on
the carboxyl side of arginine and lysine residues, which unfortunately leads to
the detachment of cells, complicating experiments involving more sensitive cell

types.

To determine whether TPCK trypsin is essential for BrightFlu replication,
MDCK cells were mock treated or infected with BrightFlu (MOl 0.01-0.00001),
and overlayed with cell culture medium either without TPCK or with 1 ug/mL
TPCK as a positive control. Cells were incubated in a plate reader to monitor
green RFU expressed over 44 hours. The results demonstrate that BrightFlu
replication kinetics without TPCK trypsin were comparable to mock infected
wells, and were considerably lower than conditions with TPCK (Figure 5.1A-D).
These findings confirm that TPCK trypsin is essential for the multicycle

replication of BrightFlu in MDCK cells.
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Figure 5. 1: TPCK is required for BrightFlu replication. MDCK cells were mock treated
or infected with BrightFlu at range of MOIs (0.01-0.00001). Overlay medium was
supplemented with 1 ug/mL TPCK trypsin or left untreated. Replication kinetics of

BrightFlu replication were monitored over 44 h.p.i.. BrightFlu ZsGreen expression was

measured in RFU at 15-minute intervals.
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To determine if TPCK trypsin could be titrated down to avoid cell

detachment, HBEC3-KT cells were overlayed with medium containing a range of
TPCK concentrations. After 24 hours, cell nuclei were stained with NucBlue, and
images were captured using the Celigo Imaging Cytometer. The number of cells
were counted, and fold changes were calculated relative to untreated controls.
TPCK concentrations between 0.00001 and 0.01 pg/mL did not affect cell count
(Figure 5.2). However, concentrations between 1 and 10 pg/mL led to a
substantial decrease in cell number, indicating cell detachment at these higher
concentrations. The maximum concentration of TPCK trypsin that HBEC3-KT cells

could tolerate without significant detachment was 0.1 pg/mL.

1.5

Cell Count Fold Change

TPCK ug/mL

Figure 5.2: Effect of TPCK trypsin on HBEC3-KT cell counts. HBEC3-KT cells were
treated with TPCK trypsin at concentrations ranging from 0-10 ug/mL for 24 hours.
After treatment, cells were stained with NucBlue to visualise the nuclei, and cell
counts were quantified. The cell count fold change was calculated relative to

untreated control cells. N = 3 technical replicates. Error bars = mean + 1 SD.
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To assess whether the concentration of TPCK trypsin that HBEC3-KT cells

can tolerate (0.1 pg/mL) is sufficient to support BrightFlu replication, MDCK
cells were infected with BrightFlu (MOI 0.0001 or 0.00001) and overlayed with a
dilution range of TPCK (0-1 pg/mL). Cells were imaged using the Celigo Imaging
Cytometer at 488 nm at 24 h.p.i. The number of virus positive cells were
counted and fold change was calculated relative to no TPCK treatment. Wells
treated with 0.1 pg/mL TPCK showed viral replication levels similar to those
without TPCK, indicating that this concentration was insufficient for BrightFlu
replication (Figure 5.3). Thus, BrightFlu replication kinetics cannot be monitored
in HBEC3-KT cells supplemented with TPCK.
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Figure 5.3: 0.1 ug/mL TPCK does not support optimal BrightFlu replication. MDCK
cells were infected with BrightFlu at an MOI of 0.0001 and 0.00001. TPCK
concentrations of 0- 1 ug/mL were added to the overlay medium. After 24 hours
incubation, images were captured at 488nm for MOl 0.0001 (A) and 0.00001 (B). The
number of virus positive cells were counted, and fold change was calculated relative to
no TPCK trypsin treatment for MOI 0.0001 (C) and 0.00001 (D). N = 3 biological
replicates, error bars = mean + 1 SD.
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5.2.2. Adaptation of BrightFlu by serial passage

Given the difficulty to monitor BrightFlu replication kinetics in bronchial
epithelial cells using the established real-time assay in the presence of TPCK,
alternative approaches were explored to enable multicycle infection in these
cell types. Previous studies have shown that serial passaging of IAV in MDCK cells
can lead to the selection of viral variants with HO proteins that are susceptible
to proteolytic activation in the absence of TPCK (Rott et al., 1984). To test if a
similar adaptation could be achieved, BrightFlu was serially passaged through
MDCK cells with the goal of adapting the virus to replicate without exogenous
trypsin. MDCK cells were infected with BrightFlu (MOI of 0.0001) and overlayed
with cell culture medium either containing or lacking TPCK trypsin. After 24
hours, the supernatant was harvested and used to infect fresh MDCK cells. This
procedure was repeated for a total of five times. Following this, MDCK cells
were infected with each of the supernatants and incubated in TPCK-free medium
for 24 hours. Representative widefield images were captured at 488 nm using an
EVOS M5000. The results revealed a gradual decrease in fluorescence intensity
from P1 to P5 in the virus passaged with TPCK (Figure 5.4). In contrast, the virus
passaged without TPCK exhibited an increase in fluorescence intensity by P5,
suggesting that BrightFlu had undergone adaptation, enabling replication

independently of trypsin.
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+ TPCK - TPCK

Figure 5.4: Serial passaging of BrightFlu in MDCK cells. Widefield fluorescent images

P1

P3

P5

of BrightFlu replication were captured at passage 1, 3, and 5 (P1, 3, 5) in MDCK cells.
Left - virus passaged with TPCK. Right - virus passaged without TPCK.
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Multicycle replication is required to monitor virus replication kinetics

using the real-time assay. A plaque assay was conducted to verify that the
increase in green fluorescence observed with serial passaging without trypsin
correlated to infectious virus capable of multicycle replication. MDCK cells were
infected with BrightFlu stocks from P1 and P5 stocks for 1 hour, and overlayed
with medium either containing or lacking TPCK trypsin. After 48 hours, images
were captured using the Celigo Imaging Cytometer at 488 nm. In the presence of
TPCK, visible plaques were detected at dilutions of 104 and 10 for P1, with
higher dilutions (102 and 10°3) leading to the destruction of the cell monolayer
(Figure 5.5). In the absence of TPCK, countable plaques were observed at a
dilution of 104, but these were smaller and fewer compared to those with TPCK.
By P5, plaques in the presence of TPCK were larger in both number and size,
observed at dilutions of 104, 10, and 10°. Conversely, in the absence of TPCK,
plaques at P5 were observed only at dilutions of 103 and 104, with no increase
in size. These findings indicate that while some plaque formation occurred
without TPCK trypsin, optimal multicycle replication of BrightFlu was still
dependent on the addition of TPCK. Thus, serial passaging of BrightFlu in MDCK
cells did not result in the amplification of a virus capable of replicating

efficiently without TPCK trypsin.



150
P1 P5

nfoed 1
J
o
L 4
8
b
 Vam
\/

rr "
\__/

Figure 5.5: TPCK is essential for serially passaged BrightFlu multicycle infection.
Plaque assay of serially passaged BrightFlu in MDCK cells showing 10 to 10° virus
dilutions. Left - plaques from BrightFlu at passage 1 with and without TPCK. Right -
plaques from BrightFlu at passage 5 with and without TPCK.
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5.2.3. TrypLE does not support BrightFlu replication in MDCK cells

Given that 0.1 pg/mL of TPCK is insufficient for supporting BrightFlu
replication and that serial passaging did not yield a virus capable of efficiently
replicating without TPCK, an alternative protease was assessed for its ability to
facilitate BrightFlu replication. TrypLE is a recombinant trypsin-like substitute
used in primary cell cultures to enhance cell viability during passaging (Aghayan,
Goodarzi and Arjmand, 2015; Z. Liu et al., 2024). HBEC3-KT cells were treated
with TrypLE dilutions ranging from a 1 in 10 (1:10) dilution to 1:200, with no
TrypLE treatment as a positive control. After 48 hours, representative images
were captured using a phase contrast microscope. Cells maintained confluency
at dilutions of 1:50 to 1:200, whereas higher dilutions of 1:10 and 1:20 resulted
in significant cell detachment (Figure 5.6A). The data indicate that HBEC3-KT
cells can tolerated up to a 1:50 dilution of TrypLE before dissociation occurs at

higher concentrations.

To determine whether a 1:50 dilution of TrypLE supports BrightFlu
replication, HBEC3-KT cells were infected with BrightFlu (MOI 0.01- 0.00001) and
overlayed with TrypLE at dilutions of 1:25-1:200. After 24 hours, cells were
washed, stained with DAPI, and imaged using the Celigo Imaging Cytometer at
405 and 488 nm. The number of total cells and virus positive cells were counted,
and fold changes were calculated relative to no TrypLE treatment controls. At
an MOI of 0.001, BrightFlu replication increased with a 1:100 dilution of TrypLE,
reaching a peak with a 1:50 dilution, although cell counts at this dilution were
reduced by approximately 50% (Figure 5.6B). Similarly, at an MOI of 0.0001,
BrightFlu replication increased with a 1:100 dilution, showing a substantial peak
at a 1:50 dilution (Figure 5.6C). However, cell counts at this dilution decreased
by approximately 30%, with variability between replicates, including a 50%
reduction in one well. These results suggest that while TrypLE at a 1:50 dilution
can support BrightFlu replication, it simultaneously promotes cell detachment at
this dilution within infected cell monolayers, and is therefore is unsuitable for

infection assays in HBEC3-KT cells.
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Figure 5.6: TrypLE allows BrightFlu replication but causes cell detachment. HBEC3-
KT cells were treated with TrypLE dilutions ranging from a 1:10 dilution of the stock
trypsin to a 1:200 dilution. A - representative phase contrast images after 48 hours of
TrypLE treatment. HBEC3-KT cells were infected with BrightFlu (MOl 0.001-0.0001) and
overlayed with cell culture medium containing TrypLE dilutions. After 24 hours cells
were washed and stained with DAPI. Images were captured, and total cell count and
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virus positive cells were counted. Fold change was calculated relative to no TrypLE

treatment. N = 6 technical replicates for panel A. N = 2 technical replicates for panel B

and C. Error bars = mean + 1 SD. Green - virus positive cells, blue - cell count.
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5.2.4. AL/l culture secretions do not support BrightFlu replication

in MDCK cells

Respiratory tract mucus is a crucial barrier against infection and can
impede the passage of IAVs (Zanin et al., 2016). Prior studies have shown that
primary bronchial epithelial cells, and patient airway tissues and sputum
samples contained proteases, including human airway trypsin-like protease
(HAT) (Yasuoka et al., 1997; Takahashi et al., 2001; Miki et al., 2003). HAT is
capable of cleaving the HAO precursor protein of IAVs, thereby enabling
multicycle infection (Bottcher et al., 2006; Bottcher-Friebertshauser et al.,
2010). Additionally, HAT protease activity is required to induce MUC5AC
expression, which was previously observed in ALI cultures in Chapter 3 (Chokki et
al., 2004). ALI cultures were washed with PBS every two days to remove airway
secretions produced on the apical chamber. These washes were collected and
frozen to later determine if the proteases found within secretions could support
BrightFlu replication. MDCK cells were mock treated or infected with BrightFlu
(MOI 0.01-0.00001). Dilutions of airway secretions (1:10 to 1:1000) were added
into the overlay, alongside TPCK treatment as a positive control and no TPCK as
a negative control. One plate was incubated for 24 hours, fixed, and imaged
using the Celigo Imaging Cytometer at 488 nm. Another plate was incubated in a

plate reader to monitor green RFU expression over 44 hours.

Figure 5.7A illustrates that at 24 h.p.i., BrightFlu replication with TPCK
resulted in the formation of comets at lower MOIs (0.0001 and 0.00001),
reaching saturation at higher MOIs (0.01 and 0.001). In contrast, in the absence
of TPCK and in the presence of airway secretions, only individual infected cells
were observed at MOI 0.01, with no comet formation, indicating the absence of
cell-cell spread of BrightFlu. Figure 5.7B shows that the replication kinetics of
BrightFlu in the presence of airway secretions were comparable to those
observed in no-TPCK and mock infected conditions, significantly lower than
replication levels observed with TPCK. These results suggest that secretions
isolated from ALI cultures do not support BrightFlu multicycle replication in 2D

cell culture assays.
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Figure 5.7: AL/ culture secretions do not support BrightFlu replication. MDCK cells

were mock treated or infected with BrightFlu, then overlayed with TPCK, no-TPCK, or
ALl secretions (1:10-1:1000 dilution). A - cells were fixed at 24 h.p.i and representative
images were captured using widefield microscopy. B - Green relative fluorescent units
(RFU) were recorded every 15 minutes from 0 to 44 hours post-infection (h.p.i.), with

mock infected values subtracted.
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5.2.5. Plasminogen supports BrightFlu replication in MDCK cells

The influenza A/WSN/1933 (WSN) strain can replicate in cell cultures
without trypsin by utilising a unique mechanism to replicate outside of its
normal host cells (Francis and Moore, 1940; Taubenberger, 1998). WSN NA
directly binds to and sequesters plasminogen on the cell surface (Goto and
Kawaoka, 1998). Plasminogen is subsequently converted to the active enzyme
plasmin, by activators within the host cell, which cleaves WSN HAQ into active
HA1 and HA2, thus enabling multicycle replication (Lazarowitz, Goldberg and
Choppin, 1973). Plasminogen has also been shown to support replication of
several |AV strains, including PR8, albeit less effectively than WSN (LeBouder et
al., 2008).

To evaluate if plasminogen could support BrightFlu replication, MDCK cells
were mock treated and infected with BrightFlu at an MOI of 0.0001. Cells were
overlayed with plasminogen (0-5 pg/mL) and TPCK trypsin (0-5 pg/mL) as a
positive control. After 24 hours, cells were fixed, and images were captured
using the Celigo Imaging Cytometer at 488nm. In contrast to the dose-dependent
replication observed with TPCK, these results indicated that plasminogen at the
tested concentrations did not significantly enhance BrightFlu replication (Figure
5.8A).

To further explore the effects of higher plasminogen concentrations,
MDCK cells were infected with BrightFlu at an MOI of 0.0001 and treated with
plasminogen up to 300 pg/mL. TPCK was included as a positive control and no
proteases as a negative control. Cells were incubated in a plate reader to
monitor green RFU expressed over 42 hours. A dose-dependent increase in
BrightFlu replication was observed up to 250 pyg/mL of plasminogen, where
replication was twofold higher than the no-protease control and nearly
comparable to 1 pg/mL TPCK (Figure 5.8B). Additionally, plasminogen induced a
delay in the onset of replication compared to TPCK. These findings suggest that
very high concentrations (250 pg/mL) of plasminogen can support BrightFlu
replication. Notably, this concentration is ten-fold higher than that previously
reported for IAV replication in MDCK and MDBK cells, ranging from 2-20 pg/mL,

raising concerns about potential off-target effects of high plasminogen
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concentrations for future inhibitor studies (Lazarowitz, Goldberg and Choppin,

1973; Goto and Kawaoka, 1998; Goto et al., 2001; LeBouder et al., 2010).
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Figure 5.8: Plasminogen supports BrightFlu replication in MDCK cells. MDCK cells
were infected with BrightFlu (MOl 0.0001) and overlayed plasminogen, TPCK trypsin, or
no protease. A - widefield images of BrightFlu infected MDCK cells with 0-5 ug/mL of
plasminogen or TPCK. B - real-time assay monitoring virus replication kinetics in the
presence of TPCK (0-2 ug/mL) or plasminogen (0-300 ug/mL). Green relative
fluorescent units (RFU) were recorded every 15 minutes from 0 to 36 hours post-
infection (h.p.i.), with mock infection values subtracted.
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5.2.6. Generation of a trypsin-independent chimeric influenza

virus

Given that the addition of exogenous proteases was a requirement for
BrightFlu replication, an alternative strategy using WSN was pursued. Unlike
BrightFlu, a fluorescently tagged WSN virus was not available for
experimentation, necessitating its generation. To generate a fluorescently
tagged IAV that could replicate independently of trypsin, a reverse genetics
system was employed to create a chimeric virus that incorporates the PR8
ZsGreen-tagged NS1 segment from BrightFlu, into WSN or MaCal/09 as a negative
control (Lazarowitz, Goldberg and Choppin, 1973; Klenk et al., 1975). HEK 293T
cells were cotransfected with 250 ng of eight plasmids, generating four virus
constructs: MaCal/09, BrightFlu-MaCal/09, WSN, BrightFlu-WSN (Table 5.1).
Supernatants were harvested and MDCK cells were infected with both the
BrightFlu-MaCal/09 and BrightFlu-WSN supernatants, then cultured with or
without TPCK trypsin. Representative widefield images were captured at PO in
HEK 293T cells, and P1 in MDCK cells in at 488 nm to visualise cells transfected

with the virus expressing a fluorescent NS1 segment.

Table 5.1: Chimeric viruses generated by reverse genetics.

BrightFlu | Trypsin
Virus MaCal/09 plasmids | WSN plasmids
plasmids | dependency
PB2, PB1, PA, HA, Trypsin-
MaCal/09
NP, NA, M, NS1 dependent
BrightFlu- PB2, PB1, PA, HA, NS 1 Trypsin-
MaCal/09 NP, NA, M dependent
PB2, PB1, PA, HA, Trypsin-
WSN
NP, NA, M, NS1 independent
PB2, PB1, PA, HA, Trypsin-
BrightFlu-WSN NS1
NP, NA, M independent

Fluorescently tagged viruses were generated by combining seven plasmids from either
WSN or MaCal/09, along with the PR8 NS1 plasmid from BrightFlu. Control viruses were
generated using only WSN or MaCal/09 plasmids, without BrightFlu NS1 plasmid.
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As expected, no green fluorescence was observed in the MaCal/09 control

virus, regardless of the presence of TPCK at PO in 293T cells (Figure 5.9A and B).
The production of a reassorted BrightFlu-MaCal/09 virus was successful, as green
fluorescence was observed in both TPCK conditions at PO (Figure 5.9C and D).
BrightFlu-MaCal/09 virus from both PO stocks demonstrated replication in MDCK
cells, only in the presence of TPCK at 24 h.p.i. (Figure 5.9E, F, G, and H).
Notably, the fluorescence intensity from PO stocks grown without TPCK were
lower than that of those grown with TPCK. These results confirm the successful
production of a recombinant virus expressing PR8 ZsGreen-NS1 in the background
of MaCal/09, and that TPCK trypsin is required for its replication.
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Figure 5. 9: Reverse genetics of the BrightFlu-MaCal/09 chimeric virus. A - D show PO

transfections in 293T cells, with green fluorescence and phase contrast images merged.
A and B - MaCal/09 with (+) and without (-) TPCK. C and D - BrightFlu-MaCal/09 with
(+) and without (-) TPCK. E - H show only green fluorescence from P1 stocks in MDCK
cells at 24 h.p.i. E and F - BrightFlu-MaCal/09 from PO stocks grown with TPCK, now
grown in MDCK cells overlayed with (+/+) and without TPCK (+/-). G and H - BrightFlu-
MaCal/09 from PO stocks grown without TPCK, now grown in MDCK cells overlayed with
(-/+) and without TPCK (-/-).
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As expected, no green fluorescence was observed in the WSN control

virus, regardless of the presence of TPCK at PO in 293T cells (Figure 5.10A and
B). The production of a reassorted BrightFlu-WSN virus was successful, as green
fluorescence was observed in both TPCK conditions, albeit with reduced
fluorescence in the absence of TPCK (Figure 5.10C and D). BrightFlu-WSN virus
from both PO stocks failed to replicate in MDCK cells at 24 h.p.i., regardless of
TPCK conditions (Figure 5.10E, F, G, and H). These findings indicate that while
the production of a recombinant virus expressing PR8 ZsGreen-NS1 in the

background of WSN was successful, it was unable to replicate in MDCK cells.
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Figure 5. 10: Reverse genetics of the BrightFlu-WSN chimeric virus. A - D show PO

transfections in 293T cells, with green fluorescence and phase contrast images merged.
A and B - WSN with (+) and without (-) TPCK. C and D - BrightFlu-WSN with (+) and
without (-) TPCK. E - H show only green fluorescence from P1 stocks in MDCK cells at 24
h.p.i. E and F - BrightFlu-WSN from PO stocks grown with TPCK, now grown in MDCK
cells overlayed with (+/+) and without TPCK (+/-). G and H - BrightFlu-WSN from PO
stocks grown without TPCK, now grown in MDCK cells overlayed with (-/+) and without

TPCK (-/-).
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5.2.7. WSN replication can be measured in multiple cell types

Due to the limitations of using BrightFlu for real-time inhibitor screening
across different cell types and the failure to generate a chimeric BrightFlu-WSN
virus to support multicycle replication independently of trypsin, an endpoint
assay was optimised using WSN. To determine if WSN was capable of multicycle
replication in a range of cell types without TPCK trypsin, MDCK, HBEC3-KT, and
HAEC-b cells (from a 56 year old Hispanic female) were seeded and mock
treated or infected with WSN at a range of MOls. After 24 hours, cells were
fixed, stained for IAV NP, and images were captured using the Celigo Imaging
Cytometer at 488nm. In MDCK cells, WSN replication was saturated at higher
MOIs (1 to 0.001), decreasing in replication at 0.0001, and minimal comet
formation at 0.00001 (Figure 5.11A). The MOI of 0.0001 was within the linear
assay range to detect changes in virus replication. In HBEC3-KT and HAEC-b
cells, WSN replication was saturated at higher MOIs (1 to 0.1), decreasing at
0.01, and minimal comet formation at 0.001 (Figure 5.11B and C). The MOI of
0.01 was within the linear range to detect changes in virus replication. These
results demonstrate that MDCK cells show enhanced permissivity to WSN
infection relative to bronchial epithelial cells, consistent with previous
observations (Charman et al., 2021). Therefore, a higher MOI of 0.0001 was
selected for subsequent studies in MDCK cells, and a lower MOI of 0.01 for
HBEC3-KT and HAEC-b cells. As demonstrated by the endpoint assays in Chapter
4, the number of infected cells can be quantified to measure WSN replication
(numbers in each well in Figure 5.11). These data show that WSN was capable of
multicycle replication in multiple cell types without TPCK trypsin, highlighting
its use in inhibitor studies across a range of cell types, including primary cells

and laboratory-adapted cell lines.
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Figure 5. 11: WSN replication in multiple cell types. MDCK, HBEC3-KT, and HAEC-b
cells were infected with WSN at a range of MOIs (1-0.00001). Cells were fixed at 24
hours h.p.i., stained for IAV NP, and images were captured. A - MDCK cells, B - HBEC3-
KT, and C - HAEC-b from female, 56, Hispanic donor at p3.
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5.3. Discussion

The data presented in this chapter highlight the challenges of using
BrightFlu for real-time inhibitor screening. The BrightFlu virus required TPCK
trypsin for multicycle replication and could not be grown in more primary like
cells without inducing cell detachment. Attempts to replace TPCK with
alternative protease, such as TrypLE, resulted in similar detachment issues.
Moreover, the addition of ALI culture secretions to the culture medium did not
support BrightFlu replication. Notably, mucus within airway secretions has also
been shown to be inhibitory to IAV infection in vitro and in vivo, resulting in a
decreased viral titre (McAuley et al., 2017). 1AVs bind to highly sialylated mucins
secreted in the mucus layer in a dose-dependent manner, resulting in the
protection of cells to infection (Cohen et al., 2013). Despite the presence of
proteases capable of cleaving IAV HA in mucus, the overall inhibitory effect of
ALI culture secretions on IAV infection necessitates isolating these proteases

before use.

Efforts to generate a trypsin-independent virus by serially passaging
BrightFlu without TPCK were unsuccessful, as the virus displayed significantly
reduced replication compared to those passaged in the presence of TPCK. This
contrasts with previous reports showing serially passaging PR8 through MDCK
cells in the absence of TPCK produces a virus capable of replicating
independently of trypsin - comparable to the levels demonstrated in the
presence of TPCK (Rott et al., 1984). This adapted virus was reported to contain
cleaved HA, with HA1 and HA2 subunits present after infection in MDCK cells.
One mutation was consistent between variants adapted to MDCK cells: a
histidine to arginine substitution at the 17th position of HA1. This mutation
resulted in an increase in the pH of membrane fusion, an essential step of viral
entry, and has been predicted to disrupt polar contacts between HA1 and HA2
(Daniels et al., 1985). Serially passaging BrightFlu without TPCK trypsin resulted
in a virus with suboptimal replication relative to that of virus passaged in the
presence of TPCK. It should be noted that virus generated in the absence of
TPCK showed some infectivity. These findings suggest there is a small quantity of
infectious virus in these samples, though, far too inefficient for use in real-time

assays.
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Interestingly, high concentrations of plasminogen partially supported the

replication of BrightFlu but delayed the onset of replication. The use of
plasminogen would therefore increase the time taken for real-time assays and
raised concern about the potential off target effects of plasminogen on cells
(LeBouder et al., 2008). This protease contributes to WSNs ability to replicate in
cells without TPCK (Lazarowitz, Goldberg and Choppin, 1973). This highlighted
the potential of using WSN as an alternative to BrightFlu; however, the
fluorescently tagged WSN chimeric virus failed to replicate in MDCK cells.
Previous studies show the successful production of PR8 and WSN chimeric viruses
(Zamarin, Ortigoza and Palese, 2006; van Wielink et al., 2012; Yamada et al.,
2014; Chen et al., 2019). However, a chimeric virus containing seven segments
of PR8 and one of WSN (PB1) resulted in lower viral titres in comparison to wild-
type virus, which could be alleviated with compensatory mutations (Chen et al.,
2019). This highlights the difficulties in creating chimeric viruses and future
work should explore compensatory mutations to allow for efficient virus
replication. Alternative strategies could employ intercalating viral genome dyes,
such as Syto 82 and biotin labelling of the RNA and viral envelope, which have
proved effective in live cell imaging of IAV replication (Liu et al., 2012).
However, the feasibility of these methods for the extended time period required

for real-time assays have yet to be established.

The real-time assay’s dependence on TPCK trypsin limits its application to
less biologically relevant cell lines, such as MDCK or A549, that are resistant to
TPCK cell-monolayer disassociation. Despite our efforts, we could not
circumvent this issue and found it of higher priority to screen antivirals in more
biologically relevant cell types, thus TPCK-independent viruses must be used for
IAV multicycle replication assays in primary cell cultures. WSN was chosen for
subsequent infection assays as it demonstrated successful multicycle infection in
MDCK, HBEC3-KT, and HAEC-b cells without TPCK. Since a fluorescently tagged
WSN virus could not be generated, an endpoint assay was chosen for inhibitor

screening in alternative cell types going forward.
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Together, these findings led to the establishment of two assays for

subsequent inhibitor screening:

1) real-time assay using BrightFlu in MDCK cells

2) endpoint assay using WSN in MDCK, HBEC3-KT, and HAEC-b cells

These assays provide complementary platforms for antiviral screening, allowing
for virus replication kinetics to be continuously monitored in the presence of
inhibitors in MDCK cells alone, and to extend these findings to more relevant cell

types, thus providing a broader biological context for inhibitor studies.
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6. Screening epigenetic inhibitors to assess their
potential as influenza virus antivirals

6. 1. Introduction

Drug repurposing has emerged as a prominent strategy in drug discovery,
involving the redevelopment of existing compounds for new therapeutic
purposes beyond their original indications. This approach accelerates the
approval process for new therapeutic applications by leveraging pre-existing
safety testing (Strittmatter, 2014). Approximately one third of recently approved
drugs originated from repurposed compounds (Talevi and Bellera, 2020). The
urgency for rapid therapeutic deployment, highlighted during the SARS-CoV-2
pandemic, underscored the value of repurposing drugs already tested in humans
(Pandey et al., 2020). This strategy is particularly relevant for IAV antiviral
research, where the emergence of drug-resistant strains and the persistent
threat of pandemic outbreaks necessitate the development of effective
inhibitors. Numerous repurposed drugs, including antiparasitics
(hydroxychloroquine, chloroquine, nitazoxanide), antibiotics (azithromycin,
neomycin), and calcium channel blockers (Verapamil, chlorpromazine), have
demonstrated antiviral activity against IAV (Nugent and Shanley, 1984; Ooi et
al., 2006; Haffizulla et al., 2014; Rossignol, 2014; Du et al., 2020; Mao et al.,
2024). This chapter explores the potential of repurposing drugs as IAV inhibitors.

Host-directed antivirals have gained traction in recent years, particularly
because they are less likely to produce drug resistant mutants compared to
direct-acting antivirals (N. Kumar et al., 2020). One approach involves
modulating epigenetic modifications in both viral and host genomes to influence
the outcome of viral replication. Gene expression is subjected to multiple levels
of control at both DNA and RNA levels. At the DNA level, external chromatin
modifications, such as DNA methylation and histone modifications, can regulate
gene expression without altering the DNA sequence, making them reversible
targets for altering the relative levels of host gene expression (Kanwal and
Gupta, 2012). DNA methylation involves the addition of methyl groups to DNA
promoters to prevent transcription. This process is catalysed by DNA
methyltransferases (DNMT), such as DNMT1, DNMT3a, and DNMT3b. Histone post-
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translational modifications involve acetyl or methyl groups binding to histone

tails which can condense/decondense histones, thereby influencing the
accessibility of DNA for transcription. While host cells can combat virus
infections through epigenetic modifications, viruses can also manipulate host

cell epigenetics to evade immune responses.

IAV heavily relies on host cellular machinery for its lifecycle, yet the
epigenetic modifications induced by IAV within host cells remain poorly
understood (Hu, Zhang and Liu, 2020). Following IAV entry, host PAMPs recognise
IAV and induce IFN production. IFNs bind to their respective receptors to
activate the JAK-STAT pathway, leading to the expression of ISGs and
proinflammatory cytokines (Majoros et al., 2017; Ezeonwumelu, Garcia-Vidal
and Ballana, 2021). The IAV NS1 protein has been shown to bind DNMT3B,
dissociating it from JAK-STAT signalling gene promoters, resulting in the
overexpression of transcriptional suppressors of the JAK-STAT pathway to
enhance viral replication (Liu et al., 2019). Additionally, IAV has been reported
to decrease H3K79 methylation, which suppresses the antiviral response (Marcos-
Villar et al., 2018). These studies suggest that IAV manipulates host cell
epigenetics to reduce IFN production and enhance viral replication.
Correspondingly, drugs that inhibit the natural suppression of these
immunoregulatory pathways would be expected to confer antiviral protection to

cells.

Another relevant epigenetic modification is N6-methyladenosine (m®A), an
abundant epigenetic transcriptional modification in mammalian cells.
Methyltransfersase complexes bind to consensus sequence motifs in the mRNA to
install m°A modifications, while demethylases remove them. Recent studies have
implicated m®A modifications in regulating IAV gene expression and replication,
as well as other RNA viruses, including coronaviruses, human immunodeficiency
virus (HIV), and flaviviruses (Courtney et al., 2017; Imam, Kim and Siddiqui,
2020; Liu et al., 2021). Kumar et al., (2022) showed that SARS-CoV-2 RNA
undergoes m°®A modifications within host cells, and that treatment with DZNep
(inhibitor of S-adenosylmethionine-dependent methyltransferase) reduced the
levels of methylated RNA within cells. This inhibition subsequently reduced RNA

synthesis and translation of SARS-CoV-2 proteins without leading to the
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emergence of DZNep resistant mutants. These findings raised the question of

whether similar epigenetic inhibitors could impact IAV replication.

Despite their potential, epigenetic inhibitors remain underexplored as IAV
inhibitors. Inhibitors such as C646, a histone acetyltransferase inhibitor, have
demonstrated reduced IAV titres and impacted multiple steps of the virus
lifecycle (Zhao et al., 2016). Other repurposed cancer drugs, Dasatinib and
quercetin, have shown limited success against IAV (Torrance et al., 2023). These
compounds may alter epigenetic modifications to influence viral and host gene
expression. This chapter focusses on screening various epigenetic inhibitors to
assess their potential as IAV antivirals. A literature review of epigenetic
modifications impacting the immune response was conducted, and inhibitors
were chosen for their known effects on host cell immune responses to infection,
particularly those regulating IFN pathways and ISG expression (Bray et al., 2002;
Wienerroither et al., 2014; Xu et al., 2018; Jiang Wang et al., 2020). With the
exception of favipiravir, oseltamivir, and ruxolitinib, all compounds are

repurposed cancer drugs (Table 6.1).

The aim of this chapter is to utilise the real-time assay to monitor
BrightFlu replication kinetics in MDCK cells in the presence of various epigenetic
inhibitors, and to employ the endpoint assay to assess their inhibitory effects on

WSN replication in biologically relevant cell types.



Table 6.1: List of inhibitors used in this chapter
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Name Target Ref.
M7 G9a (H3K9 lysine methyltransferase) and (San José-Enériz et
DNMT1, DNMT3a, DNMT3b. al., 2017)
CM579 G9a (H3K9 lysine methyltransferase) and (San José-Enériz et
DNMT1, DNMT3a, DNMT3b. al., 2017)
SYC-522 Dot1L histone methyltransferase (which (Marcos-Villar et
catalyses H3K79 methylation) al., 2018)
DZN S-adenosylhomocysteine hydrolase and EZH2 (Tan et al., 2007;
e
P (which catalyses H3K79 methylation) Kumar et al., 2022)
El1 EZH2 (which catalyses H3K79 methylation) (Qi et al., 2012)
Tazemetostat | Dot1L and EZH2 (which catalyses H3K79 (Knutson et al.,
(EPZ) methylation) 2014)
Favipiravir RNA-dependent RNA polymerase (Furuta et al., 2013)
(Wang et al., 2013;
Jumonji histone demethylase and serine
JIB-04 Xu et al., 2018; Son
hydroxymethyltransferase enzyme
etal., 2022)
Q1 BET bromodomain proteins, particularly BRD4 | (Filippakopoulos et
(which catalyses H3K122 acetylation) al., 2010)

Nanaomycin A

DNMT3B

(Kuck et al., 2010)

(OM173- aA)
Oseltamivir IAV neuraminidase (Moscona, 2005)
Ruxolitinib JAK1 and JAK2 protein kinases (Yu et al., 2024)
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6.2. Results

6.2.1. Optimising treatment conditions for epigenetic inhibitor

screening

Unlike direct-acting antivirals such as favipiravir, epigenetic inhibitors
that modulate host cell chromatin may necessitate pre-treatment of cells prior
to viral infection. Previous studies have demonstrated that IFN-B can inhibit IAV
replication when administered as a pre-treatment (Phipps-Yonas et al., 2008;
Ilyushina and Donnelly, 2014). To optimise treatment conditions for epigenetic
inhibitor screening, HBEC3-KT cells were treated with DZNep and IFN-B either
before infection, after infection, or both before and after infection. Cells were
pre-treated with increasing concentrations of inhibitors for 24 hours prior to
WSN infection (MOI of 0.01). Inhibitors were reintroduced to the overlay medium
and incubated for a further 24 hours. Cells were then fixed at 24 h.p.i., and
images were captured at 488 nm using the Celigo Imaging Cytometer. The
number of infected cells were quantified, and fold changes were calculated

relative to untreated cells.

DZNep exhibited a dose-dependent inhibition of WSN replication from 10
MM onwards (Figure 6.1A). The most pronounced reduction in viral replication
occurred when cells were treated both before and after infection, compared to
either pre- or post-treatment alone. Similarly, IFN-8 demonstrated a dose-
dependent decrease in WSN replication from 10 uyM onwards, but only under pre-
treatment or combined pre- and post-treatment conditions (Figure 6.1B). Post-
treatment alone did not result in significant inhibition, suggesting that the
antiviral activity of IFN-B is mediated by host cell responses rather than direct
viral inhibition. This finding is consistent with previous studies that have shown a
24-hour pretreatment with IFN-B to be the most effective in reducing IAV
replication (Phipps-Yonas et al., 2008). To maintain consistency across
experimental conditions, all inhibitors were applied both before and after virus

infection for initial screening assays.
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Figure 6. 1: Effects of DZNep and IFN-8 on WSN replication under pre- and post-
infection treatment conditions. HBEC3-KT cells were infected with WSN (MOI 0.01).
Cells were treated with either DZNep (A) or IFN-8 (B) under three different treatment
conditions: 24 hours prior to infection (pre-treated), immediately after infection for 24
hours (post-treated), or both before and after infection (pre-and post-treated). Cells
were fixed at 24 hours post infection, images were captured, and the number of virus
positive cells were counted. Fold change was calculated relative to the untreated
control. N = 2 technical replicates, error bars = mean + 1 SD. Black - drug treatment

before and after infection, pink - before infection only, green - after infection only.
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To determine the optimal timepoint for evaluating the effects of

inhibitors on viral replication, two post-infection timepoints were assessed.
HBEC3-KT cells were pre-treated with increasing concentrations of inhibitors for
24 hours, then mock-treated or infected with WSN at an MOI of 0.01. Inhibitors
were reintroduced to the overlay, and cells were incubated for either 24 or 48
hours. Cells were fixed, permeabilised, stained for IAV NP and DAPI, and images
were captured at 405 and 488 nm using the Celigo Imaging Cytometer. The total
cell count and the number of virus infected cells were quantified, and fold
changes relative to untreated cells were calculated. Both DZNep and IFN-B
treatments resulted in comparable cell counts at 24 and 48 h.p.i., with more
pronounced inhibition of viral replication observed at 48 hours (Figure 6.2A and
B). However, at 48 h.p.i., IFN-B treatment exhibited increased variability
between replicates and lacked a clear dose-dependent inhibitory effect.
Prolonged exposure to the inhibitors may negatively impact cell viability, as
previously noted in Chapter 4. Therefore, a 24 h.p.i. timepoint was selected for

subsequent experiments to balance viral inhibition with cell health.
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Figure 6.2: Impact of DZNep and IFN-B8 on WSN replication at 24 and 48 h.p.i. HBEC3-
KT cells were pre-treated with DZNep and IFN-8 for 24 hours, infected with WSN, and

post-treated for either 24 or 48 hours. Cells were fixed, permeabilised, stained for IAV

NP and DAPI. Images were captured at 405 and 488 nm, and total cell counts and

number of virus infected cells were quantified. Fold changes were calculated relative

to no drug treatment. Left - 24 h.p.i., right - 48 h.p.i. Green - virus positive cells, blue

- total cells. N = 2 technical replicates per timepoint. Error bars = mean + 1 SD.
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6.2.2. Monitoring influenza virus replication kinetics in the

presence of epigenetic inhibitors

MDCK cells were selected for initial screening experiments due to their
established use in both real-time and endpoint assays (Chapter 4). A small panel
of drugs were first evaluated to assess their impact on MDCK viability. The cells
were overlayed with a range of drug concentrations (0-100 pM) and incubated for
48 hours. The drug panel included: SYC-522, DZNep, favipiravir, IFN-8, JIB-04,
JQ1, OM173- aA, and oseltamivir. Controls included: DMSO as a drug carrier
control, puromycin as a death control, and untreated cells as a baseline control.
Following the incubation period, MTS reagent was added for 1 hour, and
absorbance at 490 nm was measured using a plate reader. Absorbance fold

changes were calculated relative to the untreated control.

Figure 6.3A illustrates a dose-dependent reduction in absorption with
favipiravir, OM173- aA, SYC-522, DZNep, oseltamivir, and DMSO treatments. JIB-
04 caused a rapid decline in absorbance from 1 pM to 100 uM, nearly
approaching levels observed with the puromycin control, indicative of significant
toxicity. JQ1 initially increased absorbance up to 10 uM, followed by a sharp
decline at 100 uM, comparable to the absorbance value of puromycin. IFN-B
exhibited minimal reduction in absorbance, even at 100 IU/mL, possibly
attributed to its resuspension in cell culture medium rather than DMSO. The
average absorbance value for DMSO was 0.67 at 100 pM and 0.88 at 10 puM,
suggesting that DMSO reduces MDCK cell metabolism by 33% at 100 pM and 22%
at 10 pM. These findings indicate that a concentration of 100 pM DMSO impairs
MDCK cell metabolism, establishing 10 uM as the maximum concentration for
inhibitor use in MDCK cells. Additionally, DZNep, JIB-04, and JQ1 were found to
reduce MDCK cell metabolism more significantly than DMSO alone at 10 pM.

It is important to note that MTS assays may yield misleading results when
chemotherapeutic inhibitors that affect the cell cycle are applied (Chan et al.,
2013; Wood, Tellier and Murphy, 2018). Some epigenetic inhibitors in this study,
particularly DNMT inhibitors, have the potential to induce cell cycle arrest and
alter cellular metabolism (Gravina et al., 2010; De Beck et al., 2022).

Therefore, MTS assay results should be corroborated with cell counts. MDCK cells
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were treated with inhibitors for 48 hours, followed by fixation and DAPI staining.

Images were captured at 405 nm using the Celigo Imaging Cytometer, and the
number of DAPI stained nuclei were counted. Fold changes were calculated
relative to the untreated control. Figure 6.3B reveals that JIB-04 caused a sharp
decrease in cell counts from 1 uM to 100 uM, approaching levels observed in the
puromycin control. JQ1 displayed a similar trend, though with a less pronounced
reduction in cell count. OM173- aA had minimal impact on cell count until
reaching 100 uM, where a steep decline to puromycin levels were observed. SYC-
522 reduced cell counts at 10 uM but exhibited a slight increase at 100 pM.
Favipiravir, DZNep, oseltamivir, IFN-B, and DMSO either slightly increased or
maintained cell counts comparable to the untreated control. JIB-04, OM173- dA,
JQ1, and SYC-522 induced greater MDCK cell detachment than DMSO alone at 10
and 100 pM. Taken together, these findings suggest that JIB should be used at a
maximum concentration of 0.1 uM, while JQ1, OM173- aA, DZNep, and SYC-522
should be limited to 10 pM. Given that 100 uM DMSO significantly reduces MDCK
cell metabolism after 48 hours of treatment, all other inhibitors should also be
restricted to 10 uM for real-time experiments requiring extended incubation

periods.
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Figure 6.3: Impact of inhibitors on MDCK cell health. A - absorbance fold change
relative to untreated cells. MTS assay absorbance readings taken at 490 nm after 48
hours of drug treatment. B - cell count fold change relative to untreated cells. DAPI
stained cell count after 48 hours of drug treatment. Dark blue - puromycin death
control; Dark purple - favipiravir; Light blue - JIB-04; Light purple - OM173- aA; Pink -
DZNep; Light green - JQ1; Medium blue - SYC-522; Medium purple - oseltamivir; Peach -
DMSO; Dark Green - IFN-B. N = 3 biological replicates. Error bars = mean + 1 SD.
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The panel of drugs were evaluated for their potential as IAV inhibitors

using the real-time assay. MDCK cells were pre-treated with eight inhibitors at
concentrations ranging from 0-100 pM. Inhibitors included: SYC-522, DZNep,
favipiravir, IFN-B8, JIB-04, JQ1, OM173-aA, oseltamivir, and DMSO as a drug
carrier control. Following pre-treatment, cells were mock treated or infected
with BrightFlu at an MOI of 0.001 for 1 hour. Post-infection, inhibitors were
reintroduced into the overlay medium, with a control receiving no drug
treatment. The cell culture plate was then incubated in a plate reader to

measure green RFU expressed over 36 hours.

SYC-522 demonstrated a reduction in BrightFlu replication only at 0.1 pM
(Figure 6.4A). DZNep did not exhibit the same strong dose-dependent inhibition
observed in HBEC3-KT cells, but did demonstrate a progressive delay in BrightFlu
replication with increasing concentrations (Figure 6.4B). Favipiravir displayed a
dose-dependent inhibition of BrightFlu, consistent with the findings reported in
Chapter 4 (Figure 6.4C). Surprisingly, IFN-B poorly inhibited BrightFlu replication
in MDCK cells, contrary to the dose-dependent inhibition displayed in HBEC3-KT
cells (Figure 6.4D). JIB-04 inhibited BrightFlu replication from 1 yM onwards;
however, MTS assays and cell counts indicated a 50% reduction in cell
metabolism and viability at these concentrations (Figure 6.4E). JQ1 reduced
BrightFlu replication by 50% at 1 and 10 pM and completely inhibited replication
at 100 pM, though 100 uM proved toxic to the cells (Figure 6.4F). OM173-aA
inhibited replication by approximately one-third at 10 pM and delayed the onset
of BrightFlu replication (Figure 6.4G). Oseltamivir showed dose-dependent
inhibition of BrightFlu replication, similar to the effects of favipiravir (Figure
6.4H). The DMSO control resulted in a reduction in BrightFlu replication by
approximately a third at 100 uM (Figure 6.4l). Overall, DZNep, favipiravir, JQ1,
OM173-aA, and oseltamivir demonstrated promising inhibitory effects on

BrightFlu replication using the real-time assay.
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inhibitors. MDCK cells were pre-treated with inhibitors for 24 hours, infected with

BrightFlu (MOI 0.001), and post-treated with inhibitors. Green relative fluorescent

units (RFU) were recorded every 15 minutes from 0 to 36 hours post-infection (h.p.i.),
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with values from mock infected cells subtracted. A - SYC-522, B - DZNep, C -

favipiravir, D - IFN-8, E - JIB-04, F - JQ1, G - OM173-aA, H - oseltamivir, | - DMSO
control. Purple - 0 uM, blue - 0.1 uM, green - 1 uM, orange - 10 uM, pink - 100 uM.
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6.2.3. Effects of epigenetic inhibitors on influenza virus

replication across multiple cell types

A larger panel of drugs were assessed for their inhibitory effects on WSN
replication in multiple cell types using the end-point assay. Initially, the study
focussed on the control inhibitors: favipiravir, oseltamivir, IFN-B, ruxolitinib, and
DMSO as a drug carrier control. Favipiravir and oseltamivir are licenced IAV
antivirals (Shiraki and Daikoku, 2020; Centers for Disease Control and
Prevention, 2023). Previous experiments have established that favipiravir and
IFN-B inhibit IAV replication in MDCK and HBEC3-KT cells, respectively.
Ruxolitinib inhibits JAK1/2, thereby suppressing the IFN-induced antiviral
response and increasing IAV replication (Randall and Goodbourn, 2008; Stewart,
Randall and Adamson, 2014). The inhibitors were tested in MDCK, HBEC3-KT, and
HAEC-b (56 year old Hispanic female donor) cells. These cells were pre-treated
with inhibitors for 24 hours, then infected with WSN at an MOI of 0.0001 for
MDCK cells and 0.01 for HBEC3-KT and HAEC-b cells. Inhibitors were
reintroduced into the overlay medium, with control wells containing untreated
cells or DMSO-treated cells. After 24 hours of incubation, cells were fixed,
permeabilised, and stained for IAV NP and DAPI. Images were captured using the
Celigo Imaging Cytometer at 405 and 488 nm. The total cell counts and number
of WSN infected cells were quantified, and fold changes were calculated relative

to untreated cells.

HAEC-b cells exhibited significant sensitivity to DMSO, with a 50%
reduction in both total cell counts and virus infected cells at 100 pM, and
approximately a one-third reduction at 10 pM (Figure 6.5A). In MDCK cells, the
number of virus infected cells increased at 1 pM and remained stable at higher
concentrations, although total cell counts decreased by 10% at 10 uM and 100
MM. In HBEC3-KT cells, the number of virus infected cells decreased by 10% at 1
MM and 10 pM and remained stable at 100 pM, while total cell counts dropped by
10% at 10 uM and 20% at 100 pM. Consequently, thresholds for inhibitor efficacy
using the end-point assay are:

e a maximum of 10 uM for HAEC-b cells, where over 33% inhibition is required
e a maximum of 100 pM for MDCK and HBEC3-KT cells, where over 10%

inhibition is required
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Figure 6.5B demonstrates a dose-response relationship between increasing
favipiravir concentrations and decreasing numbers of infected cells in MDCK and
HAEC-b cells, but not in HBEC3-KT cells. Figure 6.5C shows a dose-response
relationship between increasing oseltamivir concentrations and decreasing
numbers of infected cells in all cell types. Figure 6.5D demonstrates a dose-
response relationship between increasing IFN-B concentrations and decreasing
numbers of infected cells in HBEC3-KT and HAEC-b cells, but not in MDCK cells.
Ruxolitinib produced varied effects: it increased virus replication in HAEC-b cells
(as expected) but did not show the same effect in MDCK or HBEC3-KT cells
(Figure 6.5E). Among the control inhibitors tested, only oseltamivir
demonstrated consistent dose-dependent inhibition of WSN replication across all
cell types at 24 h.p.i.
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Figure 6.5: Impact of control inhibitors on WSN replication and cell count across
various cell types. MDCK, HBEC3-KT, and HAEC-b cells were pre-treated with inhibitors
for 24 hours, infected with WSN, and post-treated for 24 hours. Cells were fixed,
permeabilised, and stained for IAV NP and DAPI. Images were captured at 405 and 488
nm using the Celigo Imaging Cytometer. The total cell counts and number of virus-
positive cells were quantified, and fold changes were calculated relative to untreated
cells. Left - virus positive cell count, right - total cell count. Blue - MDCK cells, purple
- HBEC3-KT cells, pink - HAEC-b cells. N = 2 biological replicates. Error bars = mean + 1
SD.
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The inhibitory effects of epigenetic inhibitors on WSN replication were

evaluated across multiple cell types using the endpoint assay. The now expanded
panel of inhibitors included: CM272, CM579, SYC-522, DZNep, El1, EPZ, JIB-04,

JQ1, OM173-aA. The experimental procedures and analyses were consistent with

those described previously. Results were as follows:

CM272 in HAEC-b cells achieved a 50% reduction in virus replication at 0.1
MM, 20% inhibition at 1 yM, and complete inhibition at 10 pM (Figure 6.6A). In
HBEC3-KT cells, CM272 resulted in a 70% reduction in virus replication at both
0.1 and 1 pM, with complete inhibition by 10 uM, but 10 pM also caused 50%
reduction in cell counts. In MDCK cells, virus replication was reduced by 50%
at 1 uM, with cell detachment occurring at 10 pM.

CM579 in HAEC-b cells showed complete inhibition of virus replication at 10
MM and 100 pM (Figure 6.6B). At 10 uM cell counts increased, whereas at 100
MM, they dropped by 30%. This effect was observed in MDCK and HBEC3-KT
cells, though less pronounced, as the decrease in virus replication correlated
with reduced cell numbers.

SYC-522 in HAEC-b cells demonstrated a 60% inhibition of virus replication at
10 uM without affecting cell count (Figure 6.6C). This effect was not
observed in other cells.

DZNep exhibited dose-dependent inhibition of virus replication in MDCK cells
but showed no inhibition in other cell types (Figure 6.6D).

El1 and EPZ both inhibited virus replication from 0.1 pM onwards in MDCK
cells (Figure 6.6E and F). This effect was not observed in other cells.

JIB-04, JQ1, and OM173-aA produced spurious results across cell types and

caused significant reductions in cell counts (Figure 6.6G-I).
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Figure 6.6: Impact of epigenetic inhibitors on WSN replication and cell count across

various cell types. MDCK, HBEC3-KT, and HAEC-b cells were pre-treated with inhibitors
for 24 hours, infected with WSN, and post-treated for 24 hours. Cells were fixed,
permeabilised, and stained for IAV NP and DAPI. Images were captured at 405 and 488
nm using the Celigo Imaging Cytometer. The total cell counts and number of virus-
positive cells were quantified, and fold changes were calculated relative to untreated
cells. Left - virus-positive cell count, right - total cell count. Blue - MDCK cells, purple
- HBEC3-KT cells, pink - HAEC-b cells. N = 2 biological replicates. Error bars = mean + 1
SD.
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Inhibitor screening results are summarised in Table 6.2. Inhibitors were

considered successful if they met the following criteria:

1) demonstrated over 33% inhibition of WSN replication in HAEC-b cells by 10 uM
and over 10% inhibition in MDCK and HBEC3-KT cells by 100 pM.

2) maintained cell counts higher than DMSO controls at the concentration where
inhibition is displayed.

3) exhibited a trend of dose-dependent inhibition (Emilien, van Meurs and
Maloteaux, 2000).

The successful inhibitors, highlighted in green, included: CM272, CM579, and

oseltamivir in all three cell types, IFN-8 in HBEC3-KT and HAEC-b cells, SYC-522

in HAEC-b cells, DZNep, El1, EPZ, favipiravir, and ruxolitinib in MDCK cells. To

note: since donor variation was observed in AV infected ALI cultures treated

with favipiravir (Chapter 4), inhibitor efficacy was evaluated in HAEC-b cells

from two different donors using the endpoint assay. However, due to time

constraints, only one biological replicate was carried out and data are provided

in the appendix.
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Table 6.2: Summary of inhibitor efficacy across different cell types using the
endpoint assay.

Drug MDCK HBEC3-KT HAEC-b
CM272
CM579

SYC-522
DZNep
El1
EPZ

Favipiravir
IFN-B8
JIB-04
JQ1
OM173-aA

Oseltamivir

Ruxolitinib
Efficacy of all inhibitors tested in endpoint assay experiments, excluding the DMSO

control, in MDCK, HBEC3-KT, and HAEC-b cells. Green - successful inhibitors meeting
the criteria for effective inhibition of WSN replication while maintaining cell viability.

Red - unsuccessful inhibitors either failing to inhibit virus replication or causing

significant reductions in cell counts.
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Drugs showing successful inhibition of IAV were investigated in

combination with IFN-B treatment to determine if there were enhanced
inhibitory effects using combined drug treatments. IFN-B was chosen to combine
with successful inhibitors as it effectively reduced viral replication in HAEC-b
cells and has an important role in the cellular antiviral immune response against
IAV (Koerner et al., 2007). HAEC-b (56 year old Hispanic female donor) cells
were pre-treated with inhibitors and 10 IU of IFN-B8 for 24 hours, then infected
with WSN at an MOI of 0.01. Post-infection, inhibitors and 10 IU of IFN-B were
reintroduced into the overlay medium, with untreated cells and DMSO as
controls. After 24 hours of incubation, cells were fixed, permeabilised, and
stained for IAV NP and DAPI. Images were captured using the Celigo Imaging
Cytometer at 488 nm. The number of WSN infected cells were quantified, and
fold changes were calculated relative to untreated cells. The data were
combined with HAEC-b cell inhibitor data from Figure 6.5 and 6.6.

CM272, CM579, and SYC-522 combined with IFN-B showed no further
inhibition of 1AV (Figure 6.7A, B and C). Interestingly, despite previous findings
showing favipiravir lacked antiviral activity in HAEC-b cells, when combined with
IFN-B treatment it demonstrated inhibition of IAV from 0.1 yM onwards -
surpassing the efficacy of both inhibitors when treated independently (Figure
6.7D). Similarly, oseltamivir combined with IFN-B treatment demonstrated
increased inhibition from 1 pM onwards in a dose-dependent manner (Figure
6.7E). These findings highlight the potential of combined inhibitor treatments to
enhance their antiviral potential. Future work should investigate different
combinations of host-directed and direct-acting antivirals to explore synergistic

antiviral effects.
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Figure 6.7: Impact of epigenetic inhibitors in combination with IFN-B treatment on
WSN replication in HAEC-b cells. HAEC-b cells were pre-treated with inhibitors and 10
IU of IFN-B for 24 hours, infected with WSN, and post-treated for 24 hours. Cells were
fixed, permeabilised, and stained for IAV NP. Images were captured at 488 nm using
the Celigo Imaging Cytometer. The number of virus-positive cells were quantified, and

fold changes were calculated relative to untreated cells. Blue - drug only, purple - IFN-
B only, pink - drug with 10 IU IFN-B. N = 2 biological replicates. Error bars = mean + 1
SD.
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6.3. Discussion

The analysis of viral replication kinetics revealed that several inhibitors,
including DZNep, favipiravir, JQ1, OM173- aA, and oseltamivir inhibited IAV
replication in MDCK cells. Notably, DZNep, OM173- aA, and oseltamivir delayed
the onset of viral replication in a dose-dependent manner. Although real-time
monitoring of virus kinetics provided valuable insights into these inhibitors’
effects, it became evident that screening these inhibitors in more biologically
relevant cell types was crucial. When the inhibitors were tested across multiple
cell types (MDCK, HBEC3-KT, and HAEC-b cells), there was significant variability
in efficacy. For example, oseltamivir consistently demonstrated dose-dependent
inhibition across all three cell types. However, favipiravir, despite also being a
licenced antiviral for influenza infections, only reduced virus replication in MDCK
cells and showed no inhibition in HBEC3-KT or HAEC-b cells. This finding was
unexpected and underscores the importance of evaluating antiviral efficacy in

multiple cell types.

Among the compounds tested, CM272 and CM597 stood out for their
ability to reduce WSN replication across all cell types at 10 pM while maintaining
cell viability. Their inhibitory effects on IAV have not been previously reported.
CM272 is known to induce HIV RNA expression in latently infected cells (Y. Tang
et al., 2023). San José-Enériz et al. (2017) found CM272 inhibits cell
proliferation and promotes apoptosis in xenogeneic models of cancers such as
acute myeloid leukaemia. Interestingly, the type | IFN pathway was induced by
CM272 treatment through the inhibition of G9a and DNMT activity. CM272
treatment increased the expression of ISGs (IFl44L, EPSTI1, OASL, IFl6, USP18,
and ABTB2), which was attributed to decreased levels of H3K9me2 in their
promoters. OASL and IF16 activate RIG-I antiviral signalling and are upregulated
in IAV infected primary bronchial epithelial cells and A549 cells, respectively
(Zhu et al., 2014; Villamayor et al., 2023). IFI44L and USP18 are upregulated in
IAV infected primary bronchial epithelial cells and increase viral replication
through binding to cellular FK506-Binding Protein 5 and activation of the cGAS-
STING pathway, respectively (DeDiego, Martinez-Sobrido and Topham, 2019;
Zhou et al., 2021; L. Tang et al., 2023). EPSTI1 and ABTB2 are upregulated in

patient serum samples and A549 cells infected with IAV, respectively (Josset et
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al., 2010; Zhai et al., 2015). Segovia et al. (2019) confirm CM272’s ability to

upregulate these ISGs in bladder cancer cells, reporting an additional
upregulated ISG, IRF7, which amplifies IFN production and is upregulated in IAV
infected primary bronchial epithelial cells and A549 cells (Ilyushina,
Dickensheets and Donnelly, 2019; Wu et al., 2020). Overall, the ISGs upregulated
by CM272 play a role in the antiviral response to IAV infection, with both
antiviral and proviral effects. Future work should involve directly measuring ISG
expression by immunoblot, qPCR, and transcriptomic analyses to study the
ability of CM272 and CM597 to activate ISGs and their role in the antiviral
immune response to IAV infection (Charman et al., 2021). Unfortunately, RNA
extraction for transcriptome analysis was unsuccessful (data not shown), and the
potential of CM272 and CM597 as IAV inhibitors should be further investigated.

DZNep, El1, and EPZ (all inhibitors of H3K79 methylation) demonstrated
inhibition of IAV replication in MDCK cells. However, these findings contrast with
previous studies where EPZ increased IAV replication in A549 cells by suppressing
the expression of ISG56, Mx1, and NF-kB nuclear translocation (Marcos-Villar et
al., 2018). On the other hand, DZNep has been shown to decrease RNA synthesis
and translation of SARS-CoV-2 proteins by reducing RNA methylation in Vero and
BHK-21 cells (Kumar et al., 2022). DZNep demonstrated successful inhibition in
immortalised canine kidney (MDCK), African green monkey kidney (Vero), and
golden hamster fibroblast (BHK-21) cells, but not in primary human bronchial
cells. This highlights the variability of epigenetic inhibitor effects depending on
the species and cell type used, especially between immortalised and primary
cells. Interestingly, both EPZ and SYC-522 inhibit Dot1L and subsequent H3K79
methylation, yet only SYC-522 demonstrated inhibition in HAEC-b cells. Taken
together, these findings underscore the need to screen potential antivirals in

more biologically relevant primary cells.

Ruxolitinib decreased IAV replication in MDCK cells but increased
replication in HAEC-b cells, until reaching complete inhibition at 100 pM.
Previous literature demonstrates that ruxolitinib inhibits IAV replication in A549,
HEK293T, NL20, and HEK293 at 100, 100, 50 and 30 uM respectively (Watanabe
et al., 2014; Jiongjiong Wang et al., 2020; Zhang et al., 2024). Contrary to this,

Stewart, Randall and Adamson (2014) found ruxolitinib to have no impact on IAV
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replication in MDCK cells, although they observed increased replication with an

NS1 deletion mutant with ruxolitinib treatment. Notably, IFN-B inhibited IAV
replication in primary cells but increased replication in MDCK cells. IFN-B binds
to IFNAR which is associated with JAK tyrosine kinases. Binding results in the
activation of kinases which phosphorylate STAT1/2 to associate to IRF-9 (Stark et
al., 1998). This complex (ISGF3) binds to DNA sequences to upregulate IFN
production (Garcia-Sastre, 2002). Non-IFN-responsive MDCK cells grow higher
titres than IFN-responsive MDCK cells, indicating the MDCK cells used in this
study do not respond to IFN-B treatment (Pérez-Cidoncha et al., 2014). The
findings from Capellini et al. (2020) indicate that MDCK cells undergo significant
changes in gene expression upon extended passaging. At passage 40 TLR2, 7, 9,
and 10, and IL2, 5, 12, 18 gene expression were upregulated and IL-6, NF-kB,
TLR3 and 5 were downregulated. Such changes could potentially affect the cells
responsiveness to IFN-B and other antiviral inhibitors. Interestingly, favipiravir
and oseltamivir showed greater inhibition of IAV when combined with IFN-B
treatment - a finding which could not be observed in MDCK cells due to IFN-B
treatment increasing IAV replication in this cell line. The observed discrepancies
emphasise the necessity of validating findings in primary cells when investigating

drugs altering host cell immune responses.

Although prolonged inhibitor treatment can impact cell viability, pre-
treating cells for longer than 24 hours may increase efficacy of inhibitors. DNMT
inhibitors are presumed to be slow acting, as passive demethylation requires
multiple cell cycles (Facciotto et al., 2019). Alternatively, post-infection only
inhibitor treatment may identify antivirals directly modifying viral genome, as
demonstrated by DZNep’s action on SARS-CoV-2 (Kumar et al., 2022). These
inhibitors were selected for their known effects on host cell immune responses
to infection; however, in recent years more efficient virtual screening
approaches have been employed to identify novel inhibitors of avian IAV NA
proteins (Cheng et al., 2008; An et al., 2009). Virtual screening utilises a
machine-learning approach to structure-based drug discovery, enabling the rapid
screening of thousands of compounds and narrowing down potential inhibitors
before in vitro testing - significantly accelerating the identification of novel

antiviral compounds (Lionta et al., 2014).



199
In summary, this chapter demonstrates that while several epigenetic

drugs can inhibit IAV replication, their efficacy is highly dependent on the cell
type used. The variability observed across different cell types underscores the
importance of selecting appropriate cell models and conducting screenings in
multiple cell types to comprehensively assess the potential of antiviral
compounds. Among the inhibitors tested, two repurposed anticancer drugs,
CM272 and CM579, demonstrated inhibition of IAV replication across multiple
cell types, including primary cells. These compounds warrant further
investigation, particularly in physiologically relevant models such as 3D ALl

cultures, to provide deeper insights into their potential as antiviral inhibitors.
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7. Discussion

7. 1. Importance of cell type in antiviral inhibitor

screening in vitro

Cell types are often selected for in vitro antiviral inhibitor screening
based off of their permissivity to infection (Dittmar et al., 2021). Immortalised
cancer-derived cell lines, such as MDCK, A549, and Calu-3, are frequently used
in IAV drug studies (Bottcher-Friebertshauser et al., 2011; Watanabe et al.,
2014, 2017; Courtin et al., 2017; Haasbach et al., 2017). However, these cell
lines often exhibit dysregulated antiviral response pathways, leading to
enhanced permissivity to infection, even in the presence of known antiviral
inhibitors (Stojdl et al., 2000). While these cells are pertinent for virus
propagation and infection assays, the biological relevance of using such
immortalised or genetically modified cell lines for drug screening is often
overlooked (Powell and Waters, 2017; Chua et al., 2019; Ilyushina, Dickensheets
and Donnelly, 2019). For example, MDCK cells demonstrate significantly highly
permissivity to IAV infection relative to bronchial epithelial cells (Figure 5.11).
This mirrors the findings of Charman et al. (2021), who demonstrate the
increased constitutive expression of immune system genes in bronchial epithelial
cells increased restriction of 1AV replication in comparison to immortalised cell
lines. In particular, the constitutive expression of intrinsic immune factor,
TRIM22, was downregulated in laboratory adapted cell lines, resulting in higher
permissivity to IAV infection. Their findings demonstrate the more primary-like
cells are, the more restrictive they are to IAV infection. Thus, the choice of cell
type, particularly considering intrinsic immune factors, should be taken into
consideration for IAV infection assays, as different cell types can influence the
outcome of infection and efficacy of inhibitors. For example, chapter 6
investigates antiviral efficacy across immortalised canine kidney cells (MDCK),
immortalised bronchial epithelial cells (HBEC3-KT), and primary bronchial
epithelial cells (HAEC-b). Among the eight successful inhibitors identified in
MDCK cells, only three were effective in HBEC3-KT and HAEC-b cells (Table 6.2).
This underscores the variability in drug efficacy between cell types, as

previously demonstrated by Dittmar et al. (2021) when screening direct-acting
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and host-directed antivirals using three alternate immortalised cell lines

permissive to SARS-CoV-2 infection. The authors demonstrated inhibitory
concentrations of antivirals to vary substantially between IFN-deficient human
hepatocyte cells (Huh7.5), IFN-deficient African green monkey kidney epithelial
cells (Vero), and IFN-producing human bronchial epithelial cells (Calu-3).
Interestingly, Dittmar et al. (2021) states:

“direct-acting antivirals are likely to be active against the virus in
multiple cell types... in addition, host-directed antivirals that target key
steps in the viral life cycle and are highly conserved and broadly

expressed are also likely to emerge across cell types”.

While this proved true for the direct-acting antiviral remdesivir, its efficacy
varied between all three cell lines by over 200-fold, and host-directed antivirals
failed to show inhibition in all cell lines. The efficacy of host-directed antiviral
hydroxychloroquine differed 10-fold between Huh7.5 and Vero cells and showed
no inhibition in Calu-3 cells. Additionally, most antivirals demonstrating
inhibition in Huh7.5 cells, including histone methyltransferase G9a inhibitors
(host-directed antivirals), showed no inhibition in Vero and Calu-3 cells. This
illustrates that while antivirals may be active in multiple permissive cell lines,
there is significant variability in their efficacy, and their inhibitory effects may
be cell type specific. These findings are consistent with the results obtained for
both direct-acting and host-directed antivirals presented in this study (Chapter
6).

Favipiravir, a broad-spectrum direct-acting antiviral targeting viral RdRp,
only reduced IAV replication in MDCK cells and showed no inhibition in HBEC3-KT
or HAEC-b cells (Figure 6.5B). While oseltamivir, a direct-acting antiviral
targeting IAV NA, showed dose-dependent inhibition of IAV in all cell types, it
achieved only 50% inhibition before showing toxicity in bronchial cells (Figure
6.5C). Zarkoob et al. (2022) reported a similar trend in 3D ALI models, showing
oseltamivir to only demonstrate a 50% inhibition in IAV replication at 10 pM. Both
are licenced antivirals for the treatment of influenza infection. Among the six
host-directed inhibitors showing IAV inhibition in MDCK cells, only two
compounds, CM272 and CM579, showed inhibition in HBEC3-KT and HAEC-b cells
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(Table 6.2). These findings are consistent with those reported by Fang et al.

(2012), who demonstrated cell type to be important in epigenetic regulation of
ISGs expression that influenced their permissivity to viral infection. H3K9me2
was shown to prevent the acetylation of IFN and ISG promoters, downregulating
their expression. H3K9me2-mediated IFN and ISG suppression was higher in
mouse embryonic fibroblasts compared to splenic dendritic cells, resulting in
fibroblasts being more susceptible to viral infection. Inhibition of H3K9me2 by
CM272 treatment upregulated IFN and ISG gene expression in fibroblasts,
protecting them from infection. Thus, species, tissue, and cell type are
particularly important in epigenetic antiviral drug discovery as the epigenetic
landscape may significantly vary between cells that directly influences the
outcome of this type of small molecule inhibitors and their corresponding impact

on the outcome on viral infection.

7.2. Repurposing epigenetic inhibitors as antivirals

The emergence of drug-resistant IAV variants necessitates the
development of effective antivirals beyond the direct-acting inhibitors currently
available (Watanabe et al., 2014). Epigenetic inhibitors are most well-known for
their epigenetic modulation of cancer cells, but their ability to induce ISG
expression makes them particularly interesting as candidates for antiviral
therapy (Patnaik, Madu and Lu, 2023). Research on repurposing these inhibitors
as host-directed antivirals has primarily focussed on DNA viruses, which are
heavily subject to epigenetic regulation within host cells, contributing to the
establishment of latent infections and subsequent reactivation (Lieberman,
2016; Nehme, Pasquereau and Herbein, 2019). Inhibitors targeting DNMT, HDAC,
histone methyltransferase, and histone acetyltransferase have demonstrated
both proviral and antiviral regulation of herpes simplex virus 1, adenovirus,
human cytomegalovirus, Epstein-Barr virus, Kaposi's sarcoma-associated
herpesvirus, HIV, and hepatitis B virus (Nehme, Pasquereau and Herbein, 2019).
Notably, inhibitors of histone H3K27 methyltransferase, EZH2 and EZH1, showing
inhibition of DNA viruses (herpes simplex virus, cytomegalovirus, and adenovirus)
have also been reported to inhibit RNA viruses such as Zika virus (Arbuckle et
al., 2017). HDAC inhibitors, SAHA and tubastatin A, have also been shown to
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inhibit hepatitis C virus (Sato et al., 2013; Kozlov et al., 2014). Moreover, a

recent preprint by Muneer et al. (2024) demonstrates the inhibition of G9a
histone methyltransferase by compound UNC064 reduced SARS-CoV-2 replication.
While the antiviral potential of epigenetic inhibitors for treatment of RNA virus
infections has been less well studied relative to DNA viruses, it constitutes a

promising area of research currently under investigation.

Among the epigenetic inhibitors tested, CM272 and CM597 stood out for
their ability to inhibit IAV replication across all cell types (Figure 6.6A and B).
These inhibitors are known for their anti-tumour effects in multiple cancer
models (San José-Enériz et al., 2017; Segovia et al., 2019; De Beck et al., 2022;
Moreira-Silva et al., 2022). To date, only Tang et al. (2023) have explored
CM272’s antiviral effects, showing that it induced HIV RNA expression,
reactivating HIV latency in brain microglia cells isolated from persons with HIV.
The antiviral effects of these compounds on IAV replication have not been
previously reported. CM272 and CM579 were first synthesised by San José-Enériz
et al. (2017), where they explored the potential of inhibitors targeting G9a
(histone methyltransferase) and DNMT in the treatment of blood cancers. The
lead compound, CM272, upregulated ISG expression in a dose-dependent manner
by reducing H3K9me?2 levels at ISG promoter regions, which inhibited blood
cancer cell proliferation and promoted apoptosis in vitro and in vivo.
Transcriptomic analyses by Segovia et al. (2019) and De Beck et al. (2022)
confirmed CM272’s ability to upregulate ISGs in bladder and skin cancer cells,
showing upregulation in genes of the IFN-a, IFN-y, and TNF-a signalling
pathways, leukocyte and T-cell cytotoxicity, and ubiquitin-dependent protein
catabolic processes. Interestingly, seven of the ISGs (IFI44L, EPSTI1, OASL, IF16,
USP18, ABTB2, and IRF7) upregulated by CM272 treatment have previously
demonstrated both antiviral and proviral effects on IAV replication, as described
in the discussion of Chapter 6. CM272 and CM597 treatment showed dose-
dependent inhibition of IAV replication in all cell types, with complete inhibition
observed at 10 pM in HBEC3-KT and HAEC-b cells (Figure 6.6A and B).
Interestingly, while these inhibitors upregulate IFN pathways, antiviral activity
was not further enhanced when combined with IFN-B in HAEC-b cells (Figure
6.7A and B). Previous studies have shown that CM272 retains its inhibitory

properties in 3D spheroid models and mice models of multiple cancers,
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suggesting that its antiviral effects should be further investigated in 3D ALI

cultures (San José-Enériz et al., 2017; Moreira-Silva et al., 2022). If IAV
inhibition is confirmed, transcriptomic analysis could reveal gene expression
changes in both uninfected and IAV infected cultures treated with the

compounds.

While CM272 and CM272 exhibited greater toxicity in HBEC3-KT and MDCK
cells relative to HAEC-b cells, this may be attributed to their pro-apoptotic
effects in cancer-derived cell lines (Figure 6.6A and B). Despite these concerns,
in vitro studies by San José-Enériz et al. (2017) report low toxicity profiles for
CM272 and CM579, with maximum tolerated doses of 2.5 mg/kg™" and 1 mg/kg™,
respectively. In vivo, CM272 demonstrated minimal toxicity in mice, with no
observable weight loss, indicators of sickness, or alterations of blood/liver
components, rendering the compound safe to use in mice. However, its safety
profile in humans remains untested and would require thorough evaluation in
clinical trials. The ability of CM272 and CM597 to upregulate ISGs and inhibit IAV
across multiple cell types, including primary bronchial epithelial cells, combined
with low toxicity profiles, suggests these inhibitors hold potential for antiviral
therapy. Further studies should focus on screening of larger libraries of G9a
histone methyltransferase inhibitors for efficacy against IAV and other RNA
viruses, with particular emphasis on validating their effects in more

physiologically relevant models.

7.3. Development of novel in vitro 3D cell culture models

As demonstrated throughout this thesis, 2D cell cultures are valuable for
initial antiviral inhibitor screening assays in vitro. However, their heightened
permissivity to infection, dysregulated immune responses, and lack of spatial
architecture limits their physiological relevance in modelling the human lung. As
a result, many antivirals identified in 2D immortalised cell lines fail to show
efficacy in animal models or human clinical trials (Zarkoob et al., 2022). Thus,
there is a pressing need to develop in vitro models that are predictive of drug
efficacy prior to in vivo testing. 3D cell cultures, such as ALI, organoid, and lung-

on-a-chip systems, have emerged to bridge the gap between 2D cell cultures and
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animal models. In particular, primary airway epithelial cells differentiated on

ALI cultures show transcriptomic profiles closely resembling that of in vivo
tissues (Dvorak et al., 2011; Pezzulo et al., 2011). Importantly, 3D cultures
demonstrate similar IAV replication kinetics to that of ex vivo tissues, and their
innate immune responses to IAV infection, cellular polarisation, distribution of
SA receptors, and protease secretions closely resemble that of human airway
tissue compared to 2D monocultures (M. C. W. Chan et al., 2010; Hui et al.,
2018; Zarkoob et al., 2022). Collectively, these findings indicate 3D cell culture
models provide a better approximation of IAV infection outcomes in humans
compared to 2D cell cultures. Moreover, 3D models have demonstrated great
utility in identifying viral receptors, tropism, pathologies, vaccine efficacy, and
immune responses to infection previously undetectable in 2D models (Rijsbergen
et al., 2021). For instance, 3D ALI cultures were used to investigate the efficacy
of LAIV during the 2013-2014 and 2015-2016 seasons, attributing its reduced
fitness to restricted multicycle infection in MDCK cells (Hawksworth et al.,
2020). Thus, establishing 3D models amenable to drug discovery represents a

high priority area of research.

Bioprinting is a rapidly developing tissue engineering approach to
automate and customise the fabrication of 3D models (Zhang et al., 2019). The
layer-by-layer printing technology enables the precise placement of cells within
bioink scaffolds, creating highly reproducible constructs that can model tissue
specific architecture (Berg et al., 2018). Bioprinting has been applied to create
models for lung, heart, liver, muscle, brain, skin, bone tissues (Ryu et al., 2015;
Gao and Cui, 2016; Gu et al., 2016; Daly et al., 2018; H. Lee et al., 2020; Kim et
al., 2021). In particular, lung organoids and lung-on-a-chip models have been
generated using 3D bioprinting systems with human pluripotent stem cells and
primary human tracheal epithelial cells (Huh et al., 2010; Wilkinson et al., 2017;
Park et al., 2018). However, despite their potential, 3D bioprinted lung models
remain underexplored in IAV research. Berg et al. (2018) visualised IAV
replication in bioprinted A549 cells stacked in a 3D arrangement within Matrigel
scaffolds. Interestingly, they observed that increased Matrigel concentrations
impacted the spatial distribution of IAV, permissivity to IAV infection, and
immune responses to infection, potentially due to the limited absorption of

trypsin required for viral replication. Additionally, the model was viable for only
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seven days, a problem often observed when encapsulating cells within hydrogel-

based scaffolds (Zhang et al., 2019).

In our collaboration with Cellbricks, we validated a novel bioprinted
scaffold for 3D ALI cultures using primary bronchial epithelial cells. We
identified a biomaterial that supported the differentiation of HAEC-b cells to
comparable levels of that observed in Transwells, and the tissue displayed
ciliated, goblet, and basal cells (Figure 3.4, 3.5, and 3.12). Due to the optical
transparency of the biomaterial, Membricks demonstrated similar imaging
properties to Transwells in 2D and 3D cultures (Figure 3.13 and 3.14). The
enhanced imaging properties of Membricks allowed for high resolution imaging of
IAV infection in 3D, without embedding and sectioning procedures (Figure 3.16).
Together, these findings underscore the potential of bioprinted scaffolds as

alternative 3D cell culture models for IAV infection studies and drug discovery.

Although the bioprinted ALI model is a significant step forward, it
represents only a small part of the lung in isolation. The absence of immune
cells, vascularisation, and other cell types surrounding the epithelial layer limits
its biological significance. However, bioprinting technology allows for greater
complexity by incorporating these elements into the model. Park et al. (2018)
developed a more complex bioprinted lung-on-a-chip model by differentiating
primary human tracheal epithelial cells under ALI conditions on a biomaterial,
surrounded by a functional flowing blood vessel network. Similar approaches
could be applied to the Membrick, particularly as the bioink material (GelMA) is
amenable to the fabrication of vascular network models (Zhu et al., 2017).
Additionally, bioinks can be modified to enhance compatibility with different
cell types, opening up the possibility of developing co-culture models. Sellgren
et al. (2014) developed a non-bioprinted lung-on-a-chip model which supported
the differentiation of primary human tracheal epithelial cells under ALI
conditions, co-cultured with stacked layers of endothelial cells and fibroblasts.
These co-culture approaches should be applied to Membrick ALI cultures,
combined with lung-on-a-chip technology, to better recapitulate the complex

and dynamic microenvironment of the human lung.
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Ideally, the Membrick model would have been utilised for further IAV

studies and developed further to increase its complexity; however, supply chain
issues led to the use of alternative bioink materials that proved incompatible
with ALI conditions (Figure 3.17 and 3.19). This underscores the need to identify
and optimise bioinks suitable for 3D cell cultures. Additionally, current
bioprinting technologies lack the resolution to accurately print more intricate
details of lung structures. In vitro lung modelling still faces significant
challenges in recreating the structural, mechanical, and dynamic properties of
the human lung, and 3D bioprinting remains in the early stages of exploration
(Francis et al., 2022). Despite these challenges, we successfully validated a 3D
bioprinted lung model demonstrating similar imaging properties over
conventional ALI cultures, which enabled high-resolution imaging of 1AV infection
within tissues. These advances highlight the potential of bioprinting to enhance
currently available tissue culture models for more biologically relevant in vitro

studies of 1AV infection.

7.4. The utility of imaging 3D cell culture models for

antiviral drug discovery

Traditional fluorescence imaging of ALl cultures is limited by the
reconstruction of individual tissue sections into a larger 3D tissue assembly,
leading to a loss of spatial information. Imaging intact 3D tissues offers valuable
insights into the spatial dynamics of virus replication within the native tissue
architecture, crucial for understanding virus entry, cell tropism, viral clearance,
and associated pathologies (Ushakov and Finke, 2023). Imaging techniques were
developed to visualise IAV replication throughout the full depth of the tissue
without requiring sectioning (Figure 3.16). This allowed for the observation of
clusters of AV replication at different spatial locations within the tissue. Viral
replication was observed in the apical layer at 24 hours and in the basal layer at
48 hours (Figure 3.16). Notably, the clustering and predominantly vertical plane
spread of 1AV in these cultures reflect IAV spread in vivo and cannot be observed
in 2D cell monolayers restricted to horizontal spread (Yang et al., 2017; Ma et
al., 2019; Mockel et al., 2022). The spatial structuring of IAV populations raises

questions about how the virus selects which cells to infect. Host cell immune



208
responses, and the availability of proviral host factors, SA receptors and host

proteases, have been implicated in the spatial structuring of IAV populations and
host susceptibility to infection (Gallagher et al., 2018). Using 3D ALI cultures,
Matrosovich et al. (2004) demonstrate human IAV preferentially infects non-
ciliated cells deeper in the epithelium, which predominantly express a-2,6-
linked SA receptors. By contrast, ciliated cells, expressed mainly a-2,3-linked SA
receptors and were more susceptible to avian IAV. Despite this preference,
ciliated cells were still infected with human IAV due to high concentrations of
virus released from neighbouring cells, and Thompson et al. (2006) also
confirmed the presence of a-2,6-linked SA receptors on ciliated cells.
Additionally, host proteases supporting the multicycle replication of IAV, such as
HAT and TMPRSS2, are most highly expressed by ciliated cells (Takahashi et al.,
2001; O’Sullivan et al., 2021). This means IAV can replicate in ciliated cells and
travel down to its preferred cell type, non-ciliated cells. Future work should
involve staining SA receptors and host proteases to determine if the spatial
distribution of IAV replication travels in accordance with the distribution of

these proviral host factors.

These imaging techniques were also used to evaluate the efficacy of
favipiravir in 3D ALI cultures derived from two different donors. While favipiravir
treatment successfully inhibited IAV replication in both donors, its efficacy was
greater in donor 1 derived tissues, reducing virus replication by two thirds
compared to one third in donor 2 tissues (Figure 4.12A and C). Interestingly,
donor 2 derived tissues were less permissive to infection, showing a six-fold
reduction in total virus volume compared to donor 1 tissues (Figure 4.13). These
findings highlight donor variation - a well-documented phenomenon (Rijsbergen
et al., 2021). Differential gene expression of IFNs (IFN-a, IFN-B, IFN-A), and ISGs
(IFIT1, IFIT3, IRF7, MX1, and OAS1), has been documented in ALI cultures from
different donors infected with IAV (Mindaye et al., 2017; Ilyushina, Dickensheets
and Donnelly, 2019). ALI cultures also demonstrate donor variation in mucus
production, which is upregulated in response to IAV infection (Pezzulo et al.,
2011; Barbier et al., 2012; Bovard et al., 2020; Bukowy-Bierytto et al., 2022).
These factors can influence IAV replication and antiviral efficacy between
donors. A key observation was the altered spatial distribution of IAV replication

following favipiravir treatment. In donor 2 derived tissues, two distinct viral
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populations emerged at different tissue depths, suggesting favipiravir may alter

the spatial distribution of viral replication in a donor-dependent manner (Figure
4.12B and C). Similar findings have been observed with oseltamivir, which
restricted IAV replication to localised areas in vivo (Manicassamy et al., 2010).
These results emphasise the importance of 3D imaging to assess not only overall
antiviral efficacy but also how treatment affects viral spread and distribution

within tissues.

Despite the success of these imaging techniques, limitations remain. The
imaging workflow, based on the expression of a ZsGreen-tagged NS1 protein,
assumed correlation with viral replication. BrightFlu fluorescent units
demonstrated a correlation to infectious virus titres in MDCK cells, but this was
not confirmed in HAEC-b cells (Figure 4.1). However, Mindaye et al. (2017)
demonstrate IAV infected ALI cultures from three donors produced significantly
different expression of viral proteins, NS1, M1, and NP, despite the similar viral
titre between donors. Though real-time AV imaging studies utilise NS1 tags to
monitor virus replication, plaque assays should be carried out to quantify
infectious virus released from infected tissues (Manicassamy et al., 2010; Mockel
et al., 2022). Additionally, the time required to capture high-resolution images
and manually process them restricted the number of biological repeats, resulting
in an insufficient sample size to draw firm conclusions. Unfortunately,
automated imaging methods were unsuccessful due to the presence of mucus on
the tissues, impairing optical transparency for continuous real-time
measurements (Figure 4.9). Two-photon fluorescence microscopy has been used
for automated live cell imaging of 1AV infections in vivo, and offers less
photobleaching and deeper tissue penetration than confocal microscopy
(Centonze and White, 1998; Palomino-Segura et al., 2018; Ueki et al., 2020;
MacLean et al., 2022). Due to the heterogeneity of 1AV populations, capturing
whole tissues using lightsheet microscopy would be advantageous. To rapidly
acquire images of entire 3D tissues it compromises in resolution subpar to that of
confocal imaging, but has shown success in live cell imaging of IAV infections in
vivo (Bhagwat et al., 2020; Joseph et al., 2022). Additionally, batch-processing
of 3D images using automated software like MATLAB or Fiji plugins (e.g. GIANI)
could be used to accelerate image analysis, bypassing the need for manual

processing and analysis (Barry et al., 2022). By implementing these automated
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techniques, the throughput of 3D antiviral screening could be significantly

increased. Scaling up the ALI model from 24-well to 96-well formats would allow
for larger sample sizes and more robust analysis of antiviral efficacy across
multiple donors. Overall, the development of 3D imaging methods allowed for
the visualisation of viral spatial dynamics within native tissue architecture and
could be applied to assess the impact of antivirals on viral spread and
distribution in airway models that utilise cells from multiple donors to explore
the impact of sex, age, and ethnicity on the outcome of inhibitors identified to

restrict 1AV replication.

7.5. Conclusions and Future Work

The rapid development and deployment of effective therapeutics against
IAV are crucial for pandemic preparedness. Conventional in vitro antiviral
screening assays predominantly rely on 2D immortalised cell lines, though they
poorly reflect the microenvironment of the human lung and often demonstrate
drug efficacy that does not translate well to complex animal models or clinical
trials. Here, HAEC-b cells were used in both 2D and 3D culture systems to assess
the efficacy of inhibitors against IAV using advanced imaging platforms. 2D
antiviral screening assays revealed significant variability in inhibitor efficacy
between MDCK, HBEC3-KT, and HAEC-b cells. Established IAV antivirals,
favipiravir and oseltamivir, exhibited reduced efficacy in HBEC3-KT and HAEC-b
cells relative to MDCK cells. Two repurposed cancer drugs, CM272 and CM579,
demonstrated inhibition of IAV replication across all cell types, achieving
complete viral inhibition in HAEC-b cells at a concentration of 10 uM, whilst
maintaining cell viability. Additionally, two 3D air-liquid interface (ALI) models
were established by differentiating HAEC-b cells on novel bioprinted scaffolds
and Transwell inserts. These models, combined with advanced imaging
techniques, enabled us to visualise the spatial localisation of IAV replication
within the native tissue architecture. Favipiravir was shown to inhibit IAV
replication and alter the spatial distribution of viral populations, potentially in a
donor-dependent manner. Collectively, these findings underscore the

importance of screening antiviral inhibitors in biologically relevant in vitro
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models and highlight the potential of repurposed epigenetic inhibitors as host-

directed therapies against IAV.

Future work should further explore the antiviral potential of epigenetic
inhibitors, such as CM272 and CM579. Their mechanism of action should be
investigated, initially through measuring ISG expression upon inhibitor
treatment. These inhibitors demonstrated antiviral efficacy within a small-scale
screening; however, increasing the throughput of inhibitor screening
experiments would allow for increased numbers of novel inhibitors to be tested,
and to explore different combination therapies. Additionally, increasing the pool
of donors will allow for the impact of donor variability on the efficacy of
antivirals to be studied, and to extend this to the 3D cell culture models

established to validate these findings.
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Appendices

Appendix A: Effects of epigenetic inhibitors on influenza

virus replication across different donors

Since donor variation was observed in 3D ALI cultures (Chapter 4), the
inhibitory effects of inhibitors on WSN replication were evaluated between the
same two donors using the endpoint assay. HAEC-b cells derived from a 56 year
old Hispanic female donor and a 71 year old Caucasian male donor were pre-
treated with inhibitors. The experimental procedures and analyses were
consistent with those described previously. It should be highlighted that due to
time constraints, only one biological replicate was carried out for the male
donor. The data from donor 1 cells were combined with donor 2 cell inhibitor

data from Figure 6.5 and 6.6 to compare inhibitor efficacy between donors.

Similar inhibitory effects were observed between donors for control
inhibitors: favipiravir, oseltamivir, and ruxolitinib (Appendix figure 1B, C, E).
Though, favipiravir and oseltamivir decreased cell counts in male donor cells
relative to female. IFN-B showed higher efficacy in donor 1 cells whist
maintaining cell counts (Appendix figure 6.8D). Epigenetic inhibitors: CM579,
SYC-522, DZNep, JIB-04, JQ1, and OM173-aA showed similar inhibition of IAV
between donors (Appendix figure 6.9B, C, D, G, H, |). While CM272 showed dose-
dependent inhibition of IAV in both donors, its effects were less pronounced in
donor 1 cells (Appendix figure 2A). Interestingly, CM272 decreased cell counts in
donor 1 cells, contrasting with donor 2 cells. El1 and EPZ decreased cell counts
more in donor 1 cells than donor 2, leading to a decrease in virus positive cells
(Appendix figure 2E and F). Together, these findings suggest the efficacy of
antiviral inhibitors may be donor-dependent, and more biological repeats should

be carried out to confirm these observations.
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Appendix figure 1: Impact of control inhibitors on WSN replication and cell count

across different donors. HAEC-b cells from donor 1 and 2 were pre-treated with

inhibitors for 24 hours, infected with WSN, and post-treated for 24 hours. Cells were

fixed, permeabilised, and stained for IAV NP and DAPI. Images were captured at 405

and 488 nm using the Celigo Imaging Cytometer. The total cell counts and number of

virus-positive cells were quantified, and fold changes were calculated relative to

untreated cells. Left - virus positive cell count, right - total cell count. Pink - Female,

56, Hispanic donor cells purple - male, 71, Caucasian. N = 2 biological replicates for

donor 2. Error bars = mean + 1 SD. N = 1 biological replicate for donor 1.
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Appendix figure 2: Impact of epigenetic inhibitors on WSN replication and cell count

across different donors. HAEC-b cells from donor 1 and 2 were pre-treated with
inhibitors for 24 hours, infected with WSN, and post-treated for 24 hours. Cells were
fixed, permeabilised, and stained for IAV NP and DAPI. Images were captured at 405
and 488 nm using the Celigo Imaging Cytometer. The total cell counts and number of
virus-positive cells were quantified, and fold changes were calculated relative to
untreated cells. Left - virus-positive cell count, right - total cell count. Pink - Female,
56, Hispanic donor cells purple - male, 71, Caucasian. N = 2 biological replicates for

donor 2. Error bars = mean + 1 SD. N = 1 biological replicate for donor 1.
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