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Abstract

Human respiratory syncytial virus (HRSV) is a common cause of respiratory tract
infections (RTIs) globally. Of those infected, 25%i14 0 % a ge d dévklopy e ar
severe lower RTIs leading to pneumonia and bronchiolitis, with ~10% requiring
hospitalisation. There is currently no HRSV vaccine and clinically approved
treatments are only moderately effective. New and more effective anti-HRSV

strategies are urgently required.

It is established that viruses require cellular ion channels to infect cells. lon
channels are a diverse class of transmembrane proteins that selectively allow
ions across membranes, influencing a multitude of cellular processes. Modulation
of these channels by viruses is an important host-pathogen interaction that
regulates critical stages of the virus multiplication cycle including entry,

replication, and egress.

Cellular chloride (CI) channels are large family of ion channels which were
historically overlooked, however the importance of these proteins, especially
within the respiratory tract, is now being revealed. This thesis examined the role
of CI- channels during HRSV infection. Utilising GFP-expressing HRSV in
combination with an extensive panel of channel-specific pharmacological
inhibitors, a critical requirement for calcium (Ca?*)-activated chloride channels
(CaCCs) during HRSV infection was highlighted. For the first time, a role for
TMEM16A as a host-factor was revealed and the channel was implicated as a

post-exposure antiviral target.

An investigation into the mechanisms underpinning the relationship between

HRSV and TMEM16A revealed that the channel was involved at the genome



replication and/or transcription stage of infection, and evidence suggested that

this interaction may occur at or near the Golgi, in HRSV replication factories.

Lastly, a role for TMEM16A was described within the HRSV-mediated production
of antiviral protein interferon 2-induced protein 10 (IP-10), which supported a
hypothesis wherein HRSV sequestered TMEM16A for replication, and
simultaneously prevented the cellular antiviral response. Therefore, these
findings have revealed TMEM16A as an exciting target for future host-directed

antiviral therapeutics.
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Chapter 1 Introduction
1.1 Human respiratory syncytial virus

Human respiratory syncytial virus (HRSV), also known as human
orthopneumovirus, is a negative-strand RNA virus (NSV) belonging to the
Pneumoviridae family of the order Mononegavirales [1]. The virus was described
in 1956, initially isolated from laboratory chimpanzees which had acquired a
respiratory illness from human workers. [2]. Soon after, HRSV was identified as
the causative agent of seasonal outbreaks of upper and lower respiratory tract
infections (RTIs) in children [3,4]. Now, 65 years after its discovery, there are still
no vaccines available for the prevention of HRSV infection, and only very limited

therapeutic options.

HRSV is so-called because of its distinguishing ability to form syncytia in infected
epithelial cells [5], wherein neighbouring cells become fused forming large, multi-
nucleated cells between which the virus can spread rapidly throughout the

respiratory tract and avoid detection by the immune system [6].
1.2 HRSV epidemiology, symptoms, and transmission

HRSV is a global pathogen. As with many other respiratory viruses, HRSV
infection occurs in a seasonal pattern throughout the year with different peaks of
incidence depending on the hemisphere; peak months in the Northern
Hemisphere being October-April and in the Southern Hemisphere being March-
September [7]. The virus is spread either through inhalation of infected respiratory
droplets, such as those generated from coughing or sneezing, or from direct

contact with HRSV-contaminated surfaces and objects (called fomites) such as
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door handles [8] and this direct route is considered to be the major source of
infection [8,9]. HRSV enters the body through exposed mucosal surfaces of the
eyes or nose [10], after which it migrates to the respiratory tract. In temperate
climates, the winter months offer the perfect conditions for HRSV transmission
including cold temperatures which stabilise the virus within droplets, humidity
which allows for virus-containing droplets to form on surfaces, and rain which
drives people indoors where virus transmission is more efficient [11]. In contrast,
HRSV seasonality is less well-defined in tropical regions of the world (areas which
have wet and dry seasons rather than the four seasons) [12]. Surveillance
suggests that HRSV infection in these countries operates in very different cycles
with many tropical regions displaying year-round infections. Peaks in HRSV
cases occur at different times of year and often correlate with the temperature,
humidity, and rainfall cycles within that region. Other socio-economic factors can
affect HRSV seasonality in tropical regions, for example in the Philippines,
seasonal malnutrition correlates with the rainy season, and the peak in cases of
both HRSV infection and pneumonia occurs approximately 10 weeks after

this [12].

Almost all children become infected with HRSV by the age of 2 years, and
re-infection occurs throughout life [13]. For most, this manifests as generic cold-
like symptoms including a runny nose, sore throat, coughing, sneezing and
headaches. However, in 0.5 - 2% of all children, the infection can progress to the
lower respiratory tract causing inflammation of the respiratory airways or lungs
(bronchiolitis or pneumonia), the symptoms of which include difficulty breathing,
fever and severe cough. The primary risk factor for severe HRSV-related illness

is age, and this primarily occurs in children under 6 months due to the small size
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of their airways. Particularly at risk are premature babies, or babies born with
underlying health conditions such as heart or lung disease, as well as those who
are immunocompromised [13,14]. Most healthy adults can clear the infection
without any major problems, however those over 65 represent another high-risk
category for severe complications following HRSV infection. Settings such as
nurseries, hospitals and care homes are hot spots of infection wherein high-risk
individuals all inhabit the same small spaces and touch the same surfaces,

increasing transmission [8,15].

HRSYV infection is the leading cause of hospitalisation of children under 5 in the
UK and US. For children in the UK, between 1995-2009, an average of 450,000
GP visits were attributed to HRSV infection per year, along with 29,000
hospitalisations and 83 deaths [16]. In the US, the Centre for Disease Control
and Prevention (CDC) estimates that HRSV infection is responsible for an
average of 58,000 hospitalisations of children under 5 per year, with 100-500
deaths [13]. However, the vast majority of HRSV cases occur in low- and middle-
income countries (LMIC). Globally, in 2015 it was estimated that 33.1 million
cases of HRSV in children under 5 occurred, resulting in 3.2 million
hospitalisations and 59,600 deaths i 30 million (90%) of these cases occurred in
LMICs, resulting in many deaths and accounting for a large economic

burden [17].

Furthermore, HRSV infection is also a significant burden on the elderly,
responsible for an average of 175,000 GP visits, 14,000 hospitalisations and
7,915 deaths of adults over 65 annually in the UK between 1995-2009 [18]. In the
US, 177,000 hospitalisations of adults aged 65 years or older with HRSV also

occur per year, with 14,000 deaths [19].
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As a result of the current severe acute respiratory syndrome-associated
coronavirus 2 (SARS-CoV-2) pandemic, the rate of HRSV infection in the winter
of 2020/2021 was comparatively low to previous years, likely due to lockdowns,
mask wearing, social distancing and other restrictions put in place to prevent
SARS-CoV-2 transmission [20,21]. Consequently, the summer of 2021 saw an
unseasonable surge in HRSV cases in children, with many reporting more severe
symptoms than previous years. The risk of older infants and toddlers developing
severe HRSYV infections was much higher due to limited past exposure during the
pandemic [22]. This highlights the ever-present need for research into HRSV and
for the discovery of novel antiviral targets with the potential for therapeutic

applications.

1.3 HRSV therapeutics

1.3.1 Palivizumab

HRSYV is a major health concern due to the absence of a vaccine. Palivizumab
(or Synagis®) is currently the only prophylactic antiviral licenced for use in high-
risk children (FDA approval, 1998) [23]. Palivizumab is a monoclonal antibody
which targets the HRSV fusion (F) protein expressed on the surface of the virion.
F plays a key role in the entry of the virus into cells, therefore, by targeting F,
Palivizumab neutralises the virus and prevents infection. Treatment via an
intramuscular injection once a month for five months during winter provides
passive immunisation against HRSV. However, due to its high cost and moderate
effectiveness, there is doubt over the value of use. Whilst prophylaxis with
Palivizumab did reduce the incidence of hospitalisation of high-risk infants by

~55% [23], there is no evidence to suggest that the overall burden of HRSV has



been impacted since the introduction of Palivizumab [24]. Surveillance of HRSV
revealed that most children in developed countries who become infected are
otherwise healthy [13] and so the cost-effective strategy of targeting high-risk
infants may not be effective in relieving HRSV-related disease burden. Identifying
children likely to suffer severe symptoms is difficult, and the guidelines for use of
Palivizumab are debated [24], highlighting the need for HRSV vaccines and post-

exposure antivirals.

1.3.2 Ribavirin

Currently, the broad-spectrum antiviral ribavirin is the only FDA approved drug
used to treat severe bronchiolitis caused by HRSV infection in infants (FDA
approval, 1985). However, there are concerns over its many side effects, the
aerosolised route of administration and cost; therefore, ribavirin is not currently
recommended for routine clinical use (American Academy of Pediatrics). Other
than HRSV, ribavirin is also used to treat other viral infections including hepatitis
C (HCV), hepatitis E, and viral haemorrhagic fevers caused by Crimean-Congo

haemorrhagic fever virus (CCHFV), Lassa virus and various Hantaviruses.

Once inside the cell, ribavirin is sequentially phosphorylated by cellular kinases
to form r i bavi-monaphosophdie (RMP), -diphosphate (RDP)
and -triphosphate (RTP) (Figure 1-1) [25]. The antiviral effects of ribavirin are
mediated by both direct and indirect mechanisms (reviewed in [26]). RMP acts
as a direct competitive inhibitor of inosine monophosphate dehydrogenase
(IMPDH), a crucial enzyme in the synthesis of guanosine [27], therefore causing
a decrease in the pool of available guanosine nucleosides for viral RNA
synthesis. Furthermore, RTP is a guanosine analogue, which means it can be

incorporated into newly synthesised viral RNA in the place of the guanosine
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nucleoside. As RTP can base pair with either cytosine (the natural base pair for
guanosine) or uracil with equal affinity, mutations often arise within the viral RNAs
[26,28,29]. These mutations accumulate in the presence of ribavirin, leading to
@rror catastrophe§ where the new viral progeny are no longer viable. For HRSV
and HCV, G-A and C-U transitions are significantly increased in the presence of
ribavirin, leading to a reduction in progeny virus [28,29]. Additionally, RTP is a
competitive inhibitor for the enzymes involved in 5-methylguanosine cap
formation, resulting in viral messenger RNA (mRNA) which cannot be translated
due to abnormal cap structures [30]. Ribavirin is also thought to have
immunomodulatory effects and can aid viral clearance by switching the host T-cell

response from Th2 to Thl, therefore inducing antiviral factors.
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Figure 1-1 Ribavirin mechanism of action. Ri bavi r i n IS -coNnve

monophosophate (RMP), -diphosphate (RDP) and -triphosphate (RTP) via
cellular kinases. RMP competitively inhibits guanosine triphosphate (GTP)
synthesis via inosine monophosphate dehydrogenase (IMPDH), resulting in a
smaller pool of guanosine nucleosides (GTP) for viral RNA synthesis and a
disruption to the mRNA capping mechanism. RTP both inhibits the vRdRp, and
gets incorporated into the newly synthesised viral RNA, increasing the mutation
rate, and r esul bp h[@6) Createdwith BiaRender.@oma st r

1.3.3 Challenges facing HRSV vaccine development

Historically, the search for a HRSV vaccine has been problematic. In 19686, trials
of a formalin-inactivated vaccine ended in tragedy as two immunised infants later

died following subsequent natural HRSV infection [31]. Many more infants
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suffered severe LRTI symptoms which led to frequent hospitalisations. It is now
known that this was due to enhanced HRSV disease (ERD), and this has since
improved our understanding of how we might produce a successful HRSV
vaccine in the future [32]. ERD occurs when a vaccine elicits non-neutralising
antibodies in seronegative trial participants who are then left vulnerable to
subsequent HRSV infection with a higher risk of severe disease. Therefore,
guidelines for new HRSV vaccines going to clinical trial are particularly

stringent [32,33].

As well as its chequered past, HRSV vaccine development faces other unique
challenges (reviewed in [34]). For example, the young age of infants at peak
disease poses its own challenges due to the underdeveloped immune system.
Furthermore, it is known that HRSV infection dampens the immune response,
which is another hurdle the vaccine must overcome. Additionally, it is difficult to
assess levels of protection; we know that natural infection does not induce
complete protection as HRSV infection reoccurs throughout a p e r Kfetimed s
Re-infection with the same strain of virus also commonly occurs, with the
subsequent infections usually being less severe. Therefore, it may be necessary
to tailor HRSV vaccines to different populations (e.g., infants and older adults)
based on their propensity to develop ERD, differences in their immune
responses, and correlates of protection. As with all NSVs, HRSV encodes its own
viral RNA-dependent RNA polymerase (VRdRp) so that it can produce mRNAs
that can be translated by the cellular translation machinery, and replication
products that allow amplification of the negative-sense genome, for packaging
into new virions. VRARps are inherently error-prone due to the lack of a proof-

reading mechanism [35], therefore single nucleotide polymorphisms are common
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in NSVs, increasing genetic diversity and adding yet another challenge to vaccine

development.

1.3.4 Current HRSV vaccine candidates

Vaccine candidates for HRSV consist of five main strategies: live-attenuated,
subunit-based, vector-based, particle-based, and immuno-prophylaxis
(monoclonal antibodies; mAbs) [34]. As of April 2021, there are 67 vaccines and
mADbs which are active candidates or in development [36]. Four candidates have
reached phase 3 clinical trials and three of these are subunit-based vaccines
targeting the pre-fusion conformation of the F protein. These are
Glaxo Smi t hKl i neds HRSV vacci ne £&SK3888550aa)t er n
and for o | @SKBB844@68Ad1)t,s a(n@d Pfi zerds ORSV r
maternal use. Maternal vaccines are an ideal way to protect very young infants
from severe disease and it is known that the pre-fusion conformation of the F
protein induces a strong, neutralising antibody response, hence these candidates
hold great promise. The fourth vaccine candidate currently in phase 3 trials,
0 ME DI 8 8 8lilkévim@bphy Astra Zeneca, is a monoclonal antibody with an
extended half-life and also targets the pre-fusion conformation of F. MEDI8897 is
indicated for paediatric patients and has so far shown promising results in healthy
pre-term babies who were 70.1% protected against medically attended LRTI and
78.4% protected against hospitalisation when compared to the placebo group
[37]. Unlike Palivizumab which requires multiple injections throughout the HRSV
season, MEDIB897 is a single shot given once per HRSV season. It is hoped that,
once FDA approved, MEDI8897 will be suitable for use in all infants and that its

higher potency and longer half-life will resolve the issues seen with Palivizumab.



Recent advancements in nucleic acid-based vaccines, spurred on by the race to
produce vaccines for coronavirus disease 2019 (COVID-19, caused by SARS-
CoV-2 infection), has resulted in the development of a promising mRNA-based
HRSV vaccine (MRNA-1345, Moderna) which has recently been fast-tracked into
phase 1 trials for use in paediatrics and elderly patients. The vaccine encodes
the pre-fusion F protein to elicit protective immunity. This new technology could

bring an end to the 65 year long wait for a HRSV vaccine.
1.4 HRSV genome and virion structure

The HRSV RNA genome is 15,222 nucleotides in length, encoding 11 proteins
through 10 genes which are separated by intergenic regions and flanked by gene
start (GS) and gene end (GE) sequences [38]. The genes encoding the
non-structur al proteins (NS1 and NS2)

genes encoding the 9 structural proteins follow: nucleocapsid protein (N),
phosphoproteins (P), matrix protein (M), small hydrophobic protein (SH),
glycoprotein (G), F, M2 and large (L) protein (Figure 1-2) [1]. The M2 gene
encodes two proteins (M2-1 and M2-2) through overlapping open reading frames
(ORFs) on the M2 mRNA. Genomic RNA is encapsidated in N protein to form a
helical ribonucleoprotein (RNP) complex [39,40], a feature common to all NSVs.
The RNP is thought to offer protection from nucleases, facilitate protein-RNA
interactions and shield the viral RNA from detection by the innate immune

response.

The virion itself comprises an outer lipid envelope derived from the host cell
plasma membrane by budding (Figure 1-2). The three surface glycoproteins (F,

G and SH), form homo-oligomers and are embedded in the lipid envelope,
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spaced 8-11 nm apart [1]. SH spans the membrane whereas F and G extend
outwards to form spike-like projections around 10-14 nm in length. A layer of M
coats the inside of the lipid envelope around 5 nm away from the lipid envelope,
and a second layer of M2-1 lies underneath this, 13 nm from the envelope [41].
Within the virion resides the RNP associated with the replication complex proteins

L, P and M2.

HRSV is pleomorphic, meaning that the size and shape of the virions differ
greatly, falling into three particle morphologies: filamentous, spherical, and
asymmetrical [41,42]. Filamentous HRSV particles occur most often during
infection and are roughly 70-190 nm in diameter and up to 2 pm in length,
whereas spherical virions range between 80-140 nm in diameter but can be as
large as 600 nm [1]. Asymmetric particles most closely resemble the spherical
morphology, however the membrane proteins are absent at regions of the virion
close to neighbouring particles [42]. The filamentous morphology is suggested to
be the most infectious form, however exactly why this occurs is not well
understood. In 2018, it was shown that the surface of filamentous HRSV particles
contained the stable pre-fusion form of the F protein whereas the spherical
particles held the post-fusion form [43]. This will be expanded upon in 1.5.1 but
essentially meant that the filamentous virions were infectious, but the spherical
virions were not. Furthermore, in the spherical virions the M layer was
disassociated from the viral envelope, and the RNP was not linked to M via M2-1,
indicating they were probably a result of virion disruption or damage [43].
However, studies prior to this had observed that a combination of pre- and post-
fusion F proteins were present on both types of virions and that all morphologies

had similarly structured regions containing M underneath the lipid envelope
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[41,42]. The role of each of these morphologies in the context of active infection

is therefore still debated and requires further investigation.

(e )

3' M2 5I
I

Figure 1-2 HRSV virion and genome structure. A-B) The virion comprises a
single strand of negative-sense RNA coated in N protein and in association with
the polymerase components (P, L and M2) to form the RNP complex. M coats
the inner layer of a lipid bilayer, which encapsulates the RNP. SH spans the
membrane, with G and F embedded on the outer surface of the virion. The virion
can be spherical (A) or filamentous (B). C) The HRSV genome comprises 10
genes that encode 11 viral proteins. NS1/2, non-structural protein 1/2. N,
nucleocapsid protein. P, phosphoprotein. M, matrix protein. SH, small
hydrophobic protein. G, glycoprotein. F, fusion protein. L, large protein. Created

with BioRender.com.

1.5 The role of viral proteins during the HRSV life cycle

An overview of the HRSV life cycle is shown schematically in Figure 1-3 and is
summarised here. The sections that follow provide a description of the viral

proteins involved and delve into the molecular detail of each life cycle stage.
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The HRSV life cycle broadly follows that of other NSVs. The virions enter cells by
attaching to cell surface receptors and initiating cellular uptake. Once in the
cytoplasm, the virus uses the virion-associated VRdRp to perform primary
transcription, generating a single mRNA from each of the ten HRSV genes, which
are subsequently translated on host cell ribosomes. At a poorly defined time point
following the onset of transcription, the activity of the VRdRp switches from
transcription to replication, which is a two-stage process that ultimately leads to
a rapid amplification of the negative-sense genome. In the first stage, the genome
acts as a template for the vVRdRp-mediated synthesis of a complementary copy
known as the anti-genome. In the second stage, this anti-genome is again copied
by the vRdRp to form further genomes, destined for further rounds of transcription
(known as secondary transcription) or for incorporation into assembled viruses.
Once assembled, the progeny can go on to infect naive cells either through
release and re-infection or by the formation of syncytia which allows cell-to-cell

spread.
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Figure 1-3 HRSV life cycle. 1. HRSV G protein attaches to cell surface
receptors. 2. The F protein binds to high-affinity cellular receptors and 3. triggers
cellular uptake of the virion via macropinocytosis. 4. HRSV escapes the
endosomal network when the F protein mediates fusion of the virus and
endosomal membranes. 5. The RNP complex is released into the cytoplasm. 6.
The VvRdRp controls transcription of negative-sense HRSV genomes into
positive-s e n s e mMR N A scapnand pbly(A9 taik e@nhabling 7. the mRNA to be
translated by cellular machinery, producing viral proteins. 8. The vVRdRp switches
from transcription to replication of the viral genomes. 9. Synthesis of new RNPs
takes place in viral replication factories called inclusion bodies (IB). 10. G, F and
the RNPs travel along actin filaments and gather at the cell membrane where the
M protein drives self-assembly of the virions. 11. Infectious viral progeny are

released from the cell. Schematic created in BioRender.com.
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1.5.1 The role of HRSV glycoproteins in virus entry and fusion

1.5.1.1 The glycoproteins involved in entry: G and F

The glycoproteins, G and F, which are found on the virion envelope, are the
mediators of HRSV entry into cells. The full-length G protein is a 298 aa, single-
pass type Il membrane protein, however it can also be expressed as a soluble
protein resulting from translation initiation from an alternative start codon. The
soluble form of G is thought to play a role in immune evasion by acting as an
antigen decoy for antibodies targeting G [44]. The inherent variability of the G
protein sequence gives rise to the different HRSV subtypes (A and B) and is one
of the main reasons that HRSV circulates annually and causes re-infections. On
the other hand, F is a type | membrane protein that is highly conserved between
HRSV subtypes, and is considerably bigger than G, at 574 aa in length. Initially
synthesised as an inactive monomer (Fo), F must be cleaved by host proteases
to become dusion-readyd Fo contains two polybasic furin cleavage sites [45,46].

The first cleavage event occurs within the trans-Golgi network (TGN) [47] shortly

after synthesis ahdsggeerabtesonher éhpt eon

two subunits (F1 and F2) which are covalently linked through a di-sulphide bridge.
This conformation of F is displayed upon the surface of virions as a trimer of the
cleaved F1-F2 heterodimer (and is also the conformation targeted by the vaccine
candidates currently in phase 3 trials, discussed previously in 1.3.4). The second
cleavage event takes place within the endosomes of newly infected cells; a 27
amino acid peptide (O6pep2706) bet ween

resultinginthegenerat i on o f-f wshieo M@ rceonf or ma [4%,48]n
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1.5.1.2 Attachment

Infection begins with initial attachment of G to receptors on the cell surface of
host ciliated epithelial cells. The G protein contains a CX3C motif which allows
attachment to the CX3 chemokine receptor 1 (CX3CR1) [49,50] expressed on
epithelial cells at the apical surface of the lungs (Figure 1-3, 1) [51]. In cell culture,
G also attaches to heparan sulphate [52], although this is not thought to represent
a physiological interaction as there is little evidence of heparin expression on

ciliated epithelial cells.

With the virion attached to the cell via G, F can encounter high-affinity cellular
receptors (Figure 1-3, 2); candidates include toll-like receptor 4 (TLR-4) [53],
intercellular adhesion molecule 1 (ICAM-1) [54] and nucleolin [55,56]. It was
recently suggested that the interaction between G and CX3CR1 caused the
upregulation of pro-viral factors including nucleolin [57] which would help explain
this two-step binding process. Another study found that the binding of HRSV F to
another entry receptor, insulin-like growth factor-1 receptor (IGF1R), triggered the
protein kinase C zeta (PKCeg) rmdrugnmeatlofl i ng

nucleolin from the nucleus to the plasma membrane [58].
1.5.1.3 Entry

The process by which HRSV enters the cell is still debated. It was originally
thought that direct fusion of the virion and cell membranes occurred, since HRSV
fusion was pH-independent and was insensitive to lysosome acidification,
indicating at the time that entry did not involve the endocytic pathway. However,
as knowledge surrounding these processes has increased, so too has evidence

that HRSV enters through a more complex process [59]. Observations using

16



fluorescence microscopy have reported that rather than fusing at the cell
membrane, HRSV utilises macropinocytosis, the non-specific uptake of large
amounts of extracellular material, to enter cells [48] (Figure 1-3, 3). The second
cleavage event of F, which is crucial for activation, is then suggested to take place
within the endosomal network [48,56] (Figure 1-3, 4). Once pep27 is cleaved, F
mediates the fusion of the endosomal and virus membranes to release the RNP
into the cytoplasm of the cell. A dramatic conformational change results in the
insertion of the exposed fusion peptide located at the new F1 N-terminus into the
endosomal membrane. This triggers a subsequent conformational change in F2
mediated by the formation of a highly stable six-helix bundle (6HB), derived from
all three F1 monomers within the trimeric spike. The 6HB pulls the two
membranes into close contact forming a stable fusion pore and allowing the RNP

to escape from the endosome [60,61] (Figure 1-3, 5).
1.5.1.4 The third glycoprotein: SH

The third glycoprotein expressed on the surface of HRSV is SH, a small (64 aa),
type Il transmembrane protein that forms pentameric ring structures which
demonstrate cation channel activity [62,63]. lon channels encoded by viruses are
termed viroporins, and little is known about the roles of such proteins during
HRSV infection. SH has no known role in attachment or entry of the virus into
cells [64,65]. A mutant HRSV lacking the SH gene was indistinguishable to
wildtype in terms of its growth when infecting cultured cells in vitro, however the
mutant appeared attenuated in mouse models of human disease, implying some
role in pathogenesis [65]. A study which drew on comparisons between
parainfluenza virus 5 (PIV5) SH and HRSV SH revealed that HRSV SH may be

involved in preventing apoptosis in infected cells by inhibiting the activation of
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nucl ear -lighachdineenhaneer of activated B cells ( NF a B) by
necrosis factor-U ( TONF i n a si mi | ar [66k However, theo
presence of HRSV SH was also able to protect infected A549 cells against
apoptosis; as A549 cells are not sensitive to TNF-U-induced death, it was
concluded that HRSV SH must also inhibit apoptosis via an alternative

mechanism [66].

1.5.2 The polymerase complex and the transcription and replication

of viral RNA
1.5.2.1 The polymerase complex proteins: L, P, Nand M2.1

The HRSV L protein represents the catalytic component of the vRdRp,

responsible for both the transcription and replication of the viral RNA, as well as

the addition of the 506 c agsisedviralmRNAlI Thg A)

2165 aa long L protein contains five conserved domains: vVRdRp domain, poly-
ribonucleotidyltransferase, connecting domain, methyltransferase, and the C-

terminal domain (CTD).

The polymerase complex consists of L and its co-factor, P, which mediates the
interaction between L and the encapsidated viral genome. P is a 241 aa protein
containing an oligomerisation domain flanked by N- and C-terminal intrinsically
disordered regions. P forms tetramers and structural studies have found that each
P monomer adopts a different conformation when bound to L. The C-terminal
domain of P binds the RNP [67], and an interaction site for M2-1 has also been
identified, which allows the recruitment of M2-1 to the replication complex [68,69].
More recently, N-terminal binding sites which mediate the interaction between P
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and M have also been identified [70], indicating a role for P in virion assembly

and release.

N encapsidates the viral genome to form a nuclease-resistant nucleocapsid
which is used as the template for RNA synthesis. The 391 aa protein contains a
core region with N- and C- terminal domains (NTD/CTD) linked by a hinge region,

and the RNA groove is situated at the interface of the NTD and CTD [39,40].

The role of the M2-1 protein is not certain, with proposed roles in transcription
anti-termination, VRdRp processivity as well as a structural role in virion
formation. Whatever the role of M2-1, it is an essential protein, as deletion of the
M2-1 gene from the HRSV genome prevents viable virus rescue [71]. In terms of
its role in transcription, M2-1 promotes the generation of full-length mRNAs,
necessary for the synthesis of functional viral proteins, and current evidence
suggests that this is achieved by direct binding to nascent mRNA transcripts
[68,72,73] . In terms of its structural role, M2-1 is found within filamentous virions
as a second matrix layer, positioned in between M and the RNP [41,42]. M2-1 is
194 aa in length and contains three domains separated by flexible linkers; an N-
terminal zinc-binding domain, a central oligomerisation domain which allows the

protein to form tetramers, and a core domain involved in RNA binding [73].
1.5.2.2 Transcription

Transcription is initiatedwh en t he v Rd R pendfithe diml RNA[é4]
and then movesina 3 0 tdicecti®h@long the genome to generate a short (~25
nucleotides) RNA transcript known as the leader RNA (le), followed by a single
MRNA from each of the 10 HRSV genes (Figure 1-3, 6). HRSV transcription

occurs according to a stop-start model [38,75] wherein the vRdRp responds to
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GS and GE signals that flank each gene. The expression levels of each of the
viral mMRNAs is dictated by gene order, due primarily to a proportion of VRdRps
disengaging from the RNA template after each gene junction, resulting in a
gradient of expression where genes a
than those at t hudting 3niRNAs raré .both Tohéeapped eard
polyadenylated by the vRdRp, which allows them to co-opt the host cell ribosomal

machinery for viral protein translation (Figure 1-3, 7).
1.5.2.3 Replication

As infection progresses, the predominant activity of the VRdRp switches from
MRNA transcription to replication, which serves to amplify genomic RNA strands

(Figure 1-3, 8). During replication, the vRdRp enters the genome at the extreme

36 end and as It t r a n sno tloeger adsppmdg to thé e

transcription termination signals at either the leader/NS1 junction, or at any of the
GE signals contained within the gene junctions. Instead, the vVRdRp transcribes
a full length, complementary copy of the viral RNA, known as the anti-genome,
which then serves as a template for further cycles of replication, generating
further genomes as templates for transcription or for assembly into new virions.
In contrast to mMRNAs generated during transcription, both genomes and anti-

genomes are entirely encapsidated with N protein, thus forming RNPs [75].
1.5.2.4 Switching between transcription and replication

The vRdRp initiates viral RNA transcription and replication from the same
promoter within the le region [74]. This promoter region contains two initiation
sites, one for each process (Figure 1-4). Initiation at the +1 site results in

encapsidated anti-genomes (replication), whereas initiation at the +3 site results
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in the generation of viral mMRNAs (transcription) [76,77]. If a polymerase has
initiated at the +1 site when there are only low levels of N protein, the polymerase
is released after production of the le transcript. Therefore, N expression
represents a key determinant in the switch between transcription and replication.
Another determinant appears to be the relative levels of available nucleoside
triphosphates (NTPs). Minigenome studies revealed that the VRdRp has an
innate affinity for adenosine triphosphate (ATP) and guanosine triphosphate
(GTP) and these NTPs compete for binding at site 1 in the active site of the
polymerase (NTP1), and cytosine triphosphate (CTP) occupies NTP2[78]. The le
sequence is such that the polymerase has the possibility to bind on two registers,
depending on which NTP is bound at NTP1. GTP bound at NTP1 results in
initiation at +3 and results in transcription, whereas ATP bound at NTP1 pairs with
the initiation site at +1 and leads to replication. Changing the relative levels of
ATP and GTP in cells was sufficient to switch the initiation site and therefore the

outcome of VRdARp activity [77,78].

Additionally, early studies suggested that M2-2 plays a role in the switch between
transcription and replication. An accumulation of viral mMRNAs was observed
during infection with a M2-2 deletion mutant, as well as a corresponding reduction
in genomic and anti-genomic RNA indicating that the switch from transcription to
replication is unable to occur in the absence of M2-2 [79]. However, the
mechanism by which this small (90 aa) accessory protein may regulate this

process remains to be established.
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Figure 1-4 HRSV transcription and replication. The negative-sense genomic

RNA is transcribed into positve-s e ns e mRNA by the VvRdAdRp co
end. Transcription oesctuarrst 6a cntoodred i, n gushteor ea
flanked by a GS and GE sequence. The VvRd
to the viral mMRNAs, which co-opt host translation machinery to produce viral

proteins. High cellular levels of N protein cause the VRARp to switch to viral
replication, during which intermediate positive-sense anti-genomic copies are
produced, which is encapsidated in N. This anti-genome is then used as a
template to produce new genomic RNA. Both transcription and replication are

initiated by a single promoter in the leader (le) region. The sequence of the leader

region has similar repeats to the sequence of the GS, meaning that the vVRdRp

can bind on two registers. In an abundance of G nucleosides, the VRdRp binds

at the +3 site and transcription begins, whereas in an abundance of A
nucleosides, replication is initiated from the +1 site. The trailer (tr) region at the

36 end of the antigenome acts as the pro
BioRender.com. Adapted from Noton et al., 2019 [77].
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1.5.3 Inclusion bodies; sites of viral RNA synthesis

In the cytoplasm, RNPs along with the L, P and M2-1 proteins that form the
VRdRp complex congregate at inclusion bodies (IBs) (Figure 1-3, 9). IBs form on
or near intracellular membranes such as the Golgi and can be visualised by both
light and electron microscopy [80,81]. They are membrane-less structures which
are granular, electron-dense and resemble liquid organelles such as stress

granules (SGs) [82].

IBs are dynamic and highly ordered structures which play a multitude of roles
within the HRSV life cycle. Firstly, they are considered to be the major site of viral
RNA synthesis and mRNA sorting [83,84]. Immunofluorescence studies revealed
that IBs form in the presence of N and P protein complexes [84] and the use of
molecular beacons confirmed that they contain viral RNA [85]. More recently,
5EU labelling of newly synthesised viral RNA uncovered that IBs are the only
sites of viral transcription, and also revealed the existence of distinct
sub-compartments within IBs, termed inclusion body-associated granules
(IBAGS) [83]. IBAGs contained only newly synthesised viral mMRNA and the M2-1
protein, while N, P and L remained inside the IB but excluded from IBAGsS,
indicating that viral mRNA synthesis occurred in IBs, and were then stored in

IBAGs until they were released into the cytosol by IBAG disassembly [83].

As well as being sites of RNA synthesis, IBs are thought to mediate several
immune evasion strategies through the sequestration of cellular proteins involved

in antiviral responses (discussed further in 1.5.5.4).

Other NSVs also produce cytoplasmic inclusions which are morphologically

comparable to HRSV-induced IBs (reviewed in [86]). An example of these are
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Negri bodies induced by rabies virus (RABV) infection. Negri bodies are the sites
for RABV mRNA synthesis and, like HRSV IBs, can be formed by just the
expression of viral N and P proteins [87]. Other examples of NSVs which use IBs
as sites of viral RNA transcription and/or replication include Ebola virus (EBOV)
[88], vesicular stomatitis virus [89] and human metapneumovirus [90], however
this is not a universal phenomenon as Nipah virus was recently shown to induce
two distinct populations of IBs, neither of which supported viral RNA

replication [91].
1.5.4 Virion assembly and release

1.5.4.1 The driver of assembly: M

The HRSV M protein is known as the driver of assembly because it interacts with
all the components required for virion formation; the RNP, M2-1, the G and F
glycoproteins, and with cellular membranes [92]. Additionally, M exists as a dimer
which self-assembles into higher order structures by the formation of NTD/NTD
and CTD/CTD interfaces, allowing the formation of long, flexible structures, ideal
for its role in budding [93] . The M monomer is a 256 aa protein which consists of
two beta-sheet containing folded domains separated by a short, unstructured
linker region [94]. The linker region confers the structural plasticity required by M
for interactions with multiple binding partners. A large, positively charged area
exists on the surface of M, spanning both domains and the linker region to enable
its function in binding to membranes, likely through electrostatic interactions [94].
M is predicted to encode a zing-finger domain, two nuclear export signals and a
nuclear localisation signal. Consistent with this, evidence suggests that M indeed
localises within the nucleus at early stages of the life cycle and may inhibit host

cell transcription [95].
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1.5.4.2 Assembly

Upon viral protein synthesis, the glycoproteins are trafficked from their sites of
synthesis in the endoplasmic reticulum (ER) to the apical surface of the cell and
integrate into the host cell membrane (Figure 1-3, 10). The F protein undergoes
its first of two cleavage events in the TGN, so that it is in the pre-fusogenic
conformation when incorporated into new virus particles. M can bind to the
cytoplasmic tails of both F and G, and, although G is dispensable for virus
assembly, the M-F interaction is crucial for filament formation [96,97].
Additionally, it appears that P plays an important role in bringing M and F
together, and the absence of P impacts the efficiency of assembly and the

morphology of filaments produced.

The newly formed RNPs associate with M within IBs before entering the
cytoplasm and trafficking along the actin filaments of the cytoskeleton towards
the cell membrane to meet the glycoproteins (Figure 1-3, 10). In the absence of
M, the RNP is unable to traffic to the cell membrane and accumulates in IBs [98],
yet how M facilitates RNP trafficking remains unclear. Some studies have
reported that M2-1 plays a crucial role in this by interacting with M and driving its
localisation into IBs [99]. Conversely, others have suggested that M can be found
in IBs in the presence of only N and P [96]. Whether M2-1 recruits M to IBs or
not, structural studies have proven that M2-1 provides a crucial link between M

and the RNP inside virions [41,42].
1.5.4.3 Release

Filamentous projections containing the structural proteins and RNP can be

observed protruding from the cell surface during HRSV infection and are
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important in virus release and syncytium formation [100,101]. Budding from these
filaments produces infectious pleiomorphic virions with glycoproteins embedded
within the viral membrane (Figure 1-3, 11). The M protein contributes to budding
by oligomerising underneath the cell membrane to induce membrane curvature.
Membrane scission is required to release the new infectious virus particles. Whilst
many closely related viruses use the endosomal sorting complex required for
transport (ESCRT) pathway, HRSV release has been shown to be ESCRT-
independent [102], therefore, the mechanism by which HRSV virion release
occurs requires further investigation. Released virions can then infect naive cells,
advancing infection. Alternatively, HRSV can spread to neighbouring cells without
exiting the infected cell. The expression of F on the surface of infected cells can
mediate fusion with neighbouring cellular membranes, resulting in syncytia

formation [5,103].

1.5.5 Pathogenesis and immune evasion

1.5.5.1 The non-structural proteins: NS1 and NS2

The non-structural proteins of HRSV are unique and do not have counterparts in
other closely related viruses. They are accessory proteins which are considered
non-essential for HRSV infection in vitro, however in vivo they contribute to the
virus evasion of both the innate and adaptive immune responses (reviewed in

[104]) and therefore are important for the pathology of the virus.

The NS1 and NS2 genes reside at the
to the aforementioned stop-start strategy of HRSV transcription (1.5.2.2), the
non-structural proteins are expressed the earliest and to the highest levels [38].

The NS1 protein is the more well-studied of the two non-structural proteins; it is

26



a 139 aa protein which is predominantly expressed as a monomer and traffics to
the nucleus upon production [105]. Minigenome studies revealed that NS1 blocks
viral transcription and replication [106], which may serve to help the virus evade
the immune response very early in infection whilst its other immune evasion
strategies are being established. NS2 on the other hand is slightly smaller at 124
aa and is not as stable, with an intracellular half-life of around 1 hour. Both homo-
and heterodimers of NS1 and NS2 have been observed, with NS2 and NS1-NS2
complexes localising to the mitochondria [105], an organelle which is involved in

the innate antiviral response [107].

1.5.5.2 Triggering the antiviral response

Infection with HRSV triggers the host antiviral type | interferon (IFN) response
(Figure 1-5) [104,108]. Briefly, this involves the sensing of the viral RNA by
cytosolic RNA helicase retinoic acid-inducible gene | (RIG-I) which then activates
the mitochondrial antiviral-signalling protein (MAVS) [109,110]. MAVS then
activates TNF-receptor-associated factor 3 (TRAF3), which in turn activates
TRAF-associ at ed tNoFra B( TaAXNK )v,a f ol |l owed by
finally results in the activation of IFN regulatory factor 3 (IRF3) [107]. IRF3 triggers
the production of NFaB, a transcripti
expression. Alternatively, HRSV also induces the toll-like receptor (TLR)
pathways of type | IFN production. The presence of viral SSRNA or dsRNA is
detected by TLR7 or TLR3, respectively. Both TLR7 and TLR3 signal via distinct
pathways resulting in the activation and nucleolar translocation of IRF3/7orN F @ B
transcription factors; TLR7 via a Myeloid differentiation primary response 88
(MyD88)-dependent signalling cascade and TLR3 via TIR-domain-containing
adapter-inducing interferon-b (T R04A.08,109].
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Upon the induction of IFN gene expression, they are secreted from the infected
cell to alert neighbouring cells of the presence of the viral pathogen (Figure 1-5).
To achieve this, IFNs bind to IFN receptors (IFNR) on the cell surface, triggering
the Janus kinase (JAK)-signal transducer and activator of transcription (STAT)
pathway (JAK-STAT) signalling cascade to stimulate the expression of interferon-
stimulated genes (ISGs). This occurs via the formation of STAT-dimers
complexed with IRF9, that translocate to the nucleus and bind to IFN-stimulated
response elements (ISRE) within the promoter regions of ISGs [104,108,109].
These can go on to perform a variety of antiviral functions, for example reducing
protein synthesis, promoting apoptosis of infected cells, upregulating the
expression of major histocompatibility complex proteins to increase antigen

presentation, and recruiting immune cells to the site of infection.
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Figure 1-5 Schematic of the host antiviral IFN response triggered by HRSV.
Viral RNA is detected by cytosolic RIG-1 or endosomal TLRs. Distinct signalling
cascades are subsequently activated which all result in the phosphorylation and
nuclear translocation of IRF3 and IRF7. Once active, these transcription factors
stimulate the expression of type | IFNs. They can also stimulate the expression
o f ot her | SGs. | FN6és bind to I FNR on t
neighbouring cells) and signal through the JAK/STAT cascade to control the

expression of ISGs. Adapted from [104,108], created using BioRender.com.

1.5.5.3 Subverting the antiviral response

Compared to other respiratory viruses such as influenza A virus (IAV) and human

parainfluenza virus, infection with HRSV produces surprisingly low levels of IFN
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[111]. The HRSV NS1 and NS2 proteins are crucial tothe v i r akslity ® evade
the cellular type | IFN response [104,108]. A key role of these proteins is the
formation of the NS-degradosome which targets and destroys host proteins
involved in the IFN response [112]. The NS-degradosome is a large,
heterogeneous protein complex, the composition of which is currently unknown.

It is located at the mitochondria and is thought to associate with MAVS, resulting

[}

in the proteasomal degradation of RIG-1 , TRAF 3, | KKU, MNRF3/ 7

therefore hampering these signalling pathways and the production of IFNs.

As well as their joint role, the NS proteins can also individually directly inhibit
cellular proteins involved at each stage of the signalling pathways leading to IFN
production (Figure 1-5). For example, co-immunoprecipitation studies suggested
that NS2 bound to RIG-I [113], and upon solving its crystal structure, it was found
that NS2 specifically binds to inactive RIG-I, preventing its ubiquitination, and
therefore activation [114]. On the other hand, NS1 did not directly bind to RIG-I
[113], but it was found to bind MAVS and prevent its interaction with RIG-I [115].
In both instances, inhibition of these early signalling steps reduced IFN production

in response to HRSV infection.

In a similar fashion, it was found that the presence of recombinant NS1 and NS2
reduced the levels of TRAF3 expression, although the effect of NS2 was much
weaker than NS1 [116]. TRAF3 is an important target for HRSV as it represents

a convergence of both the RIG-I and TLR-induced pathways of IFN production

(Figure1l-5). I n the same study, NS1 was ahso

whereas NS2 had no effect, again highlighting the differences in the roles the NS

proteins play during immune evasion.
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The next stage of signalling invol ves
transcription factors (Figure 1-5) and there is evidence that HRSV also targets
these proteins, therefore preventing the induction of IFN gene expression. Using
deletion mutants, a role for NS1 and NS2 in preventing the nuclear localisation of
IRF3 was revealed [117]. This could have been, in part, due to the inhibition of
upstream effectors, however, the use of constitutively active IRF3 overexpressing
cells revealed that IRF3 levels were reduced in the presence of NS1, suggesting
a specific effect on IRF3. Further investigation showed that NS1 inhibited the
binding of IRF3 to the ISREs within IFN promoter by affecting the interaction

between IRF3 and its co-activator CBP [118].

Upon the induction of IFN expression by the infected cell, JAK-STAT signalling
pathways are triggered by IFN binding to IFNRs at the cell surface which
ultimately leads to the expression of ISGs (Figure 1-5). HRSV has also evolved
mechanisms against this by targeting proteins involved in this secondary
pathway. For example, NS1 was shown to upregulate the expression of miR-29a,
a microRNA which targets and suppresses the expression of IFN-U r ecept or
(IFNAR1) [119], thereby preventing the induction of IFN signalling. Additionally,
NS2, but not NS1, was reported to potently decrease the level of STAT2 present
in cells [116]. However, the role of NS proteins against STAT2 is debated and
some groups have confirmed this finding [112,120,121] whereas others have
reported that STAT2 levels were also reduced in the presence of NS1 [122].
Whilst further work is needed to fully elucidate the many mechanisms of immune
evasion mediated by NS1 and NS2, it is clear that they play critical roles in HRSV

pathogenesis.

31



1.5.5.4 Role of IBs in immune evasion

As previously mentioned (1.5.3), the HRSV replication complexes, or IBs, are
known to sequester elements of the host immune response to prevent antiviral
signalling. For example, HRSV sequesterec
It was unabl e to interactmpx [B2h Similarly, r est
sequestration of melanoma differentiation-associated protein 5 (MDA5) and
MAVS into IBs has also been observed during HRSV infection [110]. MDAS is a
member of the RIG-I-like-receptor family which senses the presence of dsRNA
and activates MAVS. Sequestration of these critical proteins through interaction

with HRSV N proteinresulted inadecreaseinIFN-b mRNA i n i fiOkct ed

Other proteins involved in the cellular stress responses are also sequestered into
IBs. P38 mitogen-activated protein kinase (MAPK) recruitment into IBs in HRSV
infected cells rendered the protein unable to interact with its downstream partner
MAPK-activated protein kinase 2 (MK2), an essential component of the
inflammatory response. Removal of p38 MAPK from the cytoplasm resulted in a
depletion of MK2 levels, which was reversable upon the disruption of IBs [123].
The same study also observed that infected cells with large IBs did not contain
SGs whereas cells with smaller IBs did also contain SGs. Evidence suggested
that this was due to the sequestration of O-linked N-acetylglucosamine
transferase, a key enzyme in the formation of SGs, within the I1Bs [123]. This

highlights the efficiency of which HRSV can evade cellular antiviral responses.
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1.6 Host cell ion channels

lon channels are multimeric transmembrane proteins which form an aqueous
pore through which charged ions are rapidly and selectively passed across
cellular membranes. There are over 300 known channel subunits expressed
within human cells. They generally exist in three states: open, inactivated closed,
and resting closed, and the stimuld.i

membrane potential (voltage), ligand binding, and environmental factors such as
pressure, light, and temperature (Figure 1-6) [1241 127]. For the purpose of this
thesis, ion channels are classified by the type of ion they are selective for:
potassium (K*), sodium (Na*), calcium (Ca?*), and chloride (CI) channels.
Although, they are sometimes classified by their gating mechanism (e.g.,
Ovol-gatged channel sd) or their subcel

channel sdo) .

lons move across membranes according to their electrochemical gradient, which
is a combination of the ion concentration gradient and the electrical gradient
(Figure 1-6) [124]. An unequal balance in the concentration of a particular ion
drives the movement of those ions from the side of the membrane with the highest
concentration to the side of the membrane with the lowest concentration, until an
equilibrium is reached. However, as ions are charged particles, another layer of
complexity is added in the form of an electrical gradient. If the overall charge at
the two sides of the membrane is unequal, the difference in electrical potential
drives the movement of ions to achieve a balanced charge [124]. lon channels
do not require an energy input to facilitate the flow of ions, thereby allowing the
passage of between 10°-108 ions per second [124]. This is extremely efficient,

almost reaching the rate of diffusion in free solution. In contrast, ion transporters
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(or pumps) utilise cellular energy to actively transport ions against their

electrochemical gradients.

In 2003, Prof Roderick MacKinnon won the Nobel Prize in Chemistry (jointly with
Prof Peter Agre) for his work on the structural and mechanistic studies of ion
channels. In a landmark 1998 paper, MacKi nnonds group outl i ne
underlying of the structure and operation of K* channels using x-ray
crystallography [128]. They concluded that ion channels were able to achieve
their high throughput and maintain the selectivity of ion flux due to their highly
specialised structure. Some examples of this are: the entryways to the pore on
both sides of the membrane are negatively charged to attract cations and repel
anions; the channel pore lining is hydrophobic and relatively inert and the
selectivity filter located within the pore is very short (12 A), minimising the area
over which K* ions interact with the channel which would slow them down; and,
a large, internal, water-filled cavity surrounded by the C-termini of four helices

lowers the electrostatic barriers imposed by the lipid bilayer [128].
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Figure 1-6 lon channel gating. lon channels are activated by stimuli such as a
change in (A) voltage or (B) ligand binding (green). This switches the channel
from a closed state to an open state, allowing the diffusion of selected ions
(coloured circles) through the pore. The ions flow according to the
electrochemical gradient, which is influenced by the concentration gradient of the
selected ion (coloured arrows) and the electrical potential of the membrane (black

arrow).

The most well-known role of ion channels is in the propagation of action potentials
in excitable cells such as neurons, muscle cells and cardiac cells to transmit
signals to neighbouring cells [124] (Figure 1-7). Briefly, upon the triggering of an
action potential, voltage-gated Na* channels (Nav) open and allow the rapid influx
of Na*, therefore depolarising the membrane. When the action potential reaches
its peak, the inside of the cell has a net positive charge causing the Nav channels

to close. To repolarise the membrane, voltage-gated K* channels (Kv) open and
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facilitate the efflux of K*, causing the membrane potential to return to a negative
value. Lastly, there is a refractory period in which the Nay and Ky channels are
inactivated. During this time, the membrane potential falls below the resting value
and the Na*/K* ATPase (or pump) actively transports 3 Na* out and 2 K* into the
cell to restore the resting membrane potential [124].

Na, channels close,
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Figure 1-7 The role of ion channels during an action potential. In excitable
cells, a stimulus above the threshold triggers the opening of Nav channels and
the rapid influx of Na*, depolarising the membrane. At the peak of the action
potential, the Nav channels close, and the Ky channels open. K* ions move out of
the cell, repolarising the membrane. The Ky channels remain open causing the
membrane potential to drop below resting state (hyperpolarisation). The action of
the Na*/K* pump restores the membrane potential and during this time, another
action potential cannot be triggered as the Nav channels are inactive (refractory
period). Created using BioRender.com.
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lon channel activation and activity, both at the cell surface and on intracellular
membranes, is crucial for maintaining ionic homeostasis within cells, which is
responsible for regulating a wide range of cellular functions. In non-excitable
cells, ion channels play vital roles including in cell signalling pathways, volume
regulation, transepithelial transport, inflammasome activation, and autophagy
[12971 133]. Due to their huge influence over cells and tissues, dysfunction in ion
channels inevitably leads to diseases, termed channelopathies [134] (discussed
further in 1.8). The consequences of such disease can be severe, and intense
research has provided us with many chemical compounds that can modulate ion
channel activity. As of 2017, approximately 18% of all FDA-approved drugs target
ion channel activity [135], second only to those targeting G-protein coupled
receptors (GPCRs, 30%), and a promising research avenue is to unlock the

potential of these drugs against virus infection.

The subsequent sections give an introduction to each ion channel family. As the
work in this thesis concerns Cl- channels, a more detailed review of this family is

provided.

1.6.1 Potassium ion channels

The K* ion channel superfamily is the largest and most widely studied channel
family. All K* channels possess the TXGXG selectivity sequence within the pore
domain to allow only K* ions to pass [128,136]. Due to the narrowness of the
selectivity filter, K* ions must lose their associated water molecules to enter. Once
dehydrated, carbonyl oxygen atoms associated with the glycine amino acids of
the selectivity sequence are precisely positioned to interact with K* instead of the
water oxygen atoms; this balances out the energy cost of dehydration and

stabilises the ion within the pore. The carbonyl oxygens within the pore are also
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spaced in such a way that means the presence of a second K* ion exerts enough
repulsion upon the first K* ion that it is forced through the selectivity filter and out
the opposite side of the pore. This explains why smaller cations such as Na*
cannot simply diffuse through K* channels, as the carbonyl oxygens are too far
apart for Na* to efficiently bind all four carbonyl oxygen atoms at the same time,
therefore the energy cost of dehydration of Na* is not met, and it cannot escape

the selectivity filter [128,136].

There are four K* channel subfamilies, classified by the number of
transmembrane domains (TMDs) they possess as well as their gating properties.
These are Ky, Ca?*-activated (Kca), inwardly-rectifying (Kir) and two-pore (Kzp) K*
channels. The Kv channels are primarily involved in the efflux of K* to repolarise
the membrane during an action potential (Figure 1-7) [124]. However, they also
have roles in non-excitable cells in the regulation of cell volume, exocytosis (e.g.,
of hormones) and cell death [1371 139]. The Kca channels are a small family
which are regulated by intracellular Ca?* concentration ([Ca?*]), and play roles in
cell volume regulation, proliferation (e.g., of lymphocytes) and secretion [140].
The Kir channels are so-called because they facilitate the flow of K* into the cell,
in contrast to the other K* channels which allow the diffusion of K* down the
electrochemical gradient which is usually outwards. TheKr0s t end t o be
or ligand-gated, and play roles in the regulation of action potentials, vasodilation,
and muscle contraction [141]. Lastly, the Kzp channels possess a slightly different
architecture in that two subunits must dimerise in order to form the pore domain
(hence their name). Additionally, they are constitutively active and play an
important role in the regulation of resting membrane potential by allowing K* efflux

[142]. Further roles for Kzp channels have been described in cytoskeletal
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organisation, nociception (the sensing of painful stimuli), cell proliferation (e.g., in

prostate cancer cells) and hormone secretion [142,143].

1.6.2 Calcium ion channels

lon channels which facilitate the movement of Ca?* are generally voltage-gated
(Cav) or ligand-gated. Ca?* influx into cells through Cav not only affects the
membrane potential, but also acts as a trigger for many downstream effector
proteins and cell signalling pathways. This is because Ca?* is an important
intracellular messenger which controls crucial cellular functions including
survival, gene expression, exo- and endocytosis, metabolism, muscle contraction
and apoptosis [144i 146]. Therefore, the [Ca?*]i is tightly controlled and kept low
by the action of various Ca?* pumps which actively transport Ca?* out of the cell.
Stimulation by membrane depolarisation activates Cay on the plasma membrane
and results in an increase in [Ca?*]i[144]. The presence of high voltage activated,
long lasting (L-type) and low voltage activated, transient (T-type) Cavs allows the
cell to fine tune the [Ca?*]i[147]. The remaining Cay family members are mainly
expressed within the central nervous system (CNS): P-type, expressed in
Purkinje neurones; N-type, expressed in nerves; and R-t ype, 0

expressed in cerebellar granule cells [147].

Extracellular or intracellular ligands of Ca?* channels can also influence Ca?*
signalling. In non-muscle cells, the ER stores Ca?* away from the cytoplasm,
which can be released following the binding of secondary messengers to ligand-
gated Ca?* channels on the ER membrane [146]. This generally occurs through
the binding of inositol trisphosphate (IP3) to its receptor (IP3R) [144,148]. In
muscle cells, the Ca?* stores are located within the sarcoplasmic reticulum (SR)

and are released by ryanodine receptors [149]. Another example of a ligand-
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gated Ca?* channel is the two-pore Ca?* channel 2 (TPC2) which is activated by
the binding of the secondary messenger nicotinic acid adenine dinucleotide
phosphate (NAADP) and facilitates the release of acidic Ca?* stores (i.e., from
endosomes, lysosomes, and other acidic organelles, rather than from the

ER/SR) [150].

As the extracellular concentration of Ca?* is lower than that of other ions such as
Na* which is of a similar size, Ca?* channels must be highly selective. Like K*
channels, Ca?* channels rely on precise spacing of Ca?* binding sites to generate
a repulsion force between two bound ions to facilitate rapid movement through
the channel [151,152]. However, in contrast to K* channels, the Ca?* channel
selectivity filter contains a highly conserved EEEE sequence, the side chains of
which reach into the pore and bind Ca?* [153]. Furthermore, Ca?* is thought to

remain hydrated during movement through the channel [152].

1.6.3 Sodium ion channels

The most well-known Na* channels are the Navs associated with the membrane
depolarisation during the propagation of action potentials in excitable cells. Navs
are opened once the membrane potential passes a voltage threshold, this
ensures that action potentials are only triggered when necessary (Figure 1-7)
[124]. Another important feature of Navs is the inactivation gate, which essentially
plugs the pore following membrane depolarisation to ensure the unidirectional
movement of the action potential along the neurone or muscle fibre [124,154].
The specificity of Navs is mediated by a highly conserved DEKA amino acid
sequence within the selectivity filter wherein the basic lysine side chain is thought

to be the key factor in allowing Na* movement whilst blocking K* [155].
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Ligand-gated Na* channels are expressed at the neuromuscular junction and
play an important role in stimulating an action potential by depolarising the
membrane in response to neurotransmitters such as acetylcholine transmitted
from a neighbouring neurone [124]. These channels are referred to as nicotinic
acetylcholine receptors and are less selective than Nav, being permeable to K*,
and in some cases Ca?*. However, due to the large electrochemical gradient of
Na* that exists at resting membrane potential, the opening of these receptors
triggers a large influx of Na* [124]. Roles for Na* channels have also been
described in non-excitable cells, including in endocytosis and cell

migration [156,157].
1.7 Chloride ion channels

Cl ion channels are less well understood than their cation counterparts, mainly
due to a historic lack of interest and research [158]. It was previously assumed
that CI- channels only served to maintain the electrochemical equilibrium across
cell membranes, however, since the discovery of important Cl- channelopathies
such as cystic fibrosis (CF) and myotonia congenita (1.8), research into this
channel family has increased and has consequently revealed that CI is

responsible for a myriad of functions within the cell.

In contrast to cation channels, CI- channels do not exhibit exclusive selectivity for
Cl and are often permeable to other anions such as bromide (Br-), iodide (I°),
thiocyanate (SCN-) or bicarbonate (HCO3s) with the sequence of permeability
differing between the ClI- channel subfamilies [1597 161]. For this reason, they are
sometimes referred to as anion channels. At a physiological level, generally only

ClI- and HCOs ions are present in substantial concentrations and most anion
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channels have a preference for Cl- over HCOs', however discrimination between

the two does not appear to be vital [160].

Categorisation of ClI- channels into families is not universally standardised.
Broadly speaking, five major families exist: cystic fibrosis transmembrane
conductance regulator (CFTR), voltage-gated CI- channels (CICs), ligand-gated
Cl channels (LGCCs), Ca?*-activated Cl- channels (CaCCs) and volume-
regulated anion channels (VRACSs). Additionally, other types of CI- channels
described include the CI- channel accessories (CLCA), and CI intracellular

channels (CLICs) [158].
1.7.1 Cystic fibrosis transmembrane conductance regulator

The CFTR gene encodes an anion channel which is a member of the ATP-binding
cassette (ABC) transporter superfamily. As such, the CFTR protein structure
(Figure 1-8 A) has two TMDs (1 and 2), consisting of six segments each, which
form the channel pore. Each TMD is followed by a cytosolic nucleotide binding
domain (NBD) which mediate the gating of the channel, and between the two
TMD-NBD complexes lies a unique regulatory domain which is responsive to
phosphorylation [162,163]. The regulatory domain is phosphorylated by protein
kinase A which in turn increases the open probability of the channel. However,
gating of CFTR is also controlled by the binding of ATP to the NBDs [164,165].

When open, the CFTR allows the passage of Cl- and HCOs'.
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Figure 1-8 Schematic representation of the structures of Cl- channels.
A) The CFTR contains 12 membrane-spanning segments making up two
transmembrane domains (TMD1/2). At the end of each TMD lies a nucleotide
binding domain (NBD1/2) and a regulatory (R) domain lies in between the two
TMDs. B) The CIC channels consist of 18 segments (A-R), 17 of which span the
membrane at least partially. The cytosolic N-terminal A segment does not span
the membrane. Two cystathionine-b-synthase (CBS1/2) domains are located at
the C-terminus. C) LGCCs, or GABA and glycine receptors, consist of 4
transmembrane segments with a large N-terminus and short C-terminus at the
extracellular side of the membrane. The second helices of each subunit (yellow)
form the central pore within the pentameric conformation (yellow circles). GABA-
A pentamers are made of 2U: 2b: 12 subunits and

subunits. D) The CaCCs, exemplified by TMEM16A, have 10 membrane-
spanning helices with structured cytosolic N and C termini. Ca?* binds at sites
located on helices 6, 7 and 8. Adapted from [166,167] and created using
BioRender.com.

Expression of the CFTR occurs in epithelial cells in many organs of the human

body, including the respiratory tract, gastro-intestinal tract, and reproductive tract,
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as well as sweat and salivary glands. The active transport of Cl- through the CFTR
drives passive Na* transport out of the epithelium and ultimately creates an
osmotic driving force resulting in water secretion [168]. This is essential in these
tissues to produce digestive fluids, mucus and sweat. The opposite of secretion
is a process called absorption in which Na* and other ions travel into the
epithelium. The epithelial Na* channel (ENaC) is responsible for the active
transport of Na* into the cell, which promotes passive CI transport down an
electrochemical gradient into the cells. The salt concentration gradient allows
water to be absorbed through osmosis. Figure 1-9 depicts the processes of

secretion and absorption in airway epithelial cells.

The CFTR is probably the most well-known CI- channel and this is because its
dysfunction is the cause of CF. In the respiratory tract, the airway surface liquid
(ASL) is a thin layer of liquid which lines the epithelial cells to protect them from
air and help in the removal of microbes in a process called mucociliary clearance
[168]. Through the secretion mechanism described above, the CFTR contributes
to the balance of ClI-and HCOs"in the ASL which, alongside the function of ENaC,
is vital to maintain a healthy airway (Figure 1-9) [169]. When the CFTR is mutated,
the ASL becomes dehydrated resulting in an increase in mucus viscosity and a
reduction in antimicrobial functions, causing the symptoms of CF (further

discussed in 1.8) [168,169].
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Figure 1-9 The processes of apical absorption and secretion in airway
epithelial cells. Absorption: ENaC transports Na* into cells, driving absorption
from the ASL and mucus lining to create an electrochemical gradient for
paracellular passive CI transport. Water is absorbed by osmosis though
aquaporins (AQP) or paracellularly. Secretion: The CFTR drives secretion of CI,
helped by other CI- channels such as TMEM16A. The active transport of Cl- out
of the cells drives Na* movement paracellularly which causes water to move into

the ASL by the para- or transcellular route. Adapted from [168].

1.7.2 Voltage-gated chloride channels

There are nine proteins that are recognised as CIC family members (Table 1-1)

(reviewed in [170,171]). The first four, CIC-1, CIC-2, CIC-Ka, CIC-Kb, are voltage-
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gated CI- channels that are expressed on cell membranes. The remaining family
members, CIC-3 to CIC-7, are Cl/hydrogen ion (H*) exchangers expressed on
intracellular membranes which actively transport 2 Cl- ions per H* [172]. The
existence of ion channels and transporters within one family is rare, as the two
are usually structurally distinct and require vastly different energy inputs, however
the amino acid sequences of the CIC channels and transporters are remarkably

similar.

The general CIC structure is complex, consisting of 18 helices (A-R), 17 of which
span the membrane and two cystathionine-b-synthase (CBS1/2) domains follow
at the cytosolic C-terminus [167] (Figure 1-8 B). The function of the CBS domains
is thought to be regulatory but is not well understood [171]. The CICs assemble
as homodimers, each with the ability for independent ion transport, with either
subunit or both contributing to conductance at one time, called double-barrel
gating. Within the pore, there are three ClI- binding sites: the internal site (Sint), the
central site (Scen) and the external site (Sext) [173]. An important glutamate at
position 148 (E148, helix F) known as the glutamate gate (or Glugate) is crucial for
the distinction between CI- channel and transporter functions in CICs [173]. In
transporters the Glugate SWings between Scen and Sext and competes with ClI- for
binding, resulting in 2 CI ions moving through the pore. One H* from the cytosol
protonates Glugate at Scen, after which the Glugate Swings to the extracellular side
to release the H* [174]. A kinetic barrier present in the transporter stops the
leakage of CI through the pore when the Glugae is in the extracellular
configuration. In contrast, structural analysis of CIC-1 (channel) has shown that
the Glugate does not block the CI- pore in the depolarised membrane, allowing the

fast flow of CI"[175]. In addition, the pore is also a little wider in CIC-1 than in the
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transporters. At resting membrane potential, the Glugate may occupy the Scen Or
Sext sites of CIC-1, effectively closing the channel pore. This mechanism may also
exist for CIC-2; however, the CIC-K proteins do not possess a Glugae and
therefore the pore is not blocked and remains open. Mutation of the Glugate in CIC

transporters renderst h e m 0 clhiaknenée,| pr o d u @ctivityg[172].0 n

As summarised in Table 1-1, the expression of the CIC channels CIC-1 and
CIC-Ka/b are specific to the skeletal muscle, and the kidneys and inner ear
respectively, whereas CIC-2 is widely expressed in numerous tissue types such
as the brain, heart, lungs, kidney, pancreas, liver, skeletal muscle, and gastro-
intestinal tract [170]. The physiological role of CIC-1 in the skeletal muscle is in
the repolarisation of the muscle fibre following an action potential and mutation in
CIC-1 leads to muscle disorders such as myotonia congenita, the most common
skeletal muscle hereditary channelopathy in humans, for which there is no
specific treatment [176] (discussed further in 1.8). The other three channels of
the CIC family have roles in transepithelial transport. CIC-2 dysfunction is
implicated in a variety of diseases such as azoospermia, leukodystrophy,
degeneration of the retina, epilepsy and many more (reviewed in [177]) due to its
ubiquitous expression. The CIC-K proteins are slightly different to the other
channels in that they require an accessory protein i barttin - for their function,
stability, and trafficking. Mutation of CIC-K proteins or barttin cause both renal
salt loss (Bartter syndrome) and deafness, highlighting their importance in the

tissues to which they are localised.

The CIC transporters are involved in the endosomal pathway: CIC-5 is expressed
in early endosomes, CIC-3 and -6 are found in late endosomes and CIC-7 in

lysosomes, with the sub-cellular localisation of CIC-4 being less clear. Along the
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endosomal pathway, a pH gradient exists. The acidification of endosomes is
achieved by the influx of protons through the H*-ATPase (proton pump), and CI-
provides the electrical shunt required for this. Perhaps counterintuitively,
computational modelling revealed that the presence of 2CI/H* exchangers on
endosomal membranes can facilitate a more acidic endosomal pH than a CI-
channel [178] even though they require the loss of a proton from the endosome
for every two CI that enter, and it is thought that CI- may play a separate role in

endocytosis.

CIC-5 is the most well-studied CICtrans por t er due to its rol e
[179], an x-linked kidney disorder characterised by poor absorption of low
molecular weight proteins (proteinuria), dysregulation of Ca?* transport
(hypercalciuria), calcium deposits in the renal tissues (nephrocalcinosis) and
renal failure [180]. It is expressed predominantly in the kidneys and plays a crucial
role in receptor-mediated and fluid-phase endocytosis. Mutations in the gene
encodingCIC-5 occurs in ~60% of Dentds drédsease
endosomal acidification and decreased endocytosis of low molecular weight
proteins in the proximal tubule cells. However, of the over 100 mutations
associated with Dentods di seases, few hav
the mechanism by which CIC-5 contributes to disease is still debated

[170,171,180].

CIC-7 i s unique among the CI C f{subantbhcaledr t er
Ostm1 for normal function [181]. CIC-7/Ostm1 mutation results in osteopetrosis,
a disease characterised by increased bone density [182]. Osteoclasts are the
cells responsible for the dissolution and absorption of bone and they mediate this

using their acidic lysosomes. The lysosomes insert into the ruffled border of
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osteoclasts and release their contents to acidify the resorption lacuna, which is
the space between the osteoclast ruffled border and the bone [170]. Loss of CIC-7
impairs the acidification of the resorption lacuna, rendering the osteoclast unable

to break down the bone leading to osteopetrosis [182].

The remaining three CIC transporters are not as well characterised and have not
been linked to specific human diseases, however mouse models do exhibit
important phenotypes such as retinal and brain degeneration (CIC-3 KO) and

lysosomal storage disease (CIC-6 KO) (reviewed in [170,171]).
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Table 1-1 Mammalian CIC channels and transporters. A summary of the tissue
expression, functions and disease states associated with voltage-gated chloride
channels (CICs). Essential (/) and non-essential () subunits are shown. Adapted
from ([170,171]).

Protein Expression Function Human Disease

Clc1 Skeletal muscle Stabilisation of Myotonia
membrane potential congenita

CIG2 Wide (brain, kidney, = Transepithelial Leukodystrophy,

tglialCAM | liver, heart, pancreas, transport, extracellular azoospermia,
skeletal muscle, lungs ion homeostasis, Blindness, male
Gl tract) regulation of excitability infertility,

CICKa Kidney, inner ear Transepithelial

/barttin transport

CICKDb Kidney, inner ear Transepithelial Bartter syndrome

/barttin transport type Il (renal salt

loss)

CIG3 Wide (brain, retina,  Acidification and ion

adrenal gland, homeostasis ofate

pancreas, intestines, endosomes
epididymis, kidney,
liver, skeletal muscle,

heart)
ClcG4 Skeletal muscle, lon homeostasis of Epilepsy
brain, heart endosomes
CIG5 Kidney,intestine Acidification and ion Dent disease
homeostasis of
endosomes
CIG6 Neurones lon homeostasis date
endosomes
Clc7 Brain, kidney, liver,  Lysosomal ion Osteopetrosis,
/Ostm1 bone homeostasis and retinal
acidification osteoclast degeneration,
resorption lacuna lysosomal storage

disease
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1.7.3 Ligand-gated chloride channels

The LGCCfamilyc ompr i ses t wo t y-gnensbutgric acid €GARApt or s :
dependent channels and glycine-dependent channels which play important roles
in the CNS [166]. Both channels form a pentameric structure, and each subunit
consists of four transmembrane segments with a large extracellular N-terminal
domain and a short extracellular C-terminus with the second segment in each
subunit forming the central pore (Figure 1-8 C). For glycine receptors, there are
four types Wf Gnduwwmrei tith elch gentamertcompriging
2 U: [Ag8]. GABA receptors are a little more complex having a selection of 19
different subunits: Ui, 15 119 a, U, 13, GABA-Aareceptors are
formed by 2U0: 2b: 19 -Csrecéptors aré lsomo- ar hedero@eksB A
of the J 113 subunits only [166,184]. (GABA-B receptors are GPCRs and do not
belong to the LGCC family). Consequently, there are many isomers of the GABA

receptor.

In the CNS, GABA and glycine are inhibitory neurotransmitters which bind to their
corresponding LGCC receptors in the brain and spinal cord respectively. The
extracellular N-terminal domain of the channel is the target site for GABA and
glycine, and binding triggers conformational changes firstly at the N-terminus,
and then in the transmembrane domains, opening the channel pore [185]. This
initiates an influx of CI- which results in membrane hyperpolarisation, therefore
suppressing excitability of the target cell [186]. These inhibitory pathways are

crucial to the function of the CNS and a loss of GABA-A receptor expression has

(@)
(72}

been linked to prevalent neurological conditions such as Par ki n §187h

Al zhei[l8B8and Hunt [139]giteases) and epilepsy [190]. Similarly,
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glycine receptor dysfunction has been linked to hyperekplexia [191] and

autism [192].
1.7.4 Calcium-activated chloride channels

As the name suggests, CaCCs are activated by intracellular Ca?* ions leading to
channel opening and flow of ClI- ions. Two protein families have so far been
identified as CaCCs; the bestrophins were described as CaCCs in 2003 [193],
followed by the identification of the TMEM16 proteins, also called anoctamins, by
three independent studies in 2008 [161,194,195]. The structures, physiological
functions, and links to human disease of these channel families are outlined

below.
1.7.4.1 Bestrophins

The human bestrophin family consists of four, structurally conserved members
(Bestl-4) which exhibit different expression patterns in humans. All four
bestrophins are now thought to encode CaCCs [193]. The crystal structure of
chicken Bestl reveals that the channels are pentameric, with each monomer
comprising four transmembrane domains. Overall, a funnel configuration is

described with an outer entryway, a narrow hydrophobic gate controlled by a

6Cacl aspd and an ani on s eHlregion dnddlarggineri | t er

cavity [196].

Bestl is the most well-characterised member of the family; it was discovered as
the protein product of the gene responsible for Best vitelliform macular dystrophy,
a rare genetic form of macular degeneration which is characterised by the
breakdown of the retinal pigment epithelium (RPE), eventually leading to a

complete loss of central vision whilst the peripheral vision remains

52



unaffected [197]. The basolateral membrane RPE is the major site of high Bestl
expression, where it has a role in anion flux, regulating intracellular Ca?*
signalling, and volume regulation [198,199]. Bestl is also expressed in other
epithelial and non-epithelial cells and has since been associated with other retinal
degenerative disorders named the bestrophinopathies, which are currently

untreatable [200].

The other three bestrophins are less well studied and have not yet been linked to
any human disease. Best2 is expressed in the colonic goblet cells and in sweat
glands where it facilitates bicarbonate transport [201,202]. The expression of
Best3 is more widely distributed and is thought to have protective roles against
cellular stresses and inflammation [200,203]. Lastly, Best4 is also expressed in

the colon, however its role there is yet to be elucidated [202].
1.7.4.2 TMEM16 proteins (Anoctamins)

The mammalian TMEM16 protein family consists of 10 members (TMEM16A-K,
excluding I, or ANO1-10). Between the 1980s and 2008, Ca?*-activated CI
currents had been identified in many cell types however the identity of the
channels responsible remained elusive until three studies independently
identified TMEM16A as a CaCC [161,194,195]. The following year, TMEM16B
was also identified as a CaCC [204]. Rather intriguingly, despite being closely
related, the rest of the TMEM16 proteins do not share this function. The majority
of the TMEM16 family are Ca?*-activated lipid scramblases which facilitate the
bidirectional movement of lipids within the bilayer of membranes [2051 207].
Furthermore, the TMEM16 scramblases have a dual functionality and have been
shown to conduct ions in a non-selective manner. In contrast, the TMEM16A/B

channels are highly selective for anions and do not function as scramblases [208].
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Phylogenetic analysis predicts that the TMEM16 channels descended from a
scramblase but have since lost this function [205]. Interestingly, a single point

mutation has been shown to confer scramblase function to TMEM16A [209].

The TMEM16 channels comprise 10 transmembrane helices with structured
cytosolic N and C termini (Figure 1-8 D) and exist as homodimers on the cell
membrane. TMEM16A is the best characterised protein of the family, and the
structure of the mouse analogue (INTMEM16A) has been resolved by cryo-
electron microscopy in the presence and absence of Ca?* allowing the study of

the gating mechanism of the channel [2107 212]. Structural analysis revealed

residues on helices U6, U7 Zdindihg. WBentwh a t

Ca*are bound on E3ultirgpasitivel harge déngty attracts the

| ower hal f of U6 which moves via a?2.hi

This movement closes access to the Ca?*-binding sites whilst simultaneously
opening the CI- pore to allow the flow of ions across the membrane [210].
Alternative splicing of segments A-D produces various isoforms of TMEM16A
which can alter properties of the channel [213]. For example, isoforms containing
segment B have a higher Ca?* sensitivity, whereas segment C influences the

voltage-dependence of the channel.

Due to its wide distribution, TMEM16A is involved in many physiological functions
throughout the body. The channel is expressed in a wide range of cell types,
including epithelial cells, smooth muscle cells, neuronal cells, and myocardial
cells [2141216] and many functions have been reported in each instance

[158,208,217], examples of which are detailed below.

The physiological role of TMEM16A in the airway is complex (Figure 1-10).

TMEM16A is primarily expressed at the apical surface of secretory airway
54
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epithelial cells (as well as some intracellular and basolateral expression) where it
facilitates the release of CI,, contributing to the maintenance of the ASL (Figure
1-10 A) [218,219]. Ca?"* signalling is important in the airway epithelia as it drives
the activity of both TMEM16A and CFTR as well as inhibiting the absorption of
Na* via ENaC. As previously outlined in section 1.7.1, the balance of ions in the
ASL determines the direction of the osmotic driving forces to control its hydration.
There is evidence to suggest that TMEM16A regulates local Ca?* signalling by
co-localising with ATP-activated receptor P2Y at the apical cell surface (Figure
1-10 C) [220,221]. When P2Y is stimulated by free ATP in the mucosal lining of
the airway, it sends signals to the IP3R on the ER, which stimulates Ca?* release
from stores. TMEM16A tethers the ER to the apical surface of the membrane
through interaction with IP3R to create a compartment in which it can control local
Ca?* signalling [222]. The increase in local Ca?* drives CFTR activity by
stimulating the production of cAMP [219], therefore the activity of CFTR is

dependent on TMEM16A.

In goblet cells, intracellular Ca?* signalling stimulates the exocytosis of mucin
from the apical surface into the airway linings (Figure 1-10 B). TMEM16A is
greatly upregulated in mucus-producing goblet cells during airway inflammation,
CF and asthma, and a role for the channel in both mucus production and
secretion in goblet cells has been suggested [223i 225], but is controversial [226].
Therefore, whilst some studies conclude that potentiation of TMEM16A to
compensate for abolished CFTR function is necessary for CF patients (reviewed
in [227]), others suggest that inhibition of TMEM16A would prevent the thickening
of the mucus layer and provide a therapeutic benefit for CF patients (reviewed in

[220]). Further investigation into the role of TMEM16A in the airway is warranted.
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Figure 1-10 The role of TMEM16A in the airway. A) The processes of apical
absorption and secretion in airway epithelial cells, as shown in Figure 1-9. B) The
role of intracellular Ca?* signalling in the airway. Increasing intracellular Ca?*
hydrates the ASL by inhibiting Na* absorption through ENaC, and by activating
ClI- secretion via TMEM16A and CFTR. The increased Ca?* also initiates mucin
exocytosis from goblet cells, which forms a mucus gel lining the airway and
regulates mucociliary clearance. Ciliated cells move the mucus along the airway,
the rate of which increases in response to Ca?*. Adapted from [227].
C) Regulation of intracellular Ca?* signalling by apical TMEM16A. TMEM16A
interacts with P2Y receptors and IP3 receptors (IP3R) on the ER, which tethers
it to the apical membrane. Free ATP binding to P2Y triggers cell signalling
pathways causing Ca?* release from ER stores. This creates a local high-Ca?*
environment which stimulates the production of cCAMP through adenylate cyclase
type 1 (ADCY1) and activates the CFTR via protein kinase A. Adapted from
[220,222]. Created with BioRender.com.

TMEML16A activity is also important in smooth muscle cells; including vascular
cells that line blood vessels, and the interstitial cells of the Cajal (ICC) which are
the pacemaker cells of the gastrointestinal (Gl) tract. TMEM16A facilitates CI-

outflux in response to an intracellular build-up of Ca?*, which results in membrane
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depolarisation and ultimately smooth muscle contraction. In rat models of
pulmonary hypertension, increased expression of TMEM16A was observed
[228]. The rats were sensitive to CaCC modulation and furthermore, TMEM16A
specific blockers were shown to induce vasorelaxation in mouse and human
arteries [229], implicating this channel as a potential target for treatment of
pulmonary hypertension. In the GI tract, smooth muscle contractions are
controlled by slow waves generated by the ICC. TMEM16A knockout resulted in
diminished slow wave activity in mice [214], and TMEM16A activators have been
shown to promote smooth muscle cell contractions in guinea pig ileum [230],

highlighting potential for TMEM16A modulation to treat Gl disorders.

Another role for TMEM16A is described in nociceptors, which are the peripheral
nerve endings of dorsal root ganglion (DRG) neurones that detect potentially
harmful stimuli such as heat, mechanical or chemical stress and convert them
into electrical signals for the CNS [231]. There are various stimuli that can
increase intracellular [Ca?*] in DRG neurones leading to TMEM16A activation
[232]. These include inflammatory mediators such as bradykinin, serotonin or
proteases which are released in response to tissue damage [233]. These
mediators activate GPCRs on the surface of DRG neurones which signal through
IP3R to trigger the release of ER Ca?* stores. Upon TMEM16A activation and CI-
efflux, the membrane becomes depolarised, and more action potentials can be
propagated, leading to an amplification of pain sensation [232]. CaCC inhibitors
have been shown reduce acute and inflammatory nociception in animal models

[234,235], leading to the possibility of their use in pain management.

It is necessary for cells to regulate their volume under changing conditions. In

hypertonic environments, cell volume initially increases due to osmotic uptake,
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and volume-regulated CI- currents cause regulatory volume decrease (RVD) back
to their original size [236]. In mice lacking TMEM16A, these CI currents are
reduced and RVD is impaired [237]. Cell volume regulation is critical for

processes such as cell proliferation, migration, and apoptosis.

Perhaps most surprising is the role that TMEM16A plays in tumorigenesis. This
is an extensive field of research that has been recently reviewed [238,239].
TMEM16A is overexpressed in many human cancers including head and neck
squamous cell carcinomas, breast, brain, colorectal, oesophageal, endometrial,
gastric, liver, lung, pancreatic, parotid, and prostate cancers [2381 252]. The
chromosome which harbours the TMEM16A gene in humans T 11913 71 is
amplified in many of these cancers [253,254], however this is not the only
mechanism of overexpression. This leads to the dysregulation of several
signalling pathways resulting in enhanced cell proliferation, apoptosis resistance,
tumour growth and migration. The role of TMEM16A in cancer is multifaceted,
and a wide range of cancer-related functions have been proposed including roles

for both the TMEM16A protein itself, as well as TMEM16A channel activity.

The physiological roles of TMEM16B are less well characterised. Expression of
TMEM16B has been reported within the CNS, including in the olfactory epithelium
[255], hippocampus [256], thalamus [257], cerebellar cortex [258] and amygdala
[259] where it plays an important role in action potential firing in response to Ca?*
signalling in neuronal cells. Mice lacking TMEM16B show impaired motor control
and learning, longer displays of aggression, and a reduction in anxiety and fear,
indicating an important role for TMEM16B in the regulation of these

behaviours [2607 262].
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1.8 Channelopathies

As previously alluded to, due to their crucial roles in a variety of cellular functions,
the dysfunction of ion channels is a major cause of human disease [134].
Channelopathies can result from genetic or acquired factors which contribute to
defective channel function. In excitable cells, defects in ion channel function
impair the ability of the cell to regulate action potential firing. An example of this
is long QT syndrome, wherein action potentials in cardiac muscle cells are slowed
down due to an inability to repolarise the membrane. Loss-of-function mutations
in the genes encoding Kv7.1 (also known as KvLQT1) [263] or Kv11.1 (also
known as hERG) [264] prevent the K* influx during repolarisation. Gain-of-
function mutations in Nav1.5 delay channel inactivation following depolarisation,
also resulting in long QT syndrome [265]. This causes cardiac arrythmia (irregular
heartbeat) which can lead to symptoms such as fainting, seizures or even sudden
death. Conversely, gain-of-function mutations in Kv7.1 [266], Kv11.1 [267], or
Kir2.1 [268] result in short QT syndrome in which action potentials occur more
quickly, causing atrial fibrillation (abnormally fast heartbeat) and symptoms such

as breathlessness, palpitations and fatigue.

Channelopathies of the CNS include skeletal muscle disorders, epilepsy,
migraines, blindness, deafness, and peripheral pain syndromes [134]. For
example, myotonia congenita is a the most frequent skeletal muscle
channelopathy and it is caused by loss-of-function mutations in the gene
encoding CIC-1[176,269]. When K* leaves the cell during the repolarisation stage
of an action potential, it creates a large K* concentration gradient which could
depolarise the membrane, therefore CI- influx through CIC-1 compensates for

this, stabilising the repolarisation of the membrane (Figure 1-7). When this is
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impaired, spontaneous repetitive firing of action potentials and a slower rate of
repolarisation occur, causing the muscle stiffness associated with this disease.
Moreover, certain types of epilepsy are caused by dysfunctional channels in
GABAergic neurones [134,270]. Loss-of-function mutations in Nav1.1 [271] or
gain-of-function mutations in GABA-A [272] both lead to a reduction in the
excitability of GABAergic neurones by preventing Na* influx and therefore
membrane depolarisation, or by enhancing CI- influx and therefore increasing
membrane hyperpolarisation, respectively. This results in a type of epilepsy
called Dravet syndrome which is the most severe form of epilepsy and is
characterised by prolonged seizures, behavioural disorders, cognitive

impairment, and motor defects [134,270].

The most well-studied channelopathy is CF, with causative mutations within the

CFTR gene identified in 1989 [273]. Before then, CF was d
common life-threatening inherited disorderof chi |l dren 1 n Caucasi
However, thanks to the implementation of genetic screening policies, as well as

the development of CFTR modulator therapies, patients are now surviving well

into adulthood and the global incidence of CF has decreased from 1/2500 live

births to between 1/3000-1/6000 live births [274]. More than 2,000 mutations in

the gene encoding CFTR have now been identified (according to the Cystic

Fibrosis Mutation Database [275]), however around two-thirds of CF cases are
causedby just one of these mutants, pF508,
consequently not trafficked to the plasma membrane [276,277]. As previously

detailed in 1.7.1, a lack of CFTR function results in the loss of ClI- secretion from

cells, which is important for the hydration of the ASL. In CF patients, the ASL

becomes a thick, sticky mucus layer which can block up the airways and lead to
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difficulty breathing [168,169]. Furthermore, due to the impairment of mucociliary
clearance, CF patients are prone to recurrent bacterial infections which they
struggle to clear naturally. Dysfunctional CFTR can also cause the build-up of
mucus in other organs such as the liver, pancreas, and intestines by a similar
mechanism, leading to a wide range of complications. Importantly, there is
currenty no cure for CFTR dysfunction, and CF patients are treated

symptomatically.

There is growing evidence that Navchannel dysfunction plays a key role in certain
types of cancer [156]. One example of this is the observation that Na,1.5 was
overexpressed in breast cancer biopsies (compared to non-cancer biopsies) and
this was associated with metastasis, lymph node invasion, and decreased
survival [278,279]. Similarly, Nav1.4 or Nav1.7 overexpression has been linked to
the invasiveness of prostate cancer cells [280]. The molecular mechanisms
underpinning the role of Na* channels in cancers of non-excitable cell types are

not well understood.

The above examples are a selected few of the many known human
channelopathies and as our knowledge of the structure and functions of ion
channels continues to expand, so too will our understanding of the mechanisms
behind these important diseases. This is necessary to enable the identification of

new cellular targets for therapeutic interventions.

1.9 Viral requirement for ion channels

1.9.1 Viroporins
Many viruses encode their own ion channels, termed &iroporinsg which allow
them to modulate the ionic balance within specific cellular environments and
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therefore manipulate both cellular and viral processes (reviewed in [281,282]).
For a virus to use its limited genetic code to produce an ion channel, one can
predict that manipulating the ionic homeostasis is critical during infection.
Viroporins are often more simplistic than host cell ion channels, generally lacking

gating mechanisms and showing weak selectivity [282].

The matrix protein 2 (M2) proton channel encoded by IAV is probably the most
well-studied viroporin [282]. It is more similar to a classic ion channel than many
other viroporins, showing selectivity for H* as well as being gated by H*[283]. IAV
enters cells via receptor-mediated endocytosis and subsequently traffics through
the endocytic pathway [284,285]. The environment inside endosomes is highly
acidic and IAV uses this to its advantage. The expression of the M2 proton
channel on the virion surface facilitates movement of H* into the virion interior,
lowering the pH [286]. This triggers confirmational changes in the viral surface
proteins and also acts to dissociate the viral RNPs from the matrix protein,
promoting fusion of the viral and endosomal membranes and the release of the
RNPs into the cytoplasm [2861 288]. Drugs targeting M2 (such as amantadine
and rimantadine) were historically used to successfully treat IAV infection,
however due to the rise of drug-resistant strains, these therapies are no longer in

use [289].

Another well-documented viroporin is the viral protein U (Vpu) encoded by human
immunodeficiency virus (HIV). Unlike IAV M2 and HRSV SH, the HIV viroporin is
not a structural component of the virion, however it is still essential for efficient
infection [282]. Vpu has two important roles during HIV infection: firstly, it
promotes the degradation of cell surface protein CD4 [290,291] in order to avoid

triggering the immune response; and secondly, it enhances virion release by
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antagonising the cell surface protein tetherin, which, in the absence of Vpu,
prevents the diffusion of viral particles away from the cell [292]. However, neither
of these roles utilise the channel activity of Vpu, which is selective for monovalent
cations (Na* and K*) [293]. Whilst a role for Vpu in membrane depolarisation to
trigger virus release was suggested [294], not all of the experimental evidence
supports this. Therefore, the role of Vpu channel activity during HIV infection is

still unclear [295].

Other viruses which encode viroporins include members of the Picornaviridae
such as poliovirus [296,297], some Flaviviridae including HCV [298] and Dengue
virus (DENV) [299], rotavirus [300], Coronaviridae including Middle Eastern
respiratory syndrome coronavirus (MERS-CoV) and SARS-CoV-1/2 [30171 303],
and small tumour-causing DNA viruses such as simian virus 40, JC (dohn

Cunni n gvhus and human papillomavirus (HPV)-16 [281,282,304].

On the other hand, many viruses do not encode their own viroporins and have
instead evolved mechanisms to manipulate host cell channels. Recent evidence
has highlighted the extent to which many viruses rely on and/or regulate host ion
channels (reviewed in [305,306]), revealing the potential for repurposing licensed

ion channel drugs as antiviral therapeutics.

1.9.2 Host ion channels in virus entry

Endocytosis is vital for many viruses as a pathway into the cell. Host ion channels
are present at each stage of the endosomal network to facilitate the necessary
changes in endocytic ionic milieu [307] and several important pathogenic human

viruses have been shown to rely on these changes for successful infection [306].
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Bunyaviruses, such as BUNV and Hazara virus (HAZV), rely on the increasing
concentration of K* that occurs with passage through endosomes to allow
activation of their fusion machinery, which subsequently mediates endosomal
escape [308,309]. Treating cells with specific K* ion channel inhibitors blocked
virus entry, leading to abrogation of infection [310]. In the case of BUNV, a panel
of K* channel modulators were used to determine that Kzp family members were
required for BUNV infection, and are likely involved in the endosomal K*

regulation [310]. Furthermore, when BUNV virions were pre-treated directly, or

Oprimedbé, with buffers 7 viriomshkerdabl8toentent ai n

cells and begin viral gene expression at an accelerated pace, compared to those
treated at low pH alone [308]. For HAZV, structural studies also revealed a
conformational change in primed viruses that was mediated by K* alone [309].
High K* resulted in extensive spike conformational changes, and caused
extended spikes to interact with membranes, reminiscent of the formation of the
Oextended intermediated in which the
envelopes. Furthermore, both viruses showed a dependency on cellular
cholesterol as a component of the endosomal membrane, however this
dependency could be overcome through priming with high [K*] [311], suggesting
that the role of cholesterol and K* channel activity may be linked. Furthermore,
another study recently found that the treatment of cells with valinomycin, a K*
ionophore (which reversibly binds to K* and disrupts K* gradients in the endocytic
pathway), displayed antiviral activity against three bunyaviruses; La Crosse virus,
Rift Valley fever virus and Keystone virus [312]. This was also observed for some
enteroviruses (coxsackievirus, rhinovirus), Zika virus (ZIKV, flavivirus), and some

coronaviruses (HCoV-229E and MERS-CoV), further highlighting the importance
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of K* for virus infectivity and potentially revealing K* channels as broad antiviral

targets [312].

Similarly, three important human pathogens have recently been shown to rely on
K* channels for entry. Overexpression of the Ky1.3 channel inhibited the entry of
HCV, DENV and ZIKV [313]. All three of these viruses enter cells through the
endocytic pathway and rely on a low pH for membrane fusion to allow entry into
the cytoplasm. It was revealed that Ky1.3 overexpression led to an increase in
the pH of acidic organelles which resulted in an accumulation of virions, indicating
that virus endosomal escape had been prevented. Furthermore, in vivo work
confirmed Ky1.3 as a host factor for ZIKV infection as mice overexpressing the
channel were protected against infection [313]. In contrast, Sendai virus, which
fuses at the cell membrane requiring a neutral pH, was not affected by Ky1.3

manipulation; further indicating a role for Kv1.3 in virus entry via endosomes.

Ca?* channels are also known to be required for virus entry. IAV entry is initiated
by one of its surface glycoproteins, hemagglutinin (HA), which binds to sialic acid-
containing glycolipids on the cell surface [284]. This, in combination with the
binding of the second viral glycoprotein, neuraminidase (NA) with its cellular
receptor, mediates IAV internalisation via endocytosis. It was discovered that IAV
infection caused Ca?* oscillations in cells through interaction of HA with Cav1.2,
a voltage-gated Ca?* channel [314]. This interaction was inhibited through use of
the clinically available Ca?* channel blocker diltiazem, thereby blocking IAV entry
into cells [314]. Importantly, Cavl1.2 is sialylated, which could explain its
involvement during IAV entry. Interestingly, similarly to bunyaviruses, IAV also
requires the endocytic increase in both H* (pH) and K* through endosomes for

efficient fusion and entry. However, for IAV this is mediated through the virally
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encoded M2 viroporin which it uses to transport endosomal H* and K* inside the
virion to destabilise the core and ensure efficient uncoating [315]. Although this
process has not yet been linked to specific K* ion channels, a clear requirement
for regulating the endosomal ionic balance has been demonstrated for IAV and

therefore represents a potential antiviral target.

EBOV enters cells through macropinocytosis and travels through the endocytic
pathways until it meets the intracellular receptor Niemann-Pick C1 (NPC1) in the
acidic late endosomes/lysosomes. The EBOV glycoprotein (GP) consists of two
subunits; GP1 initiates attachment of EBOV to the cell and GP2 mediates the
fusion of viral and endosomal membranes during entry. The NPC1 receptor-
binding site on GP1 is only accessible in acidic compartments due to the action
of cathepsins. The inhibition of Ca?* channel TPC2 was shown to inhibit EBOV
entry between the points of GP1 binding to NPC1 and the GP2-mediated fusion
of the virion and endosomal membranes [316], indicting a role for Ca?* channels
in fusion. It was later revealed that the three factors pH, Ca?* and NPC1 binding,
synergistically contribute to a conformational change in GP2 to mediate fusion
[317]. Blockade of TPC2 through FDA-approved small molecule inhibitors
attenuated EBOV infection [318,319], further emphasising the power of

repurposing licenced ion channel modulators for antiviral therapies.

A third family of ion channels has also been implicated in viral entry; CI- channels.
Specifically, blockade of the CFTR with small molecule inhibitors or through
genetic knockdown reduced BK polyomavirus (BKPyV) infection in primary
kidney cells [320]. Time-of-addition assays revealed that CFTR was involved in
the early stages of infection. Further investigation revealed that the CFTR

modulators did not affect BKPyV binding or internalisation, however they did

66



reduce virus entry into the ER, evidenced by a reduction in the number of viral
protein (VP)2/VP3 puncta visible in drug treated cells compared to non-treated
controls. The VP2/VP3 minor capsid proteins are only exposed once the virus
reaches the ER, therefore indicating that CFTR modulation acts at a stage

between virus entry and trafficking to the ER [320].

1.9.3 Host ion channels in viral replication

Whilst virus entry through the endosomal network relies on changes in the cellular
environment mediated by ion channels, the specific role of these channels in viral
replication is less clear. Many RNA viruses induce the formation of replication
complexes as a means of replicating their own genomes in distinct areas of the
cell and therefore evading RNA sensing pathways. These complexes vary in
nature depending on the sense of the genome; generally, positive-sense RNA
viruses (PSVs) induce membrane-associated complexes, whereas NSVs tend to
recruit collections of interacting proteins to membrane-less replication sites, and
double stranded RNA (dsRNA) viruses utilise subviral particles as a means of
replicating their genomes in a secure environment [321]. Recently, evidence has
emerged that ion channels play a vital role within the replication complexes of

many RNA viruses.

Infectious bursal disease virus (IBDV) is a dsRNA virus which has been shown
to upregulate voltage-dependent anion channel 1 (VDAC1) during infection [322].
The IBDV RNP complex is composed of VP1 (the vRdRp), VP3 (the scaffolding
protein which binds to dsRNA), and the genomic RNA segments.
Co-immunoprecipitation experiments identified interactions between VDAC1 and
VP1, and VDAC1 and VP3. These interactions were shown to enhance the

stability of the RNP complex and increase the activity of the vVRdRp. Minigenome
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assays confirmed that knocking down VDACL1 had a detrimental effect on IBDV
replication [322] indicating that VDACL1 is a critical host factor for the efficient

replication of this virus.

Chikungunya virus (CHIKV) is a PSV which replicates its genome within
membrane bound replication complexes formed at the plasma membrane. Small
molecule CI- channel modulators had an inhibitory effect on CHIKV infection in
both human and mosquito cells (the vector of disease) and genetic knockdowns
identified CI- intracellular channels 1 and 4 (CLIC1 and CLIC4) as pro-viral host
factors [323]. The absence of CLIC1 and CLIC4 in human cells inhibited CHIKV
replicon replication. Additionally, affinity pull down of strep-tagged non-structural
protein 3 (nsP3) of CHIKV revealed that nsP3 was in complex with CLIC1, but
not CLIC4. As nsP3 is an essential component of the CHIKV replication complex
[323], these results were suggestive of channel involvement in the formation

and/or maintenance of these complexes.

CI ion channels have also been linked to the PSV HCV infection [324]. Small
molecule inhibitors of Cl- channels were used to inhibit HCV replicon replication.
Through use of an intracellular fluorescent dye (MQAE) which is quenched by
high [CI], it was revealed that HCV replication increased intracellular [CI] which
was suppressed upon treatment with Cl-channel inhibitors. Furthermore, through
genetic knockdowns, the authors identified two channels involved in HCV
replication: CIC2 and CIC3 [324]. It was suspected that HCV manipulated the flow
of CI" ions through CIC2 and CIC3 to alter the environmental conditions within
early/late endosomes during the process of building its viral replication
complexes. However, it is still unclear however why CI is essential for HCV

replication.
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A role for Ca?* channels has been described for the replication of members of the
Flaviviridae family of PSVs [325]. A screen of FDA-approved drugs against
Japanese encephalitis virus (JEV) uncovered several inhibitors of Cav6 that had
a potent effect on infection, including manidipine. Time of addition studies
alongside the use of a replicon system confirmed that the drugs acted upon the
replication stage of JEV infection. Furthermore, DENV, ZIKV and West Nile virus
(WNV) were all sensitive to Cav modulation, whereas yellow fever virus (YFV)
was insensitive. The selection and sequencing of a manidipine-resistant JEV
mutant revealed a site on the non-structural protein NS4B which appeared to
confer sensitivity to Cay modulation. A substitution at Q130 in transmembrane
domain 3 of NS4B rendered the viruses insensitive to manidipine, and
interestingly, this site was conserved in JEV, DENV, ZIKV and WNV but not in
YFV [325]. NS4B is an essential component of the flavivirus replication complex
and keeps the complex anchored to the ER. The exact role of Cav& in flavivirus
replication remains to be determined, however it is clear that intracellular Ca?*,

the majority of which is stored in the ER, is crucial for their infection.
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1.10 Project outline and aims

This thesis examines the role of CI- channel families during HRSV infection. A
novel role for the CaCC channel, TMEM16A, during HRSV infection is revealed
(Chapter 3), followed by an investigation into the mechanistic details
underpinning this relationship (Chapter 4). Of note, data in Chapter 3 has been

published by the candidate [326].
The aims of this project were:
1. To assess the role of host Cl- channels during HRSV infection
2. Reveal the molecular identity of Cl- channels involved in HRSV infection

3. To investigate the stage of the viral life cycle at which HRSV requires CI

channels

4. To assess the role of TMEM16A in the inflammatory response to HRSV

infection
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Chapter 2 Materials and Methods

2.1 Cell culture

2.1.1 Cell lines and continuous cell culture

A549 (adenocarcinoma human alveolar basal epithelial cells), HEp-2 (human
epithelial cells) and SHSY-5Y (human neuroblastoma cells) cells were
mai nt ai ned si nMoDduil fbieecdc oEbagl eds Medi um ( DME
foetal bovine serum (FBS) and 1% penicillin/streptomycin (P/S; 100 U/mL and
100 eg/ mL, respectively); henceforth C ¢
incubated at 37°C and 5% CO:2 in a humidified incubator and sub-cultured once
70-80% confluent using 1x phosphate buffered saline (PBS) and 1% trypsin-
ethylenediaminetetraacetic acid (EDTA). Cells were washed and trypsinised for
5 mins at 37°C. BSR-T7 cells (baby hamster kidney 21 i BHK-21 i cells
constitutively expressing T7 RNA polymerase) were cultured in the same way

with the addition of 1 mg/mL G418 into complete media every other passage.

2.1.2 Cell stocks

All cell lines were stored at -80°C, or liquid nitrogen for long term storage. For
start-up, cells were rapidly thawed in a 37°C water bath. Once defrosted, the 1 mL
suspension was added to 14 mL warm, complete DMEM in a 15 mL falcon and
gently mixed to dilute out the DMSO. Cells were pelleted by centrifugation at 300
x g for 5 mins and the supernatant discarded. The pellet was resuspended in 5
mL complete media and added to a T-25 cell culture flask. After incubation
overnight, the cells were washed in PBS and the media changed. Once cells

reached confluency they were moved into a T-75 cell culture flask.
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Healthy cells at the lowest passage number possible were used to freeze down
to maintain cells stocks. Cells were grown to confluency in a T-175 cells culture
flask. Then, cells were washed in PBS and detached from the flask using 3 mL
trypsin as described in section 2.1.1 and collected in 12 mL complete media. The
cells were gently pelleted by centrifugation at 300 x g for 5 mins and the
supernatant was discarded. The cells were resuspended in 4 mL complete media
containing 10% sterile-filtered dimethyl sulfoxide (DMSQO) and aliquoted into cryo-

vials for storage.

2.1.3 Cell viability assays

To assess cell viability following treatment with ion channel modulators or other
drugs (2.3.2), the treated media was removed and replaced with 100 >L serum-
free DMEM. CellTiter®96 AQueous One Solution (Promega, G3580) was added
(20 pL per well) and incubated at 37°C for 1-4 hrs in the dark. A measurement of
the absorbance at 492 nm was taken using a microplate reader. This was used
to compare cell health of drug-treated cells compared to the solvent-treated
control cells. Compounds were considerednon-t oxi ¢ 1 f an average
viability compared to solvent-treated controls was observed after

3 biological repeats [326].

2.1.4 Cell lysis

To generate lysates to be used in western blot or ELISA analysis, cells were
incubated in ice cold Leeds Lysis Buffer (25 mM glycerol phosphate, 20 mM
tris(hydroxymethyl)aminomethane (Tris), 150 mM NaCl, 1 mM EDTA, 1% Triton,
10% glycerol, 50 mM NaF, 5 mM NasO7P2 - pH 7.4) supplemented with Halt
Protease Inhibitor Cocktail (Thermo Scientific, 78429) for 20 min at 4°C. Cells
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were detached from the plate using a cell scraper and lysates collected in 1.5 mL
tubes. Lysates were centrifuged for 10 mins at 17 x g to pellet cell debris and an
equal volume of each protein-containing supernatant was transferred to fresh

tubes for storage at -20°C [326].

2.2 Virus culture

2.2.1 Virus strains

Wild type (WT) HRSV strain A2 was obtained from the National Collection of
Pathogenic Viruses (NCPV) of Public Health England (PHE). Green fluorescent
protein (GFP)-expressing HRSV was purchased from ViraTree (RSV-GFP1) in
which the gfp gene had been inserted as an independent transcriptional unit in
the first position in the HRSV gene order. GFP-PA (polymerase acidic protein)
labelled 1AV (HIN1 WSN/33 strain) which was rescued as described in
Neumann et al., 1999 [327], was kindly gifted by Eleanor Todd (on behalf of Dr
JN Barrd $ab, University of Leeds). WT-BUNV and WT-HAZV were generously
provided by Dr Samantha Hover (on behalf of Dr J Mankourié b, University of

Leeds).

2.2.2 HRSV propagation

HEp-2 cells were seeded at a density of 5x10° cells/well in a 6-well plate and left
to adhere and grow overnight. The monolayer was then washed with PBS and
infected with WT-HRSV at a multiplicity of infection (MOI) of 0.01 in a total of
200 pL of DMEM containing 2% FBS and 1% P/S; henceforth called infection
media. The plate was incubated for 2 hrs, with gentle manual rocking every 15

mins to allow the virus to bind cells and prevent cells drying out. Following the
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binding period, the wells were topped up to a total of 2 mL using infection media.

The infection was left for 5 days with manual rocking daily.

2.2.2.1 Harvesting HRSV

All procedures for harvesting the virus were conducted strictly at 4°C or on ice.
The virus was harvested to produce the P1 stock. To achieve this, the media
containing extracellular virus was collected and the cells were manually collected
using a cell scraper into 10 mL PBS. The scraped cells underwent three rounds
of quick-freeze/thaw cycles (using a dry ice/ethanol slushy, and a 37°C water
bath) to release the cell-associated virus. The harvested virus and sonicated cells
were combined and clarified by centrifugation at 4000 x g for 7 min. The pelleted

cell debris was discarded, and the virus supernatant (VSN) was stored at -80°C.

The P1 virus was used to propagate HRSV further. Multiple T-75 cell culture
flasks of HEp-2 cells were seeded at a density of 3x108 cells/flask, and the
following day were infected with 100-200 pyL P1 virus in a total volume of 1 mL
infection media. As before, virus was allowed a 2 hr binding step with manual
rocking before the flasks were topped up to a final volume of 10 mL infection
media. The infection was left for 5 days with daily rocking. If >50% cytopathic
effect (CPE) was observed before 5 days, the amount of P1 virus was reduced.
If no CPE was observed at 5 days, P2 virus was passaged a further time. P2 virus

was harvested in the same way as P1.

Once the extracellular virus and cell-associated virus had been harvested and
combined, the VSN was clarified firstly by centrifugation for 40 min at 3250 xg
and discarding the pelleted cell debris, then secondly by passing the virus

supernatant through a 0.45 nm filter (allowed virus to pass through).
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2.2.2.2 Concentrating HRSV

All procedures for concentrating the virus were conducted strictly at 4°C or on ice.
The clarified P2 virus supernatant was adjusted to 100 mM MgSOs to stabilise
the virus [328], and 100 mM Tris-HCI, pH 7.5. To concentrate the virus, 50% (w/v)
polyethylene glycol (PEG)-6000 was added to the VSN to a final concentration of
10% (w/v) and the mixture was left stirring overnight. The virus was pelleted via
centrifugation at 4000 xg for 30 min. Following resuspension of the pellet into a
small volume of serum-free DMEM (1 mL per 50 mL of VSN concentrated), the
virus was aliquoted, quick-frozen and stored at -80°C. This concentrated P2 virus
was titred and used as the working stock, and P1 was used to propagate more

virus when necessary.

2.2.3 Virus titration by immunostaining-based plague assay

To determine the titre of WT-HRSV or HRSV-GFP, HEp-2 cells were seeded at
a density of 2x10° cells/well in a 12-well plate and left to adhere and grow
overnight. Serial dilutions of virus from 10! to 10-® were prepared in serum-free
DMEM. The cell monolayer was washed with PBS and infected with 100 pL of
each virus dilution in duplicate for 1 hr, with manual rocking every 15 mins to
disperse the virus and prevent the cells from drying out. Following the binding
stage, non-internalised virus was aspirated, and cells were overlayed with 1 mL
0.5% (v/v) methylcellulose: infection media. The infection proceeded for 4-7 days
at 37°C with no movement. Ice cold 4% paraformaldehyde (PFA) was used to fix
cells by adding directly on top of the overlay for 1 hr at 4°C. The cells were then
gently washed in PBS and permeabilised using cold methanol: acetone for 10
mins at 4°C. Following another PBS wash step, cells were incubated in blocking

buffer (5% milk in PBS) for 30 mins. Plaques were detected by incubation
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overnight at 4°C with a primary polyclonal antibody targeting HRSV followed by
horseradish peroxidase (HRP)-conjugated secondary antibody for 1 hr at room
temperature (for antibody details see Table 2-4 and Table 2-5). Antibodies were
made up in blocking buffer and cells were washed with PBS between each step.
Following incubation with 4-chloro-1-naphthol (4-CN, Pierce, 1:10) and 30% H202
(Sigma) purple plaques were revealed [326]. Plaques were counted and the titre
calculated according to Equation 2-1.
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Equation 2-1 Calculating the titre (plague forming units (PFU)/mL) of virus

stocks from a plaque assay.

2.2.4 Virus titration by TCIDso

HRSV titre was also determined by measuring the median tissue culture
infectious dose (TCIDso) following the method outlined in Sun and Lopez, 2016
[329]. Briefly, this involved infecting HEp-2 cells seeded at 2x10* cells/well in a
96-well plate with serially diluted virus in a total volume of 25 uL/well in infection
media. All infections were performed in triplicate and proceeded for 2 hrs before
the volume was topped up to 100 upL/well and incubated for 4-5 days. The
virus/media was removed and 100 pL of crystal violet working solution (40 mL of
stock solution (1 g crystal violet, 20 mL 100% ethanol, 80 mL dH20), 80 mL
methanol, 180 mL dH20) was added. After 15-30 mins, the plate was washed by
submerging in dH20 and left to dry. To calculate the titre, the last dilution in which

CPE was observed was given a score, and the titre calculated according to

Equation 2-2.
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0 STCIRm= 10 X*0.7/25 L
O -6 XFGIDo=10X"04/25 L
O--6 XFGIDo =10 X0Y25 ulL

Equation 2-2 Calculating the titre of virus stocks from a TCIDsg assay.
(X=dilution of the virus).

2.3 Virological assays

2.3.1 Virus infection

A549 cells (unless otherwise stated) were seeded into 6-well plates (3x10°
cells/well), 12-well plates (1x10° cells/well), or 96-well plates (1x10* cells/well)
and left to adhere and grow for 24 hrs at 37°C. Cells were washed with PBS and
infected with WT-HRSV or HRSV-GFP in infection media at MOI 0.1 (unless
otherwise stated) for 24 hrs. To analyse infection, cells were either lysed for
western blotting (2.4.2) or fixed for immunofluorescence analysis (2.4.4).
Infections with IAV-GFP, WT-BUNV and WT-HAZV were carried out in a similar

manner, substituting infection media for complete media.

2.3.2 lon channel inhibitor assays

A549 or SH-SY5Y cells were seeded in 96-well plates. CI- channel inhibitors
(Table 2-1) were made up in infection media to working concentrations alongside
solvent-only controls (sterile-filtered DMSO or autoclaved distilled H20). Cells
were washed with PBS and pre-treated with 100 >L inhibitor per well for 45 min
prior to infection. Each condition was performed in duplicate on the same plate.
Infection with HRSV-GFP, IAV-GFP, WT-BUNV or WT-HAZV was carried out
(2.3.1) in the presence of the inhibitors and analysed at 24 hours post-infection

(hpi) by IncuCyte ZOOM (2.4.5) or western blot (2.4.2) analysis [326].
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Table 2-1 Details of ion channel modulators and other drugs used.

Drug

DIDS( 45 4 q
diisothiocyanostilbene-

2 , -@isulfonic acid)

Source

Sigma Aldrich, D3514

Target

Broad spectrum CI

channel inhibitor

NPPB (5-nitro-2-(3-
phenylpropylamino)
benzoic acid)

Sigma Aldrich, N4779

Broad spectrum CI-

channel inhibitor

R(+)IAA-94 (R(+)-
[(6,7-Dichloro-2-
cyclopentyl-2,3-
dihydro-2-methyl-1-
0X0-1H-inden-5-yl)-

oxyacetic acid)

Sigma Aldrich, 1117

Broad spectrum CI-

channel inhibitor

DCPIB (4-(2-butyl-6,7-
dichlor-2-
cyclopentylindan-1-on-

5-yl) oxobutyric acid)

Sigma Aldrich, SML2692

VRAC inhibitor

CFTRinh-172

Sigma Aldrich, C2992

CFTR inhibitor

Chromanol 293B

Glibenclamide

Sigma Aldrich, C2615

Tocris Biosciences, 0911

CFTR inhibitor

CFTR inhibitor

CaCCinh-A01

Sigma Aldrich, SML0916

CacCcC inhibitor

Niflumic acid

Sigma Aldrich, NO630

CaCcC inhibitor

Talniflumate

Sigma Aldrich, SML1710

CaCcC inhibitor

Tannic acid Sigma Aldrich, 403040 CaCcC inhibitor

T16Ainh-A01 Merck Chemicals Ltd, TMEM16A inhibitor
613551

MONNA Sigma Aldrich, SML0902 TMEMJ16A inhibitor
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Ribavirin Sigma Aldrich, R9644 Broad spectrum viral
replication inhibitor
(including HRSV)

Ammonium chloride | Sigma Aldrich, A9434 Endosomal acidification
inhibitor
Eact Sigma Aldrich, SML1157 | TMEM16A activator

2.3.3 Virion treatments

Channel inhibitors were made up to 2x working concentrations in infection media
and added to an equal volume of WT-HRSV supernatant (MOI 0.2). The virus
was incubated with the inhibitor for 45 min at room temperature. The treated
virions were then used to infect A549 cells in a total volume of 3 mL/well in a 12-
well plate ( MO| 0.2; final i nhi bi t-fold dilotiomfrora
active concentration). Cells were lysed (2.1.4) at 24 hpi and HRSV protein

expression was assessed via western blotting (2.4.2) [326].

2.3.4 Virus entry assays

A549 cells were prepared in a 6-well plate. Cells were pre-treated with channel
inhibitors for 45 mins prior to infection with WT-HRSV (or WT-BUNV) at MOI 0.2.
At 3 hpi, the drug and any non-internalised virus was removed by washing with
0.1% trypsin in PBS three times and replaced with complete media. The cells
were lysed (2.1.4) at 24 hpi and infection was assessed via western blot analysis

(2.4.2).

2.3.4.1 Virus binding assay

For the BUNV binding assay, tannic acid was made up in pre-chilled complete

media. A549 cells in a 6-well plate were placed on ice for 30 mins to chill prior to
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drug addition. The cells were infected with WT-BUNV at MOI 0.1 in a total volume
of 350 yL and were incubated for 1 hr on a rocker at 4°C, with manual shaking
every 10 mins to prevent the cells drying out. Reduced temperature was used to
prevent endocytosis of bound virions and thus separate the binding stage from
entry. Cells were then brought back up to 37°C to allow infection to proceed. The
drug and any unbound virus were washed away by three 0.5% trypsin washes.
Tannic acid was added and removed to the appropriate wells every hour for the
first 4 hrs of infection. Lastly, cells were lysed at 24 hpi (2.1.4) and infection was

analysed via western blotting (2.4.2).

2.3.5 Virus release assay

Cells were infected with HRSV-GFP at MOI 0.1 in infection media for 16-18 hrs.
Infected cells were washed three times with PBS and media was replaced
containing the appropriate inhibitors at a total volume of 0.5 mL (in a 12-well
plate). After 4 hrs, the VSN was removed from each well and collected into pre-
chilled 1.5 mL tubes on ice. The VSN was clarified by centrifugation at 300 x g
for 5 mins to collect any cell debris, and with the pellet removed, the VSN was
kept on ice to keep the virus stable. A new plate of cells was washed with PBS
and 4 mL infection media was added. The 0.5 mL VSN was added to the fresh
cells which were incubated for 24 hrs. This diluted the inhibitor by 9-fold and
allowed assessment of the amount of released virus present in the VSN by

quantifying the number of HRSV-GFP expressing cells in the re-infection (2.4.5).

2.3.6 Post-infection time of addition assay

Channel inhibitors were prepared at 2x working concentration in 50 pL infection
media and added to a 96-well plate of cells alongside an equal volume of
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HRSV-GFP supernatant (MOl 0.1, T=0 hr). For post-infection treatments,
inhibitors were freshly prepared for each time point and added to infected cells at
3, 6 and 9 hpi, resulting in a total volume of 100 >L per well and a dilution of the
inhibitor to 1x. At 24 hpi, HRSV-GFP expression was analysed via IncuCyte

ZOOM analysis (2.4.5) [326].

2.3.7 HRSV minigenome assay

A 6-well plate of BSR-T7 cells grown overnight. Cells were transfected (2.5.4)
with pN, pP, pL and pM2-1 support plasmids alongside a plasmid expressing
RNA minigenome pM/SH-GFP, able to express GFP (for further details of these
plasmids refer to 2.5.1.1). At 6 hours post-transfection (hpt), the transfection
mixture was removed, cells were washed with PBS and TMEM16A channel
inhibitors in complete media were added. After 24 hrs (i.e., 30 hpt), the replication
of the minigenome was assessed through quantification of GFP fluorescence via

IncuCyte ZOOM (2.4.5).

2.3.8 Blind passaging HRSV in the presence of T16Ainh-A01

Cells were pre-treated for 45 min with either T16Ainh-A01 (15 pM), ribavirin (40
puM) or DMSO (solvent control) prior to infection with HRSV-GFP at MOI 0.1 in a
total volume of 1 mL (6-well plate). Infection proceeded for 72 hrs before the VSN
was collected into pre-chilled 1.5 mL tubes. The subsequent steps were
performed on ice or at 4°C to maintain virus stability. The VSN was clarified via
centrifugation at 300 x g for 5 mins to pellet the cell debris, after which the pellet
was discarded. The VSN was then used to infect a fresh plate of pre-treated cells:
250 pL of the T16Ainh-A01 and ribavirin VSN was transferred and 100 pL of the
DMSO VSN into a total volume of 1 mL. After passaging, the old plate (P1) was
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analysed for HRSV-GFP fluorescence via IncuCyte ZOOM (2.4.5) and then the
cells were lysed for western blot analysis (2.1.4 and 2.4.2). The remaining VSN
was stored at -80°C for future use. The newly infected plate (P2) was incubated

for 72 hrs and passaged in the same way, for a total of 10 passages.

2.3.9 IP-10 release assays

2.3.9.1 Collection of samples

Cells were pre-treated with inhibitors prior to infection (2.3.2). Following this, cells
were infected or mock infected with HRSV (MOI 0.5). Alternatively, cells were
transfected (2.5.4) with 400 ng poly(l:C) per well in a 6-well plate or treated with
IFN-U/ 2 (100 ng per well). The drug remain
hrs, the cell supernatants were collected into separate 1.5 mL tubes, clarified by
centrifugation at 300 x g for 5 mins, and stored at -80°C. Cells were washed in

PBS and lysed (2.1.4). Lysates were stored for short term at -20°C.

2.3.9.2 Enzyme-linked immunosorbent assay (ELISA)

The concentration of interferon 2-induced protein 10 (IP-10) or interleukin-8 (IL-8)

in the cell supernatants and lysates was measures by ELISA. The assays were
carried out according to Human CXCLIOAPF1IAG ct ur ¢
DuoSet ELISA, R&D Systems, DY266 andEL 1 SA MAXE Del uxe Set
8, BioLegend, 431504). Briefly, this involved binding the capture antibody
(provided) to a 96-well plate overnight before washing the plate by submerging in

wash buffer (0.1% TWEEN-20 in PBS) three times. Non-specific binding was
prevented by a blocking step for 1 hr using 1% BSA in PBS (IP-10) or the provided

blocking buffer (IL-8). Alternating incubation and wash steps were performed with

the detection antibody (provided), streptavidin-HRP (provided), substrate solution
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(Pierce TMB Substrate Kit, 34021) and stop solution (H2S0Oa4). All steps were
carried out at room temperature. The optical density of each well was determined
using a microplate reader set to 450 nm. The reading at 540 nm was subtracted
from this to correct for optical imperfections in the plate. A standard curve was

generated and used to quantify the concentration of protein within each sample.

2.4 Biochemical methods

2.4.1 SDS-PAGE

Polyacrylamide gels were cast consisting of a 10% resolving gel and 5% stacking
gel (Table 2-2). Lysates were prepared for sodium dodecyl sulphate (SDS)-
polyacrylamide gel electrophoresis (PAGE) by the addition of Laemmli sample
buffer (Bio-Rad, 1610747) supplemented with b-mercaptoethanol followed by
incubation at 95°C for 10 min, then centrifugation at 17 x g for 5 min. Samples
were loaded and electrophoresed at 180V for around 70 min in SDS-PAGE

running buffer (0.25 M Tris, 2.5 M glycine, 1% (w/v) SDS) [326].

Table 2-2 SDS-PAGE gel recipes. Volumes are to make 1 gel. Sodium dodecyl
sulphate (SDS), ammonium persulphate (APS), tetramethylethylenediamine
(TEMED).

10% Resolving gel 5% Stacking gel
Tris-HCI 2.5mL (1.5 M, pH 8.8) 0.125 mL (1 M, pH 6.8)
dH20 4 mL 1.495 mL
30% acrylamide 3.3mL 0.33 mL
10% SDS 0.1 mL 0.02 mL
10% APS 0.1 mL 0.02 mL
TEMED 0.016 mL 0.01 mL
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2.4.2 Western blotting

Proteins were resolved by SDS-PAGE (2.4.1) and transferred to a methanol-
activated polyvinylidene difluoride (PVDF) membrane (Millipore) using the Trans-
blot Turbo (BioRad) semi-dry transfer system 1 25V i 1.0 AT 30 min in transfer

buffer (0.25 M Tris, 0.89 M glycine, 20% (v/v) methanol).

Non-specific antibody binding was blocked by incubating membranes in 10% milk
in Tris-buffered saline (TBS)-T (0.25 M Tris, 1.37 M NaCl i pH 7.5, 0.1% (v/v)
Tween-20) for a minimum of 1 hr before antibody staining. Proteins were labelled
by incubation of primary antibodies (Table 2-4) in 5% milk overnight at 4°C. HRP-
conjugated secondary antibodies (Table 2-5) were made up in 5% milk and added
to the membrane for 1 hr at room temperature. Membranes were washed for 5
mins three times between each antibody using 1x TBS-T, and four times prior to
detection.  Antibody binding was detected using the enhanced
chemiluminescence system (ECL; Advansta WesternBright™ ECL-Spray) and
developed on an xograph compact X4 processor using light-sensitive film
(Thermo Scientific CL-Xposure). For quantification of band densities, blots were
scanned and analysed using ImageJ. In each instance, bands of interest were

normalised to the loading control [326].

2.4.3 Silver staining after SDS-PAGE

Samples of purified WT-HRSV and HRSV-GFP were resolved by SDS-PAGE
(2.4.1). Following this, the proteins within the gel were fixed by incubation in
solution A for 30 mins (Table 2-3). All incubations were performed at room
temperature with gentle agitation. Solution A was removed, and solution B added

for 15 mins. The gel was subjected to three wash steps in dH20 for 5 mins each
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before solution D was added. The sodium thiosulphate in solution D helped to
reduce background and enhance staining. Another round of wash steps followed,
for 30 secs each. The addition of solution E for 20 mins imbued the gel with silver
which interacts with functional groups within proteins. Solution E was washed
away by three wash steps for 30 secs each. The bands were developed through
the addition of solution F which converted the silver ions into metallic silver.
Solutions E and F included formaldehyde as an enhancer by causing chemical
crosslinking of the proteins in the gel. Lasty, when the bands were visible, solution

G was added to stop the reaction and prevent any further development.

Table 2-3 Solutions used in silver stain.

Solution Components (total volume 100 mL)

A 50% (v/v) ethanol, 10% (v/v) acetic acid

B 5% (v/v) ethanol, 1% (v/v) acetic acid

C 0.2 g sodium thiosulphate

D 10 mL solution C

E 0.2g silver nitrate, 75 yL formaldehyde

F 6g sodium carbonate, 50 pyL formaldehyde, 0.2 mL solution C
G 5% (v/v) acetic acid

2.4.4 Immunofluorescence

For analysis of GFP-tagged virus infection in live cells, plates were scanned at
stated time points using IncuCyte ZOOM imaging system (2.4.5) within a 37°C,

5% CO2, humidified incubator.
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For immunofluorescent staining, cells were washed with PBS and fixed by
incubation with ice cold 4% PFA whilst rocking for 10 mins at 4°C. The fixed cells
were permeabilised using ice cold methanol: acetone for 10 mins at 4°C. After a
PBS wash, cells were incubated in blocking buffer (1% BSA in PBS) for 15 mins
at room temperature. Primary antibodies (Table 2-4) were made up to the
appropriate working dilutions in 1% BSA and added to cells at room temperature
for 1 hr, or overnight at 4°C. After three PBS wash steps, fluorescent secondary
antibodies (Table 2-5) were used to stain cells for 2 hrs at room temperature,
protected from light. Cells were imaged using the IncuCyte ZOOM (2.4.5), or via

confocal microscopy (2.4.6).

2.4.5 IncuCyte ZOOM analysis

The IncuCyte ZOOM was used to generate widefield images of 2.15mm? at 10x
magnification in phase and green or red channels. The accompanying software
(2018A) was used to analyse the number of fluorescent cells (count 1/well) or
average fluorescence intensity (green calibration unit (GCU) x um?). In each

instance, data was normalised to solvent-treated control cells.

2.4.6 Confocal microscopy

A549 cells, which were seeded onto coverslips, were transfected (section 2.5.4)
with pTMEM16A-mycDDK (for further details of this plasmid refer to 2.5.1.2). At
24 hpt, cells were infected or mock infected with WT-HRSYV for a further 24 hrs.
Cells were then fixed and stained for immunofluorescence analysis (2.4.4) using
primary antibodies targeting the DDK tag as well as various subcellular markers,
and Alexa Fluor® labelled secondary antibodies (Table 2-4 and Table 2-5).
Stained coverslips were mounted onto microscope slides using ProLong Gold
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Antifade Mountant with DAPI (Thermo Fisher, P36941) and allowed to cure
overnight. Slides were imaged using a Zeiss LSM880 + Airyscan Upright
Confocal Microscope. The images were captured using the Plan-Apochromat 40x
and 63x/1.4 Oil DIC objectives with the diode 405 nm, argon 488 nm and DPSS
561 nm lasers. Individual fluorescent signals were acquired independently to
produce multicolour images and ensure that no bleed through between channels
was observed. Images were analysed using Zen Blue software (Zeiss) and

co-localisation line scan analysis was performed using ImageJ.
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2.4.7 Antibodies

Table 2-4 Details of primary antibodies used in western blot (WB) and

immunofluorescence (IF) experiments.

Antibody Target/ Concentrati Species Source
Localisation on

HRSV Polyclonal Ab WB 1:1000 | Goat Abcam,
targeting tissue, IE 1:500 Ab20745
cells or virus
corresponding
to HRSV. Viral
lysate of HRSV
isolate.

GAPDH U WB 1:1000 | Mouse | Santa Cruz,
glyceraldehyde sca47724
3-phosphate
dehydrogenase
(loading control)

BUNV-N Bunyamwera WB 1:5000 | Sheep In house
virus
nucleoprotein

HAZV-N Hazara virus IF 1:5000 Sheep In house
nucleoprotein

DDK (FLAG) FLAG-tagged WB 1:1000 A Mouse @ OriGene,
TMEM16A IE 1:1000 TA50011-100

GM130 Golgi (cis) IF 1:500 Rabbit Cell signalling

technologies,
D6B1

EEAl Early IF 1:100 Rabbit Invitrogen,

endosomes PA5-17228
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EIF4G Stress granules | IF 1:200 Rabbit Cell signalling
technologies,
2469

LAMP1 Lysosomes IF 1:100 Rabbit Cell signalling
technologies,
9091

Concanavalin A | Endoplasmic IF 1:30 - Invitrogen,

(Alexa Fluor 594 reticulum (stock 5 C11253

mg/mL)

conjugate)

Table 2-5 Details of secondary antibodies used in western blot (WB) and

immunofluorescence (IF) experiments.

Antibody Concentration Species Source
Goat IgG-HRP WB 1:5000 Rabbit Sigma, A8919
Mouse IgG-HRP WB 1:5000 Goat Sigma, A4416
Sheep IgG-HRP WB 1:5000 Donkey Sigma, A3415
Goat 1gG-594 IF 1:500 Donkey Invitrogen,
A-11058
Mouse 1gG-488 IF 1:500 Chicken Invitrogen,
A-21200
Sheep 1gG-594 IF 1:500 Donkey Invitrogen,
A-11015
Rabbit 1gG-594 IF 1:500 Chicken Invitrogen,
A-21442
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2.5 Molecular biology

2.5.1 Plasmids

2.5.1.1 HRSV minigenome assay plasmids

Plasmids expressing HRSV (strain Long) N, P, L and M2-1 under the control of a
T7 promoter, designated pN, pP, pL and pM2-1, have been described previously
[330]. The fifth component of the HRSV minigenome assay (2.3.7) was the RNA
minigenome, which consisted of terminal HRSV promoter regions flanking two
transcriptional units (the second encoding eGFP) separated by the M/SH gene
junction [331], henceforth termed pM/SH-GFP. These plasmids have been used
previously to probe the roles of HRSV proteins in viral transcription [68,332,333].
Al l pl asmids were generously gifted by E

lab.

2.5.1.2 TMEM16A mammalian cell expression plasmid

A plasmid encoding human TMEM16A ORF with a C-t er mi n a | 6mycDD
within the pCMV6-Entry vector was purchased from OriGene (RC229400). The
pCMV6-Entry vector is a functional mammal i a
tag contains myc-tag sequence (EQKLISEEDL) and the DDK (or FLAG) tag
sequence (DYKDDDDK) separated by 18 nucleotides. This plasmid is henceforth
ter med O6p MVME MDKA and was used t o study

TMEM16A within A549 cells by confocal microscopy (2.4.6).

2.5.2 Bacterial cell transformation

All work involving bacterial cells was performed under sterile conditions next to a

Bunsen burner. To generate plasmid stocks, gifted or purchased plasmid DNA
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was transformed into E. coliDH5-U compet ent cells (New Enc¢

Cells were thawed on ice and incubated with 5 pL plasmid DNA on ice for 30 min.
The heat shock method was used to transform cells at 42°C for 45 secs before
being placed back on ice for 5 mins. Room temperature lysogeny broth (LB)
media was added, and cells were allowed to recover for 1 hr at 37°C before being
plated on LB agar plates containing 100 pg/mL ampicillin (pN, pP, pL, pM2-1,
pM/SH-GFP) or 50 pg/mL kanamycin (pTMEM16A-mycDDK). Plates were

incubated at 37°C overnight to allow colonies to form.

2.5.3 Plasmid cDNA amplification

A single colony was selected to inoculate 5 mL LB media containing the
appropriate antibiotic in a 50 mL falcon tube. This was incubated at 37°C in a
shaking incubator (160-200 RPM) for approximately 8 hrs. The 5 mL culture was
added to 100 mL LB media containing antibiotic in a 500 mL conical flask and left
to grow overnight. Bacterial cells were harvested, lysed and the DNA extracted
using QIAGEN Maxi-prep kits following the manufacturers protocol. The
concentration and purity of extracted DNA was checked using a NanoDrop One
Microvolume UV-Vis Spectrophotometer (Thermo Scientific). To confirm the
identity of the plasmid, a sample was sent for sequencing (Genewiz). The pN,
pP, pL and pM2-1 plasmids were sequenced using T7 forward primer
( STBATACGACTCACTATAGGG3 6) and p-mMBDYM WvésAequenced
using the VP1.5 forward (5° GGACTTTCCAAAATGTCG 3') and XL39 reverse

(5' ATTAGGACAAGGCTGGTGGG 3') primers (OriGene).

2.5.4 Mammalian cell transfections
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Transfections were carried out using FUGENE HD transfection reagent
(Promega, E2311). For HRSV minigenome studies (2.3.7), a total of 3.3 pg DNA
was transfected per well (6-well plate) at a plasmid ratio of 1:1:1:1:1 unless
otherwise stated, and for TMEM16A localisation studies (2.4.6), a total of 1 ug
DNA was used per well (12-well plate). Plasmid DNA was mixed with Opti-MEM
(Thermofisher) in a 1.5 mL tube and the transfection reagent was added to the
centre of the liquid (avoiding the edges of the tube). The transfection reagent
(UL):DNA (ug) ratio was 3:1. The transfection mixture was mixed by pipetting 15
times and incubated for 15 mins at room temperature to allow the formation of
transfection complexes. The mixture was then added to cells containing 450 uL
(12-well plate) or 850 uL (6-well plate) serum-free media for a total volume of 0.5
mL or 1 mL, respectively. After incubation at 37°C for 6 hours, the transfection
mix was removed, cells were washed with PBS and the media was replaced with

complete DMEM.

2.6 Precision-cut lung slices (PCLS)

All practical work involving PCLS detailed below was carried out by members of

DrCHessebs | ab ( Fr aunh o fexxept fdr the westérn kloé

analysis of HRSV proteins in PCLS lysates, which was carried out by the author
of this thesis according to section 2.4.2. All members of this collaboration
contributed to the analysis and interpretation of the data and are recognised as

co-authors in the resulting publication [326].

2.6.1 Preparation of Precision-Cut Lung Slices (PCLS)

Primary human lung tissue was provided by KRH Klinikum Siloah-Oststadt-

Heidehaus (Hannover, Germany) from cancer patients who underwent lung
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resection. Human PCLS were generated from disease-free tissue as previously
described [334]. Briefly, lobes were filled with 2 % agarose (Sigma Aldrich) in
DMEM/F12 (Gibco) via the bronchi. Solidified tissue was punched into cores of 8
mm diameter and cut into slices of 300-350 um on a microtome (Krumdieck
Tissue Slicer, Alabama Research and development, Muniford, AL, USA). PCLS
containing airways were microscopically checked for ciliary movement and
cultured in a 24-well plate in DMEM/F12 supplemented with 1% P/S (10,000 U/ml,

Gibco) at 37°C with 5% CO2 overnight [326].

2.6.2 Ex vivo infection experiments using human PCLS

PCLS were drug-treated for 40 min in DMEM/F12 (1% P/S) and subsequently
infected with HRSV (2.5x10°> PFU/well) or ultraviolet (UV)-inactivated virus.
Supernatants were collected after 24 hrs, and tissues were lysed in 1 % Triton X-
100 (Sigma Aldrich) in PBS (Lonza). Supernatants and lysates were
supplemented with 0.02% Protease Inhibitor Cocktail (P1860, Sigma Aldrich). For
viability assessments, lactate dehydrogenase (LDH) release was assayed in the
supernatants using Cytotoxicity Detection Kits (Roche). IP-10 secretion was
measured by ELISA (2.3.9.2). Total protein content was measured from the
lysates via bicinchoninic acid (BCA) assays (Thermo Scientific). Virus protein

expression was assessed by western blot (2.4.2) [326].

2.6.3 Ethics Statement

The use of human lung tissue was approved by the ethics committee (number
27017 2015) of the Hannover Medical School, Hannover, Germany. Experiments
complied with the Code of Ethics of the World Medical Association (Declaration
of Helsinki) involving human subjects. The privacy rights of human subjects were
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observed, and written consent was obtained from all patients. Personal data were

not recorded to protect anonymity [326].

2.7 Statistical analysis

IncuCyte ZOOM quantification (2.4.5) or western blot densitometry (2.4.2)

analysis of virus infection, as well as cell viability (2.1.3) data were compared

using a one-way analysis of variance (ANOVA) Bonferroni multiple comparison

test (CI' channel inhibitor-treated cells vs solvent-treated controls). Data were

analysed using Microsoft Excel (V.2013). Assays were verified using the HRSV

inhibitor ribavirin (and additional controls where stated). Averages and statistical

anal ysis were perPf orathad swlOdr. @ 5n &3.re cons
significant (*). For PCLS (2.6) data, statistical analysis was performed using a
oneeway ANOVA Dunnettdés multiple compari s
Whitneyone-t ai | ed test wusing GraphPad Prism ()

considered significant (*) [326].
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Chapter 3 Discovery of a novel role for TMEM16A during HRSV

infection

3.1 Introduction

Human CI- channels are a family of poorly understood, largely overlooked ion
channels. Until relatively recently, it was thought that their only role was the
regulation of action potentials in excitable cells, however it is now becoming
apparent that CI- channels have many more equally important functions within
cells [158]. With the emergence of a wealth of research implicating other host
ion channel families (e.g., K* channels) as viable antiviral targets [305,306], a
need to assess the potential role of Cl- channels became apparent. HRSV was
described 65 years ago, however there are still currently no effective treatment
options available. A role for ClI- channels as host factors during HRSV infection
was yet to be investigated, and a need for novel antiviral targets was evident.
Therefore, the aim of this chapter was to assess a potential role of host ClI-
channels during HRSV infection. To achieve this, a pharmacological approach
was adopted wherein an ion channel inhibitor screen was performed to test the
sensitivity of HRSV to selected and increasingly specific modulators of CI-
channels. For this, the use of a GFP-labelled HRSV A2 strain to assess infection
was firstly validated. Following the screen, hits were investigated further using
physiologically relevant models of infection. Lastly, other NSVs were tested for

their sensitivity to the CI- channels of interest.

3.2 HRSV propagation, purification, and quantification

The experiments described in this thesis involved two genetically distinct HRSV
isolates, which were the wild type A2 strain (WT-HRSV) and a derivative in which

the GFP gene had been inserted as an independent transcriptional unit in the first
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position in the HRSV gene order (HRSV-GFP). To generate purified stocks of
these viruses for use in subsequent experiments, an optimal HRSV propagation
protocol was established based methods described by Sun and Lopez, 2016
[329], Gias et al., 2008 [328], Vasou, 2016 [335], alongside in-house protocols
written by Dr Samantha Hover, and Eleanor Todd. To propagate the virus, HEp-
2 cells were infected with HRSV at MOI 0.01 for 5 days, or until CPE was
observed. HEp-2 cells are known to produce high yields of HRSV and are the
most common cell type used for this purpose [336] and a low MOI is required to

prevent the formation of defective viral particles [329].

HRSV spreads from cell-to-cell through release of infectious virions, but also
through the creation of large, multinucleated cells known as syncytia [337].
Therefore, to gain the highest yield of virus, the supernatant containing the
released virus and the cell-associated virions were collected separately and later
combined. Infection with HRSV produces substantial cytokine release from cells
therefore purification of HRSV stocks is critical to prevent these from interfering
with future experiments [338]. WT-HRSV was harvested from supernatant and
from cell lysates, and each was recovered after purification through a 30%
sucrose cushion. Samples were additionally collected throughout purification to
test the efficiency of the process (i.e., the post-ultracentrifugation media, the
sucrose cushion, and the interface between the two). Infectious virions were
identified in samples by applying to naive A549 cells (alongside an MOI of 1 or
0.5 infection controls) and assessing the number of infected cells by
immunofluorescence (Figure 3-1 Ai). Fluorescence images (Figure 3-1 Aii) were
taken, and the number of infected cells was quantified using an IncuCyte ZOOM

cell imaging system. For WT-HRSV, the purification process was efficient and
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only minimal amounts of virus were found in the post-ultracentrifugation test
samples (Figure 3-1 A; sucrose, interface, and media), compared to the cells

infected with the purified virus samples (clarified) and infection controls.

Next, the second HRSV isolate, HRSV-GFP, was purified using the optimised
method outlined above using a sucrose cushion. Again, naive cells were infected
with the purified virus stock to check for infectious virions, and GFP-expressing
cells were detected using the IncuCyte. Initially, the virus yield appeared greatly
reduced owing to the lack of GFP-fluorescent cells upon re-infection with the total
purified sample compared to the control infection (MOI 0.5) (Figure 3-1 B, green
cells). However,upon st ai ni nHRSWantibddy, it Was rewgaled that
most of the cells were infected, however did not contain GFP (Figure 3-1 B, red

cells). The images in Figure 3-1 B show the contrast in the number of green

(HRSV-GFP expressing) cells and the-HRIYmber

staining) infected with the virus purified by sucrose cushion. This indicated that
the HRSV-GFP isolate had lost the ability to express GFP following propagation

and purification by ultracentrifugation.

By comparison, when HRSV-GFP was purified by PEG precipitation rather than
by sucrose cushion, all the infected cells displayed GFP expression. The images
in Figure 3-1 C show cells infected with HRSV-GFP puri fi ed vi
HRSV staining (red) co-localised perfectly with HRSV-GFP expressing cells
(green). This showed that when HRSV-GFP was propagated and purified by
PEG-precipitation, it retained GFP expression and therefore, this was the method

taken forward for virus purification (2.2.2).

Silver staining was used to check the purity of WT and GFP virus preparations

using PEG. A sample of each virus prep was resolved by SDS-PAGE and silver
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staining revealed bands corresponding to viral proteins (Figure 3-1 D). Minimal
non-viral bands were identified in the samples, confirming samples were

relatively pure.
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Figure 3-1 Optimisation of HRSV purification. A) WT-HRSV stocks were
purified using ultracentrifugation through a 30% sucrose cushion and fractions

taken at each step. The amount of virus present in each fraction was assessed
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by re-infecting cells and staining with anti-HRSV (red). IncuCyte ZOOM analysis
quantified the number of fluorescent cells. B-C) IncuCyte images of A549 cells
infected with HRSV-GFP (green) following purification by (B) sucrose cushion or
(C) PEG-precipitation. Cells were co-stained for anti-HRSV (red). D) Samples of
WT-HRSV and HRSV-GFP were resolved by SDS-PAGE and silver stained

revealing the labelled viral bands.

To quantify the titre of the virus produced, several methods were assessed
including a crystal violet-based plaque assay, immunostaining-based plaque
assay, focus forming assay (FFA) and median tissue culture infectious dose
(TCIDso) assays. The crystal violet plaque assays were less accurate due to the
ability of HRSV to spread without lysing the infected cells, thus often producing
poorly defined, or non-existent, plagues, resulting in a lower estimate of virus
quantity. The FFA and TCIDso assays had the benefit of speed, giving a measure
of virus titre within a couple of days, although the difficulty in accurately identifying
HRSV-mediated CPE or foci of infection was a possible source of inaccuracy.
Measurement of titre using the immunostaining-based plaque assay resulted in
similar findings to the TCIDso assay and provided the additional important benefit
of increased certainty of HRSV foci detection, due to the HRSV antibody
specificity. An example of this is shown in Figure 3-2, wherein titration of the same
WT-HRSV virus stock resulted in similar estimations of virus titre of between
1-7x107 PFU/mL via immunostaining-based plaque assay (Figure 3-2 A) and
TCIDso (Figure 3-2 B). Samples of the unpurified virus supernatant and cell pellet
taken when the virus was harvested were also titred via both methods. The
immunostaining-based plaque assay displayed plagues from the virus
supernatant in the first three dilutions (10-1-103, Figure 3-2 A), however in the

TCIDso, CPE was only observed in the first dilution (101, Figure 3-2 B), indicating
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the lower sensitivity of the TCIDso compared with the immunostaining-based
plague assay. Moreover, the cell pellet, which contained the leftover cellular
debris after harvesting the virus and therefore should not contain any virus,
displayed zero plagues on the immunostaining-based plaque assay (Figure 3-2
A) but CPE was observed in the TCIDso assay up to the 10-° dilution (Figure 3-2
B), indicating inaccuracy. For these reasons, the immunostaining-based plaque
assay was deemed the most accurate and reliable assay and so this was used

routinely to check virus titres (2.2.3).

A WT-HRSV B
Mock WT-HRSV Supernatant Cell pellet
10" @ L X X RIC
102 @ ®9®
10 @® 19 90@ 1B E @
10 P PDINO00® OO @&
109 P0000S 008
9000088 . 06O

X ¥ o >

Cell pellet

Figure 3-2 Comparison of techniques used to quantify HRSV stocks.
A-B) Purified WT-HRSV, along with samples of the supernatant and cell pellet
taken whilst harvesting the virus were quantified using (A) an immunostaining-

based plague assay or (B) TCIDso assay and the results were compared.
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3.3 Assessment of HRSV infection

The GFP-tagged HRSV strain was used for the rapid detection of HRSV infected
cells, and quantification of HRSV gene expression in live cells. To verify the use
of HRSV-GFP as a surrogate for WT-HRSV, the growth kinetics and plague
morphologies of the two viruses were compared. These, and the subsequent drug
experiments, were performed in A549 adenocarcinomic human alveolar basal
epithelial cells as a physiologically relevant, HRSV-permissive cell line. To
analyse the growth of HRSV-GFP, the IncuCyte ZOOM was used to visualise and
quantify GFP fluorescence within live infected cells over 48 hrs. HRSV-GFP
expression was first observed at 9 hpi indicating the start of viral gene expression
and ensuing protein production (Figure 3-3 A). Newly infected cells became
observable at around 25 hpi, therefore as the primary round of infection was first
detected at 9 hpi the time of release was likely ~9 hrs earlier, at ~16 hpi. This was
comparable to what is known for WT-HRSV [339]. The number of HRSV-GFP
infected cells continued to increase, roughly doubling between 24 and 48 hpi. As
expected, infection of a MOI of 1 resulted in a larger number of HRSV-GFP
expressing cells than did infection at MOI 0.1 at all time points, although the rate
of infection was consistent for both MOIs. In addition, plaque morphologies of
WT-HRSV and HRSV-GFP showed no differences (Figure 3-3 B), being of a
similar size and shape, and both viruses were able to be grown to a similar titre.
Taken together, these results suggest that introducing an additional
transcriptional unit in HRSV-GFP resulted in no distinguishable differences in

virus growth with the parental HRSV-WT, in agreement with previous work [339].

To further validate the utility of the IncuCyte/HRSV-GFP detection system to act

as a surrogate for HRSV-specific gene expression and growth, ribavirin, a known
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HRSYV inhibitor and the only current FDAZpproved treatment for HRSV LRTI was
assessed for its antiviral efficacy against HRSV-GFP. Ribavirin is known to inhibit
WT-HRSV in a concentration-dependent manner in vitro [340]. A549 cells were
treated pre-infection (pre-treated) with ribavirin (10-80 uM) to allow the drug to
act upon the cells, after which cells were infected with HRSV-GFP for 24 hrs with
drug maintained throughout. Infection was assessed at 24 hpi and a
concentration-dependent decrease was observed in HRSV-GFP fluorescence
from a 35.5% reduction with 10 uM ribavirin relative to solvent-treated controls,
to a 92.7% reduction with 80 pM ribavirin (Figure 3-3 C(i), black bars).
Representative IncuCyte images of HRSV-GFP expression within these cells are
shown in Figure 3-3 C(ii), which revealed a decline in the number of GFP
expressing cells with increasing concentrations of ribavirin. The toxicity of
ribavirin was determined by measuring the viability of drug-treated cells via MTS
assays. Intheseand allfutureas says, an average matved80. 0
to the solvent-treated controls was considered non-toxic. In ribavirin-treated cells,
cell viability remained over the threshold at all concentrations (95.9% of solvent-
control at 80 uM) indicating that the decrease in HRSV-GFP expression and thus
HRSYV infection, was not due to toxic effects on the cells (Figure 3-3 C(i), grey
bars). Taken together, these data validated the HRSV-GFP virus as a surrogate

marker of HRSV infection in cell culture assays.
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Figure 3-3 Using HRSV-GFP expression as a marker of infection. A) A549
cells were infected with HRSV-GFP at MOI 0.1 or 1 for 48 hrs and the number of
fluorescent cells was quantified in live cells every hour via IncuCyte ZOOM
analysis. B) Comparison of the plagues formed by WT-HRSV and HRSV-GFP.
HEp-2 cells were infected with a serial dilution of either virus for 5 days under a
methylcellulose overlay. Cells were fixed and plaques visualised by staining with
anti-HRSV with an HRP-conjugated secondary antibody and incubation with 4-
CN. C(i) A549 cells were pre-treated with ribavirin (10-80 uM) for 45 min prior to
infection with HRSV-GFP. Quantification of HRSV-GFP expression by IncuCyte
ZOOM took place at 24 hpi (black bars). Cell health was measured by MTS assay
and was compared to solvent (H20)-treated controls (grey bars). Mean of n=4 +
SE, * pOO0. 0 S5ignificant.<(iiFRepreseantative IncuCyte images showing

HRSV-GFP expressing cells in the presence of ribavirin.
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3.4 Blocking Cl- channels inhibits HRSV

To investigate the effects of CI- channel inhibition on HRSV infection, classical
broad-spectrum CI- channel inhibitors 4 , -diisothiocyanostilbene-2 , -@ismlifonic
acid (DIDS), 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), and R(+)-
[(6,7-Dichloro-2-cyclopentyl-2,3-dihydro-2-methyl-1-oxo-1H-inden-5-yl)-

oxyacetic acid (R+IAA-94) were added to A549 cells prior to HRSV-GFP
infection. These compounds were selected as they have been shown to block a
multitude of CI- family members (Figure 3-4 A), and thus any effects would reveal
a general role for this ion channel family during virus infection. Open-channel
blockers, such as DIDS and NPPB, work by binding within and occluding the
channel pore therefore preventing the flow of ClI-ions. DIDS is known to modulate
CI/HCO3s  exchanger, VDACs, CICs, CaCCs and VRACs [341i 343]. NPPB
inhibits CaCCs, most CICs, CFTR and VRACs [342,344]. R+IAA-94 modulates
CLIC1 [345,346], CLIC4 and CLIC5 [347] through an unknown mechanism. It has
been speculated that R+IAA-94 binds the soluble form of CLIC1, reducing its
enzymatic activity and ultimately its channel activity [346]. However, direct
binding of R+IAA-94 to the membrane bound form of CLIC1 has not been ruled
out. R+IAA-94 has been exploited for the isolation and reconstitution of CLIC3
and CLIC4 [347], indicating a direct interaction between the drug and these

channels occurs within cells.

Treatment with both DIDS (10-50 uM) and NPPB (40-100 uM) resulted in a
concentration-dependent reduction in HRSV-GFP expression of up to 85.7%
(50 uM) and 94.7% (100 uM) respectively, compared to solvent-treated controls
(Figure 3-4 B and C; black bars). MTS assays confirmed that there was no

adverse effect on cell viability at the concentrations tested as this remained
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above 80% of the viability of solvent-treated controls (Figure 3-4 B and C; grey
bars). In contrast to DIDS and NPPB, treatment with R+IAA-94 at non-toxic
concentrations (10-25 uM) did not elicit an inhibitory effect on HRSV-GFP

expression compared to the solvent-treated control (Figure 3-4 D).

Figure 3-4 E shows representative IncuCyte images of HRSV-GFP infected cells
treated with all three inhibitors, in which the concentration-dependent inhibition of

DIDS and NPPB from left to right is clearly visible [326].

These results were confirmed using WT virus. Cells were pre-treated with CI
channel inhibitors and infected as in the previous experiments. To measure
WT-HRSYV infection, cells were lysed at 24 hpi and the lysates were resolved by
SDS-PAGE. WT-HRSV glycoprotein (G) was used as a marker of infection, and
expression levels were analysed by western blot. In agreement with the results
obtained for HRSV-GFP, WT-HRSV-G expression decreased in a concentration-
dependent manner in the presence of NPPB and DIDS as well as the positive
control ribavirin, with no loss of viral protein expression observed in R+IAA-94
treated cells (Figure 3-4 F). This ruled out any impact of the drugs on GFP

expression alone and indicated a HRSV-specific effect.

Taken together, these data strongly indicated a requirement for Cl- channels
during HRSV infection, specifically CI- channel family member(s) that are
sensitive to NPPB and DIDS, but not R+IAA94. From this inhibitory profile, a role
for CLICs during HRSV infection was ruled out, however the sensitivity of HRSV
to DIDS and NPPB implicated CaCCs, CICs, VRACs and CFTR as channel
families of interest (Figure 3-4 A). The following sections describe further

experiments to examine the role of these remaining CI- channel families.
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Figure 3-4 Blocking ClI- channels inhibits HRSV infection. A) Broad spectrum
Cl-inhibitors and their known targets. B-D) A549 cells were pre-treated with broad
spectrum CI- channel inhibitors (B) DIDS 10-50 uM, (C) NPPB 40-100 uM or (D)
R+IAA-94 10-25 uM for 45 mins prior to HRSV-GFP infection. Quantification of
HRSV-GFP expression by IncuCyte ZOOM took place at 24 hpi (black bars). Cell
health was measured by MTS assay and was compared to solvent (DMSO)-
treated controls (grey bars). NMigrificant.o f n =
E) Representative IncuCyte images showing HRSV-GFP expressing cells in the
presence of indicated Cl- channel inhibitors. F) A549 cells were pre-treated with
the indicated inhibitors and infected with WT-HRSV. Cell lysates were taken 24
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hpi and analysed by western blot. WT-HRSV-G was used as a marker of infection

and GAPDH loading control is shown.

3.5 Inhibiting CFTR does not influence HRSV infection

CFTR is a CI' channel that is highly expressed in the epithelial cells of the
respiratory tract, the major site of HRSV infection. Several CFTR-specific
inhibitors exist, including CFTRinh-172, chromanol 293B and glibenclamide.
CFTRinh-172 is an allosteric inhibitor of CFTR that interacts with the NBD-1
resulting in maintenance of the closed state [348,349]. The mechanism of action
of chromanol 293B is not well understood although it is thought to be more
complex than a simple pore blocker; evidence suggests that the mechanism is
voltage-independent and may depend on the phosphorylation state of CFTR
[350]. CFTR is activated by various phosphatases and can be classed as
dephosphorylated, partially-, moderately-, or highly phosphorylated; it appears
that chromanol 293B can only inhibit CFTR whilst it is moderately
phosphorylated. Glibenclamide is an open-channel blocker that occludes CI- flow
by binding residues deep within the pore [351]. Evidence suggests that a key
charged residue (K978) on cytoplasmic loop 3, which is situated close to the pore
and is involved in channel opening [352], acts as an initial interaction point to

drive glibenclamide into the pore [353].

Despite the known importance of this channel in lung epithelial cells, treatment of
A549 cells with the highest non-toxic concentrations of CFTRinh-172 (25 uM)
elicited a small reduction in HRSV-GFP expression of 8.9% relative to solvent-
treated controls, however was statistically non-significant (Figure 3-5 A).

Moreover, chromanol 293B and glibenclamide treatments also had no significant
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adverse impact on HRSV-GFP expression. In fact, cells treated with chromanol
293B showed a small but significant increase in HRSV-GFP expression (12.8%
increase at 30 UM compared to solvent-treated control), however this was not
maintained at higher concentrations of chromanol 293B (Figure 3-5 B). Lastly,
glibenclamide (40 uM) showed a 10.0% reduction in HRSV-GFP expression and
this also did not reach statistical significance (Figure 3-5 C). The representative
images in Figure 3-5 D confirm that the number of GFP-expressing cells does not
change with increasing concentrations of the CFTR modulators. As the drugs had
varying mechanisms of inhibition of the CFTR, based on these data, it was
concluded that the CFTR does not play a role during the HRSV lifecycle, at least

in the cell culture system used here [326].
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Figure 3-5 Inhibiting CFTR does not influence HRSV infection. A-C) A549
cells were pre-treated with CFTR inhibitors (A) CFTRinh-172 10-25 pM, (B)
chromanol 293B 20-50 uM or (C) glibenclamide 10-40 uM for 45 mins prior to
HRSV-GFP infection. Quantification of HRSV-GFP expression by IncuCyte
ZOOM took place at 24 hpi (black bars). Cell health was measured by MTS assay
and was compared to solvent (DMSO)-treated controls (grey bars). Mean of n=4
N SE, * pOO0. -8idgnifican. D)sRepresemtatine IncuCyte images showing
HRSV-GFP expressing cells in the presence of indicated CFTR inhibitors.

3.6 VRACs do not play a key role during HRSV infection

Mammalian cells respond to cell swelling by increasing swelling-activated CI-
currents, which play key roles in cell volume, apoptosis, and membrane potential

regulation. Swelling-activated currents are mediated by ubiquitously expressed
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volume-regulated anion channels (VRACS) [354]. The functional significance of
VRACs during HRSV infection was evaluated by studying the effects of their
known small molecule pharmacological inhibitor 4-(2-Butyl-6,7-dichloro-2-
cyclopentyl-indan-1-on-5-yl) oxobutyric acid (DCPIB) [355]. Structural studies
have revealed that DCPIB blocks VRACs t h

where it binds within the channel selectivity filter [356].

In cells treated with DCPIB (2-10 uM), HRSV-GFP expression was reduced by
up to 30.0% at 8 uM, compared to the solvent-treated control (Figure 3-6 A, black
bars). DCPIB was not toxic to cells at these concentrations and the cell viability
remained above 91.6% of the solvent-treated control (Figure 3-6 A, grey bars).
Despite the modest decrease in infection, this compound failed to recapitulate the
concentration-dependent and potent effects of NPPB and DIDS, as shown in the
representative IncuCyte images in Figure 3-6 B, suggesting that VRACs are
unlikely to represent the key CI- channel family required for HRSV infection. The
result was also confirmed using WT-HRSV. As previously, WT-HRSV-G was
used to assess infection and in the presence of DCPIB, expression levels were
slightly reduced (Figure 3-6 C). Based on this data, a minor role for VRACSs during

infection could not been discounted but was not investigated further in this study.
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Figure 3-6 VRACs do not play a key role during HRSV infection. A) A549
cells were pre-treated with VRAC inhibitor DCPIB 2-10 uM for 45 mins prior to
HRSV-GFP infection. Quantification of HRSV-GFP expression by IncuCyte
ZOOM took place at 24 hpi (black bars). Cell health was measured by MTS assay
and was compared to solvent (DMSO)-treated controls (grey bars). Mean of n=4
N SE, * pOO0. -8idnificant. B)jsRepresemtatine IncuCyte images showing
HRSV-GFP expressing cells in the presence of DCPIB 2-10 uM. C) Cells were
treated as in (A) and infected with WT-HRSV for 24 hrs. Cell lysates were
analysed by western blot using WT-HRSV-G as a marker of infection and a
GAPDH loading control.

3.7 Blocking CaCCs inhibits HRSV infection

CaCCs are activated by intracellular Ca?* ions leading to channel opening and
flow of CI ions. Several inhibitors of this family have been identified, including
CaCCinh-A01, niflumic acid, talniflumate and tannic acid (Figure 3-7 A). Whilst
these inhibitors have been used abundantly in studies of CaCC currents, the
mechanisms of action have largely remained unknown. The recent revelation of
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the structure of TMEM16A [210,357] has allowed the first insights into the
mechanisms of some of these compounds. Computational analysis suggested
that CaCCinh-A01 inhibited CaCC currents through directly binding the upper
pocket of the pore, therefore occluding ion flow through the channel. Furthermore,
this interaction caused the collapse of the pore [358]. However, an earlier study
had described a mechanism of inhibition wherein CaCCinh-A01 facilitated the
proteasomal degradation of the TMEM16A protein, therefore reducing expression
levels within the cell [359]. The mechanism of CaCC inhibition by niflumic acid
and its pro-drug talniflumate remain to be elucidated but have been shown to be
voltage-dependent [360], with the level of blockade being lessened when the
membrane potential is negative. Furthermore, both are known non-steroidal anti-
inflammatory drugs clinically approved for the treatment of rheumatoid arthritis,
and chronic obstructive pulmonary disease (COPD) and asthma, respectively.
Lastly, tannic acid is another classical CaCC inhibitor which has been used
historically to inhibit TMEM16A/B through a yet unknown mechanism.
Interestingly, tannic acid is a natural ingredient in green tea and red wine and is
thought to mediate the health benefits of these drinks due to its ability to inhibit
CaCC channels involved in aortic smooth muscle contraction and epithelial CI-

secretion [361].

Upon the assessment of HRSV-GFP expression in cells pre-treated with CaCC
modulators, CaCCinh-A01 (5-40 pM) treatment resulted in a concentration-
dependent decrease in HRSV-GFP expression by up to 59.8% (40 uM) relative
to solvent-treated control cells (Figure 3-7 B, black bars). Similarly, niflumic acid
(10-40 pM) and talniflumate (10-40 pM) inhibited HRSV-GFP expression
significantly, up to 93.5% (40 uM) and 75.4% (40 uM) respectively (Figure 3-7 C-
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D, black bars). Tannic acid treatment (5-20 uM) also inhibited HRSV-GFP
expression by 91.2% of the control at 20 uM (Figure 3-7 E). MTS assays
confirmed that the CaCC modulators did not impact cell health, and at all
concentrations the cell viability was over the threshold of 80% of the solvent-
treated controls (Figure 3-7 B-E, grey bars). Representative IncuCyte images in
Figure 3-7 F show visually the significant decrease in HRSV-GFP fluorescence

in drug-treated cells.

These data were validated through western blot analysis of WT-HRSV-G
expression in the presence of each CaCC modulator. A potent decrease in viral
protein expression was observed in response to treatment with CaCCinh-A01,
niflumic acid, talniflumate and tannic acid compared to the solvent-treated
controls (Figure 3-7 G-J). This confirmed that the concentration-dependent
decrease observed in the GFP signal acted at the level of protein expression,
rather than an unspecified direct effect of the inhibitors on GFP fluorescence,
such as quenching. Therefore, based on of the potency and concentration-
dependency of virus inhibition, it was concluded that the CaCCs represented the
major CI- channel family on which HRSYV relies for efficient infection (summarised

in Table 3.1) [326].
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Figure 3-7 Blocking CaCCs inhibits HRSV infection. A) Known targets of the
selected CaCC inhibitors. B-E) A549 cells were pre-treated with CaCC inhibitors
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(B) CaCCinh-A01 5-40 puM, (C) niflumic acid 10-40 uM, (D) talniflumate 10-40 uM
or (E) tannic acid 5-20 pM for 45 mins prior to HRSV-GFP infection. Quantification
of HRSV-GFP expression by IncuCyte ZOOM took place at 24 hpi (black bars).
Cell health was measured by MTS assay and was compared to solvent (DMSO
or H20)-t r eat ed controls (grey bars). Me an
significant. F) Representative IncuCyte images showing HRSV-GFP expressing
cells in the presence of indicated CaCC inhibitors. G-H) Cells were treated as in
(B-E) and infected with WT-HRSV for 24 hrs. Cell lysates were analysed by
western blot using WT-HRSV-G as a marker of infection and a GAPDH loading

control.
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Table 3.1 Summary of the sensitivity of HRSV to modulation of CI- channel

families.

Cl- channel family HRSV Reasoning

sensitivity?

CFTR No CFTRinh-172, chromanol 293B and

glibenclamide insensitive

ClICs Potentially CIC-2, | Tissue specific expression (CIC-11
others unlikely skeletal muscle, CIC-Ka and -Kb i

kidney and inner ear)

CIC-2 widely expressed and
sensitive to DIDS and NPPB

LGCCs Unlikely Tissue specific expression (GABA
and glycine receptors i CNS)

CaCCs Yes Sensitive to CaCCinh-A01, niflumic

acid, talniflumate and tannic acid

VRACs Potentially a Partial sensitivity to DCPIB, but not
minor role, but concentration-dependent

unlikely to play a

major role
CLCAs Unlikely Tissue specific expression (CLCA1
i intestines, CLCA2 i Trachea and
mammary glands, CLCA3 i
truncated pseudogene, CLCA4 i
Neural tissue)
CLICs No R+IAA-94 insensitive
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3.8 TMEM16A is the CaCC required during HRSV infection

Within the CaCC channel family, two subgroups exist: anoctamins (TMEM16
proteins) and bestrophins. Of the anoctamins, only TMEM16A and B have highly
selective CI- channel activity whilst other family members are dual function lipid
scramblases and non-selective ion channels. The bestrophins all show CI
channel activity; however, they are mainly expressed in the eye and colon and
so are unlikely involved in HRSV infection (1.7.4.1) [199,202]. TMEM16A
(anoctamin 1, ANO1) is highly expressed within the respiratory tract, and it is a
common target for all the CaCC inhibitors that displayed anti-HRSV activity.
Furthermore, due to its overexpression in many cancers, TMEM16A has been
widely studied and as a result, several potent and specific small molecule
inhibitors that target this channel are available. For these reasons, TMEM16A

was the channel of interest in the following studies.

To investigate a role for TMEM16A during the HRSV lifecycle, the effects of
specific inhibitors of this channel upon HRSV-GFP infection were assessed.
Benzbromarone [223], T16Ainh-A01 [362] and MONNA [363] were all identified
as TMEM16A-inhibitors by high-throughput screening strategies and inhibit the
channel with half-maximal inhibitory concentrations (IC50s) of 9.97 uM, 1.10 uM
and 1.27 uM, respectively. Benzbromarone is thought to work via a pore-blocking
mechanism [223], and interestingly, is used clinically in the treatment of gout. For
T16Ainh-A01, inhibition occurs independently of voltage, and without affecting
calcium signalling, indicating it likely acts on the TMEM16A protein directly in an
unspecified manner and without affecting the expression levels of the protein

[359,362]. The mechanism for MONNA is less clear but it is highly selective for
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TMEM16A and elicits no inhibitory effects on other CI- channels including CFTR,

CLC-2 and BEST1 [363] .

The pre-treatment of HRSV-GFP infected cells with each of these TMEM16A
inhibitors recapitulated the results of the CaCC inhibitors and showed a
significant, concentration-dependent reduction of GFP expression (Figure 3-8).
Benzbromarone modulation caused a decrease in HRSV-GFP expression
between 14.0% and 53.3% (10-20 uM) relative to the solvent-treated control,
whilst cell viability remained over 81.2% (Figure 3-8 A). Additionally, T16Ainh-A01
treatment elicited a potent decrease in HRSV-GFP expression by up to 79.3%
(30 uM) whilst retaining an 88.6% cell viability compared to the solvent-treated
control (Figure 3-8 B). TMEM16A modulation with MONNA resulted in a
significant 66.2% (30 uM) decrease in HRSV-GFP expression compared to
solvent controls, and the cells retained 96.1% viability (Figure 3-8 C). The potency
of the TMEM16A-speciffic modulators against HRSV-GFP is shown visually by
the representative images of each condition (Figure 3-8 D). Western blot analysis
of WT-HRSV-G expression in drug-treated cells confirmed the reduced levels of
WT-HRSV gene expression in the absence of TMEM16A activity (Figure 3-8 E).
These data provided the first description of a crucial role for TMEM16A during

HRSYV infection [326].

Genetic silencing of TMEM16A has been shown to inhibit cell proliferation in
cancer cells [247,359], and indeed in the present study siRNA and CRISPR
approaches led to a loss of cell viability in our chosen cell lines (data not shown).
Furthermore, the TMEM16 proteins are known to play additional roles within the
cell, including lipid scramblase functions and participation in many cell signalling

pathways (see 1.7.4.2). A pharmacological approach, as adopted here, allowed
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the study of CI- channel activity without affecting other key roles carried out by

TMEM16A.
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Figure 3-8 TMEM16A is the CaCC required during HRSV infection. A-C) A549
cells were pre-treated with TMEM16A-specific inhibitors (A) benzbromarone 5-20
UM, (B) T16Ainh-A01 5-20 uM or (C) MONNA 5-30 uM for 45 mins prior to HRSV-
GFP infection. Quantification of HRSV-GFP expression by IncuCyte ZOOM took
place at 24 hpi (black bars). Cell health was measured by MTS assay and was
compared to solvent (DMSO)-treated controls (grey bars). Mean of n=4 + SE,

*pO0. 05, -signiicant D) rRepmesentative IncuCyte images showing
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HRSV-GFP expressing cells in the presence of indicated TMEM16A-specific
inhibitors. E) Cells were treated as in (A-C) and infected with WT-HRSV for 24
hrs. Cell lysates were analysed by western blot using WT-HRSV-G as a marker

of infection and a GAPDH loading control.

3.9 Inhibitory effects of TMEM16A modulators on HRSV are not
through direct effects on HRSV virions

Within the HRSV virion envelope, three transmembrane proteins are encoded;
including SH which forms a pentameric ion channel [62]. To ensure the small
molecule inhibitors were not affecting the function of SH, or having any unknown
effect on the HRSV virions, WT-HRSV virions were treated directly with ribavirin,
CaCCinh-A01, T16Ainh-A01 or MONNA for 45 mins. The drugs were then diluted
in media (O 4 Gf@ld dilution from active concentration) and the treated virions
applied to untreated cells. Western blot analysis of WT-HRSV-G expression at
24 hpi showed similar levels of infection from drug- and solvent-treated virions
(Figure 3-9 A(i)), and the quantification of WT-HRSV-G expression (Figure
3-9 A(ii)) revealed there was no significant differences between them. These data
indicated that the drugs were not viricidal and that the previously observed
reduction in HRSV infection in response to CaCC and TMEM16A modulation was
not due to any direct effect on the virion, but rather due to cell-mediated effects.
This supported the hypothesis that the inhibition of TMEM16A channel activity

disrupts HRSV infection [326].

Additionally, the effect of each inhibitor was independent of MOI; the percentage
reduction of HRSV-GFP expression following drug treatments relative to solvent-

treated controls was not significantly altered when an MOI of 0.5 or 1 was used
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(Figure 3-9 B), compared to MOI 0.1 used in the previous experiments. This
indicated that the inhibitory effects of TMEM16A modulation within cells could not
be overcome simply with a higher viral load. This corroborated the idea that the
inhibition of HRSV observed was due to modulation of a host factor (of
unchanging concentration) rather than an effect on the virion (which changed

concentration with increasing MOI) [326].
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Figure 3-9 TMEM16A-modulators exert cell-mediated effects on HRSV.
A (i) WT-HRSV virions were treated directly with ribavirin (40 uM), CaCCinh-A01
(40 uM), T16Ainh-A01 (30 uM), MONNA (30 pM), or the appropriate solvent
control (DMSO or H20) for 45 min. The drugs were diluted in media and the
treated virions were used to infect cells. After 24 hrs infection was analysed by
western blot utilising WT-HRSV-G as a marker of infection. The GAPDH loading
control is shown. A (ii) Quantification of three biological repeats by densitometry.
WT-HRSV-G expression was normalised to GAPDH expression and then to
solvent-treated controls. Mean of n=3 + SE. B) Cells were pre-treated with
ribavirin (40 uM), CaCCinh-A01 (40 uM), T16Ainh-A01 (30 uM), MONNA (30 uM)
for 45 mins prior to HRSV-GFP infection at MOI 0.1 (black bars), 0.5 (dark grey
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bars) or 1 (light grey bars). HRSV-GFP expressing cells were quantified by
Il ncuCyte ZOOM analysis at 24 hpi. Mean of

3.10 Therequirement for TMEM16A during HRSV infection is
conserved in neuronal cells

In addition to the respiratory system, HRSV is known to infect the CNS where it
is thought to elicit neurological symptoms including seizures [364,365].
TMEM16A is expressed within neuronal cells [215], and so the effects of
TMEM16A channel inhibition in SH-SY5Y neuronal cells upon HRSV infection

were examined.

Firstly, using the three broad spectrum CI- channel inhibitors which were
previously tested in A549 cells (Figure 3-4 F), the effect of ClI- channel modulation
in SH-SY5Y cells was assessed by western blot analysis. The results in SH-SY5Y
cells mirrored those in A549 cells; a decrease in WT-HRSV-G expression was
observed for both NPPB and DIDS, and R+IAA94 had no detectable effect on
WT-HRSV-G expression (Figure 3-10 A). This indicated that the anti-HRSV effect
of CI- channel modulation was not cell type-specific and that HRSV relied on a

similar profile of CI- channel in the CNS as in the respiratory tract.

To investigate whether the CI- channel required by HRSV in the CNS was indeed
TMEM16A, SH-SY5Y cells were pre-treated with TMEM16A-specific modulators
prior to infection with HRSV-GFP. Like A549 cells, a concentration-dependent
reduction in HRSV-GFP expression was observed following treatment of
SH-SY5Y cells with 30 uM T16Ainh-A01 and 40 pM MONNA (87.1% and 88.1%
decrease relative to solvent-treated controls, respectively) (Figure 3-10 B and C,

black bars). The positive control, ribavirin also inhibited HRSV-GFP infection by
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up to 85.2% at 80 uM (Figure 3-10 D, black bars). Representative IncuCyte
images (Figure 3-10 E) show visually the stark contrast in HRSV-GFP expression
in cells treated with a low vs high concentration of each of these compounds. All
three compounds were checked for toxic effects and used at non-toxic
concentrations (oD®lOeth-treated dontralsi Fgore 3-10tB3yD,
grey bars). Western blot analysis of WT-HRSV-G expression in treated SH-SY5Y
cells also showed a HRSV-G decrease in T16Ainh-A01 or MONNA treated cells
compared to untreated, infected control cells (Figure 3-10 F) [326]. These data
have important implications for the treatment of not only the respiratory symptoms
of HRSV infection but also the neurological symptoms, of which less is currently

known.
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Figure 3-10 The requirement for TMEM16A during HRSV infection is
conserved in neuronal cells. A) SH-SY5Y cells were pre-treated with the
indicated broad spectrum CI- channel inhibitors and infected with WT-HRSV. Cell
lysates were taken at 24 hpi and analysed by western blot. WT-HRSV-G was
used as a marker of infection and GAPDH loading control is shown.
B-D) SH-SY5Y cells were pre-treated with TMEM16A-specific inhibitors (B)
T16Ainh-A01 1-30 uM or (C) MONNA 20-40 pM, or (D) HRSV replication inhibitor
ribavirin 10-80 pM for 45 mins prior to HRSV-GFP infection. Quantification of
HRSV-GFP expression by IncuCyte ZOOM took place at 24 hpi (black bars). Cell
health was measured by MTS assay and was compared to solvent (DMSO or

HO)-t reated controls (grey bars). Me-an of
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significant. E) Representative IncuCyte images showing HRSV-GFP expressing
cells in the presence of low or high concentrations of the indicated inhibitors.
F) As in (A) using TMEM16A-specific inhibitors.

3.11 TMEM16A is a viable target for HRSV inhibition in primary
human lung tissue

The data so far was generated using the A549 cell line, which is derived from
adenocarcinomic human alveolar basal epithelial cells. Often, cell lines have
dysregulated cell signalling pathways, and therefore, a more physiologically
relevant model of infection was sought. In collaboration with Dr Hesse at The
Fraunhofer Institute for Toxicology and Experimental Medicine, precision-cut lung
slices (PCLS) generated from disease-free human tissue were used to assess

the requirement of TMEM16A during HRSV infection.

To validate the use of PCLS, their permissibility to HRSV infection was firstly
assessed. Interferon gamma-induced protein 10 (IP-10) had been previously
shown to be released in airways in response to respiratory virus infection,
including HRSV [366], and was therefore assessed as a marker of HRSV
infection in the present study. PCLS were infected with HRSV for 72 hrs, after
which the supernatants were collected and the amount of IP-10 released into the
supernatant was assessed by ELISA. It was found that in PCLS, IP-10 was
specifically released in response to active HRSV infection, but not ultraviolet
(UV)-inactivated HRSV (Figure 3-11 A). The permissibility of PCLS to HRSV
infection was further confirmed using confocal imaging, wherein specific HRSV

staining was observed throughout the tissue, including in ciliated cells (Figure

125



3-11 B). IP-10 was therefore considered to be a suitable surrogate marker of

HRSYV infection which was quantifiable by ELISA.

PCLS from three independent donors were pre-treated with T16Ainh-A01 (10-20
pUM) or CaCCinh-A01 (10-20 uM) for 40 mins prior to infection with HRSV. After
24 hrs, the cell supernatants and lysates were collected. The level of IP-10
released into the supernatants was assessed by ELISA and in all three donors,
T16Ainh-A01 treatment resulted in a significant 0.35-fold decrease at 10 uM and
0.07-fold decrease at 20 uM compared to untreated, infected tissue (Figure 3-11
C). To check for any potential toxicity associated with the T16Ainh-A01 treatment
in these samples, LDH release assays were performed. In these assays, the
amount of LDH released into the supernatant was indicative of the level of plasma
membrane damage. There was no significant difference observed in LDH release
from T16Ainh-A01 treated PCLS compared to untreated tissue, and all samples
showed 020. 0% LDH r el e a4dysed @ighymordrolsgFigure
3-11 D) indicating minimal effects of both compounds on cell membrane integrity.
However, the concentrations at which the inhibitors were non-toxic were lower in
PCLS than in A549 or SH-SY5Y cell lines. These results demonstrated that
T16Ainh-A01 maintains its anti-HRSV activity in physiologically relevant models

of HRSV infection [326].

T16Ainh-A01 (20 uM) treatment similarly reduced WT-HRSV-G and WT-HRSV-
N expression in PCLS by 17.4% and 69.0%, respectively, as determined by
western blot (Figure 3-11 E). This is shown for one donor in Figure 3-11 E, but
unfortunately, there was not enough sample remaining to analyse virus protein
expression in every donor via western blotting, therefore statistical analysis was

unable to be performed.
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Treatment of PCLS with CaCCinh-A01 led to a similar decrease in IP-10 in two
out of three donors, yet these values did not quite reach statistical significance
(Figure 3-11F). This is likely due to the lower specificity of this drug for
TMEM16A. Additionally, whilst there was no significant difference in LDH levels
between CaCCinh-A01 treated and untreated PCLS (Figure 3-11 G), the LDH
levels overall were higher relative to the triton-lysed controls than was seen with
T16AINh-A01 ( O30.0%), hence the use of-AM
than was previously used in cell lines (maximum of 20 uM in PCLS compared
with 40 uM in cell lines). In A549 cells, 20 uM CaCCinh-A01 resulted in a modest
30.0% reduction in HRSV-GFP expression relative to solvent-treated controls

(Figure 3-7 B).

Taken together, these data validated the use of PCLS as a model of HRSV
infection and showed that TMEM16A-modulation by T16Ainh-A01 significantly
inhibited HRSV infection, confirming the previous data to be representative of a
physiologically relevant phenomenon. The use of IP-10 as a marker of infection
in PCLS was useful in these experiments, however it was not a perfect solution.
The question of whether the inhibition of IP-10 release in PCLS by T16Ainh-A01
was indeed a direct result of the action of the drug on the virus remained. This

was further probed in Chapter 4 (4.8).
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Figure 3-11 TMEM16A is a viable target for HRSV inhibition in primary
human lung tissue. A) Extrinsic IP-10 levels in the supernatants of PCLS
infected with HRSVorUV-i nacti vated HRSV. Sampl es wer
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and extrinsic levels of IP-10 in the supernatants at 72 hpi were measured by
ELISA. Individual values (dots) of six independent donors are shown. Data were
compared using an unpaired Mann-Whitney  one-tailed test,
*p<0.05. B) Immunofluorescence image of HRSV-infected PCLS inoculated for
2 hours. SIl'ices were fixed 72 hpi and st
DAPI (nuclear marker, blue). C) Extrinsic IP-10 in the supernatants of
T16Ainh-A01 (1012 0 O Mitreated HRSV-infected PCLS 24 hpi. Values are
the fold changes of cytokine values (normalised to pg/mg total protein) compared
with respective untreated HRSV-infected tissue. Individual values (dots) of three

donors are shown. Connecting lines represent data sets from the same donor.

o
(%]
3

Data was analysed usingaone-way ANOVA with Dunnet:'t
test, *p<0.05 or **p<0.01. D) Released LDH is shown normalised to respective
Triton-lysed untreated, uninfected tissue (mock). Mean values (bars) and
individual values (dots) of three donors are shown. n.s, non-significant.
E (i) Quantification of western blot (E (ii)) analysing the expression of WT-HRSV-
G, WT-HRSV-N and GAPDH (loading control) in the lysates of PCLS samples
treated with T16Ainh-A01 (in C). F-G) As in (C) and (D) using CaCCinh-A01
(10-20 pMm).

3.12 CaCCs may be required for other negative sense RNA

viruses

3.12.1 Influenza virus

Influenza A virus (IAV), belonging to the Orthomyxoviridae family, is a
segmented, single-stranded, negative-sense RNA virus [367]. Usually infecting
birds, 1AV can spread to and cause disease in other hosts, including humans.
There are many subtypes of IAV, designated according to the type of HA and NA
proteins displayed on the virions surface. Several subtypes of IAV cause severe

disease in humans and there are examples of severe outbreaks scattered
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throughout history. The most pathogenic subtype in humans, H1IN1, was the
causative agent of the 1918 O6Spanish f1

which resulted in ~50 million and ~284,000 deaths, respectively [368].

Like HRSV, IAV is a respiratory pathogen which causes similar symptoms; fever,
cough, sore throat, runny nose, and headaches, accompanied by muscle and
joint pain and severe malaise. In severe cases, IAV infection can lead to breathing
problems and pneumonia. Another similarity to HRSV is the seasonality of cases,
with both viruses circulating at the same time of year in temperate climates.
Globally, seasonal IAV infection is thought to severely affect 3-5 million people
annually, resulting in approximately 290,000-650,000 deaths (according to the
WHO [369]). The transmission of IAV occurs via the same routes as HRSV:
inhalation of infectious droplets, or direct contact with fomites. The greatest risk

factors for severe IAV disease are age and underlying health conditions.

To explore the potential for a pan-virus effect of TMEM16A channel modulation
of NSVs, a GFP-labelled 1AV strain (2.2.1) was obtained. In a similar fashion to
HRSV-GFP, IAV-GFP was used to quantify infection in the presence of CaCC
inhibitors. Treatment with CaCCinh-A01 resulted in a modest but significant
reduction in IAV-GFP expression at 5 and 10 uM of 29.6% and 30.0%,
respectively, relative to solvent-treated controls. However this was not a
concentration-dependent effect with the higher concentrations (20 - 40 uM)
showing lower levels of virus inhibition (25.6% i 12.8% reduction, Figure 3-12 A).
MONNA treatment led to a similarly small and concentration-independent
inhibition of IAV-GFP expression of between 20.2% (30 uM) and 35.9% (20 uM)

of the solvent-treated control (Figure 3-12 B).
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However, treatment with T16Ainh-A01 did recapitulate the effect previously
observed on HRSV and showed a concentration-dependent decrease in 1AV-
GFP expression from 27.9% - 65.5% at 5 - 30 uM (Figure 3-12 C). Additionally,
as ribavirin is a known inhibitor of 1AV it was utilised here as a positive control.
Ribavirin treatment (10 - 80 uM), resulted in a significant reduction of 24.9% -
85.9% in IAV-GFP expression compared with solvent-treated controls (Figure
3-12 D). This was more effective than any of the CaCC inhibitors assessed

(shown visually in Figure 3-12E) [326].

These results suggested that whilst TMEM16A appears crucial for HRSV
infection, it may play a less important role in 1AV infection. However, IAV-GFP
expression was limited to the nucleus as the site of IAV replication, whereas
HRSV-GFP was expressed throughout the cytoplasm. Therefore, the variability
of the results for IAV-GFP may have been partly due to a flaw within the assay: it
was more difficult to detect IAV-GFP by IncuCyte analysis due to the smaller area

of expression.
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Figure 3-12 TMEM16A may play a role during IAV infection. A-D) A549 cells
were pre-treated with (A) CaCC inhibitor CaCCinh-A01 5-40 uM, TMEM16A-
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specific modulators (B) MONNA 5-30 uM or (C) T16Ainh-A01 5-30 pM or (D)
positive control ribavirin (10-80 pM) for 45 mins prior to IAV-GFP infection.
Quantification of HRSV-GFP expression by IncuCyte ZOOM took place at 24 hpi.
Mean of n=3 N SE, -significadt. H) Bepresantatve IacuGyte
images showing IAV-GFP expressing cells in the presence of low or high

concentrations of the indicated inhibitors.

3.12.2 Bunyaviruses

The Bunyavirales are a large order of segmented, single-stranded, negative-
sense RNA viruses [370]. These vector-borne viruses can infect plants, insects,
and animals as well as humans. Bunyamwera virus (BUNV) is the prototypic
member of the Bunyavirales order and belongs to the Peribunyaviridae family. It
is carried by mosquitos (Aedes aegypti) and causes a febrile illness in humans
known as Bunyamwera fever. Hazara virus (HAZV) is another member of the
Bunyavirales order of NSVs, belonging to the Nairoviridae family. It is carried by
Ixodes redikorzevi ticks, and whilst it does not cause disease in humans, it mirrors
the symptoms of Crimean-Congo haemorrhagic fever virus (CCHFV) in mice
[371]. CCHFV is highly pathogenic in humans with a fatality rate of up to 40% and
is endemic in Africa, the Middle East and Asia. Symptoms of CCHF include fever,
dizziness, photophobia, muscle-, neck-, back- and headaches and can progress
to bleeding of internal mucosal surfaces and organ failure [372]. Due to the
dangerous nature of this pathogen, combined with the lack of preventative or
therapeutic treatment options, research must be carried out under bio-safety level
(BSL)-4 conditions. The close similarity between HAZV and CCHFV allows the
use of HAZV as a model virus in the study of CCHFV without the need for high

containment facilities [373].
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To further investigate the potential pan-viral effect of TMEM16A modulation on
NSVs, BUNV and HAZV were investigated. Of note, both viruses infect
respiratory cells, though the respiratory tract is not thought to represent the major

sites of virus infection.

WT-HAZV was used in these studies and infection was assessed through
quantification of immunofluorescent staining of the nucleoprotein (WT-HAZV-N).
CaCC modulation through treatment with CaCCinh-A01 (5 - 40 uM) caused a
statistically significant, concentration-dependent reduction in WT-HAZV-N
expression from 29.2% up to 84.4% of the solvent-treated control (Figure 3-13
A). Treatment with T16Ainh-A01 and MONNA also had a profound effect on
HAZV infection demonstrated by a significant reduction in WT-HAZV-N
expression up to 88.4% and 75.5%, respectively (Figure 3-13 B-C). Furthermore,
the broad antiviral ribavirin was also highly effective against HAZV, eliciting a
94.7% reduction in WT-HAZV-N at 80 uM (Figure 3-13 D). Images of infected
cells treated with the highest and lowest drug concentrations demonstrate the
potent inhibitory effects of each of these compounds on WT-HAZV-N expression

(Figure 3-13 E).

For BUNV, the nucleoprotein (WT-BUNV-N) was also used as a marker of
infection which was analysed by western blot. CaCCinh-A01 treatment resulted
in a 58.8% reduction in protein expression relative to solvent-treated controls (40
MM, Figure 3-13 F). However, specific TMEM16A modulation through
T16Ainh-A01 treatment resulted in a small and non-significant 20.4% reduction

in WT-BUNV-N expression (20 pM, Figure 3-13 G).

Altogether, these data suggest that the role for TMEM16A is not conserved for all

NSVs. BUNV was inhibited by CaCC modulation but was unaffected by
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TMEM16A-specific modulation by T16Ainh-A01, suggesting another channel

may be involved. However, HAZV shared the same requirement for TMEM16A

as HRSV and IAV, indicating some conserved mechanism between different virus

families.
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Figure 3-13 The role of TMEM16A during Bunyavirus infection. A-D) A549
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cells were pre-treated with (A) CaCC inhibitor CaCCinh-A01 5-40 uM, TMEM16A-
specific modulators (B) T16Ainh-A01 5-30 uM or (C) MONNA 5-30 puM or (D)
positive control ribavirin (10-80 pM) for 45 mins prior to WT-HAZV infection.
Quantification of WT-HAZV-N expression by IncuCyte ZOOM took place at 24
hpi. Mean of n=4 N -sgfficant ) Represeriative IncuGyte= n o n
images showing cells fluorescently labelled with anti-HRSV-N in the presence of
low or high concentrations of the indicated inhibitors. F-G) A549 cells were pre-
treated with (F) CaCCinh-A01, 20-40 uM or (G) T16Ainh-A01 (10-20 pM) and
infected with WT-BUNV. Cells were lysed 24 hpi and infected assessed by
western blot analysis. Representative blots are shown, and expression of WT-
BUNV-N was quantified by densitometry. N expression was normalised to
GAPDH loading control and to solvent (DMSO)-treated cells. Mean of n=2 = SE,
*pO0. 05, -signifisant= n o n

3.13 Summary of the aims and key findings in Chapter 3

This chapter sought to find novel host factors for HRSV infection by utilising the
new wealth of knowledge surrounding viral modulation of ion channels and the
roles of CI- channels in cells. One major benefit of identifying ion channels as host
factors is the potential for drug repurposing (discussed in Chapter 5). Therefore,
the aim of this chapter was to assess the potential role of host Cl-channels during

HRSYV infection.

To determine the role of CI- channels during HRSV infection, the sensitivity of
HRSV-GFP to pharmacological inhibitors of CI- channels was assessed. Two of
the three broad spectrum CI- channel inhibitors potently inhibited HRSV-GFP
infection by over 85% compared to untreated controls, implicating a role for CI-
channels during HRSV infection. Of the five major ClI- channels families,
modulation of one family recapitulated this potent inhibitory effect: the CaCCs.
Through a combination of logical reasoning and experimental evidence,
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TMEM16A was highlighted as a channel of interest. Modulation of TMEM16A with
inhibitors T16Ainh-A01, MONNA and benzbromarone indeed potently reduced
HRSV-GFP infection by up to 79%. Treatment of HRSV virions directly with
TMEM16A channel modulators did not influence infection, indicating that the
drugs did not inhibit the virus directly and therefore that the previous inhibition
observed was due to the action of the drug on cells. Furthermore, this relationship
was conserved in other cells lines as well as in primary human lung tissue.
Therefore, the aim of Chapter 3 was successfully achieved by the identification
of a Cl- channel, TMEM16A, which was crucial to HRSV infection and represented
a potential therapeutic target [326]. Following on from this finding, Chapter 4

explores the mechanisms underpinning this relationship.

An in-depth interpretation of the results of Chapter 3, along with an analysis of
the approaches taken and suggestions for future work are provided in the

Discussion (Chapter 5).
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Chapter 4 Investigation into the mechanisms underpinning the
requirement for TMEM16A during HRSV infection

Following on from Chapter 3 in which the CaCC TMEM16A was identified as a
novel host factor for HRSV infection, the studies in this chapter sought to
elucidate the mechanisms underpinning this relationship. To achieve this, an
analysis of the HRSV life cycle was undertaken to determine at which stage
TMEM16A was required. Furthermore, confocal microscopy was utilised to probe
the subcellular localisation of TMEM16A and where it might facilitate HRSV
infection. Lastly, based on the PCLS data presented in 3.11, an investigation into
the mechanism by which T16Ainh-A01 inhibited HRSV-induced IP-10 release
was undertaken in order to investigate the role of TMEM16A in the inflammatory

response to infection.

4.1 TMEM16A is not required for HRSV cell entry

To investigate the role of TMEM16A during HRSV infection, the viral life cycle
stage at which the channel was required was determined. As discussed in
1.5.1.3, HRSV binds target host cells by attaching to CX3CR1 via its G protein,
allowing F to interact with cellular receptors such as nucleolin, and triggering the
uptake of the virion by actin-dependent macropinocytosis [48,3741 376]. An
approximate timeline of HRSV infection is shown in Figure 4-1 A(i), with virus
binding and entry occurring within the first 3 hrs. Using the broad-spectrum CaCC
inhibitors CaCCinh-A01 (40 uM) and tannic acid (15 puM), and TMEM16A-specific
inhibitors T16Ainh-A01 (30 uM) and MONNA (20 pM), the role of TMEM16A
during the entry stage of the HRSV life cycle was examined. Pre-treated cells
were challenged with WT-HRSV in the presence of each inhibitor for the first 3

hrs, after which any uninternalized virus was washed away. Infection was
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assessed via western blot analysis of lysates collected at 24 hpi, probing for WT-

HRSV-G as a marker of infection.

The virus entry assays showed no significant difference in WT-HRSV-G
expression in solvent-treated cells and CaCCinh-A01, T16Ainh-A01 or MONNA-
treated cells (Figure 4-1 B), suggesting that TMEM16A was not involved in HRSV
entry. However, there was a significant reduction in WT-HRSV-G expression
when cells were treated with tannic acid during the entry stage of infection (65.3%
decrease compared to solvent control). This effect was consistent with the ability
of this compound to prevent virus-receptor interactions as reported for HCV [377]
and norovirus [378], and was likely independent of its TMEM16A-modulating
activity. Lastly, the replication inhibitor ribavirin (40 uM) did not inhibit WT-HRSV-
G expression when present during the same 3 hr window. This was expected as
the mechanism of action of ribavirin occurs later in the viral life cycle (1.3.2),

therefore this result validated the entry assay.

4.2 HRSV does not require TMEM16A for assembly and release
stages of infection

To further assess the role of TMEM16A within the life cycle stages of HRSV, virus
release assays were performed in which cells were infected with HRSV-GFP and
at 16-18hpi the supernatant was removed and any uninternalized virus was
washed away. Cells were treated with the TMEM16A modulators for 4 hours at
the time point corresponding to virion assembly and release (Figure 4-1 A(i)), and
after this time, the supernatants were collected and tested for the presence of
any released virus. This was achieved by diluting the viral supernatants 10-fold

in media to dilute any remaining drug and applying these to untreated cells.
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Therefore, analysis of the subsequent infection through quantification of GFP
fluorescence revealed the amount of virus released from the initial, drug-treated

cells.

The level of subsequent infection following treatment with T16Ainh-A01 (30 uM)
or MONNA (20 uM) during HRSV release stages was not significantly different to
solvent-treated control cells (Figure 4-1 C). This implied that the amount of
released virus from treated cells was roughly equivalent to untreated cells,
indicating that TMEM16A did not play a role during the later life cycle stages of
HRSYV infection. Similarly, ribavirin (40 uM) treatment did not affect the level of
released virus in these assays, as expected from the well-documented activity of

this compound as an inhibitor of virus multiplication [26].

Interestingly, the use of broad-spectrum inhibitor tannic acid (15 uM) in release
assays resulted in a 43.8% reduction in HRSV-GFP expression in re-infected
cells compared to the solvent-treated control, indicating that significantly less
virus was released from the tannic acid-treated cells. Like the virus entry assay
described above, this effect was probably related to additional activities of the
tannic acid compound other than TMEM16A-modulation, however this warranted

further investigation.

Somewhat unexpectedly, the use of the other broad-spectrum inhibitor,
CaCCinh-A01 (40 uM) in these release assays also resulted in a statistically
significant 28.0% reduction in HRSV-GFP expression in re-infected cells, also
indicating a reduction in released virus compared to solvent-treated controls. The
most likely explanation for this is that CaCCinh-A01, like tannic acid, targets other
CaCCs, and so may influence multiple HRSV-life cycle stages. In contrast,

inhibitors T16Ainh-A01 and MONNA are specific to TMEM16A. Therefore, on the
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basis that neither of these specific inhibitors significantly decreased assembly

and release of HRSV, it was concluded that TMEM16A was not required for these

processes.
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Figure 4-1 TMEM16A in not required for the cell entry or release of HRSV.
A (i) Schematic depiction of HRSV infection timeline indicating when the drugs
were present in the following assays. The circled numbers represent the stages
of the HRSV life cycle as depicted in A (ii), as in Figure 1-3. B) A549 cells were
infected with WT-HRSV for 24 hrs. Broad-spectrum CaCC inhibitors CaCCinh-
AO01 (40 uM) and tannic acid (15 puM), TMEM16A-specific inhibitors T16Ainh-A01
(30 uM) and MONNA (20 uM), or positive control ribavirin (40 uM) was added for
the initial three hours and then removed. Infection was assessed by western blot
using WT-HRSV-G as a marker of infection. WT-HRSV-G expression was
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normalised to GAPDH expression and then to solvent (DMSO)-treated controls.

Mean of n=5 N SE, * p OQ).AB4S cellsrwers infected witts i g n i
HRSV-GFP and treated with the same panel of drugs as 16 hpi. Released virus

within cell supernatants was collected at 24 hpi and the drug diluted out. The
presence of HRSV-GFP in supernatants was determined by infecting new cells

and quantifying GFP expression by IncuCyte ZOOM analysis relative to solvent
(DMSO)-treated controls. Meanof n=3 N SE, *p0O0.05, n.s

4.3 Time-of-addition assays reveal that TMEM16A is required
during early, post-entry stages of HRSV infection

After ruling out a role for TMEM16A during HRSV entry and release, post-entry
time of addition assays were performed to define the life cycle stage requiring
TMEM16A functionality more clearly. As mentioned previously, in infected cells
HRSV-GFP expression was first observed at 9 hpi (Figure 3-3 A) suggesting that
this was the time taken for the virus to enter cells, establish viral replication
complexes and synthesize mRNAs resulting in viral protein translation [374]. The
ability of a compound to inhibit HRSV-GFP expression when added 9 hpi would
therefore be suggestive of a role in blocking HRSV gene expression, whereas no
effect on HRSV-GFP gene expression at this time point would be indicative of a
role prior to this. To test this, A549 cells were infected with HRSV-GFP and a
panel of broad-spectrum CI- channel inhibitors, CaCC inhibitors and TMEM16A-
specific inhibitors, as well as ribavirin and NH4Cl controls, were added at O, 3, 6
or 9 hpi (shown schematically in Figure 4-2 A) and infection was assessed at 24
hpi by quantifying HRSV-GFP expression. The levels of GFP expression were
compared to solvent-treated cells, and to each of the other time-of-addition

points.
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The positive control, ribavirin (40 uM), was active against HRSV when added at
0, 3, 6 or 9 hpi, as demonstrated by a significant reduction in HRSV-GFP
expression at each time point compared to the solvent-treated control (Figure 4-2
B). The difference between the expression of HRSV-GFP when ribavirin was
added at 0 hpi vs 9 hpi was also statistically significant, suggesting that ribavirin
was most potent against HRSV when added at earlier time points. However, there
was still a significant reduction of 36.8% in HRSV-GFP expression when ribavirin
was added at 9 hpi, implying this drug inhibited gene expression processes, as

expected.

Endosomal acidification is a process which occurs through the co-ordination of
ion channel families to decrease the pH of the subcellular compartment. H* ions
are pumped into endosomes by H* ATPase, and this requires a charge balance
facilitated by the outward flow of K*, or an influx of CI- through the appropriate ion
channels [178]. Preventing this pH change by treatment of HRSV infected cells
with NH4Cl (10 puM) did not affect HRSV-GFP expression at any time point (Figure
4-2 C). This suggested that HRSV did not rely on endosomal acidification and
therefore the requirement for TMEM16A by the virus was not due to a role in

endosomal acidification process.

Treatment of cells with tannic acid (15 uM) at O hpi showed a substantial 91.8%
reduction in HRSV-GFP expression relative to the solvent control. However, a
reduced antiviral efficacy was observed when the drug was added at O 3

(38.8% to 13.0% reduction from 3 to 9 hpi, Figure 4-2 D). Statistical analysis
confirmed that HRSV-GFP expression was significantly lower when tannic acid
was added at O hpi compared to all other time points. This complemented the

entry assay data and confirmed an inhibitory effect independent of the
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TMEM16A-modulating abilities of this compound. However, there was still a
significant reduction in HRSV-GFP expression when tannic acid was added at 3,
6 or 9 hpi compared to the solvent-treated control which was likely due to the

blockade of TMEM16A.

The CI- channel blocker NPPB (80 pM), along with the CaCC inhibitors
CaCCinh-A01 (40 pM) and talniflumate (30 uM), all maintained their ability to
inhibit HRSV-GFP expression when added up to 9 hpi, resulting in a 69.2%,
63.2% and 40.0% reduction respectively compared to solvent-treated controls
(Figure 4-2 E-G). For NPPB and talniflumate, no significant differences in the
inhibition of HRSV-GFP expression were observed between the times of addition,
implying that the drugs are equally effective at all early points of infection.
However, statistical analysis showed that addition of CaCCinh-A01 at 9hpi
resulted in a less potent inhibition of HRSV-GFP expression than addition at the

earlier time points (0-3 hpi, 81.4%-75.9% reduction, Figure 4-2 F).

Lastly, TMEM16A-specific modulators T16Ainh-A01 (30 uM) and MONNA (40
UM) were also able to inhibit HRSV-GFP expression potently when added up to
9 hpi compared to solvent-treated controls (80.4% and 84.2% reduction
respectively at 9 hpi, Figure 4-2 H-1). Furthermore, there was a significant
difference between HRSV-GFP expression levels when the inhibitors were added
at 0 or 3 hpi than at 9 hpi (T16Ainh-A01 94.8% reduction when added at O hpi,
MONNA 95.7-96.9% reduction when added at 0-3 hpi). This was a similar effect

to the results of the ribavirin and CaCCinh-A01 time-of-addition assays.

Taken together, the time-of-addition data suggested that TMEM16A was required
within the first 9 hrs of infection during a viral life cycle stage that predominantly

takes place early post-infection. The potent activity of these modulators displayed
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when added at 9 hpi suggested that TMEM16A plays a role HRSV gene
expression. These data highlight the potential of TMEM16A modulators as post-

entry inhibitors of HRSV infection in infected individuals [326].
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Figure 4-2 TMEM16A is required for early, post-entry stages of HRSV
infection. A) Schematic depiction of HRSV infection timeline indicating when the

drugs were added in the time-of addition assays (arrows). The circled numbers
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