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Abstract

The role of autophagy in innate immunity has recently garnered attention from
molecular biologists and pathologists alike. A growing number of reports suggest its
anti-viral role in various infections, including Herpes simplex virus 1 (HSV1) which is
the causative pathogen for herpes simplex encephalitis (HSE). Whilst studies have
shown the non-redundant role of Toll-like receptor 3 (TLR3)-interferon (IFN)
signalling pathway in HSV1 defence, the role of autophagy in HSV1 infection and
HSE pathogenesis remains elusive. In this study, we characterised autophagy
phenotypes in response to rapamycin, poly(l:C), c-di-GMP and HSV1 dsDNA
stimulations as well as HSV1 infection, of human dermal fibroblasts derived from
HSE patients harbouring mutations in components of the TLR3-IFN pathway —
UNC93B1 (c.103del4), TLR3 (p.R867Q), TRIF (p.R141X), TRAF3 (p.R118W) and
TBK1 (p.D50A and p.G159A). By using the autophagy marker LC3B, we established
the HSV1-induced formation of two distinct autophagy phenotypes: cytoplasmic and
perinuclear LC3B phenotypes. We correlated the former with the host protective
autophagy response triggered early in HSV1 infection, which is TBK1-dependent but
TLRS3- and IFN-independent, and can be induced in neighbouring non-infected cells.
Fibroblasts carrying the G159A mutation in TBK1 failed to induce LC3BII:I and
reduce the autophagy adaptor p62 protein levels, suggesting a defect in autophagy
response upon HSV1 infection. This impairment is reproducible by inhibiting TBK1
function using TBK1 inhibitor BX795 and depleting endogenous TBK1 in control
fibroblasts. Furthermore, we demonstrated the cytoprotective nature of autophagy in
HSV1 infection, whereby prior upregulation of autophagy by rapamycin in fibroblasts,

led to enhanced cell viability following HSV1 infection.
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Chapter 1: General Introduction

1. General introduction

1.1. Autophagy

1.1.1. Autophagy

Autophagy is a primitive, highly conserved cellular process that isolates cellular
materials in double-membrane vesicles for downstream lysosomal degradation. It is
evolutionary conserved across eukaryotes. Autophagy, which literally means ‘self-
eating’, is a highly orchestrated process involving various autophagy-related (ATG)
proteins, which facilitate the engulfment, lysosomal targeting, and eventually
degradation of the cargo. Its homeostatic and quality control roles come from its
ability to sense and respond to various stresses such as nutrient deprivation and
thermal stress as well as defective organelles. Hence, it is traditionally known to be a
general non-specific method of bulk elimination and recycling. However, there is a
growing appreciation for its role in innate immunity in which it recognises invading
pathogens in the cytoplasm and eliminates them via the help of selective autophagy

adaptors, a process termed ‘xenophagy’ (Mizushima, Yoshimori & Ohsumi, 2011).

1.1.2. Autophagy machinery

Autophagy is a complex membrane trafficking event that regulates a variety of
cellular substrates such as protein aggregates that do not go through proteasomal
degradation system, or defective or redundant organelles such as mitochondria. It

also responds to environmental cues such as stress, starvation, and immune signals.
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Its fundamental role as a catabolic and homeostatic process has been exemplified in
numerous human conditions such as neurodegenerative diseases, cancers, ageing,
as well as immunity (Rubinsztein, Marifio & Kroemer, 2011; Jiang & Mizushima,

2014).

Autophagy generally is a process of isolating cytoplasmic contents in double-
membrane vesicle with the purpose of degrading them. It is coordinated by an
ensemble of 36 ATG proteins, which facilitate the formation, elongation, and
maturation of autophagosomes and their eventual fusion with acidifying lysosomes.
During autophagy, induction is initiated by the unc-51-like kinase 1 (ULK1) complex,
followed by the initial formation of the phagophore membrane (depicted as a
crescent-shaped membrane) which is mediated by class Il phosphatidylinositol 3-
kinase (PI(3)K)) complex consisting of PI(3)K VPS34, VPS15 and Beclin-1 (Figure
1.1). PI(3)K complex is important for the generation of phosphatidylinositol 3-
phosphate (PI(3)P) proteins that are present in the growing autophagosomal
membrane. The source of the membrane is rather unclear but reports have shown
that it may be derived from the endoplasmic reticulum (ER) (Tooze & Yoshimori,
2010) and endosomes (Puri et al., 2013). Subsequent elongation and completion of
the autophagosomal structure involve two ubiquitin-like conjugation system: 1)
formation of ATG12-ATG5-ATG16L1 complex which is incorporated into the outer
membrane, and 2) lipidation of LC3BI into LC3BII via phosphatidylethanolamine (PE)
conjugation, which is incorporated into the outer and inner membranes of the vesicle
(Glick, Barth & Macleod, 2010). Increase in LC3BIl has been widely used as a
marker of autophagosomal formation and hence increase in autophagy activity

(Klionsky et al., 2016). Once the formation of autophagosome is completed, it then
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fuses with proximal lysosomes, which contain hydrolases, effectively acidifying the
vesicle and leading to the degradation of contents. Autophagosome-associated
LC3BIl proteins are then recycled back into the cytosol as LC3BI (Mizushima,

Yoshimori & Ohsumi, 2011) (Figure 1.1).

LC3BI Iysosome

ATG12- oo Fuse
J_ ATG16L1
_-»
Class PI3 cargo
Complex

Autophagosome
Phagophore

Autophagolysosome

Figure 1.1 Schematic diagram illustrating the autophagy process and its machinery.
Autophagy is facilitated by an ensemble of ATG-related proteins (ATGs), which drives the
process through from initiation of phagophore formation and its completion into an
autophagosome, assembly of autophagosome components, and to its eventual downstream

fusion with autolysosomes. Figure is adapted from Glick, Barth & Macleod, 2010.

1.1.3. Autophagy in immunity

Although traditionally known as the disposal bin for bulk cellular waste, it has
come to light that autophagy can also exert protective effects against infection by
selectively targeting invasive pathogens, establishing it as another arm of the
protective innate immune response, termed xenophagy (Stolz, Ernst & Dikic, 2014).
Human cells utilise the ubiquitin (ub) conjugation system to tag invading microbes in
the cytosol for autophagy recognition via autophagy receptors. This discovery led to
the identification of selective autophagy adaptors of the sequestosome 1-like

receptor (SLR) family, which carry two important functional domains on each end of
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the protein: ub-binding domain (UBD) and LC3-interacting region motif (LIR motif).
The role of UBD is to bind to molecular tags such as ub on protein aggregates and
microbes, and glycans, which is an infection-induced damage response molecule
found on the membrane. The LIR motif pulls the adaptor-cargo complex and bridges
it to the LC3B protein on nascent autophagosomes, effectively facilitating the uptake
of selected cargo into the autophagy machinery. Autophagy adaptors, such as p62,
are degraded along with their associated cargo downstream of autophagy and hence
they can also be used as an autophagy marker (Klionsky et al., 2016). Members of
the SLR family include p62, neighbour of BRCA1 gene 1 (NBR1), NDP52 and OPTN
(Kirkin et al., 2009; Thurston et al., 2009; Mostowy et al., 2011; Wild et al., 2011; von
Muhlinen et al., 2012; Korac et al., 2013; Stolz, Ernst & Dikic, 2014). Specifically,
NBR1 and OPTN have been shown to participate in recognition and targeting of ub-
coated protein aggregates (aggrephagy) (Korac et al., 2013; Kirkin et al., 2009). On
the other hand, p62 and NDP52 mediate the recruitment of Shigella and Listeria to
degradative autophagosomes (xenophagy) (Mostowy et al., 2011). In Salmonella
infection, NDP52 and OPTN have been shown to target bacteria to autophagosomes
(Thurston et al., 2009; Wild et al., 2011; von Muhlinen et al., 2012). In addition to
aggrephagy, OPTN is also involved in the disposal of damaged ubiquitin-tagged

mitochondria (mitophagy) (Heo et al., 2015; Richter et al., 2016) (Figure 1.2).
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Figure 1.2 Selective autophagy can be achieved by recruiting selective adaptors.
Autophagy can recognise polyubiquitinated substrates (mitochondria in mitophagy, protein
aggregates in aggrephagy, pathogen in xenophagy) through selective adaptors (p62, NBR1,
NDP52, optineurin) that have the ubiquitin-binding domain, which recognises ubiquitin tags
on cargo, and leucine-rich motif, which bridges it and its associated cargo to a growing

autophagosome. Figure adapted from Stolz, Ernst & Dikic (2014).

Apart from using ubiquitin as a cue, autophagy induction can also be achieved via
pattern-recognition receptors (PRRs) recognition of cognate bacterial or viral
pathogen-associated molecular patterns (PAMPs) (Table 1.1). Mycobacterial
infection has been shown to induce NDP52-mediated autophagy downstream
dsDNA recognition in a stimulator of IFN genes (STING)-dependent manner
(Watson, Manzanillo & Cox, 2012; Watson et al., 2015). Recognition of bacterial
PAMPs by cytosolic Nod-like-receptors (NLRs) such as NOD1/2 and NLRP4 can
also induce autophagy. In human HelLa cells infected with Shigella flexneri, NOD1
and NOD2 recruit ATG16L1 to the site of bacterial entry on the plasma membrane
and invading bacteria are subsequently captured in autophagosomes (Travassos et
al., 2010). Furthermore, human epithelial and dendritic cells induce autophagy
following NOD2 stimulation with its ligand muramyl dipeptide (MDP) — a bacterial cell
wall component — which exerts an anti-bacterial effect on Salmonella enterica

(Cooney et al., 2010; Homer et al., 2010). NLRP4 was found to associate with



Chapter 1: General Introduction

Beclin-1, which it transiently detaches from to induce autophagy, following
Streptococcus pyogenes infection in human Hela cells (Jounai et al., 2011). Viral
dsRNA-induced PKR can regulate autophagy induction through elF2a signalling
pathway (Talloczy et al., 2002). Similar to mycobacterial DNA, viral dsDNA can also
induce autophagy in a STING-dependent manner (Rasmussen et al., 2011;
McFarlane et al., 2011). In addition, stimulation of TLR4, TLR3 and TLR7 with their
cognate ligands LPS, poly(l:C) and single-stranded RNA (ssRNA) has been shown

to activate autophagy (Xu et al., 2007; Delgado et al., 2008; Shi & Kehrl, 2008).

Table 1.1 Pattern recognition receptors or innate immune sensors can trigger
autophagy. Innate immune components (receptors or sensors) that mount inflammatory

responses are also associated with autophagy induction. n.d., not determined; n.a., not

applicable.
PAMP or ligand | PRR or sensor | Pathogen Reference
MDP NOD1, NOD2 | S. flexneri, Travassos et al., 2010;
S. enterica Cooney et al., 2010; Homer
etal., 2010
n.d. NLRP4 S. pyogenes Jounai et al., 2011
dsRNA PKR HSV1 Talléczy et al., 2002
dsDNA STING HSV1, Rasmussen et al., 2011;
Mycobacterium | Watson, Manzanillo & Cox,
tuberculosis 2012; Watson et al., 2015
LPS TLR4 n.a. Xu et al., 2007; Delgado et
al., 2008; Shi & Kehrl, 2008
Poly(I:C) TLR3 n.a. Delgado et al., 2008; Shi &
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Kehrl, 2008

ssRNA TLR7 n.a. Delgado et al., 2008; Shi &

Kehrl, 2008

Furthermore, the production of pro-inflammatory cytokines downstream of these
PRRs can amplify autophagy responses, creating a positive feedback loop. In
murine macrophages infected with M. tuberculosis, interleukin (IL)-1B and IFNy have
been shown to promote engulfment and killing of mycobacteria in autophagosomal
compartments (Gutierrez et al., 2004; Pilli et al., 2012). Moreover, tumour necrosis
factor a (TNFa) has been shown to stimulate p62-mediated autophagy during S.
flexneri infection which helped bacterial killing (Mostowy et al., 2011). By integrating
autophagy into the PRR signalling pathways, the degradative function of autophagy
is made selective and rapid. The synergy between autophagy and PRR signalling

can also facilitate the whole process of pathogen elimination.

In adaptive immunity, autophagy has an anti- and pro-inflammatory role. It is critical
for ensuring proper development of the immune system, by preventing the
generation of autoreactive T cell repertoire that can cause multi-organ inflammation.
It does so by ensuring delivery of self-antigens and their presentation on MHC class-
Il during thymic negative selection (Nedjic et al., 2008). It also plays a role in
maintaining homeostasis of the immune system, particularly in lymphocyte survival
and counts (Virgin & Levine, 2009; Mortensen et al., 2010). On the other hand, it can
promote inflammation by helping prime immune cells of the adaptive system by
processing and presenting endogenous antigens on MHC class Il, as well as cross-

presenting antigens on MHC class | (Paludan et al., 2005). Its role in regulating MHC
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class Il presentation has been demonstrated to be important in both anti-bacterial

and anti-viral infections (Minz, 2010).

1.1.4. Autophagy in controlling inflammation

Given the intricate integration of autophagy in immunity and its role in the
regulation of inflammation, it is not surprising that aberrant autophagy can increase
the risk for certain diseases. The role of autophagy in controlling inflammation is
reflected by multiple human diseases that are associated with defects in autophagy
genes. Examples include chronic inflammatory Crohn's disease and autoimmune
systemic lupus erythematosus (SLE). Risk mutations associated with Crohn's
disease have been identified, among which are autophagy protein-encoding genes
ATG16L1, IRGM, and NOD2 (Barrett et al., 2008). Crohn’s disease, which is
characterised by uncontrolled inflammation in the gut, is caused by altered mucosal
barrier function and uncontrolled inflammatory cytokine production, in particular IL-13
and IL-18. The pathogenic mechanism underlying Crohn’s disease is thought to be
defective autophagy-induced antigen presentation, which leads to reduced
recognition of invading commensals in the gut and hence priming of immune cells
(Barrett et al., 2008). Genetic variants of ATG5 are associated with SLE. This multi-
organ inflammatory disease is characterised by dysregulated inflammatory cytokine
production as well as reduced clearance of cell corpses, which creates a conducive

environment for tissue inflammation (Zhou, Cheng & Zhang, 2015).

The homeostatic role of autophagy has also been implicated in pathologies involving

mitophagy including neurodegenerative diseases such as ALS and Parkinson’s
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disease (Rodolfo, Campello & Cecconi, 2017). The depolarised mitochondrion is
normally selectively tagged by polyubiquitination on the outer mitochondrial
membrane, which attracts ubiquitin-binding OPTN, NDP52, and p62 adaptors. These
adaptors are subsequently activated by TBK1-mediated phosphorylation, allowing
them to facilitate the formation of the engulfing autophagosome (Matsumoto et al.,
2015; Heo et al., 2015; Lazarou et al., 2015). Mutations in OPTN and TBK1 that are
associated with ALS have been shown to stall and impair autophagosome formation
leading to reduced clearance of damaged mitochondria (Moore & Holzbaur, 2016;
Ahmad et al., 2016). Prompt disposal of damaged mitochondria is important in
preventing dysregulated inflammation as depolarised mitochondria can introduce
danger-associated molecular patterns (DAMPs) such as reactive oxygen species
that can activate inflammatory pathways (Zhou et al., 2011). The role of autophagy in
clearing pathogenic proteins such as aggregate-prone proteins or polyubiquitinated
protein aggregates is also equally important in neurodegenerative diseases such as
Huntington’s (Huntingtin aggregates), Alzheimer's (neurofibrillary tangles) and
Parkinson’s (Lewy bodies) diseases (Komatsu et al., 2006; Zatloukal et al., 2002;
Sarkar et al., 2007). Impaired clearance of proteins can accelerate neuronal death,

which is a hallmark of these diseases.

1.1.5. Autophagy promotes cell survival in the central nervous system

(CNS) during infection

As mentioned earlier, autophagy is a homeostatic process that can sense and

respond to stress cues including infection. The presence of an intracellular pathogen

usually accompanies depletion of available nutrients due to competition and would,
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therefore, trigger autophagy in attempt to replete the resources to maintain cell
survival. Additionally, its overt cytoprotective role has been illustrated in various viral
infections in the central nervous system (CNS) where its role in preventing apoptosis
is critical in ensuring the survival of non-renewable CNS-resident cells such as

neurons (Yordy et al., 2012).

In neuronal cells infected with simian immunodeficiency virus (SIV), impairment of
autophagy has been correlated with enhanced neuronal death and rapamycin-
induced autophagy could reduce SlIV-induced neurodegenerative effects (Moreau,
Luo & Rubinsztein, 2010). Rapamycin-induced autophagy was shown to improve
mitochondrial clearance and prevent accumulation of mitochondrial-derived pro-
apoptotic cues such as cytochrome c, and hence promoting cell survival (Ravikumar
et al., 2006). The importance of autophagy-mediated cell survival is further
highlighted by the role of Beclin-1 in Sindbis viral infection in neurons. By binding to
anti-apoptotic protein B-cell lymphoma-2 (Bcl-2) during Sindbis infection, Beclin-1
prevents apoptosis during infection (Liang et al., 1998). Whilst autophagy has been
found to promote the survival and clearance of viral proteins and p62 aggregates in
neuronal cells, it did not have an impact on Sindbis viral replication in these neurons

(Orvedanhl et al., 2010).

The protective nature of autophagy also extends beyond the CNS. In human
pregnancy, maternal trophoblastic cells were shown to be able to resist viral
infections, including HSV1, by upregulating autophagy (Delorme-Axford et al., 2013).
This resistance was also found to be transferrable to non-trophoblastic cells, which is

thought to represent a protective mechanism for the growing foetus (Delorme-Axford
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et al.,, 2013). These studies illustrate the importance and versatility of autophagy in
controlling inflammation in sensitive tissues such as the CNS, and in protecting cells

in the periphery.

1.2. Herpes Simplex Virus-1

1.2.1. Herpes Simplex Virus-1 (HSV1) and HSV1 primary infection

Herpes simplex virus-1 (HSV1) is a member of the alphaherpesvirinae family
that is neurotropic. It persists in infected human host for life owing to its ability to stay
latent in neurons. Its 150 kilobase pairs (kbps) genomic double-stranded
deoxyribonucleic acid (dsDNA) is encapsulated in a capsid enveloped in lipid bilayer
that is studded with tegument protein (Whitley & Roizman, 2001). HSV1 is prevalent
in the human population, with an estimate of 67% of global population under 50
years old is seropositive for it (Looker et al., 2015). It primarily infects individuals

during early childhood and stays latent throughout the host's life (Abel et al., 2010).

Primary infection is often asymptomatic or benign and self-limiting. Recurrent
infection may include facial or oral cold sores, keratitis, and herpetic whitlow. HSV1
is transmitted through intimate contact with individuals shedding virus and its
productive infection is supported by epithelial cells and keratinocytes. Once HSV1
establishes its first contact with mucocutaneous keratinocytes or epithelial cells, it
attaches and activates a membrane fusion event. By utilising its glycoproteins gB
and gC, the HSV1 virion attaches to the glycosaminoglycans (GAGs) on the host cell

membrane. Following this attachment, gD engages with one of three HSV1 host

12
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receptors: the herpesvirus entry mediator (HVEM)/tumor necrosis factor receptor
superfamily member 14 (TNFRSF14), the nectins (nectin-1 or nectin-2) or 3-O-
sulphated heparan sulphate. Subsequently, gD recruits membrane fusion factors gB,
gH and gL to initiate virion fusion with the host cell membrane. The nucleocapsid is
released into the cell following fusion completion, which then travels to the nuclear
membrane using microtubules. Through nuclear pores, HSV1 DNA in the
nucleocapsid is injected into the nucleus to initiate viral DNA transcription and
synthesis. HSV1 proteins are expressed in a temporal fashion with respect to its
replication cycle: immediate early (a), early (B), and late proteins (y). Newly
synthesised DNA and regulatory and structural proteins assemble into a new virion
which then buds out of the infected cell, lysing it in the process and infects adjacent
cells for further viral propagation, effectively establishing a productive lytic infection

(Figure 1.3) (Campadelli-Fiume & Menotti, 2007).
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Figure 1.3 HSV1 replication cycle. 1) HSV1 virion attaches onto host cell via cell surface
receptors. Viral nucleocapsid is released into host cell following fusion and 2) travels to the
nucleus into which it 3) injects its genome. 4) Viral protein expression occurs in temporal
cascades (immediate early (a), early (B) and late (y)) followed with 5) nucleocapsid and 6)
capsid assembly to create new virions. 7) Virions travel towards host cell membrane which
releases them out via exocytosis. 8) Virions egress to infect other cells. Figure adapted from

Kukhanova et al., 2014.

As it spreads to the neurons of the peripheral nervous system (PNS) neighbouring
the primary infection site (mainly trigeminal or dorsal root ganglia), it may proceed
with a lytic infection that destroys them, or take refuge in them to permanently dwell
in and establish a latent infection phase (Smith, 2012). In the latent phase, HSV1
circularises its DNA to halt its replication and gene expression. The only viral

ribonucleic acid (RNA) expressed in the infected nuclei during this phase is latent-
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associated transcripts (LATs) whose role is to establish and maintain HSV1 latency
in the host (Kent et al., 2003). Latent HSV1 may reactivate following reactivation
cues such as immunosuppression, ultraviolet (UV) exposure, hormonal changes,
stress or withdrawal of anti-viral treatments. As it reactivates, HSV1 reinitiates its
lytic infection cycle in the peripheral tissues by shuttling virions from the resident
neurons to innervated mucocutaneous tissues to promote its own shedding to
another host. Primary infection or reactivated infection may infect neurons
(neuroinvasion) of the CNS where it may cause more severe life-threatening

encephalitis (Smith, 2012).

1.2.2. Herpes simplex encephalitis (HSE)

HSV1 was first identified as the causative pathogen of herpes simplex
encephalitis (HSE) in 1941 following its isolation from a fatal encephalitis case
(Smith, Lennette & Reames, 1941). A small portion of the human population, notably
2 to 4 in a million individuals, sporadically develops life-threatening HSE every year
as a result of complication with HSV1 infection in the CNS. HSE is the most common
form of viral encephalitis in the Western world and has poor outcomes with high
morbidity amongst patients (Whitley & Roizman, 2001; Sabah, Mulcahy & Zeman,
2012). HSE follows a bimodal incidence curve, where it predominantly affects
children of 3 months to 6 years old and elderly of over 50 years old. Whereas HSE
occurrence in the elderly is often associated with viral reactivation, childhood HSE
coincides with primary infection with HSV1 (Abel et al., 2010; Whitley & Gnann,
2002; Whitley & Kimberlin, 2005). The clinical features of HSE caused by primary

infection or reactivation are indistinguishable. Diagnosis of HSE is normally done by
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HSV1 detection in cerebrospinal fluid (CSF) via polymerase chain reaction (PCR)
method and clinical presentations (Gnann & Whitley, 2017). HSE patients tend to
exhibit confusion, seizures, epilepsy, psychomotor disability, altered consciousness

and cognitive impairment (Whitley & Kimberlin, 2005).

Without intensive treatment, HSE can be fatal with a mortality rate as high as 70%
(Whitley & Kimberlin, 2005). The only Food and Drug Administration (FDA)-approved
drug for HSE is acyclovir which stifles HSV1 replication by inhibiting viral DNA
polymerase (Elion et al., 1977). HSE survivors can now persist with the help of
acyclovir, although neurological impairment is unacceptably prominent, with over
50% of patients, particularly children, never returning to normal neurologic function
(Abel et al., 2010). Sequelae include impairment in language comprehension,
memory loss, altered motor function, behavioural changes, impaired cognitive
function, and seizures. In addition to this, significant emotional and financial burden
also exist amongst survivors as HSE relapses throughout lifetime due to reactivation
of latent virus (Whitley & Kimberlin, 2005). Furthermore, because acyclovir can only
target HSV1 replication, eradication of HSV1 is not yet possible. There is also a
growing concern over the emergence of acyclovir-resistant HSV1 strains,
highlighting the need for new therapeutics for this debilitating neurological disease

(Jiang et al., 2016).

During the acute phase of HSE, patients exhibit neuroinflammation in the CNS. HSE
patients’ B and T cells were reportedly showing normal responses towards HSV1
infection (Zhang et al., 2007; Guo et al., 2011; Abel et al., 2010; Herman et al., 2012;

Sancho-Shimizu et al., 2011b; Pérez de Diego et al., 2010; Zhang et al., 2013).
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Moreover, severe combined immunodeficiency which condition is defined by the lack
of B .and T cells does not increase the risk for HSE (Buckley, 2004; Sancho-Shimizu
et al., 2007). This suggests that HSE has a CNS-restricted immune response and
pathogenesis and given that HSE incidence peaks during childhood, cell-intrinsic
control of HSV1 infection by CNS resident cells is therefore particularly important,
especially during the course of primary infection in childhood (Sancho-Shimizu et al.,
2007). Neuroinvasion by HSV1 leads to neuroinflammatory manifestations in the
cortical lobes of the brain. The lytic infection causes disseminated necrotising cell
death of neurons, astrocytes, and oligodendrocytes, which is histopathologically
evident by the formation of focal lesions in the temporal and frontal lobes. Disease
progression manifests as haemorrhage in inflamed and necrotising areas (Whitley &
Kimberlin, 2005). Immune-driven pathologies are also involved in HSE, where
cytotoxic T cells infiltrate and increase focal lesions by killing infected CNS cells.
Whilst inflammatory response is crucial in the early stage of infection in combating
HSV1 infection, prolonged inflammation can aggravate pathological effects (Wang et

al., 2012).

Current efforts are focusing on developing improved anti-viral drugs and anti-
inflammatory drugs that can help manage pathologies and improve prognosis.
Various murine studies have been testing a combination of anti-viral and
immunomodulatory drugs, but none has been done in humans (Prichard et al.,
2011). Studies that linked HSE pathogenesis to impaired interferon (IFN) production
in selected HSE patients suggested the benefit of exogenous IFNa/f treatment for
these patients in addition to current acyclovir therapy (Zhang et al., 2013).

Additionally, the anti-inflammatory effect of autophagy-inducer rapamycin in
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combination with anti-viral valacyclovir has been explored where it helped reduce the
inflammatory cytokine level in the CNS and encouraged the survival of mice with

encephalitis (Canivet et al., 2015). This, however, has not been tested in humans.

1.2.3. Mendelian predisposition to HSE

Seroprevalence data have associated childhood HSE with impairment in
controlling HSV1 during primary acquisition of the virus (Abel et al., 2010). Why
childhood HSE only occurs in a minority of children remained a mystery until the first
genetic etiology of HSE was discovered in 2006 which subsequently led to extensive
genetic screening of components of the Toll-like receptor (TLR)3-IFN signalling
pathway in HSE patients. Cumulative studies revealed this IFN pathway to be crucial
particularly for protection against HSV1, as a subset of these HSE patients who were
born with mutations in components of TLR3-IFN pathway namely UNC93B, TLRS3,
TRIF, TRAF3, TBK1, and IRF3, were otherwise healthy without showing
susceptibility to other common viruses (Table 1.2) (Casrouge et al., 2006; Zhang et
al., 2007; Pérez de Diego et al., 2010; Guo et al., 2011; Sancho-Shimizu et al.,
2011b; Herman et al., 2012; Lim et al., 2014; Andersen et al., 2015; Zhang et al.,

2013; Sancho-Shimizu et al., 2011a).
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HSV1 infection has been shown to produce dsRNA intermediates during replication
that arise from self-annealing complementary viral mRNA transcripts (Jacquemont &
Roizman, 1975). Infecting dermal fibroblasts derived from these HSE patients with
HSV1 or stimulating them with dsRNA synthetic analogue polyinosinic-polycytidylic
acid (poly(l:C)) (agonist of TLR3) revealed an impairment in producing IFNs (both
IFNB and IFNy). These studies suggest the importance of TLR3-IFN signalling in
detecting and responding to HSV1-derived dsRNA intermediates during infection by
producing anti-viral IFNs. This impairment, therefore, leads to enhanced viral
replication and high cell mortality. This susceptibility can be rescued by
supplementing the fibroblasts with exogenous IFN (Casrouge et al., 2006; Zhang et
al., 2007; Guo et al., 2011; Lim et al., 2014; Sancho-Shimizu et al., 2011b; Pérez de

Diego et al., 2010; Herman et al., 2012; Andersen et al., 2015).

Although data derived from these simian virus 40 (SV40)-transformed fibroblasts
reflect that of the clinical phenotype, it remained a question, whether these patients'
CNS cells display a similar dependence on the TLR3-IFN pathway. Lafaille and
colleagues pursued this question by deriving neurons, astrocytes, and
oligodendrocytes from induced pluripotent stem (iPS) cells generated from UNC93B-
and TLR3-deficient HSE patient-derived fibroblasts. UNC93B™ neurons and
oligodendrocytes, and TLR3” neurons, in particular, showed heightened
susceptibility to HSV1 infection. This seminal study also demonstrated that this
phenotype could be rescued by exogenous treatment of IFNa or IFN, linking the
TLR3-IFN pathway to CNS-specific immunity against HSV1 infection (Lafaille et al.,

2012).
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Despite this exciting finding on the non-redundant role of the TLR3-IFN pathway for
protection against HSV1 in fibroblasts and CNS cells, it can only explain the
pathogenesis in a small traceable fraction of HSE patients. This suggests the
existence of yet another HSV1- and CNS-specific pathway(s) that may play an

equally important role in host protection against HSV1.

1.2.4. HSV1 and autophagy

Although most viruses subvert autophagy, some viruses actually harness this
conserved process to promote and reinforce their replication (Cavignac & Esclatine,
2010). In the case of HSV1, this neurotropic virus evidently antagonises this process
by encoding proteins that directly target host autophagic machinery and this
inhibition of autophagy is key to its neurovirulence. The first association between
HSV1 and autophagy was made when electron microscope (EM) images revealed
the presence of HSV1 virions in lysosomal bodies (Smith & de Harven, 1978;

Talléczy, Virgin & Levine, 2006).

As an obligate intracellular pathogen, the success of HSV1 is determined by its
ability to seize host transcription and translation machinery and to sustain it, while at
the same time repressing host anti-viral mechanisms such as IFN production and
autophagy (Figure 1.4). Infection with HSV1 was shown to trigger dsRNA-binding
host protein kinase R (PKR), which arrests translation and activates autophagy. To
circumvent this blockade, HSV1 expresses infected cell protein 34.5 (ICP34.5) early
in infection, which binds to PKR and Beclin-1, resulting in the inhibition of PKR-

elF2a-mediated translational arrest and Beclin-1-mediated autophagy induction,
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respectively (Chou & Roizman, 1994; He, Gross & Roizman, 1997). Its interaction
with PKR and Beclin-1 has proven to be important in HSV1 neurovirulence as the
HSV1 strain with ICP34.5 lacking Beclin-1-binding was neuroattenuated in mice
(Orvedahl et al., 2007). Similarly, the HSV1 ICP34.5-deleted strain sustained similar
virulence as wild-type in PKR-deficient mice (Leib et al., 2000). ICP34.5 also targets
TBK1 to downregulate IFN production and facilitate neuroinvasion. HSV1 with
defective TBK1-binding ICP34.5 induced higher anti-viral responses and showed
less spread to the brain and trigeminal ganglia in vivo (Ma et al., 2012). Interestingly,
a recent finding has implicated a role for TBK1 in facilitating p62-mediated HSV1-
induced autophagy in human HEK293T cells (Sparrer et al., 2017). Taken together,
these studies illustrate the involvement of ICP34.5 in promoting HSV1
neurovirulence and spread in vivo by modulating autophagy protein Beclin-1 and
TBK1. Although TBK1 has been mainly implicated in bacterial autophagy, solving the
conundrum of autophagy versus HSV1 by addressing TBK1 autophagic control
during HSV1 infection will undoubtedly help provide clues into the mechanism and

role of HSV1-induced autophagy.
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Figure 1.4 HSV1 interaction with host autophagy. HSV1 triggers autophagy following
infection, which it counteracts by expressing ICP34.5 early in infection, and Us11 late in
infection. Expression of ICP34.5 is aimed to seize host translational control and inhibit
autophagy induction by binding to Beclin-1. ICP34.5 has also been shown to directly bind to
TBK1 which kinase activity is required for p62-mediated HSV1-induced autophagy. Late in
infection, HSV1 induces nuclear envelope-derived autophagy (NEDA), which is shown to be
involved in the processing of HSV1 gB protein and in stimulating T cell activation by
promoting MHC class I/ll presentation of the processed antigen. Image adapted from

O’Connell & Liang (2016).

Additionally, late in infection, HSV1 expresses Us11, which also regulates

PKR/elF2a signalling to alleviate host translational arrest (Poppers et al., 2000).

Further investigation of this protein revealed its anti-autophagic role, which it exerts
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by directly binding to PKR. Overexpression of Us11 in fibroblasts was shown to

cause defective autophagosome formation (Lussignol et al., 2013).

Autophagy can also prevent the spread of HSV1 infection by promoting humoral
immunity. It mediates the processing of viral peptides and their subsequent loading
onto major histocompatibility complex (MHC) class | and Il molecules. Antigen
presentation by both MHC molecules is important for the priming of CD8" and CD4"
immune cells during HSV1 infection (English et al., 2009; Leib et al., 2009; Lee et al.,
2010). Late in infection of murine macrophages, HSV1 triggers the formation of a 4-
layered perinuclear LC3-positive structure termed nuclear envelope-derived
autophagy (NEDA), where it is thought to be involved in the degradation of HSV1
glycoprotein gB and its processing for MHC class | presentation (English, Chemali &
Desjardins, 2009; English et al., 2009) (Figure 1.4). Further investigation following
this report revealed the dependency of NEDA induction on ICP34.5 modulation on
host translational arrest and on late viral protein production, suggesting a host
counter-response induced by HSV1 antagonism on host translational arrest. Why
HSV1 seems to promote NEDA in this scenario is not clearly understood (Radtke et
al.,, 2013). The role of autophagy in anti-HSV1 adaptive immunity was further
underscored by the finding that HSV1 Beclin-1-binding deficient ICP34.5 strain was
able to restore its neurovirulence in mice that lacked functional T and B cells (Leib et

al., 2009).

Despite the evidence of autophagy being a target of HSV1, a better understanding is

still required to fully appreciate the role of autophagy in HSV1 pathogenesis. HSV1

mutant ICP34.5 strain showed similar growth rate to its wild-type counterpart strain
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despite inducing higher autophagy, suggesting that autophagy does not have an
impact on HSV1 replication (Alexander et al., 2007). Given that the primary goal of
HSV1 is to persist and establish lifelong latency in the host and the present findings
implicating the role of autophagy in HSV1 progression to the CNS, it is tempting to
speculate a tissue-specific role of autophagy. Indeed, Yordy and colleagues have
demonstrated this facet of host defence. Upon comparison between post-mitotic
cells and post-mitotic neurons, neurons preferentially utilised autophagy, more than
IFN for protection against HSV1 infection due to its cytoprotective nature. Post-
mitotic cells, on the other hand, mount an IFN response and do not require

autophagy to control HSV1 infection (Yordy et al., 2012; Yordy & lwasaki, 2013).

Nonetheless, anti-viral IFN signalling in CNS is still required for host protection.
Various experimental mice models have illustrated the significance of IFN in
controlling HSV1 infection in vivo (Sancho-Shimizu et al., 2007; Zhang et al., 2013;
Kollias et al., 2015). Impaired IFN production by iPS cell-derived neuronal cells was
associated with an enhanced HSV1 load in selected HSE patients (Lafaille et al.,
2012). In fact, IFN and autophagy have been shown to work in parallel in controlling

HSV1 infection in neurons (Yordy et al., 2012).

The cooperative role of IFN in neuronal autophagy has also been demonstrated in
the CNS. Paracrine IFN signalling is required during HSV1 infection for inducing non-
canonical autophagic clusters, which are decorated with autophagy proteins LC3 and
p62, exclusively in HSV1 genome-positive antigen-negative neurons. Because this
event is dependent on intact IFN signalling, the report postulated an anti-viral role of

this autophagy response. Notably, antigen-positive neurons did not exhibit these
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autophagic clusters. How these autophagic clusters prevent the establishment of
lytic infection and cause HSV1 to switch to latency remains to be investigated

(Katzenell & Leib, 2016).

Although the role of IFN has taken centre stage, emerging data have shown a rather
exclusive role of autophagy in the CNS. Future studies are required in order to fully
dissect how autophagy regulates HSV1 infection in the CNS, and additionally the

establishment of latency (Katzenell & Leib, 2016).

1.3. TBK1 is a multifaceted kinase in innate immunity

1.3.1. TBK1 molecular composition and function

TBK1 (TANK-binding kinase 1; also known as NF-kB-activating kinase (NAK)
and TRAF2-associated kinase (T2K)) is a serine/threonine kinase that participates in
various signalling pathways, including inflammatory pathways and autophagy
(discussed later, see Figure 1.6). It is an 84-kDa protein that is encoded by 729
amino acids and is divided into four functional domains — a kinase domain, ubiquitin-
like domain (ULD), coiled-coiled domain 1 (CCD1) and CCD2 (Figure 1.5). The
kinase domain lies in the N terminus and consists of an activation loop and an active
site that mediates phosphorylation of TBK1 substrates. Following dimerisation, TBK1
autophosphorylates at its activation loop, specifically at Serine 172 (Ser172),
resulting in the change of its conformation and allowing its substrate to bind to its
active site and become phosphorylated (Larabi et al., 2013). The function of ULD is

thought to be important for the kinase activity of the protein and the protein’s
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interaction with ubiquitinated proteins and organelles (Li et al., 2012). CCD1 (also
known as scaffold dimerisation domain (SDD)) is rather less described but has been
shown to be crucial for TBK1 dimerisation process which precedes its activation (Tu
et al., 2013). CCD2, on the other hand, determines the specificity of TBK1, in terms
of the pathway it participates in, by binding to specific TBK1 adaptor proteins. To
date, there are three known TBK1 adaptors — TRAF family member-associated NF-
kB activator (TANK), NAK-associated protein 1 (NAP1) and similar to NAP1 TBK1
adaptor (SINTBAD), which occupy different spaces in the cells. TANK, found in the
perinuclear area, binds to TBK1 CCD2 to mediate TBK1 role in IFN signalling
pathway. In contrast, NAP1 and SINTBAD, which are found diffuse in the cytoplasm,
bind to CCD2 to regulate TBK1 function in autophagy (Goncalves et al., 2011;

Thurston et al., 2009).

1 308 38{5 407 658 713729
Bl - (o

Figure 1.5 Schematic illustration of the TBK1 protein. TBK1 is a 729-amino acid long

protein and is made of four domains — serine/threonine kinase, ubiquitin-like domain (ULD),
coiled-coiled domain 1 (CCD1) and CCD2. Each domain has its own role in promoting the

activation, phosphorylation function and pathway specificity of theTBK1 protein.

1.3.2. TBK1 in innate immunity

The role of TBK1 in the inflammatory pathway is well established. it has been

found to primarily control phosphorylation of interferon regulatory transcription factor

(IRF) proteins downstream of TLRs and RIG-I-like receptors (RLRs) that lead to
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type-l and type-lll IFNs (IFNa, IFNB, and IFNy) transcription. Following TLR3 and
TLR4 activation via dsRNA and lipopolysaccharide (LPS) binding respectively, TBK1
is recruited to phosphorylate the transcription factor IRF3, resulting in its
homodimerisation and nuclear translocation. In the nucleus, IRF3 subsequently
activates the transcription of proinflammatory IFN genes (Yamamoto et al., 2003;
Sharma et al., 2003; Fitzgerald et al., 2003). Similarly, TBK1 is recruited downstream
of RLRs such as retinoic acid-inducible gene | (RIG-I), melanoma differentiation-
associated protein 5 (MDAS5), and the DNA sensor cyclic GMP-AMP (cGAMP)
synthase (cGAS) following the engagement of their ligands RNA and dsDNA to
induce IRF3 phosphorylation (Figure 1.6) (Sun et al., 2013; Paz et al., 2006; Ishii et
al., 2006; Loo & Gale, 2011). Apart from IRF3, TBK1 also binds to DDX3X. DDX3X
is a cytoplasmic RNA helicase which, following activation by TBK1, travels to the
nucleus to bind to IFN promoter and activate IFN gene transcription directly (Gu et

al., 2013; Soulat et al., 2008).
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Figure 1.6 TBK1 is a crossroad component of inflammatory pathway and autophagy.

TBK1 is involved in IRF3-mediated IFN type | and lll transcription downstream of multiple

inflammatory pathways including TLR3, RIG-I, MDA5 and cGAS pathways which can detect

endosomal dsRNA, and cytosolic dsRNA and dsDNA. TBK1 function is regulated by its

interaction with adaptor proteins NAP1, SINTBAD, and TANK. On the other hand, TBK1 is

also involved in regulating autophagy where it helps enhance the tethering function of

autophagy adaptor p62, OPTN and NDP52 to autophagosomal protein LC3B. Figure is

adapted from Ahmad et al., 2016.

1.3.3. TBK1 in autophagy

In the context of autophagy, TBK1 has been shown to play at least two roles,

which are dependent on its catalytic activity and independent of its IRF3 substrate: 1)

enhancing binding of autophagy adaptors to cargo and LC3B, and 2) promoting
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autophagosomal formation and maturation (Table 1.3). In xenophagy (autophagic
degradation of pathogen), TBK1 participates upstream of autophagy, by controlling
the recruitment of ATG18 orthologue WIPI2 to the forming anti-bacterial
autophagosome as shown in Salmonella typhimurium infection (Thurston et al.,
2016). Although the substrate that TBK1 phosphorylates in this context is still
unknown, its localisation to the vicinity of the target bacterium has been shown to be
important for WIPI2 recruitment and the subsequent nucleation of autophagosomes
(Thurston et al., 2016). TBK1 also helps enhance the engulfment of ubiquitinated S.
typhimurium into the autophagosome, by interacting with the ubiquitin (ub)-binding
autophagy adaptor nuclear dot protein 52 kDa (NDP52) through its adaptor proteins
NAP1 and/or SINTBAD. Together, this TBK1-NAP1-SINTBAD-NDP52 complex
bridges the ub-coated S. typhimurium to autophagosomes and promotes the
autophagic clearance of the bacteria. Although the exact role of TBK1 in this context
is yet to be explored, its function has been shown to be crucial as TBK1-depleted
human HelLa cells showed enhanced S. typhimurium proliferation (Thurston et al.,
2009). In addition, TBK1 is required in Salmonella infection, particularly for its kinase
role. Autophagy adaptor optineurin (OPTN) binds to the ubiquitinated Salmonella
and brings them into autophagosomes through its LC3B-binding domain. The activity
of OPTN is then augmented by TBK1 through its phosphorylation at serine-177
(Ser177) residue (Wild et al., 2011). Therefore, one can envisage that NDP52-
mediated autophagic capture of S. typhimurium also most likely requires the
phosphorylation of NDP52 by TBK1. Apart from autophagy, TBK1 has also been
shown to be necessary for maintaining membrane integrity of vacuoles that contain
Salmonella and preventing them from escaping into and proliferating in the cytosol

(Radtke et al., 2007).

30



Chapter 1: General Introduction

In Mycobacterium tuberculosis infection, TBK1 is crucial for the maturation of
mycobacteria-containing autophagosome into bactericidal compartments. It does so
by delivering bactericidal cathepsin D enzyme to these autophagosomes. In addition,
M. tuberculosis-induced autophagy is p62-mediated, where TBK1 also functions to
phosphorylate p62 at serine-403 (Ser403) residue (Pilli et al., 2012). Although this
report did not further dissect the role of this p62 phosphorylation in the clearance of
Mycobacteria, another study has shown that phosphorylation of p62 at Ser403
enhances its autophagic role by improving its ub-binding function and its recruitment

to degradative autophagosomes (Matsumoto et al., 2011).

The role of TBK1 in anti-viral autophagy is rather limited. Recently, one report has
shown that HSV1 induced p62-mediated autophagy in infected human HEK293T
cells and that TBK1 was required for phosphorylating p62 at Ser403 residue (Sparrer
et al., 2017). The specific cargo to which p62 binds to and whether this cargo-p62
interaction is ub-dependent remain unknown. The TBK1-enhanced binding of
autophagy adaptors also extends beyond xenophagy. In aggrephagy (autophagic
degradation of protein aggregates) and mitophagy (autophagic degradation of
mitochondria), TBK1 was found to mediate the autophagic activity of OPTN that is
bound to protein aggregates (Korac et al., 2013) and damaged mitochondria (Richter

et al., 2016) by phosphorylating this adaptor at its serine-177 (Ser177) residue.

The region in TBK1 that autophagy adaptors interact with has been mapped to the

CCD2 domain. OPTN directly binds to the C-terminus region of TBK1 that extends

from residue 601-729 (Morton et al., 2008). NDP52, on the other hand, was found to
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indirectly bind TBK1 through CCD2-binding NAP1 and/or SINTBAD adaptor proteins

(Thurston et al., 2009). Therefore, it can be assumed that mutations in the CCD2

domain of TBK1 may affect the role of TBK1 in autophagy by abrogating its

interaction with autophagy adaptors.

Table 1.3 TBK1 mediates autophagy through autophagy adaptors. TBK1 facilitates the

uptake and clearance of selectively targeted cargo by binding to autophagy adaptors (to

enhance their binding to autophagosome-associated LC3B, or to promote maturation of

autophagosomes).
Type of TBK1-interacting
Target cargo Reference
autophagy autophagy adaptor
Thurston et al.,
Salmonella
NDP52, OPTN 2009;
typhimurium
Wild et al., 2011
Xenophagy
p62 Mycobacteria Pilli et al., 2012
HSV1 infection
p62 Sparrer et al., 2017
(cargo unknown)
Heo et al., 2015;
Mitophagy OPTN, NDP52 Mitochondria
Richter et al., 2016
Aggrephagy OPTN Protein aggregates Korac et al., 2013
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1.3.4. TBK1 in human neuropathologies

TBK1 is ubiquitously expressed in human tissues, with some cell types
showing much higher expression than others, such as the cortical and hippocampal
neurons (Uhlén et al., 2015) (https://www.proteinatlas.org/ENSGO00000183735-
TBK1/tissue). Not surprisingly, the impact of TBK1 deficiency is more pronounced in
CNS tissues, as demonstrated by multiple human neuropathologies that have been
linked to mutations in TBK1. A total of 96 human TBK1 variants have been reported
in human pathologies — 2 in HSE, 85 in amyotrophic lateral sclerosis (ALS)/ALS-
frontotemporal dementia (FTD) and 9 in normal tension glaucoma (NTG) (Pozzi et
al., 2017; Herman et al., 2012; Freischmidt et al., 2015; Gijselinck et al., 2015;
Pottier et al., 2015; Cirulli et al., 2015; Le Ber et al., 2015; Fingert et al., 2011;

Kawase et al., 2012; Ritch et al., 2014; Ahmad et al., 2016).

Two heterozygous loss-of-function (LoF) mutations in TBK7 have been associated
with HSE (Herman et al., 2012). Two unrelated HSE patients carried heterozygous
missense mutations p.G159A and p.D50A located in the kinase domain of TBK1.
G159A patient was diagnosed with HSE at 7 years old and has since suffered from
epilepsy and motor dysfunction. The patient carrying the D50A mutation developed
HSE at 11 months old and has since suffered from cognitive and motor impairments.
The G159A allele is dominant negative and results in a kinase-dead protein as it
failed to phosphorylate IRF3 or induce IFN production following poly(l:C)-TLR3
stimulation. The D50A mutation, on the other hand, results in poor expression of
TBK1 at both the messenger RNA (mRNA) and protein levels. It, therefore, causes

LoF by haploinsufficiency. Fibroblasts from both HSE patients could not control
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HSV1 infection and this phenotype has been attributed to their inability to produce
IFN downstream of the TLR3 signalling pathway (Herman et al., 2012). Autophagy
function in these patients has never been tested. To date, the involvement of TBK1
has been described in regulating p62-mediated autophagy in HSV1-infected human
HEK293T cells (Sparrer et al., 2017). Although G159A and D50A are not located in
the CCD2 domain where autophagy adaptors dock on, these dominant mutations
can presumably affect HSV1-induced autophagy as they both alter overall TBK1

function.

While HSE is mainly caused by a complication of HSV1 primary infection which
occurs during childhood, ALS is an adult late-onset neurodegenerative disease
affecting people of 50-60 years of age with an incidence rate of 1-2 per 100, 000
individuals. ALS is largely sporadic and is characterised by muscle weakening
(atrophy) and paralysis which eventually lead to fatality mainly due to respiratory
failure (Shaw, 2005). Up to 15% of ALS cases are concurrent with FTD (ALS-FTD), a
disorder characterised by cognitive dysfunction (Lomen-Hoerth, Anderson & Miller,
2002). Hallmarks of ALS include extensive deterioration of motor neurons in the
spinal cord and brain and the presence of insoluble cytoplasmic protein aggregates,
and mitochondrial dysfunction in the affected neurons as well as neuroinflammation.
ALS-associated protein aggregates have been shown to be associated with p62,
indicating the involvement of autophagy in ALS pathogenesis (Peters, Ghasemi &

Brown, 2015).

Similar to HSE, ALS and ALS-FTD have been linked to LoF variants in TBK71. 85

TBK1 variants have been found in ALS/ALS-FTD cases and they are scattered
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across the protein. To date, 13 out of these variants have been demonstrated to be
disease-causing in vitro (Freischmidt et al., 2015; Gijselinck et al., 2015; Pottier et
al., 2015; Cirulli et al., 2015; Le Ber et al., 2015; Pozzi et al., 2017; Ahmad et al.,
2016). In particular, p.690-713del and p.E696K variants that are located in the
autophagy adaptor-binding CCD2 domain both showed impairment in OPTN-binding.
p.T320QfsX40, p.l450KfsX15, and p.V479EfsX4 mutations occur upstream of the
CCD2 domain and they cause premature stop codon that results in TBK1 that lacks
CCD2 domain. As a result, these three mutations also showed impairment in OPTN-
binding (Freischmidt et al., 2015). This suggests a possibility for mutations residing
outside of CCD2 to affect autophagy function of TBK1. TBK1 is thought to exert its
autophagic role in ALS and/or ALS-FTD in mitophagy by recruiting and augmenting
the binding of autophagy adaptors (p62 and OPTN) to LC3B by phosphorylating
them. Mutations in the CCD2 domain or mutations that abrogate CCD2 by truncating
TBK1 can hinder TBK1 binding to autophagy adaptors, resulting in reduced
phosphorylation of these adaptors. TBK1 harbouring E696K mutation in the CCD2
domain failed to bind to OPTN, and as a result, could not be recruited to damaged
mitochondria (Moore & Holzbaur, 2016). Moreover, mutations in TBK1 kinase
domain may affect phosphorylation of autophagy adaptors that is subjected to TBK1
regulation, resulting in an inefficient aggrephagy or mitophagy. Impairment of
clearance of protein aggregates and damaged mitochondria has been linked to
exacerbated neuroinflammation (Komine & Yamanaka, 2015), highlighting the

importance of autophagy-mediated control of inflammation.

In contrast to HSE and ALS/FTD/ALS-FTD, NTG has been associated with gain-of-

function (GoF) TBK1 mutations. It is a late-onset irreversible blindness that affects
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adults over 40 years of age. This neurodegenerative disease affects the ganglion
cells of the retinal optical nerve (Quigley, 2011). Gene duplications on chromosome
12, which stretch to include TBK1, have been found in NTG patients. They resulted
in an elevated level of TBK1 mRNA in NTG patient-derived dermal fibroblasts,
suggesting that GoF may underlie NTG pathology (Fingert et al., 2011; Kawase et

al., 2012; Ritch et al., 2014).

Collectively, multiple human neuroinflammatory diseases, particularly those involving
the CNS, have described a role for TBK1 in autophagy. Additionally, defects in TBK1
caused by disease-causing mutations can underlie aberrant autophagy, which is
important in dampening down the inflammation that is causing progressive

irreversible loss of CNS tissues.

1.4  Aims of this study

Evidence has demonstrated the contribution of autophagy to cell intrinsic
immunity against HSV1 infection. However, the mechanism and purpose of
autophagy induction following HSV1 infection remained long unclear and is an active
subject of investigation in the field. To date, there has only been one report that has
implicated the requirement of TBK1 in regulating p62 adaptor protein during HSV1
infection (Sparrer et al., 2017). Furthermore, the intricate interplay between
autophagy and IFN signalling opens up a question on the relative contribution and
roles of these two distinct processes. Elaborate studies on a subset of HSE patients
have revealed a non-redundant role for the TLR3-IFN signalling in mediating HSV1

defence in human fibroblasts. Given the involvement of several components of the
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TLR3-IFN pathway in autophagy, and that autophagy exhibits a CNS-specific role in
neuropathologies including HSE, studying autophagy responses in fibroblasts and
neuronal cells of these HSE patients, who may exhibit autophagy impairment
following HSV1 infection, would provide useful insights into the understanding of the
complex host-HSV1 evolutionary battle and may offer clues into the development of

therapeutics for this debilitating disease.

The aims of this study :

1. To characterise autophagy phenotypes of HSE patient-derived fibroblasts
following different stimuli — rapamycin, poly(I:C), c-di-GMP, HSV1 dsDNA
(60mer) and HSV1 infection

2. To assess the involvement of TBK1 in HSV1-induced autophagy phenotypes
by knocking down or inhibiting TBK1 in fibroblasts

3. To assess the role of autophagy in HSV1 infection of fibroblasts

4. To investigate the effect of TBK1 mutations on autophagy in HSV1 infection

This study was also originally set out to carry out autophagy phenotyping of neuronal
cells derived from TBK1 patient carrying p.G159A mutation. Unfortunately, | did not
manage to accomplish this aim due to several limitations which will be discussed in

Chapter 6, along with its relevance.
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Chapter 2
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2. Materials and Methods

2.1. Cell maintenance and culture

Control, UNC93B”, TLR3", TRIF", TRAF3*", TBK1*"" (p.D50A) and TBK1*"
(p-G159A) dermal fibroblasts derived from upper arm biopsies of healthy individual
or HSE patients have been described elsewhere (Sancho-Shimizu et al., 2011a;
Zhang et al., 2013), and were maintained in Dulbecco Modified Eagle Medium
(DMEM) (Invitrogen) supplemented with 10% foetal bovine serum (FBS) (Invitrogen).
HEK293T and Vero (African green monkey kidney) cell lines were maintained
similarly in DMEM supplemented with 10% FBS. HEK293T/miRTBK1 stable cell line
was maintained in DMEM containing 10% FBS and 2 ug/mL of puromycin for the
selection and maintenance of the microRNA (miRNA) construct. All cell lines were
grown in a humidified incubator at 37 °C supplied with 5% CO,. For seeding, cells
were counted using trypan blue exclusion method. Method of cell layer detachment

was via trypsinisation.

2.2. Viral strains and propagation

HSV1-GFP (KOS) strain carries green fluorescent protein (GFP) tag on its capsid
protein VP26 (Desai & Person, 1998). AICP34.5 HSV1 (17termA) is a mutant strain
carrying the deletion of ICP34.5 gene. WT HSV1 is its marker-rescued strain
(17termAR). Both of these strains are a kind gift from Peter O'hare (Imperial College

London, United Kingdom). All strains were propagated by inoculating Vero cell
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monolayers. Briefly, Vero cells were grown to confluency in a T75 cm? culture flask
and subsequently infected with HSV1. Once the monolayer was morphologically
showing cytopathic effect (rounding up), the flask was frozen at -80 °C and thawed.
The culture medium was then harvested and spun at 2, 000 rpm for 5 minutes at 4
°C. Supernatants containing HSV1 was then collected and passed through 0.45 ym
filter to clean up the infectious viral stock from cell debris. Titre (multiplicity of
infection, MOI) of viral stocks was determined by titrating on control dermal
fibroblasts using 50% tissue culture infective dose (TCIDsy) Reed and Muench
method. HSV1-GFP viral replication was monitored based on GFP fluorescence
visualised by the Axiovert 135 TV inverted fluorescence microscope (Zeiss). Phase-
contrast and fluorescence images were acquired using Image-Pro Plus software

version 7.0 that controlled the microscope (Media Cybernetics).

2.3. Plaque assay

To determine viral titers harvested from experiments, a plaque assay using a
lawn of confluent Vero cells was performed. Vero cells were seeded in 12-well plates
at a density of 0.25 X 10° cells/well and grown overnight. The following day, viral
inoculum was prepared by serially diluting it by 1:10 in DMEM supplemented with 2%
FBS (i.e. dilutions of 10%neat-10"%). 1 mL of inoculum was added per well in
duplicates and incubated on Vero monolayers for 2 hours for adsorption before the
medium was refreshed with DMEM supplemented with 2% FBS and 1% human
serum. Cells were left in 37 °C incubator for a week. Once viral plaques have
established, the culture medium was removed from wells. The wells were then rinsed

once with 1X phosphate-buffered saline (PBS). 400 pL of PBS containing 4%
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paraformaldehyde was added in each well to fix cell layers and incubated for 15
minutes at room temperature. The fixative was then removed and 400 pyL of PBS
supplemented with 0.1% crystal violet was added per well to stain the cell layer
which is further incubated for 5 minutes at room temperature. Once stained, wells
were washed once with water to remove excess stain and then left to dry. The
number of plagues was enumerated and the number of plaque forming unit (PFU)

per mL was determined by using the following formula:

Average number of plaques

PFU/mL =diIution factor x inoculum volume

24, Cell viability assay

Following infection, the culture medium was removed and cells were rinsed once
with 1X PBS. Cells were then incubated with dual dye mix (Invitrogen, catalogue no.
L3224) at 37 °C for 30 minutes. Dual dye mix was prepared in 1X PBS which is
composed of calcein AM (live stain, green fluorescence) diluted by 1:2500 and
ethidium heterodimer-1 (dead stain, red fluorescence) diluted by 1:1000.
Fluorescence was visualised using Axiovert 135 TV inverted fluorescence
microscope (Zeiss). Phase-contrast and fluorescence images were acquired using
Image-Pro Plus software version 7.0 (Media Cybernetics). The number of cells
showing green and red fluorescence was counted using ImagedJ software. The
viability of cells was determined as the number of dead cells over the total number of

live cells and normalised against control non-infected or non-stimulated cells.
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2.5. Stimulation, treatment and infection

Unless otherwise stated, stimulations and treatments were done as follows in
DMEM supplemented with 2% FBS: 25 ug/mL of poly(l:C) (dsRNA synthetic and
ligand of TLR3) (GE Healthcare), 10 nM of rapamycin (Calbiochem), 1 uM of BX795
(Sigma), 10° IU/mL of IFNa-2a (PBL Assay Science). Lipofectamine 2000
(Invitrogen) was used to deliver 8 ug/mL of c-di-GMP (Invivogen) or c-di-GMP
control (Invivogen), and HSV dsDNA 60mer (Integrated DNA Technology). HSV
dsDNA 60mer has been described elsewhere (Rasmussen et al., 2011; Unterholzner

et al., 2010) and carries the following nucleotide sequence:

5-TAAGACACGATGCGATAAAATCTGTTTGT

AAAATTTATTAAGGGTACAAATTGCCCTAGC-3'.

For HSV1 infection, the length of infection and viral dosage (MOI) are as indicated in
figure legends. Following initial two hours of adsorption, viral inoculum prepared in
DMEM supplemented with 2% FBS was removed and culture medium was

replenished with DMEM supplemented with 2% FBS.

2.6. Plasmids and transient transfection

Plasmids used in this study are listed in Table 2.1 below. pEF BOS plasmids
carrying wild-type (WT), p.E696K, p.R47H and p.M559R TBK1 mutants which are N-
terminally tagged with FLAG were a generous gift of Dr. Axel Freischmidt from

Universitatsklinikum Ulm, Germany. pEF BOS FLAG-tagged p.G159A and p.D50A
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were generated by creating point mutation on pEF BOS FLAG-tagged WT TBK1
plasmid using site-directed mutagenesis (see section 2.7). For transient transfection,
100 ng of pEF BOS TBK1-FLAG plasmid and 400 ng of empty vector was delivered
using Lipofectamine L2000 (Invitrogen) to cells that have been seeded at a density
of 0.2 X 10° cells/well in a 24-well plate and left to grow overnight. pEF BOS empty
vector was used to make up total DNA amount to 500 ng. Transfected cells were
incubated overnight before performing assays on them. pMX CMV YFP miR30E
was a kind gift from Dr. Avinash Shenoy (Imperial College London, United Kingdom).
This plasmid was used to construct pMX CMV YFP miRTBK1 lentiviral plasmid for
the generation of HEK293T/miRTBK1 cell line, which will be described later in this
chapter (see section 2.9). All plasmid stocks were expanded by transforming
competent DH5a Escherichia coli and selecting for ampicillin resistance. Stocks

were then prepared by using HiSpeed Plasmid Maxi Kit (Qiagen).
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2.7. Site-directed mutagenesis

To generate pEF BOS carrying FLAG-tagged p.G159A and p.D50A TBK1
mutants, point mutations ¢.G476C/p.G159A and c.A149C/p.D50A were introduced
by site-directed mutagenesis using QuickChange Il Site-Directed Mutagenesis kit
(Agilent Technologies) on pEF BOS FLAG-tagged WT TBK1 plasmid. Pairs of
mutagenic primers were designed (Table 2.2) using an online tool at
http://www.genomics.agilent.com/primerDesignProgram.jsp. Successful mutagenesis
was confirmed by Sanger DNA sequencing (Genewiz, United Kingdom) of the
mutagenesis region using TBK1 complementary DNA (cDNA) primer with the

sequence 5-ACTCCAGATATTGCACCAGA-3' (Figure 2.1).

Table 2.2. Sequences of mutagenic primers used to create p.G159A and p.D50A point

mutations.
Point mutation Primer sequence
3’-cttctaattctctagctgcagcaaaatctgtgagtttgtaca-5’
c.G476C/p.G159A

3’-tgtacaaactcacagattttgctgcagctagagaattagaag-5’

3’-aattctctcatttgaacagccactggacgaaggaagc-5’
c.A149C/p.D50A

3’-gcttccttcgtccagtggcetgttcaaatgagagaatt-5°
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A WT 476G=C

TTT G'T GCA TTT G'T GCA

B WT 149A=C

cTe6[alteT T eTee[c]reT T

A, Aol

Figure 2.1. Sequence chromatogram of TBK7 regions subjected to mutagenesis.

Mutagenesis was performed on pEF BOS WT TBK1 plasmid to create (A) 476G>C and (B)

149A>C mutation which were confirmed by Sanger sequencing.

2.8. Depleting endogenous TBK1 using transient siRNA transfection

Cells were seeded in 24-well plate at a density of 0.05 X10° cells/well overnight.
The following day, cells were transfected with three pooled 15 nM of small interfering
RNAs (siRNAs) that target TBK1 (siTBK1) (Ambion) by using Lipofectamine
RNAIMAX reagent (Invitrogen) (Table 2.3). Non-targeting siRNA (siNegative)
(Ambion) was used to control for transfection control and siRNA specificity. Culture
medium was refreshed 24 hours later with DMEM supplemented with 2% FBS. Cells

were left incubated for further 24 hours before performing subsequent experiments.
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Table 2.3. Commercial siRNAs used to target endogenous human TBK1 or for

negative control.

siRNA Ambion® siRNA ID no. | Ambion® catalogue no.
TBK1 134003 AM16708
TBK1 134002 AM16708
TBK1 899 AM51331
Negative | - AM4613
2.9. Transduction and generation of stably TBK1-depleted HEK293T

cell line (HEK293T/miRTBK1)

HEK293T stably expressing miRNA that targets endogenous TBK7 was
generated by transducing HEK293T cell line with a lentiviral construct (to ensure
genome-integrated and stable expression) carrying miRNA sequence that targets 3'
untranslated region (UTR) of TBK7 and puromycin resistance. Because this miRNA
only targets 3’ UTR of TBK1, TBK1 exogenous cDNA overexpression (plasmid
transfection) could be used to complement the cells without itself being targeted. |
thank Julia Sanchez-Garrido from Dr. Avinash Shenoy’s Lab (Imperial College
London, United Kingdom) for their help with the protocol used to generate this cell

line. The protocol leading up to the creation of this cell line is as follows.
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2.9.1. Designing targeting shRNA sequence and cloning

TBK1 3’ UTR cDNA sequence was obtained from ensembl.org website. Twenty-
two base pair (bp) TBK1-targeting shRNA sequences were generated using the
online iScore Designer tool (http:/www.med.nagoya-u.ac.jp/neurogenetics/i_Score/
i_score.html). Potent short hairpin RNA (shRNA) sequence was selected from based
on the following criteria as described by Fellmann et al. (2013, 2011):
thermodynamically asymmetrical, global low GC% content, and guide sense oligo
that follows these rules: position 1 is U, position 2, 10, 13 and 14 are A or U, position

20 is G and preferably not an A, and position 21 is G (Table 2.4).

Table 2.4. TBK1-targeting 22 bp oligos that specifically targets the 3’ UTR of human
TBK1. The sequence of oligo was selected by matching with criteria described by Fellmann

et al., 2013 to achieve potency.

Oligo Sequence
Sense 5-CAAGTGGTATTATTTTATTTTA-3
Antisense 5-TAAAATAAAATAATACCACTTT-3’
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The TBK1-targeting shRNA sequence was then placed in a string of 118 bp
sequence that will generate a stem-loop-stem miR30E shRNA structure (Figure
2.2A). The resulting 118 bp sequence is as follows, where bases in uppercase letters

indicate 22 bp oligos that specifically target TBK1:

5’-tcgagaaggtatattgctgttgacagtgagcgCAAGTGGTATTATTTTATTTTAtagtgaagccac

agatgtaTAAAATAAAATAATACCACTTTtgcctactgcctcggacttcaag-3’

The shRNA oligos were subsequently cloned into lentiviral miR30E vector (pMX
CMV YFP miR30E plasmid (Figure 2.2B) through four main steps: cutting open the
destination vector miR30E using Xhol and EcoRI restriction enzymes, converting the
single-stranded oligos into dsDNA insert format, adding Xhol and EcoRI on ends of
the dsDNA, and ligating the dsDNA into cut open miR30E backbone using Sequence

and Ligation-independent cloning (SLIC) method (Jeong et al., 2012).
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Figure 2.2. shRNA structure and the plasmid map of lentiviral pMX CMV YFP miR30E
plasmid. (A) shRNAmMIRE sequence designed allows formation of stem-loop-stem
secondary structure. Stem indicated by yellow highlighted Ns is where TBK1 targeting

sequence is located. Image is adapted from Fellmann et al. (2013). (B) Lentiviral pMX
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CMVYFP miR30E is used as a destination vector with Xhol and EcoRI sites indicated.

shRNA sequence can be recombined with this miR30E vector via Xhol and EcoRI sites.

Briefly, miR30E destination vector was cut open by digesting it with Xhol and EcoRI
restriction enzymes. The oligos were made into a dsDNA format using the following

quick amplification PCR:

PCR Mix: Thermocycling conditions:
RNAse-free water 18 uL 1. 98 °C 2 minutes
Phusion HF buffer (5x) 5 uL 2. 98°C 30 seconds
Deoxyribonucleotide 3. 58°C 30 seconds
triphosphates (ANTPs) 0.5 uL 4. 72°C 5 seconds
(10mM) Cycle step 2-4 for 16 times
Forward oligo (10 uM) 1.25 uL 5. 98°C 30 seconds
Reverse oligo (10 uM) 1.25 uL 6. 52°C 30 seconds
Phusion polymerase 0.25 uL 7. 72°C 5 seconds
Total volume 25 uL Cycle step 5-7 for 15 times

8. 72°C 1 minute

Restriction sites EcoRIl and Xhol (ligation sites for destination miR30E backbone)
were then added onto the ends of the dsDNA insert by PCR amplifying the DNA
using complementary primers carrying the restriction site sequences (Table 2.5).

PCR reaction was done as follows:
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PCR mix:

Water

Phusion HF buffer (5x)
dNTPs (10mM)

Xhol primer (10 uM)

EcoRlI primer (10 uM)
dsDNA insert from first PCR
Phusion polymerase

Total volume

17.5 yL

0.5 uL
1.25 L
1.25 L
0.5 uL
0.25 uL

25 uL

Chapter 2: Materials and Methods

Thermocycling conditions:

1.

2.

98 °C 2 minutes

98 °C 30 seconds
58 °C 30 seconds
72°C 10 seconds

Cycle step 2-4 for 16 times

98 °C 30 seconds
52 °C 30 seconds
72 °C 10 seconds

Cycle step 5-7 for 15 times

72 °C 1 minute

Table 2.5. Primer sequences used to add Xhol and EcoRI restriction sites onto

targeting shRNA sequence. Uppercase letters are bases that are complementary

to shRNA sequence. Underlined bases indicate Xhol and EcoRl restrictions sites.

G-3'

Xhol primer: primer sequence with Xhol restriction site:

5’-tgtacaagtccggactcagatgatcgacttcttaacccaacagaaggcTCGAGAAGGTATATTGCT

EcoRI primer: primer with EcoRlI restriction site:

5’-gcggcecgeggegegecggecgaattctagcccCTTGAAGTCCGAGGCAGTAGG-3
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PCR products derived from first and second PCR (restriction sites added) were

electrophoresed on 2% agarose gel at 100 V for 1 hour in 1X TAE running buffer.

Addition of restriction sites was confirmed by the size shift of the band from 118 bp

(first PCR) to 198 bp (second PCR) (Figure 2.3). The PCR reaction from second

PCR was then directly purified using QlAquick PCR Purification Kit (Qiagen).
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Figure 2.3. Addition of EcoRI and Xhol restriction
site to dsDNA insert. Confirmation of EcoRI and Xhol
restriction sites was determined by size shift from 118

bp to 198 bp.

Purified dsDNA insert with EcoRI/Xhol ends were
then recombined with EcoRI/Xhol digested
destination vector miR30E using SLIC protocol

(Jeong et al., 2012). Briefly, a ligation mix was

prepared as follows and incubated at room temperature for 2.5 minutes and

subsequently transferred on ice for minimum 10 minutes.

Digested destination vector miR30E 100 ng

Insert (1:4 molar ratio, vector:insert®) 11.28 ng

T4 DNA ligase buffer (10x)
T4 DNA ligase

Total volume

1 uL
0.5 uL

10 pL

* vector:insert molar ratio was calculated by using online tool NEBioCalculator™

(http://nebiocalculator.neb.com/#!/ligation).
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The SLIC ligation product was then transformed into One Shot® TOP10 Chemically
Competent E. coli (Invitrogen). Briefly, 2 pyL of the ligation product was incubated
with 50 yL of competent E. coli for 30 minutes on ice. The competent bacteria were
then heat-shocked at 42 °C for 30 seconds and immediately chilled on ice for 2
minutes afterward. 50 uL of pre-warmed (37 °C) S.0.C medium (Invitrogen) was
added to the bacteria, which were then incubated on a shaker (225 rpm) for 1 hour at
37 °C. 100 pL of the bacterial transformant was then spread on LB agar plate
supplemented with selective antibiotic (100 pg/mL of ampicillin) to select for
successful transformant. The plate was placed in 37 °C incubator overnight to let
successful clones grow. The following day, few candidate colonies were picked on
pipette tips and placed in 250 mL liquid LB broth supplemented with 100 pug/mL
ampicillin antibiotics to expand them further overnight, in a shaker (225 rpm) at 37
°C. The following day, bacteria were collected and spun down into a pellet at 15, 000
rom for 15 minutes at 4 °C. Lentiviral miR30E pMX cytomegalovirus (CMV) YFP
plasmid carrying TBK1-targeting shRNA (miRTBK1) sequence was extracted and
purified from bacterial pellets using HiSpeed Plasmid Maxi Kit (Qiagen) (Figure 2.4).

) MMLV W
Figure 2.4. pMX CMV YFP miR30E

vector map carrying shRNA
sequence that targets 3° UTR of
endogenous human TBKA1
(miRTBK1). Recombining miRTBK1
with pMX CMV YFP vector via
CMV promoter|  Xhol/EcoRl sites creates a 7294 bp

plasmid driven by CMV promoter and

with a puromycin resistance cassette.
Xhol (3277)

(3401) EcoRI miRNA TBK1|
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To assess the success of the cloning, the resultant pMX CMV YFP miRTBK1
plasmids derived from few candidate colonies were transiently transfected in control
dermal fibroblasts by using Lipofectamine LTX reagent to deliver 100 ng of the
plasmid per well of cells in a 24-well plate. 24 hours post-transfection, the expression
of plasmid was assessed based on YFP indicative of expression of miRTBK1 driven
by shared CMV promoter. From the transfection with one of the candidate plasmids,
approximately 30% of cells were YFP-positive 24 hours post-transfection (Figure
2.5A). Visualisation and image acquisition was done using Axiovert 135 TV
microscope (Zeiss) attached to the acquisition software Image Pro Plus (Media
Cybernetics). Subsequent experiments including the derivation of the stable cell line
were done using this plasmid. Cells were then subjected to 24-hour incubation with 2
pg/mL of puromycin selection for positive cells before whole-cell lysates were
harvested. Protein samples were electrophoresed and immunoblots were probed for
TBK1 expression. As confirmed by immunoblots, the amount of endogenous TBK1 is

reduced in the cells following transfection with the miRTBK1 plasmid (Figure 2.5B).

B Figure 2.5. Confirmation
of successful cloning of
miRNA targeting TBK1 in

control human dermal

Non-transfected
miRTBK1-transfected

fibroblasts. (A) Cells were

100 kDa transiently transfected with

75 kDa

<TBK1
(84kDa) 100 ng of pMX CMV YFP

.. GAPDH  vector carrying  miRNA

targeting 3' UTR of human TBK1 (miRTBK1) for 24 hours, before visualising the expression

of mMIRTBK1 based on YFP expression (with which it shares the same CMV promoter). (B)
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Following 24 hours after transfection, cells were treated with 2 pg/mL of puromycin* to select
for transfected cells for further 24 hours before lysis. Whole cell lysates were subjected to
immunoblotting and probed for TBK1 expression. Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was used as a loading control. *Puromycin titration (kill
curve) was done on control human dermal fibroblasts beforehand to determine the minimum

puromycin concentration that gives 100% killing within 48 hours.

2.9.2. Production of lentiviral pseudoparticles for miRTBK1

Following confirmation of lentiviral construct, infectious lentivirus pseudoparticles
were generated by transfecting HEK293T cells with the lentiviral miRTBK1 construct
together with pCMV-VSVg and pGag-pol using calcium phosphate (CaPOQ.)
transfection kit (Sigma). 0.3 X10° cells/mL of HEK293T cells were seeded in 6-well

plate overnight. CaPOQO, transfection mix was prepared in a polypropylene tube as

follows:

2M CaCl2 7.2 UL
pGAG-pol 0.4 ug
pCMV-VSVg 1.4 ug
Lentiviral construct 2 ug
Water X
Total volume 30 L

In a polypropylene tube, 30 pL of 2 x Hepes-buffered saline (HBS) solution was
aerated while 30 yL of DNA mix was dripped into it. The transfection mix (total 60

ML) was incubated for 30 minutes at room temperature before adding it to HEK293T
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cell monolayer in a drop-wise manner. Cells were incubated overnight at 37 °C.
Culture medium was refreshed with DMEM supplemented with 10% FBS. 48 hours
post-transfection, culture medium containing lentivirus pseudoparticles was
harvested and passed through a 0.45 pm filter to remove cell debris. HEPES
solution (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Sigma)) was added to
the viral stock to final concentration of 20 mM before the harvest was stored at -80
°C until use. Culture medium was replenished with fresh DMEM supplemented with
10% FBS and cells were incubated for further 24 hours. 72 hours post-transfection,

similar harvesting method was performed.

2.9.3. Transducing HEK293T cells with pseudoparticles carrying miRTBK1

and clone selection and expansion

HEK293T cells were seeded at a density of 0.3 X 10° cells/mL in a 6-well plate in
three wells. Using 72-hour pseudoparticle harvest, two wells of the cells were
infected with either 500 uL or 250 uL of the lentivirus pseudoparticles which were
prepared in DMEM supplemented with 2% FBS and 4 ug/mL of polybrene
(hexadimethrine dibromide (Sigma)). 6 hours post-transduction, the culture medium
was refreshed with DMEM supplemented with 10% FBS. 24 hours post-transduction,
the culture medium was replaced with DMEM supplemented with 10% FBS and 2
pg/mL of puromycin, including that of the non-transduced well. Puromycin titration
(kill curve) was performed beforehand on HEK293T cell line to get a minimum
concentration of puromycin that kills 100% of cells within 48 hours. Culture medium
was refreshed every other day with 2 pg/mL puromycin to maintain selection for cell

clones that carry the miRTBK1 expression. Following clonal expansion, the first
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generation of cell stock was generated before whole-cell lysates were obtained and

assayed for TBK1 expression using immunoblotting.

2.10. Sodium dodecyl sulphate polyacrylamide gel electrophoresis

(SDS-PAGE) and Western blotting

For LC3B immunoblotting, bafilomycin A1 (Sigma) was added to the culture
medium at a final concentration of 10 ng/mL 6 hours before the end of experiment, to
inhibit degradation of autophagosomes and hence allowing us to capture the
accumulation of LC3BII protein (Klionsky et al., 2016). At the end of experiment,
whole-cell lysis was done by incubating cells with 1X Laemmli buffer supplemented
with protease inhibitor cocktail (Roche), 10% B-mercaptoethanol and 0.1%
benzonase nuclease for 5 minutes on ice. Collected lysates were then boiled at 95
°C for 10 minutes and electrophoresed on 12% tris-glycine or 10% bis-tris gels
(Biorad) at constant 120 V for approximately 90 minutes until optimum protein
separation is achieved. Precision Plus Protein™ dual colour ladder (Biorad) was
used as the protein ladder. Proteins were then transferred onto polyvinylidene
difluoride (PVDF) membrane using semi-dry transfer system (iBlot transfer stack,
Invitrogen) at constant 20 V for 7 minutes (iBlot transfer machine, Invitrogen).
Blocking was done by incubating blots with 1X tris-buffered saline (TBS) solution
supplemented with 0.1% Tween20 and 5% milk for 1 hour at room temperature.
Blots were washed thrice 5 minutes each with 1x TBS containing 0.1% Tween20
before incubating with primary antibody and before incubating with secondary
antibody. All antibodies and their dilutions and diluents used for immunoblotting in

this study are listed in Table 2.6 below.
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Table 2.6. Antibodies and dilution conditions used for Western blotting.

Antibodies Dilution Diluent Company and

catalogue number

LC3B 1:1000 1XTBS 0.1% Tween20 | Sigma (L7543)
5% milk

P62 (SQSTM1) 1:1000 1XTBS 0.1% Tween20 | MBL Intl (PM045)
3% milk

GAPDH-HRP 1:500 1XTBS 0.1% Tween20 | Santa Cruz Biotech
5% milk (sc25778)

NDP52 (CALCOCO2) | 1:1000 1XTBS 0.1% Tween20 | Abcam (68588)

5% milk
TBK1 (NAK) 1:1000 1XTBS 0.1% Tween20 | Cell Signaling
5% milk Technology (3013)
HRP 1:10, 000 | 1XTBS 0.1% Tween20 | GE Healthcare
5% milk (NA934)
2.11. Immunofluorescence, image acquisition and puncta quantification

Cells that were grown on a glass coverslip were washed once with 1X PBS before
being fixed using -20 °C-cold 100% methanol on ice for 15 minutes. Following
fixation, cells were rinsed with 1X PBS three times. Cells were permeabilised with
0.1% Triton-X for 4 minutes at room temperature before rinsing them with 1X PBS.

They were then blocked with 1X PBS supplemented with 10% FBS for 10 minutes at
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room temperature. Incubation with primary antibody and subsequently secondary
antibody was done for 45 minutes each at room temperature in a dark humidified
chamber with a wash with 1X PBS in between. Fluorescence was visualised by
using wide-field fluorescence Cell Observer microscope (Zeiss). Fluorescence
images were captured with 63X oil-immersion lens using Zen Pro image acquisition
software (Zeiss). The number of cells positive for LC3B puncta was quantified on a
minimum number of >100 cells in each experiment. The antibodies used, antibody

dilutions and diluents are shown in the table below (Table 2.7):

Table 2.7. Antibodies and dilution conditions used for immunofluorescence staining.

Antibodies Dilution Diluent Company and
catalogue number
Rabbit anti-LC3B 1:500 10% FBS-PBS Abcam (48394)
Mouse anti-ICP4 1:500 1% BSA-PBS Virusys (H1A021)
Rabbit anti-LC3A 1:100 10% FBS-PBS Abgent (AP1805a)
Mouse anti-giantin (Golgi | 1:200 1% BSA-PBS Abcam (ab37266)
marker)
Mouse anti-DDK (FLAG) | 1:1000 1% BSA-PBS Origene (TA50011)
Alexa anti-rabbit 488 | 1:750 10% FBS-PBS Thermofisher
conjugated (35552)
Alexa anti-mouse 594 | 1:1000 1% BSA-PBS Thermofisher
conjugated (A11020)
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212. Cytokine measurement using enzyme-linked immunosorbent

assay (ELISA)

IFNB and IL-6 cytokines in culture supernatants were measured by using
VeriKine-HS™ human IFNB serum ELISA kit (protocol A) (PBL Assay Science) and
PeliPair human IL-6 ELISA kit (Sanquin) respectively. ELISA was performed as per
manufacturers’ instructions. Absorbance data were acquired by using VersaMax

microplate reader (Molecular Devices) at 450 nm.

2.13. Nuclease and heat treatments for conditioned media

Condtioned media were harvested from control or TBK1*" (p.G159A) fibroblasts
that were not-infected or infected with HSV1-AR. Briefly, MOI 10 of HSV1-AR was
prepared in serum-free DMEM and added to fibroblasts. 2 hours post-infection,
medium was replaced with fresh serum-free DMEM. At the end of 3-hour infection,
media were collected, passed through a 0.22 ym pore size sterile filter, UV-irradiated
and either left untreated or treated with benzonase nuclease (1:1000) or with heat at
95 °C for 10 minutes. Human serum was added to the treated media to a final
concentration of 1% before adding them onto control fibroblasts (that had been
cultured overnight on coverslips in a 24-well plate at the seeding density of 0.06 X
10° cells/mL). The conditioned media were left to incubate on the fibroblasts for 8
hours at 37 °C before the fibroblasts were fixed with absolute methanol.

Immunostaining was done as described in section 2.11.
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2.14. Neural stem cells culture and differentiation into pure neuronal

culture

iPS cell-derived neural stem (NS) cells (from a healthy donor, catalogue no.
ax0016) were purchased from Axol Bioscience (Cambridge, United Kingdom) and
cultured according to the company’s guidelines. Briefly, NS cells were seeded at a
density of 75, 000 cells/cm? on a feeder-free culture area that had been coated with
Geltrex coating matrix (Invitrogen), grown and maintained in neural expansion
medium supplemented with 20 ng/mL of epidermal growth factor (EGF) and
fibroblast growth factor 2 (FGF2) (Axol Bioscience). For passaging, cells were lifted
by incubating with accutase reagent (Life Technologies), for 5 minutes at 37 °C and

were collected by centrifuging the cell suspension at 200 X g for 5 minutes.

To start the differentiation of NS cells into pure cortical neurons, the culture medium
of NS cells was replaced with neural differentiation medium (Axol Bioscience,
catalogue no. ax0034) upon reaching 60-70% confluency. After the pure population
of neurons was achieved approximately 7 days later, the culture medium is replaced
with neural maintenance medium (Axol Bioscience, catalogue no. ax0032). Cortical
neurons were maintained in this medium for up to 7 days before performing

stimulation or infection on them.
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2.15. Statistical analysis and software

Nucleotide sequence, plasmid mapping, and sequence chromatogram analyses
were done using SnapGene Viewer software version 4.0.2 (GSL Biotech).
Densitometric analysis of immunoblots and quantification of fluorescent cells were
done by using ImagedJ software 1.49v (Schneider, Rasband & Eliceiri, 2012).
Immunofluorescence images were processed and analysed by using Icy imaging
software version 1.8.6.0 (Biolmage Analysis). ELISA absorbance data were
analysed by using SoftMax Pro 5 software (Molecular Devices). Statistical analyses
(Student's t-test and two-way ANOVA) were done by using Prism software

(GraphPad).
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Chapter 3
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3. Autophagy phenotypes of HSE patient-derived

fibroblasts with defective TLR3-IFN pathway

3.1. General introduction

Inborn mutations in components of the TLR3-IFN pathway found in selected HSE
patients have been associated with HSE pathogenesis — UNC93B, TLR3, TRIF,
TRAF3, TBK1 and IRF3. Further studies using these patients’ dermal fibroblasts
revealed a narrow HSV1-specific defect in anti-viral IFN production (Casrouge et al.,
2006; Zhang et al., 2007; Pérez de Diego et al., 2010; Guo et al., 2011; Sancho-
Shimizu et al., 2011b; Lim et al., 2014; Herman et al., 2012; Andersen et al., 2015;
Zhang et al., 2013; Sancho-Shimizu et al., 2011a). Whilst the TLR3-IFN pathway is
evidently important in HSE pathogenesis, the involvement of other anti-viral

pathways cannot be ruled out.

One such pathway is autophagy, a cell-autonomous recycling and waste disposal
system that runs homeostatically. Although its role has been emphasised in the
elimination of invading bacteria, its role in HSV1 infection is still unclear. Few
components of the TLR3-IFN pathway have been implicated in autophagy — TLR3,
Toll/interleukin-1 receptor (TIR)-domain-containing adapter-inducing interferon-f3
(TRIF) and TBK1 (Gorbea et al., 2010; Shi & Kehrl, 2008; Pilli et al., 2012). However,
involvement of these components in HSV1-induced autophagy is unclear. Herein,
the characterisation of autophagy phenotypes during HSV1 infection as well as other

stimuli poly(l:C), cyclic di-guanosine monophosphate (c-di-GMP) and HSV1 dsDNA
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was performed by using fibroblasts derived from the HSE patients carrying various

mutations in the TLR3-IFN pathway.

3.2. Rapamycin-induced autophagy

In order to assess functionality of basal autophagy of fibroblasts, | treated the
fibroblasts with rapamycin, a classic inducer of autophagy. Rapamycin is a macrolide
that inhibits protein kinase mTOR (mammalian target of rapamycin), which regulates
cellular growth in response to cues such as nutrients. Inhibiting mTOR using
rapamycin mimics a starvation cue, resulting in the induction of autophagy

(Mizushima, Yoshimori & Levine, 2010).

Control fibroblasts were treated with various concentrations of rapamycin and were
subsequently probed for LC3B and p62, both of which are markers of autophagy.
Induction of LC3B was measured by its relative ratio Il to | level, as the conversion of
LC3BI to LC3BIl is an indicator of an increased autophagy flux. Reduction of p62 is
also monitored which also is a marker of increased autophagy flux as it gets
degraded downstream of the autophagy process (Klionsky et al., 2016). As seen on
immunoblots, rapamycin treatment induced LC3BII:l in fibroblasts, with the highest
level seen at 10 nM (Figure 3.1A). Using 10 nM concentration, treatment was further
optimised by performing different lengths of treatment. The level of LC3BIl:I
increased in a time-dependent manner, which peaked at 24 hours (Figure 3.1B). p62
levels however were not reduced following rapamycin treatment across time (Figure
3.1B). To further study the induction of LC3B in the cells, immunofluorescence was

employed to visualise the LC3B response. At basal levels, control fibroblasts showed
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diffuse distribution of LC3B in the cytosol. However, following 24 hours of treatment
with 10 nM rapamycin, accumulation of LC3B puncta in the cytoplasm of control

fibroblasts was observed (Figure 3.1C).
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Figure 3.1. Rapamycin induces autophagy in human dermal fibroblasts. (A) Control
fibroblasts were treated with various concentration of rapamycin for 2 hours before subjected
to whole-cell lysis, (n = 1). (B) Control fibroblasts were treated with 10 nM of rapamycin for
various period of time before subjected to whole-cell lysis. Lysates were electrophoresed
and probed for LC3B and p62 expression. GAPDH was used as a loading control, (n = 1)
(upper panel). Immunoblots from (B) were subjected to densitometric analyses (lower
panel). (C) Control fibroblasts grown on coverslips were treated with 10 nM of rapamycin for
24 hours, fixed and stained for endogenous LC3B (green). 4',6-diamidino-2-phenylindole
(DAPI) was used to stain nuclei (blue). Immunofluorescence images are representative of
three independent experiments (n = 3). White arrow indicates LC3B puncta. Scale bar, 20

pUm; a.u., arbitrary unit.

Next, | used treatment with 10 nM of rapamycin for 24 hours to test autophagy

function in UNC93B™, TLR3”, TRIF", TRAF3"", TBK1*" (p.D50A) and TBK1*"
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(p-G159A) fibroblasts, and probed their lysates for LC3B expression using
immunoblotting. Rapamycin treatment triggered the increase of LC3BII:l in control
fibroblasts by 2-fold although statistical analysis did not determine it to be significant
(Figure 3.2). Similarly, UNC93B™, TLR3", TRAF3*", TBK1*" (p.D50A) and TBK1*"
(p.G159A) fibroblasts were able to induce LC3BI!I:| levels by 1.6-, 1.5-, 1.5-, 1.8- and
2.5-fold respectively. By immunoblotting, TRIF" fibroblasts did not show induction of
LC3BII:I. Consistent with the previous observation in control fibroblasts, rapamycin
did not trigger the reduction of p62 in all patients’ fibroblasts but rather upregulated it
(Figure 3.2). Rapamycin has been reported to upregulate the expression of p62 in at
least three human cell lines: fibroblasts, MG63 osteosarcoma cell line and
macrophages. Rapamycin-induced p62 was shown to participate in regulating
cellular oxidative stress and apoptosis in response to mitochondrial damage (Ko et
al., 2017; Lerner et al., 2013; Xie, Xie & Dong, 2013). Whether rapamycin-induced
p62 observed in this study is to perform similar function as in these cell lines remains

to be investigated.
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Figure 3.2. Rapamycin-induced autophagy in HSE patient-derived dermal fibroblasts.
Fibroblasts were treated with 10 nM of rapamycin for 24 hours before subjected to whole-cell
lysis. (A) Lysates were separated by electrophoresis, immunoblotted and probed for LC3B
(upper panel) and p62 (lower panel) protein expression. GAPDH was used as a loading
control. (B) Immunoblots from (A) were subjected to densitometric analyses. Immunoblots
are representative of three independent experiments (n = 3). Data are represented as mean

+ standard error of mean (SEM) and were analysed by two-way ANOVA. a.u., arbitrary unit.

| extended my observation by using immunofluorescence to visualise autophagy
induction. Immunofluorescence images confirmed the phenotypes seen on
immunoblots (Figure 3.3A). Control fibroblasts showed a marked increase of LC3B
puncta formation by 3.6-fold following rapamycin treatment. Similarly UNC93B™,
TLR3™”, TRIF", TRAF3*", TBK1"" (p.G159A) and TBK1*" (p.D50A) induced LC3B

puncta formation by 3.1-, 2.3-, 3.2-, 2.0-, 5.5- and 2.4-fold respectively (Figure 3.3B).
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In contrast to the observations made by immunoblotting, immunofluorescence
revealed significant induction of autophagy in UNC93B” and TRIF' fibroblasts
following rapamycin treatment. This discrepancy could be due to the technical
difference between these two techniques. Whilst immunoblotting assesses a whole-
population response, immunofluorescence allows the visualisation of single-cell
response, which gives a more accurate assessment in this context. Collectively,
these data suggest that these patient-derived fibroblasts have functional basal

autophagy machinery and rules out a general autophagy deficit.
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Figure 3.3. Rapamycin-induced autophagy in HSE patient-derived dermal fibroblasts.
(A) Fibroblasts grown on coverslips were treated with 10 nM of rapamycin for 24 hours
before being fixed and stained for endogenous LC3B protein (green). DAPI was used to
stain nuclei. White arrows indicate LC3B puncta, scale bar, 20 ym. Inset is magnified view of
area marked with a box in each image, scale bar 10 um. (B) Number of cells positive for
LC3B puncta were counted. Experiments were repeated independently for at least three
times (n = 3). Data are represented as mean + SEM and analysed by Student’s t-test; **P

<0.01 and ****P <0.0001.

3.3. Poly(l:C)-induced autophagy

HSV1 produces dsRNA intermediates during its active replication which can be
detected by TLR3, a receptor which is non-redundant in anti-HSV1 defence (Zhang
et al., 2007, 2013). | sought to assess whether components of the TLR3-IFN
pathway may have a dual role — promoting autophagy in addition to inducing IFN

production — by stimulating TLR3 receptor using the dsRNA agonist poly(l:C).
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Following stimulation with poly(l:C), control fibroblasts showed an increase in
LC3BIL:I level after 16 hours (Figure 3.4A). Moreover, p62 levels did not decrease
following poly(l:C) stimulation (Figure 3.4A). Immunofluorescence images of
poly(l:C)-stimulated fibroblasts further confirmed autophagy induction as shown by

significant LC3B puncta formation (Figure 3.4B).
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Figure 3.4. Poly(l:C)-induced autophagy in control dermal fibroblasts. (A) Control
fibroblasts were stimulated with 25 pg/mL of poly(l:C) for indicated length of time before
subjected to whole-cell lysis. Whole-cell lysates were electrophoresed and probed for LC3B
and p62 protein expression. GAPDH was used as loading control, (n = 1) (B) Control
fibroblasts grown on coverslips were stimulated with 25 ug/mL of poly(l:C) for 24 hours
before being fixed and stained for endogenous LC3B protein (green). DAPI was used to

stain nuclei. White arrow indicates LC3B puncta. n = 3; scale bar, 20 pm.
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Subsequently, | performed 24 hour stimulation with 25 pyg/mL of poly(l:C) on HSE
patients’ fibroblasts. Immunoblots revealed an impairment in LC3BIl:I induction
following poly(l:C) stimulation in UNC93B™, TLR3" and TRIF™ fibroblasts (Figure
3.5A). Consistently, immunofluorescence images revealed lack of cytoplasmic LC3B
puncta formation in UNC93B”, TLR3" and TRIF™ fibroblasts following poly(l:C)
stimulation, confirming my observation on immunoblots (Figure 3.6A & 3.6B).
TRAF3"", TBK1*" (p.G159A) and TBK1*" (p.D50A) were able to induce LC3BI!:I
levels in response to poly(l:C) similar to control fibroblasts as demonstrated by
immunoblots, and showed elevated presence of LC3B puncta by 1.9-, 3.9- and 4.2-

fold respectively (Figure 3.5A, 3.6A & 3.6B).

Across all fibroblasts, p62 was not reduced following poly(l:C) treatment, but was
rather upregulated (except for TLR3 and TBK1*" (p.D50A)) (Figure 3.5B). Little is
known about the relevance of p62 in poly(l:C)-induced autophagy. A recent study
has shown similar observation where poly(l:C) treatment on mice cardiomyocytes
triggered the upregulation of both LC3B and p62 levels (Gao et al., 2018). However,
this study did not further dissect the underlying signalling that p62 participates in in

poly(l:C)-induced autophagy.
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Figure 3.5. poly(l:C)-induced autophagy in HSE patient-derived dermal fibroblasts.
Fibroblasts were treated with 25 ug/mL of poly(l:C) for 24 hours before being lysed and
probed for endogenous (A) LC3B and (B) p62 proteins. GAPDH was used as a loading
control. Immunoblots are representative of two independent experiments (n = 2) Data are

represented as mean + SEM and were analysed by two-way ANOVA. a.u., arbitrary units.
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Figure 3.6. Poly(l:C)-induced autophagy in HSE patient-derived dermal fibroblasts. (A)
Fibroblasts grown on coverslips were treated with 25 ug/mL of poly(l:C) for 24 hours before
being fixed and stained for endogenous LC3B protein (green). DAPI was used to stain
nuclei. White arrows indicate LC3B puncta. Insets are expanded view of areas marked with
white box within each image. Scale bar, 20 ym, scale bar of inset, 10 um. (B) Number of
cells showing positive for LC3B puncta was counted. Images are representative of three
independent experiments (n = 3). Data are represented as mean + SEM and were analysed

by Student’s t-test; ****P <0.0001.

3.4. IFN-induced autophagy

As previously mentioned, UNC93B”, TLR3”, TRIF", TRAF3*, TBK1""
(p.G159A) and TBK1*" (p.D50A) fibroblasts have impairment in IFN production
following TLR3 stimulation with poly(l:C). However, supplementing the cells with
exogenous IFNa-2a rescued the cells during HSV1 infection. This suggests that
whilst IFN production itself is impaired, IFN signalling pathway through STAT1 is still
functional as they are able to mount downstream interferon-stimulated genes (ISGs)
production that provides global anti-viral protection (Casrouge et al., 2006; Zhang et
al., 2007; Pérez de Diego et al., 2010; Guo et al., 2011; Sancho-Shimizu et al.,

2011b; Lim et al., 2014; Herman et al., 2012).

In contrast to autophagy, which is a continuous process, IFN production is rather
delayed following HSV1 infection. IFN therefore most likely does not have a role in
inducing autophagy during early HSV1 infection but may support amplification of

autophagy response in a positive feedback loop later on. | sought to assess whether
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IFN could indeed trigger autophagy and whether or not components of the TLR3-IFN

pathway are involved in this autophagy.

Firstly, control fibroblasts were treated with 10° IU/mL of IFNa-2a for various time
periods. Immunoblots revealed an increase of LC3BII:I level as early as 8 hours post
treatment (Figure 3.7A & 3.7B). The level of p62 protein did not show any significant
decrease despite the increase of LC3BII:| level, suggesting a non-selective mode of
autophagy (Figure 3.7A & 3.7B). Furthermore, 24 hours treatment of control
fibroblasts with IFNa-2a revealed enhanced formation of LC3B puncta in cytoplasm

(Figure 3.7C).
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Figure 3.7. IFNa-2a induced autophagy in control dermal fibroblasts. (A) Control
fibroblasts were treated with 10° IU/mL of IFNa-2a for indicated lengths of time before
collecting whole-cell lysates, which were then electrophoresed and probed for LC3B and p62
proteins. GAPDH was used a loading control. Immunoblots are from a single experiment (n

= 2) (B) Immunoblots from (A) were subjected to densitometric analysis; a.u., arbitrary units.
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Data are represented as mean + standard deviation (SD) and were analysed by Student’s t-
test where *P<0.05. (C) Control fibroblasts were seeded on coverslips, treated with 10°
IU/mL of IFNa-2a for 24 hours before being fixed and stained for LC3B protein (green). DAPI
(blue) was used as a nuclear stain. White arrows indicate LC3B induction in treated cells.

Images are representative of three independent experiments (n = 3), scale bar, 20 ym.

Next, patient-derived fibroblasts were given similar treatment of IFNa-2a for 24
hours. Immunofluorescence images revealed positive induction of LC3B puncta
across all patient fibroblasts following treatment (Figure 3.8A). Control, UNC93B™,
TLR3™”, TRIF", TRAF3*", TBK1"" (p.G159A) and TBK1*" (p.D50A) were able to
increase LC3B puncta formation by 4.6-, 3.7-, 2.1-, 2.7-, 2.6-, 2.5- and 1.5-fold
respectively (Figure 3.8B). Meanwhile, STAT1" fibrosarcoma cells, used as a
negative control cells that do not have functional response to IFN due to lack of
STAT1 signalling pathway (Dupuis et al., 2003), showed no induction of LC3B
puncta (Figure 3.8A & 3.8B). One can postulate that IFN produced during HSV1
infection could induce autophagy in dermal fibroblasts and that this IFN-induced

autophagy requires functional STAT1 signalling pathway.
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Figure 3.8. IFNa-2a-induced autophagy of patient-derived fibroblasts. (A) Fibroblasts
were seeded on coverslips, treated with 10° IU/mL of IFNa-2a for 24 hours before being
fixed and stained for LC3B protein (green). DAPI (blue) was used as a nuclear stain. White
arrows indicate LC3B induction in treated cells. Scale bar, 20 um. Inset is magnified view of
area marked in box within each image, scale bar 10 um. (B) Number of cells positive for
LC3B puncta was counted. Images are representative of two independent experiments (n =
2). Data are represented as mean + SEM and were analysed by Student’s t-test; ****P

<0.0001; *P <0.05.

3.5. C-di-GMP-induced autophagy

In addition to the TLR3-IFN pathway, TBK1 is a kinase responsible for inducing
IFN production downstream of STING (also known as MITA or TMEM173), a scaffold
protein through which dsDNA sensors signal through and can be stimulated with c-
di-GMP ligand (Tanaka & Chen, 2012; Zhong et al., 2008). Moreover, the STING-
TBK1 pathway is also involved in activating autophagy during Mycobacterium
tuberculosis infection (Watson, Manzanillo & Cox, 2012; Watson et al., 2015). HSV1

infection has also been shown to activate autophagy in a STING-dependent manner,
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but the involvement of TBK1 in this has yet to be unravelled (Rasmussen et al.,
2011). In addition to this, a study has shown that TRIF may also take part in this
pathway (Wang et al., 2016). Given the heavy implication of STING in both IFN
production and anti-microbial autophagy, | sought to assess contribution of STING-

TBK1 pathway to autophagy by stimulating STING with its ligand c-di-GMP.

In control fibroblasts, mock Lipofectamine stimulation did not show significant
increase in cytoplasmic LC3B puncta compared with non-stimulated (Figure 3.9A).
However, when control cells were stimulated with 8 pg/mL of c-di-GMP for 2 hours, |
observed marked increase of cytoplasmic LC3B puncta by 2-fold compared with c-di-
GMP control stimulated cells. Similarly, TRIF” fibroblasts were able to induce
significant accumulation of cytoplasmic LC3B puncta by 1.7-fold (Figure 3.9A &
3.9B). In contrast, TBK1"" (p.G159A) fibroblasts did not induce significant
cytoplasmic LC3B puncta suggesting that STING-induced autophagy is a TBK1-

dependent but TRIF-independent process (Figure 3.9A & 3.9B).
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Figure 3.9. c-di-GMP-induced autophagy is TBK1-dependent. (A) Fibroblasts were
seeded on coverslips, transfected using Lipofectamine 2000 (L2000) with 8 pyg/mL of c-di-
GMP or c-di-GMP control, or L2000 alone (mock) for 2 hours before being fixed and stained
for LC3B protein (green). DAPI (blue) was used as a nuclear stain. White arrows indicate
LC3B induction in treated cells. Scale bar, 20 um. Insets are magnified view of area marked
with white box within each image and have scale bar of 10 ym (B) Number of cells positive
for LC3B puncta was counted. Images are representative of three independent experiments
(n = 3). Data are represented as mean + SEM and were analysed by two-way ANOVA; ***P

<0.001; *P <0.05.
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3.6. HSV1-induced autophagy in HSE patients’ fibroblasts

HSV1 has been shown to activate autophagy in fibroblasts and neurons in vitro
(Talléczy, Virgin & Levine, 2006; Talléczy et al., 2002; McFarlane et al., 2011;
Katzenell & Leib, 2016; Alexander et al., 2007; Radtke et al., 2013; English et al.,
2009). In mouse embryonic fibroblasts (MEFs), late HSV1 infection triggers
formation of perinuclear autophagosomes consisting of coiling of the inner and outer
membrane of the nucleus — a phenomenon termed as nuclear enveloped-derived
autophagy (NEDA) (English et al., 2009; Radtke et al., 2013). Human foetal foreskin
fibroblast-2 (HFFF2) cells induced LC3BII:| following infection with HSV1 (McFarlane
et al., 2011). To my knowledge, autophagy response towards HSV1 infection in
human dermal fibroblasts has not been described before. Herein, | characterised
autophagy phenotypes of human dermal fibroblasts infected with HSV1 by looking at

endogenous LC3B and p62 proteins as markers of autophagy.

3.6.1. HSV1 infection induces LC3B and reduces p62 protein levels in control

dermal fibroblasts

To assess autophagy response to HSV1 infection, control fibroblasts were
infected with HSV1 at various doses (multiplicity of infections (MOls)) and for various
periods of infection. Positive for autophagy activation in response to HSV1 infection,
the level of LC3BIl:I was increased in a time-dependent and dose-dependent
manner following infection (Figure 3.10A & 3.10B). Simultaneously, levels of p62
protein were also decreasing suggesting a role for autophagy adaptor in HSV1-

induced autophagy in human dermal fibroblasts and effectively classifying this type
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of autophagy as selective (Figure 3.10A & 3.10B). This is in agreement with a study
that found similar trend in human HEK293T cells infected with HSV1 whereby HSV1
infection prompted the induction of LC3B and reduction of p62 proteins (Sparrer et
al., 2017). 48-hour infection with HSV1 led to an almost complete absence of LC3BI
as seen in the representative blot Figure 3.10A. Although this makes the
interpretation of LC3BII:| level difficult, it indicates a complete conversion of LC3BI to

II, which is characteristic of autophagy induction.
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Figure 3.10. HSV1 infection triggers autophagy response in human dermal fibroblasts.
Control fibroblasts were infected with (A) HSV1 at MOI 1 for various lengths of time, or (B)
various MOlIs of HSV1 for 48 hours, before cell lysates were harvested. Whole-cell lysates
were subjected to electrophoresis and probed for LC3B and p62 proteins. GAPDH was used
a loading control. Immunoblots were analysed by densitometry (right panel). Experiments
were repeated three times (n = 3), and representative blots are shown. Data were analysed
by Student’s t-test by comparing non-infected to infected, and are represented as mean *

SEM, *P <0.05, **P< 0.01, ***P< 0.001. a.u., arbitrary units.
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3.6.2. WT HSV1 triggers cytoplasmic and perinuclear LC3B phenotypes

To visualise autophagy response towards a progressing infection, | performed a
low dose infection with MOI 0.001 for 24 hours in the presence of 1% human serum
containing neutralising HSV1 antibodies to allow the establishment of viral plaques
(clusters of infected cells resulting from a single infected cell from which the virus
spreads by cell-to-cell contact) surrounded by non-infected cells. | used infected cell
protein 4 (ICP4), an immediate early HSV1 protein, to identify infection and observed
autophagy response by studying endogenous LC3B protein. After 24 hours, | found
infected control fibroblasts that were ICP4-positive to form dense LC3B localised in

the perinuclear area (Figure 3.11, indicated by yellow arrow).

Interestingly, neighbouring non-infected ICP4-negative cells showed formation of
cytoplasmic LC3B puncta suggestive of autophagy upregulation in response to the

presence of neighbouring infection (Figure 3.11, indicated by white arrow).

Non-infected HSV1 WT (MOI 0.001)

LC3B

Figure 3.11. HSV1 infection triggers cytoplasmic and perinuclear LC3B phenotypes in
control fibroblasts. Control fibroblasts were infected with MOI 0.001 of HSV1 WT for 24

hours in the presence of 1% human serum. Cells were subsequently fixed and stained for
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endogenous LC3B (green), HSV1 ICP4 (red) and DAPI (blue nuclear stain). White arrow
indicates cytoplasmic LC3B and yellow arrow indicates perinuclear LC3B formation. Dashed
line marks boundary of viral plague. Images are representative of three independent

experiments (n = 3); scale bar, 20 ym.

3.6.3. Impairment of HSV1-induced autophagy in TBK1*" (p.G159A)

fibroblasts

3.6.3.1. TBK1" (p.G159A) failed to induce LC3BII:l and reduce p62 proteins

following HSV1 infection.

Autophagic responses in HSE patients’ fibroblasts infected with WT HSV1 at MOI
1 and 5 were then assessed. Control fibroblasts showed increase of LC3BII:I and
reduction in p62 protein levels following infection. Similarly, TLR3™", TRIF", TRAF3*"
, TBK1*" (p.D50A) fibroblasts were able to induce LC3BII:l and reduce p62 protein
levels. Immunoblots of HSV1-infected UNC93B™ fibroblasts revealed lack of LC3B
induction. However, UNC93B™ fibroblasts showed reduction of p62, suggesting an
induction of autophagy in response to the infection. Following HSV1 infection,
TBK1*" (p-G159A) cells were not able to induce LC3BII:l and reduce p62 protein
levels, suggesting a complete impairment in HSV1-induced autophagy (Figure 3.12A
& 3.12B). In addition to p62, | also tested the cells for their ability to deplete NDP52,
another autophagy adaptor that participates in selective autophagy and has been
previously shown to be TBK1-dependent in bacterial xenophagy (Thurston et al.,

2009; Wild et al., 2011). While control and TRIF™” fibroblasts were able to clear
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NDP52 protein following HSV1 infection, TBK1*" (p.G159A) fibroblasts failed to do

so (Figure 3.12C).
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Figure 3.12. UNC93B” and TBK1"" (p.G159A) fibroblasts showed aberrant HSV1-
induced autophagy. Fibroblasts were infected with HSV1 at MOI 1 and 5 for 48 hours
before subjected to whole-cell lysis. Lysates were electrophoresed and probed for (A) LC3B
(B) p62 and (C) NDP52 proteins. GAPDH was used as a loading control. Immunoblots are
representative of three independent experiments (n = 3) and were analysed by densitometry.
Data are represented as mean + SEM and were analysed by two-way ANOVA to compare
between non-infected and infected within each cell line. *P <0.05, ***P <0.001 and ****P

<0.0001. a.u., arbitrary units.

3.6.3.2. UNC93B™ and TBK1*" (p-G159A) fibroblasts showed impairment in

cytoplasmic LC3B formation following HSV1 infection

To further investigate the autophagy responses of these fibroblasts, infection with
low dose (MOI 0.001) WT HSV1 infection was visualised. As per validation, control
fibroblasts revealed two distinct autophagic LC3B phenotypes 24 hours following
infection — cytoplasmic LC3B puncta (indicated by white arrows) in ICP4-negative
cells neighbouring a viral plaque, and perinuclear LC3B (indicated by yellow arrows)
in ICP4-positive infected cells in the viral plaque (Figure 3.13). TLR3™", TRIF”,
TRAF3*" and TBK1*" (p.D50A) fibroblasts were able to mount both cytoplasmic and

perinuclear LC3B phenotypes in ICP4-negative and ICP4-positive cells respectively.
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UNC93B™ and TBK1*" (p.G159A) fibroblasts however, failed to form cytoplasmic
LC3B puncta in ICP4-negative cells neighbouring viral plaques. Despite so, they

were able to form perinuclear LC3B phenotype in ICP4-positive cells (Figure 3.13).
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Non-infected HSV1 WT (MOI 0.001)

Control
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Non-infected HSV1 WT (MOI 0.001)

TRAF3*-

TBK1*- (p.D50A)

TBK1*- (p.G159A)

Figure 3.13. Cytoplasmic and perinuclear LC3B formation in HSV1-infected patient-
derived fibroblasts. Fibroblasts were grown on coverslips, infected with HSV1 WT at MOI
0.001 for 24 hours in presence of 1% human serum before being fixed and stained for
endogenous LC3B (green) and HSV1 ICP4 (red) proteins. White arrows indicate cytoplasmic
LC3B puncta, yellow arrows indicate perinuclear LC3B formation. Dashed line marks viral
plague boundary within each representative image. DAPI was used to stain the nuclei. Scale

bar, 20 um. Images are representative of three independent experiments (n = 3).

95



Chapter 3: Autophagy phenotypes of HSE patient-derived fibroblasts with defective TLR3-IFN pathway

3.7. HSV1 dsDNA-induced autophagy

Several studies have suggested the involvement of HSV1 dsDNA in inducing
autophagy in mouse bone marrow-derived dendritic cells (BMDCs) and human
HFFF2 cells, which may be dependent on dsDNA sensor STING (Rasmussen et al.,
2011; McFarlane et al., 2011). Having demonstrated that TBK1 is involved in c-di-
GMP-induced autophagy via STING (presented above), | speculated whether the
dsDNA genome of HSV1 would induce autophagy in human fibroblasts and whether

components of the TLR3-IFN pathway may be involved in this.

Control fibroblasts were transfected with 2 ug/mL of synthetic 60 bp (60mer) dsDNA
oligonucleotide carrying sequence derived from HSV1 genome. Discovery and
characterisation of 60mer has been demonstrated elsewhere (Rasmussen et al.,
2011; Unterholzner et al., 2010). Mock transfection did not trigger significant LC3B
puncta formation in all fibroblasts (Figure 3.14A). However, following 3 hours of
dsDNA 60mer stimulation, there was a significant increase in formation of
cytoplasmic LC3B puncta by 4.4-fold in control cells compared with non-stimulated
cells. UNC93B™, TLR3”, TRIF", TRAF3*" and TBK1*" (p.D50A) were also able to
show enhanced cytoplasmic LC3B puncta by more than 2-fold following dsDNA
60mer stimulation (Figure 3.14A & 3.14B). Notably, TBK1*" (p-G159A) fibroblasts
were not able to induce LC3B puncta formation following dsDNA 60mer stimulation
(Figure 3.14), providing yet another clue into the mechanism by which dsDNA-
induced autophagy works. These data suggest that whilst UNC93B, TLR3, TRIF and
TRAF3 are not involved in dsDNA-induced autophagy, TBK1 is critical for this

process.
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Figure 3.14. HSV1 dsDNA-induced autophagy in human fibroblasts. (A) Fibroblasts

were stimulated with 2 pug/mL of 60mer which is delivered using Lipofectamine 2000

(L2000), or with mock L2000 alone for 3 hours before being fixed and stained for LC3B

(green). DAPI was used to stain the nuclei. White arrows indicate LC3B puncta. Scale bar,
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20 um. Inset is magnified view of area marked within box in each representative image,
scale bar 10 uym (B) Number of cells positive for LC3B puncta was counted. Images are
representative of two independent experiments (n = 2). Data are represented as mean *

SEM and were analysed by Student’s t-test; ****P <0.0001.

3.8. Discussion

In this chapter, the prospect of other components released during HSV1 infection
that may potentiate autophagy was explored: dsRNA and IFN. As HSV1 produces
dsRNA intermediates during its replication (refer to Chapter 1), it is conceivable that
HSV1 dsRNA may engage with TLR3 receptor and result in the activation of
autophagy in addition to the production of anti-viral IFN. Using dsRNA mimicking
molecule poly(l:C) as a stimulant, we showed that dsSRNA may indeed contribute to
autophagy response in human dermal fibroblasts, suggesting an existence of yet
another autophagy inducing pathway that is dependent on at least three upstream
components of TLR3-IFN pathway: UNC93B, TLR3 and TRIF, but independent of
TBK1. This finding is in contrast to a report that showed that despite showing LC3B
puncta formation in response to HSV1 infection, human HFFF2 fibroblasts did not
activate autophagy upon poly(l:C) stimulation which may be due to cell type
(McFarlane et al., 2011). A couple of other reports are in line with my finding, which
demonstrated TLR3-mediated dsRNA-induced autophagy in other cell lines but the
relevance and involvement of dsRNA in inducing autophagy during infection is still
elusive and not well described (Tormo et al., 2009; Delgado et al., 2008). Also, to
what extent this TLR3-dependent dsRNA-induced autophagy contributes to overall
host protection is yet to be explored but is most unlikely to underlie HSV1-induced

autophagy.
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The role of IFN in inducing autophagy is also not well described. Several human cell
lines have been shown to induce autophagy following IFN stimulation (Ambjgrn et
al., 2013; Schmeisser, Bekisz & Zoon, 2014; Schmeisser et al., 2013). My data
provide another aspect to the role of autophagy during HSV1 infection, whereby IFN
clearly was capable of stimulating autophagy in control and HSE-patient derived
fibroblasts. As these patient-derived fibroblasts have impaired HSV1-induced IFN
production, it is therefore unlikely that they were able to mount IFN-induced

autophagy during HSV1 infection without exogenous supplementation of IFN.

Herein | provide the first characterisation of autophagy phenotypes of human dermal
fibroblasts infected with HSV1. HSV1 infection induces two forms of LC3B
phenotypes: cytoplasmic LC3B and perinuclear LC3B. Cytoplasmic LC3B puncta is
induced in cells that were negative for HSV1 immediate early protein ICP4.
Complete absence of HSV1 antigen cannot be ascertained as ICP4 is expressed as
early as 2 hours post infection. Further dissection into these two differential

autophagy phenotypes will be addressed in the next chapter.

To the best of my knowledge, this is the first description of autophagic upregulation
in non-infected plaque-neighbouring cells in response to incoming infection in human
dermal fibroblasts. We speculate that this cytoplasmic LC3B phenotype represents a
form of a ‘danger’ signal, which may be involved in priming adjacent non-infected
cells for autophagic elimination of incoming virus. A similar autophagy phenomenon
has been reported in HSV1-infected murine trigeminal neurons where antigen-

negative neurons showed formation of LC3B clusters in response to HSV1-induced
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IFN production primarily from CNS resident non-neuronal cells (Katzenell & Leib,
2016). This report also demonstrated the requirement for functional IFN pathway in
order to form neuronal LC3B clusters, as neurons deficient for IRF3, IFN receptor or
STAT1 were not able to induce this clustering feature. My data showed that
fibroblasts from the selected HSE patients known to have impaired HSV1-induced
IFN production were able to induce cytoplasmic LC3B puncta phenotype (with
exception of UNC93B™ and TBK1*" (p.G159A)), ruling out the requirement for IFN
production in inducing this neighbouring LC3B effect. Difference in cell type may
underlie this discrepancy as they may utilise different mechanism in controlling viral
spread. Indeed, it has been shown that whereas IFN is crucial for controlling HSV1 in
fibroblasts, neuronal cells opt for cytoprotective autophagy as a preferential strategy
in fighting HSV1 infection as IFN could induce cell death in these non-renewable
cells (Yordy et al., 2012; Yordy & lwasaki, 2013). My HSE patient-derived fibroblast
data neatly showed that despite their ability in mounting cytoplasmic LC3B puncta in
response to HSV1 infection, their intrinsic impairment in IFN production remains to
be a causal factor leading to widespread HSV1 replication and enhanced cell death.
It is therefore of future interest to dissect the involvement of autophagy in HSV1-
infected neurons of these HSE patients to better understand this cell type-specific
role of autophagy and how HSV1-specific mutations of the TLR3-IFN pathway may

play a role in autophagy regulation in the CNS.

In this chapter, | demonstrated the strict requirement for TBK1 in inducing autophagy
upon HSV1 infection in fibroblasts. Whereas TBK1 carrying the p.D50A mutation
showed positive for autophagy induction and presented both cytoplasmic and

perinuclear LC3B autophagy phenotypes, TBK1 with the p.G159A mutation
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specifically failed to do both. To my knowledge, these are the only two TBK1
mutations that are associated with HSE and their innate immune responses towards
multiple IFN-inducing stimuli and HSV1 infection have been extensively
characterised by Herman and colleagues (Herman et al.,, 2012). Both D50A and
G159A mutations are loss-of-function mutations caused by protein instability
(haploinsufficiency) and loss of kinase activity (dominant negative) respectively and
result in uncontrolled dissemination of HSV1 infection and impaired HSV1-induced
IFN production. D50A allele causes poor expression of TBK1 protein leading to
impaired poly(l:C)-induced IFN production as shown previously (Herman et al.,
2012), but does not impair autophagy responses following HSV1 infection as shown
in our study, suggesting that residual TBK1 might be sufficient in inducing these
responses. G159A TBK1 however does not affect expression of TBK1 protein, but
renders the kinase catalytically inactive. As a result, poly(l:C)-induced IFN production
is impaired (Herman et al., 2012). Given the heavy implication of TBK1 in HSV1
pathogenesis most of which revolves around its kinase activity, it is therefore not
surprising that TBK1*" (p.G159A) fibroblasts failed to induce autophagy following

HSV1 infection.

A report has shown a requirement for TBK1 in phosphorylating p62 receptor in
HSV1-induced autophagy in human HEK293T cells (Sparrer et al., 2017). TBK1 was
found to co-localise with p62 during HSV1 infection in HEK293T cells and this
interaction is crucial for the phosphorylation of autophagosomal p62 at serine
residue 403 (S403) (Sparrer et al., 2017). Whilst | have shown that HSV1-induced
autophagy is also p62-mediated in human dermal fibroblasts, the phosphorylation of

p62 at S403 and hence the direct involvement of TBK1 is yet to be demonstrated.
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p62 S403 phosphorylation is not HSV1-specific as it has been previously
demonstrated in anti-bacterial autophagy (Pilli et al., 2012), nor pathogen-specific as
it has also been shown to promote mitophagy (Matsumoto et al., 2015) and protein
clearance (Matsumoto et al., 2011). It is therefore likely that fibroblastic HSV1
induced-autophagy employs a similar mechanism. Hence, it will be of future interest
to test p62 phosphorylation phenotype of HSV1-infected TBK1*" (p-G159A)
fibroblasts. Furthermore, | observed the involvement of NDP52 autophagy adaptor in
mediating HSV1 infection. NDP52 has been previously known to regulate anti-
Salmonella xenophagy and mitophagy (Thurston et al., 2009; Heo et al., 2015). To
date, my finding describes the first demonstration of its involvement in HSV1

infection.

In addition to their failure in mounting HSV1-induced autophagy, TBK1*" (p-G159A)
fibroblasts also showed impairment in HSV1 dsDNA-induced autophagy. | showed
that TLR3™, TRIF" and TRAF3*" fibroblasts were able to induce autophagy upon
both HSV1 infection and HSV1 dsDNA stimulation which rules out the involvement of
TLR3 pathway in mounting HSV1-induced autophagy. Although all known dsDNA
sensors are shown to be TBK1-dependent, TBK1*" (p.G159A) fibroblast appeared to
have normal IFN production following synthetic dsDNA poly dA:dT stimulation which
is the ligand of STING-independent dsDNA sensors including RIG-I and DAI
(Herman et al., 2012). This conflicting finding could be as a result of partial TBK1
defect. My data suggest that TBK1 is absolutely required for activating HSV1
dsDNA-induced autophagy. An attractive candidate by which TBK1 mediates this
autophagy is STING, which functions downstream of dsDNA sensors such as cGAS

and strictly utilises TBK1 as its kinase. STING-TBK1 pathway has been receiving

103



Chapter 3: Autophagy phenotypes of HSE patient-derived fibroblasts with defective TLR3-IFN pathway

equally heavy implication in its dual role in inducing IFN and autophagy upon
microbial infections, including HSV1 (Watson et al., 2015; Dey et al., 2015; Zhong et
al., 2008). Indeed, a report by Rasmussen and colleagues showed that STING-
deficient mouse BMDCs were incapable of inducing autophagy following stimulation
with the same HSV1 dsDNA used in our study (Rasmussen et al., 2011). This HSV1
dsDNA was previously shown to bind IFI16 and trigger IFNB production
(Unterholzner et al., 2010; Rasmussen et al., 2011). Using c-di-GMP stimulation, a
ligand of STING, TBK1*" (p.G159A) fibroblasts additionally showed an aberrant
autophagy response, highlighting the role of STING and TBK1 in inducing autophagy

upon HSV1 infection.

This study also found that UNC93B™" fibroblasts failed to mount cytoplasmic LC3B
puncta phenotype, despite being able to reduce p62 level as shown by immunoblots.
UNC93B is an ER protein known to facilitate the trafficking of TLR receptors to
endosomes (Kim et al., 2008). To the best of my knowledge there is no report on the
role of UNC93B in autophagy. Future investigation on the mechanism underlying
HSV1-induced cytoplasmic LC3B puncta may reveal a link between UNC93B and

autophagy.

In this chapter, Western blotting and immunofluorescence microscopy techniques
were utilised to assess autophagy phenotypes following different stimuli and HSV1
infection. | found that immunofluorescence microscopy to be invaluable and
informative in evaluating and interpreting the data. Western blotting allowed the
assessment of LC3BI to LC3BIl conversion to measure autophagy induction.

However, densitometric analyses of independent experimental repeats often gave
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wide variation between data (demonstrated by error bars of representative data).
This made it difficult to decipher the data. In comparison, immunofluorescence
microscopy was able to provide with similar information in the form of LC3B puncta
formation, in addition to allowing the visual identification of two different autophagy
phenotypes in HSV1 infection. Hereon, information gathered from
immunofluorescence microscopy weighs more in my opinion, and hence mostly

utilised in the rest of this study.

Taken together, | have provided several clues into the mechanism of HSV1-induced
autophagy. Complimentary to previous report (Sparrer et al., 2017), my data support
the role of TBK1 in mediating HSV1-induced autophagy, which | have also found to
involve p62 and NDP52. HSV1-induced autophagy seems to be independent of
TLRS3, and can be stimulated by HSV1 dsDNA alone, suggestive of the involvement
of STING dsDNA adaptor which pathway is heavily dependent on TBK1 kinase in
HSV1 infection. HSV1 triggers the formation of cytoplasmic LC3B puncta and
perinuclear LC3B structures in human dermal fibroblasts whereby the former may
have a protective role in HSV1 infection. As TRIF and TBK1 are implicated in
autophagy, | pursued further investigation into the dynamics of these two distinct
autophagy phenotypes by using TRIF" and TBK1*" (p.G159A) fibroblasts in the next
chapter, to better understand the role of autophagy in HSV1 infection. The role of
TBK1 in mediating HSV1-induced autophagy will also be investigated in the next

chapter.
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Chapter 4
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4. TBK1 plays a role in HSV1-induced autophagy in

human dermal fibroblasts

4.1. General introduction

Components of the TLR3-IFN pathway, specifically TRIF and TBK1, have been
implicated in autophagy induction. TRIF is well known for its adaptor role in IFN-
inducing pathways downstream of TLR3 and TLR4 receptors. Additionally, it can
also interact with Beclin-1 to promote autophagosomal formation (Shi & Kehrl, 2008).
TBK1 is a downstream kinase for IFN-inducing pathways including the TLR3-IFN
and STING-IFN pathways. In recent years, its role as a kinase has expanded rapidly
to include autophagy particularly in facilitating xenophagy, mitophagy and removal of
protein aggregates. It promotes autophagy by activating autophagy adaptors and
facilitating autophagosomal maturation (Ahmad et al., 2016). For these reasons, |
decided to focus my study on HSV1-induced autophagy in TRIF” (p.R141X/R141X)

and TBK1*" (p.WT/G159A) patient fibroblasts.

In the previous chapter, | have shown that HSV1 induced two autophagy phenotypes
in human dermal fibroblasts — cytoplasmic LC3B and perinuclear LC3B. In this
chapter, | further investigated the induction of these two phenotypes spatially and
temporally. Following the finding that TBK1*" (p.G159A) fibroblasts have impaired
autophagy responses upon HSV1 infection, | explored the role of TBK1 further by
knocking down this protein or inhibiting its function, and subsequently studied the

downstream effect on HSV1-induced autophagy. Reports have revealed the
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protective effect of enhanced autophagy during viral infections (Delorme-Axford et
al., 2013; Zhou et al., 2016; McLean et al., 2011; Orvedahl et al., 2010). | explored
this possibility by upregulating autophagy in fibroblasts, prior to HSV1 infection and
subsequently measured cell viability and viral load. | also dissected the nature of the
‘danger’ signal that mediates cytoplasmic LC3B puncta formation in non-infected

cells during HSV1 infection.

4.2, Cytoplasmic and perinuclear LC3B phenotypes are formed during

early and late in HSV1 infection respectively

In the previous chapter, | described two distinct LC3B autophagy phenotypes
induced by HSV1 in human dermal fibroblasts. However, the assay required a low
dose of HSV1 and a long period of infection (24 hours) so that | could investigate
autophagy response towards a viral spread radiating from viral plaques. It, therefore,
did not provide a clue on how these two spatially distinct autophagy phenotypes take
place immediately following HSV1 inoculation. Hence, | infected fibroblasts with a
higher dose (MOI 10) and studied LC3B protein early in infection (2 and 3 hours) and
late in infection (8 hours) when infection has established and viral replication is

activated.

Strikingly, the cytoplasmic and perinuclear LC3B phenotypes occurred sequentially
in infected control fibroblasts (Figure 4.1A). Cytoplasmic LC3B puncta were induced
early in infection in control fibroblasts (2 and 3 hours post-infection (h.p.i.)), showing
significant 3-fold induction after 3 hours of infection (Figure 4.1B). On the other hand,

perinuclear LC3B was only seen later in infection (8 h.p.i.) in control fibroblasts.
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TRIF™ fibroblasts also induced cytoplasmic LC3B puncta early in infection, although
rather delayed by an hour. Cytoplasmic LC3B puncta formation was only significantly
induced, reaching 3-fold increase, at 3 h.p.i. in TRIF™ fibroblasts. TBK1*" (p.G159A)
fibroblasts, on the other hand, failed to induce cytoplasmic LC3B punta early in
infection (Figure 4.1A and B). Similar to control fibroblasts, both TRIF and TBK1*"
(p.G159A) fibroblasts were able to form perinuclear LC3B structures late in infection

(Figure 4.1A).
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Figure 4.1. HSV1-induced cytoplasmic and perinuclear LC3B phenotypes in human
dermal fibroblasts are induced early and late in infection respectively. (A) Control,
TRIF" and TBK1*" (p.G159A) fibroblasts were infected with WT HSV1 at MOI 10 for 2, 3 and
8 hours before being fixed and stained for endogenous LC3B (green) and HSV1 ICP4 (red)
proteins. DAPI (blue) was used to stain for nuclei. White arrow indicates cytoplasmic LC3B
and yellow arrow indicates perinuclear LC3B. Scale bar, 20 um. Inset is a magnified view of
the area marked in the box within each representative image and has scale bar 10 ym. (B)
The number of LC3B-positive cells in indicated length of infection was counted on a
minimum number of 100 cells per experiment. Images and data are representative of three
independent experiments (n = 3). Data represent mean + SEM and were analysed by two-

way ANOVA,; ***P <0.001 and ****P <0.0001.

4.3. Infection with ICP34.5-mutant HSV1 enhances HSV1-induced

autophagy phenotypes

HSV1 encodes ICP34.5 as a measure to counteract host autophagy by blocking
Beclin-1 autophagy protein and dephosphorylating host elF2a (Talléczy, Virgin &
Levine, 2006; Talléczy et al., 2002; Orvedahl et al., 2007). Although shown to exert

its effect on host translation machinery in MEFs (Alexander et al., 2007), deletion of
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ICP34.5 was shown to impair the ability of HSV1 in regulating host autophagosome
formation in human breast carcinoma (MCF7) cells (Orvedahl et al., 2007). To
observe the effect of ICP34.5 on HSV1-induced autophagy, | used AICP34.5 HSV1
strain and compared the autophagy phenotypes to WT HSV1 infection. In control
fibroblasts, | observed a more pronounced induction of LC3BIl:I upon AICP34.5
HSV1 infection compared with WT HSV1 infection (Figure 4.3A & 4.3C). This
observation is consistent with reports on human HelLa and MEF cell lines (Lussignol
et al., 2013; Talloczy et al., 2002). However, | did not see a significant effect on p62
degradation in dermal fibroblasts infected with the HSV1 AICP34.5 strain (Figure

4.3B & 4.3C).
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Figure 4.2. Infection of human dermal fibroblasts with AICP34.5 HSV1 enhanced
autophagy phenotypes. (A-B) Control fibroblasts were infected with WT HSV1 or AICP34.5
HSV1 at MOI 1 or 10 for 48 hours before whole-cell lysis and immunoblotting. Endogenous
(A) LC3B and (B) p62 proteins were probed. GAPDH was used a loading control. (C)
Immunoblots from (A) were subjected to densitometry, a.u., arbitrary units (D) Control, TRIF
" and TBK1*" (p.G159A) fibroblasts were infected with WT HSV1 or AICP34.5 HSV1 at MOI
0.001 for 24 hours in presence of 1% human serum before cells were fixed and stained for
endogenous LC3B (green) and HSV1 immediate-early protein ICP4 (red). DAPI (blue) was

used as a nuclear stain. Dotted line outlines viral plaque boundary, white arrow indicates
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cytoplasmic LC3B and yellow arrow indicates perinuclear LC3B. Scale bar, 20 uym. Inset is a
magnified view of the area marked in the box within each representative image and has

scale bar 10 um. Images are representative of three independent experiments (n = 3).

Using immunofluorescence, | further inspected LC3B response to AICP34.5 HSV1
infection in control, TRIF" and TBK1*" (p-G159A) fibroblasts. Similar to WT HSV1
infection, AICP34.5 HSV1 infection triggered both cytoplasmic and perinuclear LC3B
phenotypes in control and TRIF fibroblasts and only cytoplasmic LC3B phenotype
in TBK1*" (p.G159A) fibroblasts. However, cytoplasmic LC3B phenotype was more
pronounced in AICP34.5 HSV1 infection compared to WT HSV1 infection, as shown
by the increased presence of cells positive for cytoplasmic LC3B puncta in control
and TRIF™ fibroblasts (Figure 4.3D). AICP34.5 HSV1 infection did not affect the
inability of TBK1*" (p.G159A) fibroblasts to form cytoplasmic LC3B phenotype
(Figure 4.3D). This suggests that WT HSV1 exerts some degree of regulation over

host autophagy in human dermal fibroblasts, which is mediated by ICP34.5.

4.4. Perinuclear LC3B structures co-localised with LC3A and Golgi

bodies during late HSV1 infection

Two reports have documented a novel non-canonical autophagy phenotype in
MEFs where infection gave rise to perinuclear dense structures that are enriched
with the autophagy protein LC3A. This structure is formed by the coiling of the inner
and outer membrane of the nucleus and hence is termed nuclear envelope-derived
autophagy (NEDA) (English et al., 2009; Radtke et al., 2013). The HSV1-induced

perinuclear LC3B phenotype that was observed in human dermal fibroblasts is
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reminiscent of this structure hence | sought to assess whether this perinuclear LC3B
structure would also stain with LC3A. Because TBK1"" (p.G159A) cells could also
form this perinuclear LC3B phenotype, | postulate that this is an immunomodulatory

action executed by HSV1 and does not constitute a host response.

Similar to NEDA, perinuclear LC3B structures in HSV1-infected human dermal
fibroblasts also stained for LC3A. Infection with AICP34.5 HSV1 did not affect the
formation of perinuclear LC3A phenotype (Figure 4.2A). Notably, | did not observe
LC3A cytoplasmic puncta formed in ICP4-negative (or -positive) cells following
infection with WT and AICP34.5 HSV1, suggesting that it does not share the same
role as cytoplasmic LC3B in HSV1-induced autophagy, and is unlikely to underlie
HSV1 protective autophagy (Figure 4.2A). The perinuclear LC3B and LC3A structure
was also observed to stain with Golgi bodies (Figure 4.2B and 4.2C). Given that this
perinuclear LC3B phenotype occurs only in late HSV1 infection in fibroblasts, |
postulate that it is a result of HSV1 modulation of the host’'s immune response to

infection rather than a host anti-viral response.
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Figure 4.3. HSV1-induced perinuclear LC3B structure also stains for LC3A and Golgi
bodies. (A) Control, TRIF” and TBK1*" (p.G159A) fibroblasts were infected with WT HSV1
or AICP34.5 HSV1 strains at MOI 0.001 for 24 hours in presence of 1% human serum before
being fixed and stained for endogenous LC3A (green) and HSV1 ICP4 (red) proteins. Arrow
indicates perinuclear structures. (B) Control fibroblasts infected with HSV1 WT at MOI 0.001
for 24 hours in presence of 1% human serum before being fixed and stained for endogenous
LC3B (green, upper panel) or LC3A (green, lower panel) and giantin (Golgi marker, red).
DAPI (blue) was used to stain for nuclei. Scale bar, 20 ym. Inset is a magnified view of the
area marked in the box within each representative image and has scale bar 10 um. (C) The
number of cells double-positive for giantin and LC3B (giantin® LC3B") or for giantin and
LC3A (giantin® LC3A") was counted and expressed as percentage over the total number of
cells positive for perinuclear structures. Images and data are representative of three

independent experiments (n = 3). Data represent mean + SEM.
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4.5. Depletion or inhibition of TBK1 impairs HSV1-induced autophagy

45.1. Depletion of endogenous TBK1 abrogated HSV1-induced autophagy in

control fibroblasts

Given the impairment in HSV1-induced autophagy seen in TBK1*" (p-G159A)
cells, | further confirmed the role of TBK1 in HSV1-induced autophagy by knocking
down endogenous TBK1 in control fibroblasts using siRNA (siTBK1). | first confirmed
the efficiency of siTBK1 knockdown delivered using Lipofectamine (Figure 4.4C).
Control fibroblasts that were depleted of TBK1 exhibited enhanced viral replication
(Figure 4.4A) compared to non-transfected cells. siTBK1 cells also showed more cell
death and detachment (see phase image) compared to non-transfected. This is in
line with a report that showed that TBK1 is protective in HSV1 infection, likely
through inducing IFN production (Herman et al., 2012). Transfecting with siNegative
led to significantly less infected cells as seen at 24 h.p.i. GFP images, with more
cells exhibiting normal morphology and uninfected (Figure 4.4A). | am not able to
deduce whether Lipofectamine used to the deliver the RNA and/or siNegative used
was blocking infection as Lipofectamine (mock)-transfected cells was not included in
the experiments. Lipofectamine transfection reducing infection efficiency is not
uncommon in many cases which has been reported to induce IFN production (Li et
al., 1998). Additionally, siRNA have been shown to have an immunostimulatory
effect by inducing IFN through PKR and other TLRs (reviewed by Whitehead et al.,
2011). Therefore, future studies extending from here should take these bystander
effects into consideration. Viral load assessed at 48 h.p.i. revealed a significantly

higher viral titre in siTBK1 transfected cells, compared to non-transfected cells and
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siNegative-transfected cells (Figure 4.4B). However the difference is only by a log-
fold. Performing the experiment with a lower viral dose (e.g. MOI 0.1) or harvesting
virus at earlier infection time-point for titration (before cell viability becomes a limiting
factor) may reveal a less subtle effect of TBK1 knock-down on HSV1 replication.
Data derived from performing infection with lower dose should be taken with caution
as transfection itself may hamper infection efficiency (and hence it is imperative to
include mock transfection). siTBK1-transfected cells also showed impaired LC3BII:|
induction and p62 degradation compared to the non-transfected counterpart (Figure
4.4D). In non-transfected control fibroblasts, cells were able to reduce NDP52 level
following HSV1 infection. However, in the siTBK1 knockdown cells clearance of
NDP52 is impaired after HSV1 infection. These data suggest a specific requirement
for TBK1 to facilitate p62- and NDP52-mediated autophagy during HSV1 infection

(Figure 4.4D).
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Figure 4.4. TBK1-depleted control fibroblasts showed impaired HSV1-induced
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autophagy. Control fibroblasts were transfected with siRNA that targets endogenous TBK1
(siTBK1) or with non-specific siRNA (siNegative) for 48 hours before being infected with
HSV1-GFP (MOI 1) for further 48 hours and subjected to whole-cell lysis. (A) Replication of
HSV1-GFP was monitored 24 h.p.i. based on GFP fluorescence. (B) HSV1 titre 48 h.p.i was
measured by plaque assay (C) Efficiency of siTBK1 knockdown was confirmed by
immunoblotting whole-cell lysates for TBK1. (D) Whole-cell lysates were resolved and
probed for LC3B, p62, and NDP52 proteins. For all immunoblots, GAPDH was used as a

loading control. Images and data are representative of three independent experiments (n =
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3). Data represent mean + SEM and were analysed by two-way ANOVA where *P< 0.05 and

**P<0.01.

45.2. Inhibition of TBK1 using BX795 reduced the cytoplasmic LC3B

phenotype and did not affect the perinuclear LC3B phenotype

To investigate the role of TBK1 in the formation of cytoplasmic and perinuclear
LC3B phenotypes induced by HSV1 infection, | inhibited TBK1 function in control
fibroblasts using the TBK1 inhibitor BX795 and infected the cells with HSV1 at MOI
0.001. BX795 is an aminopyrimidine drug that specifically inhibits TBK1 and kB
kinase € (IKKe) by preventing their phosphorylation at serine-172 (S172) residue
which is essential for their kinase activity (Clark et al., 2009; Kishore et al., 2002). Its
kinase activity has been shown to be indispensable in the autophagic elimination of

Salmonella typhimurium (Thurston et al., 2009, 2016; Radtke et al., 2007).

| observed a reduction by half in the number of BX795-treated control fibroblasts with
cytoplasmic LC3B puncta in ICP4-negative cells neighbouring viral plaques
(indicated by white arrows), compared to non-treated cells (Figure 4.5A & 4.5B). The
presence of perinuclear LC3B phenotype within viral plaques, however, was
unaffected with ICP4-positive cells showing dense perinuclear LC3B formation in
both BX795-treated and non-treated control cells (Figure 4.5A). TBK1*" (p.G159A)
fibroblasts, on the other hand, showed no induction of cytoplasmic LC3B puncta in
plaque-neighbouring ICP4-negative cells and BX795 treatment did not affect this

outcome (Figure 4.5A & 4.5B).
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To further confirm this finding, | performed high dose of infection (MOI 10) on control
fibroblasts that have been treated with BX795 and visualised LC3B protein at early
(3 h.p.i.) and late (8 h.p.i.) infection. In BX795-treated HSV1-infected control cells,
there was reduction by 2-fold in cytoplasmic LC3B puncta formation (white arrows) at
3 h.p.i. compared to non-treated HSV1-infected cells (Figure 4.5C & 4.5D).
Consistently, the formation of perinuclear LC3B phenotype (yellow arrows) late in
infection in control fibroblasts is unaffected by BX795 treatment (Figure 4.5C).
Confirming previous findings, TBK1"" (p.G159A) fibroblasts failed to induce
cytoplasmic LC3B puncta during early in infection and this outcome is unaffected by
BX795 treatment (Figure 4.5C & 4.5D). Similarly, TBK1*" (p-G159A) could form
perinuclear LC3B structures during late in infection in presence or absence of BX795
(Figure 4.5C). These data suggest that TBK1 is involved in the formation of HSV1-
induced cytoplasmic LC3B phenotype that is formed during early infection, and that
the formation of perinuclear LC3B phenotype later in infection is independent of

TBK1.
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Figure 4.5. Functionally inhibiting endogenous TBK1 using BX795 reduces formation
of HSV1-induced cytoplasmic LC3B early in infection without affecting formation of
perinuclear LC3B later in infection. (A) Control or TBK1*" (p.G159A) fibroblasts were pre-

treated with 1 yM of BX795 overnight before infecting them with MOI 0.001 of WT HSV1 for
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24 hours in presence of 1% human serum. Dotted line indicates boundary of viral plaque.
Images and data are derived from a single experiment (n = 1) (C) Control or TBK1""
(p.G159A) fibroblasts were pre-treated with 1 uM of BX795 overnight before being infected
with MOI 10 of WT HSV1 for 3 hours or 8 hours. For both (A) and (C), cells were fixed and
stained for endogenous LC3B (green) and HSV1 ICP4 (red) proteins. DAPI (blue) was used
to stain for nuclei. Scale bar of representative images is 20 um. Inset is the magnified view
of the area marked within the box in each representative image and has scale bar of 10 um.
(B) and (D) Number of cells positive of cytoplasmic LC3B formation in (A) and (C) was
counted respectively. Images and data are representative of three independent experiments
(n = 3). Data represent mean + SEM and were analysed by two-way ANOVA; **P <0.01;

n.s., non-significant.

4.6. Autophagy promotes cell viability without altering HSV1

replication

Autophagy has been shown to promote cell survival in various bacterial and viral
infections, where in some cases, increased number of cells made available is utilised
by pathogens to foster their replication (McLean et al., 2011; Zhou et al., 2016). On
the other hand, autophagy has been shown to protect and promote survival of non-
renewable post-mitotic neuronal cells from Sindbis virus without altering viral
replication (Orvedahl et al., 2010; Liang et al., 1998). | wondered whether re-
establishing autophagy in TBK1*" (p.G159A) fibroblasts may provide cytoprotection
against HSV1 infection and if so, if it would increase viral burden or curtail it. |
explored this possibility in fibroblasts by enhancing autophagy using rapamycin or
poly(l:C) pre-treatment prior to infection, and subsequently assayed their autophagy

phenotypes, cell viability as well as viral replication.
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After 24 hours treatment with poly(l:C) or rapamycin, | infected the cells with GFP-
tagged HSV1 at MOI 1. HSV1 replication was monitored 24 h.p.i. based on GFP
fluorescence and its titre at 48 h.p.i. later was measured by plaque assay. To
monitor the effect of ligand treatments on HSV1 infection, cells were infected with
MOI 0.001 of WT HSV1 for 24 hours after pre-treatment, and their LC3B expression
was visualised afterwards using immunofluorescence imaging. Cell viability was also
assayed after pretreatment and infection by phase imaging and live/dead

fluorescence staining.

HSV1 replication was significantly reduced in control fibroblasts after poly(l:C)
pretreatment (Figure 4.6A & 4.6B) and this protection can be attributed to IFNf
production resulting from poly(l:C)-stimulated TLR3-IFN pathway (Figure 4.6C). This
protection conferred by IFNB is also evident by the absence of viral plaques in
poly(l:C)-pretreated control cells which were infected with MOI 0.001 of HSV1
(Figure 4.8A & 4.8C). Both poly(l:C)-treated control and TBK1"" (p.G159A)
fibroblasts showed cytoplasmic LC3B puncta after 24 hours infection. Whilst TBK1*"
(p-G159A) fibroblasts were able to produce detectable IFNB following poly(l:C) pre-
treatment (Figure 4.6C), this level of IFN was not sufficient for protection against
subsequent infection as TBK1*" (p.G159A) fibroblasts still developed viral plaques
and sustained similar viral load compared to non pretreated cells (Figure 4.6B &
4.8A). TRIF" fibroblasts did not induce autophagy or produce IFNB following
poly(l:C) stimulation and therefore could not benefit from protection conferred by
poly(:l:C)-induced IFN against HSV1 infection (Figure 4.6 & 4.8). However, |

observed cytoplasmic LC3B puncta in poly(l:C)-pretreated TRIF™ fibroblasts after
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being infected with HSV1, suggesting that the formation of HSV1-induced
cytoplasmic LC3B puncta phenotype is an IFN-independent process as TRIF”
fibroblasts have impaired IFN production following poly(l:C) stimulation (Figure 4.8A

& 4.8B).
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Figure 4.6. Enhancing autophagy in human dermal fibroblasts prior to HSV1 infection

does not affect viral replication. Control, TRIF or TBK1*" (p.G159A) fibroblasts were pre-
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treated with 10 nM of rapamycin or 25 pg/mL of poly(l:C) for 24 hours before infecting them
with GFP-tagged HSV1 at MOI 0.1 or 1 for 48 hours. (A) HSV1 replication in cells infected
with MOI 1 was visualised 24 h.p.i. based on GFP fluorescence (B) At the end of 48 h.p.i,
viral supernatants were harvested and titrated by plaque assay on Vero cells (C) Culture
medium 24 hours post-treatment with rapamycin or poly(l:C) was harvested and assayed for
cytokine IFNB production. Images and data are representative of three independent
experiments (n = 3). Data represent mean + SEM and were analysed by two-way ANOVA,;

****P <0.0001; n.d., non-detected.
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Figure 4.7. Enhancing autophagy in human dermal fibroblasts prior to HSV1 infection
enhances cell viability. (A) Phase images of pre-treated or non-pre-treated cells infected

with HSV1 (MOI 1) were taken 24 h.p.i. (B) Cells were dual stained with calcein AM and
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ethidium heterodimer-1 to stain for live and dead cells respectively following 24-hour
infection. The number of cells was counted based on fluorescence. Results are
representative of three independent experiments (n = 3). Data were represented as mean *

SEM and analyzed by two-way ANOVA. Statistical significance indicates *P <0.05.
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Figure 4.8. Rapamycin-induced autophagy promotes protection in HSV1 infection. (A)
Fibroblasts grown on coverslips were pre-treated with 25 pg/mL of poly(l:C) or 10 nM of
rapamycin for 24 hours prior to infection with WT HSV1 (MOI 0.001) for another 24 hours.
Cells were fixed and stained for LC3B (green) and ICP4 proteins (red). DAPI (blue) was

used for nuclear stain. Inset boxes are magnified views of areas marked within each
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representative image. White arrows indicate cytoplasmic LC3B puncta, yellow arrows
indicate perinuclear LC3B. (B) Number of cells positive for cytoplasmic LC3B puncta was
quantified on a minimum number of 100 cells. Results are representative of three
independent experiments (n = 3) where data represent mean + SEM, data and are analysed

by two-way ANOVA,; *P <0.05, **P <0.01 and ***P <0.001.

In contrast to poly(l:C) treatment, rapamycin did not induce IFN production (Figure
4.6C) nor alter HSV1 replication (Figure 4.6B) whilst still inducing autophagy in
control, TRIF"™ and TBK1*" (p.G159A) fibroblasts (Figure 4.8A & 4.8B). Notably,
rapamycin treatment, despite not inducing IFN production, promoted viability of
HSV1-infected control, TRIF” and TBK1*" (p-G159A) fibroblasts (Figure 4.7A &
4.7B). The autophagy phenotype, particularly the formation of HSV1-induced
cytoplasmic LC3B puncta in non-infected cells neighbouring viral plaques, was not
affected in rapamycin-pretreated control and TRIF™ fibroblasts. However, TBK1*"
(p-G159A) fibroblasts, showed an elevated presence of cytoplasmic LC3B puncta in
non-infected cells neighbouring viral plaques by 4-fold, compared to non-treated
cells (Figure 4.8A & 4.8B). Collectively, pre-conditioning TRIF” and TBK1*"
(p-G159A) fibroblasts for autophagy using rapamycin prior to infection led to higher

cell viability but did not alter HSV1 replication.
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4.7. Paracrine autophagy induction is mediated by infected cell-

derived nucleic acid

In previous chapter (Chapter 3) and this chapter, | observed cytoplasmic LC3B
puncta induction in non-infected cells that were neighbouring infected cells and
speculate the existence of ‘danger’ signal behind the induction. | extended my
investigation by assessing this ‘danger’ signal that was triggering this phenotype. |
approached this question by collecting medium from infected fibroblasts (conditioned
medium), which was filtered and UV-irradiated (to exclude infectious viral particles),
and was either nuclease-treated (to eliminate nucleic acids) or heat-treated at 95 °C
(to denature proteins). The conditioned medium was then added to control

fibroblasts, which were then assayed for their autophagy response.

Conditioned medium taken from infected control fibroblasts induced a significant
formation of cytoplasmic LC3B puncta in the recipient control fibroblasts by 3-fold
(Figure 4.9A top panel & 4.9B left panel). This suggests that this ‘danger’ signal
operates in a paracrine manner. Likewise, heat-treated conditioned media harvested
from infected control fibroblasts significantly induced cytoplasmic LC3B puncta
formation in recipient control fibroblasts by 2-fold. Strikingly, nuclease-treated
conditioned medium derived from infected control fibroblasts showed significantly
less induction of cytoplasmic LC3B compared to the non-nuclease-treated
counterpart and showed no significant difference compared to nuclease-treated
conditioned medium derived from non-infected control fibroblasts. This indicates that
the ‘danger’ signal seen in non-infected cells may take the form of nucleic acid rather

than protein (Figure 4.9A top panel & 4.9B left panel).
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Figure 4.9. Conditioned medium from infected control fibroblasts triggers autophagy
in control fibroblasts. (A) Control or TBK1*" (p.G159A) fibroblasts were infected with WT
HSV1 for 3 hours at MOI 10 in serum-free DMEM. Culture media were subsequently
collected, filtered and UV-irradiated to clear infectious viral particles. The media were then
either treated with nuclease or heat or left untreated, before being added onto control
fibroblasts that were grown on coverslips. After 8 hours of incubation with conditioned
media, cells were fixed and stained for endogenous LC3B (green) and ICP4 (red). DAPI
(blue) was used as a nuclear stain. White arrow indicates cytoplasmic LC3B. Representative
images have scale bar of 20 uym. (B) The number of cells positive for cytoplasmic LC3B
puncta was quantified on a minimum number of 100 cells. Results are from a single
experiment (n = 1) where data represent mean + SD and were analysed by paired Student’s

t-test. Statistical significance indicates ****P <0.0001.
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On the other hand, conditioned media from infected TBK1*" (p.G159A) fibroblasts
failed to induce significant cytoplasmic LC3B puncta in recipient control fibroblasts.
Nuclease or heat treatments did not affect this outcome, as all treatments did not
induce significant cytoplasmic LC3B puncta in recipient control fibroblasts (Figure
4.9A bottom panel & 4.9B right panel). This implies that TBK1-deficient fibroblasts

were not able to produce this ‘danger’ signal.

4.8. Discussion

Here | report that HSV1 upregulates autophagy in HSV1 antigen-negative non-
infected fibroblast cells neighbouring infected ones, evidently by inducing
cytoplasmic LC3B puncta in IFN-independent manner. A similar observation has
been documented in mice neuronal cells, where autophagic clusters were seen in
neighbouring HSV1 antigen-negative neurons although their formation was shown to
be IFN-dependent (Katzenell & Leib, 2016). This report has also shown that
neuronal LC3B clusters are induced by neurotropic alphaherpesviruses — HSV1,
HSV2 and pseudorabies virus. Whether or not cytoplasmic LC3B phenotype
response that we observed in fibroblasts is exclusive to HSV1 infection is yet to be
tested. This unique paracrine ‘danger' signalling mechanism mediated by autophagy
expands the scope of the role of autophagy in immunity, which does not only
degrade pathogens but also has the ability to alert other cells of the presence of

infection.

Additional experimentation suggests a role for nucleic acid in mediating this

paracrine autophagy induction, and TBK1 is required for producing this mediator.

132



Chapter 4: TBK1 plays a role in HSV1-induced autophagy in human dermal fibroblasts

How TBK1 or which TBK1-mediated pathway is involved in the production and/or
secretion of this ‘danger’ signal is unknown and warrants further investigation.
dsDNA and HSV1 infection in MEFs were shown to activate STING and TBK1 co-
translocation from ER compartments into LC3B-positive endosomes by the help of
autophagy Atg9 protein (Ishikawa, Ma & Barber, 2009; Saitoh et al., 2009). Further
investigation revealed the presence of Sec5 protein in these STING-TBK1
endosomes which directly binds to TBK1 to facilitate its kinase function and promote
IFN production (Ishikawa, Ma & Barber, 2009; Chien et al., 2006). Sec5 exists in a
complex called exocyst which plays a role in endosomal trafficking and exocytosis
(secretion of intracellular secretory vesicles into extracellular space) (Brooks et al.,
2012). It is plausible that Sec5/exocyst may promote the secretion of these dsDNA-
bound STING-TBK1 vesicles into the extracellular space. Secretion of STING-
containing exosomes (a type of extracellular vesicles) by HSV1-infected cells have
been reported previously where they help prime IFN response in non-infected
neighbouring cells (Kalamvoki & Deschamps, 2016; Kalamvoki, Du & Roizman,
2014). Additionally, dsDNA- and HSV1-induced autophagy occurs in STING-
dependent manner in mouse BMDCs (Rasmussen et al., 2011). Furthermore, how

TBK1 may mediate Sec5/exocyst function in exocytosis is unclear.

In this study, | extended the role of TBK1 in anti-microbial autophagy, where it is
required for HSV1-induced autophagy, particularly in inducing cytoplasmic LC3B
puncta early in infection. My study also demonstrated the requirement for TBK1 in
facilitating p62- and NDP52-mediated autophagy. Reports have demonstrated the
role of TBK1 in anti-bacterial autophagy, where it is recruited into growing

autophagosomes and is imperative for phosphorylating autophagy receptors in the
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vicinity, such as NDP52, optineurin and p62 (Pilli et al., 2012; Wild et al., 2011,
Thurston et al., 2009), which leads to autophagosomal maturation and lysis of the
contained pathogen (Pilli et al., 2012). | showed that TBK1 is required for p62 and
NDP52 degradation, but whether these two autophagy receptors are present in
HSV1-induced cytoplasmic LC3B puncta structures or their activation is required for
the formation of cytoplasmic LC3B puncta structures is an attractive hypothesis. |
further confirmed the reliance of HSV1-induced autophagy on functional TBK1 by

knocking down or inhibiting endogenous TBK1 in fibroblasts.

Amongst multitude proteins encoded by HSV1 during its lytic infection, two have
been known to antagonise autophagy — ICP34.5 and Us11. Both proteins exert their
anti-autophagic activity by inhibiting Beclin-1, an important upstream component that
activates autophagy (Furuya et al., 2005). Here, | showed that cytoplasmic LC3B
phenotype induced by HSV1 infection is not regulated by ICP34.5 as HSV1 lacking
this protein could still induce this cytoplasmic LC3B puncta phenotype. This is in line
with a report that showed the primary function of this ICP34.5 is to alleviate host
translational arrest in response to infection (Alexander et al., 2007). As HSV1-
induced cytoplasmic LC3B phenotype is formed early in infection, Us11 is unlikely to
regulate this phenotype, as Us11 is not expressed early in infection (Lussignol et al.,

2013).

HSV1 infection triggers both autophagy and IFN response, but their relative
contribution towards immunity is still not clear. In this study, | showed that formation
of this cytoplasmic LC3B phenotype does not require IFN, as TRIF" fibroblasts

which have impaired poly(l:C)-induced IFN signalling pathway, were able to form
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cytoplasmic LC3B puncta following HSV1 infection. This is in contrast to HSV1-
induced neuronal LC3 cluster formation, which has been shown to be dependent on
an intact IFN-signalling pathway (Katzenell & Leib, 2016). This contrasting
requirement can be attributed to the difference in cell type and in utilisation of
autophagy. In neurons, these HSV1-induced IFN-inducible LC3B cluster formation is
thought to be part of the effector function of anti-viral responses down the IFN
signalling pathway that tips the lytic-latency balance in neuronal cells (Katzenell &

Leib, 2016).

Formed late in infection, HSV1-induced perinuclear LC3B phenotype is found dense
in structure rather than in puncta formation and takes place on the perinuclear area
of the cell. Its formation is independent of TBK1 and TRIF and is also not regulated
by HSV1 ICP34.5 protein. As it is formed late in infection and appears to occupy the
perinuclear area, this led me to speculate that it may be an immunomodulatory
activity mediated by HSV1. Indeed, this perinuclear LC3B structure colocalised with
Golgi bodies. HSV1 is known to hijack Golgi bodies during its productive infection to
promote its replication and egress (Leuzinger et al., 2005). This distinct perinuclear
LC3B structure is similar to that found in HSV1-infected mouse BMMs described by
two reports which they termed as nuclear envelope-derived autophagy (NEDA)
(English et al., 2009; Radtke et al., 2013). | therefore tested and confirmed that the
perinuclear LC3B structures induced in HSV1-infected fibroblasts, also stained for
LC3A protein. This suggests that mouse BMMs and human dermal fibroblasts may
partially share similar autophagy response towards HSV1 infection, although only
these two studies have documented such phenomenon so far. However, further

investigation of this perinuclear LC3B structure using electron microscopy is
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necessary to confirm their similarity. This also warrants future investigation of
whether mouse BMMs also able to induce cytoplasmic LC3B puncta as human

dermal fibroblasts.

There is yet a report demonstrating the direct protective role of TBK1 in viral
autophagy. Sindbis virus infection in mice neurons revealed a protective effect of
autophagy which functions to clear p62 aggregates, targets viral capsid for
autophagic degradation and promotes the viability of neurons without altering viral
replication. However, the involvement of TBK1 in this context is unknown (Orvedahl
et al., 2010). Similar to this, | showed that autophagy is cytoprotective without

affecting HSV1 replication in human dermal fibroblasts.

Taken together, this study has provided insights into the involvement of TBK1 in
inducing IFN-independent protective autophagy early in HSV1 infection and may
help control inflammation by promoting cell survival. It has also described the ability
of non-infected cells to induce autophagy in response to paracrine nucleic acid that
is produced by neighbouring infected cells and this production is dependent on

TBK1.
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Chapter 5
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5. Dissecting the role of TBK1 in HSV1-induced

autophagy

5.1. General introduction

The role of TBK1 in mediating autophagy is a subject of active
investigation in the field. Whilst its role in anti-bacterial autophagy has been
established (Thurston et al., 2009; Wild et al., 2011; Pilli et al., 2012; Thurston
et al., 2016), little has been demonstrated in anti-viral autophagy. Herein, |
developed a HEK293T cell line that carries a stable miRNA-targeted
knockdown of endogenous TBK1 (HEK293T/miRTBK1), as a tool to dissect

the functional effect of various TBK71 mutants in HSV1 infection.

In the previous chapters, | demonstrated impairment of HSV1-induced
autophagy in HSE patient-derived fibroblasts carrying p.G159A TBK1
mutation. On the other hand, TBK1 has also been linked to the pathogenesis
of ALS, another neurodegenerative disease that is associated with autophagy
dysregulation (Ahmad et al., 2016). In this chapter, | aimed to understand the
function of TBK1 in HSV1-induced autophagy by utilising TBK71 mutations
that have been linked to HSE (p.G159A and p.D50A) (Herman et al., 2012)
and ALS (p.E696K, p.R47H, and p.M559R) (Freischmidt et al., 2015).
Although the function of G159A and D50A mutants in IFN induction has been
characterised, their autophagy function has not been elucidated; and whether

autophagy plays a role in HSE pathogenesis remains an open question (Table
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5.1) (Herman et al., 2012). The IFN induction and autophagy functions of
ALS-linked E696K (impaired OPTN-binding), R47H (impaired IFN-inducing)
and M559R (impaired both OPTN-binding and IFN-inducing) mutants have
been functionally characterised, but only E696K has been determined to be
disease-causing for ALS (Table 5.1) (Freischmidt et al., 2015). Three of these
mutations are located in the kinase domain of the TBK1 protein (R47H, D50A,
and G159A). M559R mutation is located in the ULD-CCD1 junction. E696K,

on the other hand, is found in the CCD2 domain (Figure 5.1).

1 308 383 407 6958 713729

ULD [ CCD1 } CCD2 }

Associated

disease | |
ALs | RatH| ] M559R  E696K
HSE D50A G159A

Figure 5.1. Location of TBK1 mutants used in this study that are associated
with HSE and ALS with respect to TBK1 protein domains. Protein domains are

not drawn to scale.

Table 5.1. List of selected HSE- or ALS-associated TBK1 mutants used in this
study and their in vitro functionality. HSE-associated mutants were assessed for
their IFN-inducing function by the ability of TBK1*" (p.G159A) and TBK1*" (p.D50A)
fibroblasts to phosphorylate IRF3 substrate and/or produce IFNB/A following poly(l:C)
stimulation. IFN-inducing function of ALS-associated mutants were assessed by their
ability to bind and phosphorylate IRF3 substrate, and activate IFNB promoter
following their overexpression in HEK293T cells. Their ability to bind to OPTN was

determined by immunoprecipitation. n.d., not determined.
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TBK1 | Disease Functionality Reference
mutation IFN-inducing | OPTN-binding

R47H ALS No Yes Freischmidt et al., 2012

D50A HSE No n.d. Herman et al., 2012
G159A HSE No n.d. Herman et al., 2012
M559R ALS No No Freischmidt et al., 2012
E696K ALS Yes No Freischmidt et al., 2012

5.2, HEK293T/miRTBK1 cells as a system to study TBK1

function in HSV1-induced autophagy

5.21. HEK293T/miRTBK1 cells showed reduced endogenous TBK1

and were more susceptible to HSV1 infection than HEK293T

Since TBK1 is required for HSV1-induced autophagy, | generated a stable
TBK1-depleted HEK293T cell line (HEK293T/miRTBK1) by transducing
HEK293T cells with a lentiviral miRNA that targets the 3° UTR of endogenous
TBK1 (miRTBK1), which was maintained under puromycin selection (Chapter
2). miRNA plays a homeostatic role in regulating cellular protein levels by
identifying and binding target mRNAs, leading to their recognition by Dicer
ribonuclease enzyme which eventually cuts and degrades them, and therefore
preventing their translation (see review by Bartel et al., 2004). The efficiency
of stable miRTBK1 knockdown was confirmed using Western blot (Figure
5.2A). | also assessed the effect of TBK1 knockdown in this cell line upon

infection with GFP-tagged HSV1 and observed a significant increase in viral
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replication compared with HEK293T cell line. This susceptibility could be

rescued by restoring wild-type (WT) TBK1 in HEK293T/miRTBK1 cells (Figure

5.2B).
A B HEK293T + HSV1 (MOl 0.1)
phase HSV1-GFP
— Non-transfected
X
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Figure 5.2. Stable depletion of TBK1 and susceptibility to HSV1 of
HEK293T/miRTBK1 cell line. (A) Whole-cell lysates were collected from cell culture
and electrophoresed and subsequently immunoblotted for TBK1 expression. GAPDH
was used as a loading control. Blots are representative of two independent
experiments. (B) HEK293T and HEK293T/miRTBK1 cells were either non-
transfected or transfected with WT TBK1 prior to infection with HSV1-GFP at MOI
0.1. Replication of HSV1 based on GFP fluorescence was visualized 24 hours post

infection. Images are representative of two independent experiments (n = 2).
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5.2.2. HEK293T/miRTBK1 cells overexpressing TBK1 mutants showed

enhanced HSV1 replication

Having confirmed the depletion of endogenous TBK1, | used this
HEK293T/miRTBK1 cell line to examine the effect of TBK1 carrying HSE-
associated mutations G159A and DS50A, and ALS-associated mutations
E696K, R47H and M559R on HSV1 replication. As the target of miRTBK1 is
the 3’ UTR of endogenous TBK1, supplementing HEK293T/miRTBK1 cells
with exogenous TBK1 becomes feasible as it lacks 3 UTR and hence
permitting its expression in the cells without being targeted by miRNA
degradation. This makes this cell line a suitable TBK1-deficient system to

study TBK1.

Following 24 hour infection with GFP-tagged HSV1 at dose MOI 0.1, |
observed enhanced viral replication in HEK293T/miRTBK1 cells that were
expressing TBK1 mutant G159A, E696K, R47H and M559R compared with
cells that were transfected with empty vector, based on GFP fluorescence
(Figure 5.3). Infecting the cells at higher MOI (MOI 1) revealed more cell
death 24 hours post infection in cells that were expressing G159A, E696K,
R47H and M559R TBK1 compared to WT TBK1-transfected cells as seen in

phase images (Figure 5.4).

142



194

‘(] = U) ®oU0 BUOP SEM JuBWIIadX] "80UBISBION|} 45 U0 paseq

J9)e| sinoy pZ pazijensia sem L ASH Jo uonealiday "L'0 IO 18 d49-LASH UYlm pajosjul Ajusnbasgns pue Jojoan Ajdws 1o Mg Jo Bu 0ol uim

pojos)suel) aIaMm S|190 L YMELHIW/1E6ZHIH "SIIPD IMELYIW/LE6ZMIH Ul uoiedi|dal LASH Uo suoljejnwi Ly gl SNoLIeA Jo 30913 "¢'G ainbig

(bolow)  eseyd (1’0 10W) aseyd
d49-LASH d49-LASH

ABeydojne peonpul- ASH Ul LMg1 40 8joJ buijosssiq :G Jepdeyd



144

‘(1 = u) U0 suop sem Juswedx]

‘usy e} alom s||99 Jo sabewl aseyd a10joq SINOY 2 10} | |OIN 10 LASH UM pajosjul Apusnbasqns pue | ygl 1A 10 SJuelnw Mgl SnoueA

YIm pajosjsuel) aiom s|199 |MELYIW/1E6ZYMTH "uondasul LASH 03 Ajjiqndadsns |90 uo suopenw |ygl SNOLEA Jo J0ay3 'p'G ainbig

H6GSIN V6519
H.¥d m
19694 Adw3
v0sd pajosjsuel}-uoN
(1 IOW) LASH pajoajul-UoN (L 1ON) LASH pajoajul-uoN

ABeydojne paonpul- L ASH Ul L Mg JO 8joJ Bunoassiq g Jepdeyd



Chapter 5: Dissecting role of TBK1 in HSV1-induced autophagy

5.3. Kinase-dead TBK1 mutants impaired LC3B puncta formation

To better understand the role of TBK1 in HSV1-induced autophagy, | first
assessed TBK1 localisation in HEK293T/miRTBK1 cells by reconstituting the cells
with WT TBK1 by transfection with FLAG-tagged WT TBK1 and examining the
subcellular distribution of TBK1 by immunofluorescence imaging. Overexpressed WT
TBK1 appeared diffuse throughout the cytoplasm of HEK293T/miRTBK1 cells and
did not co-localise with LC3B structures (Figure 5.5A). This could be attributed to the
nature of HEK293 cell line that has heightened protein expression (Thomas & Smart,
2005) resulting in atypical localisation of TBK1 when overexpressed. This
unfortunately made this system less informative for assessing TBK1 localisation
and/or interaction with LC3B. This is in contrast with other cells lines such as human
HeLa and A549 epithelial cells, which express TBK1 in puncta structures when
transiently overexpressed, allowing the assessment of TBK1 intracellular localisation
and activity (Goncalves et al., 2011; Thurston et al., 2009; Sparrer et al., 2017,
Newman et al., 2012). Future selection of cell line for microscopy with the interest of
assessing TBK1 localisation should take this factor into consideration. HeLa cell line
is extensively utilised in various research areas including autophagy, which makes it

a more appropriate cell line for the purpose of this experiment.

Strikingly, | observed a formation of LC3B puncta in cells that were overexpressing
WT TBK1 compared to mock-, empty-, or non-transfected cells, in the absence of
autophagy inducer, revealing a role for TBK1 in autophagosome formation (Figure
5.5A). The number of WT TBK1-positive cells that were LC3B puncta-positive was

half of the total of WT TBK1-positive cells (Figure 5.5B). However, | suspect that this
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effect on autophagosome formation would be more pronounced with the stimulation
of autophagy by using inducers such as rapamycin or infection. The role of TBK1 in
promoting autophagosome formation and maturation has been illustrated previously,
where knockdown or inhibiting the function of TBK1 results in a reduction in LC3B

puncta formation (Pilli et al., 2012; Moore & Holzbaur, 2016).

DAPI LC3B FLAG Merge

Non-transfected
20 20pm

Mock

Empty
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Figure 5.5. Effect of TBK1 mutant overexpression in HEK293T/miRTBK1 cells. (A)
HEK293T/miRTBK1 cells were transfected with FLAG-tagged WT or mutant TBK1, empty
pEF BOS vector, or mock (L2000), and fixed 24 hours later. Cells were stained for FLAG
(red) and endogenous LC3B proteins (green). DAPI (blue) was used to stain the nuclei.
Scale bar, 20 um. (B) Number of TBK1-positive cells that were either LC3B puncta-positive
(TBK1" LC3B") or negative (TBK1* LC3B") was counted. Data were derived from a single

experiment (n = 1).

Having observed the ability of transiently overexpressed WT TBK1 in inducing LC3B
puncta in HEK293T/miRTBK1 cells in a non-autophagy-induced condition, | then
assessed the effect of G159A, D50A, E696K, R47H and M559R TBK1 mutants on
LC3B puncta formation. Similarly, all TBK1 mutants appeared diffuse throughout the
cells; hence | was not able to deduce the effect of the mutation on TBK1 localisation
with respect to LC3B protein (Figure 5.5A). | found that cells that were
overexpressing D50A and E696K TBK1 were able to induce LC3B puncta similar to
cells overexpressing WT TBK1. However, cells that were overexpressing G159A,
R47H and M559R TBK1 could not form LC3B puncta, suggesting impairment in
autophagosome formation (Figure 5.5A). Interestingly, this pattern is correlated to

the functionality of their kinases (Table 5.1). E696K mutant TBK1 has been
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previously shown to have functional kinase activity as shown by its IFN-inducing
ability. In contrast, G159A, R47H, and M559R have in common impaired kinase
function (Herman et al., 2012; Freischmidt et al., 2015; Ahmad et al., 2016).
Although HEK293T/miRTBK1 cells are not useful for assessing TBK1 localisation we

could still infer the effect of TBK1 on autophagy in this system.

5.4. HSV1-induced autophagy requires another component in addition

to TBK1

HEK293T/miRTBK1 cell line was further characterised by assessing its
autophagy response to HSV1 infection using immunofluorescence. | infected
HEK293T and HEK293T/miRTBK1 cells with HSV1 of MOI 0.001 for 24 hours. In
both HEK293T and HEK29T/miRTBK1 cell lines, | did not observe the formation of
cytoplasmic LC3B phenotype in ICP4-negative cells that | did in control fibroblasts,
after 24-hour infection with HSV1. However, both cell lines showed the formation of
perinuclear LC3B puncta in ICP4-positive cells (Figure 5.6). Consistently, using high
dose infection of MOI 10, | did not observe the formation of cytoplasmic LC3B
phenotype after 3 hours of infection in both cell lines as | did in control fibroblasts. In
contrast, | observed the occasional formation of perinuclear LC3B at 3 h.p.i., which

appeared more uniformly at 8 h.p.i. (Figure 5.6).
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Figure 5.6. HEK293T and HEK293T/miRTBK1 cell lines were incapable of inducing
cytoplasmic LC3B phenotype following HSV1 infection. HEK293T and
HEK293T/miRTBK1 cells were grown on coverslips, infected with WT HSV1 at dose MOI 10
for 3 or 8 hours, or at dose MOI 0.001 for 24 hours, before being fixed and stained for
endogenous LC3B (green) and HSV1 ICP4 (red) proteins. DAPI (blue) was used to stain for
nuclei. Inset is magnified view of the area marked in the box of each representative image.

Experiment was repeated at least three times. Scale bar, 20 pm, scale bar of insets, 10 um.

The absence of HSV1-induced cytoplasmic LC3B puncta phenotype in both
HEK293T and HEK293T/miRTBK1 cells suggests that these cell lines may not
express a protein that is crucial for this phenotype. HSV1 dsDNA-induced autophagy
has been shown to be dependent on STING (Rasmussen et al., 2011), a protein
adaptor downstream of multiple cytosolic DNA sensing pathways and upstream of
TBK1 in these pathways. | assessed the expression of endogenous STING across
cell lines: HEK293T, HEK293T/miRTBK1 as well as HSE patient-derived fibroblasts.

In contrast to other cell lines, HEK293T and HEK293T/miRTBK1 cell lines did not
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express endogenous STING (Figure 5.7). | speculate that STING is another factor

that is required for this cytoplasmic LC3B phenotype induction, in addition to TBK1.
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Figure 5.7. Endogenous expression of STING in various cell lines. Whole cell lysates
collected from cultured cells were electrophoresed and immunoblotted for endogenous
STING protein. GAPDH was used as a loading control. Blots are representative of two

independent experiments (n = 2).

5.5. Discussion

The impairment of HSE patient-derived fibroblasts carrying p.G159A TBK1
mutation in mounting HSV1- or HSV1 dsDNA-induced autophagy prompted us to
investigate the molecular function of TBK1 in HSV1-induced autophagy. | developed
a TBK1-negative HEK293T/miRTBK1 cell line to approach this question.
Overexpressing G159A, E696K, R47H, and M559R TBK1 mutants led to enhanced
replication of HSV1 in the cells, suggesting a general impairment in HSV1 control
caused by defective TBK1 in inducing IFN and/or autophagy. Whilst G159A has
been previously shown by Herman and colleagues to cause enhanced HSV1
replication (Herman et al., 2012), this is the first demonstration of the effect of ALS-

associated E696K, R47H and M559R mutants on HSV1 replication. R47H and
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M559R mutants have defective IFN-inducing function, which presumably led to the
uncontrolled HSV1 replication. However, E696K TBK1 appeared to be equally
susceptible to HSV1 infection despite having intact IFN-inducing function (as tested
by TBK1 overexpression-induced IFN reporter assay) (Freischmidt et al., 2015).
Whether or not this is a direct cause of its abrogated OPTN-binding ability, impaired
anti-viral autophagy function or other unknown defect in anti-viral pathways caused
by this mutation is not clear. DSOA TBK1 however, did not lead to similar
susceptibility to HSV1. Additionally, | did not observe impaired HSV1-induced
autophagy in TBK1*" (p.D50A) fibroblasts. Considering the cell type-specificity of
HSV1-induced autophagy, reconstituting D50A mutation in neuronal cells would be
more illuminating, where this mutation may exert its effect (Yordy et al., 2012). My
preliminary assessment on the effect of TBK1 mutants on HSV1 infection was done
qualitatively based on GFP fluorescence tag on the virus from a single experiment,

hence the outcome of this experiment must be taken with some reservations.

Immunofluorescence labelling in HEK293T/miRTBK1 revealed a diffuse pattern of
overexpressed TBK1. Overexpressed TBK1 was shown to occupy distinct
localisation in other cell lines which specifies the pathway it participates in. In
mitophagy and xenophagy, TBK1 is recruited to autophagosome by the help of
autophagy adaptors OPTN and NDP52 respectively (Goncalves et al., 2011,
Thurston et al., 2009; Moore & Holzbaur, 2016). Because overexpression leads to a
diffuse rather than distinct localisation of TBK1 in HEK293T/miRTBK1 cells,
therefore | was unable to discern the effect of HSV1 infection and/or autophagy on

TBK1 distribution.
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Nevertheless, this cell line could be used to assess the effect of TBK1
overexpression on autophagy. TBK1 has been shown to be crucial for efficient
autophagosome formation (Thurston et al., 2016). In anti-bacterial autophagy, TBK1
kinase activity was demonstrated to be essential for the recruitment of WIPI2, a
protein that binds to the PI(3)K-generated autophagosomal protein PI(3)P to promote
the formation of anti-bacterial autophagosome (refer to Figure 1.4) (Dooley et al.,
2014; Thurston et al., 2016). My finding showed that both M559R and R47H TBK1
overexpression did not induce formation of autophagosomes. Unlike M559R TBK1
whose kinase and OPTN-binding functions are both impaired, R47H TBK1 was
previously shown to have defective kinase but was able to bind OPTN (refer to Table
5.1) (Freischmidt et al., 2015; Ahmad et al., 2016). However, given the upstream role
of TBK1 kinase activity in regulating autophagosome formation, R47H TBK1 may not
be able to mediate efficient autophagy despite being able to bind OPTN. Previous
chapters showed that TBK1*" (p.G159A) fibroblasts have a selective impairment in
the formation of cytoplasmic LC3B puncta following HSV1 infection. Whether this
HSV1-specific impairment is mediated by its kinase domain function in promoting
xenophagic autophagosome formation will make an interesting pursuit of study,
which should involve complementing cells with TBK1 kinase-dead mutant and using
inhibitors that prevent autophagosome formation. Examples of such inhibitors are
wortmannin and 3-methyladenine which block PI(3)K VPS34 from producing PI(3)P
proteins, abrogating the recruitment of WIPI2 to autophagosomes and therefore
autophagosome formation. By blocking autophagosome formation and by using
TBK1 with defective kinase activity during HSV1 infection will help unravel the role of
TBK1 in mediating autophagosome formation. Overexpression of E696K TBK1,

which has intact kinase function, induced autophagosome formation despite having
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faulty OPTN-binding function. This suggests OPTN-binding was not essential for
autophagosome formation in this system. Additionally, this overexpression occurred
in a non-selective autophagy setting where adaptor-binding function was not
required. Performing similar experiment with induction of selective autophagy, such
as mitophagy or xenophagy, may reveal the effect of E696K TBK1. Indeed, E696K
TBK1 has been shown to impair mitophagy by decreasing autophagosome formation
on target mitochondria as OPTN was not able to bind and recruit it the mitochondria
(Moore & Holzbaur, 2016). Nonetheless, the observation on the presence of
autophagosomes following overexpression of TBK1 in HEK293T cells should be

approached with caution as its relevance is still unknown.

In the previous chapters, | demonstrated that HSV1-induced autophagy in human
fibroblasts was TBK1-dependent and produced cytoplasmic LC3B puncta phenotype
early in HSV1 infection. | could not recapitulate this phenotype in
HEK293T/miRTBK1 cells, or in HEK293T cells that endogenously express TBK1.
This indicates the requirement for another component, additional to TBK1, to activate
HSV1-induced cytoplasmic LC3B puncta phenotype. A report has demonstrated the
requirement for STING in triggering HSV1 dsDNA-induced autophagy (Rasmussen
et al., 2011). Following immunodetection, both HEK293T and HEK293T/miRTBK1
cell lines did not express endogenous STING, whereas patient-derived fibroblasts
that were used for this study including TBK1*" (p.G159A) fibroblasts, all expressed
this protein. | speculate the requirement for both STING and TBK1 in mounting
HSV1-induced cytoplasmic LC3B puncta response. Further investigation involving
elucidation of STING and TBK1 molecular and functional roles will be required to

better illuminate this aspect of HSV1-driven autophagy.
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6. Discussion and Future Directions

6.1. General discussion

Autophagy has been increasingly appreciated in anti-viral innate immunity
highlighting its protective effects during viral infection, which it exerts by 1)
tagging viral components for subsequent autophagosomal degradation
(Orvedahl et al., 2010), 2) bringing in viral components to intracellular TLRs
for innate immune activation (Lee et al., 2007), and 3) enhancing antigen
presentation on MHC complexes by helping antigen loading (English, Chemali
& Desjardins, 2009; English et al., 2009). Whilst the role of TBK1 in
autophagy has been described in bacterial infection, protein aggregopathies,
and mitophagy (Thurston et al., 2009; Wild et al., 2011; Korac et al., 2013; Pilli
et al., 2012; Heo et al., 2015; Richter et al., 2016; Thurston et al., 2016), it has
been slowly gaining attention in HSV1 infection. At least four HSV1 proteins
(ICP34.5, UL46, ICP27, VP24) have been identified to target this kinase and
inhibit its function in inducing anti-viral IFN (Verpooten et al., 2009;
Christensen et al., 2016; Zhang, Su & Zheng, 2016; Deschamps & Kalamvoki,
2017). Whilst both IFNs and autophagy are implicated in anti-HSV1 immunity,

their relative contribution towards overall immunity is still unclear.

In this present work, | 1) characterised autophagy responses of human dermal

skin fibroblasts derived from HSE patients, born with single-gene mutations in

UNC93B, TLR3, TRIF, TRAF3 and TBK1, to multiple stimuli (Chapter 3); 2)

155



Chapter 6: Discussion and Future Directions

characterised HSV1-induced autophagy phenotypes in human dermal
fibroblasts (Chapter 4); 3) assessed the involvement of TBK1 in HSV1-
induced autophagy (Chapter 4); and 4) demonstrated the cytoprotective role
of autophagy in human HSV1 infection (Chapter 4). These studies provide
insight into host innate immune response during early HSV1 infection and
offer clues into the mechanism by which autophagy is activated following

HSV1 infection in human fibroblasts to promote cytoprotection.

6.1.1. Poly(l:C) and HSV1 dsDNA induce autophagy in human dermal

fibroblasts

Generally, anti-viral IFNs constitute the first response following infection
(Chew, Taylor & Mossman, 2009). Recently, autophagy has also been shown
to provide some degree of anti-viral defence, with the field showing a growing
interest in identifying factors — host or pathogen — that trigger this cell
autonomous pathway as well as mediators that facilitate the selective
targeting of virions and viral component (Talloczy, Virgin & Levine, 2006;

Orvedahl et al., 2010).

HSV1 dsRNA produced during infection is thought to engage with the
endosomal TLRS3 receptor, which triggers the production of downstream IFNs
and eventually a plethora of ISGs (Alexopoulou et al., 2001). How HSV1
dsRNA may trigger autophagy is still unclear. A report has shown that
intracellular TLR3 is also present in autophagosomes that are decorated with

LC3 suggesting that autophagy has the capacity to engulf and deliver
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intracellular dsRNAs to endosomes, exposing them to TLR3 (Gorbea et al.,
2010). TLR3, among other selected TLRs, has been shown to induce
autophagy following stimulation by its ligand poly(l:C) in various cell lines.
However, the significance of TLR3-mediated autophagy or its relevance
during infection is still not clear (Delgado et al., 2008; Tormo et al., 2009).
Apart from the TLR3 receptor, dsRNA can also bind to other dsRNA receptors
such as MDAS5 and RIG-I as well as PKR (Sen & Peters, 2007). To date, there
is no report addressing MDA5- or RIG-I-mediated HSV1-induced autophagy.
Reports have shown that naked poly(l:C) is sensed by endosomal TLR3,
whereas transfected poly(l:C) is sensed by cytosolic MDAS or RIG-I receptors
(Kato et al., 2008, 2005; Gitlin et al., 2006). My study only applied naked
poly(l:C) and did not attempt on transfecting cells with poly(l:C) to asses
autophagy induction. Hence | was only able to consider the role of TLR3
signalling in my observation, and not of MDA5 or RIG-I signalling.
Furthermore, my observation using poly(l :C) is limited to the TLR3-IFN
pathway that is engaged in uninfected setting. It therefore does not address
the relative contribution of different innate immune sensors towards dsRNA-
induced autophagy during HSV1 infection. Follow-up studies may include
using transfected or naked poly(l :C) or viral RNA derived from HSV1
replication, to help dissect the contribution of different dsRNA receptors

towards autophagy.

My finding showed that poly(l:C)-induced autophagy is dependent on three

upstream components of the TLR3-IFN pathway: UNC93B, TLR3, and TRIF.

Therefore, it is tempting to speculate that poly(l:C)-induced autophagy in
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fibroblasts occurs via TLR3 recognition which implicates the role of the TLR3-
autophagosome platform in inducing dsRNA-activated autophagy as
UNC93B, TLR3 and TRIF form a complex on the face of endosome following
TLR3 activation (Shi & Kehrl, 2008; Gorbea et al., 2010). It is conceivable that
the absence of any of these components would abrogate this autophagy
induction as demonstrated by fibroblasts deficient in these proteins.
Furthermore, this poly(l:C)-induced autophagy is partially dependent on
TBKA1, consistent with its partial role in the TLR3 signalling pathway. Although
our study suggests that TLR3-mediated autophagy is unlikely to underlie
HSE, it has helped provide further insight into this autophagy-inducing
pathway which has been implicated in other diseases such as
cardiomyopathy and cancers (Harashima et al., 2012; Zhan et al., 2014,

Kondo et al., 2005; Gorbea et al., 2010).

My finding showed that HSV1 infection, and particularly its dsDNA, induces
autophagy in a TBK1-dependent manner. This is in concordance with two
reports that showed that HSV1 non-infectious L-particles (composed of only
nucleocapsid and viral genome) and HSV1 dsDNA stimulation trigger
autophagy in human HFFF2 fibroblasts and mice BM-DCs respectively
(Rasmussen et al., 2011; McFarlane et al., 2011). Although it is generally
believed that the HSV1 dsDNA genome delivered in capsids is not liberated
until it reaches the nucleus, a study has shown that HSV1 dsDNA can
dissociate from its capsid in the cytosol within the first 2-4 hours following
infection (Horan et al., 2013; Rasmussen et al., 2011). The main goal of viral

dsDNA is to enter the nucleus and initiate viral replication. The fact that it can

158



Chapter 6: Discussion and Future Directions

also be present in free form in the cytosol this early during infection allowing it
to expose viral presence is puzzling. This raises an interesting possibility that
this dissociation from capsid may result from host intervention. Indeed, a
report by Horan and colleagues showed that the HSV1 capsid is shuttled to
the proteasomal degradation system following infection, which degrades and
liberates HSV1 dsDNA into the cytosol of primary human monocyte-derived
macrophages (MDMs) (Horan et al., 2013). Although | did not determine
whether HSV1 capsid is subjected to similar degradation route in human
dermal fibroblasts, | speculate that the exposed HSV1 dsDNA may
subsequently be detected by a cytosolic dsDNA sensor that can activate
autophagy. The dsDNA sensor IFI16 was reported to bind to HSV1 dsDNA,
which then co-localises with STING and TBK1 to mediate IFN production
(Horan et al., 2013). Furthermore, the dsDNA sensor cGAS holds a dual role
in the clearance of M. tuberculosis infection in BMDMs where detection of
bacterial DNA results in TBK1-dependent autophagy induction as well as IFN
production (Watson et al., 2015; Watson, Manzanillo & Cox, 2012). The report
further showed that the autophagy induction is independent of the IFN output
downstream of the cGAS-STING-TBK1 circuit as Irf3-/- BMDMs were able to
target M. tuberculosis to the autophagosomes (Watson, Manzanillo & Cox,
2012). Given the capacity of dsDNA signalling to activate autophagy, |
speculate that HSV1 dsDNA may be detected by any of these two reported

dsDNA cytosolic sensors, which function is dependent on TBK1.
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6.1.2. Dynamics of autophagy during HSV1 infection

The autophagy-inducing capability of HSV1 is not new and has been
extensively documented in various infection systems in vitro and in vivo
(Talléezy, Virgin & Levine, 2006; Talloczy et al., 2002; English et al., 2009; Ma
et al., 2012). However, there have been only two reports that looked at the
kinetics of autophagy response during infection, which hinted at time-
dependent induction and anti-viral role of autophagy in murine cells (Katzenell
& Leib, 2016; Radtke et al., 2013). Unlike anti-viral IFNs, autophagy is
constitutive and hence may play a role during early, rather than late, in
infection. My study and a report on murine BM-DCs by Rasmussen et al. are
in support of this hypothesis where HSV1 infection triggers autophagy during
early infection (Rasmussen et al., 2011). In human dermal fibroblasts, this is
represented by the formation of host-protective cytoplasmic LC3B puncta,
which is TBK1-dependent, but TLR3- and IFN-independent. HSV1 encodes
for two autophagy antagonists early protein ICP34.5 and late protein Us11
(Orvedahl et al., 2007; Lussignol et al., 2013). My report showed that the
formation of this cytoplasmic LC3B puncta phenotype was not regulated by
ICP34.5 as ICP34.5-deficient HSV1 strain was still able to induce this
phenotype in fibroblasts (Chapter 4). The involvement of Us11 is also unlikely

as this phenotype occurs early in infection.

Additionally, this cytoplasmic LC3B puncta formation can be induced in a

paracrine manner in non-infected fibroblasts neighbouring an infected cell

where it speculatively represents a ‘danger’ signal. The presence of this
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protective autophagy is therefore transient in fibroblasts and may not exert an
obvious protective impact on viral replication. Indeed, my finding showed that
upregulating autophagy did not alter HSV1 replication in fibroblasts. How this
‘danger’ signal is delivered and to what extent the resulting autophagy
induction contributes towards immunoprotection and/ or confers resistance to
infection in non-infected recipient cells warrants further investigation. To date,
there is only a single report on paracrine induction of autophagy, which occurs
in human pregnancy. Human placental trophoblasts are shown to secrete
exosomes that contained C19MC miRNA. Exosomes are evolutionary
conserved vesicles that are secreted by both eukaryotes and prokaryotes, into
the extracellular space. They can carry proteins, lipids as well as RNAs, and
hold various functions including in cell-to-cell communication and infections
(Colombo, Raposo & Théry, 2014). Exosomes are derived from endosomes
that are produced in intracellular multivesicular bodies, which are directed to
the plasma membrane where they fuse with, leading to their secretion as
exosomes (Colombo, Raposo & Théry, 2014). These C19MC miRNA-
containing exosomes secreted by maternal trophoblasts were shown to confer
resistance against multiple viral infections, including HSV1, to non-placental
cells by upregulating autophagy in the recipient cells (Delorme-Axford et al.,
2013). To the best of my knowledge, there is no direct link associating TBK1
with cellular secretory pathway. Two reports have shown the presence of
TBK1 in cytoplasmic LC3B-positive puncta that also stained for STING and
dsDNA receptor IFI16, as well as Secb following dsDNA stimulation of the
cells (Ishikawa, Ma & Barber, 2009; Saitoh et al., 2009; Horan et al., 2013).

Similar puncta staining was also observed following HSV1 infection (Ishikawa,
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Ma & Barber, 2009; Horan et al., 2013). Sec5 is a component of an exocyst
complex that mediates the tethering of endosomes at the plasma membrane
that are destined for exocytosis. Whether this Sec5-mediated secretion is the
exit route for the ‘danger’ signal, and whether TBK1 regulates exocyst
function in exocytosis are unknown. The function of exocyst is subjected to
regulation by kinases including cdk1 and protein kinase C (PKC) (Wu & Guo,
2015). PKC, in particular, phosphorylates Sec5 to mediate continuous
endosomal trafficking to the plasma membrane for exocytosis (Chen et al.,
2011). While Chien et al. showed that Sec5 binds to TBK1 to promote its
kinase activity in IFN production (Chien et al., 2006); it begs a question
whether Sec5 is also regulated by TBK1 phosphorylation to regulate secretion

of this dsDNA-containing endosomes.

Late in infection, HSV1 induced the formation of perinuclear LC3B dense
structures in fibroblasts. Unlike cytoplasmic LC3B puncta, this perinuclear
LC3B phenotype occurs independent of TBK1. It is also not regulated by
HSV1 ICP34.5 and co-localises with Golgi bodies. Similar phenomenon has
been observed in murine macrophages infected with HSV1, which is termed
NEDA (see Chapter 1). However, the formation of NEDA seemed to depend
on the role of ICP34.5 in modulating host translation (Radtke et al., 2013).
Whether the perinuclear LC3B phenotype observed in fibroblasts are similar
to that of NEDA remains a question. NEDA has been shown to have a four-
layered membrane morphology, hence future study could employ electron

microscopy to confirm the phenotype observed in this study. The relevance of
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this phenotype in the context of viral pathogenesis is still puzzling which

prompts future investigation.

6.1.3. TBK1 is a crucial component of autophagy that mediates

protection against HSV1

Over the past decades, TBK1 has become known beyond its traditional
IFN-inducing function, particularly for its role in mediating various modes of
autophagy such as mitophagy and xenophagy (Thurston et al., 2016, 2009;
Wild et al., 2011; Pilli et al., 2012; Richter et al., 2016; Heo et al., 2015).
Adding onto previous studies that revealed the selective nature of HSV1-
induced autophagy (Sparrer et al., 2017; Katzenell & Leib, 2016), my study
showed that HSV1-induced autophagy is p62- and NDP52-mediated and that
TBK1 may mediate these two autophagy receptors. Therefore, it is not
surprising that TBK1 deficiency in HSV1 infection would render autophagy

dysfunctional in this study.

| found that cells that have impaired IFN production were able to form
cytoplasmic LC3B phenotype following HSV1 infection, which suggests that
HSV1-induced autophagy in early infection is independent of IFN. However, it
is possible that later in infection, autophagy may regulate a positive feedback
towards inflammation by promoting antigen presentation and regulating PRRs
(Levine, Mizushima & Virgin, 2011). Indeed, this aspect of HSV1 infection has
been explored by Radtke et al. and English et al. which demonstrated the role

of autophagy in facilitating the processing, loading, and presentation of HSV1
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antigens on MHC class | to stimulate CD8" T cell responses (Radtke et al.,
2013; English, Chemali & Desjardins, 2009; English et al., 2009). Autophagy
may also negatively regulate IFN responses to prevent excessive
inflammation later in infection, which is important in preventing tissue damage.
It can help clear PAMPs and DAMPs as well as degrade PRRs to dampen

down the inflammatory responses (Levine, Mizushima & Virgin, 2011).

Furthermore, | found that the production of the ‘danger’ signal that mediates
paracrine autophagy is TBK1-dependent. This paracrine autophagy
phenomenon is astounding as this expands the scope of autophagy, which is
traditionally known as a mere recycling bin. Not only can it degrade full virions
(Talléezy, Virgin & Levine, 2006) or viral protein (Orvedahl et al., 2010) as
demonstrated by others, | found that it can mediate communication between
infected and nearby non-infected cells in the wake of HSV1 infection.
Complimentary to a report on neuronal cells (Orvedahl et al., 2010), | found
that autophagy upregulation enhanced the survival of fibroblasts during HSV1
infection, without altering viral replication, suggesting a unique mechanism

adapted not only by neuronal cells but also fibroblasts.

In addition to the finding of TBK1 having a role in HSV1-driven autophagy,
LRBA has also been previously described by Lopez-Hererra et al. to play both
immunological and autophagy functions. LRBA deficiencies found in patients
with autoimmunity were linked to impaired autophagy function, on top of
defective B cell proliferation and differentiation into antibody-secreting cells

(Lopez-Herrera et al., 2012). LRBA-deficient B cells showed an accumulation
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of autophagosomes that would have normally been cleared by their fusion
with lysosomes (Lopez-Herrera et al., 2012). The role of LRBA in autophagy
is still unclear but is thought to facilitate the autophagosome-lysosome fusion
or to involve the lysosomes. This study also showed that the role of LRBA
appeared to be restricted to immune cells, as its expression was found to be
wide across many human tissues (including the brain) but the clinical
phenotype of LRBA-deficient patient was limited to the immune cells (such as
B and T cells) (Lopez-Herrera et al., 2012). Given that HSE pathogenesis is
restricted to the CNS tissues and HSV1 is strictly a neurotropic virus, the

involvement of LRBA in autophagy in the context of HSE pathogenesis is

unlikely.
6.2. Future directions
6.2.1. Purpose and mechanism of HSV1-induced paracrine autophagy

The significance of early induction of autophagy towards HSV1 is still
unclear. Autophagy-inducing C19MC miRNA packaged in exosomes by
placental trophoblasts has been shown to be transferable to non-trophoblast
cells, which are otherwise susceptible to a number of viral infections. The
autophagy induction resulted in restricted viral replication in these recipient
cells, in essence, conferring protection to the developing foetus (Delorme-
Axford et al., 2013). It is plausible that fibroblastic induction of autophagy early
in infection in neighbouring cells is to transfer protection to cells in the local

area, which include innervating neurons — the final destination for HSV1 virus
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where it would finally establish latency in the host. A study has shown that
HSV1 ICP34.5, which targets TBK1, is particularly crucial for its neuroinvasion
to the CNS (Ma et al., 2012). Therefore, it would be of interest to test if the
conditioned medium from infected control fibroblasts can induce autophagy in

neuronal cells and/or attenuate subsequent HSV1 infection.

It would also be an interesting study to assess if exosomes, known for their
versatility in mediating intercellular communication, are the vehicle of this
‘danger’ signal. An approach for this would involve sonication of nuclease-
treated conditioned medium to help disrupt exosomes (as performed by
Delorme-Axford et al., 2013). My preliminary finding showed that this ‘danger’
signal is nucleic acid in nature. Exosomal nucleic acids reported so far only
include mRNAs and miRNAs (Valadi et al., 2007; Colombo, Raposo & Théry,
2014), which would have also been affected by the nuclease treatment.
Although | cannot exclude the possibility of mMRNA or miRNA representing this
‘danger’ signal, my preliminary data suggest the involvement of dsDNA in
triggering TBK1-dependent HSV1-induced autophagy. To further investigate
this, future work may include isolating exosomes from the conditioned
medium and assaying the exosome-enriched samples for the presence of
DNA and/or RNA using RNAse or DNAse treatments and/or probing for

exosomal markers such as CD9 or CD63 (Colombo, Raposo & Théry, 2014).
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6.2.2. HSV1-induced autophagy involves TBK1 and selective

autophagy adaptors

The kinase activity of TBK1 has been extensively shown to be crucial in
phosphorylating various autophagy adaptors — p62, NDP52, and OPTN
(Thurston et al., 2009; Wild et al., 2011; Pilli et al., 2012). While Sparrer et. al
has recently demonstrated a role for TBK1 in HSV1-induced p62-mediated
autophagy (Sparrer et al., 2017), my finding additionally implicates NDP52.
This further highlights the role of TBK1 during HSV1 infection. Given non-
pathogen specificity of autophagy adaptors, it would be interesting to assess
other potential autophagy adaptors that might also be involved and the
relative contribution of p62 and NDP52 in HSV1-induced autophagy.
Furthermore, my preliminary finding showed that TBK1 may be involved in
autophagosome formation which occurs upstream of autophagy. Selected
HSE- and ALS-associated TBK1 mutants with impaired IFN-inducing kinase
function failed to form autophagosomes in TBK1-depleted human HEK293T
cells. A study has demonstrated the role of TBK1 kinase in recruiting WIPI2
phagophore protein, which is required for autophagosome assembly
(Thurston et al., 2016). Future study dissecting the role of TBK1 kinase and
autophagosome formation using kinase mutant TBK1 and inhibitors of

autophagome formation will help illuminate this aspect of autophagy.

Similar to anti-bacterial autophagy, virus infection can lead to the engulfment

of the entire virion or viral protein. An electron microscopy (EM) imaging has

reported the presence of intact HSV1 virions in autophagosomes in infected
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MEFs (Talloczy, Virgin & Levine, 2006). There has only been one report that
demonstrated the involvement of selective autophagy adaptor in targeting
viral component. Sindbis virus infection was shown to activate autophagy,
which subsequently recruited p62 receptor to target and bring Sindbis viral
capsid into autophagosomes for degradation (Orvedahl et al., 2010).
Evidently, the role of p62 in autophagy has been demonstrated in
neurodegenerative or developmental pathologies, bacterial pathogenesis, and
mitophagy, as it is able to recognise various substrates varying from protein
aggregates, organelles to microbial components owing to its ubiquitin
recognition domain (Matsumoto et al., 2011, 2015; Pilli et al., 2012). Although
the interaction between p62 and Sindbis viral capsid has been shown to be
ubiquitin-independent, the ability of p62 to recognise particular ubiquitinated
HSV1 protein is plausible and may hold similar purpose as in Sindbis viral
infection, which is to prevent the death of non-renewable neuronal cells
caused by overwhelming viral protein accumulation and aggregation
(Orvedahl et al., 2010). To date, a report has shown that HSV1 viral capsid is
ubiquitinated in mouse bone marrow-derived macrophages (BMMs) 2 hours
following HSV1 infection (Horan et al., 2013). It will be interesting to learn
whether HSV1 capsid becomes a target of p62-mediated autophagic

degradation.

In this study, | showed that TBK1 is required for producing the ‘danger' signal,
as conditioned medium from infected TBK1-deficient fibroblasts was not able
to induce autophagy in control fibroblasts. | have not determined whether

TBK1 is required for responding to this ‘danger’ signal. To do this, a reciprocal
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study involving treatment of TBK1-deficient fibroblasts with conditioned
medium from control cells and assaying for their autophagy response would

help elucidate this question.

Thus far, the composition of these HSV1-induced cytoplasmic LC3B puncta in
fibroblasts and hence its protective mechanism is unknown. Evidence has
shown that autophagy can positively and negatively regulate inflammation
during infection (Levine, Mizushima & Virgin, 2011). Furthermore, whether
they exhibit autophagosomal features or contain selective autophagy adaptors
or IFN-inducing components would be an interesting pursuit of study. One can
employ electron microscopy to examine autophagosomal features in these
HSV1-infected cells, or fluorescence imaging methods such as that of
ImageStream® that allows the quantification of fluorescent information, to
determine the number of autophagosomes. HSV1 has been shown to induce
autophagic clusters that are decorated with p62 in mouse neurons (Katzenell
& Leib, 2016). A study also showed that dsDNA or M. tuberculosis that are
captured in autophagosomes of mouse macrophages and BMDMs
respectively, showed colocalisation with cGAS dsDNA sensor, TBK1, and
NDP52 in LC3B puncta (Watson et al., 2015; Watson, Manzanillo & Cox,
2012). Whereas the cGAS-TBK1 pathway has been shown to be important for
anti-viral IFN production in HSV1 infection, its involvement in mediating
HSV1-induced autophagy is unknown (Li et al., 2013; Reinert et al., 2016).
IFI16 has also emerged as an important dsDNA sensor that produces anti-
viral IFN during HSV1 infection via STING and TBK1 (Li et al., 2013; Reinert

et al., 2016; Unterholzner et al., 2010; Horan et al., 2013). HSV1 dsDNA was
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identified in IFI16-, STING- and TBK1-positive endosomes in primary human
MDMs (Horan et al., 2013). Given the involvement of STING and TBK1 in
regulating xenophagy, | speculate that the HSV1-induced cytoplasmic LC3B
puncta in fibroblasts may contain STING and TBK1. Future work involving
identification of these two proteins and other potential autophagy proteins
(such as p62 or NDP52) in these HSV1-induced cytoplasmic LC3B puncta will
undoubtedly help reveal the mechanism by which autophagy protects the host

and how it is mediated.

6.2.3. Autophagy suppresses inflammation in the CNS

The downside of this study is that it is based on fibroblasts, which limits
our observation to autophagy responses in the periphery. Given the ‘normal’
autophagy phenotypes observed in patients’ fibroblasts deficient of TLR3,
TRIF, TRAF3 and TBK1 (p.D50A), and the established role of anti-viral IFNs
in controlling HSV1 in the periphery, autophagy observations we made are not
fully illuminating. Indeed, reports have emphasised a dominant role for
autophagy in the CNS, rather than in the periphery, as a defence mechanism
against HSV1 (Yordy & lwasaki, 2013; Yordy et al., 2012). Nonetheless, it has
helped us identify TBK1 as a crucial inducer of autophagy during HSV1

infection.

Interestingly, amongst the HSE patients used in this study, the HSE patient

carrying p.G159A TBK1 mutation particularly suffered from a severe

neurological deficit, including motor dysfunction, impaired cognitive ability and
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epilepsy. This may suggest the importance of TBK1 in CNS defence against
HSV1 infection where it may determine the long-term prognosis of HSE.
Given the anti-inflammatory nature of autophagy as demonstrated in other
various neurodegenerative diseases, it is tempting to hypothesise the
relevance of TBK1 in autophagy-mediated control of inflammation, particularly
in the CNS, to limit tissue damage and control viral replication during HSV1
infection and/ or reactivation (Ahmad et al., 2016). Therefore, a promising
avenue extending from this study is to explore the involvement of TBK1 in
neuronal autophagy during infection and the effect of upregulating autophagy

in HSV1 infected-neurons on viral replication, spread, and neuronal survival.

Part of the original plan of this study was to apply similar autophagy
phenotyping assays on neuronal cells carrying clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR-associated protein 9 (Cas9)-
generated TBK71 p.G159A mutation. Deriving neurons from iPS cells created
from TBK1"" (p.G159A) patient-derived fibroblasts would be ideal for this
study and this technique has been successfully applied to assess the
importance of the TLR3-IFN pathway in neurons differentiated from HSE
patient fibroblast-derived iPS cells (Lafaille et al., 2012). However, due to
ethics restriction, | was not able to do so. To circumvent this, | optimised the
assays on a commercial human control fibroblast cell line and derived iPS
cells from them through Axol Bioscience company, which specialises in the
generation of human iPS and neuronal cells. However, | suffered severe
delays after the derivation of iPS cells that resulted in an abnormal karyotype.

| only obtained iPS cells with a normal karyotype in the last few months of this
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study and due to time restriction, at the time of writing; | am only at the stage
of neural stem (NS) cells derivation from these iPS cells. | have also begun
optimising autophagy assays on neurons that were differentiated from a
commercial NS cell line (see Appendix 1). Nonetheless, having characterised
the autophagy phenotype of fibroblasts and hopefully, their corresponding
isogenic neurons would be the next step. Thereon, creating CRISPR-Cas9-
delivered point mutation p.G159A in TBK1, and/or other HSE-associated
mutations will undoubtedly help us better understand the role of autophagy in

HSV1-infected CNS.

In summary, my study has helped extend and refine the role of autophagy in
HSV1 infection. Evasion of autophagy in the CNS by HSV1 and
unprecedented finding of paracrine autophagy induced following infection in
the periphery portrays an evolutionary battle between the host and HSV1.
Future investigation on how autophagy mediates protection and the anti-
inflammatory effect will definitely help develop therapeutic compounds that
can suppress or alleviate neurological damage caused by HSV1-driven

inflammation in HSE.
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Appendix

Appendix 1. Optimisation of autophagy assays on neurons derived from NS cells. NS
cells were cultured in differentiation medium for 7 days to reach pure population of cortical
neurons. Neurons were subsequently maintained for another 7 days before performing the
experiments. (A) Neurons were stimulated with indicated concentrations of poly(l:C) or
rapamycin for 24 hours, before being fixed and stained for endogenous LC3B protein
(green). Nuclei were stained with DAPI (blue). White arrows indicate the presence of LC3B
puncta. Scale bar represents 50 um. (B) Neurons were infected with HSV1 (MOI 1) for 24
hours before lysates were harvested and immunoblotted for LC3B and p62 protein
expression. GAPDH was used as a loading control (C) Replication of HSV1-GFP (MOI 1)
was visualised 24 h.p.i. (D) Immunoblots from (A) were subjected to densitrometric analysis
(E) IL-6 secretion in culture supernatants of neurons infected with HSV1 (MOI 1) or
stimulated with 25 pg/mL of poly(I:C) for 24 hours was quantified. Representative mages

and data are derived from one experiment (n = 1). a.u., arbitrary unit.
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