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Abstract

Since the late 1960s UV irradiation of Herpesviruses has been used
to study various aspects of cell biology, including the cellular immune
response to virus infection. Previous studies have demonstrated that UV
irradiation of herpesvirus virions strongly stimulates the type | and Il IFN
response to viral infection. However, the spatial and temporal kinetics of
recruitment of immune signalling actuated in response to UV irradiated
virus infection have remained poorly understood, due to limitations of viral
DNA (vDNA) detection. Utilizing 5-Ethynyl-2’-deoxycytidine (EdC) labelling
of HSV-1 DNA in combination with click chemistry, we were able to directly
visualize VDNA and characterize the recruitment of host immune factors to
infecting wild type (WT) or UV irradiated viral genomes. UV irradiation of
HSV-1 virions induced the premature cytoplasmic release of VDNA in a
microtubule-dependent manner. An increase in VDNA thymine dimer
formation was observed that restricted genome decompacting once
released from the capsid. HSV-1 genomes in the cytoplasm exhibited an
enhanced recruitment of cGAS and STING following UV irradiation
compared to non-UV irradiated cytoplasmic genomes. Depletion of cGAS
led to the loss of STING recruitment, demonstrating a sequential
recruitment of cellular PRRs. ChIP analysis further supported this finding as
cGAS interaction with HSV-1 genomes was enhanced following UV
irradiation, whilst STING demonstrated no interaction at all. Conversely,
UV irradiation reduced frequency of recruitment of key PML-NB proteins to
VDNA in the nucleus. ChIP analysis demonstrated the interaction between
UV irradiated vDNA and PML to be significantly reduced compared to WT
HSV-1 genomes. The click labelling was further extended to human
Cytomegalovirus (hCMV) to investigate if these immune defences are
conserved among Herpesviruses or HSV-1 specific. Collectively, our analysis
shows multiple host factors to alter their respective recruitment and/or
vDNA binding properties in response to infection following UV irradiation.
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1. Introduction

Host cells are under constant attack from pathogens and have
developed multiple defence mechanisms to control infection to reduce the
damage these pathogens cause. The cellular immune responses can be
separated into 3 branches of the immune system: intrinsic, innate, and
adaptive. Intrinsic immunity refers to a form of pre-existing cellular
defence that is mediated by constitutively expressed cellular proteins
(intrinsic restriction factors) that act to block viral replication immediately
upon infection (Paludan et al., 2019; Yan & Chen, 2012). In contrast, the innate
and adaptive arms of the immune system are upregulated in response to
pathogen detection to confer a broadly neutralizing antiviral response that
limits the propagation and spread of virus (Scherer & Stamminger, 2016; Yan
& Chen, 2012; Hannoun, Maarifi & Chelbi-Alix, 2016).

These arms of the immune system are required to act in unison to
confer efficient restriction of viral pathogens, a process heavily dependent
on the recognition of specific Pathogen Associated Molecular Patterns
(PAMPS) by cellular Pattern Recognition Receptors (PRRs) (Komatsu, Nagata
& Wodrich, 2016; Abe, Marutani & Shoji, 2019; Ma, Ni & Damania, 2018; Yang &
Shu, 2020). Correspondingly, viruses have evolved a variety of ways to evade
or inhibit these pathways. The molecular basis of these interactions has
been extensively studied (Abe, Marutani & Shoji, 2019; Ma, Ni & Damania, 2018).
This literature review will focus on the cellular mechanisms utilized to
detect and control Herpes Simplex Virus 1 (HSV-1) and Human
Cytomegalovirus (hCMV) as well as the viral immune evasion strategies that
combat these defences. Particular attention will be given to promyelocytic
leukemia-nuclear body (PML-NB) constituent proteins and the cyclic GMP-
AMP synthase (cGAS) and stimulator of interferon (IFN) genes (STING)
proteins due to their key role in the detection and entrapment of DNA
viruses and activating the innate immune responses during herpesvirus
infection. These will be discussed in the context of UV irradiated

herpesvirus or HSV-1 infection, as little is known about how UV inactivation
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of herpesviruses results in enhanced immune activation (Hidmark et al., 2005;

Marcus, Rojek & Sekellick, 2005).

1.1 Overview of HSV-1 infection

HSV-1 is ubiquitous within the human population, with an estimated
3.7 billion people infected under the age of 50 (67% of the population).
Viral transmission occurs most commonly via direct physical contact with
infected individuals who are shedding the virus, and the resultant infection
is lifelong. Vertical transmission from seropositive mothers to their children
during pregnancy has also been reported, with significant morbidity and
mortality (Whitley & Baines, 2018; Kabani & Kimberlin, 2018). HSV-1 infection is
typically asymptomatic or manifests as ulcers in or around the mouth (‘cold
sores’). Additionally, HSV-1 infections can lead to more severe and even
life-threatening outcomes, for example viral encephalitis (Whitley & Baines
2018). Following lytic infection of mucosal epithelial cells, the virus infects
neuronal cells of the sensory ganglia where the genomes establish a life-
long latent infection. Periodic reactivation events cause HSV-1 lytic
infection to recommence that enables transmission to new hosts (Held &
Derfuss, 2011; Kabani & Kimberlin, 2018). Efficient antivirals are available for
HSV-1, such as acyclovir, valacyclovir, and trifluridine (Birkmann &
Zimmermann, 2016) , although resistance to some of these drugs has been
reported (Frobert et al., 2014). This creates a need for the development of
a vaccine, and although there are a number of vaccine candidates that have
been trialled none of them have clinically approved to date (Johnston,

Gottlieb & Wald, 2016).
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1.2. Herpesviridae family

Both HSV-1 and hCMV belong to the Herpesviridae family of viruses
with more than 130 known members. Nine of these are known to cause
disease in humans (human herpesviruses or HHV) and are classified into
three groups based on their biological characteristics, DNA sequence
relatedness and cellular tropism: Alphaherpesvirinae, which includes HHV-
1, -2 and -3 (HSV-1, HSV-2 and Varicella-zoster virus, respectively);
Betaherpesvirinae, which includes HHV-5 (human Cytomegalovirus), -6A, -
6B and -7; Gammaherpesvirinae, which includes HHV-4 and -8 (Epstein-Barr
virus and Karposi Sarcoma-associated virus, respectively) (Knipe & Howley-
Fields, 2013; Everett, 2014).

1.3. HSV-1 virion structure

The HSV-1 virion is largely spherical with a diameter of 186 nm, that
can extend up to 225 nm when including the glycoproteins (Griinewald et
al., 2003). Typical for Herpesviridae members, it is comprised of four main
architectural components: the core, the capsid, the tegument, and the
envelope (Figure 1). The core contains a single copy of the linear double
stranded DNA genome, and it resides in a liquid-crystalline state as a toroid
or spool structure, with the DNA strands being spaced approximately 2.6
nm apart (Furlong, Swift & Roizman, 1972; Booy et al., 1991; Everett, 2014). The
complete genome sequencing of the HSV-1 strain ‘17’ is 152 260 bp long
with a 68.3% G+C composition (Mcgeoch et al., 1988; Kieff, Bachenheimer &
Roizman, 1971; Bauer et al., 2013; Everett, 2014; Knipe & Howley-Fields, 2013).
The viral genome is comprised of unique long and short regions (UL and Us,
respectfully) flanked by inverted repeated ab and b’a’, and ac and c’a
sequences, respectively (Figure 1) (Mcgeoch et al., 1988; Bauer et al.,
2013; Everett, 2014). The capsid is 125 nm in diameter, composed by 162
major structural protein subunits in a T=16 icosahedral lattice (Wildy et al.,

1960). The major capsid proteins involved in the assembly of HSV-1 capsids
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are VP5, VP26, VP19c, VP23, pre-VP22a and pre-VP21 (Trus et al., 1996).

These capsomeres are sub-divided into 150 hexons that form the edges and
faces of the capsids along with 11 pentons and 1 portal complex, through
which the viral DNA enters and exits the capsid (Newcomb et al., 2001; Wildy
et al., 1960; Everett, 2014; Knipe & Howley-Fields, 2013; Huet et al., 2016; Brown &
Newcomb, 2011). The portal is cylindrical and is comprised of 12 copies of
pUL6 (Newcomb et al., 2001; McElwee et al., 2018). The pentamers and
hexamers are comprised of five and six copies of the major capsid protein
VP5, respectively (Newcomb et al., 1993; Knipe & Howley-Fields, 2013; Everett,
2014). At the tip of every VP5 positioned at a hexon capsomere is a single
copy of VP26 protein, accumulating to 900 copies of it per capsid (Booy et
al., 1994; Newcomb et al., 1993; Everett, 2014; Knipe & Howley-Fields, 2013). The
neighbouring capsomeres interact directly with heterotrimeric “triplexes”
located at the local 3-fold symmetry and are composed of two subunits of
VP23 and one subunit of VP19C (Zhou et al., 1994; Trus et al., 1996; Newcomb
et al., 1993; Knipe & Howley-Fields, 2013; Everett, 2014). Additionally, Cryo-EM
studies have discovered an extra capsid component that is adjacent to the
triplexes and pentons, called the capsid vertex-specific component (CVSC)
and is composed of UL17, UL25 and UL36, with the function of capsid
stabilization during and after DNA packaging (Fan et al., 2015; Huet et al.,
2016; Trus et al., 2007; Toropova et al., 2011; Cockrell et al., 2011; Conway
et al., 2010). Procapsid maturation is carried out by the VP24 protease,
which cleaves off the scaffolding proteins and plays a role in the initiation
of procapsid angularization (Liu & Roizman, 1993; Loret, Guay & Lippé, 2008).
The tegument layer is located in the space between the capsid and the
envelope. The HSV-1 tegument is a large, highly asymmetric, and densely
packed network of thousands of protein molecules. Proteomic analysis has
identified 23 virally encoded tegument proteins that are acquired during
tegumentation in the cytoplasm, specifically at the trans-Golgi network
(Loret, Guay & Lippé, 2008; Granzow et al., 2001; Sugimoto et al., 2008; Turcotte,
Letellier & Lippé, 2005). Tegument proteins play an important role during
infection, including entry, initiation of viral gene expression, assembly and
egress, as well as immune evasion (Table 1). Finally, the envelope is
arranged as a lipid bilayer enclosing the tegument and contains 16

membrane proteins, 12 of which are glycoproteins that protrude externally
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- gB-gE gG-gN. These are of particular importance as they are involved in

the interaction between the virion and the host cell surface proteins

required for entry (Reske et al., 2007).
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Figure 1. HSV-1 virion and genome structure.

(A) Cartoon representation of the HSV-1 virion, composed of viral genome, capsid, tegument and
envelope. The dsDNA genome is enclosed on the capsid and surrounded by the tegument layer. The
envelope is a lipid bilayer membrane that is decorated with glycoproteins. (B) Cartoon
representation of the genome, showing the positions of the Unique short or long regions (Us and UL,
respectfully) and the genome repeated sequences (R), labelled as Internal (I) or Terminal (T). The
repeat sequence is indicated with ‘a’ (Everett, 2014). Images were created with Biorender.com. (C)
Cartoon representation of all of the open reading frames (ORFs) of the HSV-1 genome. Colour coding
of the ORFs to denote the temporal kinetics of expression of the individual viral proteins (ViralZone,
2012).
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ICPO

ICP4
ICP34.5

puL7
puL11

pUL13

pUL14
pUL16
puUL21
puUL23
pUL36

pUL37
pUL41

pUL46
puL47

pUL48

pUL49

pULS0
pUL52
pULS5
pUS2

puUS3

pUS10
pUS11

Regulation of viral transcritpion and
evasion of the immune system
Regulation of viral transcritpion

Regulates host translation, viral DNA replication
and immuneresponse
Mitochondrial regulatory function
Maturation and capsid envelopment
Protein kinase, tegument dissociation,
regulates apoptosis andpUS3, inhibits
IFN response
Nuclear import, regulates apoptosis,
nuclear targeting ofcapsids
Secondary envelopment
Secondary envelopment,
regulates microtubule assembly
Thymidine kinase, viral DNA replication
Capsid transport, secondary envelopment,
release of viral DNA,deubiquitinating activity
Secondary envelopment,
regulating viral transcription
Regulates host/viral translation
and immune response
Secondary envelopment,
regulates pUL48-dependenttranscription
Secondary envelopment,
regulating viral transcription
Secondary envelopment,
regulates microtubule assembly
dUTPase, viral DNA replication
Unknown
Unknown
Unknown
Protein kinase, primary deenvelopment,
tegumentdissociation, regulates actin assembly
Unknown
Regulates host translation, capsid transport

Table 1. HSV-1 key tegument proteins and their functions during viral infection.
Adapted from (Kelly et al., 2009).
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1.4. HSV-1 replication cycle

1.4.1 Attachment, fusion and nuclear delivery of viral DNA

The initial step of establishing viral replication in target cells is the
attachment of the virus to the cell surface. There are several ways
attachment may occur during the initial stages of infection: (i) gC and gB
interact independently with heparan sulfate (HS) proteoglycans to promote
initial attachment, (ii) gD interaction with one of several host receptors -
herpes entry mediator (HVEM), nectin-1 or 3-0-sulfated heparan sulfate
(Montgomery et al., 1996; Geraghty et al., 1998; Whitbeck et al., 1997;
Shukla et al., 1999; Laquerre et al., 1998; Shieh et al., 1992; Campadelli-
Fiume et al., 2012; Connolly et al., 2011).The differential use of all of these
receptors could account the extensive viral tropism of HSV-1 to a large
number of different cell types in culture. The exact mechanism of viral
fusion with the cell membrane remains to be elucidated but is believed that
gD binding to the cell receptor leads to the conformational change in the
gH/gL complex that leads to the activation of gB. The concert acting of
these glycoproteins results in the fusion of the viral envelope and cellular
membrane, mediating viral capsid entry (Satoh et al., 2008; Avitabile, Forghieri
& Campadelli-Fiume, 2007; Gianni, Amasio & Campadelli-Fiume, 2009; Connolly,
Jardetzky & Longnecker, 2021). Entry of HSV-1 into HFF cells is reported to be
via membrane fusion (Maurer, Sodeik & Grii, 2008). HSV-1 utilizes endocytosis
as an additional mode of entry into target cells (Nicola et al., 2005; Milne
et al., 2005; Nicola, 2016). Upon entry, cytosolic nucleocapsids exploit the
cellular microtubule network to traverse the cell and reach the nucleus
(Sodeik, Ebersold & Helenius, 1997). The HSV-1 capsid binds multiple
microtubule proteins, such as dynein-1, dynactin, and kinesin-1, via the
different structural features of the inner tegument and results in the
directional transport of the capsid to the nucleus (Déhner, Nagel & Sodeik,
2005; Radtke et al., 2010), where an increase in empty capsids can be observe
by Cryo-EM (Further et al., 1983; Miyamoto’ And & Morgan, 1971). The viral

tegument protein UL25 and the cellular protein importin-b play a key role
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in the binding of the capsid to the cellular nuclear pore complex (NPC)

(Pasdeloup et al., 2009). HSV-1 capsids dock to the NPC cytoplasmic
filaments via Nup358 and Nup214 in an importin- b - and Ran- dependent
manner (Pa” et al., 2000; Copeland, Newcomb & Brown, 2009a). VP1/2, encoded
by UL36, is also important in this process (Copeland, Newcomb & Brown,
2009b) and its proteolytic cleavage is key for DNA release out of the capsid
(Jovasevic, Liang & Roizman, 2008). The exact trigger for DNA release is still to
be fully determined. Atomic force microscopy has shown HSV-1 genomes to
be condensed rod-like structure and is hypothesised that the pressure-
driven DNA ejection pushes the genome through the NPC (Shahin et al.,
2006; Bauer et al., 2013). Once in the nucleus, the viral genomes have been
shown to localize to cellular protein clusters, known as PML-NBs (discussed

in a section further below) (Ishov & Maul, 1996).

1.4.2 Virus gene expression and DNA replication

Characteristic for all herpesviruses, HSV-1 gene expression is carried
out in a temporally regulated cascade. The viral genes are classified into 3
temporal classes: immediate-early (IE; o), early (E; B) and late (L; y) genes
(Honess & Roizman, 1974). IE proteins are the first ones to be synthesized
following nuclear entry. VP16 is a tegument protein that plays an important
role in stimulating the expression of the IE proteins (Batterson, Roizman &
Kovler, 1983). VP16 interacts with host cell factor-1 (HCF-1), allowing for its
nuclear translocation (Laboissie're & O’hare, 2000). Once transported to the
nucleus, VP16 binds to Oct-1 and HCF-1 and forms a transcriptional
regulatory complex that binds IE genes via its conserved DNA binding
domain (Kristie & Sharp, 1990). This interaction enhances the transcriptional
activity of the pre-assembled cellular machinery on the IE promoter regions
to stimulate IE transcription (Fan et al., 2020; Simmen et al., 1997).
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De novo synthesis of IE genes (ICP4, ICPO, ICP22, ICP27 and ICP47)

promote the transcription of E genes. The viral ICP4 is shown to be the
essential transcriptional regulator of this process. ICP4 is a DNA-binding
protein that can, dependent on the target promoters, increase or decrease
the transcription rate of specific genes via the RNA Polymerase II
(Papavassiliou & Silverstein, 1990; Carrozza & Deluca, 1996; Smith et al., 1993).
Additionally, ICP4 represses itself by binding to a repressor element in its
own promoter to reduce its own and IE and E gene levels, stimulating the
switch to L gene production (Muller, 1987). ICP27 is another essential
regulatory viral protein for replication and the transcription of E and L
genes during early timepoints of infection. It has been shown to directly
interact with RNA Polymerase Il along with ICP8 to regulate viral gene
expression but also to modulate transcription through direct or indirect
interactions with other viral regulatory regions or viral proteins (Olesky et
al., 2005; Sacks et al.,, 1985; Uprichard & Knipe, 1996; Mcgregor et al., 1996;
Samaniego, Webb & Deluca, 1995). Additionally, ICP27 has been shown to play
an important role in viral intronless mRNA export by interacting with the
RNA export factor Aly/REF (Sandri-Goldin, 1995; Chen, Sciabica & Sandri-Goldin,
2002). ICPO acts together with cellular proteins to activate transcription
and provide a favourable environment for viral protein synthesis and DNA
replication. Expression of ICPO induces the degradation of PML and dispersal
of PML-NBs from vDNA (Everett, Boutell & Hale, 2013; Alandijany et al., 2018).
Additionally, ICPO induces the degradation and dispersal of multiple H3.3
chaperone molecules, for example HIRA, during independent phases of
infection (Orzalli, DelLuca & Knipe, 2012; Orzalli, Broekema & Knipe, 2016;
McFarlane et al., 2019; Goff et al., 2018). Consequently, this leads to the
reduction of H3 acetylation and H3 loading on vDNA and promote
transcription (Cliffe & Knipe, 2008; Lee, Raja & Knipe, 2016; Goff et al., 2018).

Once E gene products are synthesized, vDNA replication can
commence. There are seven essential genes uncovered to be required for
replication (Challberg, 1986): the origin binding protein (UL9) (Elias et al.,
1986), the single stranded DNA binding protein ICP8 (Conley et al., 1981),
the helicase-primase complex (UL5/UL8/UL52) and the vDNA polymerase
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(catalytic subunit UL30 and its accessory factor UL42) (Purifoy, Lewis &

Powell, 1977). HSV-1 DNA replication occurs in nuclear structures near PML-
NB sites termed replication centres, where vDNA and replication proteins
accumulate (Ishov & Maul, 1996; Uprichard & Knipe, 1996; Quinian, Chen & Knipe,
1984). Viral DNA replication is carried out by two modes: (i) theta
replication begins following DNA entry into the nucleus, the linear DNA
genome circularizes and the origin binding protein UL9 binds to one of three
origins of replication (one copy of ori. and two or oris) (Hardwicke & Schaffer,
1995) and begins to unwind the DNA. The ssDNA binding ICP8 is recruited to
separated strands of the DNA and acts as a scaffolding protein by promoting
the activity of the helicase-primase complex (le Gac, Villani & Boehmer, 1998;
Falkenberg et al., 1997; Fierer & Challberg, 1992). The helicase-primase complex
and the DNA polymerase are recruited onto the replication forks and
leading-lagging strand synthesis commences (Wu,’ et al., 1988). (ii) theta
replication is then switched to a UL9-independent rolling circle mechanism
where long concatemers are synthesized then cleaved into unit-length
monomers by the viral terminase complex during packaging into pro-capsids
(Rabkin & Hanlon, 1990). DNA replication along with ICP22 stimulates the

production of L genes, which initiate capsid assembly and packaging.

1.4.3 Nucleocapsid assembly and egress

Virus capsid assembly is a multistep process and in vitro studies have
identified VP5, VP19C, VP23, pre-VP22a and the maturational products of
UL26 (VP21 and VP24) as the minimum proteins required for normal capsid
formation (Newcomb,’ et al., 1994; Newcomb et al., 1999, 1996). Once
these components are synthesized in the cytoplasm, they are transported
to the nucleus, where capsid assembly is carried out in large inclusion
bodies (Spencer et al., 1998; Peng et al., 2010). This allows for the
formation of the procapsid by the interaction of the major capsid protein
VP5 and the scaffolding proteins, as well as the triplexes which stabilize
the links between VP5 capsomeres. The maturation of the procapsid is

achieved once the scaffolding proteins are removed from the structure,
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allowing for the angulariazation and achievement of the polyhedral shape.

These capsids are then filled with the concatemers of vDNA produced by
the viral replication machinery by the terminase complex and cleaved into
unit-length monomers, completing the assembly process (Yang, Homa &

Baines, 2007; Heming, Conway & Homa, 2017).

Viral egress is a highly complex process as mature non-enveloped
capsids need to exit the nucleus, traverse the cytoplasm and bud out of the
infected cell. The biggest obstacle in this process is the egress from the
nucleus, as it represents a formidable barrier to mature capsids. The
current model proposes HSV-1 capsids to exit via an envelopment/de-
envelopment/re-envelopment mechanism (Skepper et al., 2021; Mettenleiter
& Minson, 2006; Mettenleiter, 2002). In this pathway mature capsids bud
through the inner nuclear membrane, acquiring an envelope and form the
primary enveloped virions within the nuclear lumen. This is mediated
through the heterodimeric complex composed of UL31 and UL34. Following
primary envelopment, these particles fuse with the outer nuclear
membrane and are released in the cytoplasm (de-envelopment). Soon
after, the inner tegument proteins are recruited and the capsids associate
with the microtubule network (Radtke et al., 2010) for transport to the
trans-Golgi network (Turcotte, Letellier & Lippé, 2005; Sugimoto et al., 2008).
There, the outer tegument layer and bilipid envelope, containing the full
complement of envelope proteins, are acquired and the mature viruses are
released from the cell by exocytosis to infect neighbouring cells.
Additionally, there is evidence that HSV-1 membrane acquisition maybe
occurring in endocytic tubules instead of membranes of the secretory
pathways, as inhibition of the endocytic pathway led to a retention of viral
glycoproteins on the cell surface and a decrease of virus yields (Hollinshead
et al., 2012). An overview of the HSV-1 replication cycle is shown in Figure
2.
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Figure 2. Overview of the HSV-1 life cycle.

The virus attaches via glycoproteins to the cellular receptors. It enters the cells via direct fusion of
the viral envelope and the plasma membrane or endocytosis. The de-enveloped capsid is transported
to the nuclear pores via the microtubule network, and the vDNA is ejected into the nucleus through
the Nuclear Pore Complex. Theta replication and rolling circle are two suggested mechanisms for
VDNA replication. Viral transcription results in the production of viral mRNAs that are escorted to
the cytoplasm by ICP27 and translated into proteins. The capsid is assembled at sites adjacent to
VDNA replication compartments allowing for the packing of vDNA into the capsid. The nucleocapsids
bud through the nuclear membrane through an envelopment/de-envlopment/re-envelopment
mechanism, transport through the cytoplasm, and fuse with the plasma membrane to egress. During
the capsid maturation and egress steps, the nucleocapsid acquires tegument and envelope proteins,
respectively. The release of mature progeny virions promotes attachment to adjacent cells, and the

continuation of the cycle (Knipe & Howley-Fields, 2013). Image created with Biorender.com.
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1.5. Viral latency

Primary HSV-1 infection occurs in epithelial and endothelial cells in
the oral cavity that eventually leads to the axonal infection of sensory
neurons feeding the sites of primary infection. These are usually the
maxillary and mandibular branch of the trigeminal ganglion. The virus
travels via retrograde transport to the neuronal cell body where it
establishes a life-long latent infection in the nucleus (Theil et al., 2003;
Stevens & Cook, 1971). Viral DNA (vDNA) is maintained as a circular episome
and associates with nucleosomal chromatin, the epigenetic modification of
which silences viral gene promoters leading to a block in viral transcription
(Roizman, 2011). The only detectable transcripts are latency-associated
transcripts (LAT). Their transcription leads to the production of primary
micro RNAs (miRNAs), which act to render gene promoter regions
transcriptionally inactive by the induction of heterochromatin formation
and silencing the production of ICPO and ICP4 (Wang et al., 2005; Kwiatkowski,
Thompson & Bloom, 2009; Umbach et al., 2009, 2008). In addition to LATs and
miRNAs being important for establishing latent infection, the cellular
immune system has also been found to play a role in maintenance of HSV-
1 latency. Prolonged chemokine and cytokine expression along with
continued activation of CD8+ T cells have been reported to be important in
maintaining latency (Khanna et al., 2003). HSV-1 is able to reactivate from
latency in response to specific stimuli such as stress, exposure to UV, and
tissue injuries (Bonneau, 1996; Hendricks et al., 2021; Roizman & Whitley, 2013).
During reactivation, the LAT promoter is deacetylated, while the histones
associated with lytic genes are acetylated, activating the onset of
transcription and the onset of infection (Amelio et al., 2006; Du et al.,
2011).
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1.6. Host immunity to viral infection

In order to combat infection, cells have evolved a large array of
mechanisms to detect and supress viral replication. The molecular details
of the cellular immune response to herpesvirus infection have been
extensively studied in the last few decades. The current understanding of
the host immune response (intrinsic and innate) to HSV-1 is discussed

below.

1.6.1 Host intrinsic immunity to HSV-1

The intrinsic immune response is mediated by constitutively
expressed cellular restriction factors that act immediately and directly to
limit viral infection. The presence of these molecules is a determining
factor for the potential of cell lines to restrict infection independently of
the activation of IFN-mediated innate immune defences permissive to
infection (Alandijany et al., 2018). The use of HSV-1 lacking the key ICPO
protein has been instrumental in defining the characteristics of this arm of
immunity, as the deletion of this protein resulted in the relief of
degradation of a large number of intrinsic immune restriction factors such
as PML-NB constituent proteins (Sacks & Schaffer, 1987; Stow & Stow, 1986;
Boutell & Everett, 2013). Different cell lines show various levels of restriction
to ICPO-null mutant HSV-1, ranging from ~1000-fold in diploid fibroblasts
and keratinocytes to almost absent in osteosarcoma U20S cells (Yao &
Schaffer, 1995; Everett, Boutell & Orr, 2004). Additionally, the intrinsic immune
response was saturable as increasing the MOI of the ICPO-null mutant
relieved restriction and allowed for the virus to grow to levels comparable
to the WT strain (Everett, Boutell & Orr, 2004; Rodriguez et al., 2020).
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These findings have allowed for the identification of a range of

different intrinsic restriction factors (Table 2). In this section some of the

more relevant intrinsic host factors to HSV-1 will be discussed.

Protein Function Reference
Alandihany et al., 2018
Essential for forming PML-NBs, !
PML L Everett and Chelbi-Alix, 2007
which entrap viral genomes
Sahin Umut et al., 2014
Alandijany et al., 2018
Sp100 ot O;Tall enn:,mvzl:ch entrap Sternsdorf et al., 1995
g Everett, 2006 / 2008
PML-NB component, interacts Lin et al., 2006
T with ATRX and promotes H3.3 Goldberg et al., 2010
loaidng onto vDNA to repress Tang et al., 2004
viral gene expression Drané et al., 2010
PML-NB component, interacts Tang et al.,, 2004
ATRX with Daxx and promotes H3.3 Li et al,, 2017
loaidng onto vDNA to repress Lukashchuk and Everett, 2010
viral gene expression Goldberg et al., 2010
PML-NB component, influences Mimura et al., 2010
MORC3
recruitment of other components Sloan et al., 2016
PML-NB component,
PIAS1/4 recruited to sites of VDNA, restriction of B
Conn et al., 2016
plague formation
Recruted to adjacant sites of vDNA
RNF8/RNF168 in cells at the edge of plaques, reduces Lilley et al., 2010, 2011

gene expression

Recruit to infecting vDNA and induce

(hlstovn:sh:\sntm the viral genome chromatinization and
silencing, require

er ms) Chamrom molecules (e.g., HlRA, Daxx’

Rai et al.,, 2017
Cabral et al., 2018
Kent et al., 2004
Lee et al., 2006

Table 2. The role of intrinsic immune restriction factors in response to HSV-1 infection.
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1.6.1.1 PML-NB constituent proteins

PML (promyelocytic leukaemia) nuclear bodies (NBs), also known as
Nuclear Dot 10 (ND10), are small macro-molecular nuclear sub-structures
that are ubiquitously expressed in all cells and contain many permanently
or transiently associated proteins (Tavalai & Stamminger, 2009; Bernardi &
Pandolfi, 2007). The list of proteins, that have been reported to be
associated with PML-NBs is constantly growing. However, there are several
key proteins that are constitutively expressed in normal diploid cells and
are crucial to the structural formation of these dot-like structures.
Promyelocytic leukaemia protein, or PML, is essential for the structure and
integrity of NBs. Other proteins have been shown to associate with PML to
form PML-NBs, such as Daxx, ATRX and Sp100 (Everett & Chelbi-Alix, 2007;
Everett, 2006). The complexity of these dynamic foci is shown in their
involvement in a variety of different cellular functions, such as
oncogenesis, apoptosis, DNA damage response, and cellular immune

response to virus infection (Bernardi & Pandolfi, 2007).

PML-NBs have also been shown to play a role in the regulation of
intrinsic and innate immunity against DNA virus infection, including
retroviruses such as HIV-1 (Scherer & Stamminger, 2016; Bernardi & Pandolfi,
2007; Kahle et al., 2016; Dutrieux et al., 2015). The first observation of the
interplay between DNA viruses and PML NBs was made back in 1993 by Maul
et al, who showed the disruption of PML-NBs in HSV-1 infection by the viral
immediate early protein ICPO (Maul, Guldner & Spivack, 1993). After years of
extensive research, our understanding of the interplay between HSV-1 and
PML has greatly improved (Tavalai & Stamminger, 2009; Scherer & Stamminger,
2016). Other DNA viruses have also been shown to interact with PML-NBs,
for example adenovirus (Ishov & Maul, 1996), other herpesviruses, including
human cytomegalovirus (hCMV) (Kelly, Driep & Wilkinson, 1995; Ishov, Stenberg
& Maul, 1997) and papillomaviruses (Frappier, 2016). Although the details
around these events are becoming clearer, many aspects of the functional

interplay between PML-NBs and viral genomes remain to be resolved.
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However, it is clear that PML-NBs play an important role in the temporal

regulation of intrinsic and innate immune defences to DNA virus infection
(Regad et al., 2001; Chee et al., 2003; Scherer et al., 2016; Alandijany et
al., 2018).

1.6.1.1.1 Promyelocytic leukemia protein (PML)

PML is a member of the tripartite motif (TRIM)-containing protein
family. These constitute of a conserved RING domain, one or two B box
domains and a coiled-coil domain (Jaworska et al., 2020; Goodrum, 2016;
Tao et al., 2008). The PML gene contains 9 exons and can be alternatively
spliced giving rise to a large number of isoforms (PML I-PML VII) with
variable C-termini. Dependent on the presence of a nuclear localization
signal (NLS), PML isoforms are predominantly nuclear, but a cytoplasmic
PML variant has been described - PML VIl (Jensen, Shiels & Freemont, 2001).
The different PML isoforms carry out distinct functions by interacting with
numerous cellular proteins (Jensen, Shiels & Freemont, 2001). PML has been
found to be heavily SUMOylated at different lysine residues, which
regulates PML function (Kamitani et al., 1998b; Liang et al., 2016a; Cuchet
et al., 2011). SUMOylation is essential for the recruitment of several PML-
NB associated proteins, but not for the oligomerization of PML, which forms
the PML-NB scaffold (Sahin Umut et al., 2014; Shen et al., 2006a; Zhong et
al., 2000). PML has been found to undergo extensive post-translational
modification (PTM) in response to different stimuli (e.g., oxidative stress),
including ubiquitination, phosphorylation, and ISGylation, that affect PML

stability, turnover and function (Hsu & Kao, 2018).

During HSV-1 infection, PML and other PML-NB components are
rapidly recruited to the sites of nuclear infecting VDNA (Everett & Murray,
2005). Viral genome deposition is enough for the de novo re-localization of
these cellular proteins and is independent of viral protein synthesis (Everett

& Murray, 2005; Everett et al., 2006). Once recruited onto VDNA, these NB
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factors entrap the viral nucleic acid prior to initiation of viral replication

and repress the progress of viral transcription (Glass & Everett, 2013;
Alandijany et al., 2018). During wild type HSV-1 infection this event is short-
lived due to the expression of ICP0O. ICPO antagonizes PML-NBs (Everett &
Murray, 2005) by its E3-Ub ligase-mediated activity that degrades PML (Vanni
et al., 2012; Boutell, Sadis & Everett, 2002; Komatsu, Nagata & Wodrich, 2016).
Consistent with this, HSV-1 mutants that fail to express ICPO (ICPO-null
mutant HSV-1; AICPO HSV-1) form a stable association between the viral
genome and PML-NBs, independently of the activation of IFN-mediated
innate immune defences, as these genomes fail to express ICPO to degrade
PML and relieve the repression state of the viral DNA (Alandijany et al.,
2018). Furthermore, it was shown that the depletion of single factors
comprising the NBs or a combination of them rescued ICPO-null mutant virus
replication to varying levels but had no effect on wild type HSV-1 infection
(Glass & Everett, 2013; Everett et al., 2008). The recruitment of PML to nuclear
HSV-1 DNA is dependent on the SUMOylation pathway (Cuchet-Lourenco et
al., 2011), leading to the hypothesis that this initial host response to DNA
virus infection may be mediated by the SUMOylation pathway (Boutell et
al., 2011).

1.6.1.1.2 Sp100 (Speckled protein of 100 kDA)

Sp100 is a member of the Speckled protein family of chromatin
“readers” and is predominantly localized with nuclear PML (Sternsdorf et
al., 1995). Similarly to PML, Sp100 has a SUMO interacting motif (SIM), a
SUMOyaltion acceptor site and is alternatively spliced giving rise to multiple
isoforms with different functions (Negorev et al., 2006; Sternsdorf et al.,
1999).

During infection, Sp100 is recruited onto viral genomes in the nucleus
in a PML-independent manner and correlates with a repression of viral gene
expression (Everett et al., 2006, 2008; Alandijany et al., 2018). Sp100
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depletion increased the plaque formation of a AICPO HSV-1 mutant but did

not affect WT infection (Everett et al., 2008). Furthermore, double-
depletion of both PML and Sp100 cumulatively enhanced plaque formation
of AICPO HSV-1, revealing the separate activity of these host proteins in
repressing HSV-1 infection (Everett et al., 2008). Interestingly, the
simultaneous depletion of both PML-NB proteins was not sufficient to
increase plaque formation in AICPO HSV-1 infection to match WT,
suggesting that other restriction factors are also at play (Everett et al.,
2008). The presence of SIM and not a SUMO modification site is required for
Sp100A (the most abundant isoform) to localize to viral DNA (Cuchet-
Lourenco et al., 2011).

1.6.1.1.3 Daxx (Human death-domain associated protein) and ATRX
(Alpha-thalassemia mental retardation X-linked)

Daxx is a transcriptional repressor that interacts directly with various
nuclear proteins. Daxx has two functionally important SIM domains
(Santiago et al., 2009) that allow Daxx to localize to PML-NB (Lin et al.,
2006). Daxx strongly interacts with ATRX via its helical bundle or 4HB
domain (Tang et al., 2004; Li et al., 2017). The physical interaction with
ATRX promotes the loading of histone variant H3.3 onto DNA (Research; P,
2010; Goldberg et al., 2010; Drané et al., 2010). Characteristic to PML-NB
proteins, Daxx undergoes extensive post-translational modification to

regulate its biological function (Mahmud & Liao, 2019).

Similar to PML and Sp100, Daxx is recruited to nuclear sites of HSV-
1 DNA in a SIM-dependent manner (Lukashchuk & Everett, 2010; Glass & Everett,
2013; Cuchet-Lourenco et al., 2011). Depletion of Daxx has a positive effect on
plaque formation of AICPO HSV-1 but no significant effect on WT HSV-1
(Lukashchuk & Everett, 2010). Additionally, the reintroduction of Daxx to
AICPO HSV-1 infected cells completely reverses this phenotype that is

mediated by its SIM domain (Cuchet-Lourenco et al., 2011). Daxx
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recruitment to VDNA is PML- and Sp100-independent (Everett et al., 2006;

Alandijany et al., 2018). Triple depletion of these proteins resulted in a
significant relief of restriction and increased plaque formation of AICPO
HSV-1 mutant (approximately 100-fold) relative to single or double
depletion (Glass & Everett, 2013). This additive effect still did not make up
for the loss of the viral ICPO, suggesting that other restriction factors
contribute to the cellular repression of AICPO HSV-1 (Glass & Everett, 2013).

ATRX has also been shown to be a restriction factor of HSV-1 and
localizes to parental genomes. However, this recruitment is dependent on
Daxx, as ATRX failed to localize to viral DNA in Daxx-depleted cells
(Lukashchuk & Everett, 2010). Additionally, Daxx reintroduction, but not
ATRX-interaction domain Daxx mutant, restored the original phenotype and
restriction of AICPO HSV-1 was observed. Collectively, these data highlight
the importance of the Daxx and ATRX interaction in the ATRX-mediated
restriction of AICPO HSV-1 infection (Lukashchuk & Everett, 2010).

1.6.1.1.4 SUMO (Small ubiquitin-related modifier)

SUMO is a small (-10-12 kDA) protein present in all eukaryotes. There
have been 5 isoforms identified, designated SUMO1-5. SUMO1, SUMO2 and
SUMO3 are constitutively expressed in all cells, with SUMO2/3 sharing ~95%
amino acid sequence homology (differing only by two amino acids); and
SUMO1 sharing ~45% amino acid identity with SUMO2/3 (Rivas et al., 2021a).
SUMO2/3 can form polySUMO chains on targeted proteins by poly-
SUMOylation (Tatham et al., 2001). SUMO1 does possess the ability to form
chains. However in vivo studies have showed it appears to act as a chain
terminator of other SUMO2/3 polychains (Kamitani et al., 1998a; Yang et
al., 2006; Matic et al., 2008). SUMO4/5 have been found to be selectively
expressed in specific cell types (Liang et al., 2016b; Baczyk et al., 2017).
SUMO proteins are translated as inactive precursors, which maturate by

truncation of the C-terminus to display the C-terminal -diglycine (-GG)
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motif. This is carried out by a family of proteases called ubiquitin-like-

protein specific proteases (SENPs) (Mukhopadhyay & Dasso, 2007).
SUMOylation of proteins plays an important role in regulating various
cellular processes, including intrinsic and innate immune defences (Rivas
et al., 2021b). To this end, many viruses (including HSV-1) have evolved
mechanisms to exploit this pathway to avoid the cellular immune defences
(Imbert & Langford, 2021).

SUMOylation of different PML-NB proteins plays an important role in
the formation of these nuclear structures (Takahashi et al., 2005a),
specifically in the formation of the PML scaffold (Zhong et al., 2000;
Takahashi et al., 2005b; Shen et al., 2006b). HSV-1 has evolved a
mechanism where ICP0 targets a large number of SUMO modified proteins,
including PML, for proteasome degradation by acting as a viral SUMO
targeting E3 ubiquitin ligase (Boutell et al., 2011). This results in the
disassembly of PML-NBs to promote the efficient initiation of viral infection
(Boutell et al., 2011).

1.6.1.2 IFI16 (Interferon Gamma Inducible Protein 16)

IFI16 is a member of the family of PYHIN (Pyrine domain and two
DNA-binding hematopoietic interferon-inducible nuclear proteins with 200-
amino acid repeat (HIN-200) domain) proteins. IFI16 has been shown to
localize to foci of HSV-1 DNA in the nucleus (Johnson, Chikoti & Chandran,
2013; Cuchet-Lourenco et al., 2013). Depletion of IFI16 enhances plaque
formation of AICPO HSV-1 mutant but does not affect WT HSV-1 infection
(Cuchet-Lourenco et al., 2013; Orzalli et al., 2013; Merkl, Orzalli & Knipe, 2018).
IFI16, similar to PML-NB constituent proteins, is targeted for proteasomal
degradation by the HSV-1 ICPO (Orzalli et al., 2013).
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IFI16 has been identified as a PRR DNA sensor (Unterholzner et al.,

2010). It has been shown to be predominantly nuclear, but also shuttle to
the cytoplasm. Depending on its cellular localization it is able to activate
different pathways to restrict the progress of viral infection. Initially, IFI16
was discovered as a cytoplasmic DNA sensor during HSV-1 infection, where
IFI16 shuttled to the cytoplasm to bind cytosolic HSV-1 DNA. This
interaction led to the activation of STING and IRF3, resulting in the
production of IFNB (Unterholzner et al., 2010; Horan et al., 2013). IFI16 has
been shown to bind both ss and ds DNA (Jakobse et al., 2013). In the
nucleus, IFI16 has been reported to play a role in the recruitment of PML
and Daxx to viral genomes (Cuchet-Lourenco et al., 2013). There is also
evidence of IFI16 being involved in the activation of the inflammasome
signalling in response to herpesvirus infection (Kerur et al., 2011), as well

as HSV-1 epigenetic silencing (Johnson et al., 2014; Orzalli et al., 2013).

1.6.2 Host innate immune response to HSV-1

Unlike intrinsic immunity, innate immune defences are upregulated
in response to viral infection. This response can be separated in two phases:
(i) detection of pathogen-associated molecular patterns (PAMPs) by the
cellular pattern recognition receptors (PRRs); (ii) this recognition results in
a cascade of signalling events that result in the downstream induction of
type | interferons (IFN), proinflammatory cytokines and chemokines. These
events are tightly regulated in a spatiotemporal manner by a variety of
PTMs to ensure optimal activation and reduce inappropriate cellular and
tissue damage that may lead to prolonged inflammation. The IFN response
is classified into three types (type |, I, and lll), dependent on the receptors
utilized. In this section, the type | IFN response to HSV-1 infection, sensing
and detection of viral components, IFN-signalling cascades, and IFN-
induced restriction factors are discussed as they are more pertinent to DNA

detection of foreign DNA and are part of the focus of this study.
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1.6.2.1 Type | IFN response

The type | IFN response plays an important role during viral infection,
to induce an antiviral state of cells that limits viral propagation and spread
during HSV-1 infection. Mouse models unable to induce a type | IFN response
(IFNAR KO or KO for type-l IFN receptor) are unable to control the spread
of HSV-1 infection (Wilcox et al., 2016). The lack of the type | IFN receptors
has shown to decrease survival rates in mice, and positively affect viral
replication, viral dissemination and pathogenesis (Wilcox et al., 2016; Luker
et al., 2003; Zawatzky et al., 1982; Leib et al., 1999). The induction of the
type | IFN pathway is carried by different PRRs that recognize viral PAMPs
and induce the production of type | IFNs, which in turn promote the
induction of IFN stimulated genes (ISGs), that ultimately exert an antiviral

effect.

1.6.2.2. Type | IFN signalling cascade

The canonical IFN pathway is mediated by the binding of IFNs to their
appropriate receptors. Type | IFNs bind to the IFN o receptor (IFNAR),
composed of two subunits - IFNAR1 and IFNAR2. These subunits are
associated with tyrosine kinase 2 (TYK2) and janus activated kinase 1
(JAK1), respectfully. The binding induces the dimerization of these subunits
and result in their autophosphorylation and subsequent tyrosine
phosphorylation of signal transducers and activators of transcription 1
(STAT1) and STAT2. Once activated, STAT1 and STAT2 dimerize and
subsequently form a complex with IRF9, termed ISG factor 3 (ISGF3), which
binds the IFN-stimulated response element (ISRE) of ISG promoters (Figure
3) (Lurie & Platanias, 2005). This leads to the promoted expression of a large
number of ISGs that act to inhibit viral infection through various different

mechanisms.
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Figure 3. Type | IFN signalling pathway.

Type | IFNs produced by virus infected cells (IFNa and IFNB) bind to their receptors (IFNAR) on the
cell surface of neighbouring cells. This leads to the activation of the JAK-STAT pathway. The
phosphorylated STAT1 and STAT2 bind to IRF9 to form ISGF3, that translocates to the nucleus in
order to induce the expression of ISGs (e.g., viperin, tetherin, I1SG15) (Platanias, 2005).
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1.6.2.3. ISG mediated antiviral response

While there is a large number of ISGs (>300) (de Veer et al., 2001),
only a few have been found to have antiviral activity against HSV-1 (Taddeo,
Esclatine & Roizman, 2002; Hu et al., 2016a). ISG15 was reported to be key to
mounting an efficient IFN-response to HSV-1 in murine models, although a
precise mechanism of the antiviral activity of ISG15 remains to be
elucidated (Lenschow et al., 2007). Both of the Myxovirus resistance (Mx)
proteins - MxA and MxB, have been shown to confer resistance to HSV-1 by
inhibiting viral replication. MxA has been shown to inhibit viral replication,
whilst MxB has been recently shown to be panherpesvirus restriction factor
exerting its antiviral function through an unknown mechanism. (Ku et al.,
2011; Schilling et al., 2018; Crameri et al., 2018). Viperin, tetherin and zing
finger antiviral protein (ZAP) have also been found to restrict HSV-1
replication and are antagonized by the UL41 gene product vhs (virion-host
shutoff protein), however this function is not targeted as vhs acts as an
RNAse and destabilizes many mRNAs. Viperin and tetherin sequester the
virions to the plasma membrane, preventing the capsid release in the
cytoplasm, while ZAP targets HSV-1 mRNA for degradation. Vhs targets
cellular mRNAs for degradation, therefore reducing the ISG products and
inhibiting their antiviral properties (Zenner et al., 2013; Su, Zhang & Zheng,
2015; Shen et al., 2014). 2-5 olygoadenylate synthetase (OAS1) has also been
found to be important in the restriction of HSV-1 in both mouse and human
cells and is counteracted by Us11 (Al-Khatib et al., 2003; Sanchez & Mohr, 2007).
Although these effector ISGs have been identified to repress HSV-1, this

area remains understudied and requires further investigation.

1.6.2.4. Sensing and detection of HSV-1 by cellular PRRs

The activation of the type | IFN pathway is dependent on the sensing
and detection of the viral PAMPs by cellular PRRs. There is a large number

of proteins identified as PRRs, such as Toll-like receptors (TLRs) and RIG-I-
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like receptors, that recognize different viral components, such as DNA

(recognised by TLR9), RNA (recognised by RIG-I and MDA5) and viral
glycoproteins (recognised by mannan-binding lectin) (Ma, Ni & Damania,
2018; Abe, Marutani & Shoji, 2019). Many of these adaptor molecules activate
the same signalling cascades to induce a robust antiviral response. In this
section the DNA sensing molecules involved in HSV-1 detection, excluding
TLRs, are discussed as these have been previously implicated in the
cytoplasmic sensing of HSV-1 genomes during infection (Horan et al., 2013;
Sun et al., 2019).

1.6.2.4.1 The cGAS-STING plays a key role in the detection of foreign
DNA

Cytosolic DNA is one of the most potent activators of a type | IFN
response (Stetson & Medzhitov, 2006). Under normal conditions, DNA is stored
within different organelles, such as mitochondria and the nucleus, but
during viral infection the intracellular DNA levels are increased. The
cytosolic DNA is recognised by the inactive molecule cGAS, which when
bound to DNA undergoes a conformational change and produces the
secondary messenger molecule cGAMP (Diner et al., 2013; Sun et al., 2013).
cGAMP is detected by the ER-bound Stimulator of IFN Genes (STING),
leading to the activation of STING by ubiquitination and STING
oligomerization. This allows for STING to translocate to the Golgi via the
ERGIC. (Zhang et al., 2013; Ishikawa & Barber, 2008a; Burdette et al., 2011a).
During the trafficking processes, STING recruits the kinase TBK1 leading to
its activation. This in turn leads to the phosphorylation and activation of
IRF3, which dimerized and translocates into the nucles where it leads to
the induction of downstream effector genes (ISGs) (Figure 4) (Hopfner &
Hornung, 2020). The cGAS-STING pathway is also able to recognise self-DNA
and the importance of this is being investigated in different health
conditions, such as cancer and autoimmune diseases, as constitutive and
systemic activation of this pathway leads to chronic inflammation and
pathology (Gao et al., 2015; Corrales et al., 2015).
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Figure 4. The cGAS-STING pathway.

On binding of dsDNA induces the activation of the enzymatic activity of cGAS and the production of
CcGAMP. cGAMP binds to STING and induces STING phosphorylation and translocation from the ER to
the ERGIC. Once there STING binds and stimulates TBK1 autophosphorylation, that subsequently
activates IRF3. The active form of IRF3 is a dimer that translocates to the nucleus and initiates the

synthesis of type | IFNs
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1.6.2.4.2. cGAS as a DNA sensor

Cyclic GMP-AMP synthase (cGAS) or Céotf150, is a ~520 kDa protein
that was discovered through purification of cytosolic extracts, revealing it
to be a DNA detector with a direct binding activity (Sun et al., 2013).
Although initial studies suggested cGAS to be a cytosolic sensor, an
increasing amount of evidence has shown cGAS to also reside in the nucleus
and exert function there, such as chromatin retention and stabilization of
other DNA sensors (Liu et al., 2018; Jiang et al., 2019; Orzalli et al., 2015).
Structural studies have found that the DNA-binding of cGAS is length-
dependent and sequence-independent (Andreeva et al., 2017; Luecke et
al., 2017). The active form of cGAS is a dimer sandwiching two DNA
molecules, however short DNA molecules support weak dimerization. Full
activation and stabilization of the cGAS-DNA complex is achieved through
oligomerization and formation of condensates, which is promoted by longer
length of DNA molecules that support the binding of multiple cGAS
monomers (Zhou et al., 2018; Du & Chen, 2018; Andreeva et al., 2017; Luecke et
al., 2017). Once switched into an active state, cGAS catalyses the generation
of 2,3-cGAMP from GTP and ATP in a two-step process at the same catalytic
site. cGAMP then activates STING, leading to downstream signalling (Gao
et al., 2013). The activity of cGAS is heavily modulated by PTM (Hopfner &
Hornung, 2020).

Studies on DNA sensing carried out in macrophages have shown that
the proteasome is involved in the degradation of the HSV-1 capsid and
release of vDNA into the cytoplasm (Horan et al., 2013). cGAS was shown
to be involved in the sensing of cytosolic HSV-1 DNA leading to a STING-
dependent type | IFN response in macrophages and microglia (Reinert et
al., 2016; Sun et al., 2019). However, the interaction between cGAS and
HSV-1 has not been investigated in other primary cell types, such as
epithelial cells or keratinocytes. Interestingly, there have been multiple

reports of different HSV-1 proteins antagonising cGAS to overcome the
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cellular immune response (Table 3) (Zhang et al., 2018; Huang et al., 2018; Ye

et al.,, 2017; Xu et al., 2017; Su & Zheng, 2017a).

1.6.2.4.3. STING as a DNA sensor

Stimulator of IFN genes (STING; MITA; MPYS or ERIS) is a ~40 Kda
dimeric transmembrane protein located at the ER. STING is critical for the
TBK1-IRF3-mediated innate immune response to DNA viruses. STING knock
out (KO) in mouse models results in enhanced susceptibility to HSV-1
infection and completely abolishes the IFNB response (Ishikawa, Ma & Barber,
2009; Abe et al., 2013a; Ishikawa & Barber, 2008b). Under normal conditions
STING forms a dimer, spanning the ER, that allows for the binding of TBK1.
Phosphorylation of TBK1 under these conditions is inhibited by the steric
hindrance in trans (Zhang et al., 2019; Shang et al., 2012). In response to
cGAMP binding, STING is activated by undergoing a conformational change
in the ligand site and translocates to the Golgi via the ER-Golgi intermediate
compartment (ERGIC) (Burdette et al., 2011b; Sun et al., 2009). There,
TBK1 binds and dimerizes, allowing for its phosphorylation and activation
of STING. This is followed by the binding and activation of IRF3 and IRF3
dimerization that leads to its nuclear localization where it promotes IFN
production and ultimately leads to the induction of ISGs (Shang et al., 2019;
Zhong et al., 2008; Liu et al., 2015). STING has been shown to be able to
directly bind DNA, however the functional consequence of this during
infection has still to be described (Abe et al., 2013b).

Studies have shown that STING is important in the control of HSV-1
infection, as it is enriched in expression in fibroblasts. STING KO mice
replicate higher viral titres, more severe pathology and enhanced viral
spread (Parker, Murphy & Leib, 2015; Ishikawa & Barber, 2008b). In addition to
the cGAS-STING PRR pathway, studies have found STING to inhibit HSV-1
infection through inflammasome activation (Wang et al., 2020),
upregulation of tetherin (Royer & Carr, 2016), and other IFN-independent
activities (Wu et al., 2020; Yamashiro et al., 2020). HSV-1 has also evolved
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various mechanisms to evade STING-mediated antiviral activates through

different viral proteins, such as VP11/VP12, VP1-2 and y1134.5 (Table 3)
(Deschamps & Kalamvoki, 2017; Bodda et al., 2020; Pan et al., 2018; Christensen et
al., 2016). Taken together, these data identify STING as an important host
factor to HSV-1 infection.



Viral protein Cellular protein

uL37

uL41

cGAS

cGAS

cGAS

STING

STING

STING

STING

Method of antagonizing
Deaminates cGAS at a specific
site to inhibit the synthesis of

cGAMP
Interacts with cGAS and inhibits
its enzymatic activity

Degrades cGAS RNA via

its RNase activity
Binds to STING and TBK1 to
modulate the activity of STING
Binds directly to STING and
promotes the deubiguitination

Binds to STING and disrupts the
translocation from the ER to ERGIC

Interats with STING and TBK1

Table 3. HSV-1 proteins that target the cGAS-STING pathway.
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1.6.2.4.4. IFI16 as a DNA sensor

IFI16 was initially recognised as a cytosolic DNA sensing protein. IFI16
localized to HSV-1 vDNA and activated the type | IFN pathway via the STING-
TBK1-IRF3 axis. The removal of IFI16, or its mouse orthologue p204,
resulted in a net decrease in the type-l IFNS response to HSV-1 infection.
IFI16 binds to DNA with its two HIN domains, which allows for the formation
of filamentous oligomers on DNA. This interaction is dependent on DNA
length and structure (Morrone et al., 2013; Horan et al., 2013; Unterholzner
et al., 2010). Additionally, there has been data on the interaction between
cGAS and IFI16 in stimulating STING-mediated ISG induction in specific cell
types (Diner et al., 2016; Almine et al., 2017; Orzalli et al., 2015; Morrone
et al., 2013). IFI16 is predominantly nuclear and its association with HSV-1
DNA is transient during early timepoints of infection and as early as 30 mpi.
IFI16 puncta as well as IFNB and ISG production were lost in an ICPO-
dependent manner (Everett, 2015; Diner et al., 2016; Orzalli et al., 2013).
Recent studies have shown that productive infection is required for the
nuclear activation of IFI16 in response to HSV-1 infection, as the drug
inhibition of viral replication resulted in the inhibition of the induction of
cellular I1SGs, such as Mx1 (Alandijany et al., 2018).

1.7. Specificity protein 1 (Sp1) and its role in HSV-1 infection

Sp1 is a C2Hz type zinc finger protein and the founding member of
the Sp family of proteins (Dynan & Tjian, 1983; Chu, 2012). Sp1 has been
reported to be a ubiquitously expressed transcription factor and plays a
role in regulating a large number of genes through transcriptional activation
or repression. These dynamic changes in function can be attributed, at least
in part, to the extensive Sp1 PTMs (Jackson et al., 1990; Chu, 2012). Sp1
has a high affinity for -GC or -GT promoter regions via the C-terminal zinc
finger domains (Courey & Tjian, 1988) and is activated by interacting with

TAF; 110 (Drosophila)/TAF;130 (human orthologue) and cofactor required
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for Sp1 (CRSP) via the N-terminal activation domain (Ryu et al., 1999; Hoey

et al., 1993).

Multiple Sp1 binding sites have been identified on different HSV-1
genes and Sp1 has been shown to enhance replication of IE and E genes
during infection (Pande, Petroski & Wagner, 1998; Tuan Nguyen-huynh &
Schaffer, 1998; Gu, Huang & Hyward, 1995; Jones & Tjian, 1985). Sp1 gene
activation is regulated by the viral ICP4 and an increase in Sp1
phosphorylation is observed during the switch from E to L phases of lytic
replication. This resulted in the repression of Sp1 function (Imbalzanot &
Delucat, 1992; Gu et al., 1993; Imbalzano, Coen & Delucall12, 1991; Kim & Deluca,
2002). However, more recent studies have suggested that Sp1
hyperphosphorylation is induced due to a global DNA damage response of
infected cells rather that spatiotemporal regulation of the Sp1-dependent

transcriptional functions (lwahori et al., 2007, 2008).

1.8. UV light irradiation of HSV-1

UV irradiation is a well-established technique routinely used for
inactivation of HSV-1 since the late 1960s and has been applied to studies
investigating HSV-1 reactivation (Laycock et al., 1991; Dalai et al., 2002;
Leblanc et al., 1999), cell transformation (Duff & Rapp, 1973; Davis’ And &
Kingsbury, 1976), vaccine development (Schneweis et al., 1981; Osorio & Ghiasi,
2003) and the potential use of UV viruses as vaccine adjuvants (Samudio et
al., 2019, 2016). Studies involving UV treated viruses have showed that HSV-
1 has decreased titers in fibroblasts and cells lacking DNA repair
mechanisms (Rabson, Tyrrell & Legallais, 1969), reduced viral DNA polymerase
activity (Fridlender et al., 1978), and delayed viral transcription in BHK
cells (Eglin, Gugerli & Wildy, 1980). The delay was proposed to occur due to
an event prior to replication (Ross, Cameron & Wildy, 1972; Fridlender et al.,

1978). Electron microscopy studies in HelLa cells have contributed this to
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impaired uncoating mechanisms (Miyamoto’ And & Morgan, 1971). However,

studies in BHK cells showed no difference in uncoating and attributed the
delay in virus onset of infection to the inhibition of transcription due to
pyrimidine dimers (Eglin, Gugerli & Wildy, 1980; Fridlender et al., 1978). This is
in contrast to reports for other viruses, such as SARS-Cov 2, that are
successfully inactivated following UV irradiation (Biasin et al., 2022, 2021).
This difference can be explained by the difference in tolerance to UV
irradiation by different viruses based off their nucleic acid composition,
being RNA or DNA, or the specific wavelength of UV light (UV-A; UV-B; UV-
C). Additionally, reports have been shown that UV irradiated HSV-1 is able
to repair the damaged viral DNA via a recombination mechanism in a cell
type dependent manner using the cellular DNA repair mechanisms (Hall,
Featherston & Almy, 1980; Millhouse et al., 2012). It has been reported that UV-
irradiated HSV-1 specifically enhances the activation of type | IFN-mediated
immune response both in vitro and in vivo (Gary, Rosenberg & Louis, 1974;
Taylor & O’brien, 1985; Hendricks et al., 1991; Eloranta, Sandberg & Alm,
1996). This stimulation of the innate immune system holds true for other
DNA viruses, such as VACV (Delaloye et al., 2009) and RNA viruses, such as
Influenza (Marcus, Rojek & Sekellick, 2005), upon UV irradiation. However,

the precise mechanism of stimulation remains poorly investigated.

The damage induced to DNA by UV irradiation has been extensively
researched over the last 70 years (Rorsch’ et al., 1958; Beukers, ljlstra &
Berends, 1960). UV irradiation leads to the formation of various DNA lesions
in response to UV exposure (Rastogi et al., 2010; Schreier, Gilch & Zinth, 2015).
The main photoproducts are cyclobutene pyrimidine dimers (CPDs) and 6-4
photoproducts (Carell & Epple, 1998) and result in the alteration of DNA
structure and base-pairing. These pyrimidine and purine dimers are formed

between adjacent intrastrand bases.
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1.9. Human Cytomegalovirus (hCMV)

HCMV is a member of the Herpesviridae family that has been shown
to interact with PML-NBs during early points of infection (Ishov, Stenberg &
Maul, 1997). As part of the work carried out, the spatiotemporal kinetics of
recruitment of intrinsic immune factors to incoming hCMV genomes was
investigated as a comparator and determine the conservation of these
pathways between different Herpesviruses. In the following sections a brief

introduction into the biology of hCMV relevant to the study is given.

Overview

Human Cytomegalovirus (hCMV) infection occurs in most individuals
around the world with approximately 60% of adults in developed countries
and 100% in developing countries test positive for IgG antibodies (WHO).
HCMV can be acquired during different life stages: foetus, neonate,
toddler, children or as an adult. Most infections are asymptomatic in
healthy individuals with a competent immune system. However, in people
with weakened or underdeveloped immune systems the infection can have
a more severe outcome, including retinitis, pneumonia, hepatitis, and
colitis. Congenital hCMV infection can have severe long-term effects,
growth deficiencies, central nervous system complications and most
commonly hearing loss (Griffiths, Baraniak & Reeves, 2015). HCMV can establish
life-long infections through latency in the peripheral blood leukocytes and
reactivation can occur with severe consequences in AIDS and transplant

patients (Sinclair & Sissons, 2006).
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HCMYV virion structure

Similar, to HSV-1, the hCMV particle (230 nm in diameter) is
comprised of a core, containing the viral genome, surrounded by a less
structured proteinaceous matrix (tegument) and finally surrounded by a
lipid envelope decorated with glycoproteins. The hCMV genome is a linear
double-stranded DNA molecule of 236 kbp in length (the largest of any
herpesvirus). Because of its size, the genome DNA is more tightly packaged
within a 130 nm capsid (Butcher et al., 1998a). The structure of the capsid,
similar to that of HSV-1, is a T=16 icosahedral symmetry shell (Butcher et
al., 1998a). The capsid is made of four viral structural proteins: the major
capsid protein (MCP), the minor capsid protein (mCP), the minor capsid
protein-binding protein (mC-BP) and the smallest capsid protein (SCP)
(Gibson et al., 1996; Gibson, Baxter & Clopper, 1996; Gibson et al., 1984; Gibson,
1983). The MCP forms the pentons and hexons, with 150 hexons at the local
six-fold symmetry axis, and 12 pentons located at the five-fold symmetry.
The tips of the hexons are decorated with six copies of the SCP. At the
position of three-fold symmetry and between the capsomeres are the
heterotrimeric triplexes, formed from two copies of the mCP and one copy
of the mC-BP. One of the pentamer positions is presumed to be occupied
by the portal complex, through which the DNA enters and leaves the capsid.
HCMV procapsid maturation occurs after the separation of scaffolding
proteins from the surface of the capsid, allowing for angularization (Irmiere
& Gibson, 1985). The tegument is composed of as many as 71 viral and
cellular proteins (Varnum et al., 2004). The tegument is enclosed within
the lipid bilayer envelope that is decorated by at least 19 viral glycoproteins
(Varnum et al., 2004). The viral glycoproteins are essential for the complex
process of viral attachment and entry into target cell and 5 have been
showed to be essential for viral replication in vitro - gB,gM-gN and gH-gL
(Mocarski et al., 2007).
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HCMV life cycle

Attachment, fusion and nuclear delivery of viral DNA

HCMV infects a large array of different cell types and has evolved to
utilize one of two mechanisms of entering target cell: (i) direct fusion of
the viral envelope with the host cell membrane at neutral pH (Compton,
Nepomuceno & Nowlin, 1992) (ii) receptor-mediated endocytosis at low pH
(for entry to specific cell types, such as epithelial cells) (Ryckman et al.,
2006). This is due to the complex envelope protein composition of the
virion, allowing for the characteristic wide host cell tropism (Varnum et al.,
2004). The exact mechanism of viral attachment remains an active area of
research, but several cellular proteins have been identified as entry
requirements, such as heparan sulfate proteoglycans (HSPGs; initial
tethering step by gM and gB) (Compton, Nowlin & Cooper, 1993; Kari & Gehrz,
1993), annexin Il (gB receptor) (Taylort & Cooper, 1990; Pietropaolo & Compton,
1997), intergrin heterodimers a2p1, a6B1 and aVB3 (components of the
cytoskeleton network bound via gB) (Wang et al., 2005b; Feire, Koss & Compton,
2004). The exact mechanism of the fusion step is also unclear. The current
model suggests the initial tethering step of the virion to HSPGs mediated
by gB and the gM/gN complex, followed by a secondary binding of gB-p1 or
epidermal growth factor receptor (EGFR). The exact mechanism of the
secondary binding is yet to be discovered. Finally, gH/gL/g0 along with gB
mediate the fusion of the lipid membranes (Wang et al., 2005b; Feire, Koss &
Compton, 2004). Transport of the capsid to the nucleus is mediated by the
cellular microtubule network (Ogawa-Goto et al., 2003), where the genome

is deposited.
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Virus gene expression and DNA replication

HCMV genes are expressed in a temporally coordinated and regulated
manor leading to the synthesis of three categories of viral genes:
immediate-early (IE), early (E) and late (L). HCMV IE genes include the
major IE proteins (MIE) IE1/IE2 (UL122/UL123) and auxiliary proteins, such
as UL36-UL38, IRS1/TRS1 and US3. MIE are encoded by the ie1/ie2 genes,
yielding four transcriptional products and are key for establishing hCMV
infection. The ie1/ie2 gene contains a segment upstream of the TATA box
containing binding sites for several transcription factors, such as NF-xB, Sp1
and CREB/ATF (Boshart et al., 1985) , allowing for the fast expression of
these proteins. One of the products of ie1/ie2 is IE1479aa (IE1-72) which is a
phosphoprotein that positively autoregulates expression from the gene and
is essential during low moi infections (Mocarski et al., 1996). IE1-72
interacts along with IE25794a (IE2-86) to regulate the expression of the E and
L genes at a maximal activity of the promoters. IE2-86 is critical for viral
replication as it has been shown to be a transactivator for several E and L
proteins (Fortunato & Spector, 1999) or interact with other transcription
factors (e.g. p53; (Fortunato et al., 1997; Sommer, Scully & Spector, 1994)).
Additionally, IE2-86 represses the ie1/ie2 gene by binding to repressor
sequences and contributing to the switch to E/L stages of infection (Pizzorno

& Hayward, 1990).

The expression of E genes (more than 54 ORF) is dependent on the
levels of functional IE proteins and occurs after 24 hpi. The E genes are
further classified into two groups: E and E-L, dependent on the timeframe
of expression (Fortunato & Spector, 1999). HMCV DNA replication occurs in
the nucleus and is postulated to be carried out in a rolling circle mechanism
with DNA circularization and the formation of head-to-tail concatemers
(Mcvoy & Adler, 1994). Replication occurs at a single cis-acting lytic origin of
replication (oriLyt) (Borst & Messerle, 2005), initially mediated by UL84 and
IE2-86, and the viral replication machinery is recruited onto this site. Six

proteins make up the replication machinery: the single-stranded DNA-
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binding protein ppUL57, the helicase-primase complex (encoded by UL70,

UL102 and UL105), the DNA polymerase (UL54) and the DNA polymerase
processivity factor (UL44). The newly synthesized genomes mature through
their inversion and cleavage at the pac1 and pac2 sites by the terminase
complex (pUL56 and pUL89) (Mcvoy & Adler, 1994). The maturation of the
progeny genomes along with the synthesis of L genes triggers virion

assembly and packaging.

Nucleocapsid assembly and egress

The initial step in nucleocapsid assembly is the recruitment of pUL86
to the scaffolding protein AP pUL80.5 (pre-cursor to the Assembly Protein)
in the cytoplasm and their subsequent translocation to the nucleus. Once
there, these complexes oligomerise with the assistance of AP and form the
hexon-penton capsomeres and along with pUL85-pUL86 and pUL48.5
assemble the procapsid. (Butcher et al., 1998b) These package the viral
DNA genomes, finish maturation and travel through the nucleus. Similar to
HSV-1, hCMV travels through the cell in an envelopment/de-
envelopment/re-envelopment mechanism. The viral nuclear egress
complex (heterodimer of pUL50 and pUL53) transport the capsids through
the nuclear membranes with the help of the pUL97 kinase phosphorylation
of nuclear lamin A/C. (Sharma et al., 2014, 2015; Lye et al., 2015). This
disrupts the nuclear lamina and allows for the capsid to travel to the
nuclear lumen, acquiring a primary envelope, which is then lost when
budding through the outer nuclear membrane and released into the cytosol.
The tegument and primary envelope are acquired in the viral assembly
complex (VAC), which is located near the nucleus (Sanchez et al., 2000).
Once these components are acquired the virions bud into cytoplasmic
vesicles, where they acquire their final components of the viral envelope
with the help of pUL99 and exit the cell (Figure 5) (Silva et al., 2003).
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Figure 5. Overview of the hCMV life cycle.

(A) Infectious particles enter the cell through interaction with cellular receptors. Capsid and
tegument proteins are delivered to the cytosol. (B) The capsid travels to the nucleus, where the
genome is delivered and circularized. Tegument proteins regulate host cell responses and initiate
the temporal cascade of the expression of viral | immediate early (IE) genes, followed by delayed
early (DE) genes, which initiate viral genome replication, and late (L) genes. (C) Late gene expression
initiates capsid assembly in the nucleus, followed by nuclear egress to the cytosol. Capsids associate
with tegument proteins in the cytosol and are trafficked to the viral assembly complex (AC) that
contains components of the endoplasmic reticulum (ER), Golgi apparatus and endosomal machinery.
The capsids further acquire tegument and viral envelope by budding into intracellular vesicles at the

AC. (D) Enveloped infectious particles are released along with non-infectious dense bodies.
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Host intrinsic immunity to HCMV

PML

During HCMV infection parental genomes have been shown to
associate with PML-NBs (Ishov, Stenberg & Maul, 1997). This interaction,
however, is only observed within a narrow timeline during early infection,
prior to the de novo expression of IE1 (Wilkinson et al., 1998; Korioth et
al., 1996). The structure of SUMOylated PML allows for the recruitment of
other factors, which ultimately form a condensed chromatin repressive
environment around the IE1 promoter and halting viral infection (Woodhall
et al., 2006). Furthermore, studies have showed that PML knockdown
enhances infection, whilst transient expression reverses the phenotype
(Tavalai et al., 2006). In order to circumvent the restriction of PML and
PML-NBs, HCMV has evolved a mechanism to target PML and cause PML-NB
to disassemble (Korioth et al., 1996; Wilkinson et al., 1998; Ahn & Hayward, 1997).
The viral IE1 has been shown to directly interact with PML and abrogate the
de novo SUMOylation of PML, and therefore disrupting the integrity of the
nuclear bodies (Lee et al., 2004; Hou et al., 2017; Schilling et al., 2017;
Reuter et al., 2021). Unlike the proteasome-dependent degradation of PML
by ICPO during HSV-1 infection (Everett et al., 2006), IE1 does not degrade
PML, but induces the accumulation of mono-SUMOylated PML (Korioth et al.,
1996; Hou et al., 2017; Ahn & Hayward, 1997).

Sp100

As a major component of PML-NB Sp100 has also been found to be a
restriction factor for HCMV infection. Knockdown of Sp100 resulted in the
increased plaque formation of HCMV and this effect was cumulative if
combined with KD of PML or Daxx (Tavalai et al., 2011; Adler et al., 2011)

Additionally, it was also demonstrated that Sp100 might also exert an
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antiviral function during hCMV latency, as an increase in latent gene

products was observed in cells in the absence of Sp100 (Tavalai et al.,
2011). The exact mechanism of the restriction remains to be elucidated.
Similar to PML, it is proposed that Sp100 is deSUMOylated by the viral IE1
protein to disrupt the structure of PML-NBs and its antiviral function
(Mu”ller & Dejean, 1999).

Daxx and ATRX

Daxx knockdown has been shown to have a positive effect on hCMV
plaque formation and the reintroduction of Daxx to reverse this phenotype
(Tavalai, Rechter & Stamminger, 2008). Daxx silences IE expression through the
function of an additional histone deacetylase, which induces a
transcriptionally inactive chromatin state at the major IE promoter (MIEP)
(Saffert & Kalejta, 2006; Woodhall et al., 2006). The depletion of ATRX in the
absence of the viral antagonist pp71 resulted in a relief in restriction,
providing evidence about its restrictive contribution, although the exact
mechanism is still unknown (Lukashchuk et al., 2008). HCMV has evolved a
way to bypass the restriction of the Daxx/ATRX histone chaperone complex,
which exerts its activity immediately after nuclear entry and prior to IE
expression. The tegument protein pp71 translocates to the nucleus and
localizes at Daxx and PML-NBs (Ishov, Vladimirova & Maul, 2002; Cantrell &
Bresnahan, 2005). Daxx is degraded by pp71 in a proteasome-dependent
ubiquitin-independent manner (Hwang & Kalejta, 2007). The direct
interaction between the two proteins is required in order for this event to
occur (Hofmann, Sindre & Stamminger, 2002; Ishov, Vladimirova & Maul, 2002;
Cantrell & Bresnahan, 2005). Additionally, pp71 was found to increase the
SUMOylation of Daxx, although the functional relevance of this is still to be
determined (Hwang & Kalejta, 2009). To induce effective removal of
repression, pp71 specifically targets ATRX for displacement, prior to
targeting Daxx for degradation (Lukashchuk et al., 2008).
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1.10. Rationale and aim of the project

Intrinsic and innate immune responses play crucial roles in the
antiviral response to HSV-1 that lead to the cellular restriction of viral
infection. Multiple different viral proteins have evolved to target and
antagonize these mechanisms at various steps. These interactions between
viral genomes and the different cellular immune factors have been
investigated to a degree. However, these lines of study leave a lot of
questions unanswered with regards to the molecular mechanism of intrinsic
and innate immune responses. For example, (i) are they spatially separated
or induced in the same cellular compartments, (ii) are they equally
activated during infection or is one preferred over the other, (iii) are the
same proteins involved in the detection of HSV-1 or do they differ based on
the immune arm activated in response to infection, and (iv) are these
antiviral immune defences conserved for herpesviruses or are the HSV-1

specific?

With the advancement of DNA labelling, a method using Cu catalysed
orthogonal labelling of nucleic acids with azydes or alkynes has been
optimised for the monitoring of HSV-1 DNA trafficking and the proteins it
interacts during infection (Alandijany et al., 2018; Sekine et al., 2017;
Wang et al., 2013). This method has allowed for the visualization of viral
genomes using direct-fluorescent microscopy to examine the interactions
between host immune factors and HSV-1 DNA, instead of indirect methods
(e.g., fluorescent-tagging of DNA binding proteins) (Everett, 2015; Glass &
Everett, 2013; Komatsu et al.,, 2015) which requires the onset of viral
replication and protein production. Additionally, this method does not
require extensive sample processing, harsh denaturing conditions or high
MOIs inherent to other techniques like Fluorescent in situ hybridization
(FISH) and Bromodeoxyuridine (BrdU)-labelling, that ultimately saturate
virus host interactions that prevent accurate spatiotemporal analysis
(Everett et al., 2007; Jensen, 2014; Glauser et al., 2007). In order to further

investigate the interactions between different intrinsic and innate immune
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factors and HSV-1 DNA upon viral genome deposition, it was necessary to

circumvent the synthesis and action of different viral proteins that may
abrogate or inhibit the cellular immune defences in response to viral
infection. To this end we utilized a UV irradiated HSV-1 virus model, that

is known to be inactivated and induces the innate immune response of cells.

The main objectives of this project were as follows:

(1)  Investigate the temporal recruitment of intrinsic immune factors
(PML-NB protein component proteins) to UV irradiated HSV-1

genomes.

(2)  Characterize the temporal recruitment of cellular PRRs factors (DNA
sensing molecules IFI16, cGAS/STING) to UV irradiated HSV-1

genomes

(3) Evaluate the differences driving the differential recruitment of

intrinsic and innate immune factors to HSV-1 vDNA.

(4) Develop and optimize a click chemistry protocol for hCMV to
evaluate the conservation of the cellular intrinsic immune response

during herpesvirus infection.
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2. Materials

Table 4. Types of cells and cellular growth conditions used

Name Type Growth and maintenance media Maintenance conditions
Glasgow modified Eagle's
medium (GMEM)
supplemented with 10%
BHK Baby hamster kidney cells fetal calf serum (FCS), 10%
tryptose phosphate broth,
100 units/ml penicillin, and
100 ugml streptomycin
HEK293T Human embryonic kidney 293 cells
immortalized hTERT Dulbecco's Modified Eagle All cell lines
U20s Human bone osteosarcoma Medium (DMEM) were
epithelial cells supplemented with 10% maintained at
IMR-90 Human lung fibroblast cells FCS, 100 units/ml 37°Cwith 5%
penicillin, and 100 pg/ml co2.
HFFF Human foreskin fibroblasts streptomycin
cells
RPE Retinal pigmented epithelial Dulbecco’s modified Eagle’s
cellsimmortalized hTERT medium supplemented with
10% FCS, 0.5 pg/ml
HFt Human foreskin fibroblasts hygromycin, 100 units/ml|
immortalized hTERT penicillin, and 100 pg/ml|
streptomycin

Table 5. Cell culture media and reagents commonly used throughout this study

Reagent's name Provider Catalogue orreference

and abbreviations number

Bovine serum albumin
Sigma-Aldrich A3294
(BSA) 2
Citifluor AF1 Electron microscopy Sciences 17970
DAPI Sigma-Aldrich D9542
Dimethyl sulfoxid
i e Ll Sigma-Aldrich D2650
(DMSO)
DL-Dithiothreitol (DTT) Sigma Aldrich D0632
Dul 's Modified Eagl Life Technologi
u becco.s odified Eagle ife Technologies 41966-029
Medium (DMEM)
EDTA DISODIUM SALT
Fisher Scientifi D/0700/60
DIHYDRATE (EDTA) Isherscientitic /0700/




Ethylene glycol-bis(B-
aminoethyl ether)-

. BDH 28672
N,N,N',N'-tetraacetic
acid(EGTA)
Dulb ’s Phosphat
uibecco's . RS Sigma-Aldrich D1408
Buffered Saline (PBS)
Fetal Calf serum (FCS) Life Technologies 10270-106
Formaldehyde Sigma-Aldrich 8775
Giemsa VWR 350864X
Glasgow's MEM (GMEM) Life Technologies 11710035
Glycine VWR 101196X
Guanidine Hydrochloride Sigma Aldrich G372
(GuaHCl)
HEPES Sigma-Aldrich H3375
Human serum (HS) MP Biomedicals 2931149
. . o .
Sl eI Sigma-Aldrich 15338100
Plus™ Reagent
M i hlorid
SR A Sigma-Aldrich MS266
(MgCi2)
Methylated Spirit (IDA 99),
99% (v/v), Pure, (Industrial ThermoFisher M/4450/17
Methylated Spirit, 74 0.P.)
NP-40 Sigma-Aldrich 9016-45-9
NuPAGE™ MES SD
. G_ 5 SDS ThermoFisher NP0002
Running Buffer
NuPAGE™ MOPS SDS .
. ThermoFisher NP0O001
Running Buffer
NuPAGE™ Transfer Buffer ThermoFisher NP0006-1
Polybrene Sigma Aldrich H9268
Poly-D-lysine hydrobromide Sigma Aldrich P7405
Polyinosinic—polycytidylic .
S P1530
acid sodium salt Poly I:C e
Poly(dA:dT) Invivogen tlrl-path
Sodium Chloride (NaCl) VWR 27810.295
Sodium dodecyl sulfate VWR
442444H
(SDS)
Sucrose Sigma-Aldrich S$7903
Triton X-100 Promega H5142
True blue HRP substrate KPL 50-78-02
Trypsin Life Technologies 15090-046
Tween 20 Biorad 170-6513
Urea Sigma-Aldrich uo631
Versene E and O Laboratories BMO0400
5-Ethynyl-2'-deo idine,
e xycytic Sigma-Aldrich T511307
(EdC)
7-Deaza-7-ethynyl- L
Jena Bioscience CLK-099

2'-deoxyadenosine (EdA)




Name and
Abbreviation

Provider and
catalogue number
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Preparation

streptomycin
(P/S) solution

15140122

Invitrogen
H i Stored at4° C
ygromycin 10687-010 oreda
Interferon beta Calbiochem Suspended in Milli-Q H20
(IFNB) 407318 Aliquoted and store at-70° C
Calbiochem Suspended in DMSO
MG132
474790 Aliguoted and store at -20° C
Sigma-Aldrich Suspended in DMSO
Nocodazole
M1404 Stored at4° C
Penicillin/ | Life Technologies

Aliquoted and store at-20° C

Puromycin

Sigma-Aldrich

P8833

Suspended in Milli-Q H20
Aliquoted and store at -20° C
Stock concentration: 5 pg/ml

Table 6. Commonly used drugs, preparation, and storage.
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Dilused  Dilused  Dil.Used Dilused Dl used

e R —— in WB* iniF* inicC*  inDotBlot*  in Chip*
Actin Rabbit Sigma, AS060 1:1000 N/A N/A N/A N/A
ATRX Mouse Santa Cruz, sc-55584 N/A 1:500 N/A N/A N/A
a-Tubulin Mouse Cell Signalling, N/A 1:1000 N/A N/A N/A
Rabbit Proteintech 1:1000 1:50 N/A N/A N/A
¢GAS Mouse sigma 1:1000 1:50 N/A N/A N/A
Mouse Santa Cruz, sc-515777 N/A N/A N/A N/A 1ng
MV Mouse Abcam (ab2595) N/A N/A 1:1000 N/A N/A
Daxx Rabbit Upstate, 04445 1:500 1:500 N/A N/A N/A
H3 Rabbit Abcam, ab1791 N/A N/A N/A N/A 1ee
ICPO (11060) | Mouse (Everett et al. 1993b) 1:10000 | 1:1000 N/A N/A N/A
ICPa (585) | Mouse (Showalter et al, 1981) 1:500 N/A N/A N/A N/A
Mouse Millipore N/A 1:1000 N/A N/A N/A
1116 Mouse Abcam, ab55328 N/A 1:1000 N/A N/A N/A
PML Rabbit | Bethyl Laboratories, A301-167A | 1:2000 | 1:1000 N/A N/A N/A
PML Mouse Abcam, 3b96055 N/A 1:1000 N/A N/A N/A
Pp6S Mouse Acris Abs, BM3259 N/A 1:100 N/A N/A N/A
M2 Rabbit Sigma-Aldrich 1:500 1:50 N/A N/A N/A
sp1 Rabbit ‘Abcam (ab227383) 1:300 1:1000 N/A N/A N/A
SP100 Mouse GeneTex, GTX131569 N/A 1:500 N/A N/A N/A
e Rabbit Proteintech 1:1000 1:500 N/A N/A 1ee
Mouse NovusBio N/A 1:50 N/A N/A N/A
SUMO1 Rabbit Abcam, ab32058 N/A 1:100 N/A N/A N/A
SUMO2/3 | Rabbit Abcam, ab3742 N/A 1:1000 N/A N/A N/A
Tymine Dimer | Mouse Abcam, ab10347 N/A N/A N/A 1:250 N/A
Ubiquitin | Mouse |  Invitrogen, eBioP4D1 (P4D1) 1:1000 N/A N/A N/A N/A
VPS5 (DM165) | Mouse (McClelland et al. 2002) 1:500 N/A 1:300 1:250 N/A

Table 7. List of Primary antibodies used.




Rabbit IgG (H+L) Life Technologies,
Donkey
Alexa-Flur 488 A21206
Rabbit IgG (H+L) S Life Technologies, | Immunofluorescence
Alexa-Flur647 | o oY A31573 (IF) staining
Mouse IgG (H+L) Life Technologies, (1:1000)
Donkey
Alexa-Flur 488 A21202
Mouse IgG (H+L) Life Technologies,
Donkey
Alexa-Flur 488 A31571
Rabbit IgG (H+L) Goat Thermo Scientific,
Dylight 680 oa 35568
Rabbit IgG (H+L) Goat Thermo Scientific,
DyLight 800 od 35571 Western blot
Rabbit IgG (H+L) S Thermo Scientific, (1:10000
a
Dylight 680 © 35518
Rabbit IgG (H+L) Goat Thermo Scientific,
oa
Dylight 800 35521
Anti-mouse IgG- o Sigma Aldrich, Immuno-staining
Peroxidase Ab od A4416 plaque assay (1:1000)

Table 8. List of Secondary antibodies used.

HSV-1 Us3 Fwd

5'-GATTGGGGCCACGGGATTTA

HSV-1 Us3 Rev

5'-GGGGGTAATCTGGATGGCTG

HSV-1 Us3 Probe

5'-[Cyanine5]CGATCCACGGAGCGCTCACC[BHQ3]

HSV-1 UL36 Fwd

5'-AAGAGGTGACGCGCTTACAA

Sigma-Aldrich

HSV-1 UL36 Rev

5'-GTAACAGGCGCGGATCAGTA

HSV-1 UL36 Probe

5'-[6FAM]CTGTCGCGACGCTACGTGCA[BHQ1]

IFNb

Hs01077958 s1 (assay ID); 4331182 (catalogue N)|Invitrogen

Table 9. List of primer/probes used.

68
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Oligo Name Sequence Target Provider
AAGTGCGACTCCGCGTTCAG exon 1
cGAS FWD CACCGAAGTGCGACTCCGCGTTCAG 3'end, fwd
REV CTTCACGCTGAGGCGCAAGTCCAAA
CAGGCTCGAAGTAGCAGCAC exon 2
Sp1l FWD CACCGCAGGCTCGAAGTAGCAGCAC 3'end, fwd| Sigma-Aldrich
REV CGTCCGAGCTTCATCGTCGTGCAAA
CGGGCCGACCGCATTTGGGAGGG exon 4
STING FWD CACCGCGGGCCGACCGCATTTGGGA centre, rev
REV CGCCCGGCTGGCGTAAACCCTCAAA
Plasmid Description Provider
Cas9n (D10A nickase mutant)
from S. pyogenes with 2A-Puro,
pSpCas9n(BB)-2A-Puro (PX462) V2.0 Addgene

and cloning backbone for sgRNA
(vV2.0)

Vector used for expression of vesicular

pVSV-G . . BD Biosciences
stomatitis virus envelope protein
Lentivirus helper vector that contains
CMV delta i
p 501 reverse transcriptase polymerase (pol), e

capsid protein (gag), regulatory proteins
(Rev), and CMV promoter

Table 10. Table of guide RNAs and plasmids used for CRISPR-Cas9 gene editing.
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3. Methods

3.1. Cell culture

3.1.1. Cell growth, maintenance, and passaging

Cells were maintained and grown in T75 cell culture flasks (Nunc
Fisher Scientific UK Ltd) in the appropriate media as described above.
These flasks were kept in incubators at 37°C and 5% CO2. When cells were
confluent (80-90% confluent) they were washed twice with 4ml Versene,
followed by an incubation with 1 ml of trypsin at 37°C until cells were
detached from the surface of the flask. These cells were then re-suspended
in 9ml of the appropriate medium before they were placed in new flasks

(passaging) or plated for experimentation.

3.1.2. Cell seeding

The total number of cells in flasks was determined using a Neubauer
haemocytometer counting chamber and a light microscope. These cells
were then seeded in the appropriate plate (12 or 24-well plates) in a total
volume of 0.5-1 ml of cell culture medium. In the instance of confocal
microscopy analysis, 13 mm glass coverslips were added to the wells prior
to addition of cell culture medium. For these experiments 24 well plates
were always used. The seeding density would vary between cell types but
would range from 1 x 10° to 2 x10° cells/well. The seeded cells were
incubated overnight to allow settling before any further experimentation

was carried out.
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3.2. CRISPR-Cas-9 lentivirus-based method of generating STING, cGAS-
and Sp1- KO cells

3.2.1. Lentivirus stock generation

Transformation of competent bacteria and propagation of plasmid
DNA were conducted by Steven McFarlane. For generation of lentivirus
stocks, HEK-293T cells (2 X 10° cells) were seeded onto 60 mm dishes and
incubated overnight at 37°C in 5% CO;. Guide RNAs were designed suing
ChoChop but only the successful guide RNAs were included in the materials.
pSpCas9 plasmid (3 pg) expressing a non-targeting control, STING-targeting,
cGAS-targeting or Sp1-targetting guide RNA, plus pVSV-G (3 pg) plasmid and
pCMV-DR8.91 helper plasmid (3 pg) were added to 250 pl of serum-free
DMEM. PLUS reagent (8 pl) was added to the plasmid mixture and incubated
for 15 minutes at room temperature. After incubation, serum-free DMEM
(250 pl) and lipofectamine (12 ul) were added to the plasmid-reagent plus
mixture and allowed to incubate for 15 minutes at room temperature. The
culture medium of HEK-293T cells was removed and saved as “conditioned
medium”. Serum-free medium (850 ul) was added to the prepared plasmid-
PLUS reagent-lipofectamine mixture prior to adding the entire volume to
the cells and incubating at 37°C for 3 hours. Then, 3 ml conditioned medium
were added, and incubated at 37°C for 4 hours. Following incubation, the
medium was replaced by 4 ml of fresh DMEM supplemented with 30% FCS.
Lentivirus stocks were harvested when cells showed severe cell death,
typically 48 hrs post-transfection. Lentivirus stocks were filtered using 0.45

pm filter and used immediately or stored at -70°C.

3.2.2. Lentivirus transduction of cells

HFt cells were seeded at 1 X 10° cells in 60 mm dishes and incubated

overnight at 37°C in 5% CO,. For each infection, 1 ml of lentivirus
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supernatant containing 1 pl of polybrene was added to the cell monolayer.

The infected plates were kept at 37°C in 5% CO; incubator for 1 hour with
rocking every 5-10 minutes. Following the infection, the lentivirus-
containing medium was discarded and replaced by antibiotic selection
medium (HFt media containing puromycin at 1 pg/ml) and then passaged
with continuous puromycin maintenance (0.5 pg/ml). The level of mRNA
and protein expression was monitored by qPCR, IF and Western blotting. All

experiments were repeated on independent batches of depleted cells.

3.3. Viruses

3.3.1. Protocol for growing of HSV-1 virus stocks

BHK cells were seeded at 1 X 10° cells per 60 mm dish and incubated
overnight at 37°C with 5% CO,. Cells were infected with WT HSV-1 (Glasgow
17syn+ strain) at an MOI of 0.001 PFU/cell in 500 pl of serum-free DMEM
provided by Chris Boutell (Alandijany et al., 2018). During viral absorption,
the plates were rocked every 5-10 minutes for one hour to ensure equal
distribution of the virus across the cell monolayer. Following the
absorption, cells were overlaid with complete medium and incubated at
37°C with 5% CO2. The infected cells were checked on every 24 hrs for
cytopathic effect, hallmark of progressive infection. Virus was harvested
from supernatant when a severe cytopathic effect was observed, typically
around 3 to 4 days post-infection. The cell-released virus was clarified by
low-speed centrifugation at 1500 rpm for 10 minutes in a centrifuge to
remove cell debris and resuspended in normal DMEM, supplemented with
FCS at a final concentration of 10% to promote virus stability when frozen
down. Virus stocks were aliquoted, snap frozen on dry ice, and stored at -
70°C.
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3.3.2. Growth of hCMV virus stocks

IMR-90 cells were seeded in T75 flasks and incubated overnight at
37°C with 5% CO,. Cells were infected with hCMV (AD169) at an MOI of 0.01
PFU/cell in 2.5 ml of serum-free DMEM provided by Thomas Shenk (Yu et
al., 2002). During viral absorption, the plates were rocked every 5-10
minutes for one hour to ensure equal distribution of the virus across the
cell monolayer. Following the absorption, cells were overlaid with
complete medium and incubated at 37°C with 5% CO». Virus was harvested
from supernatant when a severe cytopathic effect was observed, typically
around 12-18 days post-infection. The cell-released virus was clarified by
low-speed centrifugation at 1500 rpm for 10 minutes in a centrifuge to
remove cell debris and resuspended in normal DMEM, supplemented with
FCS at a final concentration of 10% to promote virus stability when frozen
down. Virus stocks were aliquoted, snap frozen on dry ice, and stored at -
70°C.

3.3.3. Growth of EdC-labelled HSV-1 virus stocks.

RPE cells were used to grow EdC-labelled viruses as described
previously (Alandijany et al., 2018). Cells were infected with HSV-1 at an
MOI of 0.001 PFU/cell in a total volume of 2.5 ml DMEM containing 0.2% FCS
at 33°C with 5% CO;. The flasks were rocked every 5-10 minutes for one
hour. Following viral absorption, 3.5 ml of DMEM containing 0.2% FCS were
added to each flask making a total of 6 ml per flask. At 24 hrs post-
infection, EdC was added to a final concentration of 1 uM per flask. Then,
a fresh pulse of EAC (1 uM) was added every 24 hrs for three days. When
cells showed an extensive cytopathic effect, the yields were collected and
combined in a 50 ml corning tubes. In order to remove cell debris, the tubes

were centrifuged at 1500 RPM for 10 minutes at 4°C. Supernatants
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containing labelled cell-released virus were filtered through 0.45 pm filter

to remove small debris. To remove any free EdC nucleotides within the virus
prep, which would interfere with downstream microscopy, supernatants
were processed with an illustra NAP-25 column (17085201, GE Healthcare)
as per manufacturer’s protocol. Purified virus stocks were aliquoted into
working volumes and snap frozen on dry ice and further stored at -70°C.

The viral preparations were titrated in U20S cells (described below).

3.3.4. Growth of EdC/A-labelled hCMYV virus stocks

IMR-90 cells were used to grow EdC/A-labelled hCMV viruses. Cells were
grown in T75 flasks and infected with AD169 hCMV at an MOI of 0.01
PFU/cell in a total volume of 2.5 ml DMEM at 37°C with 5% CO;. The flasks
were rocked every 5 minutes for one hour. Following viral absorption, a
further 2.5 ml of DMEM was added to the flask. These were left until
advanced CPE could be seen, changing the DMEM media every 4-5 days.
Once advanced infection could be seen, labelling of the virus was done
using 200ul of DMEM with 5 pM final concentration of EAC/A (2.5 pM EdC +
2.5 pM EdA). Label pulsing was done daily until virus harvesting, which
varied between stocks. When the virus was ready to be harvested, the flask
supernatant was spun at 1500 rpm for 10 mins and then aliquoted and
stored at -70°C.

3.3.5. UV irradiation of HSV-1

UV irradiation of HSV-1 virus stocks was carried out every time prior
to infection in a UVP CL-1000 Shortwave Ultraviolet Crosslinker (235 nm
wavelength; 11798211, Thermo Fisher), unless otherwise stated. The UV
dose that was used was 0.1 mJ/cm? for 30/60/180 seconds as indicated. A
secondary UV source used was the shortwave UV lamp from the Microbiology

Safety Cabinet (254 nm wavelength), used in tissue culture. The length of
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irradiation was 5/10/15/30 minutes; however, the exact dose of UV

irradiation cannot be determined by this method.

3.3.6. Titration of virus stocks

All virus stocks (WT HSV-1, HSV-18dC’ HSV-1EdC ypP26 GFP) were
titrated in U20S cells. Cells were seeded overnight at a density between
1.5-2.5 X 10° cells per well in a 24-well plate. The virus stocks were
prepared in 10-fold dilution series in serum-free DMEM prior to infection.
Cells were then infected with virus inoculum of 100ul. During the absorption
period, the plates were rocked every 5-10 minutes for one hour. Following
the virus incubation step, cells were overlaid with DMEM supplemented with
10% FCS and 2% human serum (HS) and incubated at 37°C with 5% CO. The
infected cells were checked regularly for viral plaques which were observed
typically 48 to 72 hours post-infection. The plates were processed with
Giemsa staining (described below), and the plaques were counted under a
plate microscope. Then, viral titers were calculated using the following

formula:

PFU/ml = Number of plaque * dilution factor * 10 (used 100pl inoculum)

MOI (PFU/cell) was estimated based on the virus titre and the
number of cells. Irrespective of the cell types to be infected, the MOI was

estimated based on the virus titre determined on U20S cells.

HCMV stocks were titrated using one of two methods: (i)
immunostaining of plaques assay, (ii) foci forming assay (both explained
below). Depending on the titration assay performed, HFt or IMR-90 cells

were used, respectively.
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3.4. Assays

3.4.1. Giemsa staining

Media was discarded from the wells containing virus-infected cells
prior to the addition of Giemsa stain (500 ul/well). Following a 3-5 min
incubation the plates were thoroughly washed with water to remove stain
and left to airdry. Plaque numbers were then obtained with the help of a

light microscope.

3.4.2. Immunostaining of plaques assay

Cells were seeded in 12 or 24-well plates and incubated at 37°C in
5% CO; overnight before further manipulations. Cells were inoculated with
either a serial dilution or fixed MOI (PFU/cell as indicated) of WT or UV-
irradiated HSV-1 (length indicated by number of seconds) in a total volume
of 150/100 pl serum-free DMEM, respectively. Plates were rocked every 5
min for 1 h prior to removal of inoculum and overlay with complete medium
containing 2% HS. At the indicated time post-infection, the media was
removed, and the cells were washed three times with PBS. Cells were
simultaneously fixed and permeabilized in PBS containing 1.8%
formaldehyde and 0.1% 10x Triton, followed by blocking in PBS-tween
(PBST) containing 5% skimmed milk for 30 minutes at room temperature.
Cells were sequentially incubated for 60 minutes at room temperature with
primary antibodies (indicated per experiment), followed by IgG-peroxidase
secondary antibody. Three washes with PBST were performed following
each antibody incubation. Finally, True Blue Peroxidase stain was added
and incubated until the colour was developed. Plates were then washed
three times with PBST, PBS, and distilled water. The number of plaques

was counted under a plate microscope.
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For hCMV, IMR-90 cells were seeded in a 24-well plate and incubated
at 37°C with 5% CO; overnight prior to any further manipulation. The
infection followed the same protocol as above with the difference being

that infected cells were incubated for 96 hours prior to staining.

3.4.3. Foci forming assay (FFA)

HFt cells were seeded in 24-well plates and incubated overnight at
37°C and 5% CO;. Following this, cells were inoculated with a serial dilution
of virus stock of hCMV EdC/A in a total volume of 100pl serum-free DMEM.
During the incubation with the virus, plates were rocked every 5 mins for 1
hour prior to the removal of the inoculum and overlay with complete DMEM.
After 16-24hrs the media was removed, and the cells were washed three
times with PBS. Cells were simultaneously fixed and permeabilized in PBS
containing 1.8% formaldehyde and 0.1% 10x Triton, followed by 3 washes
with PBS. Blocking was carried out for 30 mins at room temperature using
PBS containing 2% filtered FCS. Cells were sequentially incubated for 60
minutes at room temperature with primary antibodies diluted in blocking
solution, followed by Alexa 555 conjugated secondary antibodies. Three
washes with PBS + 2% FCS were performed following each antibody
incubation. A final wash with PBS and three washes with H,O were carried
out after the secondary antibody incubation. The plates were imaged using
Celigo Image Cytometer (Nexcelom). Viral titres were calculated using the

following formula:

FFU/ml = Number of foci * dilution factor

3.4.4. DotBlot assay

A 0.2 pm nitrocellulose membrane (Amersham, 15249794) was

gridded using a pencil and 2 pl of virus stock was slowly added onto the
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membrane and left to completely dry. The membrane was then incubated

in blocking solution (PBST + 5% Marvel) for 1 h at room temperature.
Following the block, membranes were incubated for 1 h in blocking solution
containing primary antibodies at room temperature on a tube roller. The
incubation was carried out in the dark. The membranes were washed with
three 5 min washes with PBST and then incubated with secondary
antibodies for 1 h. After that, another three 5 min washes with PBST and
one 5 min wash with PBS were applied on the membrane. Membranes were
imaged on an Odyssey Infrared Imager (LiCor). The intensity of protein

bands was quantified with Odyssey Image Studio Software.

3.4.5. Virion genome release assay

13-mm coverslips were pre-treated with Poly-D-lysine for 60 mins.
Chilled TNE buffer was mixed along with neat stock of virus preparation
and protein denaturant Guanidine hydrochloride (2ZmM final concentration;
Sigma; G3272) and incubated for 1 hour on ice. Following incubation, 75%
ice-cold MeOH was mixed along with the virion solution (~60% final
concentration) and added to the coverslips. The coverslips were incubated
at 4°C for 60-90 min. After the drying period, virions were
fixed/permeabilised using PBS+ 5% PFA+ 0.5% Triton-x-100 for 10 min and
washed twice with PBS. Samples were blocked, using filter sterilised PBS,
containing 2% Foetal Calf Serum (FCS). Virion released genomes were
detected by click chemistry, using a Click-iT Plus EdU Alexa Fluor 555
imaging kit for 30 min at room temperature (ThermoFisher Scientific,
C10638), following manufacturer’s instruction. Immunofluorescence
imaging was then carried out using the Airyscan of the Zeiss 880 Confocal

Microscope.
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3.4.6. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and Western blotting

Cells were washed twice with PBS before whole cell lysates were
harvested in a 1.5X boiling mix (SDS-PAGE loading buffer containing 4 M
urea and 50 mM DTT). Harvested lysates were either used immediately or
snap frozen and stored at - 20° C. Samples were boiled for 10 minutes in a
water bath prior to loading. Wells were loaded with 15-20 pl of whole cell
lysates. PageRuler prestained NIR protein ladder was used as a reference
marker for molecular mass. Proteins were resolved by SDS-PAGE on Novex
4-12% Bis-Tris gel (Invitrogen NP0322BOX) using either NUPAGE MOPs (1X)
or NUPAGE MES (1X) running buffer. Gels were run at 120 volts until the dye
front reached the bottom of the gel. Separated proteins were electro-
transferred for 1 hr at 30 volts onto Hybond-ECL 0.2 pm nitrocellulose
membranes for western blotting. Protein transfer was conducted using
Novex NUPAGE transfer buffer (1X) containing 10% methanol. Membranes
were blocked for 1 hour at room temperature in filtered PBS supplemented
with 5% FCS (PBS-FCS). Primary and secondary antibody incubations were
performed in filtered PBST-FCS (PBS-FCS supplemented with 0.1% Tween-
20) at the desired antibody dilution (Table 10 and 11). Membranes were
washed three times in PBS supplemented with 0.1% Tween-20 (PBST) for 10
min following each antibody incubation. Prior to scanning, membranes were
washed two times in PBS and two times in distilled water. Membranes were
imaged on an Odyssey Infrared Imager (LiCor) and analysed with Odyssey

Image Studio Lite software.

3.4.7. Click chemistry, indirect IF staining, and confocal microscopy

3.4.7.1. Fixation and permeabilization
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Coverslips were washed twice with 500 pl of cytoskeleton (CSK)

buffer (10 mM HEPES (pH 7.0), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,,
5 mM EGTA) prior to fixation and permeabilization in 500ul of CSK buffer
containing both 1.8% formaldehyde and 0.5% Triton-X100 for 10 minutes at
room temperature. Cells were washed twice in 750 pl of CSK buffer, and
then blocked in PBS containing 2% FCS (PBS-FCS) for at least 1 hour at room

temperature or overnight (O.N.) at 4 °C.

3.4.7.2. CLICK chemistry and detection of EdC signals

Detection of the EdC-labelled or EdC/EdA-labelled virus was
conducted using Click-iT® Plus EdU Alexa Fluor 555 Imaging Kit
(ThermoFisher Scientific, C10638) according to the manufacturers’
instructions. Each ml of reaction solution contained 880 pl of 1X Click-iT®
reaction buffer, 20 ul of copper protectant, 2.5 ul of Alexa Fluor® picolyl
azide, and 100 pl of reaction buffer additive. Click chemistry was always

conducted directly prior to indirect IF staining.

3.4.7.3. Indirect IF staining protocol

Primary and secondary antibody incubations were performed at room
temperature and in the dark. Following a 60-minute incubation with 35pl
of the primary antibody at the desired dilution (Table 10), coverslips were
washed three times with PBS-FCS prior to a 60-minute incubation with both
the secondary antibody and DAPI. The secondary antibodies used were
Alexa 488, 555, and 647 conjugated donkey anti-rabbit, and anti-mouse IgG
(Table 11). Coverslips were washed three times with PBS-FCS followed by

three washes with distilled water. Coverslips were allowed to air dry prior
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to mounting on glass slides using Citifluor AF1 mounting medium. Clear nail

varnish was used to seal the edge of coverslips to the slides.

3.4.7.4. Confocal microscopy, image analysis, and three-dimensional
(3D) image reconstitution

The samples were examined using a Zeiss LSM880 confocal
microscope using the 63x Plan-Apochromat oil immersion lens with 408, 488
nm, 543 nm and 633 nm laser lines. Zen black software (Zeiss) was used for
capturing Z-series images, generating cut mask channels, exporting the
maximum intensity projection images, and determining the weighted (w.)
colocalization coefficient. Imaris (Bitplane) software was used to generate
3D images.

3.4.8. Quantitative reverse-transcriptase polymerase chain reaction
(qQRT-PCR)

3.4.8.1. RNA preparation

RNA extraction was conducted using RNeasy Plus Mini Kit (Qiagen)
according to manufacturer’s instructions. Cells were washed twice with
PBS, harvested in 200 pl Buffer RLT Plus, snap frozen, and either used
immediately or stored at -20 °C. The cell lysate was vortexed for 30 seconds
and centrifuged for 3 minutes at the maximum speed (17000 X g). The
supernatant was carefully removed, transferred to a gDNA Eliminator spin
column, and centrifuged for 30 seconds at 8000xg. The column was
discarded, and 180 pl of 70% ethanol were added to the flow-through. The
entire volume was transferred to an RNeasy spin column and centrifuged
for 15 seconds at 8000xg. The flow-through was discarded, and 700 pl of
Buffer RW1 were added to the column, followed by centrifugation for 15
seconds at 8000xg. The flow-through was discarded, and 500 pl of Buffer
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RPE were added to the column, followed by centrifugation for 15 seconds

at 8000xg. The last step was repeated. In order to dry the membrane, the
RNeasy column was placed in a new 2 ml collection tube and centrifuged
at 17000xg for 1 minute. Finally, 30 pl of RNase-free water were added,
and the column was centrifuged for 1 minute at 8000xg to elute RNA.
Extracted RNA was used immediately for complementary DNA (cDNA)

synthesis or stored at -20 °C.

3.4.8.2. cDNA synthesis

Reverse transcription (RT) of cellular RNA to cDNA was performed
using TagMan Reverse Transcription Reagent Kit (Life Technologies,
catalogue number N808-0234). Purified RNA was reverse transcribed in a
total volume of 20 pl of reaction mix containing 2 pl of RT buffer (1x), 4.4
pl of MgClL2 (5.5 mM), 4 pl of dNTPs (2mM), 1 pl of Oligo dT, 0.4 pl of RNase
inhibitor (8 U), 0.5 pl of multiscribe reverse transcriptase (25 U), and 6.7
pl of RNase-free water. RNA template was sequentially incubated at 25 °C
for 10 minutes for primer annealing, at 37°C for 60 minutes for extension,

and at 95 °C for 5 minutes for RT inactivation.

3.4.8.3. Quantitative real-time PCR

cDNA was amplified using target and control-specific primer/probe
mixes (Table 12). Each sample was run in triplicate as a singleplex reaction
in a total volume of 20 pl per reaction. Each reaction contained 1 pl of
primer/probe mix, 10 pyl of TagMan fast universal mix (ThermoFisher
Scientific, catalogue number 4352042), 7 pl of RNase-free of H20, and 2 pl
of cDNA. RT-PCR cycling condition as follows: a cycle of denaturation at 95
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°C for 20 seconds, and 40 cycles of annealing at 95 °C for 3 seconds, and

extension at 60 °C for 30 seconds.

3.4.8.4. Analysis of qPCR data

Data were analysed using applied biosystems 7500 fast real-time PCR
system software. The level of mRNA for host gene under investigation was
normalized to GAPDH mRNA level, internal control, using the method.
Normalized values were expressed relative to the normalized level of mRNA

in a control sample (as indicated in the figure legends).

3.4.9. Chromatin immunoprecipitation quantitative real-time PCR
(ChIP-gPCR)

3.4.9.1. Chromatin extraction and crosslinking

Chromatin extraction was conducted using Chromatin Extraction Kit
(ab117152, Abcam) following manufacturer’s protocol. Media was aspirated
off and cells were placed on ice and UV crosslinked in a UVP CL-1000
Ultraviolet Crosslinker at the specified UV dose. Following UV crosslinking,
working lysis buffer was added (200 pl/10° cells) and cells were
resuspended into a 1.5 ml Eppendorf tube. These were subsequently
incubated on ice for 10 mins, prior to a 10 sec vigorous vortex. Cells were
then spun for 5 min in an Eppendorf centrifuge at 5000 rpm and 4°C.
Supernatant was then carefully discarded, and the pellet was resuspended
in working extraction buffer (50ul/10° cells). The mixture was left to
incubate for a further 10 mins with occasional vortex. Following this, cells
were carefully resuspended and sonicated at 20 sec ON/ 15 sec OFF for 6
mins (roughly 10 pulses). Finally, extracts were spun at 12 000 rpm at 4°C

for 10 mins, prior to moving the supernatant to a new Eppendorf and



84
discarding the pellet. Chromatin buffer was added to the samples at a 1:1

ratio and 10% of the sample was put aside as input. These samples were

either snap-frozen at -70°C or immediately used for immunoprecipitation.

3.7.9.2. Chromatin Immunoprecipitation (ChIP)

The DNA concentration of UV crosslinked samples was measured
using a NanoDrop. Chromatin Immuno-precipitation was carried out using
the CIP Kit Magnetic-One Step (ab156907, Abcam). A final concentration of
5-10 pg of chromatin was used for individual ChIP reactions, dependent on
the quality of the chromatin extraction. Following manufacturer’s
guidance, samples were mixed in an Eppendorf with ChIP buffer, magnetic
beads and antibody of interest (1ug) to a final reaction volume of 200ul.
Samples were then incubated on a tube rotator overnight at 4°C. Once the
samples were ready to be processed, the tubes were placed on a DynaMag
magnetic tube stand (12321D, Abcam) and left for 1-2 mins to allow the
beads to aggregate at the wall of the tube. The supernatant was discarded
and the tubes were removed from the stand in order for the beads to be
gently washed with 200pl of cold 1x Wash buffer. The samples were
returned to the magnet stand and the wash process was repeated 4 times.
An additional wash step was carried out using 200ul of Extraction buffer.
Finally, the beads were mixed with 40ul of Extraction buffer and Proteinase
K (39ul + 1pl, respectively). The samples were then placed at 65°C and
incubated for 15 mins. This was followed up by a 5 min incubation at 95°C.
The samples were placed on the magnet stand for the supernatant,
containing the DNA, to be extracted and stored at -20°C or used
immediately for RT-gPCR. Inputs were processed parallel to the samples,
by diluting them 1/10 with 88pl of Extraction buffer and 2.5ul of Proteinase

K. The inputs were heat incubated in the same conditions as the samples.
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3.7.9.3. Real time quantitative PCR (RT-qPCR)

DNA was amplified using target and control-specific primer/probe mixes
(Table 12). Each sample was run in triplicate as a singleplex reaction in a

total volume of 20 ul per reaction, as described above.

3.7.9.3. Analysis of RT-qPCR data

Data were analysed using applied biosystems 7500 fast real-time PCR
system software. The level of mRNA for the viral gene under investigation
was normalized to the input levels of the sample, using the Percent Input

method.

3.8. Data plotting and statistical analysis

GraphPad Prism 7.02 was used for plotting the data and calculating P
values. T-test or Mann-Whitney U-test was used to determine statistical

significance (as indicated in the figure legends).
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4. UV irradiation of HSV-1 results in the premature
uncoating of vDNA in the cytoplasm

4.1. Overview

UV irradiation of HSV-1 has been used for decades for investigating
the innate immune response to virus infection (Taylor & O’brien, 1985;
Hendricks et al., 1991; Eloranta, Sandberg & Alm, 1996). However, the exact
mechanism as to why UV irradiation promotes the activation of IFN-
mediated innate immune defences remains to be elucidated. Following
membrane fusion and cellular uptake, capsids have been shown to be able
to be transported to the nucleus along the microtubule network (Sodeik,
Ebersold & Helenius, 1997; Radtke et al., 2010). It is a possibility that some viral
capsids may disassociate from the microtubules and release the vDNA
prematurely in the cytoplasm via the proteasome (Miyamoto’ And & Morgan,
1971; Horan et al., 2013). Direct tracking of vDNA during infection is now
possible through ethynyl-modified deoxynucleoside labelling combined
with click chemistry (El-Sagheer & Brown, 2010). Labelling of DNA virus
genomes, such as adenovirus and papillomavirus, has been reported (Wang
et al., 2013; Broniarczyk et al., 2015). The click chemistry-based method
relies on the incorporation of nucleoside analogues into the newly
synthesized DNA of replicating viruses. The alkynes on the labelled DNA
react with the azides of fluorescent dyes in a copper (l)-catalyzed reaction
and result in fluorescence. This type of DNA labelling does not require harsh
manipulation of the sample, unlike FISH or BrdU-labelling, and results in an
enhanced specificity and sensitivity of DNA detection (Chehrehasa et al.,,
2009; Salic & Mitchison, 2008). Our lab has optimized a protocol of EdC-
labelling of HSV-1 genomes and purification of high titre virus stocks of
labelled WT 17+ HSV-1 (HSV-1Ed¢), Labelling was carried out in RPE cells
infected at an MOI of 0.001 PFU/cell combined with pulse labelling with
EdC (0.5 pM) at 24 hr intervals. Once advanced cytopathic effect was
observed, the virus was harvested, purified through a NAP column

(removing free EdC label in the viral supernatant) and titrated (section
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3.3.3.). This protocol has been previously utilized to investigate the

spatiotemporal recruitment of nuclear intrinsic immune factors to HSV-1
infecting DNA (Alandijany et al., 2018).

In this chapter a combination of EdC labelling of HSV-1 genomes and
indirect immunofluorescence confocal microscopy was used to characterize
viral genome localization within infected cells following infection with non-
UV or UV irradiated HSV-1 virions. This was done during early stages of
infection (90 mpi) and under infection conditions of MOl 3 PFU/cell. UV
irradiation of HSV-1 resulted in the inhibition of plaque formation and
protein production following infection. Microscopy observations revealed a
dose-dependent cytosolic premature uncoating of UV irradiated HSV-1
genomes. Multiple UV sources demonstrated that this phenotype was
reproducible and irrespective of the UV source. Additionally, the
involvement of the cellular proteasome and microtubule network was

explored in relation to the cytoplasmic deposition of HSV-1 genomes.

4.2. Results

4.2.1. Direct visualization of EdC-labelled HSV-1 genomes

EdC-labelling of HSV-1 allowed for the detection of input viral
genomes, prior to VDNA replication and viral protein production. This
method has been previously published from our group and others to
investigate protein recruitment to vDNA as early as 30 mpi (minutes post-
infection) (Sekine et al., 2017; Alandijany et al., 2018). To check if the
virus stocks have been labelled successfully, HSV-189¢ virions were annealed
to Poly-D-lysine treated coverslips at 4°C. Click chemistry was utilized to
detect the viral DNA. To examine the specificity of the detected signal,

virus was incubated in the presence of either DMSO (negative control) or
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2M guanidine hydrochloride (GuaHCl), a protein denaturant that disrupts

the structural integrity of capsids to expose the genomes.

A Merge

HSV-1 EdC
DMSO

2M GuaHCl

B. SP100 vDNA Merge
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Figure 6. Sensitive and specific visualization of infecting viral DNA using EdC-labelling of

HSV-1

HSV-184c

genomes in combination with click chemistry.

(A) HSV-1E4C was prepared on coverslips and incubated with either DMSO or 2M GuaHCL. Samples were
fixed after 60 mins of addition of the virus and stained for the capsid protein VP5 (green), whilst
VvDNA was detected by click chemistry (red). Representative confocal image of a field of view showing
the release of genomes in the presence or absence of a protein denaturant that disrupts the capsid.
(B) HFT cells seeded on coverslips were infected with either unlabelled HSV-1 or HSV-1E virus at an
MOI of 3 PFU/cell. Cell monolayers were fixed and permeabilized at 90 mpi (minutes post infection).
VDNA (red) was visualized by click chemistry. Nuclei were stained by DAPI. Additional staining
controls were nuclear proteins Sp100 (green) and PML (cyan). Representative confocal image showing

nuclei containing viral genomes.
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Detection of labelled DNA signal was specific for HSV-184¢ as only

faint signal was detected in the control sample, where the capsids
remained intact (Figure 6A). In the GuaHCl treated samples foci of vDNA
could be observed, indicative of the release of the genome from the high
pressurized capsid and was absent in the DMSO control. To further test the
signal specificity, HFt cells were seeded onto coverslips and infected with
either HSV-1 or HSV-1E4¢ at an MOI of 3 PFU/cell. Samples were fixed at 90
mpi and stained for PML and Sp100, PML-NB component proteins reported
to localize to nuclear HSV-1 DNA (Alandijany et al., 2018). DNA signal
detected was specific for the HSV-1E4¢ infected HFt cells, localizing to both
PML-NB proteins, and was absent in the non-labelled HSV-1 infected cells
(Figure 6B). This allows for click chemistry to be utilized for viral genome

visualization both in vitro and in vivo.

4.2.2. UV-irradiated HSV-1 is unable to form plaques or produce viral
proteins

UV inactivation of viruses is a common technique used in virology
(Schneweis et al., 1981; Osorio & Ghiasi, 2003). These viruses have been shown
to be slowed down in initiating infection by 16-24 hours and induce a strong
type | IFN response (Eglin, Gugerli & Wildy, 1980; Taylor & O’brien, 1985;
Hendricks et al., 1991; Eloranta, Sandberg & Alm, 1996). To assess the protein
production profile of UV irradiated HSV-1 virus, we assessed the ability of
the virus to form plaques and initiate protein expression. HFt cells were
infected with either non-UV or UV irradiated HSV-1 (0.1 mJ/cm? for varying
lengths of UV irradiation - 30, 60 and 180 seconds) in a 10-fold dilution
series. Infected cell monolayers were incubated for 16-24 hours prior to ICC
staining and plaque counting. Plaque staining for VP5 (viral late protein)
was only detectible in the non-UV virus infection. As little as 30 sec of UV
irradiation was enough to stop the virus from forming detectable plaques

(Figure 7).
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Figure 7. UV irradiation of HSV-1 abolishes viral plaque formation in HFt cells.

HFt cells were seeded overnight prior to infection with non-UV or UV-irradiated HSV-1 (as indicated)
at a 10-fold dilution series. After an hour of viral adsorption, cells were overlaid with media
containing 2% HS. At 24 hours post-infection, cells were fixed and permeabilized, and immunostained
for HSV-1 plaque formation using an anti-VP5 monoclonal antibody. (A) The number of plaques (blue)
was counted manually under a plate microscope. (B) Graph showing the plaque count for the selected

row of wells on the right (dashed line).
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In order to determine if UV irradiation inhibited the onset of viral

replication, we next investigated viral protein expression. HFt cells were
infected with non-UV or UV irradiated HSV-1 at an MOI of 3 PFU/cell for 8
hours prior to lysate extraction and WB analysis for ICP4, ICPO and UL42.
To determine if IE gene expression was occurring, PML was also used as an
internal control as it is rapidly degraded by ICPQ. Actin was used as a loading
control. Relative expression levels were measured using Image Studio Lite
software. Protein levels differed between the two types of infection. Non-
UV irradiated HSV-1 expressed ICPO (IE), ICP4 (IE) and UL42 (E) proteins and
PML could be observed to be degraded. UV irradiated HSV-1 infected cells
exhibited the same protein expression profile as mock infected cells, with
no visible detection of viral proteins or PML degradation, suggesting a
failure to initiate IE gene expression (Figure 8). Additionally, cells seeded
onto coverslips were infected under the same conditions and stained for
ICPO to determine the percentage of antigen positive cells. Relative to non-
UV irradiated HSV-1, where 80% of cells were ICPO positive, UV irradiated
HSV-1 infected cells exhibited no ICPO production (Figure 9). These data
suggest that UV irradiation of HSV-1 inhibits viral IE protein production.

In order to confirm that UV irradiated virus could enter into infected
cells, we measured the type | IFN response. It has been reported that UV-
irradiated HSV-1 specifically enhances the activation of type | IFN-mediated
immune response both in vitro and in vivo (Gary, Rosenberg & Louis, 1974;
Taylor & O’brien, 1985; Hendricks et al., 1991; Eloranta, Sandberg & Alm, 1996). To
this end, we measured the levels of mRNA of IFNB produced in HFt infected
cells in a time course experiment (Figure 10). Non-UV HSV-1 did not induce
IFNB production in infected HFts. Conversely, UV HSV-1 successfully
induced the production of IFNB transcripts, which accumulated over time
(Figure 10). These data suggest that UV irradiated HSV-1 is successfully

entering cells and induces a type | IFN-mediated immune response.
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Figure 8. UV-irradiation of HSV-1 inhibits viral protein production and viral PML degradation.
HFt cells were seeded overnight then infected with either non-UV or UV-irradiated HSV-1 (UV

irradiation length indicated in secs) at an MOI of 3. Whole cell lysates were collected at 6 hpi, and

protein levels were measured by Western blot. (A) Western blot showing the levels of PML, ICP4,

ICPO, UL42 and actin in whole cell lysates. (B) Quantitation of viral protein levels (as in A) normalized

to their respective actin loading control. Values expressed relative to the normalized non-UV

irradiated HSV-1 infected cells. n=3; SD shown. (C) Quantitation of cellular PML expression levels (as

in A). Values normalized to their respective actin loading controls and expressed relative to their

normalized levels in mock infected HFt cells (dotted line = 1). n=3, SD shown. P value shown; student

t-test.
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Figure 9. UV-irradiation of HSV-1 abrogates viral ICPO protein production.

HFt cells were seeded overnight on coverslips then infected with either non-UV or UV-irradiated
HSV-1 (length of UV irradiation indicated in secs) at an MOI of 3. Cells were fixed and permeabilized
6 hpi and assessed for the production of viral ICPO (green). Nuclei were visualized by DAPI stain
(blue). (A) Representative confocal images stained for ICPO and DAPI. (B) Scatter plot showing the
percentage (%) of ICPO positive cells per Field of View (FoV). Individual points derived from 3

independent experiments.
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Figure 10. UV-irradiated HVS-1 induces the production of IFNB.

HFt cells were seeded overnight prior to infection with either non-UV or UV-irradiated HSV-1 (30 sec
irradiation) at an MOI of 3. Cellular lysates were collected at the indicated times and processed by
RT-gPCR to measure the levels of IFNB mRNA transcript levels. (A) Graph showing a time course of
mRNA levels of IFNB normalized to control poly-IC treated cells at 6 hpi. n=4, means and SD shown.
(B) Bar graph showing the difference between IFNB expression at 4h (as in A). N=4, SD shown; P value

shown; student t-test.
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4.2.3. UV irradiation causes the premature cytoplasmic uncoating of
HSV-1 genomes

Electron microscopy studies of UV irradiated HSV-1 virions have
shown the accumulation of capsids in the cytosol, 97% of which contained
DNA (Miyamoto’ And & Morgan, 1971). This observation is consistent with
published data that has shown a delay in HSV-1 protein production following
UV irradiation that was due to an event occurring prior to replication (Ross,
Cameron & Wildy, 1972; Fridlender et al., 1978). However, the influence of UV
irradiation on VDNA localization during HSV-1 infection has not been
directly examined. We therefore applied click chemistry to visualize the
localization of HSV-1E9 labelled genomes following UV irradiation (Figure
11A). Since click chemistry is compatible with indirect IF imaging, it was
possible to investigate the localization of vDNA under low MOI conditions at

early time points of infection (90 mins post addition of virus).

HFt cells were infected with either non-UV or UV irradiated HSV-1Ed¢
(irradiated using a short UV wavelength crosslinker - 235 nm) at an MOI of
3 PFU/cell. The cells were fixed at 90 mpi and click staining was utilized to
detect VDNA. HSV-18 genomes were readily detected under both
irradiation conditions, with majority of non- UV irradiated HSV-1 DNA being
nuclear and the majority of UV irradiated HSV-1 DNA being cytoplasmic
(Figure 11A and Figure 12A). Notably, a decrease in the number of
detectable genomes was observed in a UV dose-dependent manner (Figure
11B). Interestingly, when the genome area was measured using Fiji
software, a difference in genome size upon UV-irradiation could also be
detected in a dose-dependent manner (Figure 11C). Quantitation of viral
genome location demonstrated that in non-UV irradiated HSV-1 infection
roughly 70% of genomes reached the nucleus (Figure 12B). This observation
was consistent with published electron microscopy data that found 70% of
capsids to have injected the viral DNA in the nucleus after 1 hour (Miyamoto’
And & Morgan, 1971). Conversely, UV-irradiation of 30 and 60 secs decreased
the HSV-1 genomes in the nucleus down to 60% and 50%, respectively

(Figure 12B). Despite the decreased number of overall detectable genomes,
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the ratio of nuclear:cytoplasmic viral DNA remained consistent (Figure

12C). These data suggested that UV irradiation induces the premature
uncoating of HSV-1 genomes in the cytoplasm, thereby inhibiting the

initiation of nuclear infection.

To determine if this phenotype was due to the source of UV
irradiation an additional irradiation method was tested. Instead of using a
shortwave UV crosslinker (235 nm wavelength), UV irradiation of HSV-1
virus was carried out with the shortwave UV lamp of a Microbiological
Safety Cabinet (MSC; 254 nm wavelength) for varying lengths of time - 5,15
and 30 mins. Similar to UV crosslinker irradiation MSC UV irradiated HSV-1
inhibited plaque formation upon UV treatment (Figure 13). Additionally,
MSC UV irradiated HSV-1 exhibited a cytoplasmic deposition genome
phenotype in a UV dose-dependent manner (Figure 14A). Quantitation of
microscopy images demonstrated UV irradiation decreased nuclear genome
accumulation down to 30% following 30 min UV irradiation (Figure 14D). The
increase in cytosolic genome deposition and reduction of nuclear HSV-1
genomes again correlated to the length of UV irradiation. The total nhumber
of HSV-1 genomes were affected by the MSC UV irradiation (Figure 14B),
with only 30 genomes visualised per field of view following 30 min UV
irradiation, representing a 60% drop in detectable vDNA foci. This data was
consistent with previous experiments utilizing UV crosslinker irradiation
(Figure 11B). Finally, the genome area decreased following UV irradiation
in a UV dose-dependent manner (Figure 14C). The 30 min timepoint could
not be quantified as the number of detectable genomes was too low to
apply statistical analysis. Collectively this data show that UV irradiation of
HSV-1 induces the premature release of viral genomes into the cytoplasm
independently of UV light source. Thus, for the remainder of the study we
used 30 sec UV irradiated HSV-1 (UV crosslinker).
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Figure 11. UV irradiation of HSV-1 influences genome localization and size.
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HFt cells were seeded overnight prior to infection with either non-UV or UV irradiated HSV-1E¢ at

an MOI of 3 PFU/cell. Cell monolayers were fixed and permeabilized at 90 mpi. Viral DNA was

visualized with click chemistry. Nuclei were stained with DAPI stain (blue). (A) Representative field

of view of outlines of non-UV or UV irradiated (60 sec) HSV-1 infected HFt nuclei. IF images were

processed with ImageJ to show outlines. (B) Number of genomes per FoV. Boxes: 25th to 75th

percentile range; black line: median; whiskers: 5th to 95th percentile range. n=3 fields of view per

condition derived from a minimum of 3 independent experiments conducted in duplicate. P value

shown; One-way ANOVA (Kruskal-Wallis). (C) Quantitation of the genome area (um2). Boxes: 25th to

75th percentile range; black line: median; whiskers: 5th to 95th percentile range. n>500 genome

foci per condition derived from a minimum of 3 independent experiments conducted in duplicate. P

value shown; One-way ANOVA (Kruskal-Wallice).
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Figure 12. UV irradiation of HSV-1 induces the premature cytoplasmic deposition of viral
genomes.

HFt cells were seeded overnight prior to infection with either non-UV or UV irradiated HSV-1 at an
MOI of 3 PFU/cell. Cell monolayers were fixed and permeabilized at 90 mpi. Viral DNA was visualized
with click chemistry. Nuclei were stained with DAPI stain (blue). (A) Representative confocal
microscopy images showing premature uncoating of HSV-1 DNA upon UV irradiation. Viral DNA
highlighted by white arrows. Non-UV irradiated HSV-1 HFts in box 1 and UV irradiated HSV-1 HFts in
box 2. (B) Quantitation of the genome distribution (nuclear or cytoplasmic) per field of view in
percentage (%). Individual points shown; black line: median; whiskers: 5th to 95th percentile. n=3
fields of view per condition derived from a minimum of 3 independent experiments conducted in
duplicate. ns (not significant value shown; One-way ANOVA (Kruskal-Wallis). (C) Total genome
distribution per FoV. n>900 genome foci per condition derived from 3 independent experiments

conducted in duplicate.
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Figure 13. MCS (shortwave) UV irradiation of HSV-1 abolishes viral plaque formation in HFt cells.
HFt cells were seeded overnight prior to infection with either WT HSV-1 or UV-irradiated HSV-1 (UV
HSV-1; MSC UV irradiation duration indicated in min) at a 10-fold dilution series. After an hour of
viral adsorption, cells were overlaid with media containing 2% HS. At 24 hours post-infection, cells
were fixed and permeabilized, and immunostaining plaque assay was conducted. (A) The number of
plaques (blue) was counted manually under a plate microscope. (B) Graph showing the plaque count

for the selected row of wells on the right (dashed line).
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Figure 14. UV irradiation causes the premature uncoating of HSV-1 genomes in the cytosol.

HFt cells were seeded overnight prior to infection with either non-UV or UV irradiated HSV-184¢ (MSC
UV irradiation as indicated) at an MOI of 3 PFU/cell. Cell monolayers were fixed and permeabilized
at 90 mpi. Viral DNA was visualized with click chemistry. Nuclei were stained with DAPI stain (blue).
(A) Representative confocal microscopy images showing premature uncoating of HSV-1 DNA upon UV
irradiation. IF images were processed with ImageJ to show outlines. Area of interest indicated by
dashed lines. Viral DNA highlighted by white arrows. (B) Number of genomes per FoV. Boxes: 25th to
75th percentile range; black line: median; whiskers: 5th to 95th percentile range. n=3 fields of view
per condition derived from a minimum of 3 independent experiments conducted in duplicate. P>0.05
ns (not significant); P value shown; One-way ANOVA (Kruskal-Wallice). (C) Quantitation of the
genome area (Um2). Boxes: 25th to 75th percentile range; black line: median; whiskers: 5th to 95th
percentile range. n>500 genome foci per condition derived from a minimum of 3 independent
experiments conducted in duplicate. P value shown; One-way ANOVA (Kruskal-Wallis). (B)
Quantitation of the genome distribution (nuclear or cytoplasmic) per FoV in percentage (%). Boxes:
25th to 75th percentile; black line: median; whiskers: 5th to 95th percentile. n=3 fields of view per
condition derived from a minimum of 3 independent experiments conducted in duplicate. P>0.05 ns
(not significant); P value shown; One-way ANOVA (Kruskal-Wallis).
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4.2.4. The cellular proteasome does not play a role in the cytoplasmic
release of UV irradiated HSV-1 genomes

The proteasome plays an important role in the turnover of cellular
proteins by targeting Ubiquitin conjugated proteins for degradation. HSV-1
infection of macrophages has showed that the proteasome plays a role in
targeting the viral capsids for degradation in the cytoplasm, leading to the
release of vDNA (Horan et al., 2013). In turn, cytoplasmic genome release
promoted detection by cellular PRRs (e.g., cGAS) and activation of innate
immune signalling cascades and the establishment of an antiviral state (Sun
et al., 2019). We investigated if the proteasome played a role in premature
release of UV irradiated HSV-1 genomes. Cells were treated with the
proteasome inhibitor MG132 (5uM) prior to infection with non-UV or UV
irradiated HSV-1E4¢ at an MOI of 3PFU/cell. Inhibition of the proteasome did
not affect HSV-1 genome distribution, irrespective of UV irradiation (Figure
15A). Quantitation of the genome localization showed a consistent decrease
in nuclear distribution and increase in cytosolic deposition of VDNA,
consistent with previous data (Figure 15B). The efficacy of MG132 to block
the 26s proteasome was checked by Western Blot for the presence of high
molecular weight (HMW) ubiquitin (Ub) conjugates, which get degraded by
the proteasome rapidly. The addition of MG132 resulted in the
accumulation of HMW Ub conjugates, confirming the inhibition of the
proteasome by the inhibitor (Figure 15C). Similar results were observed
independently of UV irradiation (Figure 16). From this data we can conclude
that the proteasome does not play a role in mediating the cytoplasmic

deposition of HSV-1 genomes following UV irradiation.
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Figure 15. The cellular proteasome does not mediate the cytosolic deposition of UV irradiated

HSV-1 genomes.

HFt cells were seeded overnight prior to treatment with DMSO or MG132 (5 pM). Cells were infected
with either non-UV or UV irradiated HSV-184¢ at an MOI of 3 PFU/cell. Cell monolayers were fixed

and permeabilized at 90 mpi. Viral DNA was visualized with click chemistry. Nuclei were stained

with DAPI (blue). (A) Representative confocal microscopy images showing premature uncoating of

HSV-1 DNA upon UV irradiation in cells treated with DMSO or MG132. IF images were processed with
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ImageJ to show outlines. (B) Quantitation of the genome distribution (nuclear or cytoplasmic) per
FoV in percentage (%). Individual points shown; black line: median; whiskers: 5th to 95th percentile.
n=3 fields of view per condition derived from a minimum of 3 independent experiments conducted
in duplicate. P value shown; Mann-Whitney U-test. (C) Western blot analysis of whole cell lysates
derived from HFt treated with DMSO or MG132 and probed for Ub conjugates and actin as loading

control. Mass markers are shown.
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Figure 16. MG132 proteasome inhibitor does not affect genome distribution or detection.
HFt cells were seeded overnight prior to treatment with DMSO or MG132 (5 pM). Following this, cells
were infected with either non-UV or UV irradiated HSV-1EdC at an MOI of 3 PFU/cell. Cell monolayers

were fixed and permeabilized at 90 mpi. Viral DNA was visualized with click chemistry. Nuclei were
stained with DAPI (blue). (A) Number of genomes per FoV. Boxes: 25th to 75th percentile range;

black line: median; whiskers: 5th to 95th percentile range. n=3 fields of view per condition derived
from a minimum of 3 independent experiments conducted in duplicate. P value shown; One-way
ANOVA (Kruskal-Wallis). (B) Total genome distribution per FoV. n>600 genome foci per condition

derived from 3 independent experiments conducted in duplicate.
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4.2.5. Disruption of the cellular microtubule network induces the
cytosolic release of HSV-1 genomes

HSV-1 capsids utilize the cellular microtubule network to traverse
the cytoplasm to reach the nucleus (Sodeik, Ebersold & Helenius, 1997). We
hypothesized that UV irradiation may affect the stable attachment of
capsids to microtubules. To test this hypothesis, a microtubule inhibitor
was used to determine the involvement of the microtubule network to
prevent the premature uncoating of HSV-1 genomes. HFt cells were pre-
treated with increasing concentrations of nocodazole (inhibitor of
microtubule polymerization) and infected with either non-UV irradiated
HSV-18dC or UV irradiated HSV-189¢ at an MOI of 3 PFU/cell (Figure 17A).
DMSO treated cells were used as controls. The number of cytosolic genomes
increased in a nocodazole concentration-dependent manner irrespective of
UV irradiation, doubling at 10 uM nocodazole when compared to the control
(Figure 17B and C). A significant reduction in nuclear and increase in
cytoplasmic HSV-1 genomes to comparable levels was observed in cells pre-
treated with nocodazole, irrespective of UV irradiation when compared to
the DMSO control. (Figure 18). These data provide some evidence that the
microtubule network may play a role in mediating the cytoplasmic
deposition of vDNA following UV irradiation. However, the exact mechanism
as to how these capsids fall off or fail to stably associate with the

microtubules remains to be determined.
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Figure 17. Cellular microtubule network stabilises HSV-1 capsids from prematurely releasing
viral genomes.

HFt cells were seeded overnight prior to treatment with DMSO or increasing concentrations of
Nocodazole (puM). Cells were infected with either non-UV or UV irradiated HSV-18¢¢ at an MOI of 3
PFU/cell. Cell monolayers were fixed and permeabilized at 90 mpi. Viral DNA was visualized with
click chemistry. Nuclei and microtubules were stained with DAPI (blue) and a-tubulin (green),
respectively. (A) Representative IF images of HSV-1E¢C infected HFt cells treated with DMSO or
Nocodazole. Viral DNA localization highlighted with white arrows. (B) Quantitation of the genome
distribution (nuclear or cytoplasmic) per FoV in percentage (%). Boxes: 25th to 75th percentile; black
line: median; whiskers: 5th to 95th percentile. n=3 FoV per condition derived from a minimum of 3
independent experiments conducted in duplicate. P value shown; One-way ANOVA (Kruskal-Wallis).
(B) Total genome distribution per field of view. n>400 genome foci per condition derived from 3

independent experiments conducted in duplicate.
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Figure 18. Microtubule depolymerisation induces the cytoplasmic release of HSV-1 DNA
irrespective of UV irradiation.

HFt cells were seeded overnight prior to treatment with DMSO control or Nocodazole (10 pM).
Following this, cells were infected with either non-UV or UV irradiated HSV-1E¢¢ at an MOI of 3
PFU/cell. Cell monolayers were fixed and permeabilized at 90 mpi. Viral DNA was visualized with
click chemistry. Nuclei were stained with DAPI stain (blue). Quantitation of percentage vDNA
localization per FoV. Individual values plotted; median with SD shown. n=3 fields of view per
condition derived from a minimum of 3 independent experiments conducted in duplicate. P value
shwon; Mann-Whitney U-test.
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4.3. Summary

UV irradiation is a method routinely utilized for HSV-1 inactivation
since the late 1960s. UV irradiation has been shown to affect nuclear capsid
transport, thus delaying viral transcription and reducing titres; although
the exact mechanism was unknown (Rabson, Tyrrell & Legallais, 1969; Fridlender
et al., 1978; Eglin, Gugerli & Wildy, 1980). Lately, studies identified UV
irradiation to induce the accumulation of pyrimidine dimers, as UV light
leads to the induction of DNA damage of intrastrand bases (Ross, Cameron &
Wildy, 1972; Miyamoto’ And & Morgan, 1971; Eglin, Gugerli & Wildy, 1980;
Fridlender et al., 1978; Goodsell, 2001; Rastogi et al., 2010). The use of UV
irradiated virus has been utilized in countless studies investigating the
immune responses to HSV-1. However, it remains unclear where UV
irradiated genomes localize during infection due to the limitations of DNA
detection. Utilizing a previously reported protocol for click labelling of HSV-
1 DNA provided a non-invasive assay to investigate the localization of UV
irradiated HSV-1 genomes under low MOI conditions (Figure 6) (Alandijany
et al., 2018).

UV irradiated virus is able to penetrate the cell as efficiently as non-
irradiated viruses (Ross, Cameron & Wildy, 1972). Electron microscopy of UV
irradiated HSV-1 showed the accumulation of DNA filled viral capsids in the
cytoplasm following entry into cells (Miyamoto’ And & Morgan, 1971),
although the resultant difference in capsid uncoating could not be
sufficient to explain the delay in replication (Rabson, Tyrrell & Legallais, 1969;
Fridlender et al., 1978; Eglin, Gugerli & Wildy, 1980). The microscopy
observations in this study showed for the first time the genome distribution
of HSV-1 following UV irradiation (Figures 12 and 14). UV irradiation of HSV-
1 inhibits plaque formation and initiation of replication as no viral proteins
could be observed even after 24h of infection (Figures 7, 8 and 9) (Ross,
Cameron & Wildy, 1972; Eglin, Gugerli & Wildy, 1980; Fridlender et al., 1978). UV
irradiated HSV-1 genomes were prematurely released into the cytosol in a

UV-dose dependent and UV source-independent manner (Figures 12 and
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14). This observation falls in line with EM data, showing an increase in

cytosolic viral core-containing capsids following UV irradiation (Miyamoto’
And & Morgan, 1971). The increased number of viral genomes deposited in
the cytosol could account for the decrease in protein production and
initiation of replication (Eglin, Gugerli & Wildy, 1980; Ross, Cameron & Wildy,
1972). A small proportion of UV irradiated HSV-1 genomes reach the
nucleus, but were insufficient to establish infection, potentially due to the
accumulation of DNA damage on the viral genome (Eglin, Gugerli & Wildy,
1980). The number of detectable genomes was observed to decrease in a
UV-dose dependent manner (Figure 12 and 14), consistent with previous
studies that have reported a similar decrease in detectable viral capsids
following UV irradiation (Miyamoto’ And & Morgan, 1971; Eglin, Gugerli & Wildy,
1980). Additionally, as bio-orthogonal nucleic acid labelling requires for the
alkyne group to be accessible for the fluorophore-bound azide molecule to
bind, it cannot be disregarded that the interaction could be disrupted by
the crosslinking effect of UV light resulting in the reduced number of
detectable genomes within infected cells (Figure 14). Nevertheless, the
proportion of nuclear:cytosolic genome localization falls within the model
of disruption of initiation of viral infection happening at a pre-replication
step (Ross, Cameron & Wildy, 1972; Fridlender et al., 1978). UV irradiated HSV-
1 also initiated a stronger type | IFN immune response when compared to
WT infection (Figure 10) (Taylor & O’brien, 1985; Hendricks et al., 1991; Eloranta,
Sandberg & Alm, 1996). Studies in macrophages have showed that the
proteasome plays a role in the ubiquitin-mediated degradation of the
cytoplasmic capsids, releasing the viral DNA and initiating the IFN immune
response via cellular PRRs, such as IFI16, cGAS and DDX41 (Horan et al.,
2013; Sun et al., 2019). This would represent an attractive model, where
UV irradiation increases the cytoplasmic release of viral DNA via the
targeted ubiquitination of HSV-1 capsids that in turn increases the cellular
PRR DNA sensing signalling to initiate an IFN immune response. Contrary to
macrophages, our data in fibroblasts showed the proteasome not to play a
role in degrading cytoplasmic capsids, as chemical inhibition of the
proteasome did not have an effect on the levels of detectable cytosolic
HSV-1 DNA, irrespective of UV irradiation (Figures 15 and 16). The

difference in mechanism could be due to the variation of the levels of the
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26s proteasome expression, as myeloid cells express the 26s proteasome

genes to higher levels than fibroblasts (Human Protein Atlas). Following
entry into the cell, HSV-1 capsids exploit the microtubule network to
traverse the cytoplasm and reach the nucleus (Sodeik, Ebersold & Helenius,
1997). Microtubule disruption has been shown to reduce capsid transport
leading to lower viral titres (Kristensson et al., 1986; Sodeik, Ebersold &
Helenius, 1997). Consistent with these reports, nocodazole pre-treatment of
cells significantly increased the number of cytoplasmic genomes
independently of UV irradiation (Figures 17 and 18). Although this provides
evidence for the involvement of the microtubule network in the
stabilisation of HSV-1 capsids, the exact mechanism remains unknown and
warrants further investigation. Certainly, one possibility is the
disassociation of UV irradiated HSV-1 capsids during transport via the
microtubule network, indicative of the changes in the capsid protein
interactions involved in mediating this transport, such as UL34 and VP26,
following UV irradiation (Reynolds et al., 2002; Déhner, Nagel & Sodeik, 2005).

In summary, the data presented in this chapter reveals direct
evidence demonstrating UV irradiation of HSV-1 virions to induce the
premature uncoating of HSV-1 DNA during cytosolic transport. This in turn
results in the activation of the type | IFN response. Nevertheless, there is a
small population of UV irradiated HSV-1 genomes that reach the nucleus

that are unable to initiate infection.
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5. Nuclear immune regulators are differentially
recruited to HSV-1 genomes following UV irradiation

5.1 Overview

Intrinsic immunity is one of the first lines of cellular defence in
response to infection. This arm of immunity is mediated by constitutively
expressed restriction factors that act immediately and directly to limit
infection. One of the most well studied intrinsic immune responses to HSV-
1 infection relates to component proteins that reside within PML-NBs
(Scherer & Stamminger, 2016; Tavalai & Stamminger, 2009). During HSV-1
infection, core PML-NB components, such as PML, Sp100 and Daxx, are
rapidly recruited to infecting genomes within minutes of nuclear infection.
Once localized to vDNA, these restriction factors entrap HSV-1 genomes and
repress the initiation of viral transcription (Everett & Murray, 2005; Everett et
al., 2006; Glass & Everett, 2013; Alandijany et al., 2018). This interaction during
WT HSV-1 infection is transient, as the expression of the viral ICPO protein
leads to the ubiquitin-mediated proteasomal degradation of PML, resulting
in the dispersal of other core PML-NB constituent proteins that colocalize
with VDNA (Everett & Murray, 2005; Vanni et al., 2012; Boutell, Sadis & Everett,
2002; Komatsu, Nagata & Wodrich, 2016; Glass & Everett, 2013).

In the previous chapter UV irradiation led to a switch in the
subcellular localization of HSV-1 genomes from the nucleus to the
cytoplasm. We concluded that UV irradiation induces the premature
uncoating of HSV-1 viral capsids in a UV dose-dependent manner. However,
a small population of UV irradiated genomes were observed to reach the
nucleus. In this chapter, we investigated the recruitment of core PML-NB
constituent proteins to non-UV and UV irradiated HSV-1 genomes. Our data
show UV irradiation of HSV-1 impairs the recruitment of PML-NB component
proteins to VDNA independent of the UV light source. These data suggest

that UV irradiation of vDNA directly influences the recruitment of nuclear
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restriction factors to HSV-1 genomes. For comparison, we examined the

recruitment of the nuclear PRR IFI16. We show IFI16 to not stably localize
to HSV-1 DNA irrespective of UV irradiation. Utilizing ChIP, we show UV
irradiation of HSV-1 DNA led to a decrease in the interaction of PML with
VDNA. We observed an increase in thymine dimer formation within vDNA
that restricted genome decompacting upon release from the viral capsid.
This change in the structure of the DNA could account for reduced
recognition and binding of PML to vDNA. These findings suggest that
changes to VDNA structure induced by UV irradiation directly influence the
ability of multiple nuclear restriction factors to localize to vVDNA upon

nuclear infection.



114
5.2. Results

5.2.1. UV irradiation of HSV-1 virions impairs the recruitment of PML-
NB host factors to vDNA within the nucleus

The use of EdC-labelled input genomes and indirect immunolabelling
has allowed for to detailed investigation into the recruitment of different
host restriction factors and PRRs to infecting vDNA at early timepoints of
infection (<90 mpi). Utilizing Zen software to measure the weighted (w.)
colocalization coefficient between cellular proteins of interest and vDNA,
enabling accurate quantitation (Alandijany et al., 2018). The values range

from 0 (no colocalization) to 1 (perfect colocalization).

HFt cell monolayers were infected under the same conditions as
described in Chapter 1. CLICK chemistry and indirect IF staining were
utilized to visualize vDNA and the colocalization of PML-NB proteins PML,
Daxx and Sp100 to nuclear infecting genomes (Figure 19A). Consistent with
previous reports (Alandijany et al., 2018), Sp100 and Daxx colocalized with
PML (w. colocalization coefficient >0.7) in mock infected cells (Figure 19A).
In both non-UV and UV irradiated HSV-184¢ infected cells, Sp100 and Daxx
retained a high degree of colocalization to PML (w. colocalization
coefficient >0.7), comparable to that observed in mock infected cells
(Figure 19A). In contrast, all three proteins exhibited reduced recruitment
to UV irradiated vDNA (Figure 19A). These microscopy observations were
confirmed by quantitative analysis (Figure 19C). The stability of the PML-
NBs during infection was unaffected, demonstrating the decrease in
localization to VDNA was due to UV irradiation of the viral genome as
opposed to a cellular response to the detection of DNA damage (Figure
19D). Collectively these data showed that UV irradiation of HSV-1 DNA
affects the ability of PML-NBs to recognize nuclear infecting HSV-1 genomes
that results in the significantly lower levels of recruitment of core PML-NB

constituent proteins to vDNA.
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Figure 19. UV irradiation of HSV-1E9C impairs the recruitment of PML-NB constituent proteins
to infecting viral genomes.

HFt cells were mock infected or infected with <3 PFU/cell of non-UV or UV irradiated HSV-1. Cells
were fixed and permeabilized at 90 mpi. Labelled viral DNA was detected by CLICK chemistry. Sp100,
Daxx, and PML were detected by indirect immunofluorescence. Nuclei were stained with DAPI. (A
and B) Localization of Sp100 or Daxx (green) and PML (cyan) to nuclear infecting viral genomes (red).
White boxes show regions of interest. Cut mask (yellow) highlights colocalization between cellular
proteins of interest and vDNA or proteins of interest themselves. W. colocalization coefficients
shown. (C) Quantitation of protein recruitment to infecting vDNA or (D) Sp100/Daxx colocalization
with PML at 90 mpi. Black line: median weighted (w.) colocalization coefficient; dashed lines: 95%
Cl shown. n>100 nuclei per sample population derived from a minimum of three independent

repeats. P value shown; Mann-Whitney U-test.
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In order to determine if this phenotype was attributable to the

source of UV irradiation, the analysis was repeated using MSC shortwave UV
irradiated HSV-1. Quantitation demonstrated a similar decrease in the
recruitment of PML, Daxx and Sp100 to vDNA in a UV-dose dependent
manner (Figure 20A). Notably, an increase in w. colocalization coefficient
of the core PML-NB proteins and vDNA (5 min) could be observed (Figure
20B). This could be due to a difference in the efficiency of the virus
infection in this set of experiments. Sp100 and Daxx localization to PML was
also unaffected by the presence of either virus, demonstrating that the
introduction of damaged VDNA into the nucleus to not significantly
influence the localization of PML-NB constituent proteins to PML itself
(Figure 20B). We concluded that UV irradiation of HSV-1 DNA, impairs the

recruitment of PML-NB proteins to nuclear infecting viral genomes.
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Figure 20. MSC (shortwave) UV irradiation of HSV-1E9C impairs the recruitment of PML-NB
constituent proteins to infecting viral genomes.

HFt cells were mock infected or infected with 3 PFU/cell of non-UV or UV HSV-1E4¢, Cells were fixed
and permeabilized at 90 mpi. Labelled viral DNA was detected using click chemistry. Sp100, Daxx
and PML were detected by indirect immunofluorescence. Nuclei were stained with DAPI. (A)
Quantitation of cellular protein recruitment to vDNA or (B) Sp100 or Daxx colocalization with PML.
Violin plots. Black line: median weighted (w.) colocalization coefficient; dashed lines: 95% Cl. n>80
nuclei per sample population derived from a minimum of three independent repeats. P value shown;
Mann-Whitney U-test.
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5.2.2. Cellular PRR IFI16 does not stably localize to vDNA irrespective
of UV irradiation

IFI16 has been reported to act as a DNA sensor that interacts with
ssDNA and dsDNA (Morrone et al., 2013; Jensson et al., 2017). The
cytoplasmic-nuclear shuttling of this protein allows for the activation of
different antiviral mechanisms, including the STING/IRF3 axis of the type |
IFN pathway, nuclear inflammasome activation, and chromatin repression
of viral genomes (Unterholzner et al., 2010; Jakobse et al., 2013; Kerur et al., 2011;
Johnson et al., 2014; Orzalli, DeLuca & Knipe, 2012). However, most of these
studies were carried out using indirect methods of vVDNA detection. Recent
studies using click chemistry to detect viral genomes have shown that
productive infection was required to induce an IFI16-dependent IFN
response (Alandijany et al., 2018). Herein we investigated the recruitment
profile of IFI16 to both cytoplasmic and nuclear genomes to investigate its
role in the IFN response to HSV-1 infection upon UV irradiation. In line with
previous evidence (Alandijany et al., 2018), no recruitment of IFI16 to vVDNA
was observed at 90 mpi irrespective of UV irradiation, where IFI16 nuclear
distribution remained largely diffuse (Figure 21A). Quantitative analysis
confirmed the lack of recruitment of IFI16 to viral genomes localized in the
cytoplasm or nucleus (Figure 21B). PML localisation was used as a positive
control and displayed comparable levels to previous data (Figure 21B). IFI16
has been reported to be degraded by ICPO (Orzalli, DeLuca & Knipe, 2012).
However, UV irradiated HSV-15¢C inhibit the expression of viral IE proteins
(Figure 8 and 9) excluding any effect of ICPO on its recruitment to vDNA.
Given previous studies demonstrating the need for active viral replication
for the activation of IFI116, the lack of recruitment of IFI16 to HSV-1 DNA is
consistent with previous studies (Alandijany et al., 2018). However, our
data demonstrates the UV irradiation of HSV-1 genomes does not promote
a DNA replication independent mechanism of IFI16 recruitment to damaged
DNA. Notably, we cannot rule out potentially transient interactions due to

the fixed timepoints of analysis. Collectively, we concluded that IFI16 was
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not stably recruited to HSV-1 DNA upon UV irradiation and is unlikely to

mediate innate immune response to UV irradiated HSV-1.
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Figure 21. IFI16 does not stably localize to infecting HSV-1E¢C genomes irrespective of UV
irradiation.

HFt cells were mock infected or infected with 3 PFU/cell of non-UV or UV irradiated HSV-1. Cells
were fixed and permeabilized at 90 mpi. Labelled vDNA (red) was detected by click chemistry. IFI16
and PML were detected via indirect immunofluorescence. Nuclei were stained with DAPI. (A)
Localization of sub-nuclear recruitment of IFI16 (green) and PML (cyan) to infecting viral genomes
(red). White boxes show zoomed areas of interest. Cut mask (yellow) highlights the regions of
colocalization between the cellular proteins of interest and non-UV or UV irradiated HSV-1 genomes.
White arrows used to indicate vDNA foci. Weighted colocalization coefficient shown. (B) Quantitation
of cellular IF116 or PML recruitment to infecting HSV-1 vDNA in either the cytosol or the nucleus.
Violin plots. Black line: median weighted (w.) colocalization coefficient; dashed lines: 95% Cl. n>50
nuclei per sample population derived from a minimum of three independent repeats. P value shown;

Mann-Whitney U-test.
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5.2.3. UV irradiation of HSV-1 reduces the PML interaction with vDNA

PML is the major scaffolding protein of PML-NBs and plays an
important role in the initial suppression of HSV-1 replication. The exact
mechanism of PML recognition of vDNA is still unknown, which may occur
directly through interaction with vDNA or indirectly through other PML-NB
associated proteins. As the previous results demonstrated a reduction in
the level of PML recruitment to UV irradiated HSV-1 DNA, we investigated
if PML directly interacted with vDNA by ChIP.

To robustly detect PML interaction with vDNA, a SPOT tag, which is
a 12-amino acid peptide tag that is readily recognised by a single domain
antibody (nanobody), was inserted to flag the PML gene (Virant et al.,
2018). HFt cells expressing doxycyclin inducible SPOT-tagged PML (SPOT
PML) were kindly generated by Steven McFarlane. SPOT PML protein was
only detectable following a 6hr induction with doxycycline (Dox) and not
expressed in untreated cells (Figure 22C). The addition of the SPOT tag did
not affect the localization of PML to PML-NBs within the nucleus of cells
(Figure 22A). Quantitative analysis showed that SPOT PML was detected at
PML-NBs (w. colocalization coefficient >0.9) (Figure 22B). These cells were
then used in a series of ChIP-gPCR experiments that utilize high affinity
SPOT nanobody coupled to magnetic beads to examine if PML interacted
directly with vDNA (Figure 23). SPOT PML HFts were pre-treated with Dox
for 6hr prior to infection with non-UV or UV irradiated HSV-1 at an MOI of 3
PFU/cell for 90 mins. The ChIP was performed with the total SPOT PML and
IgG (negative control) in parallel. gPCR analysis was carried out using two
independent probes to detect Us3 and UL36. These genes were selected to
identify close to complete genomes as the loci are located in the centre
and 3’ end of the genome, respectfully. The input of non-UV or UV
irradiated HSV-1 was equivalent, as shown by the ACT value for both viral
genes examined (Figure 23A). The fraction of non-UV irradiated HSV-1 DNA
associated with SPOT PML was consistent and significantly above IgG
background. UV irradiation of the HSV-1 DNA resulted in a significant

decrease of the fraction of viral genomes associated with SPOT PML,
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although those interactions were still above IgG background (Figure 23B).

Cells not treated with Dox or not crosslinked were utilized as additional
negative controls (Figure 23C). From this data we concluded that PML
interacts directly with HSV-1 genomes upon nuclear entry, and that this
interaction is negatively affected by UV irradiation of the vDNA. These data
are consistent with our microscopy observations (Figure 19 and 20), which
show UV irradiation to reduce the colocalization of PML with vDNA. The
specific mechanism by which UV irradiation inhibits PML interaction with
VvDNA requires further investigation. However, we identify for the first time

PML to directly interact with vDNA upon nuclear infection.
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SPOT PML HFts were seeded overnight prior to a doxycycline induction for é6hr. PML and SPOT PML

were detected by indirect immunofluorescence. Nuclei were visualized by DAPI staining. (A)

Representative confocal image of sub-nuclear localization of endogenous (red) and SPOT (green)

PML. (B) Quantitation analysis of recruitment of endogenous and SPOT PML to each other. Violin

plots. Black line: median weighted (w.) colocalization coefficient; dashed lines: SD. n>70 nuclei per

sample population derived from a minimum of three independent repeats. P value shown; Mann-

Whitney U-test. (C) Western blot showing the levels of SPOT PML and actin (as a loading control) in

whole cell lysates derived from SPOT PML HFt cells that have (+) or have not been (-) pre-treated

for 6 hours with doxycycline (Dox). Membranes were probed for SPOT tag using a SPOT nanobody.
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Figure 23. UV irradiation of HSV-1 decreases the PML interaction with vDNA.

SPOT PML HFts were seeded overnight prior to a doxycycline induction for 6 hr followed by infection
with either non-UV or UV irradiated HSV-1 at an MOI of <3 PFU/cell. Cells were UV crosslinked at 90
mpi and chromatin extracted. Immunoprecipitation was carried out using SPOT and IgG antibodies.
Relative levels of HSV-1 DNA bound to immunoprecipitated proteins was measured by qPCR using
Us3 and UL36 specific primers. (A) Bar graphs showing the ACT value of the input chromatin extracts
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from HFt cells infected with non-UV or UV irradiated HSV-1. Individual points shown, black lines:
mean. Data was pooled from 5 independent repeats. P value shown; Paired student t test. (B) Bar
graphs showing the percentage of viral DNA bound to PML or IgG. Mean and standard error of the
mean shown; Data pooled from 5 independent repeats. P value shown; Paired one-tailed non-
parametric Wilkoxin test. (C) Bar graphs showing the level of viral DNA bound to PML in the absence
of doxycycline or UV crosslinking. Mean and standard error of the mean shown. Data pooled from 5

independent repeats. P value shown; Paired one-tailed non-parametric Wilkoxin test.
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5.2.4. UV irradiation inhibits the genome decompaction of vDNA
following uncoating

UV irradiation of HSV-1 virions led to a decrease in detectable
genome area in a dose-dependent manner (Figure 11 and 14). UV irradiation
has been shown to induce Pyrimidine and Purine intrastrand dimers
between adjacent DNA strands (Goodsell, 2001; Rastogi et al., 2010). This
led to the hypothesis that UV irradiation of HSV-1 genomes may induce
crosslinking of DNA strands through the formation of pyrimidine dimers,
preventing genome decompaction potentially effecting its recognition by
PML-NBs. To this end, we utilized a cell-free virion genome release assay
protocol to stimulate vDNA release from the capsid in the presence of the
protein denaturant Guanidine Hydrochloride (GuaHCl). Viral DNA was
visualized via click chemistry and genome measurements calculated using
ImageJ. Both non-UV and UV irradiated HSV-1 genomes were successfully
ejected from the capsid, whereas that decompaction was absent in the UV
irradiated HSV-1 DNA samples (Figure 24A and C). Genome measurements
demonstrated a reduction in the number of DNA strands of UV irradiated
genomes, suggesting a reduction in genomes compaction efficiency (Figure
24B). The number of genomes analysed for each condition was comparable
for both conditions (Figure 24C). Dot Blot analysis demonstrated UV
irradiation to induce the formation of thymine dimers (TD) in a dose-
dependent manner (Figure 25A), with almost a 3-fold increase TD formation
observed after 60 sec UV irradiation, compared to non-UV irradiated HSV-1
(Figure 25B). Collectively these data suggests that the formation of
pyrimidine dimers affect the ability of HSV-1 to effectively decompact its
genome upon capsid release. Thus, UV irradiation induces a restriction in
genome decompaction of infecting vDNA that leads to a loss in PML
recognition of VDNA. Additional study is required to determine if a lack of
access to a specific DNA sequence or altered 3D structure of the target DNA
inhibits PML detection of VDNA.
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Figure 24. UV irradiation of HSV-1 abrogates genome decompaction.
Neat non-U or UV irradiated HSV-1E94¢ virus was annealed to coverslips, pre-treated with Poly-D

lysine, in the presence or absence of Guanidine hydrochloride (GuaHCl). vDNA were detected by
click chemistry and Airy scan imaging. (A) Representative confocal images of viral DNA from non-UV
or UV irradiated HSV-1E4¢, (B) Quantitation of percentage of DNA strands and compact genomes (foci)
per field of view (as in A). n=3, means and SD shown. P value shown; One-way ANOVA. (C) Number
of observable non-UV or UV irradiated HSV-1 viral genomes per field of view (as in A). n=3, mean

and SD shown. P value shown; One-way ANOVA.
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Figure 25. UV irradiation of HSV-1 causes the accumulation of TD in the vDNA.

Virus stock of non-UV or UV irradiated HSV-1E9¢ was blotted on 0.2um nitrocellulose paper and probed
for TD and VP5 (capsid protein) in a DotBlot assay. (A) Representative blot of neat virus for the
presence of Thymine Dimers (TD) and viral capsid protein VP5 (loading control). Media samples
represent negative control. (B) Quantitation of TD presence in samples (as in A). n=4, SD shown.
Values normalized to their respective VP5 control and expressed relative to their normalized levels

in HSV-1 no UV virus stock. P value shown; one sample t test against a hypothetical mean of 1.
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5.3. Summary

PML-NBs play a key role in regulating intrinsic and innate immune
defences to herpesvirus infection (Alandijany et al., 2018). However, the
role of these nuclear bodies in mediating the cellular immune response to
UV irradiated virus infection has not been investigated. In Chapter 1, we
showed UV irradiation of HSV-1 to induce the premature uncoating of
genomes in the cytoplasm in a microtubule-dependent manner, which
resulted in the induction of a strong type | IFN response. A percentage of
UV irradiated viral genomes were delivered to the nucleus. In this chapter
we assess the interaction between nuclear intrinsic immune factors and UV
irradiated vVDNA.

PML-NB constituent proteins, such as PML, Sp100, and Daxx, have
been shown to localize to infecting viral genomes in the nucleus and to have
a role in restricting HSV-1 IE transcription (Glass & Everett, 2013; Everett &
Murray, 2005; Everett, 2006; Cuchet-Lourenco et al., 2011, 2013). These
interactions are transient, as WT HSV-1 expresses ICPO that antagonizes
PML-NBs by targeting various key components for Ub-mediated proteasomal
degradation (Vanni et al., 2012; Boutell, Sadis & Everett, 2002; Zheng, Samrat &
Gu, 2016; Everett et al., 2006; Everett, Boutell & Orr, 2004; Boutell & Everett, 2013;
Everett et al., 2008; Lukashchuk & Everett, 2010). Previous studies have also
investigated the interaction between PML-NBs and HSV-1 genomes by click
chemistry (Sekine et al., 2017; Alandijany et al., 2018). The microscopy
observations in this chapter fall in line with these previous reports, showing
that non-UV irradiated HSV-1 genomes recruit key components of PML-NBs
(Sp100, Daxx, PML) as early as 90 minutes post-addition of virus (Figures
19). Upon UV irradiation, however, HSV-1 genomes that reach the nucleus
exhibit reduced colocalization with PML-NB components (Figures 19). This
effect was directly attributable to UV irradiation independently of UV light
source (Figure 20). Studies have shown that PML itself can associate with
cellular ssDNA molecules in response to exogenous DNA damage and PML-

NBs can sequester DNA molecules during DNA processing events associated
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with DNA synthesis (Jul-Larsen et al., 2004; Boe et al., 2006). This evidence

for direct interaction between PML and vDNA is supported by our ChIP-gPCR
analysis (Figure 23). The interaction between PML and vDNA was inhibited
upon UV irradiation of HSV-1 virions (Figure 23), indicating that the DNA
damage induced to the genome is inhibitory to its recognition by PML and
potentially other PML-NB constituent proteins (e.g., Sp100 and Daxx).
Since the exact recognition mechanism of viral DNA by PML-NBs remains
unknown, the disruption of vDNA recognition by PML-NBs by UV irradiation
may result from a variety of different reasons. Genome size was shown to
be affected by UV irradiation, demonstrated by the change of genome area
presented in the previous chapter, suggesting the decompaction of viral
genomes was affected (Figure 11). DNA damage induced by UV has been
well documented. The formation of DNA damage due to exposure to UV
light has been established, with the main photoproducts being cyclobutene
pyrimidine dimers (CPDs) and 6-4 photoproducts, ultimately resulting in the
alteration of base-pairing and DNA structure. In conjunction to these
findings, our data demonstrates the UV-dose dependent accumulation of
thymine dimers in the vDNA (Figure 25), resulting in the compromised
structure of HSV-1 genomes represented by the inability of the vDNA to
decompact following capsid release (Figure 24). This change in HSV-1
genome conformation could potentially mask or block a PML-NB specific
binding site present in the decompacted state of the vDNA. Equally the
specific three-dimensional structure maybe required for the efficient
binding of PML and is inaccessible due to the crosslinking of the DNA
strands. Further investigation is required to determine the nature of the
recognition of HSV-1 DNA by PML.

In summary, the data presented in this chapter shed light on the
interaction between PML-NB proteins and HSV-1 genomes. UV irradiation of
HSV-1 severely affects the recruitment and interaction of PML and other
PML-NB constituent proteins to VDNA, indicating that nuclear genome
delivery alone is not sufficient to initiate an intrinsic antiviral immune
response to HSV-1 infection. These data also demonstrate that PML-NB

proteins physically associate with vDNA, likely through specific binding
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requirements that require viral genome decompaction upon nuclear

infection.
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6. Cytoplasmic immune factors are differentially
recruited to HSV-1 genomes following UV irradiation

6.1. Overview

Activation of the type | IFN pathway is dependent on the recognition
of PAMPs, such as VDNA, by cellular PRRs (Ma, Ni & Damania, 2018; Abe,
Marutani & Shoji, 2019). The majority of PRRs have been shown to reside in
the cytosol, with reports demonstrating that some PRRs can also be
localized in the nucleus, such as cGAS and IFI16 (Orzalli et al., 2015). The
data presented has demonstrated the increase in cytosolic deposition of
HSV-1 genomes following UV irradiation in a dose dependent manner.
Additionally, UV irradiation of HSV-1 virions induced a much stronger innate
immune response compared to the non-UV irradiated virus infection. These
findings raised the question as to what specific PRRs were involved. To this
end, we focused on investigating well characterized PRR proteins of the
type | IFN pathway to determine their relative localization to cytosolic HSV-
1 genomes. PML was included as a negative control. Additional cytosolic
HSV-1 restriction factors were also investigated to determine if they played

a role in mediating the IFN response to UV irradiated HSV-1.

Consistent with previous reports (Sun et al., 2019), our data
demonstrated that cGAS was recruited to sites of HSV-1 vDNA in the cytosol.
UV irradiation of HSV-1 caused an enhanced recruitment of not only cGAS
but STING as well. This is interesting, as the canonical pathway currently
describes STING as an ER anchored molecule that interacts with the
secondary messenger molecule cGAMP produced following cGAS recognition
of DNA (Sun et al., 2009; Reinert et al., 2016; Wu et al., 2013). Additionally,
STING recruitment to cGAS was also enhanced following UV irradiation of
HSV-1, and was absent in cGAS KO HFt cells, suggesting cGAS localization
to infecting cytosolic genomes is a pre-requisite for the recruitment of

STING. This is further supported by ChIP experiments, showing direct cGAS
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interaction with vDNA being enhanced following UV irradiation, whilst

STING demonstrated no interaction at all despite being reported to interact
with DNA directly (Abe et al., 2013b). The increased interaction and
recruitment can be a direct or indirect result of the accumulated DNA
damage on viral genomes. To address the latter we investigated the
recruitment of other restriction factors that may sterically inhibit the
binding of cGAS, such as IFI16 but found no colocalization at HSV-1 DNA, in
agreement with a recent report that IFI16 localizes to actively replicating
genomes (Alandijany et al., 2018), even though it has been shown that IFI16
can interact with both cGAS and STING (Unterholzner et al., 2010; Johnson
et al., 2014; Orzalli et al., 2015). Sp1, a transcription factor involved in
HSV-1 replication, colocalized with vDNA within the cytoplasm during non-
irradiated HSV-1 infection that was inhibited following UV irradiation. This
gave evidence suggesting steric hindrance could potentially prevent cGAS
and STING from localizing to vDNA due to the presence of other competing
host factors. However, in Sp1 KO cells, neither cGAS nor STING were
recruited to sites of HSV-1 DNA. These findings, along with data presented
in the previous chapter, present preliminary evidence for a complex series
of events and interactions that enhance the activation of innate immune
signalling in response to UV irradiated virus infection. The data presented
here may explain the enhanced levels of activation of the IFN response in
UV irradiated virus infected cells and highlight the importance of carefully
interpreting data using UV irradiated viruses to study the cellular immune
response to infection, which is not as simple as currently portrayed in the

literature.
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6.2. Results

6.2.1. Recruitment of cytoplasmic PRRs cGAS and STING to HSV-1 DNA
is enhanced upon UV irradiation

The cGAS-STING pathway and its role in DNA detection of viruses has
been extensively studied. It has been reported that cGAS is involved in the
detection of cytosolic HSV-1 DNA, which leads to the activation of the
STING-IRF3 axis and IFN expression (Sun et al., 2019). Additionally,
numerous HSV-1 proteins have been shown to antagonize different steps of
the cGAS-STING pathway during infection (Table 3) (Pan et al., 2018;
Deschamps & Kalamvoki, 2017; Bodda et al., 2020; Christensen et al., 2016; Huang
et al., 2018; Su & Zheng, 2017b; Zhang et al., 2018). Data presented in Chapter
4, demonstrated an increase in the cytosolic deposition of HSV-1 genomes
following UV irradiation. Thus, we decided to investigate the recruitment
of DNA sensing molecules to HSV-1 genomes in the cytoplasm, specifically
cGAS and STING, to determine if UV irradiation of HSV-1 DNA influenced
their role in mediating the IFN response to HSV-1 infection. HFt cells were
seeded overnight and infected with either non-UV irradiated or UV
irradiated HSV-1 and fixed/stained for IF processing at 90 mpi. The cellular
PRRs cGAS and STING and HSV-1 genomes were readily detectable in the
cytosol of infected cells (Figure 26A and B). PML and IFI16 were used as
reference controls for indirect IF staining to detect any changes in
localization. To accurately compare the weighted coloc. coeff., an average
area (calculated mean area of 30 nuclei) was used to take measurements
from the cytosol containing the target genome and excluding nuclear
signal. This enabled comparison between cells that show variance in the
surface area of the cytoplasm (i.e., normalizing the number of pixels taken
over a range of images that are used as a basis for w. coloc. coeff.).
Interestingly, both cGAS and STING were recruited more efficiently to
cytoplasmic genomes following infection with UV irradiated HSV-1,
compared to non-irradiated HSV-1. There was no significant localization of

either protein to vDNA in the nucleus. PML exhibited a similar profile of
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decreased nuclear association to HSV-1 genomes following UV irradiation,

with no localization observed to VvDNA in the cytosol. IFI16 was not
detectably recruited to vDNA in either location (Figure 26). These data
provide evidence that both cGAS and STING may interact directly with
infecting VDNA, contrary to the canonical pathway currently described in
the literature. Additionally, cGAS has been reported to populate the
nucleus and to play a role in stabilizing IFI16 during HSV-1 infection (Orzalli
et al., 2015), but this was not observed in these experiments; highlighting
the cytosol as a potentially exclusive cellular compartment for PRR
detection in HFt cells following UV irradiation of HSV-1.

To further validate these observations, we identified a mouse
monoclonal antibody against STING that enabled dual staining experiments
with cGAS (Figure 27). A similar profile of enhanced recruitment to
cytosolic UV irradiated HSV-1 genomes was observed for both cGAS and
STING when compared to non-UV irradiated HSV-1 cytosolic genomes, albeit
to lower levels. Interestingly, STING recruitment to cGAS could also be
observed during HSV-1 infection and was enhanced upon UV irradiation
(Figure 27B). Collectively, these results suggested that the cGAS-STING
pathway maybe acting via a previously unreported mechanism, with STING

having a more direct acting role than previously thought.
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Figure 26. UV irradiation of HSV-1 enhances the recruitment of cGAS and STING to cytosolic
VvDNA.

HFt cells infected with 3 PFU/cell of HSV-1E¢C or UV HSV-1E4¢, Cells were fixed and permeabilized at
90 mpi. vDNA was detected using click chemistry. STING, cGAS and PML were detected via indirect
immunofluorescence. Nuclei were stained with DAPI. (A and B) Localization of cGAS or STING (green)
and PML (cyan) to cytosolic viral genomes (red), indicated by white arrows. White boxes show
zoomed areas of interest. Cut mask (yellow) highlights the regions of colocalization between the
cellular proteins of interest and non-UV or UV irradiated HSV-1E4¢ genomes. Weighted colocalization
coefficient shown. (C) Quantitation of cellular protein recruitment to infecting vDNA in the

cytoplasm or nucleus at 90 mpi. Black line: median weighted (w.) colocalization coefficient; dashed
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lines: SD. n>100 nuclei per sample population derived from a minimum of three independent repeats.

P value shown; Mann-Whitney U-test.
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Figure 27. UV irradiation of HSV-1 enhances the recruitment of cGAS and STING to cytosolic
VvDNA.

HFt cells were infected with 3 PFU/cell of non-UV or UV HSV-1. Cells were fixed and permeabilized
at 90 mpi. Infecting labelled viral DNA was detected using click chemistry. STING and cGAS were
detected via indirect immunofluorescence. Nuclei were stained with DAPI. (A and B) Localization of
STING (green) and cGAS (cyan) to cytosolic viral genomes (red), indicated with white arrows. White
boxes show zoomed areas of interest. Cut mask (yellow) highlights the regions of colocalization
between the cellular proteins of interest and non-UV or UV irradiated HSV-1 genomes. Weighted
colocalization coefficient shown. (C) Quantitation of cellular protein recruitment to infecting vDNA
or each other in the cytoplasm at 90 mpi. Black line: median weighted (w.) colocalization
coefficient; dashed lines: SD. n>120 nuclei per sample population derived from a minimum of three

independent repeats. P value shown; Mann-Whitney U-test.
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6.2.2. Super-resolution analysis of the interaction between cGAS/STING
and vDNA

In the canonical pathway cGAS is activated by recognizing and
binding to DNA, which leads to the production of the signalling molecule
cGAMP. STING has been described as an ER-bound protein that interacts
with the signalling molecule cGAMP, which induces STING’s translocation
to the ERGIC that activates TBK1 and IRF3. Our preliminary data suggest
that STING may directly localize to sites of cytoplasmic vDNA in association
with cGAS, which was enhanced following UV irradiation of HSV-1. We
therefore examined the physical distances between cGAS, STING, and vDNA

using super high-resolution imaging.

Super high-resolution imaging confirmed our previous analysis, with
cGAS and STING being readily detectable at vDNA (Figure 28A and B).
Quantification revealed that the number of cGAS foci present in the vicinity
of the HSV-1 genomes not to change following UV irradiation (typically 1
foci per genome). However, the number of STING foci almost doubled
during infection with UV irradiated HSV-1 compared to non-UV irradiated
HSV-1 infection (Figure 28C). Colocalization analysis was also performed
using the Pearson coefficient (Figure 28D). The colocalization of cGAS to
non-UV irradiated vDNA was high as indicated by the Pearson coefficient
(mean of 0.9) and did not change following UV irradiation. In contrast, the
colocalization of STING with vDNA increased upon UV irradiation (mean of
0.2 to 0.4), although this colocalization was signlificantly less than observed
with cGAS (Figure 28D). When looking at the distance between foci, we
separated them into two groups for our analysis; touching (foci that made
direct contact with vDNA) and proximal (foci that have no contact with
vDNA). There was no significant change in the distance between vDNA and
cGAS or vDNA and STING upon UV irradiation of HSV-1 relative to no
irradiation. However, cGAS localized in closer proximity to vDNA than STING
(Figure 28E). There was no significant change in the distance of proximal
cGAS or STING foci to vDNA following UV irradiation (Figure 28E). Notably,
the volume of the HSV-1 DNA did not show any significant change in this
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analysis compared to results presented in Chapter 2 (Figure 12 and 23).

However, this may reflect differences in the population size between each
analysis. Collectively these data demonstrate that the recruitment of cGAS
to VDNA does not change upon UV irradiation. However, an enrichment in
STING foci can be observed at sites in close proximity to VDNA, although
the distance of these foci to VDNA is greater than that of cGAS. These data
suggest a role for cGAS in the recruitment of STING to vDNA during HSV-1

infection that is dependent on UV irradiation.
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Figure 28. cGAS is more closely and efficiently recruited onto HSV-1 genomes in comparison to
STING.
HFt cells were infected with 3 PFU/cell of non-UV or UV irradiated HSV-1. Cells were fixed and

permeabilized at 90 mpi. vDNA was detected using click chemistry. STING and cGAS were detected
via indirect immunofluorescence. Nuclei were stained with DAPI. Super-resolution Images were
rendered and analysed using Imaris Imaging Software. Individual genomes represented by illustrated
points. Representative 3D images of localization of STING (green) and cGAS (cyan) recruitment to
non-UV (A) or UV (B) irradiated HSV-1 genomes (red). Black arrows indicate direction of the 90-
degree rotation of the image. Area for analysis taken at 2pm? per genome (C) Quantitation of number
of signal foci proximal to vDNA per region of Interest (ROI). Mean with 95% Cl shown. n>30 individual
viral genomes derived from a minimum of three independent repeats. P value shown; One-way
ANOVA (Kruskal-Wallis test). (D) Quantitation of host factor colocalization with vDNA using Pearson
coefficient. Mean with 95% CI shown. n>30 individual genomes derived from a minimum of three
independent repeats. P value shown; One-way ANOVA (Kruskal-Wallis test). (E) Quantitation of the
distance between host factors and vDNA. Touching is representative of direct contact with vDNA;
proximal is representative of no contact. Mean with 95% ClI shown. n>30 individual genomes derived
from a minimum of three independent repeats. P value shown; One-way ANOVA (Kruskal-Wallis test).
(F) Quantitation of volume of vDNA (as in C-E). Mean with SD shown. n>30 individual genomes derived

from a minimum of three independent repeats. ns=not significant, Mann-Whitney U test.



147

6.2.3. The type-I IFN response to UV irradiated HSV-1 is mediated by
the cGAS/STING pathway

Mouse and rabbit animal models have shown that UV irradiated HSV-
1 virions induces a strong innate immune response compared to non-UV
irradiated HSV-1 virions, which induced no IFN production, in serum
samples at 24 hours post inoculation. This response was preferentially
mediated by the type | and Il IFN pathways (Taylor & O’brien, 1985; Hendricks
et al.,, 1991; Eloranta, Sandberg & Alm, 1996; Gary, Rosenberg & Louis, 1974).
Based on these reports and the data presented on cGAS and STING
recruitment to UV irradiated HSV-1 DNA in the cytoplasm, we investigated
the involvement of cGAS and STING in mediating the type-I IFNB response.
To this end, we utilized HFt cells that were KO for STING or cGAS. A Non-
Targeted Control (NTC) gRNA was used as a negative control. The level of
KO was assessed by Western Blot, which showed 70-80% successful knock
down of the targeted genes (Figure 29). HFt cells were seeded overnight
prior to infection with non-UV or UV irradiated HSV-1 at an MOI of 3
PFU/cell or mock infected. mRNA was extracted at 6 hr post infection and
IFNB levels were analysed by qPCR. Polyl:C, a synthetic dsRNA analogue
molecule, was used as a positive control for IFNB stimulation. In NTC cells,
UV irradiated HSV-1 induced a significantly higher IFNJ response compared
to non-UV irradiated HSV-1. The levels of IFNB mRNA were significantly
lower in both cGAS and STING KO cells and comparable to mock treated
cells (Figure 30). These data show the importance of both PRRs, cGAS and
STING, in mediating the type | IFN response to UV irradiated HSV-1
infection, which is weaker in WT HSV-1 infection due to the expression of

multiple viral immune evasion antagonists (Table 1).
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Figure 29. Knock-down of cGAS and STING.

HFt cells were CRISPR-Cas-9 gene edited with guide RNAs that targeted either cGAS or STING gene
loci. A Non-Targeted Control (NTC) gRNA was used as a negative control. (A) Western blot showing
the levels of cGAS, STING and actin (as a loading control) in whole cell lysates derived from NTC,
cGAS KO and STING KO HFt cells. Membranes were probed for cGAS and STING to determine the level
of knock-down in their respective KO cell. (B) Bar graph showing the relative protein expression of
cGAS and STING in their respective KO cell lines. Values were normalized to NTC actin.
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Figure 30. cGAS and STING are required for IFN-3 induction during HSV-1 infection.

NTC or cGAS/STING KO HFt cells were seeded overnight prior to infection with non-UV or UV
irradiated HSV-1 at an MOI of 3 PFU/cell. Cells were harvested at 6 hrs post-infection and mRNA was
extracted. Bar graphs show the levels of IFNB mRNA. mRNA transcript levels were measured by qRT-
PCR and values normalized to GAPDH, using the threshold cycle (AACT) and expressed relative to
mRNA levels of NTC cells treated with Polyl:C (dotted line). Results were derived from three
independent experiments. Mean with SD shown. P value shown; Paired non-parametric Wilcoxon t-
test.
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6.2.4. cGAS localization to UV treated HSV-1 genomes is required for
the recruitment of STING

The close association of STING to cGAS at vDNA and increased
accumulation of STING foci proximal to vDNA upon UV irradiation raised the
question as to whether these PRR proteins were sequentially recruited to
vDNA. To answer this question, the localization profiles of cGAS and STING
to VDNA was investigated in cGAS KO cells to check if STING recruitment
was cGAS-dependent or if it independently recruited prior (Figure 31). HFt
NTC or cGAS KO cells were seeded overnight prior to infection with non-UVv
or UV irradiated HSV-1 at an MOI of 3 PFU/cell (Figure 32A). Enhanced levels
of colocalization of cGAS and STING to VDNA was observed in NTC cells
infected with UV irradiated HSV-1 (w. coloc. coeff. of <0.3) compared to
non-UV irradiated HSV-1 infected cells (w. coloc. coeff. of <0.15). There
was also an increase in the colocalization of STING at cGAS in these cells,
similar to our previous observation (Figure 27). As expected, KO of cGAS
led to a reduction in cGAS at VDNA. A reduction in the level of STING
recruitment of STING to VDNA in the absence of cGAS was also observed
(Figure 32B). To ensure only cGAS KO cells were included, cGAS positive
cells were excluded from the single cell analysis. These data suggests that
cGAS may be playing a role in the recruitment of STING to HSV-1 DNA in the
cytosol. This interaction is absent during infection with non-UV irradiated
HSV-1, which may be due to active viral antagonism of the cGAS/STING
pathway (Table 1). The recruitment of STING by cGAS could be through a
direct chaperoning activity, another mediator protein that interacts with
cGAS, or cGAMP synthesized by cGAS following DNA binding. Further

investigation is required to elucidate the specifics of this interaction.
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Figure 31. Quantitation analysis of cytoplasmic localization of host factors.

HFt cells were seeded on glass coverslips overnight prior to fixing and permeabilization at 90 mpi.
STING and cGAS were detected by indirect immunofluorescence. Nuclei were stained with DAPI. (A)
Cytoplasmic areas of interest (dashed line box) were cropped out using a pre-set area, equivalent of
the average size of a nucleus of an HFt cell. (B) Standard colocalization analysis was then performed.
Cut mask (yellow) highlights the regions of colocalization between the cellular proteins of interest,

further indicated by white arrows. Weighted colocalization coefficient shown.
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Figure 32. cGAS localization to UV treated HSV-1 genomes is required for the recruitment of
STING.

NTC or cGAS KO HFt cells were infected with 3 PFU/cell of non-UV or UV irradiated HSV-1. Cells
were fixed and permeabilized at 90 mpi. vDNA was detected using click chemistry. STING and cGAS
were detected by indirect immunofluorescence. Nuclei were stained with DAPI. FoV were derived
from cell cytosol. (A) Localization of STING (green) and cGAS (cyan) to cytosolic viral genomes (red).

Cut mask (yellow) highlights the regions of colocalization between the cellular proteins of interest
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and non-UV or UV irradiated HSV-1 genomes. Weighted colocalization coefficient shown. White
arrows indicate individual HSV-1 genome foci. (B) Quantitation of cellular protein recruitment to
infecting VDNA or each other in the cytoplasm at 90 mpi. Black line: median weighted (w.)
colocalization coefficient; dashed lines: SD. n>80 nuclei per sample population derived from a

minimum of three independent repeats. P value shown; Mann-Whitney U-test.
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6.2.5. UV irradiation of HSV-1 enhances cGAS interaction with vDNA

cGAS has been identified as a DNA sensing molecule that directly
interacts with DNA in a sequence length-dependent manner (Sun et al.,
2013; Andreeva et al., 2017; Luecke et al., 2017). As we had observed an
increase in cGAS and STING recruitment to vDNA following UV irradiation,
we next investigated the interaction of these two endogenous PRRs with
vDNA by ChIP-qPCR. HFt cells were seeded overnight prior to infection with
non-UV or UV irradiated HSV-1 at an MOI of 3 PFU/cell. Samples were
processed for chromatin extraction at 90 mpi and the IP performed using
rabbit polyclonal antibodies raised against cGAS or STING. Non-immune IgG
was used as a negative control. The bound vDNA was measured as a
percentage of the soluble input DNA using two independent primer probe
sets that detect Us3 and UL36 by gPCR. The input of non-UV and UV
irradiated HSV-1 was equivalent, as determined by the ACT value for both
viral genes (Figure 33A and B). The fraction of non-UV irradiated HSV-1 DNA
associated with cGAS was consistent and at similar levels as the IgG
background. Interestingly, UV irradiation of HSV-1 resulted in the
significant increase of the fraction of viral genomes associated with cGAS,
with these interactions significantly above IgG background (Figure 33A). On
the other hand, endogenous STING was not observed to interact with HSV-
1 DNA as the fraction of viral genomes associated with STING was
comparable to background levels (Figure 33B). Collectively these data
demonstrated that there is a direct interaction between cGAS, but not
STING, with HSV-1 DNA that is enhanced upon UV irradiation. These findings
correlate with our microscopy observations, which suggested that cGAS
promotes the recruitment of STING to VDNA independently of STING.
Whether the enhanced levels of interaction observed between cGAS and
VDNA occurs as a result of increased binding affinity or increased numbers
of cytosolic genomes following the UV irradiation remains to be

determined.
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Figure 33. UV irradiation of HSV-1 enhances cGAS, but not STING interaction with vDNA.

HFts were seeded overnight prior to infection with non-UV or UV irradiated HSV-1 at an MOI of 3
PFU/cell. Cells were UV crosslinked at 90 mpi and chromatin extracted. Immunoprecipitation was
carried out using cGAS, STING, and IgG (negative control) antibodies. Relative levels of HSV-1 DNA
bound to the target proteins was measured by gPCR using primer-probes that recognize Us3 and
UL36 viral sequences. (A) Bar graphs (left) showing the ACT value of the input virus for both non-UV
and UV irradiated HSV-1. Individual points shown, black lines: mean. Data was pooled from 5
independent repeats. P value shown; Paired student t test. Bar graphs (right) showing the percentage
of VDNA, bound to cGAS or IgG. Mean and standard error of the mean shown; Data pooled from 5
independent repeats. P value shown; Paired one-tailed non-parametric Wilcoxon test. (B) Bar graphs
(left) showing the ACT value of the input virus for both non-UV and UV irradiated HSV-1. Individual
points shown, black lines: mean. Data was pooled from 5 independent repeats. Paired student t test;
P>0.05 ns (not significant). Bar graphs (right) showing the percentage of viral DNA, bound to STING
or IgG. Mean and standard error of the mean shown; Data pooled from 5 independent repeats. P

value shown; Paired one-tailed non-parametric Wilcoxon test.
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6.2.6. Sp1 recruitment to cytoplasmic HSV-1 DNA is inhibited upon UV
irradiation

Sp1 is a cellular transcription factor that has been reported to
enhance IE and E gene expressions, as these genes contain multiple Sp1
binding sites (Pande, Petroski & Wagner, 1998; Tuan Nguyen-huynh & Schaffer,
1998; Gu, Huang & Hyward, 1995; Jones & Tjian, 1985). Given that recruitment
of both cGAS and STING was increased following UV irradiation (Figures 26
and 27), it raised the hypothesis that there might be steric hindrance
between cGAS and an unidentified cellular factor(s). To this end, we
investigated the recruitment of Sp1 to HSV-1 genomes in the nucleus and
cytosol. HFt cells were seeded overnight prior to infection with non-UV
irradiated or UV irradiated HSV-1 at an MOI of 3 PFU/cell. PML was used as
a positive control (Figure 34A). In the nucleus, Sp1 was not recruited to
vDNA by 90 mpi, whereas PML showed characteristic recruitment to HSV-1
DNA that was reduced upon UV irradiation (Figure 34B). In contrast,
cytoplasmic Sp1 was observed to associate with non-irradiated HSV-1
genomes at 90 mpi (w. coloc. coeff. of <0.6). This association was reduced
following UV irradiation of HSV-1, potentially due to thymine dimers
formation abrogating genome decompaction and Sp1 binding to VDNA
(Figure 34B). Collectively, these data demonstrate cytosolic DNA to bind
multiple cellular proteins that inhibit or influence PRR detection of viral
PAMPs. These data suggest that UV irradiation may enhance cGAS detection
of VDNA through impaired binding of other host factors that actively
compete for vVDNA binding in the cytosol. Whether this mechanism of
competitive DNA binding/steric inhibition occurs in the nucleus too remains

to be determined.
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Figure 34. Sp1 localization to HSV-1 genomes is decreased following UV irradiation.

NTC or cGAS KO HFt cells were infected with 3 PFU/cell of non-UV or UV irradiated HSV-1. Cells
were fixed and permeabilized at 90 mpi. vVDNA was detected using click chemistry. STING and cGAS
were detected by indirect immunofluorescence. Nuclei were stained with DAPI. (A) Localization of
Sp1 (green) and PML (cyan) to infecting viral genomes (red), indicated with white arrows. Cut mask
(yellow) highlights the regions of colocalization between the cellular proteins of interest and non-
UV or UV irradiated HSV-1 genomes. Weighted colocalization coefficient shown. White arrows
indicate individual HSV-1E4¢ genome foci. (B) Quantitation of cellular protein recruitment to infecting
VDNA or each other in the cytoplasm at 90 mpi. Black line: median weighted (w.) colocalization
coefficient; dashed lines: SD. n>50 nuclei per sample population derived from a minimum of three

independent repeats. P value shown;; Mann-Whitney U-test.
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6.2.7. KO of Sp1 affects the recruitment of cGAS and STING to HSV-1
genomes

The recruitment profile of Sp1 in HSV-1 infected HFt cells presented
some evidence for our hypothesis that a cellular protein may sterically
inhibiting the binding of cGAS and STING to non-UV irradiated vDNA in the
cytosol. To further test this, we decided to investigate the localization of
cGAS and STING during HSV-1 infection in Sp1 KO cells. To this end, HFt
cells were CRISPR-Cas 9 gene edited to disrupt the Sp1 gene expression.
However, as Sp1 is an important cellular transcription factor required for
cellular growth and division, the Sp1 KO cell line was derived through clonal
selection due to difficulties with bulking of the transformed HFt cells. The
KO of Sp1 was assessed by western blotting (Figure 35A and B). NTC was
used as an accompanying internal control. NTC or Sp1 KO HFt cells were
seeded overnight prior to infection with either non-UV or UV irradiated HSV-
1 at an MOI of 3 PFU/cell. Samples were fixed and processed at 90 mpi. Click
and IF were utilized to detect vDNA and the cellular PRRs (cGAS and STING),
respectively (Figure 36A). In NTC cells, cGAS and STING were recruited at
low levels to non-UV irradiated HSV-1 DNA and this recruitment was
enhanced following UV irradiation of the virus, in line with our previous
observations (Figure 36A). Quantitative analysis of Sp1 KO infected cells
showed that there was no recruitment of either cGAS or STING to HSV-1
DNA foci, irrespective of UV irradiation (Figure 36A and B). Additionally,
STING failed to colocalize with cGAS during HSV-1 infection as
demonstrated by the low weight. coloc. coeff. (<0.2) (Figure 36B). These
observations prove our hypothesis to be null, as these data suggest that
localization of Sp1 to sites of VDNA foci may be a requirement for the
recruitment of cGAS, and thereafter STING during HSV-1 virus infection.
The decrease in Sp1 localization to HSV-1 genomes following UV irradiation
and enhanced recruitment of cGAS and STING demonstrate that even a
weaker interaction between Sp1 and vVDNA may be sufficient to recruit the
cellular PRRs. However, western blot analysis of Sp1 KO cells (Figure 36A
and B) demonstrated that Sp1 may play an important transcriptional role in
the expression of cGAS, as cGAS protein levels were reduced in the absence

of Sp1. This would explain the reduced cGAS recruitment to cytoplasmic
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HSV-1 DNA and therefore the further recruitment of STING. Additional

experimentation is required to determine if Sp1 regulates the expression of
cGAS during HSV-1 infection.



162

>
w

@)
= = § s 3 cGAS
pd a § =1 STING
) o
, < = Spi
Spl P wew 81 2 10qpnmr
s O
cGAS — -70 g.g
= 0.5
3
. . = 00
STING s WS -37 3 5
=

Sp1 KO

Figure 35. Knock-down of Sp1.

HFt cells were CRISPR-Cas 9 gene edited with guide RNAs to target the Sp1. A Non-targeted Control
(NTC) gRNA was used as a negative control. (A) Western blot showing the levels of Sp1, cGAS, STING
and actin (loading control) in whole cell lysates derived from NTCs or Sp1 KO HFt cells. Membranes
were probed for Sp1 to determine the level of knock-down in the KO cell lines and cGAS or STING to
evaluate their protein expression. (B) Bar graph showing the relative protein expression of Sp1, cGAS

and STING in either cell line (as in A), normalized to their respective levels in NTC cells.



NTC
HSV-1E

163

STING (green), VDNA (red),cGAS(cyan),

STING@VvDNA cGAS@VDNA STING@cGAS

Mock

30 sec UV

STING@VvDNA cGAS@VDNA STING@cGAS

. v v



164
STING(green), vDNA (red),cGAS(cyan).

No UV

STING@VvDNA

Sp1 KO
HSV-1EeC

30 sec UV

STING@VvDNA

NonUV UV  2NIC # Spl KO

' STING cGAS
1.0- _ <0.0001 1.0—
: 0.0004 0.5489 . <0.0001
E 0.8 - <0.0001 % 0.8
o 0.0005 0.8863 S 0.0498
. o o
$ < 0.6 . S 2 0.6 0.7926
o9 50
o> 8o
}_:; ® 0.4 - E ® 0.4+
g o2 Y, 3 02
> 24 N\ A ) Y e o 2 .
2 //} = /}’
0.0 T T T T T T T T 0.0
0 30 0 30

Figure 36. Sp1 KO affects the localization of cGAS and STING to UV irradiated HSV-1 genomes.

NTC or Sp1 KO HFt cells were infected with 3 PFU/cell of non-UV or UV irradiated HSV-1. Cells were
fixed and permeabilized at 90 mpi. vDNA was detected using click chemistry. STING and cGAS were
detected by indirect immunofluorescence. Nuclei were stained with DAPI. (A) Localization of STING
(green) and cGAS (cyan) recruitment to infecting viral genomes (red), indicated by white arrows.
Cut mask (yellow) highlights the regions of colocalization between the cellular proteins of interest
and non-UV or UV irradiated HSV-1 genomes. Weighted colocalization coefficient shown. White
arrows indicate individual HSV-1 genome foci. (B) Quantitation of cellular protein recruitment to

infecting VDNA or STING to cGAS in the cytoplasm at 90 mpi. Black line: median weighted (w.)
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colocalization coefficient; dashed lines: SD. n>90 nuclei per sample population derived from a

minimum of three independent repeats. P value shown; Mann-Whitney U-test.
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6.3. Summary

The detection of viral PAMPs, such as vDNA, by cellular PRRs is
critical for the activation of immune signalling. Following pathogen
invasion, the PRR molecules recognise specific pathogen-associated motifs
and ultimately lead to the production of signalling molecules, such as
cGAMP, that stimulate signal transduction cascades that ultimately lead to
cytokine expression to control infection (Abe, Marutani & Shoji, 2019; Ma,
Ni & Damania, 2018). Since its discovery in 2013 (Zhang et al., 2013; Sun et
al., 2009), the cGAS-STING pathways has been extensively researched in its
role to detect vDNA. Recent reports have shown that it is heavily
antagonized during HSV-1 infection, for example UL37 deaminates cGAS to
inhibit cGAMP production or UL36 which binds directly to STING to promote
deubiquitination, resulting in the decreased production of IFN and ISGs
(Royer & Carr, 2016; Reinert et al., 2016; Yamashiro et al., 2020; Wang et
al., 2020; Huang et al., 2018a, 2018b; Orzalli et al., 2015; Su & Zheng,
2017; Zhang et al., 2018a, 2018b). However, the spatiotemporal kinetics of
this disruption have yet to be described. In the previous chapters we
demonstrated that UV irradiation of HSV-1 caused the premature uncoating
of HSV-1 genomes in the cytosol that led to enhanced levels of immune
signalling leading to IFNB transcription (Figures 10, 12 and 14). In this
chapter, we investigated the interaction between cytoplasmic cellular PRR

molecules and HSV-1 DNA in the context of UV irradiated virus infection.

Characterizing the recruitment profiles of cGAS and STING, we found
both proteins to increase in their relative localization to vDNA in the
cytoplasm (Figures 26 and 17). Notably, we could not observe cGAS or STING
localization to vDNA in the nucleus. With respect to cGAS, our data are in
line with the well characterized role of cGAS in cytosolic vDNA detection
(Zhou et al., 2018; Civril et al., 2013; Luecke et al., 2017; Du & Chen,
2018). On the other hand, STING’s recruitment was unexpected, as STING
is an ER bound dimer that interacts with cGAS indirectly via cGAMP
following cGAS activation upon DNA binding (Zhang et al., 2013; Shang et
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al., 2019; Diner et al., 2013; Shang et al., 2012; Burdette et al., 2011;

Ishikawa & Barber, 2008). It has been shown that STING is capable of
binding DNA directly, so a more direct role in DNA detection is plausible
(Abe et al., 2013b). However, we failed to observe STING binding to vDNA
by ChIP (Figure 33).

STING localization to cGAS during HSV-1 infection was present and
was enhanced in the context of a UV irradiated HSV-1 infection, although
direct contact with DNA was rare (Figure 33). Both of these PRRs are crucial
for the induction of the type-I IFN response to UV irradiated HSV-1 (Figure
30) (Stetson & Medzhitov, 2006). Our high-resolution analysis demonstrated
cGAS and STING to localize in close proximity to cytosolic vVDNA, with cGAS
making direct contact (Figure 28). cGAS localized closer to vDNA than
STING, consistent with its reported DNA binding properties (Zhou et al.,
2018; Civril et al., 2013; Luecke et al., 2017). KO of cGAS inhibited the
recruitment of STING to HSV-1 DNA, demonstrating that cGAS promotes the
accumulation of STING at vDNA (Figure 32). Direct interaction with vDNA
was only observed for cGAS, indicating that STING is unlikely to directly
interact with vDNA in our model system. Notably, cGAS binding to vDNA in
the presence of UV irradiation was significantly enhanced compared to non-
UV irradiated HSV-1 DNA (Figure 33). These findings demonstrated that
cGAS recruitment is enhanced when HSV-1 is UV irradiated. Whether cGAS
and STING form a complex at the site of vDNA is an interesting area of

investigation for future research.

Although Sp1 is a well described nuclear transcription factor that
influences the expression of many cellular genes, our data identified Sp1 as
a cellular factor being recruited to cytoplasmic vDNA foci (Figure 34)
(Jackson et al., 1990; Chu, 2012). The high level of colocalization observed
for Sp1 at HSV-1 genomes was site specific and only present in the
cytoplasm and not in the nucleus at 90 mpi (Figure 34). Additionally, the
recruitment of Sp1 was affected upon UV irradiation of HSV-1 genomes,

showing an inverse correlation between the level of Sp1 recruitment and
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UV irradiation (Figure 36). These observations may explain the enhanced

recruitment of the cytoplasmic DNA sensors cGAS and STING in the context
of UV irradiated virus infection, as the potential steric inhibition by Sp1
would be lost. HFt cells that were KO for Sp1 were unable to recruit cGAS
or STING to sites of HSV-1 DNA irrespective of UV irradiation. Moreover, the
colocalization between both cellular proteins in the absence of Sp1 was
lacking (Figure 36). These findings provide evidence that cGAS may require
Sp1 recruitment to VDNA prior to cGAS localization and further STING
recruitment during HSV-1 infection. However, the levels of cGAS protein
expression were affected in the absence of Sp1, indicating an indirect role
of Sp1 via its transcript regulatory function. Notably, there is an Sp1 binding
site present on the cGAS gene upstream of the promoter region. This
remains an interesting hypothesis for future research, as many

herpesviruses influence the expression of Sp1 during infection.

Collectively, these findings shed light into the mechanisms of DNA
detection during UV irradiated virus infection and provide an explanation
for the intense IFN response of cells produced in response to UV virus
infection. The cGAS-STING pathway is crucial in mediating the DNA
recognition during UV HSV-1 infection. The mechanism that this pathway
utilizes to recognize UV irradiated foreign nucleic acid differs from the
canonical pathway and may be masked by antagonistic HSV-1 proteins
during infection (e.g., UL37, UL46). The exact detail of this mechanism is

not fully clear and warrants further experimentation.
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7. Optimizing CLICK labelling of hCMV and
characterizing the cellular intrinsic immune response

7.1. Overview

HCMV is a betaherpesvirus that, similar to HSV-1, has a dsDNA
genome that replicates in the nucleus of infected cells (Shenk & Stinski, n.d.;
Landolfo et al., n.d.). Following membrane fusion and cellular uptake, the
capsid binds to microtubules to transit through the cytoplasm to the nucleus
(Ogawa-Goto et al., 2003). However, unlike HSV-1, the intrinsic immune
response to hCMV infection has not been as well studied. It has been
reported that hCMV DNA localizes to PML-NBs, which are disrupted
following the de novo expression of IE1 (Ishov, Stenberg & Maul, 1997;
Wilkinson et al., 1998; Korioth et al., 1996). PML knockdown alleviates the
intrinsic repression of hCMV and enhances lytic replication, whilst the
transient expression of PML reverses the phenotype (Tavalai et al., 2006).
Sp100 has also been shown to play a role in hCMV restriction, as Sp100 KD
results in increased viral plaque formation (Adler et al., 2011). Daxx and
ATRX repress IE1 gene expression, and their individual knock down has a
positive effect on hCMV replication and plaque formation (Tavalai, Rechter &
Stamminger, 2008; Lukashchuk et al., 2008; Woodhall et al., 2006). The
proteasomal-mediated degradation of Daxx and displacement of ATRX by
the tegument protein pp71 alleviates IE1 gene silencing to promote IE1 gene
expression and the onset of lytic replication (Hofmann, Sindre & Stamminger,
2002; Hwang & Kalejta, 2007; Lukashchuk et al., 2008; Saffert & Kalejta, 2006). One
of the reasons for the poor understanding in the spatiotemporal kinetics of
these initial nuclear events to hCMV infection events is due to a lack of a
suitable model system that would allow for the direct visualization of host
factor recruitment to vDNA. Studies looking into the association of intrinsic
immune factors have historically utilized indirect labelling methods, for
example the use of viral DNA binding proteins, or in situ hybridization to
visualize VDNA (Ishov, Stenberg & Maul, 1997). Such methods typically rely on
the use of high MOls to be able to successfully detect viral genomes as well

as harsh processing conditions, which ultimately lead to the saturation of
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intrinsic immune defences, cytotoxicity, and poor detection of cellular host

factors. In order to circumvent these issues, we optimized a CLICK labelling
protocol to visualize hCMV DNA that would be applicable to investigate the
PML-NB intrinsic immune response. Unlike HSV-1, hCMV required different
labelling conditions as the kinetics of infection is much slower and studies
have shown that the incorporation of nucleoside analogues to be
significantly different (Manska, Octaviano & Rossetto, 2020). To date there is
only one microscopy-based study currently under review using this method
to investigate the role of PML-NBs and other intrinsic restriction factors to
hCMV utilizing click chemistry (Scherer et al., 2021).

In this chapter a combination of EAC/EdA labelling of hCMV genomes
and indirect immunofluorescence confocal microscopy was used to
characterize the recruitment of nuclear intrinsic immune factors (PML-NB
major constituent proteins) to hCMV genomes. This analysis was performed
up to 360 mpi and an MOI of 3 FFU/cell. hCMV viral genome translocation
into the nucleus occurred at a much slower rate compared to HSV-1, with
360 mpi being optimal for vDNA delivery into the nucleus. Key PML-NB
protein constituents, but not SUMO proteins, were observed to be recruited
to sites of infecting hCMV DNA and exhibited a genome entrapment
mechanism of viral inhibition, similar to that observed for HSV-1
(Alandijany et al., 2018). IE1 and pp71 expression was enough to overcome
the intrinsic immune response, which dispersed PML and Daxx from vDNA.
These findings provide further evidence that the PML-NB intrinsic immune

response is conserved against Herpesviruses from multiple subfamilies.
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7.2. Results

7.2.1. Optimization of EdC/A-labelling of hCMV in IMR-90 cells

EdC/EdA labelling of hCMV (AD169) was carried out in IMR-90 cells as
the viral titre yields were the highest in this cell line and the nucleoside
analogues did not induce observable cytotoxicity. A combination of EAC and
EdA was utilized due to poor incorporation of EdC into hCMV genomes alone
(Manska, Octaviano & Rossetto, 2020). IMR-90 flasks were infected with hCMV
stocks and incubated until visible CPE was observed, indicative of a
productive infection to ensure the uptake of the click nucleotides. This
typically occurred between 4-6 dpi, when daily pulsing with EAC/EdA at 5
mM (final concentration) commenced. Virus harvesting was performed
when CPE reached 80-90% cell death to achieve the highest viral titres
possible. This was usually seen between 12-14 dpi (Figure 37). Labelled
hCMV was not processed through a NAP column due to a significant drop in
virus during this cleaning-up step (Figure 38). This remained a limitation,
as the free nucleotides present in the viral supernatant could be uptaken
by cells and incorporated into cellular chromatin during cell division. This
resulted in obstructed visualization of hCMV genomes within a population
of cells. These labelled cells were excluded from our preliminary analysis,
in order to begin to investigate if hCMV click labelling could be applicable
to investigating nuclear intrinsic host immune defences (Figure 39). These
labelling conditions worked, but a degree of variability was observed
between the different viral preparations. To limit the effect of the
difference in labelling efficiency on data interpretation, we utilized a single
hCMV virus stock for all of the presented experiments below. Further
optimising is ongoing within the lab, which has now established a column
purification step and the labelling of more clinically relevant strains of
hCMV (e.g., TB40OE).
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Initially experiments were aimed at characterising the labelling

efficiency of the viral stock to ensure that the vDNA signal is detectable.
To determine the virus concentration, we utilized a Foci Forming Unit (FFU)
assay to estimate the concentration of the virus stock for future infections,
as normal PFU assays take upto 14 days to perform (Figure 39A). HFt cells
were infected with two MOIs of virus - 0.01 and 0.1 FFU/cell and fixed at
360 mpi. Samples were stained by click chemistry and cellular nuclei were
stained with DAPI stain. The number of viral genomes per FoV, genomes per
nucleus and percentage of infected cells all increased at the higher MOI of
0.1 FFU/cell compared to 0.01 FFU/cell (Figure 39B, C and D). Quantitation
of microscopy images demonstrated that there was no difference in the
percentage of nuclear and cytoplasmic genomes between the two different
MOIs used (Figure 39E). These data demonstrated that the CLICK-labelled
virus stock (hCMVEIC/EdA) was readily detectable and suitable for the

purpose of our investigations.
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Figure 37. Pulsing and harvesting of EAC/EdA labelled hCMV.
Flasks of IMR-90 cells were mock infected (negative control) or infected with hCMV (strain AD169)

at an MOI of 0.01 PFU/cell. Following absorption, flasks were incubated for 4-5 days until CPE was
observed. Pulsing with EdC/EdA (final concentration of 5uM) was initiated every 24 hrs. Virus was

harvested when advanced CPE was observable.
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Figure 38. Clean-up and titration of labelled hCMV virus.
HFF cells were seeded overnight prior to infection with neat labelled hCMV;, filtered (0.45 uM filter)

labelled hCMV or NAP column purified filtered hCMV. At 24 hours post-infection, cells were fixed
and permeabilized, and immunostained for hCMV foci formation using an anti-pp72 monoclonal

antibody. Cells were analysed using a Celigo Image Cytometer and the FFU titre was then calculated.
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Figure 39. Characterization of labelled hCMV virus stock.
(A) HFF cells were seeded overnight prior to infection with labelled hCMV with indicated volumes.

At 24 hours post-infection, cells were fixed and permeabilized, and immunostained for hCMV foci
formation using an anti-pp72 monoclonal antibody. Cells were analysed using a Celigo Image
Cytometer and the FFU titre was then calculated. (B) HFF cells were seeded overnight prior to
infection with hCMV at an MOI of 0.5 FFU/cell. Cell monolayers were fixed and permeabilized at 90
mpi. Viral DNA was visualized with click chemistry. Nuclei were stained with DAPI stain (blue).
Number of genomes per FoV. Individual points shown; black line: median. n=3 fields of view per
condition derived from a minimum of 3 independent experiments conducted in duplicate. (C) Total
number of genomes per nucleus. Minimum of 3 independent experiments conducted in duplicate.
(D) Percentage of genome positive nuclei per FoV over time. (E) Quantitation of the genome

distribution (nuclear or cytoplasmic).
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7.2.2. Direct visualization of hCMVEICEdA genomes demonstrate the
dynamics of genome deposition

Having confirmed the hCMV genome labelling to have worked, we
were able to utilize EAC-EdA labelled virus to directly detect input genomes
prior to the onset of viral gene expression. Similar to HSV-1, CLICK
chemistry was used to detect vDNA and indirect immunolabelling used to
detect host cell restriction factors. HFF cells were seeded onto glass
coverslips prior to infection with hCMVEIC/EdA at an MOI of 0.5 FFU/cell.
Coverslips were fixed at different timepoints following the addition of virus
(45, 90, 180 and 360 mpi), prior to staining for vDNA and nuclei with DAPI
(Figure 40A).

Viral genomes could be detected as early as 45 mpi, with the
majority of these being cytoplasmic (80%) at this time point. The sub-
cellular localization of vDNA gradually shifted over time, with around 70%
of hCMVEd</EdA genomes being detected in the nucleus at 360 mpi (Figure
40A). Viral genome foci could be detected in approximately 30% of infected
cells per FoV by 360 mpi (Figure 40B). The number of detectable genomes
per nucleus remained consistent throughout the time course (Figure 40B).
Collectively, these data demonstrate hCMV to have slower kinetics of
genome transport to the nucleus compared to HSV-1 and identify 360 mpi
as an initial timepoint to investigate nuclear genome association with PML-
NBs. We therefore utilized 360 mpi as the experimental timepoint for the
remainder of this chapter.
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Figure 40. Time course of hCMV genome deposition in the nucleus.

HFF cells were seeded overnight prior to infection with hCMV at an MOI of 0.5 FFU/cell. Cell
monolayers were fixed and permeabilized at 90 mpi. Viral DNA was visualized by click chemistry.
Nuclei were stained with DAPI (blue). (A) Quantitation of the genome distribution (nuclear or
cytoplasmic) over time per FoV expressed as a percentage (%). Black line: median with 95% Cl; n=3
FoV per condition derived from a minimum of 3 independent experiments conducted in duplicate. P
value shown; One-way ANOVA (Kruskal-Wallis). (B) Total number of genomes per nucleus. n>100
genome foci per condition derived from 3 independent experiments conducted in duplicate.
Individual points shown; black line: median with 95% Cl. n=3 fields of view per condition derived
from a minimum of 3 independent experiments conducted in duplicate. (C) Percentage of genome

positive nuclei per FoV over time.
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7.2.3. PML-NB proteins entrap hCMV vDNA from the outset of nuclear
infection

Core constituent proteins that reside within PML-NBs can act as
intrinsic host immune factors in the cellular restriction of herpesviruses,
which in the case of HSV-1 can entrap VDNA leading tot its epigenetic
silencing (Alandijany et al., 2018). However, it is not known if this
mechanism of PML-NB entrapment is a panherpesvirus mechanism of
restriction or Alphaherpesvirus specific (Reichelt et al., 2012, 2011a;
Alandijany et al., 2018). PML-NBs have been described to associate with
hCMV genome foci in the nucleus prior to IE1 expression (Ishov, Stenberg &
Maul, 1997; Kelly, Driep & Wilkinson, 1995; Wilkinson et al., 1998; Korioth et al.,
1996; Lee et al.,, 2004; Hou et al., 2017; Schilling et al., 2017). In order to
investigate the recruitment of PML-NB proteins to hCMV vDNA following
nuclear entry we utilized the CLICK labelled hCMVEIC/EAA (Figure 39)
(Manska, Octaviano & Rossetto, 2020; Scherer et al., 2021).

HFF cells were seeded onto glass coverslips prior to infection with
hCMVEdC/EdA 3t an MOI of 0.5 FFU/cell. Coverslips were fixed at 360 mpi,
prior to staining for cellular proteins (PML, Daxx, ATRX and histone H3),
DAPI and vDNA (Figure 41A). Infected cells exhibited a high degree of
colocalization efficiency (w. coloc. coeff. <0.6) between PML and viral
genome foci (Figure 41B). In contrast, histone H3, ATRX and Daxx were all
demonstrated significantly lower levels of colocalization with hCMV vDNA
less efficiently. Z-series imaging revealed hCMV genomes to be entrapped
within PML-NBs, similar to that observed for HSV-1 and VZV (Figure 41C)
(Alandijany et al., 2018; Reichelt et al., 2011a). Quantitative analysis of
microscopy images demonstrated that Daxx, ATRX and histone H3 to have
reduced localization to PML, during hCMV infection (Figure 41B). The hCMV
tegument protein pp71 is known to target Daxx for dispersal from PML-NBs
by mediating Daxx proteasomal degradation, which influences the
recruitment of ATRX and histone H3 at PML-NBs through the histone H3.3
chaperone properties of Daxx (Ishov, Vladimirova & Maul, 2002; Cantrell &

Bresnahan, 2006; Hwang & Kalejta, 2007). These data demonstrate PML-NBs
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entrapment of VDNA to be a conserved host response to herpesvirus

infection, although key mediators of intrinsic immunity (e.g., Daxx and
ATRX) are missing from these structures that promote transcriptional
silencing (Cantrell & Bresnahan, 2006; Ishov, Vladimirova & Maul, 2002; Woodhall

et al., 2006).
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Figure 41. PML-NB constituent proteins colocalization and entrapment of hCMV genomes upon
nuclear entry.

HFF cells were infected with hCMV at an MOI of 0.5 FFU/cell. Cells were fixed and permeabilized at
360 mpi. Infecting labelled viral DNA was detected by click chemistry. PML, Daxx, histone H3, and
ATRX were detected by indirect immunofluorescence. Nuclei were stained with DAPIL. (A)
Localization of Daxx/ATRX/histone H3 (green) and PML (cyan) to nuclear viral genomes (red),
indicated with white arrows. Cut mask (yellow) highlights the regions of colocalization between the
cellular proteins of interest and hCMV genomes. Weighted colocalization coefficient shown. (B)
Quantitation of cellular protein recruitment to infecting vVDNA or PML in the nucleus at 360 mpi.
Black line: median weighted (w.) colocalization coefficient; dashed lines: 95% Cl. n>80 nuclei per
sample population derived from a minimum of three independent repeats. P value shown; Mann-
Whitney U-test. (C) Super-resolution Images were rendered and analysed using Imaris Imaging
Software. Representative 3D images of localization of Daxx (green) and PML (cyan) recruitment to

hCMV genomes (red). Purple arrows indicate direction of the 90/180-degree rotation of the image.
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7.2.4. hCMV IE1 disperses PML to antagonize PML-NB entrapment of
vDNA

Unlike HSV-1 (Figure 20 and 21), the weighted colocalization
coefficient for PML at hCMV DNA significantly varied between genomes,
representative of a long narrow violin plot (Figure 42). IE1 is known to
inhibit the de novo PML SUMOylation, leading to the nuclear diffusion of
PML-NBs which alleviates viral genome repression (Lee et al., 2004; Hou et
al., 2017; Schilling et al., 2017). We therefore investigated the role of IE1
in disrupting the localization of PML at hCMV vDNA during initial stages of
nuclear infection. HFF cells were seeded onto glass coverslips prior to
infection with hCMVEIC/EdA gt an MOI of 0.5 FFU/cell. Coverslips were fixed
at different times (120, 180 and 360 mpi), prior to staining for PML, hCMV
IE1, and vDNA (Figure 42A). PML exhibited a high level of colocalization at
DNA (w. coloc. coeff. >0.6) at 120 mpi, which reduced over time (Figure
42B). There was a clear inverse correlation between the localization of PML
to VDNA and IE1 cell positivity, indicative of IE1 mediated PML dispersal
(Figure 42B). Quantitative analysis indicated that the colocalization
coefficient of IE1 recruitment to VDNA also increased over time, opposite
to the recruitment profile of PML (Figure 42B). Interestingly, IE1 did not
localize to PML foci at any of the timepoints (Figure 42C). Collectively,
these data demonstrate that the expression of IE1 is sufficient to

disassociate PML from PML-NBs in order to relieve viral genome silencing.
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Figure 42. IE1 induces the dispersal of PML from sites of vDNA.

(A) HFF cells were mock infected or infected with hCMV at an MOI of 0.5 FFU/cell. Cells were fixed

and permeabilized at the indicated time. Infecting labelled vDNA (red) was detected using click
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chemistry, indicated by white arrows. IE1 (green) and PML (cyan) were detected via indirect
immunofluorescence. Nuclei were stained with DAPI. (B) Localization of PML to nuclear viral
genomes (left) and dependent on IE1 positivity (right). Black line: median weighted (w.)
colocalization coefficient; dashed lines: 95% Cl shown. n>200 nuclei per sample population derived
from a minimum of three independent repeats. P value shown; Mann-Whitney U-test. (C) Localization
of IE1 to nuclear viral genomes (left) or PML (right). Black line: median weighted (w.) colocalization
coefficient; dashed lines: 95% Cl shown. Minimum of three independent repeats. P value shown;
Mann-Whitney U-test.
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7.2.5. SUMO1/2/3 do not stably associate with nuclear hCMV genomes

SUMO proteins are involved in regulating a wide range of cellular
processes such as transcription, cell cycle regulation and immune response
pathways (Rivas et al., 2021b; Wilkinson & Henley, 2010). IE1 has evolved to
hijack the SUMO pathways by either exploiting the SUMO machinery or
targeting cellular or viral proteins for SUMOylation to promote the viral
infection (Tripathi, Chatterjee & Das, 2021; Lee et al., 2004; Schilling et al., 2017).
Considering the role SUMO proteins play during hCMV infection, we
investigated the recruitment of SUMO proteins to infecting hCMV genomes
following genome entry into the nucleus. HFF cells were seeded onto glass
coverslips prior to infection with hCMVEIC/EdA 3t an MOI of 0.5 FFU/cell.
Coverslips were fixed at 360 mpi, prior to staining for PML, Sp100, SUMO1
and SUMO2/3, and vDNA (Figure 43A). Both Sp100 and PML were strongly
associated with hCMV genome foci (w. coloc. coeff. >0.6), whilst SUMO1
and SUMO2/3 were not readily detected at VvDNA, but rather in close
proximity to genome foci (Figure 43B). From these data we cannot conclude
if SUMO1/2/3 play a role in the entrapment of hCMV genomes during early
time points of infection, as their function may be antagonized by IE1
expression. Further investigation is required to study the involvement of
SUMO proteins in the entrapment of hCMV genomes.
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Figure 43. Recruitment of PML-NB constituent proteins to infecting viral genomes.
HFF cells were infected with hCMV at an MOI of 0.5 FFU/cell. Cells were fixed and permeabilized at
90 mpi. Infecting labelled viral DNA was detected using click chemistry. PML, Sp100, SUMO1, and

SUMO2/3 were detected via indirect immunofluorescence. Nuclei were stained with DAPI. (A)
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Localization of Sp100/SUMO1/SUMO2/3 (green) and PML (cyan) to nuclear viral genomes (red),

indicated with white arrows. Cut mask (yellow) highlights the regions of colocalization between the
cellular proteins of interest and hCMV genomes. Weighted colocalization coefficient shown. (B)
Quantitation of cellular protein recruitment to infecting vDNA in the nucleus at 90 mpi. Black line:
median weighted (w.) colocalization coefficient; dashed lines: 95% Cl. n>120 nuclei per sample
population derived from a minimum of three independent repeats. P value shown; Mann-Whitney U-
test. (C) Quantitation of cellular protein recruitment to PML in the nucleus at 90 mpi. Black line:
median weighted (w.) colocalization coefficient; dashed lines: 95% Cl. n>120 nuclei per sample
population derived from a minimum of three independent repeats. P value shown; Mann-Whitney U-
test
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7.3. Summary

The rapid recruitment of host restriction factors is key for mounting
an effective antiviral immune response to infection. As such, PML-NB
consituent proteins have been the subject of intensive research over the
last 30 years, due to their known role in modulating the onset of hCMV
infection. However, a large gap in our understanding of the spatiotemporal
kinetics of how these proteins are recruited to herpesviruses outwith of the
alphaherpesviruses, such as hCMV, has remained limited. This is due to the
limitations and technical challenges in the detection of VDNA during the
initial phase of nuclear infection. In the previous chapters we demonstrated
an optimized protocol for DNA labelling of HSV-1 that has provided a non-
invasive method to analyse the recruitment efficiency of host immune
factors to HSV-1 (Sekine et al., 2017; Alandijany et al., 2018). This protocol
was applied to visualizing hCMV vDNA to enable the investigation of the
temporal recruitment of host intrinsic immune factors to VvDNA to
determine these host intrinsic immune responses were conserved between

herpesvirus family members.

Labelling of hCMV DNA using nucleoside analogues required
optimization to ensure the highest efficiency of incorporation within the
viral DNA backbone. Recent studies have shown that the different
nucleotides- deoxyuridine (EdU), deoxyadenine (EdA), deoxycytidine (EdC)
and deoxythymidine (EdT) are incorporated into the different herpesviruses
at various efficiencies in specific cell lines (Manska, Octaviano & Rossetto,
2020). It was shown that EdC alone was insufficient to pulse label hCMV DNA
(Manska, Octaviano & Rossetto, 2020). To bypass the reduced incorporation
efficiency and increase the labelling efficiency we utilized a combination
of two nucleotide analogues, EAC and EdA. The time at which pulsing was
initiated was also optimised to ensure efficient uptake by the virus without
inhibiting the progress of hCMV infection. Due to the slow replication cycle
of hCMV, with progeny virus being detected after 50 hours post-infection,

it was important to allow virus replication to be well initiated to avoid the
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nucleotides be solely uptaken into cellular chromatin during cell division.

As a limitation to this method additional post-infection clean-up of the virus
stock to remove the free nucleotides resulted in significant reduction in
virus titre (Figure 37, 38 and 39). Consequently, using the virus stock to
infect cells resulted in nucleotides being taken up by bystander cells and
adding additional signal that would increase some of the background during
the analysis. This could be overcome by increasing the number of samples
(n) and exclude the labelled cells. However, work is currently ongoing in
the lab to further optimise hCMVEIC/EdA clean up. Overall, this method
allows for the generation of a labelled virus stock that is consistent in its

labelling for subsequent experimentation (Scherer et al., 2021).

The microscopy observations in this study show the dynamics of
genome deposition of hCMV DNA during infection, indicating that most viral
genomes reach the nucleus by 360 mpi (Figure 40). Compared to the 90 mpi
of HSV-1, hCMV genome traverse the cytosol with different kinetics. While
it remains to be determined as to why this may be the case, it may reflect
the size of the virus particle or mixed modes of entry. Notably, hCMV has
been shown to enter cells through fusion and endocytosis, which may
account for the differences observed. Additionally, there might be other
cytoplasmic intrinsic immune factors that may be slowing down the
transport of viral capsids, such as IFI16 (Dell’Oste et al., 2014). Once the
viral genome is released into the nucleus, PML-NBs were initially proposed
to be beneficial sites for viral replication. However, it has been revealed
that core constituent proteins of PML-NBs such as PML, Sp100, and Daxx are
hCMV restriction factors (Landolfo et al., n.d.; Shenk & Stinski, n.d.). PML-NBs
have shown to associate with hCMV DNA immediately after nuclear entry,
which promote the transcriptional silencing of IE promoters that is the
actions of the Daxx-ATRX complex and histone deacetylases (Saffert &
Kalejta, 2006; Woodhall et al., 2006). The exact mechanism of restriction of
other major constituent proteins, such as PML and Sp100, remains to be
elucidated. The data presented here demonstrates PML and Sp100 to entrap
the viral genome up to 360 mpi (Figure 41), similar to that observed for

HSV-1 and Varicella-Zoster Virus (Sekine et al., 2017; Alandijany et al.,
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2018; Reichelt et al., 2011b). This entrapment promotes genome silencing,

which is antagonized by the expression of IE1 destabilising PML SUMOylation
(Figure 42) (Wilkinson et al., 1998; Korioth et al., 1996). The mechanism
by which hCMV evades chromatin repression is by the removal of Daxx, and
consecutively ATRX, by the viral pp71 from the MIE sites, which allows for
the generation of IE1/IE2 (Hofmann, Sindre & Stamminger, 2002; Ishov,
Vladimirova & Maul, 2002; Cantrell & Bresnahan, 2005; Ishov, Vladimirova & Maul,
2002; Cantrell & Bresnahan, 2005; (Hwang & Kalejta, 2007). These observations
are further supported by a recent report also showing the entrapment
phenotype of hCMV DNA exerted by PML-NBs (Scherer et al., 2021).

In summary, the data presented in this chapter demonstrates the
spatiotemporal regulation of the intrinsic immune response during hCMV
infection. PML-NB constituent proteins are rapidly recruited to vDNA
genomes upon the nuclear deposition of the vDNA leading to the silencing
of the virus via genome entrapment. The viral protein-mediated
degradation of PML-NB proteins is required to alleviate this restriction and

initiate viral gene transcription.
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8. Discussion

The host intrinsic and innate immune response play a key role in
controlling HSV-1 replication. UV irradiation of viruses has provided a useful
tool to study the innate immune response, as it robustly activates the IFN
immune response under relatively low MOIl. The key findings of this study
are that intrinsic and innate immune responses to UV irradiated HSV-1
infection are inversely activated by virtue of premature cytoplasmic
deposition of viral genomes and opposing effects of UV irradiation on vDNA
interactions with cellular PRRs and host restriction factors. The intrinsic
immune response to HSV-1 is mediated by pre-existing nuclear restriction
factors (e.g. PML-NB proteins) which recognize vDNA immediately after
nuclear entry that attempt to represses the onset of viral transcription
(Tavalai & Stamminger, 2009; Boutell & Everett, 2013; Everett & Chelbi-Alix, 2007;
Scherer & Stamminger, 2016). In contrast, the induction of innate immune
response is reliant on the recognition of viral genomes that have been
inappropriately deposited in the cytoplasm by PRRs (e.g., cGAS). This
initiates signalling cascades that ultimately results in the production of type
| IFNs that act to prime neighbouring cells into an antiviral state to limit
the spread of infection (Abe, Marutani & Shoji, 2019; Ma, Ni & Damania, 2018;
Lurie & Platanias, 2005). The secretion of IFNs is also critical for the activation
and recruitment of different immune cells, such as macrophages and
Natural Killer cells (Paolini et al., 2015; Rizza et al., 2015), which restrict
replication through the induction of apoptosis or phagocytosis of infected
cells (Nainu, Shiratsuchi & Nakanishi, 2017; Rodriguez et al., 2017; Bayliss & Piguet,
2018).

This study advanced our understanding as to why UV irradiated
herpesviruses are strong inducers of the type | IFN response. Additionally,
it provides evidence that some of these pathways, like PML-NB entrapment,
are conserved between different herpesvirus families, which and warrants

further optimisation and investigation. These findings are discussed below.
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8.1. The effects of UV irradiation on viral genome deposition during
infection

UV irradiation has been a method utilized routinely in virology to
inactivate viruses and induce IFN responses for immunological studies
(Laycock et al., 1991; Dalai et al., 2002; Leblanc et al., 1999; Gary, Rosenberg &
Louis, 1974). The use of UV inactivated viruses enables cellular immune
response to infection to be studied at an organismal or cellular level
independently of the expression of viral proteins that may otherwise
counteract host immune response to infection. However, it remains to be
determined what direct influence UV irradiation has on the presentation of
PAMPs or detection by cellular PRRs. In order to investigate these virus host
interactions at single-molecule resolution, we utilized a protocol that
allowed for the specific detection of EdC-labeled vDNA under low MOI
(Figure 6) (Sekine et al., 2017; Alandijany et al., 2018). Plaque assay data
showed that UV irradiated HSV-1 was unable to establish a productive
infection due to a lack of viral IE protein synthesis (Figure 7,8 and 9) (Eglin,
Gugerli & Wildy, 1980; Ross, Cameron & Wildy, 1972; Fridlender et al., 1978). We
find considerable evidence demonstrating UV irradiation to induce the
premature deposition of HSV-1 vDNA into the cytoplasm of cells. This
phenotype was observed independently of UV light sources. (Figure 13 and
20) (Miyamoto’ And & Morgan, 1971). Correspondingly, these cells induced a
much stronger type | IFN immune response compared to non-UV irradiated
HSV-1 infected cells (Figure 10) (Gary, Rosenberg & Louis, 1974; Taylor &
O’brien, 1985; Hendricks et al., 2021; Eloranta, Sandberg & Alm, 1996). Our
observations are consistent with EM observations that have shown a block
to viral infection at a pre-replication step (Ross, Cameron and Wildy, 1972;
Fridlender, Asher, Weinberg-Zahlering and Becker, 1978). Thus, in contrast
to normal infection, UV irradiation promotes the premature activation of
type | IFN mediated signalling by significantly increasing the cytoplasmic

deposition of viral genomes.

Following entry, viral capsids bind to microtubules to traverse the

cytoplasm to the nucleus, where they interact with component proteins of
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the NPC to deposit their genomes into the nucleus (Kristensson et al., 1986;

Sodeik; Topp, Meade and LaVail, 1994; Ebersold and Helenius, 1997).
Studies carried out in macrophages have shown a role of the proteasome-
mediated degradation in processing HSV-1 capsids that contributes to the
releasing of VDNA into the cytoplasm for subsequent detection by cellular
PRRs, such cGAS (Horan et al., 2013; Sun et al., 2019). These findings are
inconsistent with our data, which show the chemical inhibition of the
cellular proteasome in fibroblasts not to affect the levels of detectable
VvDNA in the cytoplasm irrespective of UV treatment (Figure 15 and 16). We
therefore did not identify a role for the proteasome in the premature
uncoating of UV-irradiated HSV-1 genomes. This difference may be
attributable to the difference in cell type, as fibroblasts have lower
expression levels of the 26s proteasome compared to myeloid cells (Human
Protein Atlas). Cytoskeletal disruption, specifically microtubule disruption,
is known to influence capsid transport to the nucleus that reduces HSV-1
viral titre yields (Kristensson et al., 1986; Ebersold and Helenius, 1997).
These data are consistent with our findings, which show Nocodazole
treatment of cells to significantly increases the levels of cytoplasmic HSV-
1 genomes independently of UV irradiation (Figures 17 and 18). We propose
that UV irradiation of HSV-1 virions inhibits the association with
microtubules, which enhances the rate of premature vDNA deposition
observed in untreated cells upon infection with UV irradiated virus. Further
investigation is warranted to determine the specific mechanism of
disassociation of UV-irradiated HSV-1 capsids from cellular microtubules
but is likely to involve changes to capsid or tegument proteins involved in
cytoskeletal transport, such as UL34 and VP26 (Reynolds et al., 2002;
Dohner, Nagel and Sodeik, 2005). Collectively, our data demonstrate that
the failure of HSV-1 to establish a productive infection following UV
irradiation is, at least in part, caused by the ineffective delivery of genomes
to the nucleus due to the premature release of vDNA into the cytoplasm.
These data have implications on our understanding of the effects of UV
irradiation on viral infection and the localization of the UV irradiated vDNA
within the cell following entry. In turn, the cytoplasmic deposition of vDNA
explains the enhanced innate immune response elicited by cells in response

to UV irradiated herpesviruses (Rosenberg and Notkins, 1974; Taylor and
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O'Brian, 1985; Hendricks et al., 1991; ELORANTA, SANDBERG and ALM,

1996).

The major limitation of bio-orthogonal nucleic acid labelling is that
it requires for the alkyne group to be available for the binding of the
fluorophore-bound azide molecule, which could be disrupted by the UV
cross-linking of the VvDNA, thus resulting in the reduced number of
detectable viral genomes in infected cells (Figure 12 and 14). It is also
possible that there may be a population of genomes that have not been
labelled and therefore cannot be detected during the analysis. However,
the reduced number of viral genomes reaching the nucleus to initiate viral
replication fall in line with previously reported data (Eglin, Gugerli and
Wildy, 1980, Fridlender, Asher, Weinberg-Zahlering and Becker, 1978), with
electron microscopy data showing a similar decrease in detectable

intracellular capsids (Miyamoto and Morgan, 1971).

8.2. Viral genome decompaction plays a role in PML-NB recognition of
infecting HSV-1 DNA

PML-NBs are comprised of numerous cellular proteins and play a key
role in many cellular processes, including antiviral immune responses
(Tavalai & Stamminger, 2009). This is mediated via the de novo recruitment
of constituent proteins to sites of infecting nuclear viral genomes (Glass &
Everett, 2013; Everett & Murray, 2005). Work from our group has revealed that
VDNA is entrapped within PML-NBs, a phenotype that promotes the
repression of viral gene expression prior to ICPO synthesis and disruption of
PML-NBs (Alandijany et al., 2018). With respect to non-irradiated HSV-1
genomes, our findings were consistent with the stable recruitment of key
PML-NB associated proteins (PML, Sp100 and Daxx) to vDNA as previously
reported (Figure 19). In contrast, UV irradiation of HSV-1 genomes resulted
in a UV dose-dependent decrease in the localization of PML, Daxx and Sp100

to nuclear infecting HSV-1 DNA (Figure 19). This decrease in localization
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was independent of the UV source (Figure 20). Additionally, the stability

and composition of PML-NBs within infected cells was not visibly affected
during infection with UV irradiated HSV-1 (Figure 19 and 20). Importantly,
the direct interaction between PML and vDNA was negatively affected by
UV irradiation, reducing the interaction between PML and vDNA (Figure 23).
Since the exact recognition mechanism of vVDNA by PML remains to be
elucidated, the disruption of vVDNA recognition by PML-NBs by UV irradiation
could be down to numerous factors. Studies have shown that PML itself can
associate with cellular ssDNA in response to exogenous DNA damage and
PML-NBs can sequester DNA molecules during DNA processing events
associated with DNA synthesis (Jul-Larsen et al., 2004; Boe et al., 2006).
Our data indicates that the structure of vDNA is affected by UV irradiation,
which induces TD and impaired genome decompaction following its release
from the capsid (Figure 24 and 25). This finding likely accounts for the
reduced recruitment of PML-NB associated proteins to UV irradiated vDNA.
The damage induced by UV irradiation has been extensively studied over
the last 70 years (Rorsch, Beukers, Iljstra and Berends, 1958; Beukers and
Berends, 1960) and shown to induce the formation of various DNA lesions
(Rastogi et al., 2010; Schreier, Gilch and Zinth, 2015). The main
photoproducts are cyclobutene pyrimidine dimers (CPDs) and 6-4
photoproducts (Carell and Epple, 1998), that alter DNA structure and base-
pairing. These data are consistent with the increased concentration of
thymine dimers found in UV irradiated HSV-1 samples in a UV dose-
dependent manner compared to control samples (Figure 25). Consequently,
the structure of the HSV-1 genome was altered, along with its ability to
decompact, following capsid uncoating (Figure 24). This changed
conformation of viral genomes may mask a PML-specific binding sequence
that may be revealed upon genome decompaction required to promote
recruitment of PML-NB proteins. Equally, the altered structure of the DNA
molecule may inhibit the binding of accessory proteins required for PML
binding. These data indicate that nuclear genome delivery alone is
insufficient to initiate a robust PML-NB mediated intrinsic immune
response. Further investigation is required to identify the specific
mechanism by which decompaction affects the recruitment of PML-NBs, as

these structures have shown to influence the outcome of infection for many
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DNA viruses (Doucas et al., 1996; Wu, Ceccarelli & Frappier, 2000; Bell, Lieberman

& Maul, 2000; Scherer et al., 2021; Reichelt et al., 2011b, 2011a).

Genome deposition in the cytoplasm or nucleus was insufficient to
stimulate the recruitment of IFI16 (Figure 21). IFI16 has been reported to
recognize infecting DNA and initiate the production of IFNf via the STING-
IRF3 axis (Unterholzner et al., 2010; Horan et al., 2013). However, most of
these studies rely on vDNA binding proteins and high MOIs that saturate
intrinsic host defences to detect the association of IFI16 with viral genomes.
These observations are in line with previously published data, which show
that active viral DNA replication promotes IFI16 localization to HSV-1 DNA
(Alandijany et al., 2018). However, we cannot discount a more transient
role for IFI16 in cytosolic PRR sensing as our experiments were carried at a
single timepoint of 90 mpi.

8.3. The cGAS-STING pathway plays a key role in mediating the innate
immune response to UV irradiated HSV-1 infection

The innate immune response is initiated in response to pathogen
infection by the recognition of specific PAMPS by cellular PRRs. This tightly
regulated process results in the production of cytokines and chemokines,
including IFNs, which are key regulators of innate immunity. As one of the
most potent activators of the IFN response, foreign DNA is detected by a
large number of DNA sensing molecules, including cGAS and IFI16 (Leib et al.,
1999; Zawatzky et al., 1982; Luker et al., 2003; Stetson & Medzhitov, 2006; Wilcox
et al., 2016; Abe, Marutani & Shoji, 2019; Ma, Ni & Damania, 2018). However,
most studies have focused on nuclear IFI16 DNA sensing due to the fact that
genomes in the cytoplasm are protected from detection by the viral capsid.
In recent years, following the discovery of the cGAS-STING sensing pathway,
numerous studies have identified a variety of different HSV-1 proteins that
act to repress cytosolic sensing, for example the targeting of PTMs of the
cGAS pathway being by UL37, VP22, VP1-2 (Zhang et al., 2018; Huang et al.,
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2018; Ye et al., 2017; Xu et al., 2017; Su & Zheng, 2017b; Deschamps & Kalamvoki,

2017; Bodda et al., 2020; Pan et al., 2018; Christensen et al., 2016). However, the
spatiotemporal recruitment and localization of these PRRs to infecting HSV-
1 DNA remains largely uninvestigated. The detection of VDNA by CLICK
chemistry enabled recruitment studies of host DNA sensing proteins to viral
genomes under infection conditions that have not oversaturated the host
immune response at high MOI, thereby enabling a comparison between

effector molecules of the induction of the intrinsic and innate immunity.

Our microscopy analysis clearly demonstrates that cGAS-STING
pathway plays an important role in the detection of viral DNA as the
enhanced localization of both cGAS and STING to infecting VDNA was
observed (Figure 26, 27 and 28) as well as the induction of IFNB production
(Figure 30) (Hopfner & Hornung, 2020; Diner et al., 2013; Liu et al., n.d., 2015;
Ishikawa & Barber, 2008b). This association appeared to be specifically
cytoplasmic (Figure 27 and 28) and was not detected in the nucleus (Figure
27 and 28), even though it has been reported that cGAS plays a role in
stabilizing IFI16 in the nuclear PRR sensing pathway during HSV-1 infection
(Orzalli et al., 2015). Our data is consistent with studies which have shown
cGAS in detecting cytoplasmic vDNA in macrophages (Sun et al., 2019) and
the induction of an enhanced type | IFN response (Taylor and O'Brian, 1985;
Hendricks et al., 1991; Eloranta, Sandberg and Alm, 1996). Interestingly,
the localization of STING to cytoplasmic UV-irradiated vDNA has not been
previously reported, thus we identify for the first-time a recruitment of
STING to vDNA in the cytosol, in contrast to the reported role for STING in
the canonical cGAS-STING pathway. This correlates with studies that have
identified STING to complex with intracellular foreign ssDNA or dsDNA
without the need of any accessory molecules (Abe et al., 2013). Our ChIP
analysis revealed that cGAS interacted directly with HSV-1 DNA, and that
this interaction was enhanced upon UV irradiation even though chromatin
extracts contained equivalent genome copies of HSV-1 DNA (Figure 33). This
could be a result of the increased number of cytoplasmic viral genomes or
decreased binding of competing host factors to vDNA factor, reducing steric
inhibition of cGAS binding to vDNA. Our ChIP analysis failed to detect an
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interaction between STING and vDNA, irrespective of UV irradiation. These

data are in line with its canonical role of interacting with cGAMP produced
by cGAS following activation by DNA sensing (Figure 26, 27, 28 and 30)
(Ishikawa & Barber, 2008b; Burdette et al.,, 2011b). However, our data
demonstrate that STING is not stationary localized to the ER and ERGIC
compartments, through an unknown mechanism (Burdette et al., 2011b;
Sun et al., 2009). Our high-resolution image analysis provided further
confirmation, as the number of STING foci to vDNA significantly increased
upon UV irradiation (Figure 28). Collectively, these findings identify a
potential complex between at least a subset of cGAS-STING molecules
associated with cytoplasmic VDNA, which may subsequently contribute to
activation of the type | IFN response. It is plausible therefore to speculate
that STING is likely to play a more direct role in DNA detection than
previously thought. Further investigation is warranted to determine what
contribution this complex may have on the regulation of cytosolic DNA
sensing, using engineered cell lines which express tagged proteins to

perform ChIP experiments and dissect this interaction further.

Sp1 is a ubiquitously expressed cellular transcription factor that
binds to multiple binding sites within the HSV-1 genome to enhance the
transcriptional initiation of viral IE and E genes (Pande, Petroski & Wagner,
1998; Tuan Nguyen-huynh & Schaffer, 1998; Gu, Huang & Hyward, 1995; Jones &
Tjian, 1985). This interaction typically occurs in the nucleus (Kuwahara et
al., 2000). We identified strong cytoplasmic Sp1 recruitment to vDNA in the
cytoplasm during non-UV irradiated HSV-1 infection (Figure 34). The
recruitment of Sp1 to vDNA was directly affected by UV-irradiation (Figure
34). We hypothesise that the accumulation of pyrimidine dimers within the
genome may inhibit genome decompaction and reduce the ability of Sp1 to
effectively bind dsDNA (Figure 24) (Goodsell, 2001; Rastogi et al., 2010; Schreier,
Gilch & Zinth, 2015). This would potentially allow for the increased binding
of cGAS and STING to HSV-1 DNA due to the reduction of steric competition
for DNA surface binding. Interestingly, KO of Sp1 resulted in the abrogated
recruitment of cGAS and STING to cytoplasmic HSV-1 genomes, with or

without UV irradiation (Figure 35 and 36). It would be plausible to speculate
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that Sp1 localization may be a pre-requisite for cGAS and STING binding,

however more data is required to make such a conclusion. Notably,
however, the levels of cGAS were significantly reduced in Sp1 KO HFt cells,
which revealed a potential role for Sp1 in regulating cGAS expression.
Correspondingly, we identify one Sp1 binding site in the promoter region of
the gene (Appendix C) (Kuwahara et al., 2000). Thus, our recruitment
analysis cannot discount the possibility that a loss in cGAS/STING
recruitment to VDNA in Sp1 KO cells is not an indirect consequence of

reduced levels of cGAS expression.

Collectively our data shows that the enhanced innate immune
response in fibroblasts to UV irradiated HSV-1 is carried out by the cellular
PRRs cGAS and STING, where both proteins associate with vDNA within the
cytosol as early as 90 mpi. These data have important implications on our
understanding of the cGAS-STING pathway with respect to the specific
sequence of events that mediate cytosolic DNA detection required to
promote downstream signalling events that activate innate immune

defences to HSV-1 infection.

8.4. PML-NB restriction by entrapment of genomes in response to
Herpesviruses is conserved

The discovery of PML-NBs and their role in herpesvirus restriction
was initially identified during hCMV infection (Ishov, Stenberg & Maul, 1997).
SUMOylated PML recruits other component proteins of PML-NBs from the
nucleoplasm, including Daxx and ATRX, that ultimately create a condensed
chromatin repressive environment on the IE1 promoter (Woodhall et al., 2006;
Saffert & Kalejta, 2006). Knockdown of individual PML-NB protein components
enhances the plaque formation of hCMV, while overexpression limits hCMV
replication (Tavalai et al., 2006, 2011; Adler et al.,, 2011; Tavalai, Rechter &
Stamminger, 2008; Lukashchuk et al., 2008). However, few studies have

examined the spatiotemporal kinetics of PML-NB recruitment to vDNA and
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whether entrapment of HSV-1 DNA is a conserved mechanism across the

Herpesviridae family (Sekine et al., 2017; Alandijany et al., 2018). Click
chemistry labelling of hCMV DNA and its association with PML-NBs has very
recently been reported (Figure 39) (Manska, Octaviano & Rossetto, 2020;
Scherer et al., 2021). Our analysis presented here is in agreement with these
studies and show PML to play an important role in the regulation of hCMV

infection upon genome delivery to the nucleus.

We demonstrate that the majority of nuclei are infected with at
least 1 genome by 360 mpi (Figure 40) (Ogawa-Goto et al., 2003; Alandijany
et al., 2018). Our microscopy analysis demonstrated that PML localizes to
hCMV DNA foci at this time point, although recruitment phenotype was
variable in comparison to HSV-1 infection at 90 mpi (Figure 41) (Scherer et
al., 2021). Daxx-mediated repression of the MIEP is antagonised by pp71,
which displaces Daxx from PML-NBs, and concurrently induces the loss of
ATRX and H3 from vDNA (Figure 42) (Ishov, Vladimirova & Maul, 2002; Cantrell
& Bresnahan, 2005; Hwang & Kalejta, 2007; Lukashchuk et al., 2008). HCMV vDNA
remains entrapped in PML-NBs until IE1 induces the dispersal of PML-NBs to
promote the full onset of lytic replication (Figure 42) (Lee et al., 2004; Hou
et al., 2017; Schilling et al., 2017; Reuter et al., 2021). Collectively these
data demonstrate the spatiotemporal kinetics of PML-NB entrapment of
infecting hCMV VvDNA during early stages on infection are a conserved

antiviral response to herpesvirus infection.

9. Conclusion remarks and future work

9.1. Conclusion remarks

Intrinsic and innate immunity are two distinct arms of immunity that

act to limit initiation, propagation, and spread of HSV-1. Intrinsic immunity
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is the first line of defence that entraps Herpesvirus genomes almost

immediately after nuclear entry. It is mainly mediated by PML-NB protein
constituents that are stably recruited to viral genomes that require genome
decompaction for efficient binding. The innate immune response limits
viral propagation by DNA sensing that stimulates the synthesis of IFN and
the induction of an antiviral state through the expression of ISGs. The cGAS-
STING pathway plays a key role in detecting infecting vVDNA. Here we show
the UV irradiation of HSV-1 induces a switch in the sequential regulation of
the intracellular immune defences to HSV-1infection that promotes the
induction of the type | IFN response. Our analysis shows multiple host
factors to alter their respective recruitment and/or DNA binding properties

in response to UV irradiation.

9.2. Recommendations for future work

Many different avenues or key tests and experiments have been left
for the future due to lack of time (i.e. the experiments with IF data are
usually very time consuming, requiring even weeks to finish a single
repeat), specifically due to the COVID-19 pandemic outbreak, which further
limited my time in the lab and required me to prioritise specific avenues of
experimentation. Future work concerns deeper analysis of particular

mechanisms, new proposals to try different methods, or simply curiosity.

There are several areas in the studies undertaken in this thesis that
would require further investigation or development. Some avenues that
would be interesting to pursue would be in relation to section 4.2.5. and
the interaction between UV irradiated HSV-1 capsids and the cellular
microtubule network. These include the further examination of the
phenomenon of UV irradiated HSV-1 capsids disassociating from the MT
network and what mechanisms are at play. How does UV irradiation affect
the specific viral tegument proteins that are involved in microtubule

association, for example VP22, and if UV exposure affects tegument protein
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function by crosslinking? Specifically, is their interaction with cellular

motor proteins, such as dynein-1 and kinesin-1, responsible for the
transport of capsids to the nucleus during UV irradiated virus infection.
Additionally, it would be interesting to research the viral capsid uncoating
as a process and identify the reasons that lead to its occurrence specifically
following HSV-1 capsid disassociation from the microtubules, since the
proteasome was not found to be involved in the experiments presented in
this thesis and cytoplasmic deposition in the literature is mostly mentioned

as genome leaking.

This study has investigated the interaction between PML and non-UV
or UV irradiated HSV-1 DNA, demonstrating there is direct interaction
between PML and viral genomes during infection and the importance of
genome decompaction of HSV-1 DNA in its recognition by PML. Similar
approaches can be taken, for example by ChIP-Seq, to investigate if there
is a specific consensus sequence that is specifically recognised by cellular
PML. Additionally, the identification of the specific PML isoform that is
responsible for this direct interaction would be an intriguing direction to
take, including mutations in the specific domains within PML to identify the

domain responsible for DNA binding.

An analogous approach can be applied to investigate if these cellular
intrinsic and innate immune defences to UV irradiated HSV-1 is a conserved
herpesvirus mechanism utilizing the labelled hCMV virus or if they are HSV-

1 specific.
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Appendix A: Mx2 recruitment to UV irradiated HSV-1
DNA

Mx2 is an IFN-induced restriction factor that has been found to confer
panherpesvirus restriction (Schilling et al., 2018; Crameri et al., 2018; Schulte et
al., 2015). The exact mechanism is unknown, but it was shown to disrupt
capsid transport to the nucleus and reduce viral transport (Crameri et al.,
2018; Jaguva Vasudevan et al., 2018). Based on the profile of UV irradiated
HSV-1 and the increase in cytosolic genomes we investigated the potential
involvement of Mx2 in this process. During UV irradiated HSV-1 infection,
Mx2 was upregulated to similar levels as IFNb only treated cells, and Mx2
production was absent in non-UV irradiated infection (Figure 31). HFt cells
were seeded overnight prior to infection with HSV-1 +/- UV at an MOI of 3
PFU/cell. Coverslips were fixed and permed at 90 mpi. Cells were stained
for Mx2 and PML, whereas VDNA was detected via click chemistry. The
microscopy observations for PML were reproducible and exhibited a
reduced recruitment of PML to UV irradiated HSV-1(>0.5) compared to non-
UV irradiated HSV-1 DNA (>0.7). On the other hand, there was no indication
of recruitment of Mx2 to HSV-1 vDNA in either the cytoplasm or nucleus,
irrespective of UV irradiation (Figure 32). These data suggest that there is
no involvement of Mx2 in controlling the UV irradiated HSV-1 immune

response during early timepoint of infection.
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Mx2 induction is stimulated during UV irradiated HSV-1 infection.

HFt cells were seeded overnight then infected with either no UV WT HSV-1 or UV-irradiated HSV-1
(UV irradiation length indicated in secs) at an MOI of 3 PFU/cell. At the indicated timepoints lysates
were collected, and protein levels were measured using Western blot. Membrane was probed for the
cellular protein Mx2 to track its production during viral infection or IFNb treatment (positive

control). Actin levels was used as loading control.
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Mx2 is not recruited to HSV-1 genomes during early time points of infection.

HFt cells were mock infected or infected with 3 PFU/cell of HSV-189¢ or UV HSV-1E9C, Cells were fixed
and permeabilized at 90 mpi. Infecting labelled viral DNA was detected using click chemistry. Mx2
and PML were detected via indirect immunofluorescence. Nuclei were stained with DAPIL. (A)
Localization of sub-nuclear recruitment of Mx2 (green) and PML (cyan) to infecting viral genomes
(red). White boxes show zoomed areas of interest. Cut mask (yellow) highlights the regions of
colocalization between the cellular proteins of interest and non-UV or UV irradiated HSV-1Ed¢
genomes. Weighted colocalization coefficient shown. (B) Quantitation of cellular protein
recruitment to infecting vDNA in the cytoplasm or nucleus at 90 mpi. Black line: median weighted
(w.) colocalization coefficient; dashed lines: SD. n>50 nuclei per sample population derived from a

minimum of three independent repeats. ****P< 0.0001, ns (not significant); Kruskal-Wallis.
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Appendix B: SUMO1/2/3 recruitment to UV irradiated
HSV-1 DNA.

SUMO proteins can carry out a PTM process called SUMOylation, similar to
ubiquitination, that targets lysine residues of proteins and can have an
effect on protein stability or subcellular localization (Wilkinson & Henley,
2010). A recent study showed that SUMOylation via TRIM38 plays a role in
regulating the activity of both cGAS and STING by increasing protein
stability (Hu et al.,, 2016b). In contrast, SENP7 has been reported to
deSUMOylate cGAS to activate its DNA binding activity by alleviating SUMO-
mediated inhibtion (Cui et al., 2017). This raised the hypothesis that SUMO
proteins may be recruited onto sites of cGAS/STING and HSV-1 genome foci
localization and play a role in the DNA sensing pathway. To address this,
we investigated the recruitment profile of SUMO1, SUMO2 and SUMO3 to
cytosolic vDNA. HFt cells were infected with either non-UV or UV irradiated
HSV-1 at an MOI of 3 PFU/cell. Samples were fixed at 90 mpi and stained
for SUMO1 and SUMO2/3 (antibody able to stain both isoforms due to their
high level of homology). PML was used as a reference protein (Figure 33A).
Neither SUMO1 or SUMO2/3 was observed to be localizing to sites of vDNA
foci in the cytoplasm, similar to PML and irrespective of UV irradiation.
Quantitation of these microscopy observations confirmed this phenotype
(Figure 33B). These results suggest that SUMO proteins are not playing a
direct role in the cytoplasmic detection of HSV-1 DNA by the cGAS-STING
pathway.
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SUMO1/2/3 are not recruited to HSV-1 genomes during early time points of infection.

HFt cells were mock infected or infected with 3 PFU/cell of HSV-189¢ or UV HSV-1E9C, Cells were fixed
and permeabilized at 90 mpi. Infecting labelled viral DNA was detected using click chemistry.
SUMO1, SUMO2/3 and PML were detected via indirect immunofluorescence. Nuclei were stained with
DAPI. (A) Localization of sub-nuclear recruitment of SUMO1 or2/3 (green) and PML (cyan) to infecting
viral genomes (red). White boxes show zoomed areas of interest. Cut mask (yellow) highlights the
regions of colocalization between the cellular proteins of interest and non-UV or UV irradiated HSV-
18dC genomes. Weighted colocalization coefficient shown. (B) Quantitation of cellular protein
recruitment to infecting vDNA in the cytoplasm or nucleus at 90 mpi. Black line: median weighted
(w.) colocalization coefficient; dashed lines: SD. n>50 nuclei per sample population derived from a

minimum of three independent repeats. ns (not significant); Kruskal-Wallis.

Appendix C: cGAS gene contains an Sp1 binding site



GCAGACTCTTGTGTGCCCGCCAGTAGTGCTTGGTTTCCAACAGCTGCTGCTGGCTCTTCCTCTTGCGGCC
TTTTCCTGAAACGGATTCTTCTTTCGGGGAACAGAAAGCGCCAGCCATGCAGCCTTGGCACGGAAAGGCC
ATGCAGAGAGCTTCCGAGGCCGGAGCCACTGCCCCCAAGGCTTCCGCACGGAATGCCAGGGGCGCCCCGA
TGGATCCCACCGAGTCTCCGGCTGCCCCCGAGGCCGCCCTGCCTAAGGCGGGAAAGTTCGGCCCCGCCAG
GAAGTCGGGATCCCGGCAGAAAAAGAGCGCCCCGGACACCCAGGAGAGGCCGCCCGTCCGCGCAACTGGG
GCCCGCGCCAAAAAGGCCCCTCAGCGCGCCCAGGACACGCAGCCGTCTGACGCCACCAGCGCCCCTGGEG
CAGAGGGGCTGGAGCCTCCTGCGGCTCGGGAGCCGGCTCTTTCCAGGGCTGGTTCTTGCCGCCAGAGGGG
CGCGCGCTGCTCCACGAAGCCAAGACCTCCGCCCGGGCCCTGGGACGTGCCCAGCCCLCGGCCTGCCGGTC
TCGGCCCCCATTCTCGTACGGAGGGATGCGGCGCCTGGGGCCTCGAAGCTCC-TTTTGGAGAAGT
TGAAGCTCAGCCGCGATGATATCTCCACGGCGGCGGGGATGGTGAAAGGGGTTGTGGACCACCTGCTGCT
CAGACTGAAGTGCGACTCCGCGTTCAGAGGCGTCGGGCTGCTGAACACCGGGAGCTACTATGAGCACGTG
AAGGTGAGCTGCTTGGCGCCCTCCCGCCGAGCCCCGCTGCTCGGCCTTCCGCAATCCGCAGTCCCTACCT
TCCCCGGGTCGCGCCCCTCACTTCCCTTCGGAAGTAACTTAGACTTTTGCATGTTTTTCGGTAGCCTAGT
CTAAGTAAAACGACAAACCGTTCGTTTATTCATCTACACATCCAACGATCAGACAACCAACCGGTACTGA
TTGCTGGCTAATTTCAAGACACTGCTCCCGGGGGAATTCAAATGTATGGGTTCATTCATGCAAGCCGACA
TGTATCGAGTTTCCGTAACAGGGCAGTGTTTGATGGTGTGGACCTGAGGTCCCGAGTCAGATATTGACTT
GGATAATTTGAAGTGGTCTGTTAAAAATTCCACGTAGACTTTTTCCTATGAGGAAGACCTCTTACTCCAT
AGAAAAAAAGATCTTCAGTTTCTCTCCCCCTCTTCCTCCCTGCCCCCTCTCCTGCTATCCCGTCTGACCC
CAATTTCTTTTTTTTCTTTTTTCTTTTCTTTTCTTTTTTTTTTTTTTTGAGGCGGAGTCTCGCTGCGTCC
CCCAGGCTGGAGTGCAGTGGCGCTATCTCGGCTCACTGCAAGCTCCGCCTCCCGGGTTCACGCCATTCTC
CTGCCTCAGCTTCCCGAGTAGCTGGGACTACAGGCGCCCGCCACCATGCCCGGCTAATTTTTTTTGTATT
TTTAGTAGAGACGGTGTTTCACCGTGTTAGCCAGGATGGTCTCGATCTCCTGACCTCTTGATTCGCTCGT
CTCGGCCTCTCAAAGTGCTGGGATTACAGGCGTGAGCTACCGCGCCCGGCCGTCTGTCCCCAGTTTCTTA
CACAGAAATCATGGGAAGCTTACAGTATAATGTTAAACAAACAAATAAGAATATCTCCTACAGATACTAA
AACGCTTTCTAGATACACATTCCGTATAATTGCTTCGACGTGTGTATTACACAGCTCCATTTGCTTGTGG
GTGATTGAGTCATTAATCATTCCTGTGTAAATTGAAAGTTTAGAAGCAGGTTCCTGACTGGAGCGTGTTT
CTTGCCCAGCAAGAGATTTGTTTCTTTTTCTTTTTCTTTCTTTCTTTCTTTTTTTTTTTTTTGAGACGGA
GTTTCGCTCTTGTTACCCAGGCTGGAGTGCAATGGCGCGATCTCAGCTCACCTCAACCTCCACCTCCCAG
GTTCAAGCGATTCTCCTGTCTCAGCCTCCTGAGTAGATGGGATTACAAGCATGAGCCTCCACCCTGGCTA
ATTTTGTATTTTTAGTAGAGACGGGCTTTCTCCATGTTGGTCAGGCTGGTCTAGAACTCCCGACCTCAGG
TGATCTGCCAGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCACACCCGGCTTCTTTTC
TCTTCTTTTTTCTCTTCTCTTCTCTTCTCTCTATCTCTCTGTCTCTCTCTTTTCCTCCCTCCCTCTCTTC
CTCTCTCTCTCTCTCTCTTTATTTTGTTCTTTCTTTCTTTTCTTTCTTCTTTCTTCTTTTTTTGATGGAG
TTTCACTCTTGTTGCCCAGGCTGTAGTGCAGTGGTGCCATCTAGGTTTCGCTGCAACCTCCGGCTTCCAG
GTTCAAGCGATTCTCCTGCTTCAGCCTTCCAAATAGCAGGGATTACAGGTGCCTGCCCCCACTCCCGGCT
AATTTATGTATTTTTAGTAGAGACGGGGTTTCACCATGTTGGCCAGGCTGGTCTCGAACTCTGACCTCAG
ATGATCCACCTGCCTCGGCCTCCCTAAGTGCTGGGATTACAGGCTTGAGCCACGGCACCCAGCCCAGACT
GTGTCTTGAGCATGATTCTTTTTAATTAACTAATTTACTTTTCAGCATCAGATATGTCTCTGATTGAGCA
TGATTCTTATTATGTAAGTATCAATTCAGTTCAATTACTGTATATGGCGGGTCCAAAGGAAAAAGAAAGT
TACTAGTTAGAATTAGAGAACAAGACATTCAGAAGACAGTCTCCATTCAGAACCACTTTGTGTGTGTGTG
TGTGTGTGTGTGTGTGTGTGTTTGAGACAGAGTCTCACTCTGTCACCCAGGCTGGAGTGCAGTGGCGCGA
TCTCGGCTCACTGCAAGCCCTGCCTACTGGGTTCACACCATTCTCCTGCCTCAGCCTCCCAAGTAGCTGG
GACTACAGGCGCCCGCCACCATGCCCAGCTAATTTTTGTATTTTTAGTAGAGACGGGGTTTCACCGTGTT
AGCCAGGCTGGTCTCTATCTCCTGACCTCATGATCTTCCCGCCTTGGCCTCCCAAAGTGCTGGGATTACA
GGTGGGAGCCACCATGCCCAGCCCAGAACCACTTTGTTTTTAAAAATTATGCCAATGAAAAGAAATCCAG
TGAAATTTGTTTTATCTAAAACTTTTTCTTTTTTTCTTTTTCTTTTTTCTTTTTTTTTGGGGATGGAGTC
TTGCTCTGTCACCCAGGGTGGAGTGCAGTGATGTGATCTTGGCTCACTGTAACCTCCGCCTCCCGGGTTC
AAGTGAGTCTCCTGCCTCAGCCTCCAGAGTAACTGGGATTACAGGCGGGCGTCACCTCACCTGGCTAATT
TTGTATTTTTAGTAGAGATAAGGTTTCAGCATGTTGGCCAGGCTGGTCTCGAACTCCTGACCTCAAGTGA
TCCACCTGCATCAGCCTTTCAAAGTGCTGGGATTACAGGCGTGAGCCACTACACCCAGCCTAAAACTTTT
TCTATTACTGATTATGAGATATATGTGGGCCAGGTACAGTGGACTCATGCCTGTGATCCTAGCACCATGG
GAGGCTGAGGCGGGAGTTTGAGTCCAGCCTGGACAACATAGTGAGACCCCAGCTCTACCAAAAATAAGTT
AAAAATTAACTGGATGTGGTGGCACACACAGGTAGTCCCAGCTACCTGGGACTACAAATTCTAGGTAAAA
AAAAATCTCGAAAATACATGGGAAGTTTCTTGTAGAAATTCCCTGTAGAATTGTCAGTCCATATGTTCTT
TTCATTCTAAGTGTTAATGTACTTTACTATTTATATAGTTTGGACTCAGTGAAAAGGTTACATAGAAATC
AATTAATTGTAGTTTTTTTTGTTTGTTTGTTTTTTGTTTTGTTTTGTTTTGAGACAGAGTTTCACTCTTG
TTGCCTGGGCTGGAGTACAATGGCGTGGGTGGCCTCAGCTCACTGCAACCTCTGCCTCCCAGGTTCAAGC
GATTCTCCTGCCTCAGCCTCCCGAGTAGCTGGGATTACAGGAATGCACCACCATGCCTGGCTAATTTTTT
GTGTTTTTAGTAGAGATGGGGTTTCTCCATGTTGGTAAGGCTGGTCTCAAACTCCTGACCTCAGGTGATC
CACCCGTCTCAGCCTCCCAAAGTACTGGGATTACAGGCGTGAGCCACTGTGCCCGGCCAGTGGTTTTAAG
TAATGGTATATTAACTGGTAAAGAAAAGGAACAAACTACAGCAACATGAACAGTGAAAATGAATTACATA
AATAATGTTGAACAACAACAAAAAGAACGTAAAGGAATACATACAGCTGATGCAGCAAGACAAGGAAAAT
AAAGGCATAAGATGGGAAAAAGAGTGATGAAATCGTTATGTGTAGATGACTTGATTGGCTTCACATATAA
ACTGTTGGAAATAATTAGTAAATTAGCAAAATTGCTGGTTGCAAAGTCAATAAACAAAAATAAAAATATT
TCAATATACTAACAAGATTAAAAACAAAATGAAAATACCATTTAGAATATCATCAAAAATATCAAACCTA
GGTCCATTGGTGCATTCTGATAGTCCCAGCTATTTGGGAGGCCGAGGTGGGAGAATCACATCAAGTCAGG
AGTTTGAGGCTGCAGTACACTATGATCTATCTGTGAGTAGCCACTGTACTCCAGCCTAGAGACCCCATCT
CTAAAAAATAAAAATTGAAAACTTTGGCCAGGCATGGTGGCTCACGCCTATAATCCCAGCACTTTGGGAG
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TAGAGGCAGGCAGATCACTTGAGGTCAGGAGTTTGAGACCAGCCTGGTCAACATGGCAAAACCCTGTCTC
TACTAAAACTACAAAAATTAGCTGGGCGTGTTGGTGCGCGCCTGTATTCCCAGCTACTTGGGAGGCTGAG
GCAGGAGAATTGCTTGAGCCCAGGAAGCTGAGGTTGCAGTGAGCCAAGCTTGCTCCATTGCACTCCAGCC
TCAGTGACAAGCGTGAAACTCTGTCTCAAAAAAAAACAAAAAACTGAAAACTTGAAAAACAATTTAAARA
TCAAATATTTAGGAATAAATATCACTAAAGATATTCAAAACTTAAAAACATAACTGGGTAAATTTGAAGA
GGAAGTAATTGACAACTATATCGTGTTCATTTTTCCTCAAATTGTTCTAGATTTAATGCAATCAGTTGAA
ATATGATCAGTTTTTTAAATTAAATTGACAAACTGATTAAAATATGTATTCATTTATTTTTTGAGACGGA
GTCTCGCACTGTCGCCCAGGCTGGAGTGCAGTGGTACCATCTCGGCTCACTGCAACCTCCGCCTCCCGGG
TTCAAGCAAGTCTCCTGCCTCAGCCTCCTGAGTAGCTGGAACTACAGGTGCATGCCACCACACCTAGCTA
ATTTTCATATTTTTAATAGAGACGAAGTTCCACCATGTTGGCCAGGATGGCCTTGATCTCTTGACCTTGT
GATTCGCCTGCCTCGTCCTCCCAAAGTACTGGGATTACAAGCGTGAGCCACCGCGCCTGGCTGAAAGGAC
GATTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTGAGACGGAGTCTCGCTCTGTCGCCCCGGCGGGACTGC
GGACTGCAGTGGCGCAATCTCGGCTCACTGCAAGCTCCGCTTCCCGGGTTCACGCCATTCTCCTGCCTCA
GCCTCCCGAGTAGCTGGGACTACAGGCGCCCGCCACCGCGCCCGGCTAATTTTTTTTTGTATTTTTAGTA
GAGACGGGGTTTCACCTTGTTAGCCAGGATGGTCTCGATCTCCTGACCTCATGATCCACCCGCCTCGGCC
TCCCAAAGTGCTGGGATTACAGGCGTGAGCCACCGCGCCCGGCCCGATTTTTTTTTTTCAATAAATAATG
CTGGGTCAATTGGATATCTATGTAGGAAAAACATGAACCTTGATTCCCTACCACATATCATACACAAATT
TTTTTTTTTTTTTTTTTTGAGATGGAGTCTTGCTCTGTTGCCCAGGCTGGAGTACAGTGACACTATTTTG
GCTCACTGCAACATCTGCCTTCTAGGTTCAAGCAATTCTCCTGCTTCAGCCTCCTGAGTAGCTGGGATTA
CAGGCGCATGCCACTATGCCCGGCTAATTTTTGTATTTTTAGTAGAGACGGGGTTTCACCATGTTGGACC
AGGCTGGTCTCGAACACCTGACCTCAGGTGAATCGCCCGCCTTGGCCTCCCAAAGTGCTGGGATTACAGG
CATGAGCCACTGCACCTGGCCCCACAAAATTTAATTATAGGTGTGAGCCACTGCACTTGGCCTAAAATCA
TTTTTAGTTATAAAAATAATACTAGGTCATGGTAAAAAAAATTAATTGAGTGTAGAACCTACAAAATGAA
ACTGGTAATACTCTTCCACCTCCTGCCAGCTCCACTAGTCCCACTCCCAGAGGGTATATATAGACATTAT
GAATCTTGCTTTTTAAAGTAAAGTTTTAAGTGGAAATTTTTTAAAAAGTTCCAGTCACTTGGAAAATATT
CATAAGCAAATATTTCAGTACTATTTTTACTGTTTCTTAGATTTCTGCACCTAATGAATTTGATGTCATG
TTTAAACTGGAAGTCCCCAGAATTCAACTAGAAGAATATTCCAACACTCGTGCATATTACTTTGTGAAAT
TTAAAAGAAATCCGAAAGAAAATCCTCTGAGTCAGTTTTTAGAAGGTGAAATATTATCAGCTTCTAAGAT
GCTGTCAAAGTTTAGGAAAATCATTAAGGAAGAAATTAACGACATTAAAGGTAAGACTTTTGCCTTTTGA
TTCTTAAAGGTTTAATTATACCTAGTAATTGCCAATGTACACTCCCATTCTCATGTTTCTTGACCTCTCT
GCAGTAAGAAAAAGTGCAGTAGAGAGGTCAAGAAACATCAGTAGAGGAGTGTACATTGGCAATTACTTAT
AATATGATTACAAGATTATAAAGTACAGAAGGGTAGAGGTCTTTATCTATTTGTTCTCTAATGAATCCTA
AATAACTAGAACACCTACACATTAGATAATCAATGAATATTGATTAAATTAAATGATTAAATTATATGAA
ATAATCAATGAATATTTATTAAATTGATGGATAAATGAATCTACACTCTCTGCCTAGGTATTTCATCCAT
TCCCAATGCCACCTATATGATGATGACTCCCAAATGTTTACTTGCAGCCCAAATATATCCTTTGCACTCC
AAACCTATATCCAGCTACGTCCTTAACATATCCACTTTGATGTTGATGTACCACAGGAATCTATAACCAA
ACATATCCAAAGCGAATAAACATAACTTAATTCATATACCAAACTATGTTTTGCCTCAGTCCTTCCCATC
TCAGAAAATGGCACAATCAATCCACCCAGACGCACCATCCAGAAACCTGGGAACCATCTTAATTTAATCC
TCTCTGTTACCCCCTACGCTTAATCCAGATGCAAGTGCTGCTACAGCTTGGACCTGTCTGCTGCTTCAAT
CCCAGCACCCTACTCCCACCCCACCTAAGCTGCCACCATCTTTTACCTGAACTATTACATCATTTTCCTT
TCTAATCTCCCTATTTGCCTTCTTATAATATCTGTCCTTAGAAGCCAGAGTAAATGTTTTAAAATACAAA
GCCAGTCATTACTCTCTGATGAAAACCTGGCTTCTCAATGATCAGATAATAAAATCTGGTGCCAGGCGCA
GTGGCTCACACCTGTAATCCCAGCACTTTGGGAGGCTGAGGTGCGTGGATCACCTGAGCTCAGGAGTTTG
AGACCAGCCTGGCCAACATGGAGAAACCCCATCTCTACTAAAAATACAAAAATTAGCCGGGTGTGGTGGC
ACATGTCTGTAATCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATTGCTTCAACCTGGGAGGCAGAGGTT
GCAGTAAGCCGAGATCGGGGCATTGCACTCCAGCCTGAGTGACAAGAGCGAAACTCCATCTCAAAATAAA
ATAAAATTAAATTAAATTAAATTAAAATCTGGCCAGGCGCAGTGGCTCACACCTGTAATCCCAGCACTTT
GGGAAGCTGAGGTAGGTATATCACGAGGTCAGGAGTTCAAGACCAGCCTGGCTAAGATGGTGAAACCCCA
TCTATACTAAAAATACAAAAATTAGCCAGGCGTGGTGGTGGATGCCTGTAATCCCAGCTACTCGGGAGGC
TGAGGCAGGAGAATCGCTTGAACCCGAGAGGTGGAGGTTGCAGTGAGCCGAGATCGTGCCACTGCACTCC
AGCCTGGGCGACAGAGCAAGACTCCGTCTCAAAAATAAAATGAAATCTAAAGTCCTTTTCAGGGTCTACA
AGTCAGTACAGAATCTGGTCCCTGGCTGCCTCTTCAGCTTCATTTCATATAACTTCATCTTTTCCGAAAG
AGTCTCTTTTTGTTCCTAGATCTTTCCAAGCTCTTTTTTTCTGCCTCAGGGCTTGGCTCCACCACCCCAT
TCCACCCTAATTGCTATCACTTTTCCCAGTTTATTCCCTTCAGAGCACTCACTGCAATTTGTGTTGTATG
TTATTACGCTATTAGATTAAGAGCTTTATCTTGCAAGCACAGACGTACAATTAATAACAAATGGAAAARA
TGATTATCTTGTATACTGGAAAGTAGTAAGTGCTGTTGTGAAGAAGTATAGCAAAGTGAGAGGGATCAGG
AATGTGGGAGATGGAGGTGGGGGGGAAGTTGCAATGTTAAGTAGAGTGGTAAGAAGAGAATTCCATTAGA
GTTTGGGAAGAGCCAGGCGCCGTGGCTCACGCCTGTAATCCCAACACTTTGGGAGGCCGAGGCGGGTGGA
TCACGAGGTCAGGAGTTCAAGACCAGCCTGGCCAAGATGGTGAAACCCCGTCTTGACTAAAAATACAAAA
AACTAGCCGGGCGTGGTGGCGGGTGCCTGTAATCCCAGCTACTTGGGAGGCTGAGGCAGAGAATTTCTTG
AACCCAGAAGGCGGAGGTTGCAGTGAGCTGAGACCGCGCCACTGAACTCCAGCCTGGGCGACAGAGTGAG
ACCCTGTCTCAGAAAAAAAAAAAAAAAAAAAAGAGTTTGGGAAGAAGAGAATGAACAAAAGGAGACTATG
AGTGTTTTGTAGAAGGAGCGGTCAGTGTTTGGAATGCTACTGACATCCAGAAATCCAATGGATTTGTTCT
TTGGTCTTGTGGGGTTGACAAGAGAAATGTCAGTGGGGTGATGGACACAGAGTGAAAAGGCAGGGTTGCA
GTGGAGATAACATGTGTAGGCCACTCTAGAAAGTTCTGTCTGGGCTAACTGTGGTGTCTCAGCACTTTGG
GAGGCCAAGGCAGAAGGATTGCTTGAGCCCAGGAGTTCAAGACCAGCCTGGGCAACAAAGTGAGAGTCCA
TCTCTACAAAAAAAAATTTTAGGCCAGGTATGGTGGCTCATGCCTGTAATCCCAGCACTTTGGGAGGCCA
AGGTGGGCGGATCACAAGGTCAGGAGTTCAAGACCAGCCTGGCCAAGATGATGAAACCCCGTCTGTACTA
AAAATACAAAAATTAGCCAGGCGTGGTGGCAGACACCTATAATCATAGCTACTCAGGAAGTTGAGGCAAA
AGAATTGCTTGAGCCTGGGAGACAGAGGTTGCAGTGAGCTGAGATTGCGCCACTGCACTCCAGCCTGAGC
GACAGAGCAAGACTGTCTCAGAAAAAAAAAAAAAAAAAAAGAAAGAAAAAAGAAAAAAACATTTTTTTAA
TTAGCCAGGAGTGGTGGCATGTGCCTGTGGTCCCAGCTACATACGATGCTGAGGCAAGAGGATTGCTTGA
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ACCTAGGAGGTTGAGGCTGCAGTGAGCCATGTTCACGCTACTGCACTCCAGCCTGGGTGACAGAACGGGA
CCCTGTCTCAAAAAAAAAAAAAAGTTTGGGCTGGAAGGAAGCAGAAAGATGGGTGAGTATGGAGAGGAGG
AAGATGTGGGGTGAAAGGAGAGGTATACCCTATAACCCTTTGTATGAATTTCAGAATAATCTAGCAGGGA
GGGAGAGATGGCTGATGTAGGAGAGGAAATACTTGAAGAGCATGGTACTTGAGAAGTTGAGAAGGAAGGG
ATCCAGAGACTATGGGCAGAGGTGGCCTTTGAAAGGTAGATGGAGGGCCAGGCACAGTGGCTCACACTTG
TAACCCTAGCACTTTGGGAGGCCAAGGTAGGCAGATCATTTGAGCTCAAGAGTTCAAGACCAGCCTGGCC
AACATGGTGAAACCCTGTCTCTACTAAAAATACAAAAATTAGCCAGGTGTGGTGGTGCATGCCTGTAATC
CCAGCGACTCAGGAGGTTGAGGCAGGAGAATCACTTGAAGCTGGGAGGTGGAGTTTGCAGTGAGCTGATA
TCACACCACTGCACTGCATCCAGCCTGGGCTACAGAGCAAGACTTTGTCTCAAAAAAAAGTAAGGTAGAT
GGACACTTACTTCCTCAGTGGTAACAGGAGAGGTGGCCAGGTTTGGGTAACAGGTGGCCAGGTTTGCAGA
TTTTTCTAGCATTTTCTCCTTTGTGCTCTACTTCGTCACTGTGGAAGTCTTATCTGACAGTAGTAGTCTT
TACTGCTTATAAACCCCCAACTCCCAAAGCCATCTAAATTTCTGACCATAGCCACCCACCCAGCAGCCAT
CTCCACTTGAGTGTCCCACAGGTATCTAGAGCTCATTGTATCTCATGAAGTTCAGCTTGGCCCAATCTTT
CTTCTTCCTGCTTATTCTATTTTGAGGAATGGAACCAACATCAGCCATTAGGCCTAGGAAGGCCAAGATC
CTGGGATGGCATCCCAAGGCTCCTACTTTCCTCCTCACATCGTAGCCTCAACTCATGACCACTTATGTTG
ATTTGGACTTCTTTAGTTGCTCTCACTTCTTCCCCGTGTCTTGATGCTCACTACCTCTGTGCTGCCGTGG
CACCCAGCCTCTGTGCCAGGCTGTTGCTGTGGTCTTTTTGCTGCCTGTCTCTTCCCTCTTGCCCATCTGG
CCTCTCCTCTAGGCTTCCCTCCATTCTGCCATCTATAATTTGTAATGAAAATTTAACCAGGCACAGTGGC
ACATGCCTGTAATCCCAGCTACTCAGGAAGCTGAGGCAGGAGGATCAATTGAACCCGGGAGGCAGAAGTT
GCAGTGAGCCGAGATCGTGCCACTGCACTCCAGCCTGGGCAACAAGACAATAAGAGTGAAACTCTGTCTC
AAAAAAAAAAAAAAAGAAAAAGAAAAAGAAAAAAGAAAAGAAAAGAAAAGAAGAAAATTTAATCACAGCA
CTCTTAAACCTCAAAGTCTACAGAGACCCCTTCATCATATATGCCCCACACCATCTTGACAATGCCTCCC
AATGGGAGATATCAGTAATTATTGTGTTTTTTGTTTTTTGTTTTTTTTTCTTTTTTGAGACAGAGTCTTA
ATCTGTCGCCCAGGCTGGAGTGCAGTCATGTGATCTCGGCTCACTGCAACCTCCGCCTCCTGGGTTCAAG
TGATTCTCATGCCTCAGCCTCCCGAGTAGCTGGGATTACAGGCATTCGCCACCATGCCCGGCTAATTTTT
GTATTTTTAGTAGAGATGGGGTTCCACCATGTTGGCCAGGCTGGTCTCGAACTCCTGACCTCAAGTGATC
CACCTGTCTCGGCCTCCCAAAGTGCTGCGATTACAGGCATGAGCCATCATGCCCAGCCAATATTGGTTTA
GTAAAATACTTTGCCTTTTAGAGCCAGTTTCTGTTTTACCACTAATGTTTACTTCATACTTAGCACACCA
GAGATCTTCAATTATAGTTACATTATTTCCCCTGTATTTCCAGAGAAAATTGGATTAATAAATACTTTCT
TTTCTTTTATATGTTCAACCAGATACAGATGTCATCATGAAGAGGAAAAGAGGAGGGAGCCCTGCTGTAA
CACTTCTTATTAGTGAAAAAATATCTGTGGATATAACCCTGGCTTTGGAATCAAAAAGTAGCTGGCCTGC
TAGCACCCAAGAAGGCCTGCGCATTCAAAACTGGCTTTCAGCAAAAGTTAGGAAGCAACTACGACTAAAG
CCATTTTACCTTGTACCCAAGCATGCAAAGGAAGGAAATGGTTTCCAAGGTATTTTAAATATTAAAGTTA
ACTTAAAGAAGTAAAAGAGTTGTTAATGTTATATGTTCAGGCAGTAAAAGATCAACAGCCAACCAATGCT
GTTGTCATTTCAAGAGCCATCAGGCAAAATAGGTTATAAGATGGGAGTCTGGTGACAGACAGAATTGAAA
AGGGCAAAGTTGTAGTATTAATATCAAATACTCAGCTTTAAAATGTCTAGCAATCCATATTTGAATTTTA
TTTTATTTTTTTCGGTAAAGAAAAGCAGTATTGGCCTTGGAGTCAGACTGCCCTGGTTCTGAATCCTGAG
GCTCCTTCTACTAGTTGTGTGAATTCGAGCTAGTTATGATGCTTTCTAAACCCATTTGCTCATCCGTACA
CTGTGTTAACCAAAAGTACTTGAAAAATTCTGGAAAGATAAAATGTGCATGCAGTTCTGTGGCCAATTCT
GTTCATGCCAGTTATACGTTATTACATATTAATATTATCATTAGAGTCTAGACTCTCATTCTCAGCCCTG
GTTCTCTCTTTCCTTCATCTTCCCATTCCACTGCTCCTATGCAGCGTGTCTCAGCCTCACAGATCAGGAC
GGGTTTTCAGGCTGTGCTCTTGGGTAAAATTCAACTTCCAAGAAACAGACTGAGTTGGTCTACAGCTAAA
ACTTTATAATGGTGATATTTTTGAAGGTAGAAGGAAGTAACTTTTTTTTTTCTTTCTTTCTTTTTTTTTT
TTTCCTGAGACAGAGTTTTGCTCTTGTTGCCCAGGCTGAAGTGCAGTGGCACAATCTCAGCTTGCTGCAA
CCTCTGCCTCCCGGGTTAAAGCGATTCTCCTGCCCCATCCTCCCGAGTAGCTGGGACTACAGGTGCCCGC
TACCATGCCTGGCTAATTTTTTGTATTTTTAGTAGAGACGGGGTTTCACCATGTTGGCCAGGCTGGTCTC
AAACTCCTGGGAAGTAGCTTTTTTCCTTGTGATTTAGTCTAAAAAAAAAAAGAAAGTAGCTGATTATTTT
CATTTTCTCCCATAGATTTATATAGGACTTTTGGCACCTACTACTATTGGATTCCAGGGAAATTGAAGGA
GACCATAAAACAAATGAACCAAGTTATAAATGAGTATTGCTGAAAAAAGCCCAGAAATAGTCAATCATGC
TTAGTTTGATGGTTTGTGTTTTTGTGGACACACATCATAACTTCATATATTGCATACATAGAGGAATCAT
TTTCTGTAAGAAAAATAGTCTATGAAGGGTACTTACATATATCATTATTCATGTTTTTACAAAATGAATT
ATAGCTTTCTGCAAAGAGGTTGTTCTGCAAACTGAACAATTTTTAGAATAGCTGCCCCAGGAAACCCTCA
CTGTAAGTGATACAAAAATTGCAACAGGACCCCATACCATCTCTTGCTGACCCCATACTGTCCTGAGGAA
CACTGGAAGGTAAATCACCTTAGAGATGAAGAAGAGTCCTTTGGTGGCCCTGTGGCCTATGTGGTTAGGC
AGTTCTTTTTTTTTTTTTTTTTTGAGACGGATTCTTGCTTTGTTGCCCAGGCTGGAGTGCAGTGGTGTGA
ACTTGGCTCACTGCAACCTCTGCCTCCTGGCTCAAGCGATTCTCCTGCCTCAGCCTCATGAGTAGCTGGG
ACTACAGGCGCATGCCACCACGCGAGGCTAATTTTTGTATTTTTAGTAGAGACAGGGTTTCATTATGTTG
GCCAGGATGGTCTCCATCTCTTGACCTCGTGATCCACCCGCCTCAGCCTCCCAAAGTGCTGGGATTACAG
GCGTGAGCCACTGCATCTAGCCATGGTTAGGGAGTTCTTTTCATTCTTCCATTAAAATGAAAGAAAGTGA
AGGCTGGTGCTGGATGCTTAGCTTCACCTCTGCTTTCTGTTACCCTTGGCTGTTCTGCATCTGCCATCAT
TCCAGATTATGTATAATTAGACAAAACTCTGCTTCTGTGTATGTGTGTGAGTGTATGTGAACAGAGGGAC
TTAACAGTGAAAATACTTGTACTAGATTGGAGACACTTATAACACCTGCTATATCTTTTCTTTCTCTAAA
CATTCTACTAGAAATTCCCTGGTCTCACAAGCTATATTTTTAAAAATATTATGTTTTTGTTTTTATTTAT
TTTTATTTGTTTATTTTTTGAGACAGAGTCTCGCTGTGTCGCCCAGGCTGGAGTGCAGTGGTGCAATCTT
GGCTCACTGCAACCTCCACCTCCTGGGTTCAAAAGATTCTCCCACTTCAGCATCTCGAGTAGCTGGGACT
ACAGGTGCGTGCCACCATGCCCAGCTAATTTTTTGTATTTTTAGTAGAGACTGGGTTTCACCATATTGGC
CAGGCTGATCTCGAACTCCCAACTTCAGGTGATCCACCCATCTCCATCTCCCAAAGATTACAGGCATGAG
CCACTGTGCCTGGCCTTGTTTTTATTGATTTTTGATTAAAAATTTTAAATTTTAAAAATTTACCTGTTGC
AAAATAATACTAGTTTTATTACCAAGGATATAATTTATTTAAAGAACAGTTTATGATTTACTTGCAGTTT
TTTTGTTCTTAAGATAAAAGGACAGTCAAAATATGAGGTTTTTAACCCACTCAAAAAAATGTTCAGCCAG
GCGCAGTGGCCCATGCCTATAGTCTCAGCTACTCAGGAAGTTGAGGCGGGAGGATTGCTTGAGCCCAGGG
GTTCAGGGCTGTAGTGAGCTATGATCATGCCACTGCACTCCATCCTGGGTAACATAGCAAGAAGTCCTCT
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ATACCCCGCCTGCCAAAAAAAAAGTCTCTGGACAGTTTAACTCAACATAGGTAAATTAACTTGTTTCATT
ATGTTATCTGTTTTTAGATACTGGTTTTTAAATTTTGATTTAATTCGTTTCATAAATTTATAAAGCATAT
ACGTGGTTCCAAAGTCAAAGCTATGGAAAAAGGTACAGTTAGAGAAACATCTTCTGTTCATGTCCTCTCC
ACACTCTTCTCTCCTTCCCTGATTAGAAACCTTTTTAATTGTTTTTAGTTTACCCTTCCATGTTTTATTT
TTTATTTTATTTATTTATTTATTTTTGAGACAGAGTCTCGCTCTGTTGCCCAGGCTGGAGCGCAGTGGGG
CAATCTTGGCTCACTGCAGCCTTCGCCTCCCAGGTTCAAGTGATTCTCCTGCCTCAGCCTCCAGGAGTAG
ATGGGATTACAGGTGTGTGCCACCACGCCTGGCTAATTTTTGTGTTTTTAGTAGAGATGAGGTTTCACCA
CGCTGGCCAGGCTGCTCTTGAACTCCCAACCTCAGGTGGTCCACCCACCTTGGCCTCCCAAAGTACTGGG
ATTACAGGCGTGAGCCACCGTGCCTGGCCTTCCGTGTTTTAAAAGTGTAAGTAAATATATTCTCTCTCTC
TCTCTCTCATTCATGTAATGGCTCAAACCTATAATCCAGTACTTTGGGAGGCTGAAGTGGGTGGATCATT
TGAGCTCAGGAGTTCGAGACCAGCGTGGGCAACATGGTGAAAGCCTGTCTCTACTAAAAATACAAAAATT
AGCCAGGTGTGGTGGTGCAAGCCTGTAGTCCCAACTATTCAAGAGGCTGATGTCAGGGGATCACTTGAGC
CCTGGAGGTTGAGGCTGCAGTGAGCCAAGATGGTGCCACTGCACTCTAGCCTGGGTAACAGAGTGAGACC
CTGTCTCAAAAACAAAGAAAAAGGTGTCCCTTTTATTTTAAAAAGGGGATGGCATATAAATGTGTATATA
GTATATAATATAAATTATATACAATGTTTTATATTATATGACATATTACATATAAATTATACATAATATA
TTACATGTAAATACTTATGTAAATATATTCATATAAATACTTATATTTAATATATATTTTTAAGATAAAG
AAGTCAGGTAAAAACTAAGGAAATCTGGATAAAGTATAGACTTTAGTTAACAATAATGTATCAATATTGG
TTTATTGTACCAATGTATTTTATGAATATGGGATGTTAATAATAGGGAAATGGGGGTGCAGTGGCATGTG
CTTATAGTCCTAGTTTCCTCAGCCTTCGGGAGGCTGAGGCAGGAGGATCATTGAGCCCAGGAGTTAGGGT
TGTTCTTCTTGGAGCTGAACTCCTGGGTTCAAGTGATCCTCCCGTCTCAGTCTCCCACCTCCCAAGTAGC
TGAGATTACAGGTGCACGACACTGTAATCAGTGGACATGTTTTCAAGTGGGTTTAAAACTTGGTATTTTG
ACTGTCCTTTTATCTTAAGGACAAAAAACTGCAAAAAAATTATAAGCTGTTTTTTATAAGTGTATTATTG
GTAATAATACTGGTATTACTTTGAAAAAGGTAGATTGAACATAAATATTAGATAATATAGTAATTTATAT
ACATACAAAATATATTTGTATGCTACCCCCTTTTTAAATAAAAGGTACACTTTTTTTTTTTTTTTTTTTA
AAGTAGACACAGGGTCTTGCTATGTTGCCCAGGCTGGTCTCAAACTCCTGGCCTAAAGCAGTCCTCCCAC
TTTGGCCTCCTAAAGTGCTGGGATTATAGGCATGAGCCATCATGGCCAGGACATATGTTTTTCTTTTTAA
TTTTATTAATTTGGTTTATTTTTTAATTTTATAGACGCCCTGCTCTCAGATATAACACTTTTTTTCTTTT
AATTTAACAAGATATTTTCGATCTCACTCCATACCTCTATATAGAGAAAACACCCATTCCTTTTTAAAGT
CTATTTTTACAGCTGGTCAAAGAGTAAATCGTTATGTAATATTGCTAGGCATTTCCCAGATCTCCATAGG
CATCATTCCAATTTGCTTTTCCACAGCAATGTATCAGAGTACCTGTTTCACTCTCAACCTCACTGACTTG
TTAAACTTTTTGCCAATTGAAATTCTTGCCAGTGAGAAAATGATATCTCAAAAAGTAAGAAATGATATCT
CAGTGTAGTTTATTTAAAAATAAACTTTTTGTTTTAGCATAGTTTTGTATTTACAGAAAAATTGTGAAGA
TAGTACAGAGAGTTCCCGTATAACCCCATACCCATTCCCCTGGGGTTTTTTCTGGGGGAGGTAGTGGGGC
AGAGTTTCACTATGTTGCCCATGCTGGTCTTGAACTGAGCTCAATGATCCTCCCACCTCACCTTATCAAG
TAACTGGGACTACAGACACGTGCCACTGCAGCACCCCCATTTTCCTATTATTAATATCTCACATTAATAC
AATACATTTAATAATTAATAAACCAATATTGATATATTATTGTTAGCTAAGGGCTATATCTGCTGGGCAC
AGTGGGTCTTGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGTGGGCAGATCACCTGAAATCAAGAGTTC
GAAACCACCCTGGCCAACATGGCAAAACCCCGTCTCTACTAAAAAAATACAAAAATTAGCCAGGCGTGGT
GGCATGTGACTTAGTCCCAGCTACTCAGGAGGCCGAGACAGGAGAATCACTTGAACTTGGTGGGTGGAGT
TGCAGTGAGCCAAGATCATGCCACTGCACTCCAGTCTAGGAGACACAGCGAGACTCCATTAAAAAAAAAA
ATTATATACTTTATCCAGATTTCCTTAGTTTTTCTTAATGTCCTTTTACTGTTCCAAGATCCCATTTAGG
ATACCATATTGCATTTAGTTGTCATGTCTCCTTAAGCTACTCTTGACTGTGACAGTTTTTTGGTTTTAAC
AGTTTTGAGGAGTACTAGTTAGGTATTTTGTAGAATGTCCTTTACTTGAGATTTCTTTATTATGTTTCTT
ATGATTAGATCAGAGTTATTGGTTTGGGGGAGGAAGGTCACAGAGGCAAAGTGCCATCCTTATCAAATTT
TATCAACGGTACGTGCCACCTTTCTTTACAGTCATGTACAGTTGACCCTCAGGATTGGCTCCAGGGTACC
CTGCAGACACCGAAGTCCACAGATGCTCAAATCCCTTACATAAAATGATATAATACAGTTGGCCCTCCAT
ATCTGTGGGTTTCAATTCACGATTGGTTGAATTCTCAGATGTGAAACCCTCAGATACAGAGGGCCAACCG
TATTGTGTAGCTATCCCTGAACTCTTTATTCTGTCCCATTAAAATCTTTGTCTATCTTTGTACCATGTTG
TTGTACATAATGTAGCTTTATAATTAGTCTCAATATCTTTTAGGGCAAGTTCTACCACTTCGTTTTTCTC
CAAGGGTGTCTGAGAGAGTCTTGACCCTTTACATTCTCATATAAATTTTGAAATCAGCTTTTCAGATTCC
ACAAAATACTTTTTGGAATTTTGATTGAGATAATGTTGAATCTATAGATAAATTTGGGGCCAGGAATGAT
GACTTATGCCTGTAATTCCAGCACTTCAGAAGGCTGAGGAAGGAGAGTTGCTTTAGGTGAGGGGTTCAAG
ACCATCTTGGACAACACTGTGTAAAAACTCTAGCCAGGCGTGGTGGCTCACGCCTGTAATCCCAGCACTT
TGGAAGGCCAAGGTGAGTGGATTACGAGGTCAAGAGATCGAGACCATCCTGGCCAACATGGTAAGACCCC
ATTTCTACTAAAAATACAAAAATTAGCTGGGCATGGTGGCACGTGCCTGTAGTCCTAGCTACTCGGGAGG
CTGAGGCAGGAGAATCGCTTGAACCCAGGAGGCAGAGGTTGCAGTGAGCCAAGATCACGCCATTGCACTC
CAGCCTGGTGACAGAGAGAGACTCCGTCTCAAAAAAAAATTAAAAAAAAAAAACTCTCTATAAAAGTTTT
TATAGAGAGTTGTGAGTCTTCATCTCTATAAAAACTTTTTAAAAATTAGCCAGGCGTGGTGGTGTGCACT
TGTAGCTTGTAGTCTTAGTTACGCAAGAGAATCACTTAAGCTCAGGAGTTCGAGGTTACAGTGAGCTATG
ATCTTGCCACTGCACTCCAGCCTGGGCAACATAACAAGACACTGTCTGTATTAAAAAAAAAAAACATGGG
AGAGAGTTGATATGTTAACAATATTGAGTCTCCCAATCCACTTATTTACATCTCCTCTAATACTTCCCAG
CTTCATTCATTAGCATTTTCTCTGCAGAGGTTTTGTATATCTTTTGTTAATTTATTCATAGGTAATTGAT
CTATTTTAAAACTATTTATTTATTTATTTATTTTGAGATGGAGTCTCGCTCTGTCACCCAGGCTGGAGTG
CAGTGGTGCGATCTCGGCTCACTGCACCCTCCACCTCCTGGGTTCAAGCGATTCTCCTGCCTCAGCCTCC
TGAGTAGCTGGGATTACAGGTGCCCACCACCGTGTCTGGCTAGTTTTTGTATTTTTAGTAGAGATAGGGT
TTCACCATGTTGTCCAGGCTGCTCTCAAACTCCTGACCTCAGGTGATCTGCTCACCTCGGCCTCCCAAAG
TACTGGGATGACAGGCGTGAGCCACCGCGCCTGGCCAAAACTTTTTATTATGAAAATTTTAAACCAGTAC
CAAAGGAGACTGGGCCAGGAGTGTTGGCTCATGCTTGTAATACCAGCATTTTGGGAGGCTGAGGTGGGTG
GATCACTTGAGCCCAGGAGTTCAAGCCTGGGCCACGTGACAAAACCCTGTCTCTTCAAAAAATACAAAAT
AAATTAGCTGGGTGTGGTAATATGCACCTGTTGTCCCAGCTATTTGGGGGGCTGAGGTGGGAGAATCACT
TGAGTCTAGGAGGTTGAGGCTTCTGTGAGCCGAGATCATGTCACTGCGCTCCAGCCTGGGTGACAAAGTG
AAACCTTGTCTTAAAAAAATAATCAATGACTGGGAGCGGTGGCTCACACCTGTAATCCAAGCACTTTGGG
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AGGCCAAGGCGGGTGGGTCACCTGAGGTCAGGAGTGCGAGACCAGCCTGGCCAACATGGTGAAACCCCAT
CTCTACTAAAAATACAAAATTAGCCGGGCATGGTGGCGCATGCCTGTAATCCCAGCTACTCAGGAGGCTG
AGGCAGGAGAATCACTTGAACCTGGAAGGCAGAGGTTGCAGTGAGCTGAGATGGTGTCACTGCACTCCAG
CCTGGGCAACAGAGCGAGACTCAATCTCAAAAAATAAAAATAAATAAAAATAAATGTATAAACAAATAAT
AATTTTCTTATATTAGCTGGGCACAGTGGCTCACAGCTGTAATTCCAGCACTTTGGGAGGTGGGAGGATT
GCTGGACCCCAGGAGTTTGAGATCAGCCTGGGCAAGGTGGAGAGACCCCGTCTCTACAAAAAAATCCAAA
AATTAGCCAGCCATGGTGATGTATGCTTCTGGTCCCGCTATTGGAACGGCTAACATGAGAAGATTGCTTG
AGGCTGGGAAGTCGAGGTTTCAGTGAGCTGTGTTCACGCACTCCAGCCTGGGTGATAGAGGGAGATCTTG
TCTCAAAAAATGAAAGAAAAAAGTAATAATTCCCTAATATCAAACACCTATTCAGTATTAAAATTTCCGC
TTGTCTTGTAAGTGTCATACTTTTTTTGTATGTTTGGATCAGTCTGTTTGGATCAGGATTCAAATAAGGT
TCATACATTGTGACTGACCAATATGTCTGTTAAATCTCTTTTAACTCATAACTTCCTCTTTCATAACTTT
TTTATTCCTTGAATAAAATTTACTCAATTTACTTCAATTTACTCATTGAAGAAACAGGTTATTTTTCCTG
TAGAGTTTCCCAAAGAGAGTTTGTAGAGTGCATTCTAGAAGTGTCGTTTAGCATGTTCTGCTTTCATCCA
TATTTCTTTTTGTTGTTGTTGTTGTTTTGTTTTTTTGAGAGGGAGTTTTGCTCTTGTTGCCCAGTCTGGA
GTGCAATCGCCCGATCTTGGCTCACTGCAACCTGCGCCTCCCAGGTTTAAGTGATTCTCCTGCCTTAGCC
TCCAGAGTAGCTGGGATTACAGGCTTGTGCCACCATGCCCGGCTAAATGTTTGTATTTTTAGTAGAAATG
GGGTTTCACCATGTTGGTCCGGCTGGTCTCGAACTCCTGACCTCAGGTGATCCACCGCCTCAGCCTCCCA
AAGTGCTGGGATTACAGGAGTGAGCCACTGTGCCTGGCCTCATCCATATTTCATTAGCAGTTAGATCTAG
AAGGTAACTGTTGGGTGTTTTTTTTTGTTTGTTTTTTGTTTTTGTTTTTGTTTTTTGAGACTGAGTCTCA
CTCTGTCATCCAGGCTGGAGTGCAATGGCATGATCTTGGCTCACTGCAACCTCTGCCTCCTGAATTCAAG
CGATTCCCCTGCCTCAGCCTCCTGAGTAGCTGGGATTACAACTGTGTGCCACAATGCCTGGCTAATTTTT
GTATTTTTAGTAGCGACGGAGTTTCGCCATGTTTGCCAGGCTGCTCTTGAACCCCATATCTCAGGTGATC
TGCTCACCTCGGCCTCCCACGGTGCTGGGATTACAGGCATGAGCCACTGCACCTGGCCTAATTGCTAGTT
TTTATACTATTGTAAGTAACATCTTTCTCAAAATTTCATTTTTTGTTTATTACCATATATCAAAATACCT
TTGATTTTTGTATCCACAATCTTGGTAACTCTTTTAATTGATTTGGTGAGTTTATTTACATAATTTTTTT
TTTCTTTTTTCATTTTCTTTCTTTTTTGAGATGGAGCCTCGCTCTGTTGTCCAGGCTGGAGTGCAGTGGC
GTGATCTCGACTCACTGCAACCTCGGCATTCCGGGTTCAAGGGATTCTCCTGCCTCAGCCTCCCAAGTAG
CTGGGACTATATACAAATACATACATACATGTGGTATGTGTAGGCACACGCCACCACACTGGCTAAGCTA
ATCTTTCTATTTTTAGTAGATATGGTGTTTCACCATGTTGGCCAGGCTGGTCTCCTGTCTCGGCCTCCTG
AAGTGCTGGGATTACAGGCGTGAACCACCATGCCCAGCATTGTAGATTCTTTTGTATTTCCTATATATGC
AATTACATCACCTATGAATAATGATGGCTTTGTTTCTCCCTTTCCAGTGTGTAACCCTGTTTTTCCTTCC
CTTACTGTGCTTGCTATGACACCCAGTGCATGTTGAACAGAAATAGAGATAGCAGATGTTTTGCCTTCTT
TCTGATTTCTCTCTCCAACTTTTTACCTCACATAATGATTGTTGCTATAGTTTTCTAAAATCTACCTTTT
ATGGAATCAAGTGTCCATCTAGACTTAGATTGCTAAGAGGTGTTTTTTTAATGATGAACGACTATAGGAT
TTTAAGAGCTTCATTTTCTTCATCTATTGAGACAATCATGTATTTCTCCTCTATTCTGTTAATGTGACAG
ATTATATTGATTGATTTTTCTGAAAAATCATTCAGATTATAAACTACTTATACTTTGCTAGTATAAAACC
ACGAAGTAACAGGGTGGTCAGAGCATAAAAGAGCTAGCCATGGTAAGACTCGGGGAGAAATTTTTTTTTT
TTGAGACAGAGTCTTGTGCTGTTGCCCAGGCTGGAGTGCAGTGGCGCGATCTCCGCTCACTGCAAGCTCC
ACCTCCCGGGTTCGCGCCATTCTCCTGCCTCAGCCTCCCAAGTAGCTGGGATTACAGGCGCCCGCCACCA
CGCCCGGCTAATTTTTTGTATTTTTGGTAGAGGCAGGGTTTCACTGTGTTAGCCAGGATGGTCTTGATCT
CCCGACCTTGTGATCCGCCCACCTTGGCCTCCCAAGGTGCTGGGATTACAGGCGTGAGCCACCGCGCCCA
GGTGAAATCATTCTATATTTACACAAACTCTCATAAATAAGAATAAAGGAAATGGTCCCCAATTCATTTT
GTATTAATATAAAACCTGTAAGGATGGTACAGAAAAAGTGAATAAATTGATTCAAATTATTATTGAAACA
AAATATTTAACAAAGGGAATTTAGCAATATATAAAAGGTAATACATCTTACTATTGCTAACTATATTAAA
CTGTGACTTCCTTTTTTTTTCGGTTAGGCCCATTTTTTGTCTCAGTGTACTTATTTTTATACATAATTAT
TTATCTGTTCACTTCTTTTGATTCACTCCTAAGATTTTTTCAGAATATTTTCTTTTTCTTTCTTTCTTTT
TTTTTTTTTGATGGAGTTTTGCTCTTGTTGCCCAGGCTGGAGTGCAATGGTGCAATCTCGGCTCACTGCA
ACCTCCACCTCCCAGGTTCAAGTGATTCTCCTTCCTCAGCCTCCCGAGTAGCTGGGATTACAGGCATGTG
CCACCATGCCAGGATAACTTTTTTTTGTATTTTTGGTAGAGATGGGTTTCTCCATGTTGGTCAGGCTGGT
CTCGAACTCCCGACCTCAGGTGACCCACCCTCCTCGGCCTCCCAAAGTACTGAGATTACAGGCGTGAGCC
CCCATGCCCAGCCCCAGGATATTTTCATGAGGGAAACCACTTGAATATTGTTTAGATATGGATGCTTTGG
GTAAAGTGCTTTTTTGTTTTTCTTTTTGAAATTAAGAAGAAACATGGCGGCTATCCTTCTCTCACATCGA
AAAGGAAATTTTGAACAATCATGGAAAATCTAAAACGTGCTGTGAAAACAAAGAAGAGAAATGTTGCAGG
TAACAGCCTTATTTTGTTAAATGACAGATTATCTATGGTATGCTTAATTATTTGTTGACTCCACACCTCA
GACCTGAAGAGCTGAGCTGGGTTGGGTCTGGGGGGCAGGGCAGGATTGGGTTGAGCTGGGGAGAGTGTGA
GTATGAAACCAGAGAAGCTAGATCCAAAGGGCCAAGGAAAGGGTGTTGTTAGAAGGCAAGGCCGGGGAAT
AGTAGTTCTGAACCCTGGATCAGATGAATGTGTTTTTGTATAGATGTATCAGTAGGACAGAGTGAGAGGG
TATGAGCACTAGCCATGACAATTCGATGGGTCTTAGTATTCTGCTTGTTTAAAAGTAATGGATATTAATG
CCATATAATTGGAGGAGGCCAAAAGGTCGCTCTTATTAGATACTGGGCTTGCTTTGGGATAGTTGGGTTG
TGTTGACGGCTAGGGATTGATTGGCCAAACTGAAAACAACACTAAGTGAGTAATTTTTTTTTTTGAGACA
GACTTTCACTCTGTCACCCAGACTGGAGTGCAGTGGCACAATTACGGCTCACCACAGCCTCGATCTCCTG
GGCTCAAGCAATCATCCTACCTCAGCCCCCCAAGTAGCTGAGATTACAGGTGCATGCCACCATGCTCGGC
TAATTTAAAAAAAAATTTTGTAGAGGGCCTGTTGGCTCACACCTGTAATCCCAGCCTAGCAACATGGTGA
GACCCCACCTCCATAAAAAATTTAAAAATTAGCCAGGCATGGTGACTGGTGCCTGTGGTCCCAGCTACTT
GGAAGGCTGAGGTAGGAGAATGGCTCGAGCCCAGAAAATCAAGGCTGCAGTGAGCCATGATCGTGCCACT
GCACTGCAACCTGGGTGACATAGTGACACCCTGTCTCAAAAAAAATTTTTTTTATTGGTAGAGATGGTGG
TCTCCCTTTGTTGCCCAGGCAGGCTGGTCACCAACTCCTGGGTTCAAGTAAACTTCCCGCCTTGGCCTCC
CAAAGTCTTGGAAGTACGGGGATGAGACACTGCACCCCACCATTTTTTTTTGTGATGGCATACACACCAT
AAAGAACTAAGATTGAAAAGGAATTGTTCATTTGAGTTTCTAAAGTTGGCCAGTATTGGCCAGGCATGGT
GGCTCAAGGCCTGCAATCCCAGCACTTTGGGAGGCCAGGGCAGGTGGATCACCTGAGGTCAGGAATTCGA
GACCAGCCTGGCCTACGTGGCGAAACCCCGTCTCTACTAAAAATACAAAAATTAGCTGGGCGCAGTGGCA
CGTGCCTGTAATCCCCGCTACTCAGGAGGCTGAGGCAAGAGAATCACCTGAACCCGGGAGACAGAGGTTG
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CAATAAGCTGAGATCATGCCACTGCACTCCAGCCTGGGCAACAGAGCAAGACTCCATCTTAAATAAATAA
ATAAATAAATAAATAAATAAATAAATAAAGTAAGTTGGCCAGTATAAAGATCACAAAAGTTAAAAAGTCA
AAACAAAAATGCCCAACATGCAGGCACAGAGGTTCTTTAAGATCTCATATGCAGGCTTTGAAGTAAGCAT
TAAGAAAACTATATTGTTGGCCAGGCACAGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGG
CAGGTAGATCACCTGAGGTCAGGAGTTCGAGACCAGCCTGGCCAACGTTATGAAACCCCGTCTCTACAAA
AATGCAAAAATTAGCCGGGCGAGGTGGCATGCACCTGTAATCCCAGCTACTTAGGAGGTTGAGGCAGGAG
AATCGCTTGAACCCAGTAGGCAGAGGTTGCGGTGAGCTGAGATCACACCACTGCACTCCAGCCTGGGCAA
CAGAGCGAGACTCCATCTCAAAAAAAAAGGAAAAAGAAAAAAAAAAAGAAATATTGTTGATAAGGCTAAA
TAGTTTCATAAATAGTACATTTTGTCAACTACTAAATAACTAGATGAGATGGCAGATTATCTATGGTACT
CTTAATAATGTAAATAATTCTGTGATACAATCAGTGGATTTTAGAAAAGAAAAAATTTATATTAAATTTG
CAGTTCAATAAAGTAAAATAATTTTATAACAAAACAAGATTTTGGATCGCTTGAGGGGGGTGAGGGGAGG
GTCAGAGGTTGCAGTGAGCCGAGATTGTATCACTGCATCCCAGCCTGGGTGACAGAGTGAGACCCTGTCT
CAAAAAAAAAAAAAATAGTATAAATATCTGTTAGCTTTATACAGTTGAAGAAATTCATAGAATATATTTA
AGCTAAGAATGGGAAAGAGAGGGAAAAAATGTGTTTTTGAAACTTCAAACCATATATTTGAAAACATAAT
CAGATTTTAGTGTGACTGTTGTATTTATTTTATTTTATTTTATTTTATCATTTCATTTCATTTCATTTAT
TTCATTTTATTTTATTATTTTATTTTATTTTATTTTATTTTATTTTGAGATGGAGTCTCACTTGTTGCCC
AGGCTGGAGTGCAGTGGCATGATCTTGGCTCACTGCAACCTCTGCCTCCTGGGTTCAAGTGATTCTCCTG
CCTCAGCCTCCCGAGTAGCTGGGATTATAGGTGCACGCCACCACACCTGGCTAATTTTTGTATTTTTAGT
AGAGATGGGGTTTCAGCATACTGGCCAGGCTGATCTCGAACTCTTGACCTCGTGATCCGCCTGCCTAGGC
CTCCCAAAGTGCTGGGATTACAGGCATGAGCCACCGCGCCCGGCTTTTTTGTTTTTGTTTTTGTTTTCTG
TGTGTGACAGAGTTTCGTTCTTGTTGCCCAGGCTGGAGTGCAATGACGCGATCTTGGCTCACTGCAACCT
CCGCCTCCTGGCTTCAAGCGATTCTCGTGCCTCAGCCTGCAGAGTAGCTGGGATTACAGGCGTGCGCCAC
CACGCCCAGCTAATTTTGTATTTTTAGTAGAGACGGGGTTTCACCATATTAGTCAGGCTGGACTCAAACT
CTTGATCTTAGGTGATCCCCCTGCCTCAGCCTCCCAAAGTGCTGGGATTACAGGCGTTGTGTCACCACGC
CCGGCCTATATTTATGTTATTATATATCTTTATTGTTTATATTTTTGCTATGAGATGCCTAAAATCCTTT
GTTGAATGTAAATAAGTAAAAATAAGTGTTTTCCTTTTTTATTCAACAGGAAAGATTGTTTAAAACTAAT
GAAATACCTTTTAGAACAGCTGAAAGAAAGGTTTAAAGACAAAAAACATCTGGATAAATTCTCTTCTTAT
CATGTGAAAACTGCCTTCTTTCACGTATGTACCCAGAACCCTCAAGACAGTCAGTGGGACCGCAAAGACC
TGGGCCTCTGCTTTGATAACTGCGTGACATACTTTCTTCAGTGCCTCAGGACAGAAAAACTTGAGAATTA
TTTTATTCCTGAATTCAATCTATTCTCTAGCAACTTAATTGACAAAAGAAGTAAGGAATTTCTGACAAAG
CAAATTGAATATGAAAGAAACAATGAGTTTCCAGTTTTTGATGAATTTTGAGATTGTATTTTTAGAAAGA
TCTAAGAACTAGAGTCACCCTAAATCCTGGAGAATACAAGAAAAATTTGAAAAGGGGCCAGACGCTGTGG
CTCACACCTGTAATCCCAGCTCTTTGGAGGCCGAGGCAGGCGGATCACTTGAGGTCAGGAGTTTGAGACC
AGCCTGACCAACATGGTGAAACTCCATCTCTACTAAAAATATAAAAATTAGCCGGGCATGGTGATGCATG
CCTGTAATCCCAGCTACTCGGGAGGCTTAGACATGAGAATCACTTGAACCCAGGAGGTGGAGGTTGCAGT
GAGTCAAGATGGCACCACTGCACTCCATCCTGGGTGACAGAGCAAGACTTCCTCTCAAAAAATAAATAAA
TAAATAAGAAAAATAAATTAGGAAATTATTAAAATAATTTTTTAGAAAAGCAACAAAATAACAAAAATTA
GTGACTGTAATAATTGGAATGTTTGAAATTTGTCACAGCAATAATTGACTAAAATGAATGTAAATAATTA
TTCAGTTTTCAGTTTGTTGTAATAAACTCTAATCAGTATAAAGGATTGACTATCCTAGGAAAAAGATTAG
TCAAGGAATAAGAAGCAAAAGTAGTATTTGAAATCTAAAAACATTACCATGTTTGCTTTATCATGCAGGC
AAATAAATAAATAAATGACATTTTTAGGTTGGAATAAAAAAAGATAAAGTACATATTGCCTTAATTAAAT
TCATCAAGTTCTTACTGAAAAACAGCTCTCCGCCGTGCCTGGCCAGGAAATACATAATTTTTTTTTTTTT
TTTTTAGATGGAGTCTCGCTCTGTCGCCCAGGCTGGAGTCCAGTGGCATGATCTTGGCTCACTGCAAGCT
CTGCTTCCTGGGTTCATGCCATTCTCCTGCCTCAGCCTTCCGAGTAGCTGGGACTACAGGTGCCCGCCAC
CACATCCGGCTAATTTTTTGTATTTTTAGTAAAGATGGGGTTTCACCATGTTAGCCAGGATGGTCTCGAT
CTCCTTACCTTGTGATCCGCCCGCCTTGGCCTCCCAAAGTGCTGGGATTACAGGTGTGAGCCACCACGCC
TGGCTGAAATACATAATCTTAAAAGAAAACATAAGATACTTTATTTTAATATACGTGACTAAATGTAARAA
CCTAACTTATTTTCTGTTATCTATTTATTTTTACTTTCAGTAACACTTTTTTTATTTTAGGTAGCATTCA
GCCTAGAGGCAACTGCTGTTTGTTAAATATTTCCTGTTCATATATTTTGCACATTTTCTTATGGGTTAGT
TTTCTTCTCATTGTTTTGGGAAGTTCTTAATATATTTGGGGTATTTATCTTTCATTCGTTGTCTGTGTAA
CAAATAACTTCTGCCATATGGGTTGTCTGCACATTTTTTGGTGTCTTTTAGTAAACAAGGTTTTTTTGTT
TTGTATTGTTTTGTTTATTGTAAAGATTTTTAAATTTTAATGGAGTTGATTTCTTTTCTCATTCAAGCTT
TTGAGAATAAATTGGAGTTGAATTTTT
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