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Abstract

Herpes simplex virus-1 (HSV-1) is a ubiquitous pathogen that establishes lifelong
latent infections in post-mitotic neurons, most commonly in the peripheral ganglia. Latent
HSV-1 infection is asymptomatic, but the virus periodically reactivates, which can lead to
significant disease, including a life-threatening encephalitis or recurrent HSV-1 ocular
infection, a leading cause of infectious blindness worldwide. Recent evidence suggests
that recurrent HSV-1 infection may also impact the progression of Alzheimer’s disease.
Therefore, there is a need to understand how the virus remains latent in neurons to
ultimately prevent reactivation and recurrent infection. During latency, the promoters of
viral lytic genes are associated with heterochromatin, which is thought to maintain long-
term gene silencing. However, HSV latency is heterogenous and latent viral genomes
associate with different subnuclear structures and cellular proteins, which may result in
different forms of latency that are more or less capable of reactivation. Additionally, this
can be further impacted by the inflammatory environment and the presence of cytokines
or other signaling molecules. In Chapter 2, we explore the role of type | interferons
(IFNs) and promyelocytic leukemia nuclear bodies (PML-NBs) in promoting a restricted
form of HSV latency. We first characterized PML distribution in primary peripheral
neurons isolated from adult and postnatal mice and found that they are largely devoid of
detectable PML-NBs. Treatment of these primary murine neurons with type | IFN
induces robust formation of PML-NBs that continue to persist following cessation of IFN
signaling. A large proportion of HSV-1 genomes are stably entrapped by PML-NBs
throughout latency when IFNa is present during initial infection, and reactivation is
restricted under these conditions. However, the ability of HSV to reactivate is rescued if
PML is depleted either prior to or following infection, suggesting that IFNa-induced PML-
NBs are required for the restriction of HSV-1 reaction. In Chapter 3, we further

investigated the localization of latent viral genomes in primary murine neurons and found
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they colocalize not only to alpha-thalassemia/mental retardation syndrome x-linked
protein (ATRX) in the context of PML-NBs, but also to regions of dense ATRX staining
localized outside of PML-NBs, even in the absence of IFNs. Furthermore, depletion of
ATRX in latently infected neurons in vivo decreased the latent viral load in trigeminal
ganglia (TG) and increased lytic gene expression during reactivation of superior cervical
ganglia (SCQG). Interestingly, we show that the subnuclear positioning of a latent viral
genome modulates not only its chromatin structure and association with histones, but
also its compaction state, as superresolution microscopy revealed that PML-NB-
associated genomes are significantly less compact than non-PML-NB-associated
genomes. Lastly, we characterized PML and ATRX distribution in human neuronal cell
models of HSV-1 latency and found that IFNa increases PML-NB number and
colocalization of PML-NBs to latent HSV-1 genomes in these cells. Together, these
studies have expanded our understanding of heterogeneity in latency and provide key
insight into what form of latency is the most repressive (also known as deep latency),
why it is more repressive and how different forms of latency arise so that we may be

able to develop therapies that manipulate latency and drive it into its deepest form.
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CHAPTER 1

Introduction to the role of interferons and repressive nuclear bodies
in herpes simplex virus infection

Part of this chapter has been adapted from:
Suzich JB, Cliffe AR. Strength in diversity: Understanding the pathways to herpes
simplex virus reactivation. Virology 2018;522:81-91. (Review)



Abstract

Herpes simplex virus (HSV) establishes a latent infection in peripheral neurons
and can periodically reactivate to cause disease. There is considerable heterogeneity in
HSV latency, including at the neuronal level in the co-localization of latent HSV-1 viral
genomes with different subnuclear structures. How this heterogeneity arises and whether
certain genomes are able to reactivate more readily than others is not known.
Furthermore, the interferon (IFN) system has been identified as a crucial component of
the host innate immune response to control HSV infection. However, how neuronal
interferon signaling impacts the establishment and maintenance of latency is not well
characterized. Here, we demonstrate that the presence of IFNs during de novo infection
of peripheral neurons can impact the subnuclear positioning of latent genomes. We further
characterize how the association of latent viral genomes with promyelocytic nuclear
bodies (PML-NBs) or host heterochromatin-associated proteins, including ATRX, can alter
the heterochromatic signature, compaction state and, ultimately, the capacity to reactivate
following a physiological stimulus of reactivation. In this introduction, we review HSV-1
biology, the role of IFNs in HSV-1 infection and the nuclear structures associated with

HSV-1 viral genomes.



Herpes Simplex Virus

Herpes simplex virus (HSV) 1 and 2 are ubiquitous pathogens that persist for the
life of infected individuals. The ability of these viruses to develop lifelong infections is
due to the presence of a latent pool of virus in terminally differentiated neurons, most
commonly in the peripheral ganglia. It is estimated that approximately 90% of individuals
worldwide are infected with HSV-1, HSV-2 or both of the viruses (Arvin et al, 2007). In
the United States, the estimated prevalence rate of HSV-1 and HSV-2 in people aged
14-49 is 47.8% and 11.9% respectively, with higher prevalence in women and Mexican-
American and non-Hispanic black persons (McQuillan et al, 2018). HSV infection is often
clinically silent. However, HSV periodically re-enters a lytic replication cycle in a process
known as reactivation. In immunocompetent persons, reactivation events result in
replication at the body surface that can give rise to recurrent blisters or sores, which are
typically self-limiting and resolve rapidly (Roizman et al, 2013). These lesions most
commonly occur at oral, nasal or ocular sites with HSV-1 infection and at the genital skin
and mucosa with HSV-2 infection. HSV reactivation can also lead to significant morbidity
and mortality in immunocompromised individuals, and, in rare cases, infection of the
central nervous system can lead to acute viral encephalitis or a recurrent lymphocytic

meningitis.

Lytic Infection

The ability of HSV to establish a lifelong infection can be attributed to its capacity
to undergo contrasting infectious events, termed the lytic and latent stages. Primary
infection at the body surface results in productive replication in epithelial cells (Roizman
et al., 2013) Infection is initiated when HSV surface glycoproteins bind to a number of
receptors on the host cell surface. Two HSV surface glycoproteins, gB and/or gC, first

attach to heparin sulfate proteoglycans. This initial attachment allows gB, the



heterodimer gH/gL and gD to then bind additional membrane receptors and trigger
fusion of the viral lipid envelope with the cell membrane (WuDunn & Spear, 1989; Herold
et al, 1991; Turner et al, 1998; Shukla et al, 1999; Pertel et al, 2001). The viral
nucleocapsid is released into the cytoplasm along with a number of tegument proteins
and is efficiently transported across the cytosol to the nuclear pore complex by a
microtubule-mediated mechanism to release the linear 152kb double-stranded DNA viral
genome into the host cell nucleus (Sodeik et al, 1997; Roizman et al., 2013). Following
nuclear entry, the viral genome is rapidly circularized and transcribed (Strang & Stow,
2005). During this initial lytic stage of infection, over 80 viral gene products are
expressed in a cascade-dependent manner. Initial viral gene expression is enhanced by
delivery of viral tegument proteins, including the viral transactivator, VP16, into the
nucleus. This potent transcriptional activator, induces the formation of a transcriptional
regulatory complex with multiple cellular co-activators to promote transcription of the
viral immediate early (IE) or a genes. Products of the IE genes include proteins required
for transcription of the early (E) or B genes that encode proteins required for viral DNA
replication, leading to the reorganization of the nucleus and formation of replication
compartments (RCs) (Quinlan et al, 1984; Monier et al, 2000). The final group of genes
is the late (L) or y genes, whose expression is dependent on viral DNA replication. L
genes encode structural proteins required for assembly, egress and release of the
infectious HSV particle. Progeny nucleocapsids are assembled in the nucleus and
acquire tegument proteins and an envelope from the inner nuclear membrane, but it is
thought that virions are de-enveloped at the outer nuclear membrane and then re-

enveloped by budding at membranes of the frans Golgi network (Mettenleiter, 2002).

During primary infection, HSV is able to enter the terminal axons of neurons that

innervate tissue at the initial site of infection. The virus fuses to the membrane at axonal



termini and the nucleocapsid undergoes dynein-mediated axonal retrograde transport to
the neuronal cell body located within peripheral ganglia (Miranda-Saksena et al, 2018).
Although viral genomes are most frequently detected in sensory ganglia, particularly the
trigeminal ganglia (HSV-1) and lumbar-sacral ganglia (HSV-2), viral DNA and
reactivation-competent virus can also be isolated from sympathetic and parasympathetic
neurons (Baringer & Swoveland, 1973; Warren et al, 1978; Baringer & Pisani, 1994;
Richter et al, 2009). Furthermore, HSV DNA can be detected in the central nervous
system, with the frequency of detection increasing with age (Fraser et al, 1981; Gordon
et al, 1996; Beffert et al, 1998). Following neuronal infection, the virus can enter latent
infection. However, neurons can also support lytic replication, which may be associated
with neuronal death (Thompson & Sawtell, 2001). There is also evidence of prior lytic
promoter activity in latently infected neurons (Proenca et al, 2008). The mechanisms that
regulate entry into lytic replication versus latent infection in neurons remain largely

undefined.

Models of Latency and reactivation

A strength of the HSV field is the diversity of the model systems used to
investigate the pathways to reactivation. Although there may be differences in the
interpretation of the data based on the system or stimuli, all these systems will ultimately
have relevance to basic science and human health. To elucidate the cellular signaling
pathways involved in the reactivation processes, models of latency that allow faithful
establishment of latency, robust reactivation and easy manipulation of signal
transduction pathways are required. The most commonly used model organism in HSV
research is the mouse. Infection of mice with HSV-1 results in initial lytic replication at
the body surface and entry of the virus into innervating sensory and autonomic neurons.

Following an initial period of acute replication in the ganglia, HSV establishes latency,



and reactivation can be triggered by explant of the ganglia (Sawtell & Thompson, 2004),
hyperthermic stress (Sawtell & Thompson, 1992), UV irradiation (Shimeld et al, 1996) or
hormone treatment (Cook et al, 1991; Vicetti Miguel et al, 2010). Overall, in vivo models
of reactivation have the advantage of more accurately recapitulating the natural course
of infection and incorporate host antiviral responses that may impact the state and
population of latent genomes or modulate viral reactivation. However, the manipulation

of cellular pathways in vivo can be challenging.

To elucidate the molecular pathways involved in HSV reactivation, in vitro models
have proven to be invaluable (Wilson & Mohr, 2012; Thellman & Triezenberg, 2017).
The optimal model system would utilize mature, human neurons. However, while
sensory neurons can be isolated and maintained from human donors (Valtcheva et al,
2016), access to this material is limited, consistency is difficult to achieve, and the tissue
may already be latently infected with HSV or varicella zoster virus (VZV). Human
sensory neurons differentiated from embryonic stem cells have also been used to
investigate latency and reactivation for both HSV and VZV (Markus et al, 2015; Pourchet
et al, 2017). A recent study utilizing human differentiated neurons achieved latently
infected cultures that could be reactivated with sodium butyrate, a histone deacetylase
inhibitor (Pourchet et al., 2017). There is also an emerging interest in human cell lines
that can be easily differentiated into neurons. The HD10.6 cell line can be differentiated
into sensory neurons with nociceptive properties (Raymon et al, 1999; Thellman et al,
2017), and Lund human mesencephalic neuronal cell line (LUHMES) can be
differentiated into mature dopamine-like neurons (Lotharius et al, 2005). Quiescent
infection can be established in both of these cell lines, and reactivation can be triggered
from a sub-population of neurons following depletion of nerve growth factor (Thellman et

al., 2017; Edwards & Bloom, 2019).



Perhaps one of the best characterized in vitro systems to study HSV reactivation
utilizes primary sensory or sympathetic neurons isolated from the peripheral ganglia of
pre-natal rats and post-natal or adult mice (Wilcox & Johnson, 1987; Wilcox et al, 1990;
Camarena et al, 2010; Cliffe et al, 2015; lves & Bertke, 2017). Infection of these primary
neuronal cultures in the presence of acyclovir or phosphonoacteic acid (PAA) results in a
quiescent infection that resembles latency. Importantly, to accurately define a quiescent
infection in these model systems, it is imperative to show that replicating virus remains
undetectable following the removal of viral DNA replication inhibitors. When a quiescent
infection is properly established, these systems exhibit all of the known molecular
hallmarks of latency, including accumulation of the LAT intron, expression of latency-
associated miRNAs, absence of replicating virus and undetectable levels of viral proteins
(Wilcox & Johnson, 1987; Camarena et al., 2010; Jurak et al, 2014; Cliffe et al., 2015).
Furthermore, these models maintain the capacity to undergo reactivation triggered by a
variety of stimuli, including NGF-deprivation, suppression of DNA damage/repair
pathways, dexamethasone, inhibition of protein synthesis or high intracellular levels of
cAMP (Wilcox & Johnson, 1987; Colgin et al, 2001; Camarena et al., 2010; Kobayashi et
al, 2012; Cliffe et al., 2015; Linderman et al, 2017; Hu et al, 2019). Recently, Cuddy et al
(2020) used this model to show that reactivation can also be triggered by neuronal
hyperexcitability induced by a number of stimuli, including forskolin, KCI, TTX-release,
and Interleukin-1B. Thus, these systems provide a powerful tool to study the molecular
features of latency and reactivation, such as the role of cell stress pathways or
chromatin modulation, in primary neuronal populations. A caveat to these model
systems is the absence of support cells that may also impact the nature of the latent
infection and/or reactivation. The use of DNA replication inhibitors to promote latency is

instead utilized to compensate for missing immune components. Whether DNA



replication inhibitors impact the nature of latency or reactivation mechanisms is not
known. However, it is worth noting that symptomatic primary HSV-1 is often treated with
anti-viral compounds (James & Whitley, 2010). Moving forward, it will be important to
determine if the mode infection, age of neurons, presence of immune mediators or
addition of DNA replication inhibitors alters the nature of latency or impacts events that
occur during reactivation, as this will have relevance to both the model systems used

and human disease.

Latent Infection

HSV latency is defined as the persistence of viral DNA in the absence of
detectable infectious virus that retains the ability to reactivate following an appropriate
stimulus. While expression of the viral lytic genes is largely repressed during latent
infection, there is active transcription of the latency-associated transcript (LAT), which is
composed of a primary 8.3kb unstable transcript that is spliced to give rise to a stable
intron of approximately 2kb in length and multiple miRNAs (Stevens et al, 1987; Umbach
et al, 2008; Kramer et al, 2011). Latency is usually defined at the level of the ganglia, but
within a ganglion only a sub-population of latently infected cells will reactivate at any one
time (Sawtell & Thompson, 2004). In addition, there is evidence that different stimuli can
result in reactivation from different subtypes of neurons (Yanez et al, 2017). Therefore,
the definition of a “latently” infected neuron may depend not only on the neuronal

subtype, but also on the nature of the reactivating trigger.

Following the establishment of latent infection, viral lytic gene expression is
silenced, and the lytic gene promoters are associated with repressive heterochromatin
(Knipe & Cliffe, 2008). Key experiments performed in the 1980’s indicated that latent

genomes in the brain stems of infected mice have a nucleosomal structure (Deshmane



& Fraser, 1989). Later studies confirmed that the latent viral genome associates with
cellular histones in the trigeminal ganglia of mice (Kubat et al, 2004b; Wang et al, 2005;
Cliffe et al, 2013). Coinciding with the silencing of lytic transcripts, the viral lytic gene
promoters become enriched with characteristic heterochromatic histone modifications,
namely histone H3 di- and tri-methylated at lysine 9 (H3K9me2/3) and H3K27me3
(Wang et al., 2005; Cliffe et al, 2009; Kwiatkowski et al, 2009; Cliffe et al., 2013; Nicoll et
al, 2016). While it appears that factors intrinsic to neurons play a key role in the
transcriptional silencing of the virus (Cliffe et al., 2013), viral gene products expressed
during latent infection can also modulate the chromatin structure (Wang et al., 2005;
Cliffe et al., 2009; Kwiatkowski et al., 2009; Raja et al, 2016). This modulation likely
promotes long-term latency, while priming the genome for reactivation following the

appropriate stimuli (Leib et al, 1989; Trousdale et al, 1991).

In contrast to the Iytic gene promoters, the region encompassing the LAT
promoter and enhancer elements are enriched with euchromatin-associated
modifications (Kubat et al, 2004a; Cliffe et al., 2009). This apparent demarcation in the
nature of the chromatin likely arises due to binding sites for the cellular insulator protein
CCCTC-binding factor (CTCF) on the viral genome. Interestingly, CTCF eviction
coincides with reactivation (Ertel et al, 2012; Washington et al, 2018b), and depletion of
CTCEF in vivo promotes reactivation (Washington et al, 2018a). Furthermore, one
important binding site of CTCF, known as CTRL2, lies downstream of the LAT enhancer
and separates it from the nearby lytic ICP0O gene (Amelio et al, 2006). Deletion of this
site from the viral genome results in increased heterochromatin formation on the LAT
enhancer region and a paradoxically small increase in LAT gene expression (Lee et al,
2018). The CTRLZ2 binding site deletion also decreases the mutant virus’s ability to

reactivate from latency. These studies suggest that the organization of chromatin
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domains may play a role in both the establishment and maintenance of latency and

potentially poise the viral genome for reactivation.

Although regions of the latent viral genome are associated with heterochromatin,
there is evidence to suggest that it exists in a state that is primed for reactivation. In
mouse models of latency, the viral genome does not contain detectible canonical CpG
methylation (Dressler et al, 1987; Kubat et al., 2004b), which is associated with a
particularly stable form of gene silencing. In addition, lytic promoters do not appear to be
associated with H4K20me3 (Cliffe et al., 2009), which is a modification that is classically
associated with transcriptionally silenced regions of stable, constitutive heterochromatin
in mammalian cells (Jorgensen et al, 2013). A component of the repressive PRC1
complex, which is a histone reader often found enriched at sites of cellular H3K27me3,
is present at very low levels, if at all, on the latent viral genome (Kwiatkowski et al.,
2009; Cliffe et al., 2013). Furthermore, a recent study by Alfonso-Dunn et al (2017)
suggests that activation of the super-elongation complex by treatment with BET domain
inhibitors enhances reactivation ex vivo, implicating RNA polymerase Il promoter-
proximal pausing as a rate-limiting step in HSV reactivation. Whether this is due to
‘poised’ RNA polymerase Il on the latent viral genome clearly deserves more
investigation. Taken together, these data indicates that portions of the viral genome are
enriched with a form of heterochromatin that may be readily remodeled to permit rapid

gene expression.

Heterogeneity in latency

There is now a growing body of evidence demonstrating heterogeneity in latently
infected ganglia in terms of localization of viral genomes, copy numbers of viral DNA and

expression of lytic and latent transcripts (Sawtell, 1997; Proenca et al., 2008; Catez et al,
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2012; Ma et al, 2014). This likely results in different viral chromatin states that are more
or less primed to reactivate depending on the stimulus. How this heterogeneity arises is
unclear, but it could occur due to a variety of factors, including the exposure of the
neuron to different cytokines and signaling molecules, the amount of infecting virus, or
heterogeneity in neuronal populations themselves. There is great diversity in sensory
and sympathetic neurons, which can differ in their physiological, anatomical, structural
and molecular properties (DelLeon et al, 1994; Gold et al, 1997; Liu & Ma, 2011;
Lallemend & Ernfors, 2012), and this may have significant implications for HSV infection.
Certain sensory neuron subtypes, characterized by the presence of neurofilaments
(NefH) and calcitonin gene related peptide a (CGRP), as well as positive staining with
the A5 antibody, have the highest levels of LAT promoter activity, are less permissive for
HSV-1 productive infection, and preferentially undergo early-phase reactivation (Bertke
et al, 2009; Bertke et al, 2011; Cabrera et al, 2018). Sympathetic and sensory neurons
also vary in regards to their expression of different stress hormone receptors,
neurotrophin receptors, and ion channels, which also influence how these neurons
respond to cues during both acute infection and reactivation from latency (DeLeén et al.,
1994; Gold et al., 1997; Liu & Ma, 2011; Lallemend & Ernfors, 2012). Neurons acquire
differences in their epigenetic signatures resulting from experience dependent activity
(Mo et al, 2015; Stroud et al, 2017), and there is even evidence of DNA copy number
variations, at least in the central nervous system (McConnell et al, 2013). In addition,
there is evidence of heterogeneity in how individual neurons respond to axotomy (Hu et
al, 2016), and this is likely the case for other triggers of reactivation. Following a given
stimulus, only a subpopulation of neurons fully reactivates, perhaps suggesting that
certain viral genomes or populations of neurons are not capable of progressing through
to full reactivation. Understanding how heterogeneity contributes to reactivation potential

of latently infected neurons will have significant therapeutic and basic science value.
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Reactivation

The ability to study the kinetics of lytic gene expression following interruption of
NGF-signaling in tractable in vitro systems has highlighted key differences in the
mechanism of viral gene expression from silenced latent genomes, as compared to de
novo lytic infection. In this context, reactivation occurs as a two-stage program that
overcomes a more compact viral chromatin structure and the absence of tegument
factors, such as VP16 (Cliffe & Wilson, 2017). During the first stage, termed phase I,
there is a transient burst of lytic gene transcription. This first wave of synchronous lytic
gene expression leads to the simultaneous synthesis of many lytic transcripts with the
potential to encode IE, E, and L viral proteins (Kim et al, 2012). A similar synchronous
wave of gene expression has been observed following ex vivo reactivation when explant
was combined with NGF-deprivation (Du et al, 2011) and with neuronal
hyperstimulation-induced reactivation (Cuddy et al., 2020), indicating that the specific
stimuli, and not experimental system, impacts the mechanism of reactivation.
Importantly, phase | is not dependent on the viral transactivator VP16 in primary neurons
(Kim et al., 2012). Furthermore, neither the synthesis of |E proteins nor viral DNA
replication is necessary for the expression of viral E or L genes (Kim et al., 2012). Viral
gene expression in phase | is dependent on activation of c-Jun N-terminal kinase (JNK)
cell stress response via activation of dual leucine zipper kinase (DLK), but it is
independent of histone demethylases that have been implicated in the removal of
repressive H3K9 and H3K27 methylation marks (Cliffe et al., 2015; Cuddy et al., 2020).
DLK functions as a key regulator of the axon response, promoting different outcomes
depending on the nature of the stimulus (Tedeschi & Bradke, 2013; Geden & Deshmukh,
2016), and may also be a key mediator of HSV reactivation, as one of its downstream

targets, JNK, is required for HSV reactivation following explant (Cliffe et al., 2015).
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Histones associated with viral lytic promotors are phosphorylated on S10 in a JNK-
dependent manner, resulting in a H3K9me3pS10 histone methyl/phospho switch. This
switch could permit increased viral gene expression without the need to recruit histone
demethylases and allow gene silencing to re-occur if the genome does not progress to
full reactivation (Cliffe et al., 2015; Cuddy et al., 2020). The second phase of reactivation
closely resembles de novo infection and is hypothesized to occur only if threshold
amounts of key viral proteins are synthesized during phase | (Kim et al., 2012). Similar
to de novo infection, viral gene expression during phase |l is dependent on histone
demethylase enzyme activity and may require the viral transactivator VP16 (Kim et al.,
2012; Cliffe et al., 2015). Ultimately, phase Il results in the amplification of viral DNA and
production of infectious viral particles (Kim et al., 2012). It is important to note that other
models of reactivation, including axotomy, are dependent on VP16 and the activities of
LSD-1 and JMJD2, two histone K9 demethylases, and result in much more rapid viral

gene expression that is not bi-phasic (Liang et al, 2009).

The role of interferons in HSV infection

Interferons (IFNs) are a broad group of cytokines elicited in response to the
sensing of pathogen-derived products that act in an autocrine or paracrine manner to
induce intracellular antimicrobial responses, as well as activate and modulate the innate
and adaptive immune responses (lvashkiv & Donlin, 2014). Interferons are named for
shared ability to ‘interfere’ with viral replication and are divided into three classes, Type |,
Il and Ill, that signal through distinct heterodimeric receptors to activate the Janus
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway

(Isaacs & Lindenmann, 1957; McNab et al, 2015).

Type | IFN
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Type | IFNs are comprised of IFNa and IFNB, the most broadly expressed and
best characterized subtypes, as well as IFNg, IFNw, IFNK, IFNT, IFNC and IFN® (Pestka
et al, 2004). Although plasmacytoid dendritic cells are considered a primary source of
type | IFNs, most cell types can produce type | IFNs (Ali et al, 2019). Other critical
sources include epithelial cells, fibroblasts and macrophages depending on the
pathogen (Ali et al., 2019). Type | IFNs all bind and act through the same heterodimeric
cell-surface receptor, IFNAR, which is composed of IFNAR1 and IFNAR2 and found on
most, if not all, nucleated cells (Schreiber, 2017). Differential activation and signaling can
result from differences in binding affinity, binding length and cell-type specific variations
such as number of surface receptors, but on engagement, the IFN-IFNAR receptor
complex activates JAK1 and tyrosine kinase 2 (TYK2) (Schreiber, 2017). This leads to
phosphorylation of STAT1 and STAT2 which form complexes, including the interferon-
stimulated gene factor 3 (ISGF3) complex (composed of STAT1, STAT2 and IFN-
regulatory factor 9) and STAT1 homodimers, that translocate to the nucleus and bind to
IFN-stimulated response elements (ISREs) and gamma-activated sequences (GASSs),
respectively (Stark & Darnell, 2012). Binding of these promoter elements ultimately leads
to transcription of hundreds of genes involved in antiviral responses, including interferon-
stimulated genes (ISGs) (Schoggins et al, 2011; MacMicking, 2012; Stark & Darnell,

2012).

Type Il and type Ill IFN

Type Il IFN or IFNy is predominantly secreted by activated immune cells,
including natural killer (NK) and T-cells, and production can be directly stimulated by
exposure to cytokines, including type | and Il IFN and interleukin (IL)-12, 15 and 18 (Ank
et al, 2006; Pegram et al, 2011; Ivashkiv, 2018). Type Il IFN binds to the interferon

gamma receptor (IFNGR) consisting of the IFNGR1 and IFNGR2 subunits, which
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activate JAK1 and JAK2 respectively. The activation of these kinases leads to the
phosphorylation and homodimerization of STAT1 which then translocates to the nucleus
and binds GASs (Gotthardt & Sexl|, 2016; Ivashkiv, 2018). In contrast to type | IFNs, type
Il IFN does not induce the formation of the ISGF3 complexes and, thus, does not induce
transcription of genes with ISREs. The major target cells of type Il IFN are antigen
presenting cells (APCs) to enhance T-cell activation and stimulation of the adaptive
immune response, as well as macrophages to induce nitric oxide (NO) production (Lee &
Ashkar, 2018). Type Il IFN has also been shown to promote an antiviral state in a
number of different cell types, often by working in concert with and amplifying type | IFN

activity (Lee & Ashkar, 2018).

Type Il IFN or IFNAs bind to a distinct heterodimeric receptor complex, IFNLR,
consisting of the IFNLR1 (IL-28RA) and shared IL-10R2 subunits but possess many
similarities with type | IFNs (Lazear et al, 2015). Similar to that induced by type | IFNs,
the type lll receptor signaling cascade activates JAK1 and TYK2 which leads to the
phosphorylation of STAT1 and STAT2 and formation of the ISGF3 complex. After
translocating to the nucleus, the ISGF3 complex then binds to ISREs in the promoters of
various ISGs to induce gene expression and activate antiviral activities (Lazear et al.,
2015). Production of type Il IFN is inducible in a number of cell types, including both
immune and non-immune cells, following infection with a number of viruses or following
treatment with type | IFNs (Ank et al., 2006). However, unlike type | IFN receptors, type
111 IFN receptors are largely restricted to epithelial cells highlighting their importance at
barrier surfaces including the skin and mucosal membranes that line the respiratory,

digestive and reproductive tracts (Durbin et al, 2013; Mesev et al, 2019).

Specificity of interferon responses
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Type |, I and Il IFNs are unrelated from a sequence and structural perspective
and signal through three distinct receptors, but there are functional similarities due to a
high overlap in types of induced-genes. However, there is a growing body of evidence to
suggest significantly different functions and modes of actions for these different types of
IFNSs. First, transcriptional profiling highlights unique gene expression signatures
following treatment with different types of IFN (Der et al, 1998; Levy et al, 2011;
Odendall & Kagan, 2015). In addition, the canonical and non-canonical signaling
pathways emanating from the receptor complexes is impacted by a number of variables,
including levels of receptors on the plasma membrane, the binding affinities of different
IFNs and the presence, activation and regulation of downstream signaling components
(Jaks et al, 2007; Lavoie et al, 2011; Green et al, 2017; Mendoza et al, 2017). However,
how different IFNs promote unique antiviral environments and how the specificity of IFN

responses is maintained is still largely unknown.

Role of interferons in acute HSV infection

A role for type | IFNs in restricting HSV replication and disease was first identified
in mouse strains that are either resistant or susceptible to HSV-1 infection and supported
by studies that found higher mortality in resistant mice treated with anti-interferon serum
(Lopez, 1975; Gresser et al, 1976; Zawatzky et al, 1982; Gill et al, 2006). Type | IFNs
have now been shown to restrict HSV viral replication and spread both in vitro and in
vivo (Hendricks et al, 1991; Mikloska et al, 1998; Mikloska & Cunningham, 2001; Sainz
& Halford, 2002; Jones et al, 2003), and additional studies utilizing knockout mouse
models and cell lines have implicated multiple components of the type | interferon
pathway as important in the control of HSV infection, including toll-like receptor (TLR)-3
and 6, RIG-1, cGAS and IF116 in the sensing of HSV (Jacquemont & Roizman, 1975;

Krug et al, 2004; Malmgaard et al, 2004; Li et al, 2013; Johnson et al, 2014; Ma & He,
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2014; Orzalli et al, 2015), the type | IFN receptor complex IFNAR (Luker et al, 2003;
Conrady et al, 2011; Wilcox et al, 2016), and the downstream effectors STAT1 (Halford
et al, 2006) and interferon regulator factor (IRF) 3 and 7 (Murphy et al, 2013). The role of
type | IFN signaling in controlling HSV infection is further supported by studies that have
investigated HSV immune evasion strategies and found a number of HSV proteins that
act to subvert the antiviral effects of type | IFNs (Wilcox & Longnecker, 2016). The viral
proteins ICP0O and ICP27 have been shown to inhibit Nf-kB and IRF-3 activation (Melroe
et al, 2007; Kim et al, 2008; van Lint et al, 2010), and y34.5, a major HSV virulence
factor, has been shown to inhibit TANK binding kinase 1 (TBK1) and reverse host shutoff
of protein synthesis by mediating dephosphorylation of elF2a and IKKa (Chou &
Roizman, 1992, 1994; He et al, 1997; Verpooten et al, 2009; Wilcox et al, 2015).
Furthermore, genetic studies have found that increased susceptibility to HSV-1 infection
and higher incidence of herpes simplex encephalitis (HSE) in children and adults, where
only the brain is affected, is correlated to mutations in components of the type | IFN
pathway (Casrouge et al, 2006; Zhang et al, 2007; Sancho-Shimizu et al, 2011; Herman
et al, 2012; Andersen et al, 2015). HSE has an estimated prevalence of 1 in 500,000
individuals per year (Whitley, 2006), but inborn errors of single genes of the Toll-like
receptor-3 (TLR3) signaling pathway that impair CNS type | IFN production in response
to HSV-1 are causal of HSE and the likelihood of developing HSE is thought to be
significantly higher in these individuals than in the general population (Zhang et al.,

2007; Andersen et al., 2015).

Type Il IFN also plays a critical role in controlling acute HSV infection. Similar to
IFNAR knockout mice, IFNGR knockout mice are unable to adequately control HSV
replication, leading to increased viral dissemination and mortality (Cantin et al, 1999a;

Cantin et al, 1999b; Lekstrom-Himes et al, 2000). IFNy-ligand-null mutant mice (Cantin
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et al., 1999b) and mice treated with neutralizing anti-IFNy antibodies in vivo (Smith et al,
1994) also have a significantly diminished ability to clear infectious HSV. Interestingly,
type | and type Il interferons seem to work synergistically in limiting HSV infection, as
treatment with both type | and type Il IFNs more potently inhibits HSV replication in vitro
and in vivo than with either type | IFN or type Il IFN alone (Sainz & Halford, 2002), and
dual knockout of IFNAR and IFNGR leads to uncontrollable dissemination of HSV and
mortality in vivo (Luker et al., 2003). There is also growing evidence to suggest a role for
type Il IFNs in the response to acute HSV infection. Similar to IFNa, IFNA-treatment
alone decreases the transcription of HSV-1 ICP27, and IFNA in combination with IFNa
further amplifies the anti-HSV-1 response (Melchjorsen et al, 2006). This suggests that
IFNA and IFNa mediate similar antiviral responses to HSV-1. However, although IFNA
has been shown to restrict HSV replication and cytotoxic activity in vitro, it potently
blocks viral replication and disease in vaginal mucosa in an in vivo model of localized
HSV-2 infection, even more so that IFNa, indicating that type Il IFNs could be exerting
its antiviral effects through stimulation of the immune response versus induction of an

antiviral state (Ank et al., 2006).

Role of interferons in latent HSV infection and reactivation

During HSV infection, interferons are elevated within peripheral ganglia (Cantin
et al, 1995; Shimeld et al, 1995; Halford et al, 1996, 1997; Carr et al, 1998; Chen et al,
2000; Lucinda et al, 2017). Because sensory neurons are reported to have an impaired
intrinsic immune response to HSV, it is thought that they rely on exogenous sources of
IFN acting via a paracrine mechanism to potentiate an antiviral response (Liu et al, 2001;
Van Opdenbosch et al, 2011; Low-Calle et al, 2014; Rosato & Leib, 2014). Although
there is evidence to suggest that interferon signaling could be impaired in peripheral

neurons to promote cell survival (Yordy et al, 2012), a number of studies have shown
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that treatment of cultured peripheral neurons with type | IFNs leads to STAT1 nuclear
localization and induction of ISGs (Wang & Campbell, 2005; Rosato & Leib, 2015; Song
et al, 2016b; Linderman et al., 2017). It is important to note that neuronal antiviral
signaling can depend on neuronal subtype and differentiation, which could lead to these
discrepancies (Cho et al, 2013; Farmer et al, 2013; Schultz et al, 2015). Importantly,
treatment of cultured peripheral neurons with type | IFNs has been shown to restrict
HSV-1 replication (Svennerholm et al, 1989; Carr et al, 2003; Low-Calle et al., 2014;
Rosato & Leib, 2015; Linderman et al., 2017). Restriction of HSV replication occurs with
isolated treatment of cell bodies through canonical IFN signaling, as well as with isolated
treatment of axons through mechanisms independent of IFN signaling at the soma
(Rosato & Leib, 2015). Additional studies have further demonstrated that both type | and
type Il IFNs can specifically limit HSV-1 retrograde axonal transport (Song et al., 2016b).
Treatment with type | IFNs can also promote the establishment of a quiescent HSV
infection in cultured neurons (De Regge et al, 2010) and has been shown to influence
the nuclear distribution of latent genomes during the establishment of latency in vivo
(Maroui et al, 2016), but neuronal IFN signaling is dispensable for latency establishment
in vivo (Rosato et al, 2016). Interestingly, Rosato et al. (2016) also showed reduced
reactivation in TG explant cultures from mice lacking IFN signaling, suggesting that IFN
signaling helps resolve acute infection and supports neuronal survival. However, a study
in latently infected neuronal cultures showed that inducible reactivation of HSV-1 is

transiently sensitive to type | IFNs (Linderman et al., 2017).

Type Il IFN is secreted from CD4+ and CD8+ lymphocytes and macrophages in
latently infected ganglia in vivo (Cantin et al., 1995). Type Il IFN is dispensable for
latency establishment (Ellison et al, 2000) but could regulate the number of latently

infected neurons (Lekstrom-Himes et al., 2000) and has a critical role in rapid



20

suppression of HSV replication following reactivation events (Cantin et al., 1999a; Liu et
al., 2001; Knickelbein et al, 2008). Type Il IFN has also been shown to limit HSV
replication in peripheral neurons in vitro in a neuron-intrinsic manner (Li et al, 2010;
Linderman et al., 2017). Although type | and Il IFN signal through distinct receptors, the
cellular responses to both types of interferons depend on JAK activity and the STAT1
signaling molecule. Furthermore, type | and type Il IFNs have overlapping signaling
pathways downstream of their respective receptors, including the formation of STAT1
homodimers that bind ISREs. RNA-sequence analysis of IFNB- or IFNy-treated neurons
undergoing reactivation showed a number of commonly upregulated host genes,
including Mx1/2, Daxx and other known antiviral genes. However, they also expressed
IFNB- or IFNy-specific transcript profiles that could modify the antiviral response
(Linderman et al., 2017). Interestingly, although both IFNB and IFNy have been shown to
suppress HSV-1 reactivation, sensitivity to IFNy is selectively lost when ICP0O, a HSV-1
IE viral protein, is present prior to reactivation (Linderman et al., 2017). This is unlike
IFNB, which can block HSV-1 reactivation even in the presence of ICPO (Linderman et
al., 2017). Although specificity of type I- and type Il IFN-mediated responses have not
been described, it could be reflected by the unique gene expression signatures of type |
or type ll-treated neurons. Interestingly, type | and Il IFNs have been shown to inhibit
axonal transmission of HSV from cultured peripheral neurons to epithelial cells (Mikloska
& Cunningham, 2001), highlighting differences in IFN responses in neuronal versus non-
neuronal cells. Although not as well characterized, type Il IFN has also been shown to
limit replication of HSV in human neurons in vitro (Li et al., 2010), and a single
nucleotide polymorphism in the promoter of IFNA3 has been associated with increased
disease severity of recurrent HSV herpes labialis (Griffiths et al, 2013), and severity of
recurrent herpes labialis disease inversely correlated with IFNA serum levels (Pica et al,

2010).
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The role of promyelocytic leukemia nuclear bodies in HSV infection

Promyelocytic leukemia nuclear bodies (PML-NBs) are heterogenous, phase-
separated nuclear condensates made up of the PML tumor suppressor protein that is
necessary for PML-NB assembly and a growing number of either constitutively- or
transiently-associated proteins that share the ability to be SUMOylated (Maul et al, 2000;

Lallemand-Breitenbach & de The, 2010; Van Damme et al, 2010).

PML-NB dynamics

PML-NBs have been described in most mammalian cells, but PML-NB number
can differ significantly depending on cell type, differentiation stage and cell cycle phase
(Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The, 2010). Furthermore, PML-
NBs are incredibly dynamic, heterogenous structures, and their number, size and
composition can undergo significant changes in response to cellular stress and soluble
factors (Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The, 2010). Agents that
cause DNA damage, heat shock, heavy metals and inhibition of transcription or the
proteosome can promote either the aggregation or dispersal of PML-NBs (Lallemand-
Breitenbach & de The, 2010). Furthermore, type | and Il IFN treatment directly induces
the transcription of PML, Daxx, Sp100 and other PML-NB constituents, which leads to
elevated protein synthesis and a robust increase in both size and number of PML-NBs
(Chelbi-Alix et al, 1995; Stadler et al, 1995; Grotzinger et al, 1996a; Greger et al, 2005;

Shalginskikh et al, 2013).

Function of PML-NBs

PML-NBs have been implicated in a number of cellular processes. They have

been associated with the transcriptional activation of cellular genes (Wang et al, 2004;
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Bernardi & Pandolfi, 2007; Lallemand-Breitenbach & de The, 2010; Kim & Ahn, 2015;
McFarlane et al, 2019), but also can recruit repressor proteins, including ATRX, Daxx
and Sp100, that promote transcriptional repression and inhibition of both DNA and RNA
virus replication (Zhong et al, 2000; Garrick et al, 2004; Bishop et al, 2006; Everett &
Chelbi-Alix, 2007; Xu & Roizman, 2017). PML-NBs are also hypothesized to play a role
in DNA damage responses, as they have been shown to increase in size and number
following DNA double-stranded breaks (Dellaire et al, 2006), colocalize to sites of DNA
repair and single-stranded breaks (Xu et al, 2003) and recruit DNA repair factors in a
temporally regulated manner (Dellaire et al., 2006). PML has also been shown to play a
role in cell senescence (Ferbeyre et al, 2000; Pearson et al, 2000), as well as cell death
through the induction of both p53-dependent and -independent apoptotic pathways
(Quignon et al, 1998; Wang et al, 1998; Guo et al, 2000). Whether PML-mediated
regulation of these pathways occurs in the context of PML-NBs or by PML itself is
unclear, but interestingly, the pro-apoptotic functions of Daxx, a PML-NB-associated
protein, may require localization to PML-NBs in certain cell types (Croxton et al, 2006).
Importantly, there is growing evidence implicating a role for PML-NBs and PML-NB-
associated proteins in host antiviral defenses, as they have been shown to associate
with viral genomes and are disrupted by DNA and RNA viruses through a variety of
mechanisms (reviewed in Everett & Chelbi-Alix (2007), Geoffroy & Chelbi-Alix (2011),

Komatsu et al (2016); Scherer & Stamminger (2016)).

Role in lytic HSV infection

In the context of lytic infection of non-neuronal cells, PML-NBs have been shown
to closely associate with HSV-1 genomes (Ishov & Maul, 1996; Maul et al, 1996; Maul,
1998; Everett et al, 2006; Everett et al, 2008; Lukashchuk & Everett, 2010; Glass &

Everett, 2013; Merkl et al, 2018). This was first shown in plaque-edge recruitment
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studies, where PML-NB components relocated to the viral DNA entry site in newly
infected cells at the edge of a developing plaque (Everett et al., 2006; Everett et al.,
2008), and later confirmed using 5-Ethynyl-2’-deoxyuridine (EdU) labelling of HSV-1
DNA in combination with click chemistry (Alandijany et al, 2018). Interestingly, the HSV-
1 immediate-early and viral regulatory protein ICPO also colocalizes with PML-NBs very
early during infection (Everett & Maul, 1994) and is known to disrupt the integrity of
these structures by targeting PML and other PML-NB associated proteins, including
SP100, for degradation (Everett & Maul, 1994; Chelbi-Alix & de The, 1999; Muller &
Dejean, 1999; Boutell et al, 2002; Everett et al., 2008). Importantly, replication of ICPO-
null HSV-1 mutants is restricted, and PML, SP100, ATRX and Daxx have been shown to
directly contribute to the cellular repression of ICPO-null mutant viruses (Lium &
Silverstein, 1997; Everett et al., 2006; Everett et al., 2008; Lukashchuk & Everett, 2010;
Glass & Everett, 2013; Gu et al, 2013), indicating that PML-NBs entrapment of HSV-1
genomes during lytic infection create a transcriptionally repressive environment for viral
gene expression. It should be noted that studies have suggested a possible pro-viral role
for PML-NBs in the context of lytic infection. Merkl et al. (2018) showed a decrease in
ICPO-null HSV replication in fibroblasts depleted of PML. The authors note this could be
a result of the siRNA-mediated knockdown of PML, as shRNA knockdown of PML led to
increased ICPO-null virus replication in the same study, but also hypothesized that
different PML isoforms could differentially impact viral replication. Two additional studies
found significantly reduced replication of WT HSV-1 in PML-/- cells (Xu et al, 2016; Xu &
Roizman, 2017), further suggesting a more complex role for PML-NBs in lytic HSV

infection.

Role in latent infection
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Latent HSV-1 genomes have been shown to associate with Promyelocytic
leukemia nuclear bodies (PML-NBs) in mouse models of infection, as well as in human
autopsy material (Catez et al., 2012; Maroui et al., 2016). In the context of latency,
neurons containing PML-encased latent genomes exhibit decreased expression levels of
the LAT (Catez et al., 2012), suggesting that they are more transcriptionally silent than
latent genomes localized to other nuclear domains. Previous work by Cohen et al (2018)
and Everett et al (2007) showed that quiescent genomes associated with PML-NBs in
fibroblasts can be transcriptionally reactivated by induced expression of ICP0O. However,
these previous studies did not address the capability of viral genomes to reactivate in the
absence of viral lytic protein (e.g. during reactivation from latency in neurons). In a
separate study using cultured adult TG neurons, treatment of quiescently-infected
neurons with the histone deacetylase inhibitor, trichostatin A (TSA), led to disruption of
PML-NBs and induced active viral transcription in a subset of PML-NB-associated
genomes (Maroui et al., 2016). However, the mechanisms of reactivation following TSA
treatment are not known, and may be direct via altering the HSV chromatin structure or
indirect via increasing the acetylation levels of histones or non-histone proteins,

including PML.
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CHAPTER 2

A Restricted Form of HSV Latency Is Mediated
by PML-NB-Dependent Memory of Type | Interferon Treatment

Part of this chapter has been adapted from:

Suzich JB, Cuddy SR, Baidas H, Dochnal S, Ke E, Schinlever AR, Babnis A, Boutell C,
Cliffe AR. PML-NB-dependent memory of type | interferon treatment results in a
restricted form of HSV latency. Re-submitted to EMBO Rep. 2021.
doi: 10.1101/2021.02.03.429616
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Abstract

Herpes simplex virus (HSV) establishes latent infection in long-lived neurons.
During initial infection, neurons are exposed to multiple inflammatory cytokines but the
effects of immune signaling on the nature of HSV latency are unknown. We show that
initial infection of primary murine neurons in the presence of type | interferon (IFN)
results in a form of latency that is restricted for reactivation. We also find that the
subnuclear condensates, promyelocytic leukemia-nuclear bodies (PML-NBs), are absent
from primary sympathetic and sensory neurons but form with type | IFN treatment and
persist even when IFN signaling resolves. HSV-1 genomes colocalize with PML-NBs
throughout a latent infection of neurons only when type | IFN is present during initial
infection. Depletion of PML prior to or following infection does not impact the
establishment of latency; however, it does rescue the ability of HSV to reactivate from
IFN-treated neurons. This study demonstrates that viral genomes possess a memory of
the IFN response during de novo infection, which results in differential subnuclear

positioning and ultimately restricts the ability of genomes to reactivate.
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Introduction

Herpes simplex virus-1 (HSV-1) is a ubiquitous pathogen that persists in the form
of a lifelong latent infection in the human host. HSV-1 can undergo a productive lytic
infection in a variety of cell types; however, latency is restricted to post-mitotic neurons,
most commonly in sensory, sympathetic and parasympathetic ganglia of the peripheral
nervous system (Baringer & Swoveland, 1973; Warren et al., 1978; Baringer & Pisani,
1994; Richter et al., 2009). During latent infection, the viral genome exists as an
episome in the neuronal nucleus, and there is considerable evidence that on the
population level viral lytic gene promoters assemble into repressive heterochromatin
(Wang et al., 2005; Cliffe & Knipe, 2008; Cliffe et al., 2009; Kwiatkowski et al., 2009).
The only region of the HSV genome that undergoes active transcription, at least in a
fraction of latently infected cells, is the latency associated transcript (LAT) locus
(Stevens et al., 1987; Kramer & Coen, 1995). Successful establishment of a latent gene
expression program requires a number of molecular events, likely influenced by both
cellular and viral factors, and is not uniform (Efstathiou & Preston, 2005). Significant
heterogeneity exists in expression patterns of both lytic and latent transcripts in latently-
infected neurons, as well as in the ability of latent genomes to reactivate in response to
different stimuli (Sawtell, 1997; Proenca et al., 2008; Catez et al., 2012; Ma et al., 2014;
Maroui et al., 2016; Nicoll et al., 2016). This heterogeneity could arise from viral genome
copy number, exposure to different inflammatory environments or intrinsic differences in
the neurons themselves. Furthermore, there is growing evidence that heterogeneity in
latency may ultimately be reflected in part by the association of viral genomes with
different nuclear domains or cellular proteins (Catez et al., 2012; Maroui et al., 2016).
However, what determines the subnuclear distribution of latent viral genomes is not
known. In addition, it is currently unclear whether viral genome association with certain

nuclear domains or cellular proteins results in an increased or decreased ability of the
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virus to undergo reactivation. The aim of this study was to determine whether the
presence of interferon during initial HSV-1 infection can intersect with the latent viral
genome to regulate the type of gene silencing and ultimately the ability to undergo
reactivation. Because the fate of viral genomes and their ability to undergo reactivation
can be readily tracked, latent HSV-1 infection of neurons also serves as an excellent
system to explore how exposure to innate immune cytokines can have a lasting impact

on peripheral neurons.

PML expression is induced by both type | and Il IFNs, as the PML promoter
contains both ISRE and GAS elements, and this leads to a marked increase in size and
number of PML-NBs (Chelbi-Alix et al., 1995; Lavau et al, 1995; Stadler et al., 1995).
Importantly, binding of IFN-inducible transcription factors to these elements appears to
be strong for the PML IFNa/B-stimulated response element ISRE, but weak for the PML
IFNy-activation site GAS, suggesting the importance PML as a primary target gene of
type | IFNs. In addition to PML, type | and Il IFNs induce the synthesis of other PML-NB
associated proteins, including SP100, 1ISG20, SP120, SP140 and PA28 (Guldner et al,
1992; Lavau et al., 1995; Grotzinger et al., 1996a; Grotzinger et al, 1996b; Gongora et
al, 1997). Furthermore, type | IFNs have been shown increase global SUMOylation,
which is necessary for the formation of PML-NBs and for that localization of many PML-

NB-associated proteins (Maroui et al, 2018).

Although in vivo models are incredibly powerful tools to investigate the
contribution of the host immune response to HSV infection, they are problematic for
investigating how individual components of the host’s immune response specifically
regulate neuronal latency. Conversely, in vitro systems provide a simplified model that

lack many aspects of the host immune response. Therefore, to investigate the role of
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type | IFN on HSV-1 latency and reactivation, we utilized a model of latency in primary
murine sympathetic neurons (Cliffe et al., 2015), which allowed us to manipulate
conditions during initial HSV-1 infection and trigger synchronous robust reactivation.
Using this model, we show that primary neurons isolated from mouse peripheral ganglia
are largely devoid of detectable PML-NBs but PML-NBs form following type | IFN
exposure and persist even when ISG gene expression and production of other antiviral
proteins have returned to baseline. Neither exogenous type | IFN nor detectable PML-
NBs are required for HSV gene silencing and entry into latency in this model system,
but, importantly, the presence of IFNa specifically at the time of initial infection results in
the entrapment of viral genomes in PML-NBs and a more restrictive form of latency that
is less able to undergo reactivation. This study therefore demonstrates how the viral
latent genome has a long-term memory of the innate response during de novo HSV
infection that results in entrapment of genomes in PML-NBs and a more repressive form

of latency.

Results

Interferon induces the formation of detectable PML-NBs in primary sympathetic and

sensory neurons isolated from postnatal and adult mice.

We initially set out to investigate the contribution of PML-NBs to HSV latency and
reactivation using primary sympathetic and sensory neurons that have been well
characterized as in vitro models of HSV latency and reactivation (Wilcox & Johnson,
1987; Wilcox et al., 1990; Camarena, 2011; Cliffe et al., 2015; Ives & Bertke, 2017;
Cuddy et al., 2020). In addition, primary neuronal systems allow for much more
experimental control of specific conditions during de novo infection and can be easily
manipulated either immediately prior to or following infection. Peripheral neurons were

isolated from the superior cervical ganglia (SCG) or trigeminal ganglia (TG) from young



30

(post-natal day; P1) or adult (>P28) mice and cultured for 6 days prior to staining. PML-
NBs were defined as detectable punctate nuclear structures by staining for PML protein.
Strikingly, we observed that both SCG and TG neurons were largely devoid of

detectable PML-NBs (Fig. 2-1A).

In certain cell types, the transcription of certain PML-NB associated proteins,
including PML, can be induced by either type | or type Il interferon (IFN) treatment,
which is correlated with an increase in PML-NB size and/or number per cell (Chelbi-Alix
et al., 1995; Stadler et al., 1995). Therefore, we were interested in determining whether
exposure of primary sensory or sympathetic neurons to different types of IFN resulted in
PML-NB formation. Type | IFN treatment using IFN-alpha (IFNa) (Fig. 2-1B, 2-1C-F) or
IFN-beta (Fig. 2-2A) led to a significant induction of detectable PML-NBs in both sensory
and sympathetic neurons isolated from postnatal and adult mice. Representative images
of IFNa-treated neurons are shown (Fig. 2-1B) and number of detectable PML-NBs per
neurons are quantified (Fig. 2-1C-F). The increase in detectable PML-NBs was
comparable for both 150 IU/ml and 600 IU/ml of IFNa. Type Il IFN (IFNy) led to a more
variable response with a small but significant increase in detectable PML-NBs in a
subpopulation of sympathetic neurons. However, IFNy treatment of sensory neurons did
not result in the formation of detectable PML-NBs. Exposure of neurons to IFN-lambda 2
(IFN-A2), a type Il IFN, did not induce the formation of detectable PML-NBs in either
sympathetic or sensory neuron cultures (Fig. 2-1C-F; Fig. 2-2B,C). Therefore, PML-NBs
are largely undetectable in primary sympathetic and sensory neurons but can form upon

exposure to type | IFNs.

Type | IEN treatment specifically at time of infection restricts reactivation of HSV-1 from

primary sympathetic neurons without affecting initial infectivity or LAT expression.
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Because we observed that primary SCG neurons are largely devoid of PML-NBs
and that PML-NBs form upon treatment with type | IFN treatment, we wanted to
investigate whether type | IFN treatment at the time of infection impacted the ability of
HSV to establish latency or reactivate in this model system. SCG neurons were pre-
treated with IFNa (600 IU/ml) for 18h and during the initial 2h HSV inoculation (Fig. 2-
3A). Following inoculation, IFNa was washed out and an IFNAR1 blocking antibody was
used to prevent subsequent type | IFN signaling through the receptor. To confirm the
effectiveness of the IFNAR1 ab to block detectable IFN signaling, we validated it by its
ability to block ISG expression (ISG15) in cultured SCG neurons by RT-gPCR (Fig. 2-
4A). Reactivation was induced and initially quantified based on the number of GFP
positive neurons at 3-days post-stimuli. We found that full reactivation was restricted in
neurons exposed to type | IFN just prior to and during de novo infection (Fig. 2-3B). We
further confirmed this IFNa-mediated restriction of latency by the induction of lytic
mRNAs upon reactivation. IFNa treatment at the time of infection significantly decreased
the expression of immediate early gene (ICP27), early gene (ICP8) and late gene (gC) at
3 days post-reactivation (Fig. 2-3C, 2-4B, C). There were very few GFP-positive neurons
and little to no viral gene expression in mock reactivated controls, further indicating that

latency can be established in the presence and absence of IFN.

Reactivation of HSV in this system proceeds over two phases. GFP-positive
neurons is a readout for full reactivation or Phase Il. However, we and others have
observed an initial wave of lytic gene expression that occurs prior to and independently
of viral DNA replication at around 20 hours post-stimulus, termed Phase | (Du et al.,
2011; Kim et al., 2012; Cliffe et al., 2015; Cliffe & Wilson, 2017). Therefore, to determine
if IFNa treatment at the time of infection restricted the Phase | wave of lytic we carried

out RT-gPCR to detect representative immediate-early (ICP27), early (ICP8), and late



32

(gC) transcripts at 20 hours post addition of LY294002. We found significantly
decreased expression in the IFNa-treated neurons (Fig. 2-3D, 2-4D, E). This is
interesting as exogenous type | IFNs have previously been shown to suppress
reactivation in murine neurons by preventing Phase | and are rendered ineffective once
Phase | viral products accumulate (Linderman et al., 2017). Therefore, type | IFN
treatment solely at the time of infection has a long-term effect on the ability of HSV to

initiate lytic gene expression and undergo reactivation.

Because IFN treatment could reduce nuclear trafficking of viral capsids during
initial infection or impact infection efficiency, we next determined whether equivalent
numbers of viral genomes were present in the neuronal cultures. At 8dpi, we measured
relative viral DNA genome copy numbers in SCG neurons that were treated with IFNa
compared to untreated controls and found no significant difference (Fig 2-3E). To further
confirm that equivalent genomes were present in the neuronal nuclei, we infected
neurons with HSV-1 containing EdC-incorporated genomes and performed click
chemistry to detect vDNA foci. At 8 dpi, we found no significant difference in the average
number of vDNA foci per nucleus of neurons treated with IFNa at the time of initial
infection compared to untreated controls (Fig. 2-3F). Therefore, the restricted
reactivation phenotype mediated by IFNa was not due to a decrease in the number of

latent viral genomes.

The decreased reactivation observed with IFNa treatment could be secondary to
changes in expression of the LAT and/or directly as a result of decreased viral genome
accessibility. The HSV LAT, one of the only highly expressed gene products during
latent infection, has been shown to modulate several features of latency, including the

viral chromatin structure, lytic gene expression, and neuronal survival, as well as the
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efficiency of latency establishment and reactivation (Leib et al., 1989; Hill et al, 1990;
Trousdale et al., 1991; Gordon et al, 1995; Chen et al, 1997; Garber et al, 1997;
Thompson & Sawtell, 1997; Perng et al, 2000; Thompson & Sawtell, 2001; Knipe &
Cliffe, 2008). Therefore, the ability of HSV to undergo reactivation could be due to
changes in LAT expression following IFNa treatment. However, when we evaluated LAT
expression levels at 8 dpi by RT-qPCR, we found no detectable difference between
IFNa-treated and untreated cultures of neurons. This suggests that the IFNa-mediated
restriction in reactivation does not appear to occur as a result of changes in expression
of the LAT (Fig. 2-3G). Therefore, it is possible that the type | IFN-mediated restriction of
HSV latency is due to changes to the latent genome that results in a decreased ability to

undergo reactivation following PI3-kinase inhibition.

Primary neurons have a memory of prior IFNa exposure characterized by persistence of

PML-NBs

Because we observed a restriction in the ability of HSV to reactivate that
occurred 7-8 days following type | IFN exposure, we went on to examine any long-term
changes resulting from IFNa exposure. First, we investigated the kinetics of
representative ISG expression. As expected, we saw a robust induction of Isg15 and Irf7
in IFNa-treated (600 1U/ml) neurons that persisted for at least 42 hours post-treatment
post-addition of IFNa (this represents 1-day post-infection (dpi)). However, by 8 dpi, the
time at which neurons were induced to reactivate, there was no detectable difference in
Isg15 or Irf7 expression in IFNa treated neurons vs untreated controls (Fig. 2-5A, B),
indicating that these representative ISGs were not detectably elevated at the time of
reactivation. We also found similar /sg75 and Irf7 expression in HSV-1 infected neurons
compared to uninfected controls, suggesting that HSV-1 infection was not impacting IFN

signaling pathways at a population level. PML has been previously characterized as an
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ISG product in non-neuronal cells (Chelbi-Alix et al., 1995; Stadler et al., 1995) and is
responsive to both IFNB and IFNy in latently-infected rat sympathetic neurons induced to
reactivate (Linderman et al., 2017), and we found an approximate 5-fold-increased
expression of Pml in primary sympathetic neurons following IFNa treatment which was
less than the increased expression of Irf7 and Isg15 (approximate 250-fold- and 100-
fold-increased expression respectively). Pml expression returned to untreated levels by

1 dpi (Fig. 2-5C).

Although we did not detect maintained induction of IFN stimulated gene
expression including Pml, we were intrigued as to whether PML-NBs persisted
throughout the course of infection. To assess this, we first established whether PML-NBs
persist even in the absence of sustained ISG expression. Quantifying the number of
PML-NBs following IFNa (600 1U/ml) treatment, we found that the number of bodies
remain elevated through 15 days post-treatment (Fig. 2-5D). We went on to investigate
additional products of ISGs including STAT1 and Mx1 because of the availability of
specific antibodies against these proteins. We observed robust STAT1 staining following
IFNa exposure for 18 hours. However, by 8 days post infection we could not detect
STAT1 staining in primary neurons indicating that accumulation of this IFNa-induced
protein had returned to baseline (Fig. 2-5E). Similarly, we found induction of punctate
Mx1 staining in neurons exposed to IFNa for 18 hours that was undetectable by day 6
post-treatment (Fig. 2-5F). Therefore, exposure of primary neurons to type | IFN led to a
modest induction of Pm/ mRNA but resulted in long-term persistence of PML-NBs, even
in the absence of continued IFN signaling and when antiviral protein products of other

ISGs were undetectable.
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PML-NBs Persist and Stably Entrap Latent HSV-1 Genomes only if IFNa is Present at

the Time of Initial Infection

The persistence of PML-NBs following IFN exposure raised the possibility that
viral genomes are maintained within PML-NBs only in type | IFN-treated neurons. This
would also suggest that PML-NB-associated genomes are less permissive for
reactivation and provide us with an experimental system to investigate the contribution of
PML-NBs to the maintenance of HSV latency. To determine whether viral genomes
localize with PML-NBs in type | IFN-treated neurons, SCG neurons were pretreated with
IFNa (600 IU/ml) then infected with HSV-159C at an MOI of 5 PFU/cell in the presence of
ACV and IFNa as described above. By co-staining for PML, we found that a large
proportion of vDNA foci colocalized with PML-NBs in the IFNa-treated neurons over the
course of infection. In untreated neurons that are largely devoid of detectable PML-NBs,
very few genomes were colocalized to PML puncta as expected. Representative images
are shown (Fig. 2-6A) and the percent of genome foci colocalized to PML-NBs is
quantified (Fig. 2-6B). Furthermore, high-resolution Airy scan-based 3D confocal
microscopy of IFNa-treated neurons revealed that vDNA foci were entrapped within
PML-NBs (Fig. 2-6C, D), as has also been reported upon lytic infection of non-neuronal
cell lines (Alandijany et al., 2018) and in latently infected TG in vivo (Catez et al., 2012),
and interestingly, we found that the volume of PML-NBs associated with vDNA is greater
than PML-NBs not associated with vDNA (Fig. 2-6E). Previous studies have found that
colocalization of viral DNA by PML-NBs during lytic HSV-1 infection of human fibroblasts
occurs independently of type | IFN exposure (Maul et al., 1996; Everett et al, 2004;
Everett & Murray, 2005; Alandijany et al., 2018), and we confirmed this was also the
case in dermal fibroblasts isolated from postnatal mice (Fig. 2-7A, B), Therefore, the

presence of IFNa during initial infection can impact the long-term subnuclear localization
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of latent viral genomes in neurons by inducing PML-NBs that persist and stably entrap

latent viral genomes.

Thus far, our data indicate that the presence of IFNa during initial infection
determines subnuclear positioning of latent viral genomes and the ability of genomes to
reactivate in response to inhibition of PI3 kinase activity. We considered that type | IFN
treatment could have a long-term effect on cell signaling pathways which could impact
the ability of HSV to reactivate. Therefore, to determine the direct versus indirect effects
on the viral genome itself, we next investigated whether the timing of IFNa exposure had
a differential effect on the ability of viral genomes to reactivate. We treated postnatal
SCG neurons with IFNa (600 1U/ml) for 18h and during the 2h HSV inoculation (-18hpi)
or exposed neurons to IFNa for 18h at 3 days prior to infection (-3dpi). Following
pretreatment at -3dpi or -18hpi, IFNa was washed out and an IFNAR1 blocking antibody
was used. As expected, IFNa during initial infection significantly inhibited HSV
reactivation, but surprisingly, IFNa treatment at -3dpi did not restrict reactivation as
shown by the similar number of GFP-positive neurons at 72 hours post-reactivation
when compared to untreated neurons (Fig. 2-8A). Consistent with the reactivation data,
we found that vDNA foci did not localize to PML-NBs in SCG neurons treated with IFNa
at -3dpi (Fig. 2-8B). We confirmed that PML-NBs were present at the time of infection in
neurons treated 3 day prior to infection (Fig. 2-8C), although we did detect slightly fewer
PML-NBs per nucleus in neurons treated -3dpi compared to -18hpi (a mean of 17.57
versus 12.47 per nucleus respectively). We also confirmed comparable recruitment of
known PML-NB-associated proteins ATRX, Daxx and SUMO-1 at 3 days post-IFNa
treatment (Fig 2-9A-C). When IFNa treatment of SCG neurons is continued from -3dpi
through infection, or if SCG neurons treated at -3dpi receive a second treatment of IFNa

during infection, then a similar proportion of latent viral genomes colocalize with PML-
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NBs as with a single treatment during infection (Fig. 2-9D). Together with the previous
data on genome entrapment in dermal fibroblasts (Fig. 2-7A, B), these data indicate that
type | IFN must be present during infection of neurons, but not necessarily non-neuronal

cells, for vDNA to colocalize with PML-NBs.

The HSV Infected Cell Protein 0 (ICPO) is a RING-finger E3 ubiquitin ligase that
is synthesized at very early stages of HSV-1 infection (Boutell et al., 2002). During lytic
infection, it localizes to PML-NBs and disrupts their integrity by targeting PML and other
PML-NB associated proteins for degradation (Everett et al, 1998; Muller et al, 1998;
Chelbi-Alix & de The, 1999; Boutell et al., 2002; Boutell et al, 2011; Cuchet-Lourenco et
al, 2012; Alandijany et al., 2018). This activity is required for promoting the efficient
onset of HSV-1 Iytic replication, and ICPO-null mutants exhibit a defect in viral gene
expression in certain cell types at low multiplicities of infection (Everett et al., 2008).
ICPO mRNA is also known to be expressed during the establishment of latency (Cliffe et
al., 2013). Therefore, the colocalization of latent viral genomes to PML-NBs and
ultimately the ability of HSV to undergo reactivation could be due the presence of IFNa
during initial infection and its effect on the localization or amount of ICPO. To investigate
the distribution of ICPO at early time points post-infection, SCG neurons were treated
with IFNa at either -3dpi or -18hpi and infected at a MOI of 7.5 PFU/cell with HSV-1
Us11-GFP in the presence of acyclovir (ACV). In both treatment groups, ICPO staining
similarly colocalized with puncta of ATRX, a correlate for PML-NBs, at 3-, 6- and 9-hours
post-infection (Fig. 2-9E, F). Interestingly, foci of ATRX still remained even with the
presence of ICPO0, suggesting that ICPO is not disrupting the integrity of PML-NBs in this
system. To further investigate the effect of ICPO on the colocalization of latent viral
genomes to PML-NBs, we generated an EdC-labeled ICPO-null mutant strain n212 (Cai

& Schaffer, 1989) and rescue (Lee et al, 2016) verified by immunofluorescence (Fig 2-
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9G) and found that the presence or absence of ICP0O had no detectable impact on the
ability of vDNA foci to colocalize to PML-NBs (Fig. 2-8D). Taken together, these data
demonstrate that association of latent viral genomes with PML-NBs in peripheral
neurons is dependent on the formation of type | IFN-induced PML-NBs and the presence

of type | IFN during initial infection and is independent of ICPO expression.

PML is Required for the IFNa-dependent Restriction of HSV-1 Latency

To determine whether the stable association of viral genomes with PML-NBs
directly contributes to the IFNa-dependent restriction of HSV reactivation, we
investigated whether PML depletion was sufficient to restore the ability of the latent viral
genomes to reactivate. A previous study has shown that PML-dependent recruitment of
HIRA to ISG promoters contributes to the up-regulation of gene expression as a result of
cytokine release in response to HSV infection (McFarlane et al., 2019). Although carried
out in non-neuronal cells, this study and others (Ulbricht et al, 2012; Chen et al, 2015;
Kim & Ahn, 2015; Scherer et al, 2016) suggest that PML itself may contribute to ISG
upregulation, so to determine whether PML was indeed required for ISG stimulation in
SCG neurons we carried out RNA deep sequence analysis in IFNa-treated neurons
depleted of PML. Postnatal SCG neurons were transduced with lentiviral vectors
expressing non-targeting control or PML-targeting shRNAs (shCtrl and shPML,
respectively) and then mock treated or treated with IFNa (600 [U/ml) for 18h prior to
RNA extraction for next generation sequencing. High confidence reads were used for
gene expression and gene ontology (GO) analysis. As expected, treatment of shCirl
transduced neurons with IFNa caused large changes in differentially regulated gene
expression, with an enrichment of upregulated genes involved in immune system
regulation. Similar to control neurons, PML depleted neurons also significantly

upregulated the expression of genes involved in the response to IFNa stimulation. We
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found that of the total of 248 genes upregulated >1.5-fold following IFNa treatment,
83.47% of these genes were shared between the shCtrl- and shPML-treated groups
(Fig. 2-116A). Furthermore, we found similar ISG expression (Fig. 2-116B) and GO
pathway enrichment (Fig. 2-11C). Therefore, in primary SCG neurons, the expression of

ISGs in response to exogenous IFNa is largely independent of PML expression.

Because PML depletion did not detectably prevent the induction of type | IFN
response genes in SCG neurons, we were able to examine the effect of PML depletion
prior to infection on the IFNa-mediated restriction of HSV-1 reactivation. SCG neurons
were transduced with lentiviral vectors expressing different PML-targeting shRNA or
control non-targeting shRNA. PML depletion was confirmed by average number of PML-
NBs per nucleus (Fig. 2-10A) and Pm/ mRNA expression level (Fig. 2-11D, E) in
neurons transduced for 3 days then treated with IFNa (600 IU/ml). As expected, we
found a significant decrease in the percent of vDNA foci stably colocalizing with PML-
NBs at 8 dpi in the shPML-treated neurons compared to shCtrl-treated neurons (Fig. 2-
10B). Furthermore, we assessed reactivation in neurons infected with HSV-1 in the
presence or absence of IFNa (150 1U/ml) at 3 days post-transduction. In these
experiments, neurons were infected with a Us11-GFP gH-null virus, which is defective in
cell-to-cell spread and eliminates the need for WAY-150138 during reactivation. In
untreated neurons, we found no difference in reactivation following treatment with
LY294002 (Fig. 2-10C, D). In addition, PML depletion had no effect on the number of
GFP-positive neurons in the non-reactivated samples, indicating that in this system that
PML was not required for the establishment of latency. However, in neurons treated with
IFNa at the time of initial infection, depletion of PML using either of the three PML
shRNAs increased the ability of HSV to reactivate as indicated by a 2.97-, 2.69- and

3.49- fold increase in GFP-positive neurons following treatment with LY294002,
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respectfully (Fig. 2-10E, F). Moreover, there was no significant difference between the
PML depleted, IFNa-treated neurons and the non-IFNa treated neurons, indicating that
PML depletion fully restored the ability of HSV to reactivate from type | IFN treated
neurons. Taken together, these data demonstrate that type | IFN exposure solely at the
time of infection results in entrapment of viral genomes in PML-NBs and restricts
reactivation. This suggests that genome entrapment by PML promotes a more restrictive

or deeper form of latency where reactivation is limited.

Depletion of PML After the Establishment of Latency Enhances Reactivation in IFNa-

treated Neurons

To explore the long-term effect of stable PML-NB-association on the latent viral
genome, we next tested whether PML depletion after the establishment of latency was
sufficient to restore the ability of the latent viral genomes to reactivate following
treatment with a trigger that may directly disrupt PML-NBs. Arsenic trioxide (ATO) has
been shown to bind directly to PML and disrupt PML-NBs (Lallemand-Breitenbach et al,
2008; Zhang et al, 2010; Sides et al, 2011), and we confirmed that ATO (1uM) fully
disrupted IFNa-induced PML-NBs in our peripheral neurons by 18h post-treatment (Fig.
2-13A). When we investigated reactivation in neurons that were latently infected in the
presence or absence of IFNa, then treated with arsenic trioxide (ATO) at 8 dpi, we found
that ATO is a very potent stimulator of reactivation independent of IFNa-treatment,
indicating that ATO is capable of triggering reactivation of genomes that are either PML-
NB-associated or not (Fig. 2-13B). This is likely because ATO is a potent activator of the
cell stress response and can result in robust histone phosphorylation (Gehani et al,
2010), which we have previously linked to reactivation (Cliffe et al., 2015). Although ATO

could also induce reactivation in the presence of IFNa-induced PML-NBs, this
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reactivation was still less robust than mock treated neurons, likely reflecting the time

required for disruption of PML-NBs by ATO.

Therefore, to more specifically determine whether PML-depletion restored the
ability of neurons to reactivate following treatment with a physiological stimulus of
reactivation, Neurons were infected with Us11-GFP gH null HSV-1 virus in the presence
or absence of IFNa (150 1U/ml) and subsequently transduced with lentiviral vectors
expressing PML-targeting shRNA or control non-targeting shRNA at 1 dpi. Under these
experimental conditions, PML knockdown post-infection did not impact LY294002-
induced reactivation in untreated neurons (Fig. 2-12A, C), but did increase the ability of
HSV to reactivate from IFNa treated neurons in response to treatment with LY294002,
as indicated by a 1.3-fold increase in GFP-positive neurons, albeit reactivation was not
restored to levels seen in untreated neurons (Fig. 2-12B, D). As expected, we found that
only a small proportion of vDNA foci stably colocalize with PML-NBs at 8 dpi in the
shPML-treated neurons compared to vDNA foci in the shCtrl-treated neurons (Fig. 2-
12E). Therefore, PML depletion post-infection does not result in detectable spontaneous
reactivation of PML-NB-associated viral genomes, indicating that they are still in a
repressed state and/or lack the necessary factors required to initiate gene expression.
However, depletion of PML does partially restore the ability of HSV to enter the Iytic from

IFN-treated neurons in response to a reactivation stimulus.

Previously we have shown that reactivation in response to LY294002 is
dependent on activation of the neuronal stress pathway involved dual-leucine zipper
kinase (DLK) and JNK activation (Cliffe et al., 2015). To test whether the same cell
stress stimuli is required to induce reactivation from genomes released from PML-NBs

upon shRNA-mediated knockdown of PML, we reactivated in the presence of the DLK
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inhibitor GNE-3511 (Patel et al, 2015). GNE-3511 inhibited LY294002-mediated
reactivation of latent genomes following PML depletion post-infection (Figure 2-12F).
Therefore, PML-NBs maintain a restricted form of latency that is more refractory to
reactivation, and following PML depletion, viral genomes do not undergo detectable
spontaneous reactivation and are still dependent on activation of neuronal cell stress

signaling pathways for reactivation.

Discussion

The considerable heterogeneity observed at the neuronal level in the
colocalization of viral genomes with different nuclear domains likely results in different
types of latency that are more or less susceptible to reactivation. The determinants of
this heterogeneity and a direct link between the subnuclear localization of a latent
genome and its ability to reactivate following a given stimulus was not known. Using a
primary neuronal model of HSV latency and reactivation, we found that the presence of
type | IFN solely at that time of initial infection acts as a key mediator of the subnuclear
distribution of latent viral genomes in neurons and promotes a more restricted form of
latency that is less capable of reactivation following disruption of NGF-signaling.
Importantly, we show that activation of the type | IFN signaling pathway in peripheral
neurons induces the detectable formation of PML-NBs, which stably entrap a proportion
of latent genomes. Importantly, we show that this IFN-dependent restriction is mediated
by PML, suggesting that PML-NBs are directly responsible for the observed restriction of

reactivation.

PML-NBs typically number 1-30 bodies per nucleus in non-neuronal cells
(Bernardi & Pandolfi, 2007). In the mouse nervous system, however, Pm/ mRNA

expression levels have previously been found to be low as measured by in situ
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hybridization (Gray et al, 2004). PML protein is enriched in neural progenitor cells, but
the induction of differentiation results in the downregulation of PML both at a
transcriptional and protein level, and Pml mRNA expression is undetectable in post-
mitotic neurons in many regions of the developing brain (Regad et al, 2009). Our
findings in postnatal peripheral neurons further support these observations. Pml/
expression in adult mouse neurons varies considerably between brain regions but is
generally confined to the gray matter (Hall et al, 2016). Although implicated to play a role
in regulating circadian rhythms (Miki et al, 2012), synaptic plasticity (Bloomer et al, 2007)
and the response to toxic proteins that cause neurodegenerative disorders (Yamada et
al, 2001; Kumada et al, 2002; Mackenzie et al, 2006; Chort et al, 2013), PML regulation
and function in the adult nervous system is still largely unknown. In our study, we could
not detect PML-NBs in adult primary neurons isolated from the SCG or the TG. In
contrast to our findings, PML-NBs have previously been shown to be present in adult
mouse and human TG neurons by FISH and immunofluorescence (Catez et al., 2012,
Maroui et al., 2016). However, no quantification was done in these studies, and Catez et
al. (2012) describes subpopulations of adult TG neurons that did not display any PML
signal in the nucleus. In addition, characterization of PML distribution in adult TG
neurons by IF-FISH of ganglia isolated in vivo may reflect prior exposure to type | IFNs
or other signaling molecules. The functional significance of peripheral neurons lacking
PML-NBs is unclear, but could be linked to the capacity of neurons to undergo dynamic
rearrangement of local and global nuclear architecture during maturation or neuronal
excitation. An absence of PML-NBs in neurons could also contribute to their resistance
to apoptosis, as PML has also been shown to play a role in cell death through the
induction of both p53-dependent and -independent apoptotic pathways (Quignon et al.,
1998; Wang et al., 1998; Guo et al., 2000). Whether PML-mediated regulation of these

pathways occurs in the context of PML-NBs or by PML itself is unclear, but interestingly,
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the pro-apoptotic functions of Daxx, a PML-NB-associated protein, may require
localization to PML-NBs in certain cell types (Croxton et al., 2006). Furthermore, our in
vitro model using pure populations of intact neurons is devoid of the immune responses
and complexities of intact animals, and we cannot rule out the possibility that axotomy or
the processing of the neurons ex vivo could lead to PML-NB disruption or dispersal.
However, notwithstanding these caveats, primary neurons provide an excellent model
system to understand the impact of extrinsic immune factors and PML-NBs to the

altering the nature of HSV latency.

Peripheral neurons are capable of responding to type | IFN signaling, given the
robust induction of ISG expression and formation of PML-NBs following treatment with
IFNa, and this is supported by a number of previous studies (Yordy et al., 2012;
Katzenell & Leib, 2016; Song et al, 2016a; Linderman et al., 2017; Barragan-Iglesias et
al, 2020). It will be important to delineate if the inflammatory environment at the initial
site of infection acts on neuronal axons to prime the neuron for a more repressed latent
infection or if inflammatory cytokines in the ganglia are crucial for promoting a more
repressive state. Although responsive to IFN, primary peripheral and cortical mouse
neurons have previously been shown to have inefficient type | IFN-mediated anti-viral
protection compared to non-neuronal mitotic cells (Yordy et al., 2012; Kreit et al, 2014).
One study showed that DRG neurons are less responsive to type | IFN signaling and
used an absence of cell death upon IFN treatment as one of their criteria (Yordy et al.,
2012). It should be noted that different cell types display specific responses to type | IFN
signaling and peripheral neurons have even been reported to be more protected from
cell death stimuli following IFN treatment (Chang et al, 1990). Furthermore, a previous
study found that inducible reactivation of HSV-1 from latently infected neuronal cultures

is transiently sensitive to type | IFNs (Linderman et al., 2017). Our model of HSV-1
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latency and reactivation in primary sympathetic neurons highlights a type | IFN response
that is PML-dependent and suggests a role for neuronal IFN signaling in promoting a

more restricted latent HSV-1 infection.

Prior to this study, it was not clear whether viral genomes associated with PML-
NBs were capable of undergoing reactivation. In response to inhibition of NGF-signaling,
our data demonstrate that PML-NB associated genomes are more restricted for
reactivation given that 1) IFN induces PML-NB formation and increased association of
viral genomes with PML-NBs, 2) IFN pretreatment promotes restriction of viral
reactivation and 3) the ability of viral genomes to reactivate from IFN-treated neurons
increases with PML knock-down either prior to or following infection. How increased
acetylation relates to the physiological triggers that induce HSV reactivation is not clear.
In contrast, loss of neurotrophic signaling can occur in response to known physiological
stimuli that trigger HSV reactivation (Suzich & Cliffe, 2018). Although we cannot rule out
the possibility that different stimuli have the potential for PML-NB associated genomes to
undergo reactivation, this study clearly demonstrates that at least one well characterized
trigger of reactivation cannot efficiently induce PML-NB associated genomes to undergo

transcription.

Our results identify a persistence of PML-NBs, an IFN-mediated innate immune
response that allows for long-term restriction of latent viral genomes in the absence of
continued ISG expression. Interestingly, type | IFN-induced PML-NBs persisted for up to
15 days post-treatment both in the presence and absence of viral infection. Given the
absence of PML-NBs in our untreated peripheral neurons, this induction and persistence
could represent neuron-specific innate immune memory. Importantly, exposure to IFN

and other cytokines has also been shown to generate innate immune memory or ‘trained



46

immunity’ in fibroblasts and immune cells (Kamada et al, 2018; Moorlag et al, 2018), and
PML-NBs themselves are potentially important in the host innate immune response. A
previous study found that the histone chaperone HIRA is re-localized to PML-NBs in
response to the innate immune defenses induced by HSV-1 infection, and in this
context, PML was required for the recruitment of HIRA to ISG promoters for efficient
transcription (McFarlane et al., 2019). Prior exposure to type | interferons has also been
shown to promote a transcriptional memory response in fibroblasts and macrophages
(Kamada et al., 2018). This interferon memory led to faster and more robust transcription
of ISGs following restimulation and coincided with acquisition of certain chromatin marks
and accelerated recruitment of transcription and chromatin factors (Kamada et al.,
2018). The persistence of PML-NBs in neurons may alter the subsequent response to
IFN and/or viral infection, and it will be interesting to determine whether there is trained
immunity in neurons such that subsequent responses differ from the first exposure. What
is clear from our results however is the role of PML and IFN exposure in sustained
repression of the latent HSV genome. Even in the absence of known chromatin changes
that occur on the PML associated viral genome, this long-term effect on the ability of the
HSV-1 genome to respond to an exogenous signal and restriction of reactivation is
reminiscence of the classical definition of an epigenetic change (of course in the case of

post-mitotic neurons in the absence of inheritance).

Here we demonstrate that there are different types of HSV latency dependent on
the subnuclear positioning of the viral genome and ability to reactivate. Genomes
associated with PML-NBs are one form of restricted latency in our system. PML-NBs are
known to play a role in the restriction of viral gene expression in non-neuronal cells, but
the potential mechanism of PML-NB-mediated HSV gene silencing in neurons is

unknown. Investigating the identity, mechanism of targeting and role of these proteins in



the induction and maintenance of latency will ultimately facilitate the development of

antiviral therapeutics that target the latent stage of infection to prevent reactivation.
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Fig. 2-1. Type I IFN induces the formation of PML-NBs in primary peripheral neurons.
(A) Representative images of primary neurons isolated from superior cervical ganglia
(SCG) and sensory trigeminal ganglia (TG) of postnatal (P6) and adult (P28) mice
stained for PML and the neuronal marker Blll-tubulin. (B) SCG and TG neurons
isolated from P6 and P28 mice were treated with interferon (IFN)a (600 [U/ml) for 18h
and stained for PML and Blll-tubulin. (C-F) Quantification of detectable PML puncta in
P6 and P28 neurons following 18h treatment with IFNa (150 1U/ml, 600 1U/ml), IFNy
(150 IU/ml, 500 1U/ml) and IFNA2 (100 ng/ml, 500 ng/ml). Data represent the mean +
SEM. n=60 from 3 independent experiments. Statistical comparisons were made
using a one way ANOVA with a Tukey’s multiple comparison (**** P<0.0001). Scale
bar, 20um.
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Fig. 2-2. Type | IFN alters the sub-cellular localization of ATRX, Daxx and SUMO-1 in
primary peripheral neurons. (A) Representative images of P6 SCG neurons treated
with IFNB (150 IU/ml) and stained for PML and ATRX. (B) Representative images of
P6 SCG treated with IFNa (600 [U/ml), IFNy (500 IU/ml) and IFNA2 (500 ng/ml) and
stained for PML. (C) Representative images of P6 TG treated with IFNa (600 1U/ml),
IFNy (500 1U/ml) and IFNA2 (500 ng/ml) and stained for PML. Scale bar, 20um.
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Fig. 2-3. Type | IFN treatment solely at time of infection inhibits LY294002-mediated
reactivation of HSV-1 in primary sympathetic SCG neurons. (A) Schematic of the
primary postnatal sympathetic neuron-derived model of HSV-1 latency. (B) Number of
Us11-GFP expressing neurons at 3 days post-LY294002-induced reactivation in P6
SCG neuronal cultures infected with HSV-1 in the presence or absence of IFNa (600
IU/ml), then treated with an a-IFNAR1 neutralizing antibody. n=9 from 3 independent
experiments. (C) RT-qPCR for viral mRNA transcripts at 3 days post- LY294002-
induced reactivation of SCGs infected with HSV-1 in the presence or absence of IFNa.
n=9 from 3 independent experiments. (D) RT-qPCR for viral mRNA transcripts at 20
hours post-LY294002-induced reactivation in SCGs infected with HSV-1 in the
presence of absence of IFNa. n=9 from 3 independent experiments. (E) Relative
amount of viral DNA at time of reactivation (8dpi) in SCG neurons infected with HSV-1
in the presence or absence of IFNa (600 IU/ml). n=9 from 3 independent experiments
(F) Quantification of vDNA foci detected by click chemistry at time of reactivation
(8dpi) in SCG neurons infected with HSV-1 in the presence or absence of IFNa (600
IU/ml). n=60 from 3 independent experiments (H) LAT mRNA expression at time of
reactivation (8dpi) in neurons infected with HSV-1 in the presence or absence of IFNa
(600 IU/mI). n=9 from 3 independent experiments. Data represent the mean + SEM.
Statistical comparisons were made using a Mann-Whitney test (ns not significant, **
P<0.01, **** P<0.0001).
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Fig 2-4. Type | IFN treatment solely at time of infection inhibits LY294002-mediated
reactivation of HSV-1 in primary sympathetic SCG neurons. (A) RT-qPCR for ISG15
MRNA expression in SCG neurons treated with IFNa (6001U/ml) in the presence or
absence of anti-mouse IFNAR-1 antibody (1:1000). n=6 from 3 independent
experiments. Statistical comparisons were made using a one way ANOVA with a
Tukey’s multiple comparison (**** P<0.0001). (B, C) RT-gPCR for viral mMRNA
transcripts at 3 days post-LY294002-induced reactivation of SCGs infected with HSV-
1 in the presence or absence of IFNa (600 IU/ml). n=9 from 3 independent
experiments. (D, E) RT-gPCR for viral mRNA transcripts at 20 hours post- LY294002-
induced reactivation in SCGs infected with HSV-1 in the presence or absence of IFNa
(600 IU/ml). n=9 from 3 independent experiments. Data represent the mean + SEM.
Statistical comparisons were made using a Mann-Whitney test (ns not significant, ***
P<0.001, **** P<0.0001).
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Fig. 2-5. Type | IFN-induced PML-NBs persist in primary sympathetic neurons
despite resolution of IFN signaling. (A-C) Kinetics of ISG15, IRF7 and PML mRNA
expression at 0.75, 1.75, 3.75 and 8.75 days post-IFNa (600 1U/ml) treatment. Arrow
indicates the time of HSV-1 infection at 18hr post-interferon treatment. n=9 from 3
independent experiments. (D) Quantification of PML puncta at 1-, 3-, 6-, 8-, 10- and
15-days post-infection with HSV-1 in untreated and IFNa (600 1U/ml)-treated SCG
neurons. n>60 from 3 independent experiments. (E) Representative images of P6
SCG neurons treated with IFNa (600 IU/ml) and stained for STAT1 at 18 hours and 8
days post-treatment. Scale bar, 100um. (F) Representative images of P6 SCG
neurons treated with IFNa (600 1U/ml) and stained for Mx1 at 18 hours and 6 days
post-treatment. Scale bar, 20um. Data represent the mean + SEM. Statistical
comparisons were made using a one way ANOVA with a Tukey’s multiple comparison
(ns not significant, *** P<0.001, **** P<0.0001)
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Fig. 2-6. Type I IFN induced PML-NBs stably entrap vDNA throughout a latent HSV-1
infection of primary sympathetic neurons. (A) Representative images of vDNA foci
detected by click chemistry to PML at 1, 3, 6 and 8 dpi in P6 SCG neurons infected
with HSV-15% in the presence or absence of IFNa (600 IU/ml). Z-stack images of
individual vDNA foci were acquired. Scale bar, 20um. (B) Percent colocalization of
vDNA foci detected by click chemistry to PML at 1, 3, 6 and 8 dpi in SCG neurons
infected with HSV-159C in the presence or absence of IFNa (600 1U/ml). n=60
genomes from 3 independent experiments. Statistical comparisons were made using a
Mann-Whitney test. (C) 3D reconstruction of a high-resolution Z-series confocal image
showing PML entrapment of an HSV-15C vDNA foci. Scale bar, 2um. (D) Enlargement
of PML entrapped vDNA outlined by white dashed box. Scale bar, 0.5um. (E)
Quantification of PML-NB volume in SCG neurons infected with HSV-15%C in the
presence or absence of IFNa (600 1U/ml). n=60 PML-NBs from 3 independent
experiments. Data represent the mean + SEM. Statistical comparisons were made
using a one way ANOVA with a Tukey’s multiple comparison (**** P<0.0001).
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Fig. 2-7. PML-NBs entrap vDNA in the absence of type | IFN during lytic HSV-1
infection of murine dermal fibroblasts. (A) Representative images of vDNA foci
detected by click chemistry to PML at 60 minutes post-infection in P6 dermal
fibroblasts Iytically infected with HSV-15% in the presence or absence of IFNa (600
IU/ml). Scale bar, 20um. (B) Percent colocalization of vDNA foci detected by click
chemistry to PML at 60mpi in P6 dermal fibroblasts infected with HSV-15% in the
presence or absence of IFNa (600 1U/ml). n=60 genomes from 3 independent
experiments. Data represent the mean + SEM. Statistical comparisons were made
using a Mann-Whitney test. (ns not significant)
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Fig. 2-8. HSV-1 genomes only associate with PML-NBs when type | IFN is present
during initial infection. (A) Number of Us11-GFP expressing P6 SCG neurons infected
with HSV-1 following IFNa treatment for 18 hours prior to infection or for 18 hours at 3
days prior to infection. n=9 from 3 independent experiments. (B) Percent
colocalization of vDNA foci detected by click chemistry to PML at 8 dpi in SCG
neurons infected with HSV-159C following IFNa treatment for 18 hours prior to infection
or for 18 hours at 3 days prior to infection. n=60 genomes from 3 independent
experiments. (C) Quantification of PML puncta at time of infection in P6 SCG neurons
treated with IFNa (600 IU/ml) for 18 hours prior to infection or for 18hours at 3 days
prior to infection. n=60 from 3 independent experiments. (D) Percent colocalization of
vDNA foci detected by click chemistry to PML at 3 dpi in SCG neurons with HSV-15
infected with ICPO-null mutant HSV-1, n212, or a rescued HSV-1 virus, n212R, in P6
SCG neurons treated with IFNa for 18 hours prior to infection or for 18hours at 3 days
prior to infection. n=60 genomes from 3 independent experiments. Data represent the
mean + SEM. Statistical comparisons were made using a one way ANOVA with a
Tukey’s multiple comparison (ns not significant, ** P<0.01, **** P<0.0001).
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Fig 2-9. HSV-1 genomes only associate with PML-NBs when type | IFN is present
during initial infection. (A) Representative images of untreated or IFNa-treated (600
IU/ml) P6 SCG neurons stained for PML and ATRX at 3 days post-treatment. (B)
Representative images of untreated or IFNa-treated (600 IU/ml) P6 SCG neurons
stained for Daxx and ATRX at 3 days post-treatment. (C) Representative images of
untreated or IFNa-treated (600 IU/ml) P6 SCG neurons stained for PML and SUMO-1
at 3 days post-treatment. (D) Percent colocalization of vDNA foci detected by click
chemistry to PML at 3 dpi in SCG neurons infected with HSV-159 with or without IFNa
(600 IU/ml) present at the time of infection. n=60 genomes from 3 independent
experiments. (E, F) Representative images of HSV-1-infected P6 SCG neurons
treated with IFNa (600 IU/ml) for 18 hours prior to infection or for 18hours at 3 days
prior to infection and stained for ICPO and ATRX at 3, 6 and 9 hours post-infection. (G)
Representative images of P6 SCG neurons infected with n212 or n212R for 8 hours
and stained for HSV-1 ICPO. Data represent the mean + SEM. Statistical comparisons
were made using a one way ANOVA with a Tukey’s multiple comparison (***P<0.001).
Scale bar, 20um.
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Fig. 2-10. Depletion of PML with shRNA-mediated knockdown prior to infection
restores HSV-1 reactivation in type | interferon-treated primary sympathetic neurons.
(A) Quantification of PML puncta in P6 SCG neurons transduced with either control
non-targeting shRNA or shRNA targeting PML for 3 days, then treated with IFNa (600
IU/ml) for 18 hours. n=60 from 3 independent experiments. (B) Quantification of
colocalization of vDNA foci detected by click chemistry to PML in primary SCG
neurons transduced with shRNA targeting PML for 3 days prior to being infected with
HSV-1E% in the presence of IFNa (150 1U/ml). n=60 genomes from 3 independent
experiments. (C-F) Number of Us11-GFP expressing neurons at 3 days post-
LY294002-induced reactivation in P6 SCG neuronal cultures transduced with shRNA
targeting PML for 3 days prior to infection with HSV-1 in the presence or absence of
IFNa (150 1U/ml). n=9 from 3 independent experiments. Data represent the mean +
SEM. Statistical comparisons were made using a one way ANOVA with a Tukey’s
multiple comparison (ns not significant, ** P<0.01, **** P<.0001).
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Fig. 2-11. PML is not required for ISG induction in primary postnatal sympathetic
neurons. (A) P6 SCG neurons were transduced with either control non-targeting
shRNA or shRNA targeting PML for 3 days, then treated with IFNa (600 IU/ml) for 18
hours. Total genes >1.5-fold higher in IFNa (600 1U/ml) treated cells than untreated
cells were subdivided into 3 groups: shCtrl-treated neurons only. shPML-treated
neurons only; and shCtrl and shPML neurons (shared). (B) Gene expression heat
map of top 50 most upregulated genes in P6 neurons transduced with control non-
targeting shRNA or shRNA targeting PML for 3 days, then treated with IFNa (600
IU/ml) for 18 hours. (C) Heat map of the top 25 shared upregulated GO terms in P6
neurons transduced with control non-targeting shRNA or shRNA targeting PML for 3
days, then treated with IFNa for 18 hours. (D, E) RT-gPCR for Pml mRNA expression
in SCG neurons transduced with either control non-targeting shRNA or shRNA
targeting PML for 3 days, then treated with IFNa (600 1U/ml) for 18 hours. Data
represent the mean + SEM. Statistical comparisons were made using a one way
ANOVA with a Tukey’s multiple comparison (ns not significant, *** P<0.001, ****
P<.0001).
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Fig. 2-12. Depletion of PML with shRNA mediated knockdown post-infection partially
restores LY294002-mediated HSV-1 reactivation in type | interferon-treated primary
sympathetic neurons. (A-D) Number of Us11-GFP expressing neurons at 3 days post-
LY294002-induced reactivation in P6 SCG neuronal cultures transduced with shRNA
targeting PML at 1 day post-infection with HSV-1 in the presence or absence of IFNa
(150 IU/ml). n=9 from 3 independent experiments. Data represent the mean + SEM.
Statistical comparisons were made using a Mann-Whitney test (ns not significant, *
P<0.05). (E) Quantification of colocalization of vDNA foci detected by click chemistry
to PML in primary SCG neurons transduced with shRNA targeting PML at 1 day post-
infection with HSV-15C in the presence or absence of IFNa (150 1U/ml). n=60
genomes from 3 independent experiments. Statistical comparisons were made using a
Mann-Whitney test (F) Number of Us11-GFP expressing neurons at 3 days post-
reactivation in P6 SCG neuronal cultures transduced with shRNA targeting PML at 1
day post-infection with HSV-1 in the presence of IFNa (150 IU/ml). Reactivation was
induced by LY294002 in the presence of the DLK inhibitor GNE-3511 (4uM). n=9 from
3 independent experiments. Data represent the mean + SEM. Statistical comparisons
were made using a one way ANOVA with a Tukey’s multiple comparison (ns not
significant, * P<.05, ** P<.01, **** P<.0001). Scale bar, 20um.
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Fig. 2-13. ATO treatment induces HSV-1 reactivation in primary sympathetic SCG
neurons. (A) Quantification of detectable, IFNa (600 1U/ml)-induced PML puncta in P6
SCG neurons treated with ATO (1uM) for 2, 6, 18 and 24 hours. (B) Number of Us11-
GFP expressing neurons at 3 days post-treatment with LY294002 (20uM), ATO (1uM)
or LY294002 (20uM) + ATO (1uM) in P6 SCG neuronal cultures infected with HSV-1
in the presence or absence of IFNa (600 IU/ml). n=12 from 4 independent
experiments. Data represent the mean + SEM. Statistical comparisons were made
using a 2way ANOVA (ns not significant, **** P<.0001).
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HSV-1 subnuclear positioning and interactions with repressive cellular domains
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Abstract

HSV-1 only establishes latency in neurons, where the viral genome associates
with repressive heterochromatin, but the cellular proteins and molecular mechanisms
that mediate this chromatinization are largely unknown. We have found that primary
murine peripheral neurons have abundant nuclear ATRX staining, and, in contrast to
non-neuronal cells, this ATRX staining is localized outside of PML-NBs. We also found
that latent viral genomes colocalize to regions of ATRX staining both in the context of
PML-NBs where they associate with Daxx and the histone variant H3.3 or outside of
PML-NBs where they associate with the histone variant H3.1. Furthermore, we show
preliminary evidence that indicates when ATRX is specifically knocked out in latently
infected neurons in vivo, the latent viral load in peripheral ganglia is decreased.
Interestingly, latent genomes entrapped by PML-NBs are thought to be repressed but
superresolution microscopy has revealed that they are in a less compact state than
genomes that are not associated with PML-NBs. When we investigated PML-NBs in
human neuronal cell models of HSV-1 latency, we found that they are present in the
absence of IFNa, unlike our primary murine neurons, and colocalize with latent viral
genomes. However, IFNa treatment leads to an increase in PML-NBs and a significant
increase in colocalization with latent viral genomes. In sum, this study demonstrates th
subnuclear localization can impact heterochromatic signature and compaction of viral
genomes and implicates ATRX as a key heterochromatin-associated protein in the

establishment and maintenance of HSV-1 latency.
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Introduction

HSV-1 only establishes latency in neurons, where the viral genome associates
with repressive heterochromatin, including H3K9me3 and H3K27me3, but the cellular
proteins and molecular mechanisms that mediate this chromatinization are largely
unknown (Wang et al., 2005; Cliffe et al., 2009; Kwiatkowski et al., 2009; Bloom, 2016).
Furthermore, HSV-1 latency in ganglia is heterogenous, with some neurons being more
susceptible to reactivation than others (Sawtell, 1997; Proenca et al., 2008; Bertke et al.,
2011), and this heterogeneity may ultimately be reflected in the association of viral
genomes with different cellular proteins, histone variants or histone post-translational

modifications (PTMs).

The SWI/SNF chromatin remodeler alpha thalassemia mental retardation x-
linked protein (ATRX) is a 280kDa protein that is mutated in severe neurological
disorders (Clynes et al, 2013). It contains multiple domains that allow it to interact with a
variety of proteins, including methyltransferases and other heterochromatin-associated
proteins, to promote transcriptional repression (Lewis et al, 2010; Clynes et al., 2013;
Noh et al, 2015). ATRX can act as a histone chaperone, forming a complex with the
death-associated protein 6 (Daxx) to catalyze the deposition of non-canonical histone
variant H3.3 (Lewis et al., 2010). ATRX also can target chromatin through direct
interactions with specific histone posttranslational modifications (PTMs), including
H3K9me3-containing peptides, a histone mark associated with repressive
heterochromatin (Noh et al., 2015). Furthermore, it has recently been shown that ATRX
can recruit the polycomb repressive complex 2 (PRC2) to specific genomic sites to

contribute to their silencing (Sarma et al, 2014; Ren et al, 2020).
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Importantly, ATRX and Daxx have been shown to be repressive to lytic HSV
transcription and replication (Lukashchuk & Everett, 2010). More recent studies have
further implicated ATRX in the maintenance and stability of viral heterochromatin during
chromatin stress, as well as in reducing HSV viral DNA accessibility by altering the
structure of the H3-loaded viral chromatin (Cabral et al, 2018; Cabral et al, 2021). In a
quiescent infection of fibroblasts using a HSV IE-deficient virus, ATRX/Daxx and another
H3.3-chaperone, HIRA, colocalized to viral genomes and chromatinized viral genes,
including the LAT, with H3.3 modified by the repressive H3.3K9me3 mark, thereby
rendering them transcriptionally silent (Cohen et al., 2018). This function was dependent
on PML, as depletion of PML reduced association of ATRX/Daxx with latent genomes,
as well as H3.3 load on multiple viral loci (Cohen et al., 2018). This is consistent with
additional studies that show intrinsic epigenetic silencing of viral gene expression
through deposition of variant histone H3.3 onto viral genomes at PML-NBs (Placek et al,
2009; Rai et al, 2017). In contrast to the canonical histone H3.1, which is deposited by
chromatin assembly factory-1 (CAF-1) onto replicating DNA, the histone variant H3.3 is
deposited in a replication-independent manner (Tagami et al, 2004; Szenker et al, 2011).
ATRX/Daxx is thought to preferentially promote H3.3 deposition at telomeres and
pericentric repeats (Lewis et al., 2010), while the HIRA complex is thought to mediate
H3.3 loading at actively transcribed genes and in a nucleosome gap-filling function
(Tagami et al., 2004; Ray-Gallet et al, 2011). In the context of HSV-1 Iytic infection, there
is replication-independent deposition of H3.3 onto HSV-1 genomes shortly after nuclear
entry, and H3.1 is only incorporated during replication of the HSV-1 genome (Placek et
al., 2009; Conn et al, 2013; Cabral et al., 2018). Although the histone variant H3.3 only
differs from H3.1 by 4 residues, this can have a significant impact on transcriptional

activity and compaction of the chromatin.
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To further investigate the role of ATRX in HSV-1 latency and reactivation, we
characterized the distribution of ATRX and Daxx in primary murine sympathetic neurons
and found abundant nuclear ATRX staining in the absence of detectable PML-NBs,
which is in contrast to dermal fibroblasts and other non-neuronal cells (Alandijany et al.,
2018). Interestingly, we have preliminary data that latent viral genomes co-localize to
these regions of dense ATRX staining and associate with histone variant H3.1, while
latent viral genomes that colocalize to IFNa-induced PML-NBs associate with ATRX,
Daxx and histone variant H3.3. Furthermore, ATRX knockout specifically in latently
infected neurons in vivo reduces viral load in peripheral ganglia, although this is also a
preliminary result. Surprisingly, we show that non-PML-NB-associated viral genomes are
more compact than genomes that are entrapped by IFNa-induced PML-NBs.
Furthermore, we explored the distribution of PML in two human neuronal cell models of
HSV-1 latency and found that both have detectable PML-NBs in the absence of type |
IFN, but colocalization of latent viral genomes to PML-NBs significantly increased with
IFNa treatment. Ultimately, this study demonstrates how the subnuclear positioning of
the latent viral genome can impact its heterochromatic signature and begins to correlate
the association of histone variants and cellular proteins with the latent genome radius of

gyration and ability to undergo induced reactivation.

Results

HSV-1 latency can be established in the absence of type | IFN

Because we observed that primary SCG neurons are largely devoid of PML-NBs
and that PML-NBs form upon treatment with type | IFN treatment, we first wanted to
clarify that latency was maintained in the absence of IFN and presumably without PML-
NB formation, consistent with our previous data (Cuddy et al., 2020). SCG neurons were

infected at a multiplicity of infection (MOI) of 7.5 plaque forming units (PFU)/cell with
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HSV-1 Us11-GFP presence of acyclovir (ACV). The ACV was removed after 6 days and
the neuronal cultures were monitored to ensure the no GFP-positive neurons were
present. We found that latency could be established and maintained for up to 5 days
following removal of ACV (Fig. 3-1A). Reactivation was triggered by PI3K inhibition using
LY294002, as previously described (Camarena, 2011; Kim et al., 2012; Kobayashi et al.,
2012; Cliffe et al., 2015), and quantified based on the number of Us11-GFP neurons in
the presence of WAY-150138 which blocks packaging of progeny genomes and thus
cell-to-cell spread (van Zeijl et al, 2000). These data therefore indicate that exogenous

IFN is not required to induce a latent state in this model system.

We have observed that treatment of primary peripheral neurons isolated from
postnatal and adult mice with type Il IFN (IFNy) and type Il IFN (IFNA2) led to a more
variable response in PML-NB formation. Treatment with IFNy induced a small but
significant increase in detectable PML-NBs in a subpopulation of sympathetic neurons
but did not result in the formation of detectable PML-NBs in sensory neurons. Exposure
of neurons to IFN-lambda 2 (IFN-A2), a type Il IFN, did not induce the formation of
detectable PML-NBs in either sympathetic or sensory neuron cultures. However, we
were interested if treatment with these well-known antiviral cytokines at the time of initial
infection could also impact reactivation in this model. SCG neurons were pre-treated
with IFNy (150 1U/ml) or IFNA (100ng/ml) for 18 hours and during the initial 2hour HSV
inoculation. Reactivation was induced and quantified base on the number of GFP
positive neurons. We found that full reactivation was restricted in neurons exposed to
type Il IFN just prior to and during de novo infection. However, reactivation was not
impacted by type Il IFN treatment at the time of infection (Fig. 3-1B). Therefore,
treatment of sympathetic neurons with type Il IFN solely at the time of infection has a

long-term effect on the ability of HSV to undergo reactivation.
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Because IFN treatment could reduce nuclear trafficking of viral capsids during
initial infection or impact infection efficiency, we next determined whether equivalent
numbers of viral genomes were present in the neuronal cultures. At 8dpi, we measured
relative viral DNA genome copy numbers in SCG neurons that were treated with IFNy
(150 IU/ml) and IFNA2 (100 ng/ml) compared to untreated controls and found no
significant difference (Fig. 3-1C). Therefore, type Il IFN can mediate restriction of HSV
latency without decreasing the number of latent viral genomes or inducing robust

formation of detectable PML-NBs.

The multi-functional, chromatin remodeler protein ATRX has abundant nuclear staining

in neurons and colocalizes with latent viral genomes outside the context of PML-NBs

Given that we can establish long-term latency in SCG neurons in the absence of
type | IFN and detectable PML-NBs, we wanted to investigate additional cellular
proteins, including ATRX and Daxx, that could associate with latent viral genomes and
maintain latency. In untreated neurons, we observed abundant ATRX staining
throughout the nucleus in regions that also stained strongly with Hoechst (Fig. 3-2A, B).
This potential co-localization of ATRX with regions of dense chromatin is consistent with
a previous study demonstrating that in neurons ATRX binds certain regions of the
cellular genome associated with the constitutive heterochromatin modification H3K9me3
(Noh et al., 2015). Importantly, this distribution of ATRX differs from what is seen in
murine dermal fibroblasts (Fig. 3-2A, B) and other non-neuronal cells, where there is a
high degree of colocalization between ATRX and PML (Alandijany et al., 2018).
Following treatment with IFNa, we found a redistribution of ATRX staining and
colocalization between ATRX and the formed PML-NBs, but the majority of ATRX

staining remained outside the context of PML-NBs (Fig. 3-2A, B). Similar to PML,
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sympathetic SCG and sensory TG neurons isolated from both postnatal and adult mice
were devoid of detectable puncta of Daxx staining (Fig. 3-2B), and we did not observe
extensive Daxx staining in untreated neurons as we did for ATRX. We were unable to
directly co-stain for Daxx and PML; however, treatment of neurons with IFNa did induce
punctate Daxx staining that strongly colocalized with puncta of ATRX (Fig. 3-2B), which
given our previous observation of ATRX co-localization with PML following type | IFN
treatment we used as a correlate for PML-NBs. Primary sympathetic neurons are largely
devoid of detectable PML and Daxx signal but have very abundant ATRX containing

domains, highlighting a key difference between neurons and non-neuronal cells

Given the robust nuclear staining of ATRX in the absence of PML-NBs, we next
wanted to explore if latent viral genomes co-localized to regions of ATRX staining in
primary SCG neurons. To determine whether viral genomes localize with ATRX in
untreated neurons, SCG neurons were infected with HSV-159 at an MOI of 5 PFU/cell in
the presence of ACV as described above. By co-staining for ATRX, we found that a
proportion of vDNA foci in untreated neurons colocalized with regions of dense ATRX
staining. Representative images are shown (Fig. 3-2C). Furthermore, there is a
proportion of latent genomes that do not colocalize with PML-NBs in neurons treated
with IFNa during initial infection, and we found that a subset of latent genomes in IFNa-
treated neurons similarly colocalized with regions of dense ATRX staining outside the
context of PML-NBs (Fig. 3-2C). Therefore, a subset of latent viral genomes colocalize

with regions of dense ATRX that functions outside the context of PML-NBs.

Depletion of ATRX during the establishment of latency in vivo decreases latent viral load

ATRX has been shown to associate with viral genomes in latently infected

trigeminal ganglia in vivo (unpublished data, Dr. Anna Cliffe), so we wanted to directly
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investigate the role of ATRX in the establishment and maintenance of latency.
Transgenic ATRX" mice (a gift from Dr. David Picketts, Garrick et al (2006)) were
infected by corneal scarification with SC16 Lat Cre, an HSV-1 strain encoding Cre-
recombinase under the control of latency associated transcript (LAT) promoter (dose:
2x106 PFU virus/eye), which allowed for deletion of ATRX only in latently infected
neurons (Proenca et al., 2008). Because ATRX could play a role in the establishment or
maintenance of latency, we monitored HSV-1 clinical disease (Han et al, 2001) and
mortality following infection and found no significant difference (Fig 3-3A-D). We next
assessed relative viral DNA genome copy numbers in latently infected trigeminal and
superior cervical ganglia at 28 dpi, and we found that TG infected with SC16 LAT Cre
had a significantly lower viral load than TG infected with SC16 WT (Fig 3-3E). Although
we saw a similar trend in SCG, it was not significant (Fig 3-3F). We next assessed
reactivation by lytic gene expression in SCG neurons following explant/axotomy and
treatment with LY294002 for 15 hours. Although not statistically significant, we found
higher levels of UL29 mRNA in SCG neurons infected with SC16 LAT Cre (Fig 3-3G)
Therefore, although these are very preliminary findings, our data suggests that infection
of ATRX" mice with SC16 LAT Cre led to a significantly lower HSV-1 latent viral load in
mouse TG and higher lytic gene expression in SCG neurons following induced

reactivation.

PML-NB-associated latent viral genomes preferentially colocalize with H3.3, while non-

PML-NB-associated genomes preferentially colocalize with H3.1

The considerable heterogeneity at the neuronal level in the co-localization of viral
genomes with different subnuclear domains and its effect on reactivation raised the
possibility that reactivation is impacted by the association with different repressive

cellular proteins, histones and/or histone modifications. To begin to explore this
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possibility, we pretreated SCG neurons with IFNa (600 IU/ml) then infected with HSV-
1E¢C at an MOI of 5 PFU/cell in the presence of ACV and IFNa as described above. By
co-staining for total H3, we found that vDNA foci colocalized to total H3 in both untreated
and IFNao-treated neurons over the course of infection (Fig 3-4A, B). Given the
colocalization of Daxx, an H3.3-specific histone chaperone, with IFNa-induced PML-
NBs, we next investigated the colocalization of vDNA foci with Daxx and H3.3 and found
that Daxx puncta and H3.3 only colocalized with genomes in IFNa-treated neurons (Fig
3-4C). We similarly investigated the colocalization of latent viral genomes with H3.1 and
found that in untreated neurons, H3.1 colocalized to viral genomes that were associated
with ATRX-dense regions (Fig 3-4D). This is very preliminary data and will need further
investigation and quantification. However, these results suggest that latent viral
genomes colocalize to regions of total H3 throughout a latent infection but specifically
colocalize to H3.3 when associated with IFNa-induced PML-NBs and to H3.1 when

associated with ATRX-dense regions in untreated neurons.

Latent viral genomes colocalized with PML-NBs have less compact packaging

Because entrapment of viral genomes by IFNa-induced PML-NB leads to
differences in histone association and a repressive form of latency, we next wanted to
investigate the nanoarchitecture of viral genomes that are either associated with IFNa-
induced PML-NBs or not. SCG neurons were pretreated with IFNa (600 IU/ml) then
infected with HSV-159C at an MOI of 5 PFU/cell in the presence of ACV and IFNa as
described above. We performed click chemistry to detect vDNA foci, co-stained for PML
and applied direct stochastic optical reconstruction microscopy (dSTORM) to produce
3D projections of viral genomes. In order to calculate the dimensions of each viral
genome and the radii of gyration (Ry), we performed image analysis as previously

described (Boettiger et al, 2016; Grant et al, 2018) and found that the PML-NB-
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associated vDNA foci are less compact than non-PML-NB-associated vDNA foci.

Representative images are shown in Fig 3.5 and mean Ry are reported in Fig 3B. Thus,
our preliminary data indicates that vDNA that is physically associated with IFNa-induced
PML-NBs shows less dense chromatin packaging than vDNA that is not associated with

PML-NBs.

PML-NBs are constitutively present in human neurons.

To complement our work in peripheral murine neurons, we aimed to utilize
human neuronal cell line models. The HD10.6 immortalized cell line derived from human
dorsal root ganglia proliferate by virtue of a transduced tetracycline-regulated v-
myc oncogene (Raymon et al., 1999), and the Lund human mesencephalic neuronal cell
line (LUHMES) is a subclone of the tetracycline-controlled, v-myc-overexpressing human
mesencephalon-derived cell line MESC2.10 (Lotharius et al., 2005). Both HD10.6 and
LUHMES cells have previously been characterized and shown to support HSV-1 latency
(Thellman et al., 2017; Edwards & Bloom, 2019). We initially set out to investigate the
contribution of PML-NBs to HSV latency and reactivation using these models and
stained them for PML protein. In contrast to our primary mouse neurons, we observed
that mature, fully differentiated HD10.6 and LUHMES neurons possess detectable PML-
NBs, or puncta of PML, in the absence of IFNa. However, there is a small, but significant
increase in PML-NBs following 18hr treatment with IFNa (600 IU/ml) (Fig 3-6A-D).
Interestingly, ATRX showed diffuse nuclear staining in both HD10.6 and LUHMES cells
and did not form detectable puncta at PML-NBs in the presence or absence of type | IFN
(Fig 3-6A, B). Therefore, two human neuronal cell lines have PML-NBs in the absence of

IFNa, but treatment with IFNa increases the number of PML-NBs.
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Given the presence of detectable PML-NBs in untreated LUHMES and HD10.6
cells, we investigated if HSV-1 genomes colocalized with PML-NBs. To determine
whether viral genomes localize with PML-NBs in untreated and type | IFN-treated cells,
HD10.6 and LUHMES cells were pretreated with IFNa (600 IU/ml) then infected with
HSV-1E¢ at an MOI of 5 PFU/cell in the presence of ACV and IFNa as described above.
By co-staining for PML, we found that a proportion of vDNA foci colocalized with PML-
NBs in absence of IFNa, and this proportion increases with IFNa treatment (Fig 3-6C,

D).

Discussion

During latency, the viral genome is enriched with histone post-translational
modifications (PTMs) consistent with repressive heterochromatin, including H3K9me2/3
and H3K27me3 (Wang et al., 2005; Cliffe et al., 2009; Kwiatkowski et al., 2009; Cohen
et al., 2018). How this heterogeneity arises, whether it results in heterogeneity at the
chromatin level or with the binding of different repressive histone readers and whether
populations of viral genomes differ in their abilities to undergo reactivation is not known.
Here, we show preliminary evidence that the subnuclear positioning of latent viral
genomes correlates with colocalization of different heterochromatin-associated proteins
and core histone variants, as well as with different physical compaction states of the viral

genome.

Interestingly, we have found that the multi-functional, chromatin remodeler
protein ATRX has abundant nuclear staining in neurons and, in contrast to non-neuronal
cells, is localized outside of PML-NBs. ATRX staining overlapped with Hoechst DNA
staining in our primary neurons, suggesting its localization with AT-rich heterochromatin

regions (Bucevicius et al, 2019). ATRX can act as a histone chaperone, forming a
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complex with Daxx to catalyze the deposition of the histone variant H3.3 (Lewis et al.,
2010). However, in the absence of type | IFN, we only saw faint staining of Daxx in our
primary neurons, indicating it could be functioning in additional roles. ATRX has also
been shown to interact with a variety of proteins, including methyltransferases and other
heterochromatin-associated proteins, to promote transcriptional repression (Lewis et al.,
2010; Clynes et al., 2013; Noh et al., 2015), and it can target chromatin through direct
interactions with specific histone PTMs, including H3K9me3-containing peptides (Noh et
al., 2015). With type | IFN treatment, ATRX redistributes and strongly colocalizes to
puncta of PML and Daxx, but the majority of ATRX staining remains outside these IFNa-

induced PML-NBs.

In a model of quiescence utilizing human primary fibroblasts and a replication
deficient virus, HSV genomes associated with PML-NBs were almost exclusively
enriched with H3.3, mediated by ATRX/Daxx and HIRA, and the H3.3K9me3 chromatin
mark (Cohen et al., 2018). Although preliminary, we similarly found that PML-NB-
associated genomes strongly colocalize to Daxx and H3.3. Therefore, it is tempting to
speculate that PML-associated latent genomes are specifically enriched for H3K9me3
and not H3K27me3. However, in a previous study, we have found that H3S10 becomes
phosphorylated during transcriptional activation following a reactivation stimulus (Cliffe et
al., 2015) and viral genomes co-localize with regions of H3K9me3S10p in neurons that
were not pre-treated with IFN (Cuddy et al., 2020). In addition, removal of H3K9
methylation is required for HSV reactivation (Liang et al., 2009; Liang et al, 2013).
Together, these studies suggest that H3K9me3 is present on reactivation component
genomes, but different combinations of modifications may exist on reactivation
competent versus repressive genomes. It is also possible that viral genomes outside of

PML-NBs are associated with both H3K9me3 and H3K27me3 and are more permissive
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than genomes not associated with H3K27me3 within PML-NBs or PML-NB-associated
genomes are completely devoid of histone PTMs, as regions of cellular DNA lacking
histone modifications have previously been characterized as the most inactive regions of

chromatin (Boettiger et al., 2016).

Furthermore, PML-NB-associated genomes could associate with different histone
readers. ATRX and HP1 are histone readers that have been found to be to be
associated with PML-NBs in non-neuronal cells (Seeler et al, 1998; Ishov et al, 2004).
Interestingly, ATRX is a H3K9me3 reader that is not evicted with the neighboring serine
(S10) is phosphorylated (Noh et al., 2015), a dual modification that we have previously
linked to HSV reactivation (Cliffe et al., 2015). This is in contrast to HP1 and Suz12,
which are evicted from H3K9me3 and H3K27me3 respectively when the neighboring
serine is phosphorylated (Fischle et al, 2005; Gehani et al., 2010; Noh et al., 2015).
However, our preliminary data shows that latent viral genomes can also colocalize to
regions of ATRX staining outside the context of IFNa-induced PML-NBs, but these
genomes preferentially colocalize with histone variant H3.1, which could be more
efficiently phosphorylated by JNK to trigger reactivation. Additionally, one of our most
exciting preliminary findings is that PML-NB-associated genomes are less compact than
non-PML-NB-associated genomes. This is a surprising result, as we had originally
hypothesized that physical compaction of the latent viral genome by PML-NBs could
make it less accessible to cellular proteins, such as Pol Il, and lead to a more repressive
state. However, the radius of gyration has previously been used to characterize regions
of activate, inactive and Polycomb associated chromatin, and Polycomb associated
chromatin was found to be the most compact, even more so than inactive chromatin, so
it is possible that this is the case with non-PML-NB-associated genomes (Boettiger et al.,

2016). Again, it will be important to further characterize the colocalization of latent viral
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genomes with BM1or Ring1A/B, core components of PRC1, and Suz12, a core

component of PRC2.

In this study, we present preliminary evidence that could implicate ATRX as a
heterochromatin-associated protein responsible for maintaining HSV-1 latency. An
important caveat to our in vivo findings is that LAT is not expressed in the SC16 LAT Cre
virus. This further complicates our findings, as we have latently infected neurons that
lack both ATRX and the LAT transcripts. Previous work has shown that the LAT
promotes lytic gene silencing and increases association of heterochromatin markers,
including H3K9me2/3 and H3K27me3, with viral lytic genes during latency (Wang et al.,
2005; Cliffe et al., 2009). Furthermore, the LAT gene serves to promote efficient
establishment of latency by increasing the number of latently infected neurons
(Thompson & Sawtell, 1997), and there is evidence to suggest that LAT promotes
neuronal survival and frequency of reactivation (Leib et al., 1989; Perng et al., 2000;
Thompson & Sawtell, 2001). Although our results do not resemble a LAT phenotype, the
loss of LAT transcripts could be confounding our interpretations, and it will be important
to specifically test the effect of ATRX knockdown in the context of wild type HSV-1 latent

infection.

In order to establish more clinically relevant models of HSV-1 latency and
reactivation, we wanted to complement our work in murine neurons with experiments in
human neuronal cell lines. When we explored PML protein distribution in LUHMES and
HD10.6 cells, we found that both cell lines had ~5 PML-NBs/nucleus in the absence of
IFN, which is in contrast to our findings in mouse peripheral neurons that are largely
devoid of PML-NBs. This discrepancy could be a result of multiple factors, in addition to

species difference. First LUHMES are CNS neurons (Lotharius et al., 2005) and
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although HD10.6 are derived from DRG neurons (Raymon et al., 1999), they could
represent a different subtype of sensory neurons than sensory neuron cultures that we
derived from mouse trigeminal ganglia. Furthermore, LUHMES and HD10.6 are
embryonic (Raymon et al., 1999; Lotharius et al., 2005), and we only assessed postnatal
and adult murine neurons. It is well characterized that PML-NBs can differ based on
developmental stage and decrease in number with aging (Bernardi & Pandolfi, 2007;
Lallemand-Breitenbach & de The, 2010). Moving forward, it will be beneficial to continue
to characterize and evaluate HD10.6 and LUHMES cells as supplemental models in

HSV-1 latency research.
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Fig 3-1. Type | IFN is not required for the establishment of latency. (A) Reactivation
from latency is quantified by Us11-GFP expressing neurons following addition of the
PI3K inhibitor LY294002 (20uM) in the presence of WAY-150168, which prevents cell-
to-cell spread. (B) Number of Us11-GFP expressing neurons at 3 days post-
LY294002-induced reactivation in P6 SCG neuronal cultures infected with HSV-1 in
the presence or absence of IFNy (150 IU/ml) or IFNA2 (100 ng/ml). (C) Relative
amount of viral DNA at time of reactivation (8dpi) in SCG neurons infected with HSV-1
in the presence or absence of IFNy (150 [U/ml) or IFNA2 (100 ng/ml). Data represent
the mean + SEM. Statistical comparisons were made using a one way ANOVA with a
Tukey’s multiple comparison (ns not significant, ** P<0.01)
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Fig 3-2. Type | IFN alters the sub-cellular localization of ATRX and Daxx in primary
peripheral neurons. (A) Representative images of untreated or IFNa (600 [U/ml)-
treated P6 SCG neurons stained for PML and ATRX. (B) Representative images of
untreated or IFNa (600 IU/ml)-treated P6 SCG neurons stained for Daxx and ATRX.
(C) Representative images of vDNA foci detected by click chemistry to ATRX at 3 dpi
in P6 SCG neurons infected with HSV-1E%C in the presence or absence of IFNa (600
IU/ml). Scale bar, 20um.
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Fig 3-3. TG latently infected with SC16 LAT Cre have lower viral loads at 28dpi. (A, B)
Percent weight loss in mice infected with SC16 WT or SC16 LAT Cre (C, D) Clinical
disease scores in mice infected with SC16 WT or SC16 LAT Cre. (E, F) Relative
amount of viral DNA at 28dpi in TG and SCG neurons infected with SC16 WT or SC16
LAT Cre. (G) RT-gPCR for viral mRNA transcripts at 15 hours post-LY294002-induced
reactivation of SCGs infected with SC16 WT or SC16 LAT Cre. Data represent the
mean + SEM. Statistical comparisons were made using a Mann-Whitney test (ns not

significant, * p<0.05)
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Fig 3-4. The latent viral genome colocalizes with H3 histone variants throughout latent
infection. (A, B) Representative images of vDNA foci detected by click chemistry to
PML and total H3 at 1, 3, 8 dpi in P6 SCG neurons infected with HSV-15%C in the
presence or absence of IFNa (600 1U/ml). (C) Representative images of vDNA foci
detected by click chemistry to Daxx and H3.3 at 8 dpi in P6 SCG neurons infected with
HSV-1E% in the presence or absence of IFNa (600 IU/ml). (D) Representative images
of vDNA foci detected by click chemistry to ATRX and H3.1 at 8 dpi in P6 SCG
neurons infected with HSV-15%C in the presence or absence of IFNa (600 1U/ml).
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Fig. 3-5. vDNA colocalized to type | IFN-induced PML-NBs adopts a less compact
packaging configuration. (A) The 3D projections of two representative vDNA foci (red)
colocalized to PML (yellow) in IFNa-treated (600 1U/ml) SCG neurons at 1dpi. Spheres
depict the Cartesian coordinates of individual photon emissions, with their radii scaled
to the median axial localization precision of 100nm. (B) Mean Ry data of vDNA foci in
untreated and IFNa-treated SCG neurons at 1dpi. Data represent the mean + SD.
Statistical comparisons were made using a t-test (* p<0.05) Scale bar, 200nm.
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Fig. 3-6. Human neuronal cell models of HSV-1 latency possess PML-NB that
colocalize to latent viral genomes. (A, B) Representative images and quantification of
HD10.6 cells treated with interferon (IFN)a (600 IU/ml) for 18h and stained for PML,
ATRX and the neuronal marker Blll-tubulin. Data represent the mean + SEM.
Statistical comparisons were made using a Mann-Whitney test (** p<0.01, ****
P,0.0001) (C, D) Representative images and quantification of LUHMES cells treated
with interferon (IFN)o (600 IU/ml) for 18h and stained for PML, ATRX and the
neuronal marker Blll-tubulin. (E, F) Percent colocalization of vDNA foci detected by
click chemistry to PML at 1 dpi in HD10.6 and LUHMES cells infected with HSV-15%C
in the presence or absence of IFNa (600 IU/ml). Significance not calculated as results
represent values obtained from 1 experimental replicate.
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In this dissertation, | have presented new sets of data which have advanced our
understanding of the role of IFNs in latent HSV-1 infection. Each chapter was presented
with a discussion and conclusions. In this chapter, | will expand on the implications to the

field and suggest future studies to further advance the knowledge base.

Role of PML-NBs in HSV Latency

Prior to our work, the presence, composition and function of PML-NBs in
peripheral neurons had not been fully explored. Although prior studies have concluded
that PML-NBs are present in mouse and human sensory neurons by Immuno-FISH,
these results are limited by the poor quality of staining, lack of quantification and the
acknowledgment of a population of neurons that completely lack PML-NBs (Catez et al.,
2012; Maroui et al., 2016). Using simple, reductionist approaches, we were able to
perform high-quality, repeatable staining to more thoroughly characterize PML-NBs in
murine peripheral neurons. More specifically, we were able to isolate and culture a
number of different peripheral neuron populations (SCG, TG and DRG) from both
postnatal and adult mice, and we found that these peripheral neurons lack detectable
PML-NBs. We do acknowledge that axotomy or the processing of the neurons ex vivo
could lead to PML-NB disruption or dispersal. However, this could be tested by
performing axotomy in neurons cultured in microfluidic chambers, where axonal and
soma compartments are physically and fluidically isolated. Additionally, we show that
PML-NBs are present in HD10.6 and LUHMES cells, two human neuronal cell lines.
Given that these are embryonic, it would be interesting to assess PML-NBs in similarly
aged/developed murine peripheral neurons. Additionally, our lab is working to produce
induced CNS neurons from that are directly differentiated from human fibroblasts that

maintain age-related signatures. The lab will be able produce induced neurons from
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fibroblasts isolated from normal individuals of different ages and could investigate the

presence and distribution of PML-NBs in these differently aged neurons.

Very little is known about how IFN signaling in peripheral neurons impacts PML-
NBs. In our work, we were able to show that PML-NBs were robustly induced by type |
IFNs in all peripheral neuron populations assessed and to a lesser degree by type Il IFN
but just in a subset of SCG neurons. We were also able to show that previously
characterized components of PML-NBs, including SUMO-1, ATRX, Daxx, and Mx1
associate with IFNa-induced PML-NBs in murine peripheral neurons. Interestingly, we
used microfluidic chambers to show that the localization of IFNa treatment is important,
as PML-NBs were induced following isolated treatment of the neuronal soma but not
following isolated treatment of axons. Given the unique structure of peripheral neurons
and potential that IFN secreted at a mucosal surface could act on axon terminals of
innervating neurons, this is important, as it suggests that inflammatory cytokines in the
ganglia are crucial for PML-NB formation. These data also supports evidence from
Rosato et al (2015) that axon-specific treatment of mature sensory neurons with IFNB
did not induce STAT1 re-localization or upregulation of ISGs. This data is preliminary,
however, and should be repeated. Given that our in vitro cultures of pure populations of
intact neurons are not representative of the complex cellular makeup of peripheral
ganglia, we also acknowledge that basal levels of IFNs in vivo could provide enough
signaling to account for the discrepancies in baseline number of PML-NBs, and it would
be interesting to assess PML-NB number in peripheral ganglia isolated from IFNAR- and

IFNGR-knockout mice.

Our studies have further contributed to the understanding of IFN signaling in

peripheral neurons: First, we show that PML is not required for induction of ISGs in
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sympathetic neurons, which has been suggested in a number of non-neuronal cells
(Ulbricht et al., 2012; Chen et al., 2015; Kim & Ahn, 2015; Scherer & Stamminger, 2016;
McFarlane et al., 2019). However, we acknowledge the limitations of our study and
appreciate that PML could play a more nuanced role in ISG induction that was
undetectable or outside the scope of our experimental parameters. Second, we have
shown that IFNa-induced PML-NBs persist for at least 15 days following cessation of
IFN exposure when elevated ISG expression and the protein products of known ISGs
were undetectable. Importantly, this could represent neuron-specific innate immune
memory that has only been demonstrated previously in fibroblasts and immune cells
(Kamada et al., 2018; Moorlag et al., 2018). We do note that that average number of
PML-NBs per nucleus does decrease over time, but there is evidence in hon-neuronal
cells to suggest that PML-NBs can fuse particularly when colocalized to viral genomes
(Everett, 2016; Maroui et al., 2016). We also show that vDNA-associated PML-NBs have
significantly greater volumes than non-vDNA-associated PML-NBs at 3dpi, but it will be
important to further assess PML-NB volume at different times post-IFNa treatment, both

in the presence and absence of HSV-1 infections.

Although prior studies have shown that 1) type | IFNs can restrict HSV-1
replication in peripheral neurons (Svennerholm et al., 1989; Carr et al., 2003; Low-Calle
et al., 2014; Rosato & Leib, 2015; Linderman et al., 2017) and 2) type | IFNs can alter
the distribution pattern of viral genomes in peripheral neurons (Maroui et al., 2016), our
studies provide the first evidence that PML-NBs are directly responsible for an IFNa-
dependent restriction of HSV-1 latency. Furthermore, we show that IFNa must be
present during initial infection for 1) latent viral genomes to colocalize with PML-NBs and
2) IFNa to repress HSV-1 reactivation. It will be very interesting to continue to investigate

how the timing IFNa signaling is impacting this colocalization. Although most PML-NBs
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are thought to be relatively static (Wiesmeijer et al, 2002; Eskiw et al, 2003; Eskiw et al,
2004), studies have discovered a highly dynamic subset of PML-NBs that show rapid
ATP-dependent movement (Muratani et al, 2002; Wiesmeijer et al., 2002). Furthermore,
experiments in fibroblasts show significant nuclear redistribution and asymmetric
distribution of IFI16, Daxx and PML towards incoming viral genomes at the edge of
plaques (Everett, 2016). Utilizing the chamber model, we have preliminary evidence to
suggest that PML-NBs do not redistribute at early time points post-axonal infection with
HSV-1, but this was assessed using static imaging. It would be interesting to further
assess the dynamic movement of IFNa-induced PML-NBs in peripheral neurons utilizing
live-cell, time-lapse microscopy with fluorescently labelled PML or Daxx at different time
points post-axonal infection. Furthermore, fluorescence recovery after photobleaching
(FRAP) experiments could also be very informative, as they would indicate the effect of
the timing of IFNa treatment on the exchange of PML or PML-NB components, such as
Daxx, from the nucleoplasm to PML-NBs or between PML-NBs, which could provide
evidence why IFNa must be present during initial infection to have colocalization

between viral genomes with PML-NBs.

Although we show that IFNa-induced PML-NBs entrap vDNA foci throughout a
latent infection to promote a deeper form of latency, we need to further characterize how
PML-NBs might influence the chromatin structure of viral genomes and the ability of the
viral genomes to reactivate. We have preliminary evidence to show that viral genomes at
PML-NBs are enriched in total H3 and the histone variant H3.3 specifically, but it will be
important to determine if the genomes are also enriched with H3K9me3, H3K27me3 or
both, as these modifications have previously been shown to be highly enriched on the
latent genomes (Cliffe et al., 2009). These experiments would assess co-localization by

click chemistry to label viral genomes combined with IF in mock and IFN treated PML""
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neurons that are either transduced with cre-nanopod vector or mock transduced, which
we have already successfully validated. It will be important to supplement these
experiments with chromatin immunoprecipitation (ChlP) assays using the same
antibodies and conditions. Interestingly, a prior study found that PML-NB-associated
genomes were only enriched for H3K9me3 (Cohen et al., 2018). Although there is
evidence to suggest H3K9me3 is present on reactivation-competent genomes, Catez et
al (2014) also show that PML-NB associated genomes are transcriptionally dead,
including transcription of the LAT locus. In order to assess this in our system, RNA-fish
could be combined with Click-chemistry and IF to evaluate the transcriptional activity of
genomes that are PML-NB-associated vs those that are not associated. This technique
could also be utilized to look at transcriptional activity of latent viral genomes at early
time points post-reactivation to see if PML-NB associated genomes undergo phase | or

phase Il of reactivation.

Our studies have begun to explore the function of PML-NBs in neurons and the
heterogeneity in HSV latency but in order to define how one population of viral genomes
is less permissive for reactivation, we need to further investigate how association with
PML-NBs or other nuclear domains influences the chromatin structure of the viral DNA.
Ultimately, by using a variety of techniques to analyze the viral chromatin structure in the
presence and absence of PML-NBs, we will acquire key data on how PML-NBs influence
the latent genome structure to potentially promote a deeper form of latency, as well as
learn more about the contribution of PMLNBSs to altering the chromatin structure of other

associated regions of DNA.

Role of ATRX and other heterochromatin-associated proteins in HSV latency
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In addition to lacking detectable PML-NBs, we found that cultured murine
peripheral neuronal populations have abundant ATRX-containing nuclear domains in the
absence of PML-NBs. The results of our ATRX staining highlight a key difference
between neurons and non-neuronal cells, which show a high-degree of colocalization
between ATRX and PML puncta. Interestingly, our microscopy studies using primary
peripheral neurons in vitro, although preliminary, has also suggested that ATRX
associates with latent viral genomes both in the context of PML-NBs and outside of
PML-NBs. Our lab also has evidence that ATRX is enriched on viral genomes in latently
infected TG in vivo. Prior to our work, a study indicated that ATRX acts in complex with
Daxx as a H3.3-specific chaperone to almost exclusively chromatinize PML-NB-
associated quiescent HSV-1 genomes with H3.3K9me3 (Cohen et al., 2018). We show
similar evidence that PML-NB-associated latent genomes colocalize with ATRX, Daxx
and H3.3, but we also define a separate population of latent genomes that colocalize
with ATRX outside of PML-NBs and are colocalized with histone variant H3.1. It will be
important to further characterize the association of different viral genomes with histone
modifications known to be enriched on the latent genome, including H3K27me2/3 and

H3K9me2/3.

Once this is better characterized, we can then determine how ATRX affects the
chromatin structure of viral genomes by knocking out ATRX. These experiments would
combine click chemistry to detect vDNA and immuno-labelling to detect histones and
PTMs in mock and IFN treated ATRX"" neurons that are either transduced with cre-
nanopod vector or mock transduced. One caveat to examining changes in the chromatin
structure following ATRX knockout is that the re-synthesis of viral proteins can also
result in changes to the viral chromatin. To account for this, we will take advantage of

our primary neuronal system where we can treat with cycloheximide to inhibit protein
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synthesis. In addition, we will also infect primary neurons with a recombinant virus, d109,
that does not express immediate-early viral mMRNA (Samaniego et al, 1998). ChIP and
Re-ChlIP should also be performed to further supplement the microscopy experiments. If
ATRX is functioning as a histone chaperone to deposit histones, such as H3.3, on the
viral genome or to maintain repressive heterochromatin marks (i.e. H3K9me3), we would
expect to see significantly less enrichment of histones and repressive PTMs on the viral
genomes (decreased colocalization) following ATRX knockdown. If ATRX is acting as a
histone reader and represses translation directly, we may not observe changes in
histone PTMs. Ultimately, this aim will provide important mechanistic data on the
regulation of gene expression following knockdown of a key heterochromatin-associated

protein.

Moreover, it will be important to analyze association of latent genomes with other
reader proteins, including HP1 and components of the PRC1 and PRC2 complexes.
Both ATRX and HP1 have been found to be to be associated with PML-NBs in non-
neuronal (Seeler et al., 1998; Ishov et al., 2004). Interestingly, a H3K9me3/pS10 histone
phospho/methyl switch may permit transcription during HSV-1 reactivation (Cliffe et al.,
2015; Cuddy et al., 2020), but ATRX is one of the few histone readers identified as not
being evicted from H3K9me3 when the neighboring serine is phosphorylated (Noh et al.,
2015), and may prevent ATRX-associated genomes from re-entering the lytic program
following neuronal stress. This is in contrast to HP1 and Suz12, which are evicted from
H3K9me3 and H3K27me3 respectively when the neighboring serine is phosphorylated
(Fischle et al., 2005; Gehani et al., 2010; Noh et al., 2015). Therefore, we may expect to
observe increased ATRX association in the presence of PML-NBs and increased Suz12
association in the absence of PML-NBs. Furthermore, different histone readers could

also account for our preliminary data that suggests PML-NB-associated genomes are
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less compact than non-PML-NB-associated genomes, as the radius of gyration has
previously been used to characterize regions of activate, inactive and Polycomb
associated chromatin, and polycomb associated chromatin was found to be the most

compact, even more so than inactive chromatin (Boettiger et al., 2016).

Our in vivo studies provide preliminary evidence that knockout of ATRX in
latently infected neurons results in reentry into lytic gene expression. It is important to
note that there are limitations to these results. First, the SC16 LAT Cre virus does not
express LAT, so TG latently infected with SC16 LAT Cre lack both ATRX and LAT.
Furthermore, the decrease in latent viral load seen in mice infected with SC16 LAT Cre
could be a result of a lower initial viral inoculum dose, particularly given that we did not
see any difference in morbidity or mortality between the two groups. In order to further
implicate ATRX as the first heterochromatin-associated protein shown to be responsible
for maintaining HSV-1 latency. | would suggest first examining if HSV-1 latency is
disrupted in primary cultures of sympathetic neurons following depletion or knockout of
ATRX. After establishing a latent HSV-1 infection in sympathetic neurons, reactivation
can be evaluated following depletion of ATRX using lentivirus-mediated delivery of
shRNA following the establishment of latency We will also deplete Daxx to determine
whether ATRX acts in complex with Daxx as a histone chaperone to maintain latency.
We anticipate that depletion of ATRX will result in escape from latency. The contribution
of Daxx at this stage is unknown. If Daxx depletion results in the same phenotype as
ATRX depletion, it would indicate that the ATRX is functioning in complex with Daxx as a
histone chaperone to maintain latency. This in itself would be interesting because it
would suggest that the latent viral genome is fluid and requires the exchange of histones
to maintain latency. Conversely, if Daxx is not required to maintain latency, ATRX may

function to restrict gene expression either directly as a histone reader or indirectly by
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altering the histone PTMs. It would also be important to repeat the effect of ATRX
knockout in vivo. However, instead of utilizing the SC16 LAT Cre virus, | would suggest
latently infecting TG with a wild type virus and carrying out Cre delivery by utilizing an
AAV-Cre. It will also be important to confirm loss of ATRX binding to latent genomes by

ChlP.

A greater understanding of the cellular proteins and molecular events regulating
HSV infection in neurons and how this is impacted by the IFN-mediated immune
response is critical for the development of novel therapies that target the latent stage of
infection. Results obtained from my work and these future directions will provide
mechanistic insights into the contribution of heterochromatin-based silencing in
maintaining HSV-1 latency and preventing recurrent reactivation. Furthermore, the
proposed studies will shed light on a long-standing question in the field as to how
heterogeneity in HSV-1 latency arises and how a more repressive form of latency, as
seen with type | IFN treatment, could result from a viral chromatin state that is less
primed to reactivate. Ultimately, this would have important clinical implications and could
advance therapeutic strategies to manipulate latency into a form that is completely

refractory to reactivation stimuli.
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Materials and Methods

Reagents

Compounds used in the study are as follows: Acycloguanosine, FUDR, LY 294002,
Nerve Growth Factor 2.5S (Alomone Labs), Primocin (Invivogen), Aphidicolin (AG
Scientific), IFN-a (EMD Millipore IF009) , IFN-B (EMD Millipore IF011), IFN-y (EMD
Millipore IF005), IFN-A2 (PeproTech 250-33); WAY-150138 was kindly provided by
Pfizer, Dr. Jay Brown and Dr. Dan Engel at the University of Virginia, and Dr. Lynn
Enquist at Princeton University. Compound information and concentrations used can be

found below in Table S1.

Preparation of HSV-1 Virus Stocks

HSV-1 stocks of eGFP-Us11 Patton were grown and titrated on Vero cells obtained from
the American Type Culture Collection (Manassas, VA). Cells were maintained in
Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with 10% FetalPlex (Gemini
Bio-Products) and 2 mM L-Glutamine. eGFP-Us11 Patton (HSV-1 Patton strain with
eGFP reporter protein fused to true late protein Us11 (Benboudjema et al, 2003)) was

kindly provided by Dr. lan Mohr at New York University.

Stayput Us11-GFP was created by inserting an eUs11-GFP tag into the previously
created gH-deficient HSV-1 SCgHZ virus (strain SC16) through co-transfection of
SCgHZ viral DNA and pSXZY-eGFP-Us11 plasmid (Forrester et al, 1992). Stayput
Us11-GFP is propagated and titrated on previously constructed Vero F6 cells, which
contain copies of the gH gene under the control of an HSV-1 gD promoter, as described
in Forrester et al. (1992). Vero F6s are maintained in Dulbecco’s Modified Eagle’s
Medium (Gibco) supplemented with 10% FetaPlex (Gemini BioProducts). They are

selected with the supplementation of 250 ug/mL of G418/Geneticin (Gibco).



94

Primary Neuronal Cultures

Sympathetic neurons from the Superior Cervical Ganglia (SCG) of post-natal day 0-2
(PO-P2) or adult (P21-P24) CD1 Mice (Charles River Laboratories) were dissected as
previously described (Cliffe et al., 2015). Sensory neurons from Trigeminal Ganglia (TG)
of post-natal day 0-2 (P0-P2) CD1 mice (Charles River Laboratories) were dissected
using the same protocol. Sensory neurons from TG of adult were dissected as
previously described (Bertke et al., 2011) with a modified purification protocol using
Percoll from the protocol published by Malin et al (2007). Rodent handling and
husbandry were carried out under animal protocols approved by the Animal Care and
Use Committee of the University of Virginia (UVA). Ganglia were briefly kept in
Leibovitz’s L-15 media with 2.05 mM L-Glutamine before dissociation in Collagenase
Type IV (1 mg/mL) followed by Trypsin (2.5 mg/mL) for 20 minutes each at 37 °C.
Dissociated ganglia were triturated, and approximately 10,000 neurons per well were
plated onto rat tail collagen in a 24-well plate. Sympathetic neurons were maintained in
CM1 (Neurobasal® Medium supplemented with PRIME-XV 1S21 Neuronal Supplement
(Irvine Scientific), 50 ng/mL Mouse NGF 2.5S, 2 mM L-Glutamine, and Primocin).
Aphidicolin (3.3 ug/mL) was added to the CM1 for the first five days post-dissection to
select against proliferating cells. Sensory neurons were maintained in the same media

supplemented with GDNF (50ng/ml; Peprotech 450-44)

Establishment and Reactivation of Latent HSV-1 Infection in Primary Neurons
Latent HSV-1 infection was established in P6-8 sympathetic neurons from SCGs.
Neurons were cultured for at least 24 hours without antimitotic agents prior to infection.
The cultures were infected with e GFP-Us11 (Patton recombinant strain of HSV-1

expressing an eGFP reporter fused to true late protein Us11) or StayPut. Neurons were
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infected at a Multiplicity of Infection (MOI) of 7.5 PFU/cell with eGFP-Us11 and at an
MOI of 5 PFU/cell with StayPut (assuming 1.0x10* neurons/well/24-well plate) in DPBS
+CaCl, +MgClz supplemented with 1% Fetal Bovine Serum, 4.5 g/L glucose, and 10 uM
Acyclovir (ACV) for 2-3 hours at 37 °C. Post-infection, inoculum was replaced with CM1
containing 50 uM ACV and an anti-mouse IFNAR-1 antibody (Leinco Tech [-1188,
1:1000) for 5-6 days, followed by CM1 without ACV. Reactivation was carried out in
DMEM/F12 (Gibco) supplemented with 10% Fetal Bovine Serum, Mouse NGF 2.5S (50
ng/mL) and Primocin. WAY-150138 (10 ug/mL) was added to reactivation cocktail to limit
cell-to-cell spread. Reactivation was quantified by counting number of GFP-positive
neurons or performing Reverse Transcription Quantitative PCR (RT-gPCR) of HSV-1

lytic mMRNAs isolated from the cells in culture.

Analysis of mMRNA expression by reverse-transcription quantitative PCR (RT-
qPCR)

To assess relative expression of HSV-1 lytic mRNA, total RNA was extracted from
approximately 1.0x10* neurons using the Quick-RNA™ Miniprep Kit (Zymo Research)
with an on-column DNase | digestion. mRNA was converted to cDNA using the
SuperScript IV First-Strand Synthesis system (Invitrogen) using random hexamers for
first strand synthesis and equal amounts of RNA (20-30 ng/reaction). To assess viral
DNA load, total DNA was extracted from approximately 1.0x10* neurons using the
Quick-DNA™ Miniprep Plus Kit (Zymo Research). gPCR was carried out using Power
SYBR™ Green PCR Master Mix (Applied Biosystems). The relative mRNA or DNA copy
number was determined using the Comparative Ct (AACt) method normalized to mRNA
or DNA levels in latently infected samples. Viral RNAs were normalized to mouse

reference gene GAPDH. All samples were run in duplicate on an Applied Biosystems™
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QuantStudio™ 6 Flex Real-Time PCR System and the mean fold change compared to

the reference gene calculated. Primers used are described in Table S2.

Immunofluorescence

Neurons were fixed for 15 minutes in 4% Formaldehyde and blocked in 5% Bovine
Serum Albumin and 0.3% Triton X-100 and incubated overnight in primary antibody.
Following primary antibody treatment, neurons were incubated for one hour in Alexa
Fluor® 488-, 555-, and 647-conjugated secondary antibodies for multi-color imaging
(Invitrogen). Nuclei were stained with Hoechst 33258 (Life Technologies). Unless
indicated otherwise, z-stack images of entire nuclei were acquired using an sCMOS
charge-coupled device camera (pco.edge) mounted on a Nikon Eclipse Ti Inverted
Epifluorescent microscope and processed into 2D projection images using the NIS-
Elements software (Nikon) Extended Depth of Focus (EDF) plug-in. Images were further

analyzed and processed using ImageJ.

Click Chemistry

For EdC-labeled HSV-1 virus infections, an MOI of 5 was used. EdC labelled virus was
prepared using a previously described method (McFarlane et al., 2019). Click chemistry
was carried out a described previously (Alandijany et al., 2018) with some modifications.
Neurons were washed with CSK buffer (10 mM HEPES, 100 mM NaCl, 300 mM
Sucrose, 3 mM MgClz, 5 mM EGTA) and simultaneously fixed and permeabilized for 10
minutes in 1.8% methanol-free formaldehyde (0.5% Triton X-100, 1%
phenylmethylsulfonyl fluoride (PMSF)) in CSK buffer, then washed twice with PBS
before continuing to the click chemistry reaction and immunostaining. Samples were
blocked with 3% BSA for 30 minutes, followed by click chemistry using EdC-labelled

HSV-1 DNA and the Click-iT EdU Alexa Flour 555 Imaging Kit (ThermoFisher Scientific,
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C10638) according to the manufacturer’s instructions with AFDye 555 Picolyl Azide
(Click Chemistry Tools, 1288). For immunostaining, samples were incubated overnight
with primary antibodies in 3% BSA. Following primary antibody treatment, neurons were
incubated for one hour in Alexa Fluor® 488- and 647-conjugated secondary antibodies
for multi-color imaging (Invitrogen). Nuclei were stained with Hoechst 33258 (Life
Technologies). Epifluorescence microscopy images were acquired at 60x using an
sCMOS charge-coupled device camera (pco.edge) mounted on a Nikon Eclipse Ti
Inverted Epifluorescent microscope using NIS-Elements software (Nikon). Images were
analyzed and processed using Imaged. Confocal microscopy images were acquired
using a Zeiss LSM 880 confocal microscope using the 63x Plan-Apochromat oil
immersion lens (numerical aperture 1.4) using 405 nm, 488 nm, 543 nm, and 633 nm
laser lines. Zen black software (Zeiss) was used for image capture, generating cut mask
channels, and calculating weighted colocalization coefficients. Exported images were
processed with minimal adjustment using Adobe Photoshop and assembled for

presentation using Adobe lllustrator.

Preparation of Lentiviral Vectors

Lentiviruses expressing shRNA against PML (PML-1 TRCN0000229547, PML-2
TRCN0000229549, PML-3 TRCN0000314605), or a control lentivirus shRNA (Everett et
al., 2006) were prepared by co-transfection with psPAX2 and pCMV-VSV-G (Stewart et
al, 2003) using the 293LTV packaging cell line (Cell Biolabs). Supernatant was
harvested at 40- and 64-hours post-transfection. Sympathetic neurons were transduced

overnight in neuronal media containing 8ug/ml protamine and 50uM ACV.

RNA Sequence Analysis
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Reads were checked for quality using FASTQC (v0.11.8), trimmed using BBMAP
(v3.8.16b), and aligned to the mouse genome with GENCODE (vM22) annotations using
STAR (v2.7.1a). Transcripts per million calculations were performed by RSEM (v1.3.1),
the results of which were imported into R (v4.0.2)and Bioconductor (v3.12) using
tximport (v1.18.0). Significant genes were called using DESeq2, using fold change
cutoffs and pvalue cutoffs of 0.5 and 0.05 respectively. Results were visualized using
Heatplus (v2.36.0), PCAtools (v2.2.0), and UpSetR (v1.4.0). Functional enrichment was

performed using GSEA and Metascape.

Statistical Analysis

Power analysis was used to determine the appropriate sample sizes for statistical
analysis. All statistical analysis was performed using Prism V8.4. A Mann-Whitney test
was used for all experiments where the group size was 2. All other experiments were
analyzed using a one-way ANOVA with a Tukey’s multiple comparison. Specific
analyses are included in the figure legends. For all reactivation experiments measuring
GFP expression, viral DNA, gene expression or DNA load, individual biological
replicates were plotted (an individual well of primary neurons) and all experiments were

repeated from pools of neurons from at least 3 litters.

Data Availability
1. RNA-Seq data: Gene expression

GEO GSE166738 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cqi?acc=GSE166738)




Supplemental Materials and Methods Tables

Table S1: Compounds Used and Concentrations

99

Compound Supplier Identifier Concentration
Acycloguanosine Millipore Sigma A4669 10 uM, 50 pM
FUDR Millipore Sigma F-0503 20 uM
L-Glutamic Acid Millipore Sigma G5638 3.7 ug/mL
LY 294002 Tocris 1130 20 uM
IFNa EMD Millipore IFO09 150 1U/ml, 600 1U/ml
IFNB EMD Millipore IFO11 150 1U/ml
IFNy EMD Millipore IFO05 150 1U/ml, 500 1U/ml
IFNA2 PeproTech 250-33 100 ng/ml, 500 ng/ml
NGF 2.5S Alomone Labs N-100 50 ng/mL
Primocin Invivogen ant-pm-1 100 pg/mL
Aphidicolin AG Scientific A-1026 3.3 ug/mL
WAY-150138 Pfizer N/A 10 pg/mL
AFDye 555 Azide Plus Click Chemistry Tools 14791

10uM
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Table S2: Primers Used for RT-qPCR

Primer Sequence 5'to 3
mGAP 1SF CAT GGC CTTCCG TGT GTT CCTA
mGAP 1SR GCG GCA CGT CAGATC CA
ICP27 F GCATCCTTC GTG TTT GTC ATT CTG
ICP27 R GCA TCT TCT CTC CGA CCC CG
ICP8 1SF GGA GGT GCA CCG CAT ACC
ICP8 1SR GGC TAA AAT CCG GCATGAAC
gC#1F GAG TTT GTC TGG TTC GAG GAC
gC #1R ACG GTA GAG ACT GTG GTG AA
PML F GGG AAA CAG AGGAGC GAGTT
PML R AAG GCC TTG AGG GAA TTG GG
ISG15 F CAA GCA GCC AGAAGC AGA CT
ISG15 R CCC AGC ATCTTC ACCTTT AGG
IRF7 F CCA GTT GAT CCG CAT AAG GT
IRF7 R GAG GCT CACTTCTTCCCTATTT
LATF TGT GTGGTGCCC GTGTCTT
LATR CCA GCC AAT CCG TGT CGG




101

References

Alandijany T, Roberts APE, Conn KL, Loney C, McFarlane S, Orr A, Boutell C (2018)
Distinct temporal roles for the promyelocytic leukaemia (PML) protein in the sequential
regulation of intracellular host immunity to HSV-1 infection. PLoS Pathogens 14:
€1006769-1006736

Alfonso-Dunn R, Turner AW, Jean Beltran PM, Arbuckle JH, Budayeva HG, Cristea IM,
Kristie TM (2017) Transcriptional Elongation of HSV Immediate Early Genes by the Super
Elongation Complex Drives Lytic Infection and Reactivation from Latency. Cell Host
Microbe 21: 507-517 e505

Ali S, Mann-Nuttel R, Schulze A, Richter L, Alferink J, Scheu S (2019) Sources of Type |
Interferons in Infectious Immunity: Plasmacytoid Dendritic Cells Not Always in the
Driver's Seat. Front Immunol 10: 778

Amelio AL, McAnany PK, Bloom DC (2006) A chromatin insulator-like element in the
herpes simplex virus type 1 latency-associated transcript region binds CCCTC-binding
factor and displays enhancer-blocking and silencing activities. J Virol 80: 2358-2368

Andersen LL, Mork N, Reinert LS, Kofod-Olsen E, Narita R, Jorgensen SE, Skipper KA,
Honing K, Gad HH, Ostergaard L et a/ (2015) Functional IRF3 deficiency in a patient with
herpes simplex encephalitis. J Exp Med 212:1371-1379

Ank N, West H, Bartholdy C, Eriksson K, Thomsen AR, Paludan SR (2006) Lambda
interferon (IFN-lambda), a type lIl IFN, is induced by viruses and IFNs and displays potent
antiviral activity against select virus infections in vivo. J Viro/ 80: 4501-4509

Arvin A, Campadelli-Fiume G, Mocarski E, Moore PS, Roizman B, Whitley R, Yamanishi K
(2007) Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis.

Baringer JR, Pisani P (1994) Herpes simplex virus genomes in human nervous system
tissue analyzed by polymerase chain reaction. Annals of neurology 36: 823-829

Baringer JR, Swoveland P (1973) Recovery of herpes-simplex virus from human
trigeminal ganglions. The New England journal of medicine 288: 648-650

Barragan-lglesias P, Franco-Enzastiga U, Jeevakumar V, Shiers S, Wangzhou A, Granados-
Soto V, Campbell ZT, Dussor G, Price TJ (2020) Type | Interferons Act Directly on
Nociceptors to Produce Pain Sensitization: Implications for Viral Infection-Induced Pain.
J Neurosci 40: 3517-3532

Beffert U, Bertrand P, Champagne D, Gauthier S, Poirier J (1998) HSV-1 in brain and risk
of Alzheimer&apos;s disease. Lancet (London, England) 351: 1330-1331



102

Benboudjema L, Mulvey M, Gao Y, Pimplikar SW, Mohr | (2003) Association of the
herpes simplex virus type 1 Us11 gene product with the cellular kinesin light-chain-
related protein PAT1 results in the redistribution of both polypeptides. J Virol 77: 9192-
9203

Bernardi R, Pandolfi PP (2007) Structure, dynamics and functions of promyelocytic
leukaemia nuclear bodies. Nat Rev Mol Cell Biol 8: 1006-1016

Bertke AS, Patel A, Imai Y, Apakupakul K, Margolis TP, Krause PR (2009) Latency-
associated transcript (LAT) exon 1 controls herpes simplex virus species-specific
phenotypes: reactivation in the guinea pig genital model and neuron subtype-specific
latent expression of LAT. J Viro/ 83: 10007-10015

Bertke AS, Swanson SM, Chen J, Imai Y, Kinchington PR, Margolis TP (2011) A5-positive
primary sensory neurons are nonpermissive for productive infection with herpes
simplex virus 1 in vitro. J Virol 85: 6669-6677

Bishop CL, Ramalho M, Nadkarni N, May Kong W, Higgins CF, Krauzewicz N (2006) Role
for centromeric heterochromatin and PML nuclear bodies in the cellular response to
foreign DNA. Mol Cell Biol 26: 2583-2594

Bloom DC (2016) Alphaherpesvirus Latency: A Dynamic State of Transcription and
Reactivation. Adv Virus Res 94: 53-80

Bloomer WA, VanDongen HM, VanDongen AM (2007) Activity-regulated cytoskeleton-
associated protein Arc/Arg3.1 binds to spectrin and associates with nuclear
promyelocytic leukemia (PML) bodies. Brain Res 1153: 20-33

Boettiger AN, Bintu B, Moffitt JR, Wang S, Beliveau BJ, Fudenberg G, Imakaev M, Mirny
LA, Wu CT, Zhuang X (2016) Super-resolution imaging reveals distinct chromatin folding
for different epigenetic states. Nature 529: 418-422

Boutell C, Cuchet-Lourenco D, Vanni E, Orr A, Glass M, McFarlane S, Everett RD (2011) A
viral ubiquitin ligase has substrate preferential SUMO targeted ubiquitin ligase activity
that counteracts intrinsic antiviral defence. PLoS Pathog 7: €1002245

Boutell C, Sadis S, Everett RD (2002) Herpes simplex virus type 1 immediate-early
protein ICPO and is isolated RING finger domain act as ubiquitin E3 ligases in vitro. J Virol
76: 841-850

Bucevicius J, Keller-Findeisen J, Gilat T, Hell SW, Lukinavicius G (2019) Rhodamine-
Hoechst positional isomers for highly efficient staining of heterochromatin. Chem Sci 10:
1962-1970

Cabral JM, Cushman CH, Sodroski CN, Knipe DM (2021) ATRX limits the accessibility of
histone H3-occupied HSV genomes during lytic infection. PLoS Pathog 17: e1009567



103

Cabral JM, Oh HS, Knipe DM (2018) ATRX promotes maintenance of herpes simplex virus
heterochromatin during chromatin stress. Elife 7

Cabrera JR, Charron AJ, Leib DA (2018) Neuronal Subtype Determines Herpes Simplex
Virus 1 Latency-Associated-Transcript Promoter Activity during Latency. J Virol 92:
JVI1.00430-00418-00434

Cai WZ, Schaffer PA (1989) Herpes simplex virus type 1 ICPO plays a critical role in the de
novo synthesis of infectious virus following transfection of viral DNA. J Virol 63: 4579-
4589

Camarena V (2011) Nerve Growth Factor Signaling maintain HSV latency. 1-254

Camarena V, Kobayashi M, Kim JY, Roehm P, Perez R, Gardner J, Wilson AC, Mohr |,
Chao MV (2010) Nature and duration of growth factor signaling through receptor
tyrosine kinases regulates HSV-1 latency in neurons. Cell Host Microbe 8: 320-330

Cantin E, Tanamachi B, Openshaw H (1999a) Role for gamma interferon in control of
herpes simplex virus type 1 reactivation. J Virol 73: 3418-3423

Cantin E, Tanamachi B, Openshaw H, Mann J, Clarke K (1999b) Gamma interferon (IFN-
gamma) receptor null-mutant mice are more susceptible to herpes simplex virus type 1
infection than IFN-gamma ligand null-mutant mice. J Virol 73: 5196-5200

Cantin EM, Hinton DR, Chen J, Openshaw H (1995) Gamma interferon expression during
acute and latent nervous system infection by herpes simplex virus type 1. J Virol 69:
4898-4905

Carr DJ, Al-khatib K, James CM, Silverman R (2003) Interferon-beta suppresses herpes
simplex virus type 1 replication in trigeminal ganglion cells through an RNase L-
dependent pathway. J Neuroimmunol 141: 40-46

Carr DJ, Veress LA, Noisakran S, Campbell IL (1998) Astrocyte-targeted expression of
IFN-alphal protects mice from acute ocular herpes simplex virus type 1 infection. J
Immunol 161: 4859-4865

Casrouge A, Zhang SY, Eidenschenk C, Jouanguy E, Puel A, Yang K, Alcais A, Picard C,
Mahfoufi N, Nicolas N et al (2006) Herpes simplex virus encephalitis in human UNC-93B
deficiency. Science 314: 308-312

Catez F, Picard C, Held K, Gross S, Rousseau A, Theil D, Sawtell N, Labetoulle M, Lomonte
P (2012) HSV-1 genome subnuclear positioning and associations with host-cell PML-NBs
and centromeres regulate LAT locus transcription during latency in neurons. PLoS
Pathog 8: €1002852



104

Catez F, Rousseau A, Labetoulle M, Lomonte P (2014) Detection of the genome and
transcripts of a persistent DNA virus in neuronal tissues by fluorescent in situ
hybridization combined with immunostaining. Journal of Visualized Experiments: e51091

Chang JY, Martin DP, Johnson EM, Jr. (1990) Interferon suppresses sympathetic
neuronal cell death caused by nerve growth factor deprivation. J Neurochem 55: 436-
445

Chelbi-Alix MK, de The H (1999) Herpes virus induced proteasome-dependent
degradation of the nuclear bodies-associated PML and Sp100 proteins. Oncogene 18:
935-941

Chelbi-Alix MK, Pelicano L, Quignon F, Koken MH, Venturini L, Stadler M, Pavlovic J,
Degos L, de The H (1995) Induction of the PML protein by interferons in normal and APL
cells. Leukemia 9: 2027-2033

Chen SH, Garber DA, Schaffer PA, Knipe DM, Coen DM (2000) Persistent elevated
expression of cytokine transcripts in ganglia latently infected with herpes simplex virus
in the absence of ganglionic replication or reactivation. Virology 278: 207-216

Chen SH, Kramer MF, Schaffer PA, Coen DM (1997) A viral function represses
accumulation of transcripts from productive-cycle genes in mouse ganglia latently
infected with herpes simplex virus. Journal of Virology 71: 5878-5884

Chen Y, Wright J, Meng X, Leppard KN (2015) Promyelocytic Leukemia Protein Isoform Il
Promotes Transcription Factor Recruitment To Activate Interferon Beta and Interferon-
Responsive Gene Expression. Mol Cell Biol 35: 1660-1672

Cho H, Proll SC, Szretter KJ, Katze MG, Gale M, Diamond MS (2013) Differential innate
immune response programs in neuronal subtypes determine susceptibility to infection
in the brain by positive-stranded RNA viruses. Nature Medicine 19: 458-464

Chort A, Alves S, Marinello M, Dufresnois B, Dornbierer JG, Tesson C, Latouche M, Baker
DP, Barkats M, El Hachimi KH et al (2013) Interferon beta induces clearance of mutant
ataxin 7 and improves locomotion in SCA7 knock-in mice. Brain 136: 1732-1745

Chou J, Roizman B (1992) The gamma 1(34.5) gene of herpes simplex virus 1 precludes
neuroblastoma cells from triggering total shutoff of protein synthesis characteristic of
programed cell death in neuronal cells. Proc Nat/ Acad Sci U S A 89: 3266-3270

Chou J, Roizman B (1994) Herpes simplex virus 1 gamma(1)34.5 gene function, which
blocks the host response to infection, maps in the homologous domain of the genes

expressed during growth arrest and DNA damage. Proc Natl Acad Sci U S A 91: 5247-
5251



105

Cliffe AR, Arbuckle JH, Vogel JL, Geden MJ, Rothbart SB, Cusack CL, Strahl BD, Kristie TM,
Deshmukh M (2015) Neuronal Stress Pathway Mediating a Histone Methyl/Phospho
Switch Is Required for Herpes Simplex Virus Reactivation. Cell Host Microbe 18: 649-658

Cliffe AR, Coen DM, Knipe DM (2013) Kinetics of facultative heterochromatin and
polycomb group protein association with the herpes simplex viral genome during
establishment of latent infection. MBio 4: e00590-00512-e00590-00512

Cliffe AR, Garber DA, Knipe DM (2009) Transcription of the herpes simplex virus latency-
associated transcript promotes the formation of facultative heterochromatin on lytic
promoters. J Virol 83: 8182-8190

Cliffe AR, Knipe DM (2008) Herpes simplex virus ICPO promotes both histone removal
and acetylation on viral DNA during lytic infection. J Virol 82: 12030-12038

Cliffe AR, Wilson AC (2017) Restarting Lytic Gene Transcription at the Onset of Herpes
Simplex Virus Reactivation. J Viro/ 91: e01419-01416-01416

Clynes D, Higgs DR, Gibbons RJ (2013) The chromatin remodeller ATRX: a repeat
offender in human disease. Trends in Biochemical Sciences 38: 461-466

Cohen C, Corpet A, Roubille S, Maroui MA, Poccardi N, Rousseau A, Kleijwegt C, Binda O,
Texier P, Sawtell N et a/ (2018) Promyelocytic leukemia (PML) nuclear bodies (NBs)
induce latent/quiescent HSV-1 genomes chromatinization through a PML NB/Histone
H3.3/H3.3 Chaperone Axis. PLoS Pathog 14: e1007313

Colgin MA, Smith RL, Wilcox CL (2001) Inducible Cyclic AMP Early Repressor Produces
Reactivation of Latent Herpes Simplex Virus Type 1 in Neurons In Vitro. Journal of
Virology 75: 2912-2920

Conn KL, Hendzel MJ, Schang LM (2013) The Differential Mobilization of Histones H3.1
and H3.3 by Herpes Simplex Virus 1 Relates Histone Dynamics to the Assembly of Viral
Chromatin. PLoS Pathogens 9: e1003695

Conrady CD, Halford WP, Carr DJ (2011) Loss of the type | interferon pathway increases
vulnerability of mice to genital herpes simplex virus 2 infection. J Viro/ 85: 1625-1633

Cook SD, Paveloff MJ, Doucet JJ, Cottingham AJ, Sedarati F, Hill JM (1991) Ocular herpes
simplex virus reactivation in mice latently infected with latency-associated transcript
mutants. /nvestigative ophthalmology &amp; visual science 32: 1558-1561

Croxton R, Puto LA, de Belle I, Thomas M, Torii S, Hanaii F, Cuddy M, Reed JC (2006)
Daxx represses expression of a subset of antiapoptotic genes regulated by nuclear
factor-kappaB. Cancer Res 66: 9026-9035



106

Cuchet-Lourenco D, Vanni E, Glass M, Orr A, Everett RD (2012) Herpes simplex virus 1
ubiquitin ligase ICPO interacts with PML isoform | and induces its SUMO-independent
degradation. J Virol 86: 11209-11222

Cuddy SR, Schinlever AR, Dochnal S, Seegren PV, Suzich J, Kundu P, Downs TK, Farah M,
Desai BN, Boutell C et al (2020) Neuronal hyperexcitability is a DLK-dependent trigger of
herpes simplex virus reactivation that can be induced by IL-1. Elife 9

De Regge N, Van Opdenbosch N, Nauwynck HJ, Efstathiou S, Favoreel HW (2010)
Interferon Alpha Induces Establishment of Alphaherpesvirus Latency in Sensory Neurons
In Vitro. PLoS ONE 5: 13076

Deledn M, Coveiias R, Chadi G, Narvaez JA, Fuxe K, Cintra A (1994) Subpopulations of
primary sensory neurons show coexistence of neuropeptides and glucocorticoid
receptors in the rat spinal and trigeminal ganglia. Brain research 636: 338-342

Dellaire G, Ching RW, Ahmed K, Jalali F, Tse KC, Bristow RG, Bazett-Jones DP (2006)
Promyelocytic leukemia nuclear bodies behave as DNA damage sensors whose response
to DNA double-strand breaks is regulated by NBS1 and the kinases ATM, Chk2, and ATR.
J Cell Biol 175: 55-66

Der SD, Zhou A, Williams BR, Silverman RH (1998) Identification of genes differentially
regulated by interferon alpha, beta, or gamma using oligonucleotide arrays. Proc Nat/
Acad Sci US A 95: 15623-15628

Deshmane SL, Fraser NW (1989) During latency, herpes simplex virus type 1 DNA is
associated with nucleosomes in a chromatin structure. Journal of Virology 63: 943-947

Dressler GR, Rock DL, Fraser NW (1987) Latent herpes simplex virus type 1 DNA is not
extensively methylated in vivo. Journal of General Virology 68 ( Pt 6): 1761-1765

Du T, Zhou G, Roizman B (2011) HSV-1 gene expression from reactivated ganglia is
disordered and concurrent with suppression of latency-associated transcript and
miRNAs. Proceedings of the National Academy of Sciences 108: 18820-18824

Durbin RK, Kotenko SV, Durbin JE (2013) Interferon induction and function at the
mucosal surface. Immunol Rev 255: 25-39

Edwards TG, Bloom DC (2019) Lund Human Mesencephalic (LUHMES) Neuronal Cell Line
Supports Herpes Simplex Virus 1 Latency In Vitro. J Viro/ 93: e02210-02218

Efstathiou S, Preston CM (2005) Towards an understanding of the molecular basis of
herpes simplex virus latency. Virus Res 111: 108-119



107

Ellison AR, Yang L, Voytek C, Margolis TP (2000) Establishment of latent herpes simplex
virus type 1 infection in resistant, sensitive, and immunodeficient mouse strains.
Virology 268: 17-28

Ertel MK, Cammarata AL, Hron RJ, Neumann DM (2012) CTCF occupation of the herpes
simplex virus 1 genome is disrupted at early times postreactivation in a transcription-
dependent manner. Journal of Virology 86: 12741-12759

Eskiw CH, Dellaire G, Bazett-Jones DP (2004) Chromatin contributes to structural
integrity of promyelocytic leukemia bodies through a SUMO-1-independent mechanism.
J Biol Chem 279:9577-9585

Eskiw CH, Dellaire G, Mymryk JS, Bazett-Jones DP (2003) Size, position and dynamic
behavior of PML nuclear bodies following cell stress as a paradigm for supramolecular
trafficking and assembly. J Cell Sci 116: 4455-4466

Everett RD (2016) Dynamic Response of IFI16 and Promyelocytic Leukemia Nuclear Body
Components to Herpes Simplex Virus 1 Infection. J Virol 90: 167-179

Everett RD, Chelbi-Alix MK (2007) PML and PML nuclear bodies: implications in antiviral
defence. Biochimie 89: 819-830

Everett RD, Freemont P, Saitoh H, Dasso M, Orr A, Kathoria M, Parkinson J (1998) The
disruption of ND10 during herpes simplex virus infection correlates with the Vmw110-
and proteasome-dependent loss of several PML isoforms. J Virol 72: 6581-6591

Everett RD, Maul GG (1994) HSV-1 IE protein Vmw110 causes redistribution of PML.
EMBO J 13: 5062-5069

Everett RD, Murray J (2005) ND10 components relocate to sites associated with herpes
simplex virus type 1 nucleoprotein complexes during virus infection. J Virol 79: 5078-
5089

Everett RD, Murray J, Orr A, Preston CM (2007) Herpes simplex virus type 1 genomes are
associated with ND10 nuclear substructures in quiescently infected human fibroblasts. J
Virol 81: 10991-11004

Everett RD, Parada C, Gripon P, Sirma H, Orr A (2008) Replication of ICPO-null mutant
herpes simplex virus type 1 is restricted by both PML and Sp100. J Virol 82: 2661-2672

Everett RD, Rechter S, Papior P, Tavalai N, Stamminger T, Orr A (2006) PML contributes
to a cellular mechanism of repression of herpes simplex virus type 1 infection that is
inactivated by ICPO. J Virol 80: 7995-8005

Everett RD, Sourvinos G, Leiper C, Clements JB, Orr A (2004) Formation of nuclear foci of
the herpes simplex virus type 1 regulatory protein ICP4 at early times of infection:



108

localization, dynamics, recruitment of ICP27, and evidence for the de novo induction of
ND10-like complexes. J Virol 78: 1903-1917

Farmer JR, Altschaefl KM, O'Shea KS, Miller DJ (2013) Activation of the type | interferon
pathway is enhanced in response to human neuronal differentiation. PLoS One 8:
e58813

Ferbeyre G, de Stanchina E, Querido E, Baptiste N, Prives C, Lowe SW (2000) PML is
induced by oncogenic ras and promotes premature senescence. Genes Dev 14: 2015-
2027

Fischle W, Tseng BS, Dormann HL, Ueberheide BM, Garcia BA, Shabanowitz J, Hunt DF,
Funabiki H, Allis CD (2005) Regulation of HP1—chromatin binding by histone H3
methylation and phosphorylation. Nature 438: 1116-1122

Forrester A, Farrell H, Wilkinson G, Kaye J, Davis-Poynter N, Minson T (1992)
Construction and properties of a mutant of herpes simplex virus type 1 with
glycoprotein H coding sequences deleted. Journal of Virology 66: 341-348

Fraser NW, Lawrence WC, Wroblewska Z, Gilden DH, Koprowski H (1981) Herpes simplex
type 1 DNA in human brain tissue. Proceedings of the National Academy of Sciences 78:
6461-6465

Garber DA, Schaffer PA, Knipe DM (1997) A LAT-associated function reduces productive-
cycle gene expression during acute infection of murine sensory neurons with herpes
simplex virus type 1. Journal of Virology 71: 5885-5893

Garrick D, Samara V, McDowell TL, Smith AJ, Dobbie L, Higgs DR, Gibbons RJ (2004) A
conserved truncated isoform of the ATR-X syndrome protein lacking the SWI/SNF-
homology domain. Gene 326: 23-34

Garrick D, Sharpe JA, Arkell R, Dobbie L, Smith AJ, Wood WG, Higgs DR, Gibbons RJ
(2006) Loss of Atrx affects trophoblast development and the pattern of X-inactivation in
extraembryonic tissues. PLoS Genet 2: e58

Geden MJ, Deshmukh M (2016) Axon degeneration: context defines distinct pathways.
Current opinion in neurobiology 39: 108-115

Gehani SS, Agrawal-Singh S, Dietrich N, Christophersen NS, Helin K, Hansen K (2010)
Polycomb Group Protein Displacement and Gene Activation through MSK-Dependent
H3K27me3S28 Phosphorylation. Molecular Cell 39: 886-900

Geoffroy MC, Chelbi-Alix MK (2011) Role of promyelocytic leukemia protein in host
antiviral defense. J Interferon Cytokine Res 31: 145-158



109

Gill N, Deacon PM, Lichty B, Mossman KL, Ashkar AA (2006) Induction of innate
immunity against herpes simplex virus type 2 infection via local delivery of Toll-like
receptor ligands correlates with beta interferon production. J Viro/ 80: 9943-9950

Glass M, Everett RD (2013) Components of promyelocytic leukemia nuclear bodies
(ND10) act cooperatively to repress herpesvirus infection. J Virol 87: 2174-2185

Gold MS, Dastmalchi S, Levine JD (1997) Alpha 2-adrenergic receptor subtypes in rat
dorsal root and superior cervical ganglion neurons. Pain 69: 179-190

Gongora C, David G, Pintard L, Tissot C, Hua TD, Dejean A, Mechti N (1997) Molecular
cloning of a new interferon-induced PML nuclear body-associated protein. J Biol Chem
272:19457-19463

Gordon L, McQuaid S, Cosby SL (1996) Detection of herpes simplex virus (types 1 and 2)
and human herpesvirus 6 DNA in human brain tissue by polymerase chain reaction.
Clinical and diagnostic virology 6: 33-40

Gordon YJ, Romanowski EG, Araullo-Cruz T, Kinchington PR (1995) The proportion of
trigeminal ganglionic neurons expressing herpes simplex virus type 1 latency-associated
transcripts correlates to reactivation in the New Zealand rabbit ocular model. Graefes
Arch Clin Exp Ophthalmol 233: 649-654

Gotthardt D, Sex| V (2016) STATs in NK-Cells: The Good, the Bad, and the Ugly. Front
Immunol 7: 694

Grant MJ, Loftus MS, Stoja AP, Kedes DH, Smith MM (2018) Superresolution microscopy
reveals structural mechanisms driving the nanoarchitecture of a viral chromatin tether.
Proceedings of the National Academy of Sciences of the United States of America 115:
4992-4997

Gray PA, FuH, Luo P, Zhao Q, Yu J, Ferrari A, Tenzen T, Yuk DI, Tsung EF, Cai Z et al
(2004) Mouse brain organization revealed through direct genome-scale TF expression
analysis. Science 306: 2255-2257

Green DS, Young HA, Valencia JC (2017) Current prospects of type Il interferon gamma
signaling and autoimmunity. J Biol Chem 292: 13925-13933

Greger JG, Katz RA, Ishov AM, Maul GG, Skalka AM (2005) The cellular protein daxx
interacts with avian sarcoma virus integrase and viral DNA to repress viral transcription.
J Virol 79: 4610-4618

Gresser |, Tovey MG, Maury C, Bandu MT (1976) Role of interferon in the pathogenesis
of virus diseases in mice as demonstrated by the use of anti-interferon serum. Il. Studies
with herpes simplex, Moloney sarcoma, vesicular stomatitis, Newcastle disease, and
influenza viruses. J Exp Med 144: 1316-1323



110

Griffiths SJ, Koegl M, Boutell C, Zenner HL, Crump CM, Pica F, Gonzalez O, Friedel CC,
Barry G, Martin K et al (2013) A systematic analysis of host factors reveals a Med23-
interferon-lambda regulatory axis against herpes simplex virus type 1 replication. PLoS
Pathog 9: e1003514

Grotzinger T, Jensen K, Will H (1996a) The interferon (IFN)-stimulated gene Sp100
promoter contains an IFN-gamma activation site and an imperfect IFN-stimulated
response element which mediate type | IFN inducibility. J Biol Chem 271: 25253-25260

Grotzinger T, Sternsdorf T, Jensen K, Will H (1996b) Interferon-modulated expression of
genes encoding the nuclear-dot-associated proteins Sp100 and promyelocytic leukemia
protein (PML). Eur J Biochem 238: 554-560

Gu H, Zheng Y, Roizman B (2013) Interaction of herpes simplex virus ICPO with ND10
bodies: a sequential process of adhesion, fusion, and retention. J Virol 87: 10244-10254

Guldner HH, Szostecki C, Grotzinger T, Will H (1992) IFN enhance expression of Sp100,
an autoantigen in primary biliary cirrhosis. J Immunol 149: 4067-4073

Guo A, Salomoni P, Luo J, Shih A, Zhong S, Gu W, Pandolfi PP (2000) The function of PML
in p53-dependent apoptosis. Nat Cell Biol 2: 730-736

Halford WP, Gebhardt BM, Carr DJ (1996) Persistent cytokine expression in trigeminal
ganglion latently infected with herpes simplex virus type 1. J Immunol 157: 3542-3549

Halford WP, Gebhardt BM, Carr DJ (1997) Acyclovir blocks cytokine gene expression in
trigeminal ganglia latently infected with herpes simplex virus type 1. Virology 238: 53-63

Halford WP, Weisend C, Grace J, Soboleski M, Carr DJ, Balliet JW, Imai Y, Margolis TP,
Gebhardt BM (2006) ICPO antagonizes Stat 1-dependent repression of herpes simplex
virus: implications for the regulation of viral latency. Virol J 3: 44

Hall MH, Magalska A, Malinowska M, Ruszczycki B, Czaban |, Patel S, Ambrozek-Latecka
M, Zolocinska E, Broszkiewicz H, Parobczak K et al (2016) Localization and regulation of
PML bodies in the adult mouse brain. Brain Struct Funct 221: 2511-2525

Han X, Lundberg P, Tanamachi B, Openshaw H, Longmate J, Cantin E (2001) Gender
influences herpes simplex virus type 1 infection in normal and gamma interferon-
mutant mice. J Virol 75: 3048-3052

He B, Gross M, Roizman B (1997) The gamma(1)34.5 protein of herpes simplex virus 1
complexes with protein phosphatase l1alpha to dephosphorylate the alpha subunit of
the eukaryotic translation initiation factor 2 and preclude the shutoff of protein
synthesis by double-stranded RNA-activated protein kinase. Proc Nat! Acad Sci U S A 94
843-848



111

Hendricks RL, Weber PC, Taylor JL, Koumbis A, Tumpey TM, Glorioso JC (1991)
Endogenously produced interferon alpha protects mice from herpes simplex virus type 1
corneal disease. J Gen Virol 72 ( Pt 7): 1601-1610

Herman M, Ciancanelli M, Ou YH, Lorenzo L, Klaudel-Dreszler M, Pauwels E, Sancho-
Shimizu V, Perez de Diego R, Abhyankar A, Israelsson E et al (2012) Heterozygous TBK1
mutations impair TLR3 immunity and underlie herpes simplex encephalitis of childhood.
J Exp Med 209: 1567-1582

Herold BC, WuDunn D, Soltys N, Spear PG (1991) Glycoprotein C of herpes simplex virus
type 1 plays a principal role in the adsorption of virus to cells and in infectivity. J Viro/
65: 1090-1098

Hill JM, Sedarati F, Javier RT, Wagner EK, Stevens JG (1990) Herpes simplex virus latent
phase transcription facilitates in vivo reactivation. Virology 174: 117-125

Hu G, Huang K, Hu Y, Du G, Xue Z, Zhu X, Fan G (2016) Single-cell RNA-seq reveals
distinct injury responses in different types of DRG sensory neurons. Scientific Reports 6:
1-11

Hu H-L, Shiflett LA, Kobayashi M, Chao MV, Wilson AC, Mohr |, Huang TT (2019) TOP2p-
Dependent Nuclear DNA Damage Shapes Extracellular Growth Factor Responses via
Dynamic AKT Phosphorylation to Control Virus Latency. Molecular cell 74: 466-480.e464

Isaacs A, Lindenmann J (1957) Virus interference. |. The interferon. Proc R Soc Lond B
Biol Sci 147: 258-267

Ishov AM, Maul GG (1996) The periphery of nuclear domain 10 (ND10) as site of DNA
virus deposition. J Cell Biol 134: 815-826

Ishov AM, Vladimirova OV, Maul GG (2004) Heterochromatin and ND10 are cell-cycle
regulated and phosphorylation-dependent alternate nuclear sites of the transcription
repressor Daxx and SWI/SNF protein ATRX. Journal of Cell Science 117: 3807-3820

Ivashkiv LB (2018) IFNgamma: signalling, epigenetics and roles in immunity, metabolism,
disease and cancer immunotherapy. Nat Rev Immunol 18: 545-558

Ivashkiv LB, Donlin LT (2014) Regulation of type | interferon responses. Nat Rev Immunol
14: 36-49

Ives AM, Bertke AS (2017) Stress Hormones Epinephrine and Corticosterone Selectively
Modulate Herpes Simplex Virus 1 (HSV-1) and HSV-2 Productive Infections in Adult
Sympathetic, but Not Sensory, Neurons. Journal of Virology 91: e00582-00517-00512



112

Jacquemont B, Roizman B (1975) RNA synthesis in cells infected with herpes simplex
virus. X. Properties of viral symmetric transcripts and of double-stranded RNA prepared
from them. J Virol 15: 707-713

Jaks E, Gavutis M, Uze G, Martal J, Piehler J (2007) Differential receptor subunit affinities
of type | interferons govern differential signal activation. J Mol Biol 366: 525-539

James SH, Whitley RJ (2010) Treatment of herpes simplex virus infections in pediatric
patients: current status and future needs. Clinical pharmacology and therapeutics 88:
720-724

Johnson KE, Bottero V, Flaherty S, Dutta S, Singh VV, Chandran B (2014) IFI16 restricts
HSV-1 replication by accumulating on the hsv-1 genome, repressing HSV-1 gene
expression, and directly or indirectly modulating histone modifications. PLoS Pathog 10:
1004503

Jones CA, Fernandez M, Herc K, Bosnjak L, Miranda-Saksena M, Boadle RA, Cunningham
A (2003) Herpes simplex virus type 2 induces rapid cell death and functional impairment
of murine dendritic cells in vitro. J Virol 77: 11139-11149

Jorgensen S, Schotta G, Sorensen CS (2013) Histone H4 Lysine 20 methylation: key
player in epigenetic regulation of genomic integrity. Nucleic Acids Research 41: 2797-
2806

Jurak |, Hackenberg M, Kim JY, Pesola JM, Everett RD, Preston CM, Wilson AC, Coen DM
(2014) Expression of herpes simplex virus 1 microRNAs in cell culture models of
quiescent and latent infection. J Virol 88: 2337-2339

Kamada R, Yang W, Zhang Y, Patel MC, Yang Y, Ouda R, Dey A, Wakabayashi Y, Sakaguchi
K, Fujita T et al (2018) Interferon stimulation creates chromatin marks and establishes
transcriptional memory. Proceedings of the National Academy of Sciences 115: E9162-
E9171

Katzenell S, Leib DA (2016) Herpes Simplex Virus and Interferon Signaling Induce Novel
Autophagic Clusters in Sensory Neurons. J Viro/ 90: 4706-4719

Kim JC, Lee SY, Kim SY, Kim JK, Kim HJ, Lee HM, Choi MS, Min JS, Kim MJ, Choi HS et al
(2008) HSV-1 ICP27 suppresses NF-kappaB activity by stabilizing IkappaBalpha. FEBS Lett
582:2371-2376

Kim JY, Mandarino A, Chao MV, Mohr I, Wilson AC (2012) Transient reversal of episome
silencing precedes VP16-dependent transcription during reactivation of latent HSV-1 in
neurons. PLoS Pathog 8: 1002540



113

Kim YE, Ahn JH (2015) Positive role of promyelocytic leukemia protein in type |
interferon response and its regulation by human cytomegalovirus. PLoS Pathog 11:
€1004785

Knickelbein JE, Khanna KM, Yee MB, Baty CJ, Kinchington PR, Hendricks RL (2008)
Noncytotoxic lytic granule-mediated CD8+ T cell inhibition of HSV-1 reactivation from
neuronal latency. Science 322: 268-271

Knipe DM, Cliffe A (2008) Chromatin control of herpes simplex virus lytic and latent
infection. Nat Rev Microbiol 6: 211-221

Kobayashi M, Wilson AC, Chao MV, Mohr | (2012) Control of viral latency in neurons by
axonal mTOR signaling and the 4E-BP translation repressor. Genes Dev 26: 1527-1532

Komatsu T, Nagata K, Wodrich H (2016) The Role of Nuclear Antiviral Factors against
Invading DNA Viruses: The Immediate Fate of Incoming Viral Genomes. Viruses 8

Kramer MF, Coen DM (1995) Quantification of transcripts from the ICP4 and thymidine
kinase genes in mouse ganglia latently infected with herpes simplex virus. J Viro/ 69:
1389-1399

Kramer MF, Jurak |, Pesola JM, Boissel S, Knipe DM, Coen DM (2011) Herpes simplex
virus 1 microRNAs expressed abundantly during latent infection are not essential for
latency in mouse trigeminal ganglia. Virology 417: 239-247

Kreit M, Paul S, Knoops L, De Cock A, Sorgeloos F, Michiels T (2014) Inefficient type |
interferon-mediated antiviral protection of primary mouse neurons is associated with
the lack of apolipoprotein |19 expression. J Virol 88: 3874-3884

Krug A, Luker GD, Barchet W, Leib DA, Akira S, Colonna M (2004) Herpes simplex virus
type 1 activates murine natural interferon-producing cells through toll-like receptor 9.
Blood 103: 1433-1437

Kubat NJ, Amelio AL, Giordani NV, Bloom DC (2004a) The herpes simplex virus type 1
latency-associated transcript (LAT) enhancer/rcr is hyperacetylated during latency
independently of LAT transcription. J Virol 78: 12508-12518

Kubat NJ, Tran RK, McAnany P, Bloom DC (2004b) Specific histone tail modification and
not DNA methylation is a determinant of herpes simplex virus type 1 latent gene
expression. J Virol 78: 1139-1149

Kumada S, Uchihara T, Hayashi M, Nakamura A, Kikuchi E, Mizutani T, Oda M (2002)
Promyelocytic leukemia protein is redistributed during the formation of intranuclear
inclusions independent of polyglutamine expansion: an immunohistochemical study on
Marinesco bodies. J Neuropathol Exp Neurol 61: 984-991



114

Kwiatkowski DL, Thompson HW, Bloom DC (2009) The polycomb group protein Bmil
binds to the herpes simplex virus 1 latent genome and maintains repressive histone
marks during latency. J Viro/ 83: 8173-8181

Lallemand-Breitenbach V, de The H (2010) PML nuclear bodies. Cold Spring Harb
Perspect Biol 2: a000661

Lallemand-Breitenbach V, Jeanne M, Benhenda S, Nasr R, Lei M, Peres L, Zhou J, Zhu J,
Raught B, de The H (2008) Arsenic degrades PML or PML-RARalpha through a SUMO-
triggered RNF4/ubiquitin-mediated pathway. Nat Cell Biol 10: 547-555

Lallemend F, Ernfors P (2012) Molecular interactions underlying the specification of
sensory neurons. Trends in Neurosciences 35: 373-381

Lavau C, Marchio A, Fagioli M, Jansen J, Falini B, Lebon P, Grosveld F, Pandolfi PP, Pelicci
PG, Dejean A (1995) The acute promyelocytic leukaemia-associated PML gene is induced
by interferon. Oncogene 11: 871-876

Lavoie TB, Kalie E, Crisafulli-Cabatu S, Abramovich R, DiGioia G, Moolchan K, Pestka S,
Schreiber G (2011) Binding and activity of all human alpha interferon subtypes. Cytokine
56: 282-289

Lazear HM, Nice TJ, Diamond MS (2015) Interferon-lambda: Immune Functions at
Barrier Surfaces and Beyond. Immunity 43: 15-28

Lee AJ, Ashkar AA (2018) The Dual Nature of Type | and Type Il Interferons. Front
Immunol 9: 2061

Lee JS, Raja P, Knipe DM (2016) Herpesviral ICPO Protein Promotes Two Waves of
Heterochromatin Removal on an Early Viral Promoter during Lytic Infection. mBio 7:
e€02007-02015

Lee JS, Raja P, Pan D, Pesola JM, Coen DM, Knipe DM (2018) CCCTC-Binding Factor Acts
as a Heterochromatin Barrier on Herpes Simplex Viral Latent Chromatin and Contributes
to Poised Latent Infection. mBio 9: e02372-02317-02313

Leib DA, Bogard CL, Kosz-Vnenchak M, Hicks KA, Coen DM, Knipe DM, Schaffer PA (1989)
A deletion mutant of the latency-associated transcript of herpes simplex virus type 1
reactivates from the latent state with reduced frequency. Journal of Virology 63: 2893-
2900

Lekstrom-Himes JA, LeBlanc RA, Pesnicak L, Godleski M, Straus SE (2000) Gamma
interferon impedes the establishment of herpes simplex virus type 1 latent infection but
has no impact on its maintenance or reactivation in mice. J Virol 74: 6680-6683



115

Levy DE, Marie |J, Durbin JE (2011) Induction and function of type | and lll interferon in
response to viral infection. Curr Opin Virol 1: 476-486

Lewis PW, Elsaesser SJ, Noh K-M, Stadler SC, Allis CD (2010) Daxx is an H3.3-specific
histone chaperone and cooperates with ATRX in replication-independent chromatin
assembly at telomeres. Proceedings of the National Academy of Sciences of the United
States of America 107: 14075-14080

LiJ, HuS, Zhou L, Ye L, Wang X, Ho J, Ho W (2010) Interferon lambda inhibits herpes
simplex virus type | infection of human astrocytes and neurons. Glia 59: 58-67

Li XD, Wu J, Gao D, Wang H, Sun L, Chen ZJ (2013) Pivotal roles of cGAS-cGAMP signaling
in antiviral defense and immune adjuvant effects. Science 341: 1390-1394

Liang Y, Vogel JL, Arbuckle JH, Rai G, Jadhav A, Simeonov A, Maloney DJ, Kristie TM
(2013) Targeting the JMJD2 histone demethylases to epigenetically control herpesvirus
infection and reactivation from latency. Sci Transl Med 5: 167ral65

Liang Y, Vogel JL, Narayanan A, Peng H, Kristie TM (2009) Inhibition of the histone
demethylase LSD1 blocks alpha-herpesvirus lytic replication and reactivation from
latency. Nat Med 15: 1312-1317

Linderman JA, Kobayashi M, Rayannavar V, Fak JJ, Darnell RB, Chao MV, Wilson AC,
Mohr | (2017) Immune Escape via a Transient Gene Expression Program Enables
Productive Replication of a Latent Pathogen. Cell Rep 18: 1312-1323

Liu T, Khanna KM, Carriere BN, Hendricks RL (2001) Gamma interferon can prevent
herpes simplex virus type 1 reactivation from latency in sensory neurons. J Virol 75:
11178-11184

LiuY, Ma Q (2011) Generation of somatic sensory neuron diversity and implications on
sensory coding. Current opinion in neurobiology 21: 52-60

Lium EK, Silverstein S (1997) Mutational analysis of the herpes simplex virus type 1 ICPO
C3HC4 zinc ring finger reveals a requirement for ICPO in the expression of the essential
alpha27 gene. Journal of Virology 71: 8602-8614

Lopez C (1975) Genetics of natural resistance to herpesvirus infections in mice. Nature
258: 152-153

Lotharius J, Falsig J, van Beek J, Payne S, Dringen R, Brundin P, Leist M (2005)
Progressive degeneration of human mesencephalic neuron-derived cells triggered by
dopamine-dependent oxidative stress is dependent on the mixed-lineage kinase
pathway. J Neurosci 25: 6329-6342



116

Low-Calle AM, Prada-Arismendy J, Castellanos JE (2014) Study of interferon-beta
antiviral activity against Herpes simplex virus type 1 in neuron-enriched trigeminal
ganglia cultures. Virus Res 180: 49-58

Lucinda N, Figueiredo MM, Pessoa NL, Santos BS, Lima GK, Freitas AM, Machado AM,
Kroon EG, Antonelli LR, Campos MA (2017) Dendritic cells, macrophages, NK and CD8(+)
T lymphocytes play pivotal roles in controlling HSV-1 in the trigeminal ganglia by
producing IL1-beta, iNOS and granzyme B. Virol J 14: 37

Lukashchuk V, Everett RD (2010) Regulation of ICPO-null mutant herpes simplex virus
type 1 infection by ND10 components ATRX and hDaxx. J Virol 84: 4026-4040

Luker GD, Prior JL, Song J, Pica CM, Leib DA (2003) Bioluminescence imaging reveals
systemic dissemination of herpes simplex virus type 1 in the absence of interferon
receptors. J Virol 77: 11082-11093

Ma JZ, Russell TA, Spelman T, Carbone FR, Tscharke DC (2014) Lytic Gene Expression Is
Frequent in HSV-1 Latent Infection and Correlates with the Engagement of a Cell-
Intrinsic Transcriptional Response. PLoS Pathogens 10: e1004237

Ma Y, He B (2014) Recognition of herpes simplex viruses: toll-like receptors and beyond.
J Mol Biol 426: 1133-1147

Mackenzie IR, Baker M, West G, Woulfe J, Qadi N, Gass J, Cannon A, Adamson J,
Feldman H, Lindholm C et a/ (2006) A family with tau-negative frontotemporal dementia
and neuronal intranuclear inclusions linked to chromosome 17. Brain 129: 853-867

MacMicking JD (2012) Interferon-inducible effector mechanisms in cell-autonomous
immunity. Nat Rev Immunol 12: 367-382

Malin SA, Davis BM, Molliver DC (2007) Production of dissociated sensory neuron
cultures and considerations for their use in studying neuronal function and plasticity.
Nat Protoc 2: 152-160

Malmgaard L, Melchjorsen J, Bowie AG, Mogensen SC, Paludan SR (2004) Viral activation
of macrophages through TLR-dependent and -independent pathways. J Immunol 173:
6890-6898

Markus A, Lebenthal-Loinger I, Yang IH, Kinchington PR, Goldstein RS (2015) An In Vitro
Model of Latency and Reactivation of Varicella Zoster Virus in Human Stem Cell-Derived
Neurons. PLoS Pathogens 11: e1004885-1004822

Maroui MA, Callé A, Cohen C, Streichenberger N, Texier P, Takissian J, Rousseau A,
Poccardi N, Welsch J, Corpet A et al (2016) Latency Entry of Herpes Simplex Virus 1 Is
Determined by the Interaction of Its Genome with the Nuclear Environment. PLoS
Pathogens 12: e1005834-1005828



117

Maroui MA, Maarifi G, McManus FP, Lamoliatte F, Thibault P, Chelbi-Alix MK (2018)
Promyelocytic Leukemia Protein (PML) Requirement for Interferon-induced Global
Cellular SUMOylation. Mol Cell Proteomics 17: 1196-1208

Maul GG (1998) Nuclear domain 10, the site of DNA virus transcription and replication.
Bioessays 20: 660-667

Maul GG, Ishov AM, Everett RD (1996) Nuclear domain 10 as preexisting potential
replication start sites of herpes simplex virus type-1. Virology 217: 67-75

Maul GG, Negorev D, Bell P, Ishov AM (2000) Review: properties and assembly
mechanisms of ND10, PML bodies, or PODs. J Struct Biol 129: 278-287

McConnell MJ, Lindberg MR, Brennand KJ, Piper JC, Voet T, Cowing-Zitron C, Shumilina
S, Lasken RS, Vermeesch JR, Hall IM et al (2013) Mosaic copy number variation in human
neurons. Science 342: 632-637

McFarlane S, Orr A, Roberts APE, Conn KL, lliev V, Loney C, da Silva Filipe A, Smollett K,
Gu Q, Robertson N et al (2019) The histone chaperone HIRA promotes the induction of
host innate immune defences in response to HSV-1 infection. PLOS Pathogens 15:
1007667

McNab F, Mayer-Barber K, Sher A, Wack A, O'Garra A (2015) Type | interferons in
infectious disease. Nat Rev Immunol 15: 87-103

McQuillan G, Kruszon-Moran D, Flagg EW, Paulose-Ram R (2018) Prevalence of Herpes
Simplex Virus Type 1 and Type 2 in Persons Aged 14-49: United States, 2015-2016. NCHS
data brief: 1-8

Melchjorsen J, Siren J, Julkunen |, Paludan SR, Matikainen S (2006) Induction of cytokine
expression by herpes simplex virus in human monocyte-derived macrophages and
dendritic cells is dependent on virus replication and is counteracted by ICP27 targeting
NF-kappaB and IRF-3. J Gen Virol 87: 1099-1108

Melroe GT, Silva L, Schaffer PA, Knipe DM (2007) Recruitment of activated IRF-3 and
CBP/p300 to herpes simplex virus ICPO nuclear foci: Potential role in blocking IFN-beta
induction. Virology 360: 305-321

Mendoza JL, Schneider WM, Hoffmann HH, Vercauteren K, Jude KM, Xiong A, Moraga |,
Horton TM, Glenn JS, de Jong YP et al (2017) The IFN-lambda-IFN-lambdaR1-IL-10Rbeta
Complex Reveals Structural Features Underlying Type Ill IFN Functional Plasticity.
Immunity 46: 379-392

Merkl PE, Orzalli MH, Knipe DM (2018) Mechanisms of Host IFI16, PML, and Daxx
Protein Restriction of Herpes Simplex Virus 1 Replication. J Virol 92



118

Mesev EV, LeDesma RA, Ploss A (2019) Decoding type | and Il interferon signalling
during viral infection. Nat Microbiol 4: 914-924

Mettenleiter TC (2002) Herpesvirus assembly and egress. J Virol 76: 1537-1547

Miki T, Xu Z, Chen-Goodspeed M, Liu M, Van Oort-Jansen A, Rea MA, Zhao Z, Lee CC,
Chang KS (2012) PML regulates PER2 nuclear localization and circadian function. EMBO J
31:1427-1439

Mikloska Z, Cunningham AL (2001) Alpha and gamma interferons inhibit herpes simplex
virus type 1 infection and spread in epidermal cells after axonal transmission. J Virol 75:
11821-11826

Mikloska Z, Danis VA, Adams S, Lloyd AR, Adrian DL, Cunningham AL (1998) In vivo
production of cytokines and beta (C-C) chemokines in human recurrent herpes simplex
lesions--do herpes simplex virus-infected keratinocytes contribute to their production? J
Infect Dis 177: 827-838

Miranda-Saksena M, Denes C, Diefenbach R, Cunningham A (2018) Infection and
Transport of Herpes Simplex Virus Type 1 in Neurons: Role of the Cytoskeleton. Viruses
10: 92-20

Mo A, Mukamel EA, Davis FP, Luo C, Henry GL, Picard S, Urich MA, Nery JR, Sejnowski TJ,
Lister R et al (2015) Epigenomic Signatures of Neuronal Diversity in the Mammalian
Brain. Neuron 86: 1369-1384

Monier K, Armas JC, Etteldorf S, Ghazal P, Sullivan KF (2000) Annexation of the
interchromosomal space during viral infection. Nat Cell Biol 2: 661-665

Moorlag S, Roring RJ, Joosten LAB, Netea MG (2018) The role of the interleukin-1 family
in trained immunity. Immunol Rev 281: 28-39

Muller S, Dejean A (1999) Viral immediate-early proteins abrogate the modification by
SUMO-1 of PML and Sp100 proteins, correlating with nuclear body disruption. J Virol 73:
5137-5143

Muller S, Matunis MJ, Dejean A (1998) Conjugation with the ubiquitin-related modifier
SUMO-1 regulates the partitioning of PML within the nucleus. EMBO J 17: 61-70

Muratani M, Gerlich D, Janicki SM, Gebhard M, Eils R, Spector DL (2002) Metabolic-
energy-dependent movement of PML bodies within the mammalian cell nucleus. Nat
Cell Biol 4: 106-110

Murphy AA, Rosato PC, Parker ZM, Khalenkov A, Leib DA (2013) Synergistic control of
herpes simplex virus pathogenesis by IRF-3, and IRF-7 revealed through non-invasive
bioluminescence imaging. Virology 444: 71-79



119

Nicoll MP, Hann W, Shivkumar M, Harman LE, Connor V, Coleman HM, Proenca JT,
Efstathiou S (2016) The HSV-1 Latency-Associated Transcript Functions to Repress Latent
Phase Lytic Gene Expression and Suppress Virus Reactivation from Latently Infected
Neurons. PLoS Pathog 12: e1005539

Noh KM, Maze I, Zhao D, Xiang B, Wenderski W, Lewis PW, Shen L, Li H, Allis CD (2015)
ATRX tolerates activity-dependent histone H3 methyl/phos switching to maintain
repetitive element silencing in neurons. Proc Nat!/ Acad Sci US A 112: 6820-6827

Odendall C, Kagan JC (2015) The unique regulation and functions of type Il interferons
in antiviral immunity. Curr Opin Virol 12: 47-52

Orzalli MH, Broekema NM, Diner BA, Hancks DC, Elde NC, Cristea IM, Knipe DM (2015)
cGAS-mediated stabilization of IFI16 promotes innate signaling during herpes simplex
virus infection. Proc Natl Acad Sci US A 112: E1773-1781

Patel S, Cohen F, Dean BJ, De La Torre K, Deshmukh G, Estrada AA, Ghosh AS, Gibbons P,
Gustafson A, Huestis MP et al (2015) Discovery of dual leucine zipper kinase (DLK,
MAP3K12) inhibitors with activity in neurodegeneration models. J Med Chem 58: 401-
418

Pearson M, Carbone R, Sebastiani C, Cioce M, Fagioli M, Saito S, Higashimoto Y, Appella
E, Minucci S, Pandolfi PP et al (2000) PML regulates p53 acetylation and premature
senescence induced by oncogenic Ras. Nature 406: 207-210

Pegram HJ, Andrews DM, Smyth MJ, Darcy PK, Kershaw MH (2011) Activating and
inhibitory receptors of natural killer cells. Immunol Cell Biol 89: 216-224

Perng GC, Jones C, Ciacci-Zanella J, Stone M, Henderson G, Yukht A, Slanina SM, Hofman
FM, Ghiasi H, Nesburn AB et al (2000) Virus-induced neuronal apoptosis blocked by the
herpes simplex virus latency-associated transcript. Science 287: 1500-1503

Pertel PE, Fridberg A, Parish ML, Spear PG (2001) Cell fusion induced by herpes simplex
virus glycoproteins gB, gD, and gH-gL requires a gD receptor but not necessarily heparan
sulfate. Virology 279: 313-324

Pestka S, Krause CD, Walter MR (2004) Interferons, interferon-like cytokines, and their
receptors. Immunol Rev 202: 8-32

Pica F, Volpi A, Gaziano R, Garaci E (2010) Interferon-lambda in immunocompetent
individuals with a history of recurrent herpes labialis. Antivir Ther 15: 737-743

Placek BJ, Huang J, Kent JR, Dorsey J, Rice L, Fraser NW, Berger SL (2009) The histone
variant H3.3 regulates gene expression during lytic infection with herpes simplex virus
type 1. J Virol 83: 1416-1421



120

Pourchet A, Modrek AS, Placantonakis DG, Mohr |, Wilson AC (2017) Modeling HSV-1
Latency in Human Embryonic Stem Cell-Derived Neurons. Pathogens 6

Proenca JT, Coleman HM, Connor V, Winton DJ, Efstathiou S (2008) A historical analysis
of herpes simplex virus promoter activation in vivo reveals distinct populations of
latently infected neurones. Journal of General Virology 89: 2965-2974

Quignon F, De Bels F, Koken M, Feunteun J, Ameisen JC, de The H (1998) PML induces a
novel caspase-independent death process. Nat Genet 20: 259-265

Quinlan MP, Chen LB, Knipe DM (1984) The intranuclear location of a herpes simplex
virus DNA-binding protein is determined by the status of viral DNA replication. Cell 36:
857-868

Rai TS, Glass M, Cole JJ, Rather MI, Marsden M, Neilson M, Brock C, Humphreys IR,
Everett RD, Adams PD (2017) Histone chaperone HIRA deposits histone H3.3 onto
foreign viral DNA and contributes to anti-viral intrinsic immunity. Nucleic Acids Res 45:
11673-11683

Raja P, Lee JS, Pan D, Pesola JM, Coen DM, Knipe DM (2016) A Herpesviral Lytic Protein
Regulates the Structure of Latent Viral Chromatin. mBio 7: e00633-00616-00610

Ray-Gallet D, Woolfe A, Vassias |, Pellentz C, Lacoste N, Puri A, Schultz DC, Pchelintsev
NA, Adams PD, Jansen LE et a/ (2011) Dynamics of histone H3 deposition in vivo reveal a
nucleosome gap-filling mechanism for H3.3 to maintain chromatin integrity. Mol Cell 44.
928-941

Raymon HK, Thode S, Zhou J, Friedman GC, Pardinas JR, Barrere C, Johnson RM, Sah DW
(1999) Immortalized human dorsal root ganglion cells differentiate into neurons with
nociceptive properties. The Journal of neuroscience : the official journal of the Society for
Neuroscience 19: 5420-5428

Regad T, Bellodi C, Nicotera P, Salomoni P (2009) The tumor suppressor Pml regulates
cell fate in the developing neocortex. Nat Neurosci 12: 132-140

Ren W, Medeiros N, Warneford-Thomson R, Wulfridge P, Yan Q, Bian J, Sidoli S, Garcia
BA, Skordalakes E, Joyce E et al (2020) Disruption of ATRX-RNA interactions uncovers
roles in ATRX localization and PRC2 function. Nat Commun 11: 2219

Richter ER, Dias JK, Gilbert Il JE, Atherton SS (2009) Distribution of Herpes Simplex Virus
Type 1 and Varicella Zoster Virus in Ganglia of the Human Head and Neck. The Journal of
infectious diseases 200: 1901-1906

Roizman B, Knipe DM, Whitley R (2013) Herpes simplex viruses. In: Lippincott Williams
&amp; Wilkins, Philadelphia:



121

Rosato PC, Katzenell S, Pesola JM, North B, Coen DM, Leib DA (2016) Neuronal IFN
signaling is dispensable for the establishment of HSV-1 latency. Virology 497: 323-327

Rosato PC, Leib DA (2014) Intrinsic innate immunity fails to control herpes simplex virus
and vesicular stomatitis virus replication in sensory neurons and fibroblasts. J Virol 88:
9991-10001

Rosato PC, Leib DA (2015) Neuronal Interferon Signaling Is Required for Protection
against Herpes Simplex Virus Replication and Pathogenesis. PLoS Pathog 11: e1005028

Sainz B, Jr., Halford WP (2002) Alpha/Beta interferon and gamma interferon synergize to
inhibit the replication of herpes simplex virus type 1. J Virol 76: 11541-11550

Samaniego LA, Neiderhiser L, DeLuca NA (1998) Persistence and expression of the
herpes simplex virus genome in the absence of immediate-early proteins. Journal of
Virology 72: 3307-3320

Sancho-Shimizu V, Perez de Diego R, Jouanguy E, Zhang SY, Casanova JL (2011) Inborn
errors of anti-viral interferon immunity in humans. Curr Opin Virol 1: 487-496

Sarma K, Cifuentes-Rojas C, Ergun A, del Rosario A, Jeon Y, White F, Sadreyev R, Lee JT
(2014) ATRX Directs Binding of PRC2 to Xist RNA and Polycomb Targets. Cell 159: 869-
883

Sawtell NM (1997) Comprehensive quantification of herpes simplex virus latency at the
single-cell level. J Virol 71: 5423-5431

Sawtell NM, Thompson RL (1992) Rapid in vivo reactivation of herpes simplex virus in
latently infected murine ganglionic neurons after transient hyperthermia. J Virol 66:
2150-2156

Sawtell NM, Thompson RL (2004) Comparison of herpes simplex virus reactivation in
ganglia in vivo and in explants demonstrates quantitative and qualitative differences. J
Virol 78: 7784-7794

Scherer M, Otto V, Stump JD, Klingl S, Muller R, Reuter N, Muller YA, Sticht H,
Stamminger T (2016) Characterization of Recombinant Human Cytomegaloviruses
Encoding IE1 Mutants L174P and 1-382 Reveals that Viral Targeting of PML Bodies
Perturbs both Intrinsic and Innate Immune Responses. J Virol/ 90: 1190-1205

Scherer M, Stamminger T (2016) Emerging Role of PML Nuclear Bodies in Innate
Immune Signaling. Journal of Virology 90: 5850-5854

Schoggins JW, Wilson SJ, Panis M, Murphy MY, Jones CT, Bieniasz P, Rice CM (2011) A
diverse range of gene products are effectors of the type | interferon antiviral response.
Nature 472: 481-485



122

Schreiber G (2017) The molecular basis for differential type | interferon signaling. J Biol
Chem 292: 7285-7294

Schultz KL, Vernon PS, Griffin DE (2015) Differentiation of neurons restricts Arbovirus
replication and increases expression of the alpha isoform of IRF-7. J Virol 89: 48-60

Seeler J-S, Marchio A, Sitterlin D, Transy C, Dejean A (1998) Interaction of SP100 with
HP1 proteins: A link between the promyelocytic leukemia-associated nuclear bodies and
the chromatin compartment. Proceedings of the National Academy of Sciences 95: 7316-
7321

Shalginskikh N, Poleshko A, Skalka AM, Katz RA (2013) Retroviral DNA methylation and
epigenetic repression are mediated by the antiviral host protein Daxx. J Virol 87:2137-
2150

Shimeld C, Whiteland JL, Nicholls SM, Easty DL, Hill TJ (1996) Immune cell infiltration in
corneas of mice with recurrent herpes simplex virus disease. Journal of General Virology
77 ( Pt 5): 977-985

Shimeld C, Whiteland JL, Nicholls SM, Grinfeld E, Easty DL, Gao H, Hill TJ (1995) Immune
cell infiltration and persistence in the mouse trigeminal ganglion after infection of the
cornea with herpes simplex virus type 1. J Neuroimmunol 61: 7-16

Shukla D, Liu J, Blaiklock P, Shworak NW, Bai X, Esko JD, Cohen GH, Eisenberg RJ,
Rosenberg RD, Spear PG (1999) A novel role for 3-O-sulfated heparan sulfate in herpes
simplex virus 1 entry. Cell 99: 13-22

Sides MD, Block GJ, Shan B, Esteves KC, Lin Z, Flemington EK, Lasky JA (2011) Arsenic
mediated disruption of promyelocytic leukemia protein nuclear bodies induces
ganciclovir susceptibility in Epstein-Barr positive epithelial cells. Virology 416: 86-97

Smith PM, Wolcott RM, Chervenak R, Jennings SR (1994) Control of acute cutaneous
herpes simplex virus infection: T cell-mediated viral clearance is dependent upon
interferon-gamma (IFN-gamma). Virology 202: 76-88

Sodeik B, Ebersold MW, Helenius A (1997) Microtubule-mediated transport of incoming
herpes simplex virus 1 capsids to the nucleus. J Cell Biol 136: 1007-1021

Song R, Koyuncu OO, Greco TM, Diner BA, Cristea IM, Enquist LW (2016a) Two Modes of
the Axonal Interferon Response Limit Alphaherpesvirus Neuroinvasion. mBio 7: e02145-
02115

Song R, Koyuncu OO, Greco TM, Diner BA, Cristea IM, Enquist LW (2016b) Two Modes of
the Axonal Interferon Response Limit Alphaherpesvirus Neuroinvasion. mBio 7: e02145-
02115-02115



123

Stadler M, Chelbi-Alix MK, Koken MH, Venturini L, Lee C, Saib A, Quignon F, Pelicano L,
Guillemin MC, Schindler C et al (1995) Transcriptional induction of the PML growth
suppressor gene by interferons is mediated through an ISRE and a GAS element.
Oncogene 11: 2565-2573

Stark GR, Darnell JE, Jr. (2012) The JAK-STAT pathway at twenty. Immunity 36: 503-514

Stevens JG, Wagner EK, Devi-Rao GB, Cook ML, Feldman LT (1987) RNA complementary
to a herpesvirus alpha gene mRNA is prominent in latently infected neurons. Science
235:1056-1059

Stewart SA, Dykxhoorn DM, Palliser D, Mizuno H, Yu EY, An DS, Sabatini DM, Chen IS,
Hahn WC, Sharp PA et al (2003) Lentivirus-delivered stable gene silencing by RNAi in
primary cells. Rna 9: 493-501

Strang BL, Stow ND (2005) Circularization of the herpes simplex virus type 1 genome
upon lytic infection. J Virol 79: 12487-12494

Stroud H, Su SC, Hrvatin S, Greben AW, Renthal W, Boxer LD, Nagy MA, Hochbaum DR,
Kinde B, Gabel HW et al (2017) Early-Life Gene Expression in Neurons Modulates Lasting
Epigenetic States. Cel/l 171: 1151-1154.e1116

Suzich JB, Cliffe AR (2018) Strength in diversity: Understanding the pathways to herpes
simplex virus reactivation. Virology 522: 81-91

Svennerholm B, Ziegler R, Lycke E (1989) Herpes simplex virus infection of the rat
sensory neuron. Effects of interferon on cultured cells. Arch Virol 104: 153-156

Szenker E, Ray-Gallet D, Almouzni G (2011) The double face of the histone variant H3.3.
Cell Res 21: 421-434

Tagami H, Ray-Gallet D, Almouzni G, Nakatani Y (2004) Histone H3.1 and H3.3
complexes mediate nucleosome assembly pathways dependent or independent of DNA
synthesis. Cell 116: 51-61

Tedeschi A, Bradke F (2013) The DLK signalling pathway--a double-edged sword in
neural development and regeneration. EMBO reports 14: 605-614

Thellman NM, Botting C, Madaj Z, Triezenberg SJ (2017) An Immortalized Human Dorsal
Root Ganglion Cell Line Provides a Novel Context To Study Herpes Simplex Virus 1
Latency and Reactivation. Journal of Virology 91: e00080-00017-00018

Thellman NM, Triezenberg SJ (2017) Herpes Simplex Virus Establishment, Maintenance,
and Reactivation: In Vitro Modeling of Latency. Pathogens 6: 28-14



124

Thompson RL, Sawtell NM (1997) The herpes simplex virus type 1 latency-associated
transcript gene regulates the establishment of latency. J Viro/ 71: 5432-5440

Thompson RL, Sawtell NM (2001) Herpes simplex virus type 1 latency-associated
transcript gene promotes neuronal survival. J Virol 75: 6660-6675

Trousdale MD, Steiner |, Spivack JG, Deshmane SL, Brown SM, MacLean AR, Subak-
Sharpe JH, Fraser NW (1991) In vivo and in vitro reactivation impairment of a herpes

simplex virus type 1 latency-associated transcript variant in a rabbit eye model. Journal
of Virology 65: 6989-6993

Turner A, Bruun B, Minson T, Browne H (1998) Glycoproteins gB, gD, and gHgL of herpes
simplex virus type 1 are necessary and sufficient to mediate membrane fusion in a Cos
cell transfection system. J Virol 72: 873-875

Ulbricht T, Alzrigat M, Horch A, Reuter N, von Mikecz A, Steimle V, Schmitt E, Kramer
OH, Stamminger T, Hemmerich P (2012) PML promotes MHC class Il gene expression by
stabilizing the class Il transactivator. J Cell Biol 199: 49-63

Umbach JL, Kramer MF, Jurak I, Karnowski HW, Coen DM, Cullen BR (2008) MicroRNAs
expressed by herpes simplex virus 1 during latent infection regulate viral mRNAs. Nature
23:187

Valtcheva MV, Copits BA, Davidson S, Sheahan TD, Pullen MY, McCall JG, Dikranian K,
Gereau RW (2016) Surgical extraction of human dorsal root ganglia from organ donors
and preparation of primary sensory neuron cultures. Nature Protocols 11: 1877-1888

Van Damme E, Laukens K, Dang TH, Van Ostade X (2010) A manually curated network of
the PML nuclear body interactome reveals an important role for PML-NBs in
SUMOylation dynamics. Int J Biol Sci 6: 51-67

van Lint AL, Murawski MR, Goodbody RE, Severa M, Fitzgerald KA, Finberg RW, Knipe
DM, Kurt-Jones EA (2010) Herpes simplex virus immediate-early ICPO protein inhibits
Toll-like receptor 2-dependent inflammatory responses and NF-kappaB signaling. J Viro/
84:10802-10811

Van Opdenbosch N, De Regge N, Van Poucke M, Peelman L, Favoreel HW (2011) Effects
of interferon on immediate-early mRNA and protein levels in sensory neuronal cells
infected with herpes simplex virus type 1 or pseudorabies virus. Vet Microbiol 152: 401-
406

van Zeijl M, Fairhurst J, Jones TR, Vernon SK, Morin J, LaRocque J, Feld B, O'Hara B,
Bloom JD, Johann SV (2000) Novel class of thiourea compounds that inhibit herpes
simplex virus type 1 DNA cleavage and encapsidation: resistance maps to the UL6 gene.
J Virol 74: 9054-9061



125

Verpooten D, Ma Y, Hou S, Yan Z, He B (2009) Control of TANK-binding kinase 1-
mediated signaling by the gamma(1)34.5 protein of herpes simplex virus 1. J Biol Chem
284:1097-1105

Vicetti Miguel RD, Sheridan BS, Harvey SAK, Schreiner RS, Hendricks RL, Cherpes TL
(2010) 17- Estradiol Promotion of Herpes Simplex Virus Type 1 Reactivation Is Estrogen
Receptor Dependent. Journal of Virology 84: 565-572

Wang J, Campbell IL (2005) Innate STAT1-dependent genomic response of neurons to
the antiviral cytokine alpha interferon. J Virol 79: 8295-8302

Wang J, Shiels C, Sasieni P, Wu PJ, Islam SA, Freemont PS, Sheer D (2004) Promyelocytic
leukemia nuclear bodies associate with transcriptionally active genomic regions. J Cell
Biol 164: 515-526

Wang Q-Y, Zhou C, Johnson KE, Colgrove RC, Coen DM, Knipe DM (2005) Herpesviral
latency-associated transcript gene promotes assembly of heterochromatin on viral lytic-
gene promoters in latent infection. Proceedings of the National Academy of Sciences
102: 16055-16059

Wang ZG, Ruggero D, Ronchetti S, Zhong S, Gaboli M, Rivi R, Pandolfi PP (1998) PML is
essential for multiple apoptotic pathways. Nat Genet 20: 266-272

Warren KG, Brown SM, Wroblewska Z, Gilden D, Koprowski H, Subak-Sharpe J (1978)
Isolation of latent herpes simplex virus from the superior cervical and vagus ganglions of
human beings. The New England journal of medicine 298: 1068-1069

Washington SD, Edenfield SI, Lieux C, Watson ZL, Taasan SM, Dhummakupt A, Bloom DC,
Neumann DM (2018a) Depletion of the Insulator Protein CTCF Results in Herpes Simplex
Virus 1 Reactivation In Vivo. J Virol/ 92: e00173-00118-00115

Washington SD, Musarrat F, Ertel MK, Backes GL, Neumann DM (2018b) CTCF Binding
Sites in the Herpes Simplex Virus 1 Genome Display Site-Specific CTCF Occupation,
Protein Recruitment, and Insulator Function. Journal of Virology 92: e00156-00118-
00115

Whitley RJ (2006) Herpes simplex encephalitis: adolescents and adults. Antiviral Res 71:
141-148

Wiesmeijer K, Molenaar C, Bekeer IM, Tanke HJ, Dirks RW (2002) Mobile foci of Sp100
do not contain PML: PML bodies are immobile but PML and Sp100 proteins are not. J
Struct Biol 140: 180-188

Wilcox CL, Johnson EM (1987) Nerve growth factor deprivation results in the
reactivation of latent herpes simplex virus in vitro. Journal of Virology 61: 2311-2315



126

Wilcox CL, Smith RL, Freed CR, Johnson EM (1990) Nerve growth factor-dependence of
herpes simplex virus latency in peripheral sympathetic and sensory neurons in vitro.
Journal of Neuroscience 10: 1268-1275

Wilcox DR, Folmsbee SS, Muller WJ, Longnecker R (2016) The Type | Interferon Response
Determines Differences in Choroid Plexus Susceptibility between Newborns and Adults
in Herpes Simplex Virus Encephalitis. mBio 7: e00437-00416

Wilcox DR, Longnecker R (2016) The Herpes Simplex Virus Neurovirulence Factor
gamma34.5: Revealing Virus-Host Interactions. PLoS Pathog 12: e1005449

Wilcox DR, Muller WJ, Longnecker R (2015) HSV targeting of the host phosphatase
PP1lalpha is required for disseminated disease in the neonate and contributes to
pathogenesis in the brain. Proc Natl Acad Sci U S A 112: E6937-6944

Wilson AC, Mohr | (2012) A cultured affair: HSV latency and reactivation in neurons.
Trends Microbiol 20: 604-611

WuDunn D, Spear PG (1989) Initial interaction of herpes simplex virus with cells is
binding to heparan sulfate. J Virol 63: 52-58

Xu P, Mallon S, Roizman B (2016) PML plays both inimical and beneficial roles in HSV-1
replication. Proc Natl Acad Sci U S A 113: E3022-3028

Xu P, Roizman B (2017) The SP100 component of ND10 enhances accumulation of PML
and suppresses replication and the assembly of HSV replication compartments. Proc
Natl Acad Sci U S A 114: E3823-E3829

Xu ZX, Timanova-Atanasova A, Zhao RX, Chang KS (2003) PML colocalizes with and
stabilizes the DNA damage response protein TopBP1. Mol Cell Biol 23: 4247-4256

Yamada M, Sato T, Shimohata T, Hayashi S, Igarashi S, Tsuji S, Takahashi H (2001)
Interaction between neuronal intranuclear inclusions and promyelocytic leukemia
protein nuclear and coiled bodies in CAG repeat diseases. Am J Pathol 159: 1785-1795

Yanez A, Harrell T, Sriranganathan H, Ives A, Bertke A (2017) Neurotrophic Factors NGF,
GDNF and NTN Selectively Modulate HSV1 and HSV2 Lytic Infection and Reactivation in
Primary Adult Sensory and Autonomic Neurons. Pathogens 6: 5-13

Yordy B, lijima N, Huttner A, Leib D, Iwasaki A (2012) A neuron-specific role for
autophagy in antiviral defense against herpes simplex virus. Cell Host and Microbe 12:
334-345

Zawatzky R, Gresser |, DeMaeyer E, Kirchner H (1982) The role of interferon in the
resistance of C57BL/6 mice to various doses of herpes simplex virus type 1. J Infect Dis
146: 405-410



127

Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G, Romero P, Segal D, Sancho-Shimizu V,
Lorenzo L, Puel A et al (2007) TLR3 deficiency in patients with herpes simplex
encephalitis. Science 317: 1522-1527

Zhang XW, Yan XJ, Zhou ZR, Yang FF, Wu ZY, Sun HB, Liang WX, Song AX, Lallemand-
Breitenbach V, Jeanne M et al (2010) Arsenic trioxide controls the fate of the PML-
RARalpha oncoprotein by directly binding PML. Science 328: 240-243

Zhong S, Salomoni P, Pandolfi PP (2000) The transcriptional role of PML and the nuclear
body. Nat Cell Biol 2: E85-90



