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Abstract

The ability to establish, and reactivate from, latent infections is central to the biology and
pathogenesis of HSV-1. It also poses a strong challenge to antiviral therapy, as latent HSV-1
genomes do not replicate or express any protein to be targeted. Although the processes regulating
the establishment and maintenance of, and reactivation from, latency are not fully elucidated, the
current general consensus is that epigenetics play a major role. A unifying model postulates that
whereas HSV-1 avoids or counteracts chromatin silencing in lytic infections, it becomes silenced
during latency, silencing which is somewhat disrupted during reactivation. Many years of work by
different groups using a variety of approaches have also shown that the lytic HSV-1 chromatin is
distinct and has unique biophysical properties not shared with most cellular chromatin.
Nonetheless, the lytic and latent viral chromatins are typically enriched in post translational
modifications or histone variants characteristic of active or repressed transcription, respectively.
Moreover, a variety of small molecule epigenetic modulators inhibit viral replication and
reactivation from latency. Despite these successes in culture and animal models, it is not obvious
how epigenetic modulation would be used in antiviral therapy if the same epigenetic mechanisms
governed viral and cellular gene expression. Recent work has highlighted several important
differences between the viral and cellular chromatins, which appear to be of consequence to their
respective epigenetic regulations. In this review, we will discuss the distinctiveness of the viral
chromatin, and explore whether it is regulated by mechanisms unique enough to be exploited in
antiviral therapy.
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Introduction

HIV, the herpesviruses, and hepatitis B virus are among the important human pathogens that
establish life-long infections in which viral double-stranded DNA persists in the nucleus of
infected cells. HIV persists as an integrated provirus, whereas the herpes and hepadna
viruses persist as extrachromosomal episomes. The maintenance of viral genomes in the
absence of genome replication by viral proteins is operationally defined as “latency”
whereas the maintenance mediated by continuous low level replication by viral proteins is
operationally defined as persistence, although in some cases these differences are difficult to
evaluate. Latent genomes periodically “reactivate” producing new infectious virions and
resulting in recrudescence of disease. Latency is thus critical in pathogenesis.

Numerous clinical drugs effectively control the replication of herpes simplex virus 1 and 2
(HSV-1, 2) (James and Prichard, 2014), two of the viruses that establish latent infections.
However, they have no effect on the latent genomes and cannot prevent the reactivation
process, albeit they shorten the recrudescence and minimize shedding. Several innovative
approaches have been explored to target latent viral genomes, including ribozymes (Bai et
al., 2008; Watson et al., 2018), antisense RNA (Kenney et al., 2001), designer restriction
enzymes (Aubert et al., 2016, 2020; Weber et al., 2014) and CRISPR/Cas9 based systems
(Aubert et al., 2020; Oh et al., 2019). None has proven to be clinically viable as yet. As an
alternative, the persistent viral genomes could be prevented from producing infectious
virions by, for example, epigenetic modulation (Kristie, 2015; Whitley and Baines, 2018).

Epigenetic regulation refers to the regulation of gene expression by non-DNA base encoded
mechanisms, such as DNA methylation or chromatin modifications. Nuclear double stranded
DNA is normally complexed with histones, and non-histone proteins, in chromatin, which
regulates DNA accessibility for transcription and other functions. Several mechanisms
govern the accessibility to DNA in chromatin, including the specific histones, their post-
translational modifications (PTM), remodeling, and the association of several non-histone
proteins (Fig. 1). Chromatin epigenetics physiologically regulate the expression of cellular
genes, and its dysregulation often results in disease. Not surprisingly, many drugs have been
developed, or found, to modulate chromatin epigenetics; many more are at different stages
of development. The potential use of these drugs in antiviral therapy against latent viruses
such as HSV-1 has also been explored.

The earliest approaches to use epigenetic modulation in antiviral therapy focused on
inducing a massive and coordinated reactivation of all integrated HIV progenomes in the
presence of highly active antiretroviral therapy (HAART). The goal would be to re-induce
expression of viral proteins from the integrated proviruses, such that the cells harboring
them are killed by viral replication, while preventing the infection of other cells with highly
effective antiviral drugs. This is an obviously risky approach that requires both a very
efficient coordinated induction of reactivation of all latent proviral genomes and very
efficient approaches to block infection of other cells. These approaches have not reached the
clinics as yet, although improvements continue to be described (Nixon et al., 2020).
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The converse approach is to irreversibly silence latent genomes to prevent the resumption of
the replicative cycle. Although intrinsically less risky, this approach must still overcome two
major hurdles. Firstly, it may require life-long continuous treatment - unless the latent viral
genomes were eventually lost in the continuous absence of any reactivation or after early
abortive reactivations (Doll et al., 2020). However, HSV-1 or 2 reactivate upon physical or
physiological stress and some patients go through long periods of clinically uninterrupted
latency. One could envision discontinuous treatment concomitantly with, or ensuing, specific
stresses or even prophylactically when such stresses are predictable. The high frequency of
subclinical reactivation (Mark et al., 2008) suggests that this approach may minimize
recrudescence of disease but is likely to have only limited impact on transmission.

The second hurdle may appear to pose an even bigger challenge. Most models propose that
HSV-1 and 2 are epigenetically regulated by the same mechanisms that govern cellular
epigenetic regulation (Bloom et al., 2010; Cliffe and Wilson, 2017; Knipe et al., 2017,
Kristie, 2015; Lieberman, 2016; Nicoll et al., 2012; Singh and Tscharke, 2020; Washington
et al., 2019). The obvious expectation from these models is that any epigenetic drug would
equally affect viral and cellular chromatin, regardless of continuous or discontinuous use.
Any epigenetic drug modulating viral reactivation would thus be expected to likely have side
effects through its modulation of cellular gene expression. However, this apparent major
limitation would only be so if viral and cellular chromatins were indeed regulated by the
same mechanisms and in the same manner. Although much evidence is consistent with such
models, some recent data challenges them and suggests that viruses may instead be
epigenetically regulated through somewhat distinct mechanisms.

This review will focus on the similarities and differences between the epigenetic regulation
of the HSV-1 or cellular chromatins, in the context of whether there are different enough as
to support the exploration of epigenetic modulators as potential antiviral drugs.

2. HSV-1, 2 lytic and latent cycles

2.1

Lytic infection

HSV-1 or 2 primary infections occur in epithelia, most commonly in the orofacial and
genital area. The virus first replicates in the basal layer cells, albeit not in those entering
mitosis (Drayman et al., 2017; Schang, 2018), inducing their lysis.

During lytic infections, transcription of the so called immediate early (IE) genes is activated
by constitutively expressed cellular proteins and a structural virion protein, VP16 (Figs. 2
and 3). The early (E) genes are not expressed until the IE proteins are synthesized. The IE
proteins, however, do not activate transcription through binding to the promoters of the E
genes and recruiting transcription proteins. Instead, they act as anti-silencers, activating the
expression of genes that would otherwise be silenced, promoting ongoing transcription after
the polymerase has cleared the promoter, or promoting RNA processing and export. The E
genes encode for the proteins required for DNA replication, among other functions,
including the seven directly involved in viral DNA replication (DNA polymerase catalytic
and processive subunits, the three-subunit helicase primase, the origin binding protein, and
the single stranded DNA binding protein), as well as many proteins involved in nucleic acid
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metabolism (thymidine kinase, ribonucleotide reductase, uracyl-nglycosylase, and alkaline
nuclease, among others). Current anti-herpetic antivirals target mostly proteins involved in
DNA replication. The viral genomes are replicated after the E proteins are expressed.
Transcription of the strictly late (L) genes is activated only after the genomes are replicated,
whereas the early/late genes are transcribed to only very low levels before DNA replication.
The L proteins participate in the production of newly infectious virions.

2.1.1. Regulation of lytic gene expression—Despite the well described kinetics of
gene expression, and the many excellent studies on the functions of the participating
proteins, the actual regulation of HSV-1 transcription is still only partially understood.
Activation of the IE promoters is understood best. As recently discussed (Hu et al., 2019),
these promoters are rather complex in comparison to the E and L ones (albeit not so in
comparison with cellular promoters), encompassing multiple binding sites for the potent
transactivation complex formed by VP16/Oct-1/HCF-1, and multiple binding sites for other
cellular transcription activators (Fig. 3). VP16 forms a complex with HCF-1, which gets
recruited by the particular conformation of Oct-1 when bound to the TAATGARAT
sequences in the IE promoters. HCF-1 and VP16 in this complex recruit multiple chromatin
modifiers, including the histone demethylase (HDM), the histone lysin methyltransferase
(KMT) Setl (Liang et al., 2009), and the histone acetyltransferases (HAT) p300/CBP
(Herrera and Triezenberg, 2004), as well as the cellular RNA polymerase Il transcription
complex (Herrera and Triezenberg, 2004).

The promoters of the E genes typically include only a couple of binding sites for
constitutively expressed cellular proteins and a TATA box (Fig. 3). Activation of these
promoters requires previous expression of the IE proteins ICPO and ICP4, whereas ICP22
and ICP27 act co- and post-transcriptionally. ICPO is an E3 ubiquitin ligase that induces the
degradation of many cellular proteins involved in antiviral responses, including PML and the
centromeric repressive histone H3 variants CENP-A, CENP-B, CENP-C, CENP-I, CENP-H,
and CENP-N (Everett et al., 1999; Gross et al., 2012; Lomonte and Morency, 2007;
Lomonte et al., 2001; Morency et al., 2007). ICPO disrupts the function of hDaxx1, a histone
chaperone that assembles silencing chromatin with histone H3.3 (Lukashchuk and Everett,
2010). It also interacts with BMALL, a partner and regulator of circadian HAT CLOCK
(Kawaguchi et al., 2001), displaces histone deacetylase (HDAC) 1/2 from the REST/
CoREST repressor complex (Gu et al., 2005; Gu and Roizman, 2007), promotes histone
acetylation on viral chromatin (Cliffe and Knipe, 2008), and heterochromatin removal on
viral DNA (Lee et al., 2016).

ICP4 is a large DNA binding protein with preference for HSV-1 DNA (Dremel and DelLuca,
2019); it has no known enzymatic activity. It also binds to, or disrupts, epigenetic modifiers
and transcription proteins, such as CLOCK (Kalamvoki and Roizman, 2010), the chromatin
remodelers NuRD and INO8O, and the BRM and BRG-1 helicase ATPase subunits from the
SWI/SNF family (Wagner and DeLuca, 2013). ICP4 is necessary and sufficient to enhance
the dynamics of all histones (Gibeault et al., 2016).

The promoters of the L genes are minimalistic, encompassing one or no binding sites for any
transcription factors and sometimes a TATA box or an Initiator element (Fig. 3). It is not yet
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entirely clear why L promoters do not drive transcription to high levels until after the start of
DNA replication. It is also unclear why the IE promoters are the most complex and have the
most binding sites for transcription factors, whereas the L are the least complex and have the
least binding sites (Fig. 3).

2.2. Latent infection

2.2.1. Establishment of latency—The virions produced in the epithelial cells infect
other epithelial cells and the sensory axons. The later eventually reach the neuronal bodies,
in the sensory ganglia, and the viral genomes enter the nucleus (Fig. 4). Although there is
transient virus replication in the ganglia, infection of neurons mostly leads to latency. During
latency, viral transcription is severely restricted, there is no significant expression of any
viral proteins, or viral DNA replication, and no infectious virions are produced. The
mechanisms that result in the silencing of the viral genomes are likely multifactorial and
remain incompletely characterized, but there is a general consensus in that chromatin
epigenetics play a major role (Bloom et al., 2010; Cliffe and Wilson, 2017; Knipe and Cliffe,
2008; Lieberman, 2016; Nicoll et al., 2012; Singh and Tscharke, 2020; Washington et al.,
2019); recently reviewed in (Kobiler and Afriat, 2021).

2.2.2. Maintenance of latency—The restriction of transcription may not be absolute,
and some low levels of transcription may occur during latency, at least periodically (Kramer
and Coen, 1995; Ma et al., 2014; Russell and Tscharke, 2016; Singh and Tscharke, 2020).
Whether this transcription is driven by specific promoters or results in mature mRNAs that
are then translated into actual proteins is still unclear. CD8 lymphocytes infiltrate latent
ganglia and cluster around latently infected neurons (Theil et al., 2003; van Lint et al.,
2005); this infiltrate may result from abortive reactivations (Doll et al., 2020). Latent HSV-1
transcription modulates gene expression by the infected neuron (Ma et al., 2014), suggesting
expression of viral proteins. Some neurons in which late promoters have been activated
survive (Ma et al., 2014; Russell and Tscharke, 2016), whereas abortive reactivations in
other cases result in neuronal death (Doll et al., 2020).

2.2.3. Reactivation from latency—Latent virus is reactivated by stressing stimuli,
resulting in generalized transcription, protein expression, and genome replication. It
eventually results in the release of infectious virions at the axon ends, which re-infect
epithelial cells and produce recrudescence of disease (clinical reactivation) or are shed
without overt signs or symptoms (subclinical reactivation) (Fig. 4). The processes that
initiate reactivation are still poorly understood, but cellular, not viral, proteins most likely
trigger and initiate it. The only viral transcripts that accumulates to high levels in a subset of
latently infected neurons, the latency associated transcripts (LATS), regulate the apparent
efficiency of reactivation in a variety of animal or ex vivo models (Bloom, 2004; Nicoll et
al., 2012; Watson et al., 2018),. However, this phenotype may result from differences in the
establishment of latency (Perng et al., 2000; Thompson and Sawtell, 2001). LATSs are not
essential in animal models; their importance in humans is unknown. Peripheral replication of
re-activated virus re-stimulates the immune system, which promptly controls the ensuing
lytic replication (Mark et al., 2008). Any lesions resolve, and shedding is stopped. The latent
genomes persist for life, however, resulting in a constant source for recrudescence of disease
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and infection spread. For a recent comprehensive review of latency, please see (Sawtell and
Thompson, 2020).

2.2.4. Antiviral drugs are not effective during HSV-1 latency—The available, and
effective, antivirals against HSV-1 inhibit lytic replication with good potency and low
toxicity (James and Prichard, 2014). Activity of the acyclic nucleotides, however, requires
the expression of the viral thymidine kinase (TK) to activate them, and polymerase UL30,
which is their target. Activity of pritelivir, which is in phase 111 clinical trials, requires
expression of the helicase primase (James and Prichard, 2014; Quenelle et al., 2018). These
drugs consequently have no effect on the latent genomes, which express no TK, polymerase,
or helicase primase, and which do not replicate. They cannot preclude reactivation either, as
their activity requires previous expression of their targets. They therefore cannot entirely
block pathogenesis or transmission, although they do minimize shedding and curtail the
symptomatic period by about a day (Chen et al., 2017; Whitley and Roizman, 2001).

3. Lytic and latent HSV-1 chromatin

3.1. Classic analyses of HSV-1 chromatin

The HSV-1 chromatin started to be probed back in the late 1980’s, using nuclease protection
assays. Digestion of chromatinized cellular DNA with non-sequence specific endonucleases,
such as micrococcal nuclease (MCN), results in DNA fragments with lengths of multiples of
nucleosomes, the so called “nucleosomal ladder”. This protection is a direct result of the
much longer residency times of the core nucleosome over that of the linker histones,
resulting in preferential cleavage of the far more often exposed “linker DNA” (Fig. 5). In
classic studies, MCN digestion of encapsidated DNA failed to show the nucleosomal ladder,
leading to the conclusion that encapsidated HSV-1 DNA was not chromatinized (Leinbach
and Summers, 1980). The negative charges of the DNA phosphate backbone are instead
partially neutralized by spermidine (Gibson and Roizman, 1971). More recent proteomic
studies have detected no histones, or any other chromatin protein, in the virions (Lippe,
2020; Loret et al., 2008).

Digestion of intracellular HSV-1 DNA of lytically infected cells or mice also failed to
produce the nucleosomal ladder pattern, whereas the HSV-1 DNA in latently infected
trigeminal ganglia did (Deshmane and Fraser, 1989; Leinbach and Summers, 1980;
Muggeridge and Fraser, 1986). These results were for many years understood as indicating
that the intracellular HSV-1 DNA was not associated with nucleosomes during lytic
infections, but it did become chromatinized during latency.

3.2. Modern analyses of HSV-1 chromatin

A new approach to test chromatin accessibility was developed in 2013 taking advantage of a
highly active retrotransposon system, ATAC-seq (Buenrostro et al., 2013). The
retrotransposase is linked to a DNA tag which is recombined with the DNA being probed,
resulting in cleavage and tagging of the cleaved DNA, a process that has been called
tagmentation. The tagmented DNA is then sequenced and analyzed. Although the probe is
different, the principle is the same as for nuclease protection: linker DNA is exposed far
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more frequently than core nucleosome DNA because the linker histone H1 exchanges at a
much faster rate than the core nucleosome. Therefore, like nuclease protection, tagmentation
also produces tagged DNA with lengths of multiple of the nucleosome size. Consistently
with the patterns of protection from endonucleases, the HSV-1 genomes in Iytic infections
do not yield the clear repeated peaks of protected DNA at multiples of nucleosome sizes
(McSwiggen et al., 2019). Instead, HSV-1 DNA produced one peak almost consistent with
the size of nucleosome DNA, albeit somewhat shorter and not nearly as sharp as that
produced by cellular DNA, and then broader and less marked peaks of sizes of multiples of
nucleosome DNA (McSwiggen et al., 2019). Tagmentation to completion also produced
DNA protected to about nucleosome size (Dremel and Deluca, 2019), but no DNA
protected to di-, or any longer poly-nucleosomal size. Moreover, tagmentation of the viral
DNA was about 2- to 100-fold more efficient than that of the cellular DNA (Dremel and
Deluca, 2019). These results were interpreted as evidence that the HSV-1 genomes were not
in nucleoprotein complexes, or that they were in nucleoprotein complexes with the viral
protein 1CP4 rather than histones (Dremel and Deluca, 2019).

The results from protection assays of the HSV-1 genomes in lytic infections are also
consistent with an alternative chromatin model in which the core nucleosomes in the viral
chromatin have a much shorter residency time than those in most cellular chromatin,
approaching that of linker histone H1 (Conn et al., 2008, 2011, 2013; Conn and Schang,
2013; Gibeault et al., 2016; Hu et al., 2019; Lacasse and Schang, 2010, 2012). Under this
model, the linker DNA would not be much more exposed than the core nucleosomal DNA,
resulting in random, and highly efficient, cleavage (Fig. 5) or tagmentation of both.

3.3. Chromatin epigenetics in latent and lytic HSV-1 infections

2004 was a key year in our current understanding of HSV-1 epigenetics. A series of studies
from Drs. Bloom, Neumann, and Hill groups starting that year re-affirmed the
chromatinization of the latent viral genomes by chromatin immunoprecipitation (ChlP)
analyses (Amelio et al., 2006a; Kubat et al., 2004a, 2004b; Neumann et al., 2007a). Also in
2004, the inhibition of transcription driven by the ICPO promoter by an inhibitor of cellular
cyclin-dependent protein kinases, roscovitine, was found to be dependent on the genome in
which the promoter was placed, not on the promoter sequences (Diwan et al., 2004). The
same ICPO promoter recombined into the genome of the infected cells still activated
transcription in the presence of roscovitine, whereas the native copy in the viral promoter did
not (Diwan et al., 2004). The simplest explanation was a then unknown epigenetic regulation
(Fig. 6). The first direct evidence supporting a role for chromatin in HSV-1 lytic infections
was also reported in 2004 by the groups of Drs. Berger, Fraser, and Triezenberg (Herrera and
Triezenberg, 2004; Kent et al., 2004). In parallel studies, HSV-1 DNA in lytically infected
cells was co-immunoprecipitated with histone H3. Moreover, the levels of histone H3
acetylation at K9 and K14 in the ICPO, TK, and VP16 promoters, and of H3K9me3 at the
genes, was correlated to some extent to their respective levels of transcription (Huang et al.,
2006; Kent et al., 2004). Deletion of the transcription activation acidic domain of VP16
resulted in higher association of unacetylated histone H3 in the promoters of the IE ICP4,
ICPO, and ICP27, the E TK, and the L VP16 and gC, as well as the ICP27 gene (Herrera and
Triezenberg, 2004). These studies challenged for the first time the classic interpretation lytic
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HSV-1 or 2 genomes were not chromatinized and presented the first pieces of evidence that
HSV-1 transcription could be epigenetically regulated during lytic infections as well as
during latency.

4. The HSV-1 epigenome

4.1. Latent HSV-1 chromatin

4.1.1. Silencing of HSV-1 gene expression during the establishment of
latency—The establishment of latency is still poorly understood, in no small part due to the
intrinsic limitations of the models available. True latency can only be established in animal
models, in which only a small number of sensory ganglia neurons become latently infected.
Moreover, the establishment of latency is asynchronous, such that the virus is actively
replicating in some neurons while establishing latency in others and already latent in others.
As an alternative model, a latency-like state is also established in different types of cultured
neurons, using low multiplicity of infection and acyclovir or interferon. The latently infected
neurons in these cultures, like those in vivo, express no detectable viral proteins, but
transcribe LAT and harbor reactivable genomes (Thellman and Triezenberg, 2017).
Reactivation can be induced pharmacologically, resulting in the fairly simultaneous
expression of all viral genes and the production of infectious virions (Kobayashi et al.,
2012a).

According to most current models, the HSV-1 genomes must become silenced at some time
during early neuronal infection. However, it is still unclear whether this process occurs only
in neurons that have never expressed the lytic proteins, or already started gene expression is
shut down to establish latency. Expression of lytic genes and HSV-1 DNA replication is
invariably lethal to infected cells in culture. Elegant experiments performed using ROSA
reporter mice and CRE expression driven from the viral genome by promoters of different
kinetic classes strongly suggest that neurons that express IE, E, or even L genes often
survive and become latently infected (Ma et al., 2014; Russell and Tscharke, 2016). In
contrast, abortive reactivations are often lethal (Doll et al., 2020). It is as yet also unclear
whether transcriptional silencing is a direct result of the specific anatomy of the neurons,
active shut down by viral factors, differential gene expression, signaling, protein
localization, neuronal type, the terminally differentiated state of the neurons, or a variety of
other factors (Cabrera et al., 2018; Chen et al., 1997; Flowerdew et al., 2013; Hafezi et al.,
2012; Harrison et al., 2020; Kobayashi et al., 2012b; Kristie et al., 1999; Margolis et al.,
2007; Maroui et al., 2016; Nicoll et al., 2016; Zhao et al., 2020). In summary, silencing at
the establishment of latency is still the least understood stage in latency.

4.1.2. Histone PTM in the latent chromatin—As the HSV-1 DNA is not methylated
in either lytic or latent infections (Kubat et al., 2004b), the studies on epigenetic regulation
have focused on chromatin epigenetics. Latent genomes are quantitatively chromatinized
with PTM and variants of silenced chromatin, such as H3K9me2, H3K9me3, H3K27me3,
and H4K20me3, and macroH2A (Cliffe et al., 2009; Kwiatkowski et al., 2009; Wang et al.,
2005). In contrast, the transcriptionally active LAT locus is associated with PTM
characteristic of active transcription, such as H3K4me2, H3K4me3, H3K9%ac and H3K14ac
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(Amelio et al., 2006a; Creech and Neumann, 2010; Kubat et al., 2004a, 2004b; Neumann et
al., 2007a; Wang et al., 2005) (Fig. 7). Considering the high gene density of the HSV-1
genome with the consequent close proximity of the territories with PTM characteristic of
transcription or silencing, it is perhaps not unexpected that insulator elements separate the
chromatin rich in acetylated H3K9 and K14 at the transcribed LAT locus from the
hypoacetylated chromatin in the promoters of the non-transcribed ICP4 and UL59 genes
(Amelio et al., 2006b; Lee et al., 2018). These sequences are recognized by CTCF.

4.1.3. Insulator elements in latency and reactivation—CTCF is a ubiquitously
expressed and highly conserved 11-zinc-finger sequence specific DNA binding protein
(Klenova et al., 1993; Lobanenkov et al., 1990). Binding to its cognate sequences serves as
insulator boundary element separating adjacent domains of active and inactive chromatin by
restricting both interactions between enhancers and promoters and heterochromatin spread
(Bell et al., 1999; Chung et al., 1993; Hark et al., 2000; Kim et al., 2007). In concerted
action with cohesin, CTCF aids in the three dimensional genome folding through ‘loop
extrusion’. This process creates physically separated chromosome loops, also known as
topologically associated domains (TADs), or loop domains. Only convergently oriented pairs
of CTCEF sites form CTCF-anchored loops, by acting as barriers to the loop extrusion
process (Beagan and Phillips-Cremins, 2020; Li et al., 2020).

Computational analysis predicted seven unique CTCF-binding sites in the HSV-1 genome,
named CTRL1, CTRL2, CTa’m, CTRS1 and 2 (separated by only 100 bp, and usually
referred together as CTRS1/2), CTRS3, and CTUS1, six of which are in the repeat regions
encompassing the ICPO, ICP4, and LAT loci; these sites were bound by CTCF during
latency (Amelio et al., 2006b). Twenty-five unique CTCF binding sites were later identified
by ChIP analyses in lytic infections (Lang et al., 2017). Binding to CTRL2, CTa’m and,
most prominently, CTRS3 decreased early after induction of reactivation with sodium
butyrate (NaBu) (Washington et al., 2018a, 2018b), when the H3K9me3 and H3K27me3
PTM, characteristic of silencing, are replaced by the H3K4me3, H3K9ac and H3K14ac
PTM, characteristic of active transcription, in the IE genes. Suz12, a component of the
polycomb-repressive complex 2 (PCR2), is recruited to CTRS3, CTRS1/2, CTa’m, and
CTRL1, and deletion of the LAT promoter decreased its binding to CTRS3 (Washington et
al., 2018b). As that of CTCF, Suz12 binding to CTa’m, CTRS1/2, and CTRS3 also
decreased during NaBu-induced reactivation.

Depletion of CTCF through adeno associated virus (AAV)-8 delivery of a CTCF-targeting
SiRNA to latently infected mouse trigeminal ganglia induced transcription of the ICPO gene
(Washington et al., 2018b), which is flanked by CTRL2 and CTa’m. An HSV-1 mutant
lacking 135 bp including the CTRL2 sequences had increased virulence and was less
efficient at establishing latency (Washington et al., 2018b). This phenotype may well be a
result of its enhanced replication in the infected neurons which are thus killed during the
acute infection. Transcription of ICP0 and ICP27 was not properly suppressed in trigeminal
ganglia and less H3K27me3 was detected on the chromatin of the IE locus (Washington et
al., 2019), supporting an insulator role for CTCF. A different 370 bp deletion mutant
including the CTRL2 sequences from within the 2.0 Kbp LAT intron, in a different strain,
showed no defect in the lytic cycle or the establishment and maintenance of latency in mice
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(Lee et al., 2018). However, H3K9me3 and H3K27me3, which are normally restricted to the
adjacent ICPQ and UL54 genes during latency, increased at the LAT locus, and explant-
induced reactivation was inhibited (Lee et al., 2018). The CTRL2 may help preventing
heterochromatin spreading into the LAT locus, thus maintaining parts of the viral genome in
a more open state poised for reactivation.

Rad21, a component of the cohesin complex, also bound to CTRL1, CTRL2, CTa’m and
CTRS3 during latency in mouse. Rad21 binding to the HSV-1 mutant lacking the 135 bp
including the CTRL2 sequences was reduced at 7 and 14 days after infection, and there were
about 5-fold fewer latent HSV-1 genomes at day 28 (Singh and Neumann, 2021). These
results indicate that CTCF binding sites most likely results in the formation of functional
chromatin loops.

Expression of a transgene flanked by CTCF binding sites from HSV-1 vectors containing
non-functional VP16, ICPO, or ICP4 was extended to up to 28 days into latency, but it still
became eventually silenced (Han et al., 2018). Multiple CTCF binding sites may need to act
together, or the position of the CTCF binding sites in the viral genome may be critical to
allow transcription from a locus in the midst of the mostly silenced latent viral genomes.

4.1.4. Changes in HSV-1 chromatin during reactivation—The mechanisms
triggering chromatin remodeling during reactivation are not fully elucidated. Nonetheless, a
variety of tissue culture latency models indicate that the first phase of reactivation involves
an early methyl/phospho switch (Cliffe et al., 2015) and a general disruption of silencing
which is followed approximately 24 h later with specific transcription of the lytic genes of
the different kinetic classes (Kim et al., 2012; Kobayashi et al., 2012a; Pourchet et al.,
2017). Consistently with these models, much older results had already hinted that the early
transcription during explant induced reactivation did not follow the typical IE-E-L cascade.
Rather, low levels of transcription of all genes were identified at approximately the same
time (Kosz-Vnenchak et al., 1993).

The disruption of CTCF binding to the insulator elements, the changes in global PTM, and
in particular the methyl/phospho switch, are among the first events in the reactivation
process (Cliffe et al., 2015; Lee et al., 2018; Washington et al., 2018a). All these changes are
consistent with the models proposing that de-silencing plays a critical role early in the
reactivation process.

Lytic HSV-1 chromatin

4.2.1. Histone PTM during lytic infections—A still growing body of literature
describes a number of histone PTM and their relevant modulators in HSV-1 infections.
Briefly summarizing, histone PTM associated with transcription (e.g., H3 K9ac, K14ac,
K4me3) have been consistently reported to associate with transcribed HSV-1 genes during
lytic infections and histone PTM normally associated with silencing (e.g., H3K9me2/3 or
K27me3), with genes transcribed to only low levels or not at all (Fig. 7) (recently reviewed
in Kobiler and Afriat, 2021). VP16 recruits to the IE promoters the HDM LSD1/KDM1A to
remove H3K9me3, which is associated with silencing. It also recruits the histone KMT Set/
MLL1 to trimethylate H3K4 (Liang et al., 2009) and the HAT p300/CBP to introduce
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acetylate histones. These last two modifications are normally associated with transcription.
Moreover, VP16 recruits the chromatin remodeler SWI/SNF (Herrera and Triezenberg,
2004). However, downregulation, or lack of expression, of some chromatin modifiers such
as the SWI/SNF remodeler helicase subunits BRM or BRG1, or the HAT p300/CBP, PCAF,
or GCNS5, does not inhibit IE gene transcription (Kutluay et al., 2009). In contrast, small
molecule inhibition of histone acetyl-transferases (HATS) including p300/CBP, inhibits the
number of HSV-1 genomes that start replication (Shapira et al., 2016). The bases for these
apparently discordant results regarding p300/CBP have not been resolved, but there is a
major intrinsic difference in the experimental designs. Knockdown of the epigenetic
modifiers is performed before infection, whereas small molecule inhibition is performed
after infection. As discussed (Conn and Schang, 2013), the former affects the epigenetic
landscape before the viral genomes can establish their transcription program, influencing the
pool of histones available to chromatinize incoming viral genomes, whereas the latter are
added only after the viral genomes are already chromatinized, which occurs almost
immediately after infection (Johnson et al., 2014; Sanders et al., 2015).

The results from DNA protection studies had often been concluded to indicate that the
HSV-1 DNA in lytic infections is not chromatinized, or that it has sporadic, randomly
distributed, nucleosomes, or that only a minority of the genomes are chromatinized whereas
the vast majority are not (Dremel and DeLuca, 2019; Knipe and Cliffe, 2008; Kristie, 2015;
Kutluay and Triezenberg, 2009; Oh et al., 2015). Either of these models is difficult to
reconcile with the recruitment of a number of epigenetic regulators to HSV-1 genomes in
lytic infections (Dembowski and DeLuca, 2015). They are also difficult to reconcile with
any epigenetic changes modulating viral gene expression. The epigenetic modifications
associated with transcribed or non-transcribed genes act by eventually recruiting (or not)
transcription activating or repressing proteins in the context of a regularly chromatinized
template. It is not obvious how these modifications could also regulate transcription if most
of the DNA to be transcribed was not chromatinized. Similarly, if most of the lytic HSV-1
DNA was not chromatinized, one could expect that these genomes would be widely
accessible and transcribed. As a counterargument, the natural template for transcription is
regularly chromatinized DNA and therefore the minority of properly chromatinized genomes
could be the ones actually transcribed. Moreover, abortive infections, either using viral
mutants or by sorting infected cells with non-replicating genomes, consistently show regular
chromatinization of the quiescent genomes (Cohen et al., 2020; Ferenczy and DeL.uca,
2009). The body of the evidence thus is the most consistent with models under which there
is a functionally relevant chromatinization of sorts of the viral genome during lytic
infections.

4.2.2. CTCF insulation during lytic infections—CTCF binding could separate the
HSV-1 genomes into differentially regulated transcriptional territories. As detected through
ChIP-Seq, CTCF interacts with 25 unique HSV-1 loci during lytic infections, some of which
are in the repeated sequences (Fig. 7). Eight unique sites where further analyzed through
ChIP-gPCR. No binding to CTRL2 or CTRS3, which are occupied by CTCF during latency
or at early times of infection, was detected at this time. Knocking down CTCF decreased the
occupancy of Pol Il on viral genes and increased the association of H3K27me3 and
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H3K9me3 on the promoter and genes of ICPO, ICP4 (IE genes), ICP8, and TK (E genes)
(Lang et al., 2017). Transcription of viral genes of all kinetic classes was consequently
inhibited, and three components of the cohesin complex, SMC1(structural maintenance of
chromosomes protein 1), SMC3 and Rad21 localized to the viral replication compartments.
Knocking down SMC1 or Rad21 (from 48 h before infection) decreased viral yield by about
1,000-fold. H3K27me3 was enriched on the promoter and gene of ICPO, VP16 and TK
under these conditions (Li et al., 2021). These results also suggest that chromatin looping
plays an important role in HSV-1 lytic infections. As a caveat, knocking down CTCF or
cohesin is expected to have global effects on host chromatin and gene expression, which
both could indirectly affect viral functions.

Based on the analyses of chromatin epigenetic modifications on selected genes of different
kinetic classes (Fig. 7), the PTM on the histones in the HSV-1 chromatin at a given gene
have been often observed to generally correlate with the transcription level of that same
gene. Several epigenetic inhibitors have thus been explored for their potential antiviral
activities.

5. Antiviral activity of epigenetic drugs against HSV-1

5.1. Brief introduction to epigenetic drugs

Considering the importance of epigenetic regulation in physiology and pathology, it is not
surprising that a number of epigenetic inhibitors have been developed with the goal of
exploring therapeutic uses. Several different approaches have been undertaken, such as
inhibition of the enzymatic activities or blocking specific protein-protein interactions. In
many instances, existing molecules were found to have epigenetic activities. For example,
the HDM LSD1 is in the mono-amino oxidase superfamily and uses FAD as a cofactor. It is
consequently sensitive to some clinical psychotropic mono-amino oxidase inhibitors.
Although these compounds are most useful reagents in research, their therapeutic uses are
likely to be constrained by their psychotropic activities.

Another approach to develop epigenetic inhibitors is to target the domains that recognize
specific histone modifications. Many epigenetic regulators have bromo- or chromo-domains,
which recognize acetylated or methylated histones, respectively, through binding pockets
proven to be amenable to drug targeting. Many such inhibitors have been developed with
potential clinical uses in mind. We will discuss their known antiviral activities against
HSV-1.

5.2. Antiviral activities of epigenetic drugs in lytic and latent HSV-1 infections

5.2.1. Histone deacetylase inhibitors—The first evaluations of epigenetic drugs on
HSV-1 started already in the 1990’s, when it was first shown that generic inhibitors of
histone deacetylases, like valproic acid (VPA) and trichostatin (TSA), induced reactivation
of latent or quiescent HSV-1 and enhanced the replication defect of HSV-1 mutants in the
gene encoding for the IE protein ICPO (Hobbs and DeLuca, 1999). A single intraperitoneal
1,200 mg/kg dose of the generic HDAC NaBu sufficed to induce reactivation in 75-100% of
trigeminal ganglia latently infected with either of two different HSV-1 strains (Neumann et
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al., 2007b). However, this treatment also resulted in the occasional death, which precludes
its use to flush latent genomes (Neumann et al., 2007b). These compounds did not induce a
degree of reactivation that could raise any expectation of flushing all latent genomes, and
induced lethality. Although most useful as research tools, these experiments were not aimed
at developing therapeutics and it is not easy to foresee how such generic inhibitors could be
used in antiviral therapy.

NaBu and the also generic HDAC inhibitor TSA also activated quiescent HSV-1 genomes in
PC12 cells, inducing their reactivation (Danaher et al., 2005). H3K9me3, which is associated
with silencing, was enriched on the promoters of ICP0 genes during quiescent infections
whereas H4ac, which is associated with transcription, was partly depleted (Coleman et al.,
2008). Quiescent HSV-1 genomes could also be reactivated by superinfections with wild-
type HSV-1, superinfections that resulted in lower levels of H3K9me3 and higher levels of
H3ac and H4ac on the ICPO, LAT, and gC genes (Coleman et al., 2008). TSA also enhanced
viral replication, increasing ICP27 mRNA levels by about 100-fold at 400 nM (Du et al.,
2013). NaBu enhanced reactivation 6-fold at 50 mM (Danaher et al., 2005). TSA (1.32 uM),
suberohydroxamic acid (SBX - 40 uM) or 4 mM VPA, in contrast, decreased the number of
expressed viral genomes by 15-25% at an moi of 100 (Shapira et al., 2016). Other HDAC
(suberoylanilide hydroxamic - SAHA) or HAT inhibitors (anacardic acid - AA) had no
major effects (at 10 and 250 puM, respectively), regardless of moi (Shapira et al., 2016). TSA
(1.32 uM) increased PML, ATRX and hDaxx levels by about 1.8-2.5- fold in infected HFF
cells, or of only PML, but by 6-fold, in U20S cells (Shapira et al., 2016); histone acetylation
levels were not evaluated. Two other HDAC inhibitors, 20 UM MS275 or 10 uM MC1568,
also induced reactivation by 10-fold, increasing ICP27 mRNA by about 50-fold, (Du et al.,
2013). Pharmacological modulation of histone acetyl levels, thus, affects viral replication
and gene expression but not always in the expected manner.

5.2.2. Specific epigenetic compounds—The second wave of testing epigenetic
inhibitors against HSV-1 evolved from the many studies showing specific epigenetic
modifications on the chromatin of HSV-1 genes. A series of studies from the Kristie lab
using inhibitors of the HDM LSD1 or JIMJD2 provided the first proof of concept that
specific epigenetic modulation can indeed inhibit HSV-1 replication in cultured cells and in
mice and reactivation from latency in animal models (Hill et al., 2014; Liang et al., 2009,
2013). Following on those pioneering studies, a number of specific epigenetic inhibitors
have been tested as potential anti-HSV-1 agents.

5.2.2.1. Histone demethylase inhibitors.: Inhibition of LSD1 by 3 mM pargyline or 2
mM tranylcypromine (TCP) increased the levels of H3K9me and H3K9me2 on the ICPO
promoter by 2- to 10-fold (Liang et al., 2009), and those of H3K9me3 by about 60-fold. In
latently infected mice, time-released TCP pellets also increased the levels of H3K9me3 on
the 1ICP4 promoter by 20-fold, while decreasing those of H3K9me2 and H3K27me3 to about
half to a third on average, respectively, on the ICPO, ICP27 and ICP8 loci (Hill et al., 2014).

Inhibition of IMJD2 family proteins with 2.5 mM dimethyloxalylglycine (DMOG)
decreased viral yields by 5,000-fold, and the levels of ICP27 mRNA by about 10-fold (at 2
mM) (Liang et al., 2013). The levels of H3K9me3, and total histone H3 on the promoters of
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ICP27, ICP4, and ICPO, increased by 3- to 4-fold, or 1.5- to 2-fold, respectively. A more
potent JIMJD?2 inhibitor, ML324, also resulted in lower levels of mMRNA levels of ICP4,
ICP27, and ICP22, to less than 80% at 50 uM, and 10,000-fold lower viral yields, at 50 pM;
levels of histone methylation were not tested (Liang et al., 2013). Modulation of histone
methylation with specific HDM inhibitors thus results in the predicted alterations in HSV-1
chromatin and gene expression.

5.2.2.2. Histone methyltransferaseinhibitors.: The EZH2/1 inhibitors GSK126 (30 pM),
GSK343 (40 uM), or UNC1999 (15 uM) all decreased ICP4, ICP22 and ICP27 mMRNA
levels by about 60% (Arbuckle et al., 2017). GSK126 also decreased the levels of HCF-1,
RNAPII, and H3K4me3 on the ICPO gene promoter by 70, 50 and 30% respectively
(Arbuckle et al., 2017). The authors concluded that the antiviral activities resulted from their
ability to activate immune responses, and the levels of PML, IFN-a, and IL-8 were indeed
increased by 2- to 10-fold, respectively, by 30 uM GSK126 (Arbuckle et al., 2017).

The protein methylation inhibitor 5/-deoxy-5/-methylthioadenosine (MTA), at 1 mM,
induced a 50% decrease in the levels of H3K4me3, but not of H3K4me2, on the ICPO, TK
and VP16 genes. It also resulted in a similar reduction in mRNA levels of selected IE, E and
L genes and of HSV-1 genome copy number (by 5-fold). Knockdown of the histone KMT
Setl had a similar effect (Huang et al., 2006).

The effects of histone KMT inhibitors in HSV-1 gene expression are thus not always
consistent with what would be predicted by extrapolation from their activities on the
regulation of cellular gene expression. Moreover, several of the effects on viral transcription
may be an indirect result of the modulation of cellular gene expression.

5.2.2.3. Bromodomain targeted inhibitors.: The bromodomain and extra-terminal motif
(BET) inhibitors JQ1, PFI-1, I-BET-762, TG-101348 and OTX-015 all promoted viral
replication. JQ1 (0.5 uM) enhanced viral yield by 100-fold, but ICP4 mRNA levels by only
2-fold. At higher concentrations (1 uM), JQ1 increased the levels of elongating RNAPII
(RNAP-S2p), SEC (AFF4), and P-TEFb (CDKO9) associated with the ICP4 promoter and
transcription start site (TSS), by about 8-fold (Alfonso--Dunn et al., 2020). PFI-1 (0.5 uM)
or I-BET-762 (1 uM) enhanced viral yield by 10-fold, while the latter increased ICP4 mMRNA
levels by only about 2-fold. TG-101348 enhanced viral yield by 10-fold at 3 uM. The
authors concluded that these effects were mediated by BRD4 inhibition (Ren et al., 2016).
However, BRD4 inhibition by 1 uM JQ1 (added concomitantly with the infecting virions)
had no effect on transcription of another alphaherpesvirus, pseudorabies virus, in porcine
kidney cells in another study, although viral replication was not analyzed (Wang et al.,
2020). Treatment of HEK293 cells with JQ-1, OTX-015 or I-BET 151 decreased H3K9,
H3K27, H4K8, H4K12 and H4K16, but not H3K56, acetylation, but these effects were only
evaluated in non-infected cells (Wang et al., 2020). BRD4 inhibition was proposed to induce
genomic instability, increasing the levels of cytoplasmic DNA, which in turn would promote
the secretion of type | interferon and proinflammatory cytokines through cGAS/STING/
TBKU/IRF3 signaling (Wang et al., 2020). This mechanism would result in broad antiviral
activity through inhibition of viral attachment.
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Like those of the histone KMT inhibitors, those of the molecules targeting bromodomains
were not always consistent with what would be expected by extrapolating from their effects
on cellular gene expression, and often the effects on viral transcription are secondary to the
alterations in cellular gene expression.

6. Unigqueness of the HSV-1 chromatin

6.1. The distinct epigenetic landscape of the HSV-1 chromatin

6.1.1. Current models of HSV-1 chromatin and epigenetic regulation—All
these small molecule epigenetic modulators were tested for their effects on HSV-1 under the
models postulating similar mechanisms of regulation for viral or cellular chromatin, and the
effects were most often consistent with the effects predicted under these models - with some
notable exceptions (Arbuckle et al., 2017; Wang et al., 2020). However, the chromatinization
of the HSV-1 DNA is clearly distinct from that of cellular DNA, regardless of whether the
transcribed viral DNA is chromatinized in highly dynamic nucleosomes with very short
residency times or partly or mostly non-chromatinized. The HSV-1 genome is also gene-rich
with minimal to no intergenic regions other than promoters, 5  or 3’ untranslated regions. IE,
E and L genes are not segregated, and in many instances promoters of different kinetic
classes are only a few base pairs apart. For example, the ORF of the divergent E UL9 and L
UL10 genes overlap by 56 bp, and those of the E TK and L UL24, by 66 bp. The start of the
OREF of the also divergent L UL49A and E UL50 are separated only by 16 bp, and those of
the L UL51 and E UL52, by 36. Those of the E US3 and L US2, are separated by only 293
bp, and the L UL41 and E UL42, by 475. The normal cellular distribution of epigenetic
PTM characteristic of transcription or silencing spans from about 1 to 2 Kbp for H3K4mel,
for example, to about 3 Kbp for H3K4me2 or 3, 10 Kbp for H3K9me1 or H3 or H4
acetylation, to up to tens of thousands bp for H3K27me3 (Barski et al., 2007; Heintzman et
al., 2007). It is thus difficult to envision how such epigenetic modifications could
differentially regulate the expression of each individual HSV-1 gene with no or very short
intergenic regions. In some instances, two or more entire genes of different kinetic classes
are encoded in only a few thousand base pairs. UL23 (E) and UL24 (L) are encoded in 2,300
bp, for example, whereas US1 (IE), US2 (L) and US3 (E), in 4,117, and UL51 (L) and UL52
(E), in 4,060. It is difficult to envision how could each of these genes be differentially
regulated by chromatin modifications that typically span regions that would cover the
entirety of the differentially expressed genes. It is also difficult to envision how the
chromatin modifications known to modulate access to regularly chromatinized cellular DNA
would modulate the access to a DNA template that is either partially chromatinized,
chromatinized with sporadic nucleosomes, or chromatinized in highly dynamic
nucleosomes. It appears that the mechanisms that participate in the epigenetic regulation of
viral gene expression would have to differ to some extent from those that regulate cellular
gene expression.

6.1.2. Recent results suggest novel models of HSV-1 chromatin and
epigenetic regulation—A series of recent publications have started to provide evidence
that the HSV-1 DNA is uniquely chromatinized and regulated by somewhat different
epigenetic mechanisms than most cellular DNA (Table 1). ChIP-seq was used to map the
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interactions between HSV-1 DNA and total histone H3, or H3 with specific PTM
characteristic of transcription or silencing (Gao et al., 2020). The levels of viral DNA that
co-immunoprecipitated with total H3, or with H3 with the different PTM, varied with
infection time. Early in infection, from 1 to 2 h, the interactions with histone H3 bearing
PTM associated with non-transcribed genes, such as H3K27me3 and H3K9me3, were
enriched, while those associated with transcribed genes, like H3K27ac, were depleted. The
former two PTM were relatively depleted later on, from 8 to 12 h, to be replaced with PTM
characteristic of highly transcribed genes, such as H3K27ac or, to a lesser extent, H3K4me3
(Gao et al., 2020).

The levels of each different modification did not correlate to the levels of transcription of
any given HSV-1 gene. Moreover, the enrichment on the different PTM characteristic of
active or repressed transcription on the viral genome did not correlate with other PTM
characteristic of the same transcription activity, or counter-correlate with the opposite ones.
In contrast, and as expected, the PTM on the cellular genome correlated with other PTM
characteristic of the same transcription state and counter-correlated with those of the
opposed transcription state. Transcription and PTM levels in any HSV-1 gene resolved and
clustered according to time after infection, not individual gene transcription level (Gao et al.,
2020). The changes in the histone PTM thus occur synchronously through the entire HSV-1
genome, and regardless of the levels of transcription of any individual gene, as the infection
progresses. In contrast, the histone PTM typically change in the cellular chromatin
according to the level of transcription of the individual gene.

6.2. The peculiar dynamics of the HSV-1 chromatin

6.2.1. HSV-1 chromatin has distinct biophysical properties—In contrast to
cellular, HSV-1 DNA is protected from MCN digestion mostly to very large sizes,
heterogeneously sized, or mono-nucleosome sized fragments even after very short
digestions. Moreover, whereas the percentage of cellular soluble chromatin DNA digested to
mono-nucleosome size increases with digestion time, as expected, approximately 20% of the
viral DNA in the soluble chromatin is protected in mono-nucleosome complexes at any time
(Lacasse and Schang, 2010, 2012). This highly unexpected protection pattern is the most
consistent with the models in which the viral chromatin is so dynamic that the residency
time of the core nucleosomes is of the same scale as that of the linker histones, and thus the
mono-nucleosomes are degraded at basically the same rate at which they are released from
the long poly-nucleosome chains in the insoluble chromatin. Then, cleavage, or
tagmentation, would occur at random in the core nucleosome or linker DNA, yielding the
observed variety of fragments of heterogeneous sizes migrating as a smear in the agarose

gel.

The forty-one chromatin proteins and epigenetic modifiers detected to interact with lytic
HSV-1 genomes by iPOND or aniPOND also supports a highly dynamic state for the viral
chromatin (Dembowski and DeLuca, 2015). Such a dynamic chromatin would also result in
inefficient cross-linking, as the core nucleosomes would not interact with any given
sequence of DNA for long, and thus the commaonly observed low ChlP efficiency of HSV-1
DNA.
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The nuclease protection assays were thus modified to minimize the digestion of any unstable
poly-nucleosome intermediate. In brief, digestion is performed while centrifuging to
separate insoluble and soluble chromatin. Every 5 min, the soluble chromatin is recovered
and the MCN in this fraction is immediately quenched, whereas the still insoluble chromatin
is resuspended in fresh MCN to continue the digestion. Any poly-nucleosome already
released into the soluble chromatin fraction is no longer exposed to MCN and thus cannot be
further degraded regardless of the dynamics of the nucleosomes. All soluble chromatin is
then pooled and resolved by hydrodynamic ratio in sucrose gradients, which resolve native
poly-nucleosome chains. Under this modified protection, named “serial” digestion, the viral
DNA is quantitatively protected to sizes corresponding to those of mono-to poly-
nucleosomes in complexes that have the hydrodynamic ratio of cellular mono-to poly-
nucleosomes (Lacasse and Schang, 2010, 2012), in which it interacts with histone H3 as
shown by ChIP of the HSV-1 DNA in all chromatin fractions (Hu et al., 2019). The simplest
model for these complexes is that HSV-1 forms highly dynamic nucleosomes during lytic
infections. Such highly dynamic nucleosomes are also consistent with the unique patterns of
protection to nucleases or tagmentation (Dremel and DeLuca, 2019; Lacasse and Schang,
2010, 2012; McSwiggen et al., 2019), as well as the commonly observed low efficiency of
co-immunoprecipitation of HSV-1 DNA with histones.

6.2.2. The major HSV-1 transcription activator, ICP4, modulates chromatin
dynamics—The dynamics of the viral chromatin could well be related to transcription, in
that chromatin generally regulates the accessibility of DNA to transcription proteins.
Interestingly, the major essential activator of HSV-1 gene expression, ICP4, is necessary and
sufficient to regulate the dynamics of all types of histones, and particularly so in the viral
replication compartments (Gibeault et al., 2016). ICP4 interacts widely with the viral
genome, by recognizing loosely defined binding sites (Dremel and DeLuca, 2019). The
authors concluded that those interactions replaced nucleosomes (Dremel and DeLuca, 2019),
but it is also possible that ICP4 binding to the viral DNA with low affinity may well
contribute to modulate the residency time of the core nucleosome, resulting in the highly
dynamic chromatin (Conn et al., 2008, 2011, 2013; Conn and Schang, 2013; Gibeault et al.,
2016; Hu et al., 2019; Lacasse and Schang, 2010, 2012; McSwiggen et al., 2019). The
enrichment in epigenetic modifiers interacting with the HSV-1 genome detected by iPOND
and aniPOND is also consistent with a highly dynamic viral chromatin (Dembowski and
DelLuca, 2015).

6.2.3. HSV-1 chromatin dynamics and transcription—The dynamics of the viral
chromatin could well be related to transcription levels. One could envision that the genes in
the most dynamic chromatin would be more often accessible and therefore transcribed to
higher levels than those in less dynamic chromatin, dynamics which could be modulated by
PTM.

The model proposing transcriptional regulation by chromatin dynamics was tested by
analyzing the DNA in each fraction after the serial digestion followed by sucrose gradient
fractionation and deep sequencing, “MCN-Frac-Seq” (Hu et al., 2019). Accessibility of the
DNA in the chromatin is probed by the restricted serial MCN digestion, resolving the
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released chromatin fragments through a sucrose gradient, and deep sequencing the DNA in
each fraction (Hu et al., 2019). If accessibility of each individual gene dictated its
transcription, then all highly transcribed genes should be equally accessible, and thus
enriched in the fractions containing the shortest poly-nucleosomes, and all poorly
transcribed genes should be equally inaccessible, and thus enriched in the largest poly-
nucleosome fractions. Instead, the accessibility of the entire genome was related to its global
level of transcription (Hu et al., 2019). In infections treated with the protein synthesis
inhibitor cycloheximide (CHX), conditions in which only the IE genes are transcribed, for
example, the IE genes were not more (or less) accessible than the rest of the genome.
However, the entire genome was far less accessible than in untreated infections (Hu et al.,
2019). Roscovitine, the (indirect) inhibitor of global HSV-1 transcription (Diwan et al.,
2004; Schang et al., 1998, 1999) resulted in similar global inaccessibility of the HSV-1
genome. Phosphonoacetic acid (PAA-which inhibits DNA replication and thus the
transcription of only the strictly L genes) did not result in less accessibility to the L genes,
and the (largely transcribed) viral genomes had similar accessibility than in the untreated
infections (Hu et al., 2019). As a caveat, population analyses cannot resolve any small
subpopulation of transcribed genomes from a vast majority of non-transcribed ones and
some populations of genomes in the same infected cell are transcribed whereas other are not
(Cohen and Kobiler, 2016; Kobiler and Afriat, 2021; Kobiler et al., 2010, 2011).
Nonetheless, the simultaneous changes in accessibility and general transcription activity are
the most consistent with any model proposing that chromatin accessibility regulates the
transcriptional competency of the HSV-1 genomes, whereas the transcription level of any
given gene is regulated by promoter-specific factors, likely in only a minority of the
genomes in the cell (Hu et al., 2019).

ATAC-seq or MCN protection assays have also shown no preferential accessibility to
transcribed over non-transcribed genes (Dremel and DeLuca, 2019; McSwiggen et al.,
2019), and ChlIP-seq has shown no good correlation between specific histone PTM and the
level of transcription of a given gene, but rather global changes in PTMs along the entire
viral genomes that correlate with the global level of transcription of the genomes (Dremel
and DeL.uca, 2019; Gao et al., 2020). Using high resolution imaging, Dr. O’Hare has shown
that the HSV-1 genomes must decondense for transcription to occur (Sekine et al., 2017),
which is consistent with them becoming competent by increased chromatin dynamics.

7. The unique characteristics of the HSV-1 chromatin and its epigenetic

regulation indicate a potential role for epigenetic targets in antiviral therapy

Chromatin epigenetic PTM associated with transcription or silencing are present in more or
less transcribed viral genomes, respectively, and several epigenetic inhibitors modulate viral
transcription and replication, strongly supporting that epigenetics regulate HSV-1
transcription. More specifically, chromatin epigenetics appears to regulate the transcriptional
competency of the viral genomes, not the actual transcription levels of individual genes.
Cellular transcription competency is also regulated epigenetically, but the mechanisms
appear to be divergent. Whereas in cellular chromatin competency is often marked by
specific epigenetic PTM at regions spanning the promoters of the regulated genes, which are
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sometimes marked with ambivalent or poised PTM (Barski et al., 2007; Blanco et al., 2020;
Sen et al., 2016), the competency of the viral chromatin appears to be determined by the
overall dynamics of the viral chromatin on the entire genomes (Fig. 8) (Hu et al., 2019);
recently reviewed in (Kobiler and Afriat, 2021). These dynamics themselves appear to be in
part determined by global enrichment in particular PTM in the viral chromatin, in that the
PTM change along infection as HSV-1 DNA accessibility does (Gao et al., 2020; Hu et al.,
2019).

These global dynamic changes are consistent with the architecture of the viral promoters.
The IE promoters are activated early on, when the viral chromatin is less dynamic and has
PTM associated with less accessibility. These promoters are the ones that have the most
binding sites for transcription factors (Fig. 3), which would allow them to be accessed even
in less dynamic chromatin. The E promoters have only a couple of binding sites for
transcription factors (Fig. 3) and would thus not be easily bound by them until the global
viral chromatin dynamics increase. The minimalistic L promoters, with basically only a
TATA box or an initiator element, would only be accessible to transcription proteins when
the viral chromatin is the most dynamic (Hu et al., 2019).

No cellular chromatin is currently known to have similar dynamics to the transcriptionally
competent HSV-1 chromatin, or to be globally regulated by chromatin dynamics as the viral
chromatin appears to be. Cellular promoters typically have many more binding sites for a
variety of transcription factors, which would allow their access in less dynamic chromatin.

The differences between the viral and cellular chromatin and their regulation are so marked
that perhaps unique names are needed for the viral nucleosome- and chromatin-like
structures. It is theoretically possible to exploit the uniqueness of the viral chromatin to
develop antiviral approaches targeting the factors that determine its extreme dynamics, thus
minimizing the risk of using epigenetic approaches to episodically treat life-long latent
HSV-1 infections. For this potential to be materialized, however, the mechanisms leading to
the unique properties of the viral chromatin must be identified and characterized, such that
suitable targets can be identified. Many of the multiple epigenetic drugs being developed are
likely to eventually show not to have much of an effect i in humans. Combination of such
epigenetic drugs targeting relevant targets particularly involved in the regulation of the
highly dynamic viral chromatin could open new avenues toward the development of
innovative antivirals.
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Fig. 1.

Epigenetic chromatin regulation. Top, silenced chromatin inaccessible to transcription
factors and some of its typical epigenetic modifications; Bottom, active chromatin accessible
to transcription factors with some of its typical epigenetic modifications. Selected chromatin
modifiers regulating the transitions between the two are presented at the sides of the arrows.
Blue, DNA,; orange, core nucleosome; green, linker histone H1 (darker shade for the least
dynamic, lighter shade for the most dynamic); black oval, heterochromatin protein 1; gray
oval, transcription factor TF; Gray rectangle, high mobility group proteins; dash arrows,
disassembly and reassembly. Me/2/3, methylation, di- or tri-; Ac, acetylation; P,
phosphorylation.
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The HSV-1 Iytic replication cycle. Yellow circles, nuclear HSV-1 genomes.
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Fig. 3.

Tygpical structures of the promoters of HSV-1 IE, E and L genes. Cartoon on top, HSV-1
genome and ORF. Red, immediate early genes; Blue, early genes; Yellow, late genes; Gray
rectangles and ovals, cognate sequences for the VP16/HCF-1/Oct1 complex or ICP4, which
are recognized by viral proteins (alone or in complexes); Black rectangles, cognate
sequences for cellular transcription factors. Green rectangles and ovals, TATA box or Inr
elements. See the text for details and discussion.
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Fig. 4.
The HSV-1 infection cycle in humans depicting lytic and latent infections; for details see the

main text.
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Fig. 5.
Chromatin protection assays. Left, protection of a regularly chromatinized DNA template

and the expected DNA products. Right, protection of a dynamically chromatinized DNA
template in which the residency time of the core nucleosome approaches that of the linker
histones. Middle, resolution of the protected DNA fragments expected from each chromatin
type. Blue, DNA; orange, core nucleosome; green, linker histone H1 (shades as in Fig. 1);
Black arrows, cleavage sites; Blue rectangles, protected DNA fragments sizes, as resolved
by agarose gel electrophoresis.
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Fig. 6.
Roscovitine inhibits transcription driven by the ICPO promoter in the HSV-1 genome but not

by the same promoter recombined in the cellular genome. The ICPO promoter (red line)
recombined in cellular genome (blue line) remains accessible to transcription proteins in
cells treated with roscovitine (top), whereas the same promoter (red line) in the viral genome
(purple line) is inaccessible in the same cells (bottom). Blue line, cellular DNA; Purple line,
viral DNA; light blue line, cellular promoters; red line, viral promoter.
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Fig. 7.

In?eractions between HSV-1 DNA, core histones, histone H3 or H4 with PTM associated
with transcription or silencing, or CTCF. X-axis, HSV-1 genome; Y axes, number of
publications describing any association with any given histone, PTM, or CTCF for that
particular genome locus. Vertical lines, the regions of the HSV-1 genome analyzed, to scale
(i.e., the coverage); Colors of lines (and triangle heads on top), type of infection analyzed
(for CTCF), or region of the gene analyzed (promoter, TSS, gene, or LAT) for all others;
Colors and sizes of circles on top of each line, histone or PTM analyzed or number of
studies analyzing each particular association, respectively. H4ac, H4 acetylated in K5, K8,
K12 or K16. Note that several of the loci evaluated are in the repeated regions.
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Fig. 8.

Cr?romatin dynamics mediated regulation of cellular or viral transcription. Epigenetic
regulation of a specific cellular gene with PTM characteristic of active transcription
increases its accessibility to transcription proteins and therefore activates transcription,
whereas another gene in the same chromosome remains tightly chromatinized with PTM
characteristic of repression and transcriptionally inactive (top). Epigenetic regulation of
HSV-1 genomes, in contrast, dictates the accessibility to entire genomes (bottom). HSV-1
genomes in dynamic and accessible chromatin, enriched in PTM associated with
transcription, are accessible to transcription proteins and therefore transcriptionally
competent although only the gene on top is actually transcribed at this time (left). HSV-1
genomes in less dynamic or accessible chromatin, enriched in PTM characteristic of
silencing, are not accessible to transcription proteins and therefore the entire genomes are
transcriptionally incompetent (right). Blue line, cellular DNA; Purple line, viral DNA; light
blue line, cellular promoters; red line, viral promoters.
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