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Alpha herpesviruses are common pathogens of mammals. They establish a productive infection in many
cell types, but a life-long latent infection occurs in PNS neurons. A vast majority of the human population
has latent HSV-1 infections. Currently, there is no cure to clear latent infections. Even though HSV-1 is
among the best studied viral pathogens, regulation of latency and reactivation is not well understood
due to several challenges including a lack of animal models that precisely recapitulate latency/reactivation
episodes; a difficulty in modeling in vitro latency; and a limited understanding of neuronal biology. In this
review, we discuss insights gained from in vitro latency models with a focus on the neuronal and viral
factors that determine the mode of infection.
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Alpha herpesviruses & the latency strategy

Herpesviruses (HV) are large, enveloped viruses with double stranded linear DNA genomes. The virions contain
a characteristic tegument layer composed of several viral and host proteins as well as some mRNAs. All three
subfamilies of human HV (a, f and y) share a common replication strategy: they productively infect many cell
types, but a specific tissue or cell type is targeted to establish a reactivatable, life-long silent infection called latency
(see [1,2) for review). For B- and y-HYV, hematopoietic cells are the reservoir for latent infections, while a-HV
target peripheral neurons. Productive infection proceeds in most susceptible and permissive cell types in a well
characterized cascade fashion where viral immediate early proteins interact with host cell proteins and activate
transcription of early (E) viral genes. These E proteins are required to prepare the optimum environment for viral
DNA replication and subsequent structural viral late (L) protein synthesis [3,4]. This cascade of viral gene expression
is perfectly orchestrated and results in the rapid production of large numbers of progeny virions ready to spread to
other tissues and hosts.

a-HV infections (e.g., herpes simplex virus 1 and 2; HSV-1 and HSV-2, and varicella zoster virus; VZV)
are among the most common virus infections in the world [5-71. For HSV-1, the primary infection starts with
a productive infection in the epithelial cells of mucosal surfaces (e.g., nasal-pharyngeal cavity, genitals), yielding
hundreds to thousands of progeny particles per infected cell in less than a day. Some of these progeny virus particles
move into the innervating axons of the PNS neurons. Because epithelial tissues are highly innervated by sensory
neurons, the dorsal root ganglia (DRG) and trigeminal ganglia (TG) are the primary sites of latency (8,9]. However,
neurons of other autonomic sympathetic ganglia that innervate peripheral tissues such as superior cervical ganglia
(SCQ) also harbor latent viral genomes [10-13].

The highly polarized and differentiated state of neurons affects the infection dynamics and contributes to the
establishment of latency. As soon as viral particles enter PNS axons, viral capsids and inner tegument proteins
(those bound to the capsid) separate from the envelope proteins and the outer tegument proteins [2,14-16]. The
outer tegument contains the viral transcriptional activator, VP16 (i.e., UL48), which interacts with host cell factors
to activate viral gene expression and to initiate productive infection [17-19]. Axonal transport of the genome-carrying
capsids toward the neuronal nuclei is essential for the establishment of nervous system infection, but not much
is known about how outer tegument proteins like VP16 are transported. If tegument proteins and viral genomes

VIROLOGY

B

Future &3
Medicine ™

10.2217/fvI-2018-0023 © 2018 Future Medicine Ltd Future Virol. (2018) 13(6), 431-443 ISSN 1746-0794 431



Review

Koyuncu, MacGibeny & Enquist

are transported separately in axons and arrive asynchronously at the cell bodies, this may bias the infection mode
toward latency [20,21].

PNS axons can be centimeters to almost a meter long in humans (containing more than 90% of the neuron’s
cytoplasm). Axons are responsible for two-way transmission of information from the peripheral organs to the
neuronal ganglia and then to the CNS. This long distance retrograde transport of viral particles to the cell body
nucleus occurs on microtubules and relies on the interaction of viral inner tegument proteins with the cellular
motor dynein [22]. This interaction represents a potential bottleneck in the establishment of neuronal infection
because a finite number of dynein motors and adapters are found in axons. After the viral capsids reach the nucleus,
the genomes are released and the specialized latency mode of infection initiates [23-25]. During this latent phase,
herpesviral genomes are circularized and decorated with silencing nucleosomes with histone modifications that
allow transcription of only a small segment of the viral genome (the latency associated transcript [LAT]) (26-28].

Infecting the nervous system seems an unlikely strategy for successful virus evolution because of the essential nature
of the nervous system. If infection spreads to the CNS, virus replication and/or inflammation can be fatal [29,30].
Indeed, such infections often represent a ‘dead-end’ for the pathogen and the host. Well-known examples are
the zoonotic infections of rabies viruses. However, the a-HV strategy is unique and obviously successful because
infected peripheral neurons do not die and only occasionally produce measurable amounts of infectious virus
particles. Indeed, asymptomatic shedding of HSV-1 viral DNA has been reported (31]. Unlike HSV latent infection,
the VZV latent infection produces some viral proteins [9,32]. In general, because of the reduced expression of viral
proteins, the adaptive immune system is stimulated but is not sufficient to clear the latently infected neurons.
One contributing factor for such ineffective immune response may be that PNS neurons have limited responses to
inflammarory cytokines such as interferon. Because neurons cannot be replaced and are not easily cleared by the
immune cells, they represent an ideal reservoir for a-HV genomes.

For a latent infection to have any evolutionary advantage, the silenced viral genomes must retain the capacity to
express and initiate the productive cycle (i.e., reactivate) so that transmission to other hosts can occur. Reactivation
usually is triggered when the host experiences stress or damage (e.g., physical trauma, sunburn, fever, etc.) [4,33,34].
When well-known stress signaling and neuronal survival pathways are activated, transcription and replication of
the viral genome occurs and new virus particles are produced that move back to the site of the original infection
to ensure the spread of infection to other hosts [35]. Interestingly, despite the general global effect of stress on host
cells, the threshold for reactivation of latently infected PNS neurons is high: reactivation does not occur in all the
neurons that harbor silenced viral genomes. One idea has been that some neurons in the same ganglia contain more
copies of the silenced viral genome and those might have a higher chance of reactivation [36]. Another observation
is that within a single PNS nucleus, not all silenced genomes reactivate at the same time [25,37-39]. As currently
appreciated, there are many host and viral factors affecting the establishment of latency and reactivation that are
not well understood.

Usually, in a healthy latently infected host with a strong immune system, reactivations are well controlled,
and symptoms are mild and are revealed as cold sores, genital lesions or shingles blisters. However, in rare cases,
reactivation episodes may result in less well contained lesions leading to oral or genital ulcerations, keratitis,
blindness and even encephalitis [40,41]. HSV-2 reactivations tend to be more frequent and do not always present
as lesions [42,43]. A rare but serious complication of HSV-2 (or HSV-1) shedding in the genital tract is neonatal
HSV, which is estimated to occur in 10 of 100,000 live births globally. This equates to approximately 14,000 cases
per year (10,000 for HSV-2; 4000 for HSV-1) [44). Neonatal HSV can lead to CNS or disseminated disease and
is fatal in approximately 60% of untreated cases [45]. Asymptomatic reactivation and shedding of HSV-1 [46] and
VZV [47,48] are also known. In some rare cases, reactivating virus particles are disseminated in the CNS causing
seizures [48,49]. Control of latency, reactivation and subsequent spread of infection is affected by many cell intrinsic,
tissue-specific and systemic factors that are challenging to dissect. Thus, latency has recently been referred to as a
‘Gordian knot for its many layers of complexity [50].

The apparent paradox of the latency-reactivation cycle

The switch between silenced and productive infection in a single neuron seems paradoxical at first and has been
challenging to study. The latently infected neuron neither expresses detectable viral proteins nor replicates the viral
genome, and therefore cannot be easily distinguished from its uninfected neighbors by inspection. The only ways
researchers have been able to identify latently infected neurons are to isolate infected ganglia and look for LAT
expression or to reactivate the silenced infection by various methods to trigger the productive cycle [4,51-54. How
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Table 1. Selected human and veterinary pathogens of the alphaherpesvirinae subfamily studied in

latency/reactivation models.

Alpha herpesvirus Genus Native host Host tropism Tissue tropism Primary sites of latency Pathophysiology/disease
HSV-1 Simplex virus Human Human Mucosal epithelia Cranial sensory Orofacial lesions encephalitis
PNS neurons ganglia
HSV-2 Simplex virus Human Human Mucosal epithelia Lumbar/sacral Genital lesions
PNS neurons sensory ganglia Neonatal infections
vzv Varicellovirus Human Human Mucosal epithelia Cranial, thoracic, Chickenpox
PNS neurons lumbar/sacral Shingles
T cells sensory ganglia Postherpetic neuralgia
BHV-1 Varicellovirus Cattle Cattle Mucosal epithelia Cranial, sacral Rhinotracheitis,
PNS neurons sensory ganglia Vulvovaginitis,
T cells Tonsils Balanoposthitis, Abortion
PRV Varicellovirus Pig Most mammals Mucosal epithelia Cranial, sacral Aujesky’s disease (mad itch)
except higher PNS neurons sensory ganglia Abortion
primates Tonsils
SV Varicellovirus Nonhuman Nonhuman Epithelia PNS neurons Varicella (skin rash)
Primates Primates Alveolar myeloid cells
PNS neurons
T cells

BHV-1: Bovine herpesvirus 1; HSV: Herpes simplex virus; PRV: Pseudorabies virus; PNS: Peripheral nervous system; SVV: Simian varicella virus; VZV: Varicella zoster virus.

can the genomes be silenced in neurons and still be capable of being productive and then silenced again? Because
it is exceedingly difficult to study human a-HV infections in a controlled setting, veterinary a-HV infections
have provided considerable insight (see Table 1 and references [4,8,12,33,55-58] for extensive reviews). Even with this
excellent work, mechanistic details often remained elusive. Consequently, one solution to unravel such complicated
biology is to use a reductionist approach and develop simplified, well-controlled model systems.

The in vivo rodent models

Several rodent model systems have been developed that recapitulate some aspects of latency and reactivation of the
human and veterinary pathogens in their natural hosts (see reviews [4,12,23,54-56]). The mouse trigeminal explant
model provided key insights into HSV-1 reactivation [52]. In this system, HSV-1 (or HSV-2) is used to infect
peripheral epithelial tissues, and the infection spreads naturally into the PNS where latency is established. In this
model, HSV-1 does not reactivate unless either the latently infected ganglia are excised and put into tissue culture
systems or the animal is put through hyperthermia or injury-related stress. Approximately one to three neurons per
TG shows signs of productive infection after in vivo hyperthermia-induced reactivation [52).

Rodent models exist for the study of stromal keratitis [61] and postherpetic neuralgia induced by HSV infection [62].
VZV has been more difficult to study in standard animal model systems, but successful models include human
dorsal root ganglia tissue engrafted in SCID mice [63,64], Guinea pig (55,65 and the rhesus macaque—simian varicella
virus [66,67]. Correlating the findings from these varied model systems has been complicated not only due to
differences in virus strains and mutants used, but also due to differences in reactivation protocols and quantitation
techniques [51,57,68].

Complementary in vitro systems are being developed to test the iz vivo findings. However, these in vitro systems
have their own issues for studying latency. A primary issue is that infection of dissociated, cultured peripheral neurons
usually results in a productive, not a latent infection. Latency is often established by blocking viral replication with
antiviral drugs or interferon. In the following section, we will summarize how researchers developed models to
recapitulate latency and reactivation in rodent neuron cultures (also see reviews [33,69]).

Neuron culture models in retrospect

Initial attempts to model latency in culture were done in dissociated neurons where productive viral DNA replication
was inhibited by acyclovir, an antiviral drug. Acyclovir has been the most effective antiherpetic drug used in humans
since 1977 [70]. The drug is activated by a viral thymidine kinase in the infected cell, and only after activation
will the drug interfere with DNA replication [711. Acyclovir pretreatment of neurons, before infecting with HSV-1,
blocks viral replication and forces the productive infection into a quiescent state similar to 7z vive latency. By
using this method, Wilcox and Johnson showed that NGF deprivation triggers herpesvirus reactivation in cultured
primary neurons [72,73]. This paved the way toward a better molecular understanding of HSV reactivating stimuli.
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More than 20 years after this pioneering work, Camarena ez al., revisited and modified this experimental
protocol to show that constant activation of PI3K signaling by NGF maintains the HSV genome in the silent
state in SCG neurons [74]. Blocking NGF/PI3K signaling resulted in a productive infection. In this modified
model, SCG ganglia isolated from embryonic rats are homogenized and seeded into 96-wells. Six days after
seeding they are treated with acyclovir and subsequently infected, at a multiplicity of infection (MOI) of 1, with
an HSV-1 recombinant expressing GFP) fusion to a late protein. After acyclovir treatment, no GFP signal is
observed indicating establishment of a latent infection. Virus reactivation is assayed by appearance of the GFP
signal. Spontaneous reactivation occurs in 10-20% of the wells, and this percentage rises to 70% in 1 week upon
treatment with reactivating stimuli. Kobayashi ez 4/, further elucidated the downstream signal transduction events
required for reactivation and concluded that local mTOR signaling in axons maintains HSV-1 latency and controls
reactivation [75].

While axons are the initial site of viral entry into PNS neurons, their cell bodies are quite distant. The idea
of relaying information from axons to the distant cell bodies to control transcriptional events has attracted much
attention particularly in neuronal biology (76,771. However, experimental modeling of such long distance signaling
is challenging especially when studying HSV infection. To prove that axonal signaling could lead to HSV-1
reactivation in the nucleus, Kobayashi ez al. established HSV-1 latency by acyclovir treatment of SCG neurons
seeded either onto Boyden chamber inserts or in microfluidic chambers [75]. Boyden chambers are established by
cylindrical membrane inserts that separate a cell culture dish into upper and lower fluidic compartments. Cells are
seeded onto the upper compartment, and only axons can penetrate through the membrane. Axons that are growing
laterally on the bottom of the membrane are exposed to the media in the bottom compartment, while the cell
bodies and axons growing on top of the membrane are not. While these inserts allow biochemical analysis of axons
scraped from the bottom surface, it is challenging to perform axonal infections or microscopic analysis. Microfluidic
chambers on the other hand, enable axonal infection and microscopic observations (78], but it is difficult to perform
biochemical analyses and large scale screens in the microchannels.

To recapitulate the neuronal tissue architecture and the natural a-HV infection route, Hafezi e a/. developed
an organotypic model using chicken TG explants cultured in a double chamber where the two compartments are
separated by a cloning cylinder ring [21). In this model, ganglia are not dissociated, and their tightly packed structure
is preserved in the culture dish. Axons growing out from the explant penetrated the cylinder ring barrier and formed
the axon-only compartment. When the ganglionic compartment was infected with HSV-1, a productive infection
was observed. When axons were infected with HSV-1 at a comparable MOI, a quiescent infection was established
in a small number of neurons that expressed the LAT characteristic of a latent infection. The authors provided
evidence that axonal delivery of viral particles favors a quiescent state of infection in the ganglia (20,21]. Remarkably,
this quiescent state was established without the use of acyclovir, and viral genomes could be reactivated by drug
treatment or co-infection with other a-HV. Although this model provided the principle of in vitro establishment
of HSV-1 and HSV-2 latency via the axonal route, the explant setup of chicken TG explants consisting of different
neuron populations tightly packed together and the presence of only one barrier between compartments challenged
the isolation and quantitation of infected cell bodies and the reproducibility of the experiments.

Primary neuronal cultures in tri-chambers

A modified Campenot chamber consisting of three compartments, hence called the ‘tri-chamber’, has recently been
used to establish iz vitro latency in rodent neurons without the use of inhibitors [79,80]. Tri-chambers physically
separate cell bodies from axons during the establishment of neuronal polarity and maturation. Cell bodies in
the soma (S) compartment grow axons that first penetrate into the middle (M) and then into the neurite (N)
compartments. SCG neurons from rat embryos yield a homogenous neuron culture that grows robust axons in
the presence of NGE. These axons are capable of penetrating the two physical barriers in approximately 2 weeks.
This system allows not only microscopic observations and biochemical analysis, but it also enables well controlled
reproducible axonal infections. Use of this system facilitated an investigation of the viral and cellular factors
regulating productive versus latent pseudorabies virus (PRV) infection.

PRV is a swine alpha herpesvirus that infects most mammals with the exception of primates (Table 1). Its value
in part, stems from the fact that most of the PRV genes are related to those of the human a-HV. Therefore PRV
shares most of the common functions and replication strategies with HSV-1. A PRV recombinant expressing a
red fluorescent protein as a minor capsid protein fusion enables monitoring single virus particle motility in axons
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and imaging replication later in the neuronal nucleus. The red capsid fusion protein begins to accumulate in the
nucleus only after viral DNA replication, which clearly demonstrates productive infection.

Local protein synthesis & pseudo-injury signaling: critical processes for establishing productive
infection

How do viral particles reach the neuronal cell bodies to establish productive infection after axonal invasion?
The answer involves events in the initial virion—axon interaction and in the way viral proteins engage cellular
machineries. An important finding was that the number of virus particles that invade axons plays an essential role
in the outcome of infection [80]. For example, infection of axons in N-compartments with a large number of PRV
virions (sufficient to promote productive infection in all the cell bodies), activates translation of local neuronal
mRNAs in axons, which leads to local synthesis of several axonal proteins. When protein synthesis is inhibited
by cycloheximide or emetine, the efficiency of retrograde capsid transport is reduced. Some of these newly made
neuronal proteins, including a dynein regulator, LIS1, are indeed crucial for efficient virus transport toward the cell
bodies (81]. Induction of new protein synthesis in neuronal axons and dendrites has been a focus of research and
debate in neurobiology since the early 2000s [82]. In PNS neurons, local axonal protein synthesis is now known
to be essential for growth cone navigation, damage repair and communication with the distant cell body. Some of
the proteins that are synthesized locally engage signaling molecules transported to the cell body where they act as
messengers to alarm cell bodies in case of distal axonal injury [77].

Exposing axons to large numbers of virus particles triggers a mechanism similar to the axonal damage response.
Both injury and infection activate local protein synthesis and fast transport of signaling molecules toward neuronal
nuclei (81,83]. These observations led to the hypothesis that large number of viral particles invading axons stimulate
translation of a subset of axonal messages to support efficient virus transport by repurposing the acute retrograde
injury signaling machinery. Viral particles compete with injury signaling complexes that are directed toward the
neuronal nucleus.

Establishment of PRV latency in compartmented neurons

The efficiency of retrograde transport and virus replication was correlated with the number of viral particles infecting
axons in tri-chambers. When axons were exposed to large number of virions, all the cell bodies were infected by 24
h postinfection. However, when axons were infected with 10- to 100-fold fewer virions, not only was virus particle
motility severely affected, but the cell body infection was delayed by 24 h. When the number of viral proteins
attaching to or entering axons is reduced, particles cannot induce the ‘injury response’, local protein synthesis and
efficient assembly of transport complexes [80].

Interestingly, when the concentration of virions added to axons was reduced further, no productive infection in the
cell bodies was observed, even after weeks of incubation. However, the viral genomes did reach the neuronal nuclei,
but were silenced. Such quiescent infections exhibited hallmarks of latency including increased LAT expression,
no detectable infectious virus production, and no DNA replication. Importantly, these silenced genomes could be
reactivated [79,80]. These studies showed that a simplified latency/reactivation system could be developed in the
absence of non-neuronal support cells, immune control, or drug treatment simply by infecting isolated axons with
a reduced number of viral particles.

Local antiviral responses in axons contribute to the establishment of latent infection

In a natural a-HV infection, axons innervating the peripheral epithelia are exposed to the cytokine milieu of infected
epithelial cells even before neuronal invasion by the progeny initiates. How does this complicated environment
affect axonal infection, particle transport and productive infection thresholds? Song ez al., investigated this question
by treating axons in N-compartments with type I (a/B) and II (y) interferon before infecting them at high
MOI with PRV (s4]. These studies identified two different modes of local interferon responses in axons. When
axons were treated with either IFN-f or IFN-y, PRV and HSV-1 transport was reduced. However, only type 1I
interferon exposure to axons induced transcription in the neuronal nuclei to further block viral replication. By
contrast, treatment of axons with IFN-B had no effect on cell body transcription but instead activated STAT'1
phosphorylation in axons. An important observation was that local antiviral responses in axons limited but did
not block the number of particles reaching the neuronal nucleus. Since we know that productive infection requires
a high number of capsids reaching the cell body, the cytokine response in axons probably contributes to the
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establishment of a latent infection in the ganglia by interfering with particle transport and reducing the number of
capsids reaching the nuclei [84,85].

Both type I and type IT IFNs limit replication and spread of a-HV in many cells by inducing the transcription of
a multitude of interferon-stimulated genes (86,87]. In the sensory ganglia of latently infected mice, interferons and
other cytokines secreted by infiltrating T cells contribute to the establishment and maintenance of latency [85,88-90].
Using porcine-dissociated TG neurons cultured in a two-compartment setup, De Regge ez 4/., demonstrated that
pretreatment of neurons with IFN-a suppresses axonally infecting a-HV replication leading to a stably silenced
infection similar to latency (1]. Not only do IFN-B and IFN-y promote establishment of latency, but they also
block HSV-1 reactivation by interfering with an early step in the process [92]. Both types of interferon fail to block
reactivation when they are introduced at a later phase.

Escape from silencing: modulating the switch

Roizman and Whitley, 2013 concluded in their review that “the path to latent state from the time viral DNA enters
the nucleus is far from clear. .. ” [4]. This path also involves the long distance transport of nucleocapsids in axons,
and it is challenging to dissect due to the difficulty of monitoring early events in an animal or homogenized neuron
culture model in which the fate of infection is hard to predict before the latent state is established.

In the tri-chamber neuron culture model, the natural route of infection is recapitulated by infecting axons with
low numbers of virus particles leading to a silent infection in a small number of neuronal cell bodies without the use
of drugs. The advantage of this approach is that it allows establishment of a ‘latent infection’ in a well-controlled
and reproducible way; it facilitates treatment of isolated cell bodies or axons separately to activate or inhibit target
pathways, and it enables study of not only the stimuli that promote reactivation, but also the factors that regulate
the initial switch from productive to latent infection.

Stress- versus tegument-mediated escape from silencing

When axons are infected with very few viral particles, the viral genomes are destined to be silenced in the neuronal
cell bodies but can be reactivated later. The challenge was to determine if the cell bodies could be manipulated
to shift the mode of infection from silenced to productive (i.e., what would enable viral genomes to ‘escape from
silencing’?).

Two separate pathways were uncovered that can trigger a shift in the mode of infection from silenced to productive:
the slow, stress-mediated pathway and the fast, viral tegument-mediated pathway. The stress-mediated pathway
was triggered by the addition of cyclic adenosine monophosphate or forskolin to the cell body compartment,
which subsequently activated PKA. If PKA was activated in the neuronal cell bodies at the same time that
axons were infected with very few particles, genomes were not silenced. Spreading PRV infection was detected
in S-compartments in approximately 7 days after the axonal infection. Importantly, this effect was dependent
on the activity of PKA and the stress signaling kinase, JNK (Figure 1) [79]. These results align with previous
findings suggesting that elevated cyclic adenosine monophosphate and PKA activation can reactivate quiescent
HSV-1 infections [95,96]. Recently, it has been shown that various HSV-1 reactivating stimuli converge on the JNK
pathway (97]. Induction of PKA apparently activates the JNK pathway, which is sufficient to promote PRV escape
from silencing.

Interestingly, when cell bodies in the S-compartment were exposed to a high concentration of UV-inactivated
PRV virions at the same time that axons were infected with a small number of virions, the productive infection
switch turned on in the cell bodies. Infection spread all over the S-compartment in 3 days, much faster than
forskolin-mediated escape or the reactivation after a long latency period [79).

These experiments clearly showed that the latency/productive infection switch could be manipulated by treating
cell bodies in the S-compartment. However, the UVPRV complementation did not allow distinguishing if it was
the abundance of defective genomes or the tegument proteins delivered by UV-treated virions that enabled escape
from silencing.

A well-known component of the a-HV productive replication cycle, capsid-less light particles (LP), provided an
answer to that question [79]. LP preparations contained viral envelope and tegument proteins, but lacked capsids
and viral genomes. Remarkably, exposure of cell bodies to LP was sufficient to bypass the silencing of axonally
infecting PRV genomes as fast as UVPRV. This result demonstrates that excess genomes are not involved in escape
from silencing, but viral tegument proteins are critical to override the latency program. It is important to note that
neither UVPRV- nor LP-mediated productive infection switch was blocked by PKA or JNK inhibitors (Figure 1).
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Figure 1. Two distinct molecular mechanisms mediate escape from silencing. (A) Forskolin mediates slow escape by
activating adenylyl cyclase (AC) on the plasma membrane that converts ATP to cAMP, and cAMP activates PKA. Such
escape takes almost 1 week and requires JNK activity. Nuclear translocation of PKA might activate CREB. Viral IE
promoters carrying CRE might be activated by this way. Active PKA might directly activate DLK, or MKK4. DLK or
MKK4 directly phosphorylates and activates JNK. (B) UVPRV and LP mediate fast escape. Several tegument proteins
are released into the cytosol after receptor mediated fusion of viral envelope to the plasma membrane. Tegument
proteins in the cell bodies activate the productive infection mode of axonally delivered viral genomes in 3 days. This
pathway does not require active PKA or JNK, since inhibition of PKA by H89 or JNK by JNKII does not block escape.
LP: Light particles; UV: Ultraviolet.

This finding suggested that tegument-stimulated escape from silencing did not involve a stress activated escape
pathway. The tegument protein or proteins that provide fast escape from silencing have not been identified yet. As,
HSV-1 tegument component VP16 is thought to be a major player in the initiation of reactivation (98], PRV VP16
(UL48) is likely to contribute to the observed fast escape from silencing,.

Upon infection of axons with large numbers of viral particles, thousands of copies of tegument proteins are
released into the cytosol ready to interact with host proteins. However, the majority of these proteins are not carried
by the capsid-transport complexes to the neuronal nucleus [15]. Apparently, with high MOI infections, sufficient
tegument components reach the cell body to initiate the productive cycle. In the mouse model of HSV-1 latency,
Thompson and Sawtell, 2000, suggested that productive replication of HSV-1 in a number of neurons in the
ganglia occurs before latency is established [99. This finding supports the idea that if tegument transport is efficient,
productive replication can start in neuronal cell bodies. However, this productive phase is quickly shut off by the
neurons that are supported by satellite cells and the immune system and latency is favored. In culture, it currently
is difficult to switch the infection mode from productive to quiescent once the productive infection is initiated.
Further studies are required to test the contribution of satellite cells and the effect of cytokine treatment during the
establishment of latency in the compartmented culture model.

Escape from silencing versus reactivation

The capacity of tegument proteins to bypass viral genome silencing to enable the productive mode is conceptually
different from reactivation. Usually, initiation of reactivation begins in the absence of tegument proteins, suggesting
that the reactivation trigger must be intrinsic to the host neuron. This phenomenon has attracted much attention in
the last decade, and the current research from many labs using different model systems has proven that reactivation
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is a multistep process consisting of at least two steps [34,57,100,101]. The first is activation of stress signaling kinases
that lead to the modification of silencing histones [97,1021. This step is reversible and can be called initiation
or preinitiation (i.e., Phase I) because it is a prerequisite for the relaxation of the viral heterochromatin [57). As
mentioned earlier, if neurons are exposed to type I or type II IEN at this phase, reactivation is blocked [92]. This
nucleosome relaxation allows random transcription of viral genes, which has been called exit from latency. This
transitional exit phase might yield sufficient tegument proteins to initiate the coordinated productive infection cycle
(Phase II) resulting in infectious progeny production. These progeny are the measure of actual reactivation. From
this point of view, tegument-mediated escape from latency bypasses the pre-initiation/initiation step of reactivation
and resembles the exit from latency step. This conclusion might explain why escape from latency via tegument
yields infectious virus much faster than the cellular stress mediated escape or reactivation. Similarly, the slow cellular
stress mediated escape from silencing mechanistically resembles reactivation, albeit the silencing modifications on
the viral episome most probably are not identical due to the shorter quiescence period.

Conclusion & future perspective

HYV live up to the Greek origin of their name (herpein: to creep), not only illustrating their characteristic vesicular
lesions, but also because latency/reactivation cycles ‘creep’ up on the infected hosts throughout their lives. Indeed, a
vast majority of the human adult population is infected with at least one or multiple members of the Herpesviridae
family. Reactivations likely occur more frequently than we know and although unseen, affect our health and quality
of life and maintain the virus in the human population.

The evolutionary advantage of this remarkable host—virus interaction (silenced yet reactivatable infections in the
PNS) must reflect, in part, the fact that neurons usually cannot be replaced, so cell death must be avoided. Most
typical cell responses to viral infection often involve apoptosis or other forms of cell death. PNS neurons do not
respond in this way. They deal with viral invasion as do many cell types, by silencing incoming foreign DNA.
This decision must be the normal response when only a few viral genomes reach the nucleus. Accordingly, a silent
infection is the ‘default’ pathway when tegument proteins are separated from genomes after a low MOI infection.

Reactivation of a silent infection in the PNS requires a signal from the host because no viral proteins are produced
in latently infected neurons. One idea is that neurons respond to stress by producing gene products to protect
themselves, and HV have evolved interactions to link the host stress signals to reactivation of silenced viral genomes.
The reactivation threshold is high since only a small number of latent genomes will respond to stress. The logic
for this tactic is twofold: the high threshold reflects the fact that the host must protect the integrity of the ganglion
and ultimately the life of the host while only a few infectious virions are sufficient to spread to epithelial cells where
productive infection will spread the infection to other hosts [103].

From the experiments with compartmented neuronal cultures, we learned that axonal biology, distinct from
what happens in the cell body, plays an important role in the establishment of latent a-HV infections. It is clear
that several bottlenecks or thresholds must be overcome to reach and establish infection in the neuronal nucleus.
This in vitro model of a-HV latency, while highly reductionist yet inductive, has provided testable hypotheses
and opens the way to investigate the decision making steps that result in a productive or silenced infection. This
culture model can be further embellished to include satellite or epithelial cells or immune cells (NK cells, T cells,
macrophages) that can be co-cultured in separate compartments.

It is evident that the combined use of simplified cell culture models along with 7 vive animal models has exposed
many mechanistic details of latency establishment, reactivation and the productive infection-latency switch. Yet,
important questions remain regarding the consequences of latency/reactivation at both the cellular and organismal
levels. Are latently infected neurons functionally different from their uninfected neighbors, and do they survive
reactivation episodes? Does HV reach the CNS following reactivation, and can latency be established in the brain?
Do recurrent reactivations play a role in the pathogenesis of neurodegenerative diseases? A detailed understanding
of the complex latency/reactivation cycle will undoubtedly have vast implications for human health due to the high
burden of latent a-HV infection.
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Executive summary

e Alpha herpesviruses (a-HV) are among the most common human pathogens (e.g., HSV, VZV) causing cold sores,
genital herpes, chickenpox and shingles.

e Less frequently, HSV infections can lead to blindness, encephalitis and hard-to-treat neonatal infections.

e Veterinary a-HV pathogens (e.g., PRV, BHV) cause devastating diseases in swine and cattle and lead to agricultural
losses.

e a-HV have co-evolved with their native hosts; they are highly species specific, and viral products interact with
several cellular machineries and pathways.

e «a-HV infections are productive in various non-neuronal cells but can be latent in the neurons of the PNS ganglia.

e o-HV latency is life-long, and there is no cure that eliminates latent viral genomes from the host neurons.

e PNS neurons extend long axons that innervate the skin and other peripheral tissues, and a-HV particles invade
these axons to travel to the neuron nucleus and establish latency.

e During entry and subsequent long distance travel in axons, virus particles dissociate from their envelope and the
outer tegument proteins.

e In the neuronal nucleus, viral genomes are covered by histones and silenced by histone modifications.

e Viral genomes persist in host cell nuclei as facultative heterochromatic nucleosomes.

e Latent HSV, PRV and BHV genomes do not express measurable amounts of viral proteins but do express high
levels of a long noncoding RNA (latency associated transcript).

e Not all neurons in a ganglion harbor latent viral genomes, and only a few of the latently infected neurons show
reactivating infection at a later time.

e Various stress signaling mechanisms (e.g., hormonal changes, hyperthermia, nerve injury, DNA damage)
reactivate latent viral genomes.

e Reactivation results in the production of infectious progeny virions that can spread the infection to other tissues
and hosts.

e The latency-reactivation cycle is difficult to study because it involves many cell-intrinsic, tissue-specific and
systemic factors.

e Rodent models do not recapitulate all the aspects of human a-HV latency and reactivation.

e «a-HV infections of dissociated neuron cultures usually lead to a productive infection unless DNA replication is
artificially blocked.

e Compartmented neuronal cultures enabled physical separation of axons from cell bodies and showed that axonal
infection by HSV and PRV leads to quiescent infections resembling in vivo latency, while cell body infection
initiates the productive phase.

e Tri-chamber neuron culture model of in vitro a-HV infection showed that:

e Axons autonomously sense viral invaders and respond by making new proteins and activating injury signaling
pathways.

e Virus particles repurpose axonal machineries to ensure efficient long-distance transport in axons.

e The number of viral particles infecting axons as well as innate immune responses affects the choice of latency or
productive infection in the neuronal nucleus.

e Reproducible and reactivateable in vitro latency can be established by infecting axons with a low concentration
of PRV virions without the use of DNA replication inhibitors or cytokines.

e Since the outcome of infection is predicted in such axonal infections, how viral genomes can escape from
silencing can be studied.

e PRV genome silencing can be overcome by activating neuronal PKA and JNK. Such stress-mediated escape takes
almost a week to promote productive infection.

e PRV genome silencing is rapidly overcome by the presence of tegument proteins independent of cellular PKA and
JNK pathways. The hypothesis is that axonal infection by low concentrations of virions results in separate
long-distance transport of viral particles and tegument that leads to the establishment of latency in the neuronal
nucleus.

e Compartmented neuronal cultures provide mechanistic understanding of the decision-making step of a-HV
infection before viral genomes reach the nucleus.

e |dentification of viral proteins and their cellular interaction partners promoting escape from silencing as well as
reactivation will lead to novel therapeutics blocking a-HV shedding and spread.
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