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Herpes simplex viruses type 1 and type 2 (HSV-1 and HSV-2) produce lifelong infections
and are highly prevalent in the human population. Both viruses elicit numerous clinical
manifestations and produce mild-to-severe diseases that affect the skin, eyes, and
brain, among others. Despite the existence of numerous antivirals against HSV, such
as acyclovir and acyclovir-related analogs, virus variants that are resistant to these
compounds can be isolated from immunosuppressed individuals. For such isolates,
second-line drugs can be used, yet they frequently produce adverse side effects.
Furthermore, topical antivirals for treating cutaneous HSV infections usually display poor
to moderate efficacy. Hence, better or novel anti-HSV antivirals are needed and details on
their mechanisms of action would be insightful for improving their efficacy and identifying
specific molecular targets. Here, we review and dissect the lytic replication cycles of
herpes simplex viruses, discussing key steps involved in cell infection and the processes
that yield new virions. Additionally, we review and discuss rapid, easy-to-perform and
simple experimental approaches for studying key steps involved in HSV replication to
facilitate the identification of the mechanisms of action of anti-HSV compounds.

Keywords: life cycle herpes simplex viruses, replication cycle herpes simplex virus, herpes simplex virus infection
steps, antivirals, acyclovir, antiviral drugs

INTRODUCTION

Herpes simplex viruses type 1 (HSV-1) and type 2 (HSV-2) are two Alphaherpesvirinae viruses
that are highly prevalent in the human population and are known to produce numerous clinical
manifestations after the infection of different tissues within the host. While the world prevalence
for HSV-1 nears 67%, estimates for HSV-2 fluctuate between 11 and 20% (http://www.who.int)
(Looker et al., 2015). Infections with HSVs mainly occur after these viruses have gained contact
with the mucosae or micro-lesions in skin epithelia; dissemination in turn ensues from oral and
genital secretions (Kaufman et al., 2005). Similar to other herpesviruses, HSV infections are lifelong
and generally asymptomatic, yet the viruses can be shed from infected individuals independent
of the occurrence of clinical manifestations (Wald et al., 2000). Additionally, HSVs can infect
neuronal prolongations enervating peripheral tissues and establish latency in these cells, namely
in the trigeminal ganglia and dorsal root ganglia of the sacral area from where they can sporadically
reactivate (Gillgrass et al., 2005; Margolis et al., 2007; Huang et al., 2011).
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FIGURE 6 | Viral capsid assembly in the nucleus and transport to the cytosol. (A) y-mRNA translation. (B) Import of capsid proteins into the nucleus. (C) Capsid
Assembly. (D) Capsid Maturation. (E) Viral genome packaging. (F) Initial tegument assembly. (G) Capsid envelopment in the INM. (H) Capsid envelopment in the
perinuclear space. (l) Fusion of enveloped nuclear capsids with the ONM. (J) Release of mature capsids into the cytoplasm. INM, Inner Nuclear Membrane; ONM,
Outer Nuclear Membrane; NEC, Nuclear Export Complex; NLS, Nuclear Localization Sequences; ER, Endoplasmic Reticulum; TG, Trans-Golgi Network.

the virus mutant and maintained at 39°C to induce the reversible
accumulation of a population of procapsids. Then, cells were
treated with BFA and shifted to 31°C for 3h in order to let the
accumulated procapsids mature. Results obtained using electron
microscopy revealed an inhibition in the budding of capsids from
the INM, because procapsids matured and packaged the viral
genome, yet remained non- enveloped in this space and failed to
exit the nucleus (Dasgupta and Wilson, 2001).

VIRION MATURATION IN THE CYTOPLASM

After leaving the nucleus (Figure 3 step 11), additional tegument
proteins will be added to the capsids in the cytoplasm, such
as U7, Upll, UL16, and Ur51 (Owen et al., 2015). Several

tegument proteins have been described to partially localize at
both compartments, such as VP1/2, U137, U4l (vhs), Up46,
Ur47 (VP13/14), Ur48 (VP16), Ur49 (VP22), although it is
not clear whether these proteins are associated with capsids
inside the nucleus or not (Pomeranz and Blaho, 1999; Donnelly
and Elliott, 2001; Bucks et al., 2007). Due to the diversity of
components that conform the tegument, it has been hypothesized
that a subset of internal tegument proteins, including VP1/2
will anchor to the capsid and act as a scaffold protein to allow
other tegument proteins to build upon it through the interaction
with capsid proteins such as Up19 (VP5), Upl7, and Up25
(Newcomb and Brown, 2010). A screen using mutant HSV
viruses identified Uy25 and VP1/2 as essential determinants
for the binding of tegument proteins to the capsids (Coller
et al., 2007). Finally, VP1/2 has been shown to interact with
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the tegument protein Uy,37, which further supports the bridging
of tegument proteins with the viral capsids (Kelly et al,
2012).

Given that viral capsid assembly and their maturation involve
several viral proteins and numerous cell compartments that make
analyzing alterations in these processes complex, a frequently-
used approach to determine interference with these steps
consists on using transmission electron microscopy. TEM allows
determining where viral particles accumulate, by evidencing a
collection of capsids at specific compartments within infected
cells, such as the nucleus, perinuclear space or cytoplasm, among
others (Kaufman, 1962; Nicola and Straus, 2004; Cheshenko
et al., 2014; Roizman and Zhou, 2015; Wang et al., 2016).
Importantly, reporter proteins fused to viral determinants, such
as GFP will again help following the migration and accumulation
of relevant viral components throughout the cell thanks to
confocal microscopy (reviewed in Hogue et al., 2015). The
recent development of a triple fluorescent-tagged HSV that
has the capsid protein VP26, tegument protein VP22 and
envelope protein gB fused to yellow-, red-, and cyan-fluorescent
proteins, respectively allows the simultaneous tracking of all
three viral components in living cells by confocal microscopy
(Sugimoto et al, 2008). The use of this triple-fluorescent-
labeled HSV particles has contributed in identifying in which
cellular compartment do viral components accumulate after drug
treatments (Sugimoto et al., 2008). Also, cellular markers such as
endoplasmic reticulum and Golgi apparatus molecular markers
TGN46 for TGN, GM-130 for cis-Golgi, Golgi 58K for cis-,
medial-, and trans-Golgi and EEA1 for endosomes can be used
in order to visualize the specific compartments in which viral
components accumulate (reviewed in Henaff et al., 2012). Such a
virus can thus be used to determine the mode of action of specific
drugs that are suspected to interfere with the maturation of viral
capsids and virion assembly in the cell before their release into
the extracellular medium (Sugimoto et al., 2008).

Despite the enormous potential of recombinant viruses that
encode reporter genes as tools for identifying mechanisms of
action of drugs, electron microscopy remains somewhat the
most-frequently used technique to study virion maturation and
exit, because of the ease of this approach in identifying at which
compartment viral particles are trapped. Yet, with appropriate
molecular markers for differentiating distinct compartments, it
is likely that confocal microscopy will be as good or better than
TEM for this analysis. Most likely the combination of both assays,
first TEM and then confocal microscopy would help focusing
analyses on particular cellular compartments.

Alternatively, cellular sub-fractioning and analyses of
fractions by western blot against specific viral proteins may
also be informative to localize viral structures at different
compartments and hence, narrow down the mode of action of
novel antiviral drugs.

VIRION MATURATION AND RELEASE INTO
THE EXTRACELLULAR MEDIUM

While viral capsids are assembled in the nucleus and released
into the cytoplasm, HSV glycoproteins are translated into the

endoplasmic reticulum from which they will be derived into the
trans Golgi network (TGN) (Wisner and Johnson, 2004; Turcotte
et al., 2005) and then directed to multi-vesicular bodies (MVBs)
(Figure 3, process 8 and Table 1) (Calistri et al., 2007). After
the viral glycoproteins have reached the TGN and MVBs, these
proteins will be exported to the plasma membrane (Figure 3,
Process 9) (Alconada et al., 1999; Brideau et al., 2000; Beitia Ortiz
de Zarate et al., 2004). Once on the cell surface, these proteins
will be endocytosed and returned to early endosomes (Figure 3,
Process 10 and Table 1) (Alconada et al., 1999; Hollinshead et al.,
2012). Viral capsids in the cytoplasm will then fuse with HSV-
glycoprotein-containing endosomes to form infectious virions
within vesicles (Figure 3, Process 11 and Table 1) (Albecka et al.,
2016). Finally, the virions within these vesicles will be secreted
into the extracellular medium after traversing the actin mesh in
the inner face of the plasma membrane (Figure 3, Process 12 and
Table 1) (Hollinshead et al., 2012).

Because the above-mentioned processes involved in the
replication cycles of HSVs depend on host-vesicle transport,
the antiviral effect of ABMA, [l-adamantyl (5-bromo-2-
methoxybenzyl) amine], a small molecule that acts selectively on
host-endosomal trafficking was investigated in HSV-2 infection.
Interestingly, ABMA was shown to inhibit early events in the
infection process of HSV-2, but also later stages when applied
6-18h post-infection, corresponding to the final steps of the
replication cycle of HSVs. Importantly, ABMA was shown to
confer significant protection against intravaginal challenge with
HSV-2 in female BALB/c mice by reducing virus loads, among
others (Dai et al., 2018).

To determine the localization of viral glycoproteins within
the TGN, confocal laser microscopy could be carried out
using Giantin as a molecular marker and fluorescently-labeled
antibodies against HSV glycoproteins (Figure 3, Process 9 and
Table 1) (Henaff et al., 2012). Other TGN and HSV markers
can also be used, such as TGN46, C6-NBD-cer, Golgin 97,
and TGN38, as well as the viral protein ICP0 (Komuro et al.,
1989; Pagano et al., 1989; Ladinsky and Howell, 1992; Turcotte
et al., 2005). To assess whether MVBs also contain these viral
components, the LAMP-1 marker can be used together with a
marker for the viral glycoprotein B (Futter et al., 1996; Turcotte
et al, 2005; Calistri et al,, 2007). While LAMP-1 displays a
dispersed pattern throughout the cytoplasm in uninfected cells,
cells infected with HSV (12-24 h post-infection) show the LAMP-
1 marker concentrated in MVBs and late endosomes (Calistri
et al, 2007). Alternatively, the endocytosis process of viral
glycoproteins from the cell surface has been assessed by labeling
the outer membrane of the cell with horseradish peroxidase
(HRP) and then localizing the activity of this reporter within
different cell compartments by electron microscopy, while co-
staining against viral glycoproteins (Hollinshead et al., 2012)
(Figure 7). A similar approach can be performed by laser
confocal microscopy, by labeling proteins of interest both, from
the host and virus (Figure 3, Process 10 and Table 1) (Foster
et al., 2004; Albecka et al., 2016). Furthermore, other types
of microscopies that have been recently developed, such as
photoactivated localization microscopy (PALM) and stochastic
optical reconstruction microscopy (STORM) could be used to
closely follow virion egress from infected cells (Ferndndez-Sudrez
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FIGURE 7 | Endocytic pathway as a source of HSV envelope and experimental evaluation. (A) 1. Synthesis of viral glycoproteins in the endoplasmic reticulum.

2. Post-translational modifications of viral glycoproteins through Golgi apparatus. 3 Glycoproteins arrived at trans Golgi network and transport to the plasma
membrane. 4. Glycoproteins arrive at the plasma membrane exposed to the extracellular space. 5. Staining of viral glycoproteins with primary antibodies and
endocytosis. 6. Transport of antibody-stained viral glycoproteins through early endosomes. 7. Antibody-stained glycoprotein-containing tubules wrap cytoplasmic
capsids forming virions with a double membrane. Cell fixing and secondary antibody fluorophore-conjugated staining for confocal microscopy evaluation. ER,
endoplasmic reticulum; GA, Golgi apparatus; PM, plasma membrane; TGN, trans Golgi network; EE, early endosomes. (B) In order to study the process of virion
maturation in the cytoplasm, it is possible to perform an antibody uptake assay. First, a confluent plate of cells is infected, 1 h after the cells are washed with acid
buffer in order to inactivate residual viral particles. Then the cells are washed with PBS and incubated in free bovine serum medium with anti-glycoprotein primary
antibodies for 16 h. Then, the cells are fixed and stained with a secondary antibody conjugated with a dye for immunofluorescence detection.

and Ting, 2008; Hogue et al., 2014, 2016; Laine et al., 2015).  could vary upon treatment with a drug that interferes with its
Remarkably, these new microscopy techniques have allowed  glycosylation pattern (Avitabile et al., 2004; Calistri et al., 2007).

observing viral component at subcellular localizations within Virion exit from infected cells involves their passing through
living cells infected with HSV at high resolutions (Figure3, a physical barrier in the inner plasma membrane side which
Processes 8,9, 10, 11). consists on a curtain of F-actin (Schumacher et al., 2005; Roberts

On the other hand, analyzing the glycosylation levels of HSV  and Baines, 2010). To surpass this structure, HSV has been
glycoproteins at this stage could also be informative. This post-  reported to activate myosin Va (myoVa), an actin motor, which

translational modification could be determined by performing  through ATP hydrolysis is capable of mobilizing cargo along
western blots against viral glycoproteins and comparing the  polar actin fibers toward its plus end (Roberts and Baines, 2010).
migration profiles of these proteins relative to that of untreated ~ Consistent with this finding, cells transformed with a myoVa-
cells (Johnson and Spear, 1983). For instance, gB usually displays ~ negative dominant were found to secrete less virus and retained
an apparent electrophoretic weight of 115 and 100 kDa, which  more viral structures than infected control cells; Virus trapped
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within infected cells was released by freezing and thawing the
cells (Roberts and Baines, 2010). Given these findings, it is
possible to conceive scenarios in which antivirals may block the
final steps of the infectious cycle and interfere with virus release
into the extracellular medium. Evaluation of interference with
the HSV replication cycle at this step could be assessed by lysing
infected cells and analyzing whether the released content has
infectious viral particles that were trapped within the cells and
unable to undergo the final exit steps. Two common strategies
for lysing cells and recovering virus particles within them for
posterior tittering are freeze-thaw processes, as described above
and sonication of cells to interrupt the cell membrane and release
the cytoplasmic content (Arens et al., 1988). The content of the
lysed cells can then be evaluated over HSV-susceptible cells, such
as Vero cells for determining the presence of infectious particles
within treated cells, as determined by counting plaque forming
units (Figure 3, Process 12 and Table 1).

A high-throughput method for titrating HSV-1 uses a laser-
based scanning in near-infrared with fluorophore-conjugated
antibodies. Serial dilutions of virus are performed over
monolayers of HSV-susceptible cells and then plaques counted
thanks to a NIR-conjugated antibody against gB. Scanning results
in fluorescence intensity values are then interpolated into a
standard curve which converts the date into plaque forming
units. This method has been validated for antiviral drug screening
using acyclovir as a control (Fabiani et al., 2017).

Finally, an important factor to consider when dissecting the
HSV replication cycle is the destination of virions, which may
depend on the type of cell infected. While most cells infected
with HSV will release abundant amounts of virions into the
supernatant, a fraction of virions within the cell may be directed
to cell-cell contact areas depending on the cell infected. For
instance, in epithelial cells, virions are mainly transported to cell
junctions in the plasma membrane (Wisner and Johnson, 2004).
Transport selectivity to cell junctions has been suggested to be
mediated by the viral gE/gl complex in epithelial cells and in
combination with Us9 in neurons (Snyder et al., 2008). One
model suggests that the cytoplasmic domains of the proteins
from this complex extend from the vesicles that contain the
virions and tether these proteins onto kinesin motors (Kramer
and Enquist, 2013). Consistent with this model, mutations in gE,
gl or in the cytoplasmic domain of gE reduce the numbers of
HSV particles at cell-cell junctions and cause the accumulation
of virions in the apical region of the cells (Johnson et al,
2001). Interestingly, mutations in gE and gl yield plaques that
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