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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.
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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).

Despite numerous efforts invested in creating prophylactic formulations against HSV-1 and HSV-2, at present there are no vaccines against these viruses. An important effort consisting on a subunit protein-based formulation with the viral glycoprotein D as the main viral antigen combined with adjuvants, was reported to yield disappointing results after a phase 3 clinical trial (Kwant and Rosenthal, 2004; Belshe et al., 2012). Because of the lack of a vaccine against HSVs, antivirals are frequently used as a resource to treat the clinical manifestations that these viruses produce. While acyclovir and acyclovir-derived nucleoside analogs can prevent severe HSV infections, their absorption by the organism is somewhat limited and when applied in the form of topical creams for treating skin infections they usually show poor efficacy (Spruance et al., 1990). Additionally, the effectiveness of acyclovir and other commonly used anti-HSV antivirals is sometimes compromised by the occurrence of drug-resistant variants, which mostly arise in immunocompromised individuals; these antiviral-resistant isolates will require second-line drugs for their treatment, yet these compounds often produce significant adverse effects (Ziyaeyan et al., 2007; Suazo et al., 2015b). Therefore, antivirals that can effectively block the replication cycle of HSVs with few-to-none side effects are needed. Furthermore, understanding the mechanisms of action of such anti-HSV drugs could help design better antiviral compounds and potentially contribute at identifying additional drugs against HSVs and other herpesviruses. Our present knowledge on the molecular processes associated to the replication cycles of HSVs and their capacity to overcome cellular antiviral mechanisms provides excellent opportunities for identifying the mechanisms of action of antiviral compounds against these viruses (Suazo et al., 2015a).

Here, we review and discuss key steps involved in the lytic replication cycles of HSVs in vitro, namely processes related to virus binding to the cell surface, capsid entry into the cytoplasm, capsid migration within the cytoplasm together with viral genome delivery into the nucleus, viral gene expression, genome replication, virion assembly, and virus egress. Along the revision of these processes, we discuss simple and rapid experimental approaches that can be performed for assessing each of these steps in cells such as fibroblasts and epithelial cells. We also highlight anti-HSV compounds with known mechanisms of action and discuss experimental assays that can be used to narrow down the specific steps at which antivirals interfere with the lytic replication cycle of HSVs. Once the viral replication step that is blocked by the antiviral is recognized, more precise experimental approaches can be performed to examine the exact molecular factors involved.

ANTIVIRALS AGAINST HSVS

One of the first antiherpetic nucleoside analogs reported to be effective in the clinic is 5-iodo-2′-deoxyuridine (IDU) (Prusoff, 1959; Kaufman, 1962; Kaufman et al., 1962), which was then followed by vidarabine, the earliest drug to be used for systemic treatment of HSV infection (O'Day et al., 1976). At the end of the 70's, acyclovir an acyclic nucleoside analog which targets the herpesvirus DNA polymerase was introduced and nearly 50 years after it is still in use to treat HSV infections, mainly because of its safety record and acceptable efficacy (Elion et al., 1977). However, due to its low intestinal absorption variations of acyclovir were later developed (penciclovir, valacyclovir, and famciclovir), which simplify the treatment by reducing the frequency with which the antivirals needs to be taken during the day (Poole and James, 2018). Although all of these drugs significantly impact HSV replication in the host, they do not completely block virus shedding or clinical manifestations (Wald et al., 2006). Furthermore, for some clinical presentations such herpes labialis topical acyclovir only reduces in 1–2 days the length of HSV skin lesions, which can extend up to 10–14 days in primary infections and 7–10 days during recurrences (Moomaw et al., 2003; Arduino and Porter, 2008). Additionally, HSV isolates that are resistant to these drugs can be isolated from immunosuppressed individuals infected with these viruses, in which mutations are usually concentrated in the DNA polymerase (UL30) and thymidine kinase (UL23) genes (Sauerbrei et al., 2011) (reviewed in Suazo et al., 2015b). Second-line drugs, such as foscarnet which is a pyrophosphate analog and cidofovir, which is an acyclic phosphonate nucleotide analog also target the viral polymerase, yet at different sites than acyclovir and its analogs, and are approved for the treatment of acyclovir-resistant HSV infections in immunocompromised patients (De Clercq, 2013). Although effective against acyclovir-resistant isolates, these two drugs need to be administered intravenously and require medical supervision because of possible nephrotoxicity and kidney damage. Hence, novel drugs against herpes simplex viruses are welcome and needed. At present, numerous drugs, which are diverse in kind, such as synthetic drugs, recycled FDA-approved drugs and natural extracts display antiviral activity against HSV, with some of them in pre-clinical stages and others in advanced clinical trials (Hassan et al., 2015; Chaudhuri et al., 2018; Poole and James, 2018). Importantly, many of these drugs target viral components and processes that are different from the viral polymerase, which provides opportunities for combined drug therapies, such as those used against HIV (Andrei et al., 2011). As an example, several new antivirals target the viral DNA helicase/primase complex, such as BAY 57-1293 (Kleymann et al., 2002), ASP2151 (Katsumata et al., 2013), and AIC316 (Vere Hodge and Field, 2013), among others. Other antivirals target either other viral determinants or modulate host factors. For instance, some anti-HSV compounds modulate host cyclin-dependent kinases (CDKs) (Schang et al., 2002), the phosphorylation of AKT (Jaishankar et al., 2018), or the proteasome and NF-κB activation (La Frazia et al., 2006). How antivirals against HSV impact the replication of these viruses is discussed below together with a review of the key steps involved in the life cycle of these viruses. Importantly, determining the mechanism of action of antivirals is important for identifying other potential drugs with similar mode of action and to foresee potential toxic effects over healthy cells. Besides, knowing the mechanism of action of a drug is nowadays almost a prerequisite for clinical development.

Although the current review focuses on the lytic replication cycles of HSVs and antivirals that block their related processes, it is important to note that novel therapeutic strategies are also being developed to attack these viruses in the latent phases. Noteworthy, CRISPR/Cas9 has been harnessed to target several HSV genes both, required for latent and lytic infection and has been shown to almost completely suppress viral infection in vitro. Although the strategy in this study was ineffective in targeting quiescent HSV-1, it did abrogate replication of reactivated HSV-1 (van Diemen et al., 2016). On the other hand, targeted endonucleases encoded within adeno-associated virus (AAV) aimed at essential HSV genes was shown to induce mutations in latent HSV genomes in vivo in a model of latent HSV infection (Aubert et al., 2016). The use of CRISPR/Cas in targeting herpesviruses is reviewed in two recent articles (van Diemen and Lebbink, 2017; Chen et al., 2018).

A common approach for identifying the mechanism of action of antiviral drugs that hamper virus replication is performing “Time-of-Drug Addition” assays in vitro, which can help narrow down the mode of action of such compounds in just few days (Figure 1) (Daelemans et al., 2011). Overall, these assays allow determining how long after infection can the antiviral be added to the culture before losing its antiviral effect. A practical and easy readout for such assays is PFU yield, assessed by titering the supernatants of the treated cells. Importantly, these assays must be performed in the time frame of one virus cycle and tight timing schedules need to be implemented for consistency and narrowing down the particular virus replication step involved. Because the replication cycle of a virus may slightly vary depending on the cell type, generating empiric data on the timing of each step may be needed, which can be performed using inhibitors with known mechanisms of action (Daelemans et al., 2011).
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FIGURE 1. Approaches for assessing the mode of action of anti-HSV compounds. (Left) Strategy to sequentially assess different steps of the replication cycle of HSVs starting with the tittering of PFUs at the end of the life cycle of these viruses in susceptible cells. Once an antiviral effect has been evidenced by tittering PFU in the supernatants, viral gene expression or genome replication can be performed (red arrow) and establish if the mode of action of the drug is upstream or downstream of this process (purple arrow). Successive experiments seek to narrow down the step involved by assessing additional middle step between adjacent processes (blue arrows). (Right) Time-of-Drug Addition approach, which consists on assessing how long after infection can the addition of the antiviral be postponed to obtain an antiviral effect (reduction in PFUs).



Alternatively, the mechanism of action of an antiviral can be determined by dissecting the virus replication cycle into key steps, which can be sequentially assessed (Figure 1). In such scenario, the antiviral activity of a drug should be first determined by assessing the output of infectious viral particles. If an antiviral effect is observed, an intermediate step in the replication cycle of the virus can be evaluated, such as viral gene expression or genome replication (Figure 1, step D). From there on, experimental assays that further evaluate intermediate steps in the virus replication cycle will ultimately lead to the identification of a particular step that is hampered by the antiviral drug. A specific step in the replication cycle can then be further dissected to finally identify the molecular basis for the observed interference with the virus' replication. Below, we discuss the major steps involved in the replication cycles of HSVs, as well as simple experimental approaches that can be used as route maps for identifying the mode of action of novel anti-HSV antivirals.

VIRION STRUCTURE AND COMPOSITION

Like all members of the Herpesviridae family, HSV virions are composed of four main architectural features: envelope, tegument, capsid, and the viral genome (Pellet and Roizman, 2007) (Figure 2). Decades of study on HSV and novel techniques, such as cryo-electron microscopy (Dai and Zhou, 2018; Yuan et al., 2018) which provides < 5 Å resolution of the whole virion, have delivered valuable knowledge on the details of the structure and composition of these viruses (Grünewald et al., 2003; Brown and Newcomb, 2011). Electron microscopy analyses show that HSV virions have an icosahedral capsid with a diameter of ~125 nm contained within a spherical particle with an average diameter of 186 nm that extends up to 225 nm with the spikes of its numerous glycoproteins that protrude from the virus surface (Figure 2) (Grünewald et al., 2003; Brown and Newcomb, 2011; Lamers et al., 2015). The icosahedric capsid of these viruses encompasses linear, double-stranded viral DNA genomes that are ~150 kbp long, encode more than 80 genes and have high GC contents: 67 and 69% for HSV-1 and HSV-2, respectively (Kieff et al., 1971; Wu et al., 2016). Covering the capsid there is a collection of ~20 proteins defined as the tegument, which consists in proteins that have important roles in subverting the host antiviral response early after infection (Vittone et al., 2005; Loret et al., 2008; Kukhanova et al., 2014; Owen et al., 2015). Interestingly, recent electron cryo-microscopy analyses have evidenced interactions between capsid proteins such as UL17 and UL25, and tegument components, particularly VP1/2 which form the capsid vertex-specific component (CVSV) (Morgan et al., 1954). The tegument is in turn covered by a lipid envelope which harbors numerous viral glycoproteins from an assortment of at least 11-virally encoded glycoproteins (Figure 2) (Suazo et al., 2015a).
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FIGURE 2. Structure of herpes simplex viruses. Left: Transmission electron microscopy (TEM) of HSV-2 infected Vero cells. The red arrow indicates the four main elements in the HSV-2 virion. An electron opaque core containing the viral DNA, an icosahedral capsid surrounding the capsid (green), the tegument that surrounds the capsid (orange) and an outer lipid bilayer envelope (blue). Right: Schematic illustration of HSV. The HSV virion is an enveloped, double-stranded DNA virus (~154 kpb) that encodes >80 genes; the viral genome is enclosed in an icosahedral capsid of ~125 nm surrounded by a complex mesh of viral proteins termed the tegument. HSV is enveloped with a lipid membrane that harbors numerous glycoproteins that protrude from the virion surface.



Virucides are antiviral compounds that can interfere directly with viral infectivity of the virion by altering their structure or components (Suazo et al., 2015b). Although their mechanism of action is seldom studied at the molecular level, some of these compounds interfere with the lipid envelope of HSVs, which can be evidenced by transmission electron microscopy (TEM) (Popkin et al., 2017). Interestingly, numerous compounds with virucidal activity have been identified both, derived from natural and non-natural sources (Schuhmacher et al., 2003; Schnitzler et al., 2007; Bultmann et al., 2010; Houston et al., 2017; Pradhan and Nguyen, 2018). Importantly, the identification of virucidal activity in an antiviral compound requires that the virus be treated alone with the drug for a defined period of time and then that the latter be washed before probing the infectivity of the virus over susceptible cells. Because virucides are generally disruptive in nature, they often have little specificity for particular family of viruses and furthermore may be lethal for the cell, thus their toxicity should be evaluated.

Besides analyzing the structure of HSV virions, evaluating their composition can also be key for identifying the mode of action of an antiviral. For this, the virus needs to be purified from infected cells, which is usually performed by passing cell supernatants from infected cultures through 0.45 μm filters, they are then ultracentrifuged at 20,000 g at 4°C. The composition of the sedimented virions can then be analyzed by western blot, by assessing the presence of structural viral proteins (Loret et al., 2008). At present, compositional analyses can be carried out on samples by mass spectrometry to precisely determine which viral proteins are present or absent in the viral particle (Engel et al., 2015; Kulej et al., 2017). Interestingly, this method can be performed on samples obtained from different cell compartments (prior cellular sub-fractioning), which provides viral proteomic profiles at different cellular locations (Bjornson et al., 2013). While this technique displays extraordinary resolution, sensitivity and depth of analysis, its implementation may be difficult and certainly requires costly equipment. Hence, western blot remains the most frequently used technique to assess protein composition of virions, although the results are less informative, as only few viral proteins are usually assessed at a time and protein quantification is not as precise as mass spectrometry.

HERPES SIMPLEX VIRUS BINDING TO THE HOST CELL

Infection of cells with herpes simplex viruses first requires that infectious virions bind to the cell surface using the viral glycoprotein B (gB) for HSV-1 and HSV-2 and additionally glycoprotein C (gC) for HSV-1 (Figure 3, Process 1 and Table 1) (Herold et al., 1991; Gerber et al., 1995; Atanasiu et al., 2010), although gC requirement for HSV-1 has been challenged (Rogalin and Heldwein, 2016). Though the main targets of gB and gC are heparan-sulfate proteoglycans (HSPGs), gB has also been reported to bind to the paired immunoglobulin-like type 2 receptor (PILR) on the cell surface (Satoh et al., 2008). Interestingly, binding of HSV to the cell surface has been reported to occur mainly at filopodia fibers, from which these viruses can surf until they reach the cell body (Oh et al., 2010). Noteworthy, several compounds acting as mimetics of HSPGs have been shown to possess antiviral properties by impairing viral adhesion to the cell surface by competitive inhibition (Gangji et al., 2018). Previous studies using synthetic carbohydrates, such us non-anticoagulant heparin, pentosan polysulfate and dextran sulfate, as well as natural compounds such as carrageenans and fucoidan obtained from sea algae, were shown to significantly reduce the infectivity of HSVs (Levendosky et al., 2015). On the other hand, inhibition of virus binding to the cell surface has been described for polyphenols contained within almond skin extracts, which were reported to bind to viral proteins (Bisignano et al., 2017), similar to the polyphenol Epigallocatechin gallate (EGCG), which was also reported to bind directly to HSV proteins (Colpitts and Schang, 2014). An antiviral effect was also reported for abalone hemocyanin, which specifically inhibited the adsorption of HSV to the cell surface by binding to gB, gC, and gD, likely by mimicking cellular receptors (Talaei Zanjani et al., 2016). Also comparative molecular modeling studies have suggested that lignin sulfates inhibit HSV replication in a molecular mimic way (Raghuraman et al., 2007).
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FIGURE 3. Steps of the HSV replication cycle that can be experimentally assessed to identify the mechanisms of action of anti-HSV drugs. (1) Binding: gB (HSV-1 and HSV-2) plus gC (HSV-1) participate in virus binding to the surface of the cells, which is followed by gD binding to one of its receptors. Virus binding blockade can be assessed at this stage by WB, FC, qPCR, among others. (2) Entry: after the fusion of membranes, the viral capsid and tegument proteins are internalized in the cytoplasm. Capsid internalization can be followed using a fluorescently-capsid-labeled HSV virus and assessed by LCM, and FC, among others. (3) Capsid transport to the nucleus: once in the cytoplasm, the viral capsid accumulates in the nucleus either by simple diffusion or aided by cytoskeletal structures, such as microtubules. Capsid accumulation at this site can be assessed by LCM. (4) Transcription: HSV genes are transcribed sequentially as α, β and γ genes. Transcripts can be detected by RT-qPCR at different time-points post-infection, respectively. (5) Translation: viral mRNAs are translated sequentially (α, β and γ proteins), which can be determined by WB. (6) Replication: viral genome replication occurs as a rolling circle. It can be assessed by qPCR. (7) Capsid Assembly: HSV capsids are assembled within the nucleus of infected cells and can be visualized by LCM, and TEM, among others. (8) Glycosylation: glycoproteins are translated and glycosylated in the endoplasmic reticulum (ER). Viral glycoprotein glycosylation can be assessed by WB. (9) Glycoprotein export to the cell surface: glycoproteins are processed in the trans-Golgi network (TGN) and multivesicular bodies (MVBs). Then, they are exported to the plasma membrane and can be followed by LCM using different markers such as TGN46, C6-NBD-cer, TGN38 for TGN and LAMP-1 for MVB. (10) Glycoprotein-containing plasma membrane endocytosis: endocytosis of glycoproteins can be followed by marking the cell surface with horseradish peroxidase (HRP) or by TEM. (11) Envelopment: glycoproteins within early endosomes (EE) fuse with capsids in the cytoplasm and can be followed/visualized using TEM, PALM, and STORM. (12) Virus release: virions in the extracellular medium can be determined by plaque assays. WB, Western blot; FC, flow cytometry; LCM, laser confocal microscopy; TEM, transmission electronic microscopy; PALM, photoactivated localization microscopy; STORM, stochastic optical reconstruction microscopy.




Table 1. Experimental approaches for evaluating key steps in lytic HSV replication cycles.
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A common strategy used to assess virus binding to the cell surface consists on quantifying, by western blot the amount of virions bound to the exterior of the cells after adding varying doses of HSV at 4°C (Figure 4A) (Cheshenko et al., 2013). Cells are infected with HSV at different multiplicities of infection (MOIs, 0.05–1) for several hours (usually 4 h) at 4°C to allow virus binding to the cell surface, while avoiding virus (capsid) internalization. After this incubation period, cells are washed with cold buffer and protein extractions are carried out directly over the cultures for performing western blots targeted at structural viral proteins, such as glycoproteins, tegument proteins or capsid proteins (Ibáñez et al., 2017). Different MOIs are used in this assay in order to titer the amount of virus bound to the cell surface, as saturating quantities of viral proteins in the blot could limit the quantification of potential differences between the analyzed groups (with and without antiviral drug) (Atanasiu et al., 2010; Cheshenko et al., 2013). Reduced virus binding to the cell surface can be visualized as less intense protein bands in the western blot at a particular MOI when compared to untreated cells. Hence, this assay indicates how much virus is bound to the cell surface with and without the drug. Alternatively, flow cytometry can be used to determine the amount of virions bound to the cell surface, by measuring the presence of viral proteins or a virus-encoded structural reporter (e.g., GFP) on the cell surface after virus-cell incubation at 4°C and fixation (Hadigal et al., 2015; Ibáñez et al., 2017) (Figure 4A). Similar to the assay described above, unbound viruses need to be washed out and low temperatures should be maintained throughout the experiment until fixation. Because the virion is intact, antibodies against virus-exposed epitopes should be used, such as surface glycoprotein antigens. As an alternative, the number of copies of viral genomes associated to the cell (bound) with in the supernatants (unbound) can be quantified by qPCR to assess whether differences occur over the adhesion of HSVs to the cell surface in the presence of a candidate antiviral drug and a known amount of virus added to the culture (Figure 4A) (Dai et al., 2018). Importantly, one must consider that differences in the amount of viral proteins detected could be given either by drug effects that act directly over viral glycoproteins, interference with virus-receptor interactions on the cell surface or by antiviral compounds that modulate the expression of virus receptors on the cell surface (Rogalin and Heldwein, 2016). The latter can be easily assessed by quantifying the expression of HSV receptors, such as nectin-1, nectin-2 and HVEM by flow cytometry on the cell surface (Akhtar et al., 2008).


[image: image]

FIGURE 4. Methodologies for assessing binding, entry and viral capsid transport to the nucleus in HSV-infected cells. (A) Protocol for assessing the binding of HSV to the cell surface. The culture must be brought to 4°C and then inoculated with virus (with or without a structural reporter such as GFP) at different MOIs. The plate is incubated at 4°C for 4 h to allow the virus to adsorb to the cells without entering. Afterwards, 2 cold PBS washes are performed in order to wash the unbound virus and samples are then analyzed either by Western blot, blotting against viral structural proteins, by flow cytometry analyzing GFP (requires PFA fixation), or by qPCR quantifying viral genome (bound virus is equal to the difference between the inoculum titter and virus detected in the supernatant with unbound virus). (B) Protocol for assessing the entry of viral capsids into the cytoplasm. The culture is brought to 4°C and then inoculated with virus (with a structural reporter such as GFP). Afterwards, PBS washes will remove the unbound virus and the plate is then incubated at 37°C for 2 h to allow the coordinated entry of the viral capsids into the cell. Then, the cells are trypsinized, fixed with PFA and analyzed either by confocal microscopy or flow cytometry to determine the amount of GFP associated to the cells. (C) Protocol to assess viral capsid migration to the nucleus. The procedure is similar to that for assessing the entry of viral capsids into the cytoplasm, except that the sample are analyzed by confocal microscopy after staining the nucleus and cell membrane with dyes, such as DAPI and WGA, respectively.



HERPES SIMPLEX VIRUS ENTRY INTO THE HOST CELL

Once the virus particles have adhered to the cell surface, the viral glycoprotein D (gD) will engage one of its target receptors, which depends on the cell type infected. While gD will preferentially bind to nectin-1 (HveC) or nectin-2 (HveB) in non-immune cells (Martinez and Spear, 2001; Richart et al., 2003), infection of immune cells is mainly thought to occur through gD-binding to HVEM (Herpes Virus Entry Mediator, TNFRSF14), a TNFR-receptor family member that interacts with numerous host ligands, both soluble and membrane-bound, and signals intracellularly depending on their specificity and orientation (cis vs. trans) (Whitbeck et al., 1997; Kovacs et al., 2009). Besides these receptors, additional gD ligands have been identified, such as 3-O-sulfated heparan sulfates which have been proposed to play relevant roles in HSV infections (Shukla et al., 1999). In this regard, viral entry can be blocked with antibodies that prevent the interaction between gD and its receptors (Criscuolo et al., 2018). For instance, M27f is a monoclonal antibody against gD that has shown neutralizing activity, not only against HSV-1 but also against HSV-2 and that inhibition of the entry process can occur even after attachment of virions to the cell surface (Du et al., 2017).

After binding to any of its ligands, gD will undergo conformational changes that activate the glycoprotein H and L (gH/gL) protein complex in the virus envelope (Atanasiu et al., 2010; Lazear et al., 2014). Once activated, the gH/gL glycoprotein complex will promote the activation of gB, which will act as the viral fusion protein that brings together the cell membrane and virus envelope, inducing the internalization of virus components into the cell cytoplasm (Figure 3, Process 2 and Table 1) (Atanasiu et al., 2010). While HSV entry occurs mainly through the fusion of the virus envelope with the plasma membrane in cell substrates for these viruses (Vero and HEp-2 cells: green monkey kidney cells and human epithelial cells, respectively) (Pellet and Roizman, 2007), HSV entry into other cells, such as CHO cells (Chinese Hamster Ovary cells) occurs mainly through a pH-dependent endocytosis route (Yuan et al., 2018). Noteworthy, virus entry via a phagocytosis-like uptake mechanism has also been reported (Clement et al., 2006). Interestingly, the gH/gL heterodimer has been shown to interact with cell surface integrins, particularly αvβ6, αvβ8, and αvβ3, with the first two capable of inducing the dissociation of the gH/gL heterodimer and independent activation of gH, which promotes HSV cell entry through acidic endosomes (Gianni et al., 2013, 2015; Cheshenko et al., 2014).

Because antiviral compounds could interfere with the HSV replication cycle at the step of virus entry into the cell, different strategies have been developed to assess this process. A common experimental methodology consists in detecting virus-derived fluorescence in the cytoplasm of infected cells by laser confocal microscopy or flow cytometry (Figure 4B). In this assay, a recombinant virus that has a structural protein fused to a reporter (e.g., green fluorescent protein, GFP) can be used. A frequently used virus for this purpose is an HSV-1 virus that has the capsid protein VP26 fused to GFP (HSV K26GFP) (Desai and Person, 1998). Because the GFP is fused to the viral capsid, following the GFP-derived fluorescence early after infection allows determining whether viral capsids have been internalized or not within the cells. Resolution will likely be improved if viruses bound to the exterior of the cells are eliminated. Using this virus, HSV entry can be assessed by incubating the virus and cells for 1 h at 4°C and then raising the temperature to 37° for 2 h, which will promote virus internalization (Ibáñez et al., 2017). After this period, cells are washed and treated with trypsin to remove non-internalized viruses and detach the cells that need then to be fixed (e.g., with paraformaldehyde, PFA), prior to analyses (Ibáñez et al., 2017). The fluorescence intensity derived from the GFP reporter will inform on the amount of virus that has been internalized into the cells, as well as the location of the capsid (see following section).

Alternatively, virus entry into target cells can be determined by transmission electron microscopy (TEM) by locating viral capsids within the cells at early time-points after infection. Although this technique allows direct visualization of viral structures within the cell, relatively few particles will likely be observed, which will depend on the MOI used (Nicola and Straus, 2004). Another methodology that can be used to evaluate viral entry is qPCR, by determining the amount of viral genomic DNA in infected cells at early time-points compared to adequate controls. In this assay, cells are incubated in ice to allow viral attachment and then incubated at 37°C for 30 min. Cells are washed, trypsinized and then DNA is extracted for performing qPCR (Wang et al., 2016).

CAPSID TRANSPORT TO THE NUCLEUS AND GENOME DELIVERY INTO THIS COMPARTMENT

Once HSV particles have reached the cytoplasm (Figure 3, Process 2 and Table 1), numerous tegument proteins associated to the capsid will exert their functions in this space, while others such as the transactivator VP16 will migrate to the nucleus to promote the transcription of viral genes needed for the virus' replication cycle (Roizman and Zhou, 2015). Importantly, the viral capsids will also reach the nucleus to deliver the viral genetic material into this compartment to serve as a template for the transcription of viral genes, as well as viral genome replication (Figure 3, Process 3 and Table 1). Although simple diffusion of viral capsids within the cytoplasm has been suggested to be enough for their accumulation at the periphery of some cell types, other studies argue that capsid association with this compartment requires active transport mechanisms (reviewed in Garner, 2003). For instance, capsid localization in the nucleus has been related with microtubules and dynein-mediated transport in BHK and Vero cells, which was evidenced by the co-localization of capsids with these host proteins 1–2 h post-infection (determined by confocal microscopy). Consistently, microtubule-depolymerizing agents hampered capsid accumulation in the periphery of the nucleus (Sodeik et al., 1997). During this process, HSV capsids were reported to directly interact with host transport proteins dynein and kinesin-1, which enable anterograde and retrograde capsid movements through microtubules (Dohner et al., 2002; Radtke et al., 2010). The use of both, dynein and kinesin-1 by HSVs, which have opposing traveling capacities in polarized microtubules during the infection processes, could be explained by the fact that the microtubule-organizing centers may be distributed differently in distinct cell types. In this process, the viral tegument protein VP26 has been suggested to play a key role in the interaction between the capsids and dynein, by interacting with the dynein light chains RP3 and Tctex1, as determined in two-hybrid assays using a library of viral proteins tested for interactions with dynein subunits (Douglas et al., 2004). Consistent with this notion, naked capsids generated in vitro that lack VP26 are unable to mobilize to the cell nucleus, while capsids that express this protein do (Douglas et al., 2004). However, another study reported that an HSV-1 mutant lacking VP26 was able to reach the cell nucleus, similar to the wild-type HSV-1 suggesting that not only VP26 plays a role in capsid transport to the nucleus, but also other viral proteins and host receptors different from dynein (Döhner et al., 2006). Consistent with this observation, other studies have reported that a variety of inner tegument proteins can interact with either dynein or kinesin-1 and promote microtubule-mediated capsid transport to the nucleus (Abaitua et al., 2012). This is the case for the tegument proteins VP1/2 (also named UL36) and UL37, which have been reported to participate in capsid transport to the nucleus (Abaitua et al., 2012). A seven-residue deletion in the protein VP1/2 was shown to block the infection process and stall capsids at the microtubule organizing center, suggesting that the nuclear localization signal (NLS) in the VP1/2 protein is fundamental for the routing the viral genetic material to the nuclear pore complex (NPC) and docking at this site (Abaitua et al., 2012). A host factor described to participate in capsid transport to the nucleus is heat shock protein 90 (Hsp90), a chaperone (Zhong et al., 2014). Interestingly, pentagalloylglucose (PGG), a natural polyphenolic compound present in numerous medicinal herbs has been reported to delay the nuclear transport of viral particles to the nucleus, by decreasing the expression of dynein within the cell. Cells treated with PGG showed accumulated capsids in the cytoplasm when staining the capsid protein VP5 (Jin et al., 2016).

Related to the movements of capsids within infected cells, other reports suggest that HSV-1 engages dynamic microtubules (MTs) at early stages of infection, using plus end-tracking proteins (+TIPs) complexes composed of cytoplasmic linker protein 170 (CLIP-170), dynactin-1 (DCTN1) and end-binding protein (EB1), with retrograde capsid transport being dependent on CLIP-170 (Jovasevic et al., 2015). Interestingly, a recent report described that an interferon (IFN) response in primary rodent superior cervical ganglion (SCG) neurons reduced the axonal transport of capsids of alphaherpesviruses 24 h after infection, suggesting that some elements of the IFN responses use the same molecular motors than HSV capsids (Song et al., 2016).

One of the most common methodological approaches to evaluate the transport of capsids to the nucleus is based on confocal microscopy (Figure 4C). In order to follow the capsids within the cells, viruses such as the K26GFP virus encoding a structural GFP-fusion protein in the capsid and described above, can be used (Desai and Person, 1998). This recombinant virus permits localizing viral capsids in fixed or live cells during the infectious process (Desai and Person, 1998). Recently, we reported that treating cells with cobalt protoporphyrin (CoPP), a drug that induces the host factor heme oxigenase-1, has anti-HSV activity and interferes with the accumulation of K26GFP viral capsids around the nucleus, suggesting that its mode of action is interference with capsid transport to this compartment (Figure 4C) (Ibáñez et al., 2017). Another method for studying viral transport within infected cells, consists on determining the localization of capsids by transmission electronic microscopy. Since the magnifying power of this technique is greater than that of confocal microscopy, it is possible to visualize capsids as single particles within cells and precisely determine their location. Alternatively, viral capsids in TEM samples can also be marked with specific antibodies conjugated to electron-dense particles (e.g., gold particles) to visualize them (Dohner et al., 2002).

Once the capsids have migrated to the nucleus, the viral genome will be delivered into this compartment. This step is achieved by the docking of the capsid to nuclear pore complexes (NPCs) and the injection of the viral DNA into the cell nucleus (Batterson et al., 1983). Studies assessing host and viral proteins participating in the docking of capsids to the nuclear membrane have identified VP1/2 and nucleoporins Nup358 and Nup214 as a relevant factors that favor binding of capsids the nucleus of infected cells (Copeland et al., 2009). Other host and viral proteins participating in this process are integrin-β and viral protein UL25, which interact with nucleoporins CAN/Nup214 and hCG1 in order to dock to the capsids to NPCs. UL25 was also reported to interact with the capsid proteins VP1/2 and UL6 and to participate in triggering DNA release into the nucleus (Ojala et al., 2000; Pasdeloup et al., 2009).

The transfer of viral genomes into the nucleus can be determined by fluorescent in situ hybridization (FISH), by targeting viral genomic sequences early after infection (3 hpi) with a beacon (Everett and Murray, 2005). FISH directly assesses viral DNA translocation into the nucleus, which is uncoupled from the translocation of viral proteins such as ICP4, virion host shutoff protein (vhs) or VP16, which also migrate to this compartment early after infection (Everett and Murray, 2005; Cheshenko et al., 2014). On the other hand, to assess the viral DNA localization in the infected cells the viral DNA can be labeled with nucleoside analogs added to the cell culture during viral genome replication that are then marked for tracking the viral DNA (Wang et al., 2013; Sekine et al., 2017). Finally, a relatively simple approach for assessing whether viral genome delivery into this compartment has occurred is to perform qPCR of viral genomic DNA in nuclear extracts, obtained at early time points after infection, such as 1–3 h post-infection. Because viral DNA genome is being quantified, any viral gene encoded within the genome can be assessed. Importantly, such assays need to be controlled with similar qPCR assays performed in the cytoplasmic fraction, in such a way to control virus input and distribution within the infected cells. Controls for validating the purification of nuclear and cytoplasmic fractions can be performed by blotting, for example proteins that should be present only in the cytosol (e.g., GADPH) or nucleus (histones).

HERPES SIMPLEX VIRUS GENE EXPRESSION AND VIRAL GENOME REPLICATION

Genomic HSV DNA is infectious per se, which means that infectious particles can be generated directly from cells transfected with purified viral DNA, without the need of any viral proteins accompanying this DNA; that is, immediate early viral genes (also named alpha genes) can be transcribed thanks to host-encoded factors (Honess and Roizman, 1974). Some of these immediate early-expressed viral proteins are: Infected Cell Protein (ICPs) 0, 4, 22, 27, and 47 (Honess and Roizman, 1975). Importantly, some of the proteins derived from these genes will in turn promote the expression of other viral genes that are controlled by these viral factors inducing two later successive waves of viral protein expression: one commanding the expression of early viral genes (also named beta genes) and a wave of late viral genes (or gamma genes) (Roizman and Zhou, 2015) (Figure 5). Hence, the virus will undergo sequential transcription of viral transcription factors such as for ICP0, among others (Kalamvoki and Roizman, 2008; Liang et al., 2009). Importantly, the method Isolation of Proteins On Nascent DNA (iPOND) has provided valuable information on the proteins both, cellular and viral that bind to HSV DNA and play roles in the transcription of viral genes and replication of the viral genome. In this technique, infected cells are incubated with a biotinylated nucleoside analog (5-ethynyl-2′-deoxyuridine, EdU) that labels viral DNA, which is then precipitated bringing down the proteins associated to this genetic material. This DNA is then analyzed by immunoblotting or mass spectrometry (Dembowski and DeLuca, 2015, 2018; Dungrawala and Cortez, 2015). Interestingly, this methodology has identified ICP4 and ICP8 as the most abundant viral proteins bound to the HSV genome, as well as several host chromatin-remodeling complexes bound to the viral DNA (Dembowski and DeLuca, 2015).
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FIGURE 5. Approximate timing of gene expression of immediate early (α), early (β), and late (γ) HSV genes. Representative kinetic analysis of immediate early (red), early (green), and late (blue) HSV genes between 0 and 28 h post infection. The solid lines represent the characteristic expression pattern of HSV genes. The dashed lines indicate the expression of HSV genes that do not necessarily respond to the pattern of α, β, γ genes and overall continuously increase in time after infection.



Immediate early genes reach peak rates of synthesis between 2 and 4 h after infection (Honess and Roizman, 1975; Roizman et al., 2013); early genes reach a peak of synthesis between 6 and 12 h post-infection (Roizman et al., 2013); and late genes reach peaks of synthesis between 10 and 16 h post-infection (Figure 3, Process 4 and Table 1) with the latter sometimes sub-divided into early-late (or gamma-1) and late (or gamma-2) genes (Figure 5 and Table 2). HSV genomes express more-less 84 transcripts that encode for proteins, as well as numerous long non-coding RNAs and 16–17 microRNAs (Roizman et al., 2013; Du et al., 2015). Transcription of viral genes within host cells can be easily performed by RT-qPCR (reverse-transcriptase PCR followed by quantitative PCR) of the viral genes. However, the expression of each type of viral genes will display a peak in transcription (abundance) at different time-points during the infection process. Although the timing for gene expression have been reported in the literature for each type of gene, optimal peak expression profiles for each type of gene frequently need to be determined empirically, as they may somewhat depend on the cell type infected and laboratory conditions. Although RT-qPCR measures RNA abundance, it does not measure transcription per se. In order to map the genome-wide distribution of transcriptionally engaged polymerase II at a base pair resolution in viral gene promoters, a Precision nuclear Run-On assay can be performed (PRO-seq). This approach uses biotin-labeled ribonucleotide triphosphate analogs (biotin-NTP) for nuclear run-on reactions, allowing affinity purification of nascent RNAs for high-throughput sequencing (Birkenheuer et al., 2018). Harmaline, a dihydro-pyrido-indole obtained from Ophiorrhiza nicobarica, which is an ethnomedicinal herb was found to inhibit HSV replication by interfering with the transcription of early viral genes, namely ICP0 by impairing the binding of an immediate-early complex to its promoter (Bag et al., 2014). Harmine, a beta-carbon alkaloid widely present in plants, has also been described to block the transcription of HSV-encoded genes, likely by inhibiting HSV-2-induced NF-κB activation, which is required for transcription of viral genes (Amici et al., 2006; Chen et al., 2015).


Table 2. Immediate early (α), early (β), and late (γ) HSV gene expression.
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Furthermore, the expression of viral mRNAs can be followed by viral protein expression, which can be assessed by western blot and flow cytometry (Loret et al., 2008; Ma et al., 2017). While immediate early genes are mainly dedicated at blocking the cellular antiviral host response, such as interferon pathways, early genes are mostly focused in supporting the replication of the viral genome (Pasieka et al., 2008). On the other hand, late genes mostly encode for structural viral proteins that will be included in the infectious viral particle that will egress from the infected cell (Figure 3, Process 5 and Table 1) (Conway and Homa, 2011). An alternative approach to assessing viral protein expression is utilizing recombinant viruses that encode reporter genes. A practical tool for studying the transcription and translation of viral genes within the infectious cycle of HSV consists again on the use of viruses such as K26GFP HSV-1, although these experiments need to be performed at a low MOI in order to avoid background GFP fluorescence derived from input virus (Desai and Person, 1998). Other recombinant viruses that encode reporter genes under the control of immediate early (alpha) (Cun et al., 2006), early (beta) (Potel et al., 2002), and late (gamma) (Loomis et al., 2003; Harper et al., 2010) viral gene promoters are also of great utility for this purpose.

HSV genomes are circularized within the nucleus of the infected cells for replication to occur. The viral genome will be copied in these cells as rolling circles that produce concatemers, consisting on several copies of the entire viral genome in a linear form (Skaliter and Lehman, 1994). Determination of HSV genome replication can be assessed experimentally by performing qPCRs kinetics for DNA sequences encoded within the viral genome. Because replication of the genome is of interest in these assays, rather than defining particular locations, such qPCRs can be performed over total DNA extracted from the infected cells at time-points usually within 6–12 h post-infection to evidence an increase in viral genome copies (Figure 3, Process 6 and Table 1) (Nystrom et al., 2004; Ibáñez et al., 2017). Alternatively, the iPOND technique described above can also be utilized to quantify viral genome replication by staining the biotinylated EdU-labeled nascent viral DNA with a fluorescently-labeled molecule (e.g., an antibody against biotin or streptavidin labeled with a fluorophore) and quantifying fluorescence intensity in the cell nucleus by confocal microscopy (Reyes et al., 2017).

Overall, these assays allow determining the transcription and replication of the HSV genetic material, and are rapid and easy to perform in any laboratory with conventional equipment.

VIRAL CAPSID ASSEMBLY IN THE NUCLEUS AND TRANSPORT TO THE CYTOSOL

Following the transcription and translation of viral genes that are involved in viral genome replication (mainly early viral genes), expression of late viral genes mostly encoding virus structural proteins is initiated. A characteristic of HSVs is that capsids are assembled within the nucleus of infected cells (Morgan et al., 1954). Viral capsid proteins that are synthetized in the cytoplasm are translocated to the nucleus thanks to nuclear localization sequences (NLS) that signal these proteins to this compartment where viral genome replication takes place (Figure 3, process 7 and Table 1) (Abaitua et al., 2012; Sankhala et al., 2016). HSV capsids are mainly composed of the major capsid protein VP5 and also by other less abundant viral proteins, such as VP19C, VP23, and VP26 (Thomsen et al., 1994; Homa and Brown, 1997; Kobayashi et al., 2017). In addition to viral capsid proteins, assembly of this structure in the nucleus requires the presence and participation of an HSV-encoded protease and scaffolding protein named pre-VP22a, which cooperates in the formation of a viral capsid that can harbor the viral genome in its interior (Nicholson et al., 1994; Newcomb et al., 2001). Capsids will first be assembled as empty cages without any viral DNA, which will then later be packaged within this structure with the help of at least seven viral HSV-encoded proteins, namely UL6, UL15, UL17, UL25, UL28, UL32, and UL33 (al-Kobaisi et al., 1991; Patel et al., 1996; Baines et al., 1997; Lamberti and Weller, 1998; Salmon and Baines, 1998; Taus and Baines, 1998; Taus et al., 1998). Together, these components will assemble pro-capsids, which are somewhat thermodynamically unstable (Heming et al., 2017). Nevertheless, at least three different types of capsids have been thoroughly described within infected cells, which mainly differ on the viral material present within the cavity. While type A and type B capsids do not have viral DNA, type C capsids contain the virus genome and therefore are those that will ultimately produce infectious viral particles (McNab et al., 1998). Isolation of these three types of capsids can be performed using sucrose density gradients generated by ultracentrifugation (Gibson and Roizman, 1972). Furthermore, electron microscopy and more recently cryo-electron microscopy can also be used to study the presence and phenotype of viral capsids generated 18-24 h post-infection with HSV-1 (Homa and Brown, 1997; Heming et al., 2017). Additionally, a modified cryo-electron microscopy technique, based on the detection of gas bubbles generated due to radiation-induced damage in the sample has allowed localizing internal capsid proteins within HSV-1 (Newcomb et al., 1999; Wu et al., 2016). Besides capsid visualization, capsid composition is also informative at this stage, which can be determined with western blots to evaluate the presence and quantities of viral proteins such as VP5, VP23, VP26, UL17, and UL25, which should be present in these structures (Spencer et al., 1998; Dasgupta and Wilson, 1999). For this, nuclei of infected cells are separated from the cytoplasm and then fractionated so that capsids can be analyzed separately from host protein complexes. This isolation process is frequently done by disrupting the cells with NP40-based lysis buffers and subsequently ultracentrifugation in sucrose gradients (Taddeo et al., 2003). Interestingly, an antiviral effect for 5-chloro-1,3 dihydroxyacridone, an acridone derivative was reported at the stage of virus assembly and maturation resulting in reduced levels of encapsidated DNA. This was evidenced using TEM for capsid morphology analysis and rate-zonal ultracentrifugation for determining the protein composition of the resulting capsids (Akanitapichat and Bastow, 2002). On the other hand, WAY-150138, a thiourea compound was found to inhibit the HSV replication cycle by preventing DNA encapsidation, which was similarly evidenced by TEM and western blot analyses to determine the composition of these capsids. Interestingly, drug treatment depleted the viral proteins UL6 and UL15 from the capsids, which are involved in DNA entry and packaging (Newcomb and Brown, 2002).

Interestingly, a study reported that the three main types of HSV nuclear capsids described above can also be determined by flow cytometry. This approach stains viral DNA with Syto13, a fluorescent nucleic-acid stain (Loret et al., 2012). Based on different light-scattering properties, three regions of interest with different capsid populations can be arbitrarily defined: Region (i) consisting of A-capsids that do not display any fluorescent signal at all; Region (ii) consisting of B-capsids that display an intermediate fluorescence signal and Region (iii) corresponding to C-capsids which have the highest fluorescence signal. These regions can be separated by slope-change criterions in the SSC channel, determining the boundary between two fractions. Furthermore, this approach showed to be consistent with gold standard techniques used to analyse capsids, such as electron microscopy and DNA detection within viral capsids by qPCR through the amplification of UL20 (Loret et al., 2012). Equipment designed for assessing the properties of small particles, namely exosomes, should likely provide size properties of HSV particles and contribute to the assessment of potential alterations in the overall structure of capsids (Liga et al., 2015).

Once the assembly of viral capsids has been completed in the nucleus, these particles will continue their maturation process in this same compartment through the acquisition of tegument proteins (Figure 6). Indeed, tegument proteins such as VP1/2 and UL17 will be added to the capsid at this stage, allowing the particles to leave the nucleus through the nuclear envelope (Bucks et al., 2007; Owen et al., 2015). The movement of viral capsids out of the nucleus is associated with nuclear actin filaments, as demonstrated by using depolymerization inhibitors of actin and myosin V (Forest et al., 2005). Because the diameter of the viral capsids is ~120 nm wide and the nuclear pores only support the passage of particles that are up to 36 nm in diameter, HSV capsids exit the nucleus by traversing the different nuclear membranes and space in between, namely the inner nuclear membrane (INM), perinuclear lumen and the outer nuclear membrane (ONM) by envelopment and fusion processes (Mettenleiter et al., 2013). First, the capsids acquire a primary envelope in the INM, which leads to the formation of primary-enveloped virions present in the perinuclear space (Mettenleiter et al., 2013). Then, a nuclear egress complex (NEC) composed of two viral proteins is required for egressing from this compartment. The first protein consists in the type-II viral membrane UL34 protein, which is anchored to the nuclear envelope and the second is the soluble viral protein UL31 (Ott et al., 2011). In the absence of this NEC, the nuclear egress of viral particles is blocked and capsids accumulate in the nucleus (Reynolds et al., 2002). An HSV with a mutation in the N-terminal domain of UL31 displays hampered translocation of capsids from the nucleus to the cytoplasm, which was linked with deficiencies in primary envelopment (Roller et al., 2010; Funk et al., 2015). Interestingly, the Hsp90 protein inhibitor AT-533 has been shown to block viral nuclear egress by inhibiting the functions UL31 and UL34 in cells infected with HSV-1 (Li et al., 2018). On the other hand, NEC also recruits viral kinases US3 and UL13, as well as cellular protein kinases, such as PKC that phosphorylate and locally disrupt the nuclear lamina which facilitates capsid access to the INM by an envelopment process (Bjerke and Roller, 2006; Cano-Monreal et al., 2009; Wild et al., 2015). After reaching the INM, C-capsids are specifically selected to egress the nucleus over immature forms of the capsid (A- or B-capsids), likely thanks to the presence of the viral proteins UL17 and UL25, which are associated the mature form of C-capsids (Taus et al., 1998; Thurlow et al., 2006; Cockrell et al., 2011). Once in the perinuclear space, enveloped capsids will fuse with the ONM releasing capsids with some tegument proteins into the cytosol for further maturation (Granzow et al., 2001; Skepper et al., 2001; Panté and Kann, 2002). Numerous viral proteins participate in this process, such as viral glycoproteins, US3 and UL31, among others (Figure 6) (Mou et al., 2009; Mettenleiter et al., 2013).
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FIGURE 6. Viral capsid assembly in the nucleus and transport to the cytosol. (A) γ-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. (I) 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.



One way to analyze HSV particles that leave the nucleus of infected cells is to synchronize the infectious cycle within this compartment as a starting point. This can be achieved thanks to specific mutations in viral proteins that stall the virus at specific replication stages within the cells. An example is an HSV mutant that encodes a thermosensitive UL26 protease, which is required for capsid maturation and DNA encapsidation in the nucleus (Preston et al., 1983; Gao et al., 1994; Turcotte et al., 2005). This mutant suffers capsid accumulation in the nucleus when infected cells are incubated at 39°C. However, if cells are transferred to a permissive temperature (31°C) the capsids will proceed synchronously with the maturation process that follows the action of the UL26 protease and continue the exit process (Preston et al., 1983; Gao et al., 1994). Taken together, this procedure allows the accumulation of a significant amount of capsids within the nucleus and simultaneously synchronizes them for initiating their maturation process together, which can then be followed throughout different cell compartments. Importantly, this method will allow overcoming the limitations of having low numbers of virions per compartment under normal infection and the dispersion of virions in different subcellular compartments with different maturation levels (Sugimoto et al., 2008). This approximation was used to study the antiviral effect of brefeldin A (BFA) on HSV assembly. Cells were infected with 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 3 h 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 UL7, UL11, UL16, and UL51 (Owen et al., 2015). Several tegument proteins have been described to partially localize at both compartments, such as VP1/2, UL37, UL41 (vhs), UL46, UL47 (VP13/14), UL48 (VP16), UL49 (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 UL19 (VP5), UL17, and UL25 (Newcomb and Brown, 2010). A screen using mutant HSV viruses identified UL25 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 the tegument protein UL37, 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, [1-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 6–18 h 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 (Fernández-Suárez and Ting, 2008; Hogue et al., 2014, 2016; Laine et al., 2015). Remarkably, these new microscopy techniques have allowed observing viral component at subcellular localizations within living cells infected with HSV at high resolutions (Figure 3, Processes 8, 9, 10, 11).
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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.



On the other hand, analyzing the glycosylation levels of HSV glycoproteins at this stage could also be informative. This post-translational modification could be determined by performing western blots against viral glycoproteins and comparing the migration profiles of these proteins relative to that of untreated cells (Johnson and Spear, 1983). For instance, gB usually displays an apparent electrophoretic weight of 115 and 100 kDa, which could vary upon treatment with a drug that interferes with its glycosylation pattern (Avitabile et al., 2004; Calistri et al., 2007).

Virion exit from infected cells involves their passing through a physical barrier in the inner plasma membrane side which consists on a curtain of F-actin (Schumacher et al., 2005; Roberts and Baines, 2010). To surpass this structure, HSV has been reported to activate myosin Va (myoVa), an actin motor, which through ATP hydrolysis is capable of mobilizing cargo along polar actin fibers toward its plus end (Roberts and Baines, 2010). Consistent with this finding, cells transformed with a myoVa-negative dominant were found to secrete less virus and retained more viral structures than infected control cells; Virus trapped 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/gI 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, gI 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 gI yield plaques that are smaller in size as compared to WT virus in epithelial cell monolayers (Dingwell et al., 1994). Again, as mentioned above alterations in the distribution of virions within drug-treated cells can be analyzed, among others by confocal microscopy with different reagents, including viruses that encode fluorescent reporter genes fused to structural viral elements (Sugimoto et al., 2008).

CONCLUDING REMARKS

Thanks to decades of research on herpes simplex viruses, the implementation of experimental methods aimed at assessing different steps involved in the infectious cycles of these viruses, as well as the availability of different strategies to narrow down the effects of a particular drug in the replication cycle of a virus, it is now possible to use such knowledge to quickly determine at which step drugs exert their antiviral effects against HSVs. Indeed, the experimental approaches described above, which are simple and fast to carry out, should help identify potential mechanisms of action of antivirals, which in turn may contribute at identifying and designing better drugs against HSV directed to viral proteins or by the modulation of cellular targets that make cells resistant to HSV infection (Ibáñez et al., 2017; Jaishankar et al., 2018). Alternatively, carrying out further experimentation on top of the assays described above will contribute with more detail on particular viral infection steps and potentially identify new phases in the HSV replication cycle, altogether providing new opportunities for discovering and designing better drugs against these viruses. Overall, the more we know about the mechanisms of action of drugs against HSV, the closer we will be to improve therapies against these viruses that cause important burden in humans.

AUTHOR CONTRIBUTIONS

FI, MF, MG-T, NC, LD, AR-D, and PG wrote the manuscript and designed the figures. All authors reviewed the manuscript.

FUNDING

Authors are supported by Grants FONDECYT no. 1140011, CRP-ICGEB CRP/CHI14-01, Fondef ID17I10143 and the Millennium Institute on Immunology and Immunotherapy (no. P09/016-F). AR-D is a CONICYT Fellow 21130749.

REFERENCES

 Abaitua, F., Hollinshead, M., Bolstad, M., Crump, C. M., and O'Hare, P. (2012). A Nuclear localization signal in herpesvirus protein VP1-2 is essential for infection via capsid routing to the nuclear pore. J. Virol. 6, 8998–9014. doi: 10.1128/JVI.01209-12

 Akanitapichat, P., and Bastow, K. F. (2002). The antiviral agent 5-chloro-1, -dihydroxyacridone interferes with assembly and maturation of herpes simplex virus. Antiviral Res. 3, 113–126. doi: 10.1016/S0166-3542(01)00203-0

 Akhtar, J., Tiwari, V., Oh, M. J., Kovacs, M., Jani, A., Kovacs, S. K., et al. (2008). HVEM and nectin-1 are the major mediators of herpes simplex virus 1 (HSV-1) entry into human conjunctival epithelium. Invest. Ophthalmol. Vis. Sci. 9, 4026–4035. doi: 10.1167/iovs.08-1807

 Albecka, A., Laine, R. F., Janssen, A. F., Kaminski, C. F., and Crump, C. M. (2016). HSV-1 glycoproteins are delivered to virus assembly sites through dynamin-dependent endocytosis. Traffic 7, 21–39. doi: 10.1111/tra.12340

 Alconada, A., Bauer, U., Sodeik, B., and Hoflack, B. (1999). Intracellular traffic of herpes simplex virus glycoprotein gE: characterization of the sorting signals required for its trans-Golgi network localization. J. Virol. 3, 377–387.

 al-Kobaisi, M. F., Rixon, F. J., McDougall, I., and Preston, V. G. (1991). The herpes simplex virus UL33 gene product is required for the assembly of full capsids. Virology 80, 380–388. doi: 10.1016/0042-6822(91)90043-B

 Amici, C., Rossi, A., Costanzo, A., Ciafre, S., Marinari, B., Balsamo, M., et al. (2006). Herpes simplex virus disrupts NF-kappaB regulation by blocking its recruitment on the IkappaBalpha promoter and directing the factor on viral genes. J. Biol. Chem. 81, 7110–7117. doi: 10.1074/jbc.M512366200

 Andrei, G., Lisco, A., Vanpouille, C., Introini, A., Balestra, E., van den Oord, J., et al. (2011). Topical tenofovir, a microbicide effective against HIV, inhibits herpes simplex virus-2 replication. Cell Host Microbe 10, 379–389. doi: 10.1016/j.chom.2011.08.015

 Arduino, P. G., and Porter, S. R. (2008). Herpes Simplex Virus Type 1 infection: overview on relevant clinico-pathological features. J. Oral Pathol. Med. 7, 107–121. doi: 10.1111/j.1600-0714.2007.00586.x

 Arens, M., Swierkosz, E., and Dilworth, V. (1988). Effects of sonication and centrifugation of clinical specimens on the recovery of herpes simplex virus. Diagn. Microbiol. Infect. Dis. 1, 137–143. doi: 10.1016/0732-8893(88)90015-6

 Atanasiu, D., Saw, W. T., Cohen, G. H., and Eisenberg, R. J. (2010). Cascade of events governing cell-cell fusion induced by herpes simplex virus glycoproteins gD, gH/gL, and g. J. Virol. 84, 12292–12299. doi: 10.1128/JVI.01700-10

 Aubert, M., Madden, E. A., Loprieno, M., DeSilva Feelixge, H. S., Stensland, L., Huang, M. L., et al. (2016). In vivo disruption of latent HSV by designer endonuclease therapy. JCI Insight 1:e88468. doi: 10.1172/jci.insight.88468

 Avitabile, E., Lombardi, G., Gianni, T., Capri, M., and Campadelli-Fiume, G. (2004). Coexpression of UL20p and gK inhibits cell-cell fusion mediated by herpes simplex virus glycoproteins gD, gH-gL, and wild-type gB or an endocytosis-defective gB mutant and downmodulates their cell surface expression. J. Virol. 8, 8015–8025. doi: 10.1128/JVI.78.15.8015-8025.2004

 Bag, P., Ojha, D., Mukherjee, H., Halder, U. C., Mondal, S., Biswas, A., et al. (2014). A dihydro-pyrido-indole potently inhibits HSV-1 infection by interfering the viral immediate early transcriptional events. Antiviral Res. 105, 126–134. doi: 10.1016/j.antiviral.2014.02.007

 Baines, J. D., Cunningham, C., Nalwanga, D., and Davison, A. (1997). The U(L)15 gene of herpes simplex virus type 1 contains within its second exon a novel open reading frame that is translated in frame with the U(L)15 gene product. J. Virol. 1, 2666–2673.

 Batterson, W., Furlong, D., and Roizman, B. (1983). Molecular genetics of herpes simplex virus. VIII. further characterization of a temperature-sensitive mutant defective in release of viral DNA and in other stages of the viral reproductive cycle. J. Virol. 5, 397–407.

 Beitia Ortiz de Zarate, I., Kaelin, K., and Rozenberg, F. (2004). Effects of mutations in the cytoplasmic domain of herpes simplex virus type 1 glycoprotein B on intracellular transport and infectivity. J. Virol. 8, 1540–1551. doi: 10.1128/JVI.78.3.1540-1551.2004

 Belshe, R. B., Leone, P. A., Bernstein, D. I., Wald, A., Levin, M. J., Stapleton, J. T., et al. (2012). Efficacy results of a trial of a herpes simplex vaccine. N. Engl. J. Med. 66, 34–43. doi: 10.1056/NEJMoa1103151

 Birkenheuer, C. H., Danko, C. G., and Baines, J. D. (2018). Herpes simplex virus 1 dramatically alters loading and positioning of RNA Polymerase II on host genes early in infection. J. Virol. 92:e02184–17. doi: 10.1128/JVI.02184-17

 Bisignano, C., Mandalari, G., Smeriglio, A., Trombetta, D., Pizzo, M. M., Pennisi, R., et al. (2017). Almond skin extracts abrogate HSV-1 replication by blocking virus binding to the cell. Viruses 9:E178. doi: 10.3390/v9070178

 Bjerke, S. L., and Roller, R. J. (2006). Roles for herpes simplex virus type 1 UL34 and US3 proteins in disrupting the nuclear lamina during herpes simplex virus type 1 egress. Virology 47, 261–276. doi: 10.1016/j.virol.2005.11.053

 Bjornson, Z. B., Nolan, G. P., and Fantl, W. J. (2013). Single-cell mass cytometry for analysis of immune system functional states. Curr. Opin. Immunol. 5, 484–494. doi: 10.1016/j.coi.2013.07.004

 Brideau, A. D., Enquist, L. W., and Tirabassi, R. S. (2000). The role of virion membrane protein endocytosis in the herpesvirus life cycle. J. Clin. Virol. 7, 69–82. doi: 10.1016/S1386-6532(00)00084-6

 Brown, J. C., and Newcomb, W. W. (2011). Herpesvirus capsid assembly: insights from structural analysis. Curr. Opin. Virol. 1, 142–149. doi: 10.1016/j.coviro.2011.06.003

 Bucks, M. A., O'Regan, K. J., Murphy, M. A., Wills, J. W., and Courtney, R. J. (2007). Herpes simplex virus type 1 tegument proteins VP1/2 and UL37 are associated with intranuclear capsids. Virology 61, 316–324. doi: 10.1016/j.virol.2006.11.031

 Bultmann, H., Girdaukas, G., Kwon, G. S., and Brandt, C. R. (2010). The virucidal EB peptide protects host cells from herpes simplex virus type 1 infection in the presence of serum albumin and aggregates proteins in a detergent-like manner. Antimicrob. Agents Chemother. 4, 4275–4289. doi: 10.1128/AAC.00495-10

 Calistri, A., Sette, P., Salata, C., Cancellotti, E., Forghieri, C., Comin, A., et al. (2007). Intracellular trafficking and maturation of herpes simplex virus type 1 gB and virus egress require functional biogenesis of multivesicular bodies. J. Virol. 1, 11468–11478. doi: 10.1128/JVI.01364-07

 Cano-Monreal, G. L., Wylie, K. M., Cao, F., Tavis, J. E., and Morrison, L. A. (2009). Herpes simplex virus 2 UL13 protein kinase disrupts nuclear lamins. Virology 92, 137–147. doi: 10.1016/j.virol.2009.06.051

 Chaudhuri, S., Symons, J. A., and Deval, J. (2018). Innovation and trends in the development and approval of antiviral medicines: 1987-2017 and beyond. Antiviral Res. 55, 76–88. doi: 10.1016/j.antiviral.2018.05.005

 Chen, D., Su, A., Fu, Y., Wang, X., Lv, X., Xu, W., et al. (2015). Harmine blocks herpes simplex virus infection through downregulating cellular NF-kappaB and MAPK pathways induced by oxidative stress. Antiviral Res. 23, 27–38. doi: 10.1016/j.antiviral.2015.09.003

 Chen, Y. C., Sheng, J., Trang, P., and Liu, F. (2018). Potential application of the CRISPR/Cas9 system against herpesvirus infections. Viruses 10:E291. doi: 10.3390/v10060291

 Cheshenko, N., Trepanier, J. B., Gonzalez, P. A., Eugenin, E. A., Jacobs, W. R. Jr., and Herold, B. C. (2014). Herpes simplex virus type 2 glycoprotein H interacts with integrin alphavbeta3 to facilitate viral entry and calcium signaling in human genital tract epithelial cells. J. Virol. 8, 10026–10038. doi: 10.1128/JVI.00725-14

 Cheshenko, N., Trepanier, J. B., Stefanidou, M., Buckley, N., Gonzalez, P., Jacobs, W., et al. (2013). HSV activates Akt to trigger calcium release and promote viral entry: novel candidate target for treatment and suppression. FASEB J. 7, 2584–2599. doi: 10.1096/fj.12-220285

 Clement, C., Tiwari, V., Scanlan, P. M., Valyi-Nagy, T., Yue, B. Y., and Shukla, D. (2006). A novel role for phagocytosis-like uptake in herpes simplex virus entry. J. Cell Biol. 74, 1009–1021. doi: 10.1083/jcb.200509155

 Cockrell, S. K., Huffman, J. B., Toropova, K., Conway, J. F., and Homa, F. L. (2011). Residues of the UL25 protein of herpes simplex virus that are required for its stable interaction with capsids. J. Virol. 5, 4875–4887. doi: 10.1128/JVI.00242-11

 Coller, K. E., Lee, J. I., Ueda, A., and Smith, G. A. (2007). The capsid and tegument of the alphaherpesviruses are linked by an interaction between the UL25 and VP1/2 proteins. J. Virol. 1, 11790–11797. doi: 10.1128/JVI.01113-07

 Colpitts, C. C., and Schang, L. M. (2014). A small molecule inhibits virion attachment to heparan sulfate- or sialic acid-containing glycans. J. Virol. 8, 7806–7817. doi: 10.1128/JVI.00896-14

 Conway, J. F., and Homa, F. L. (2011). “Nucleocapsid structure, assembly and DNA packaging of herpes simplex virus,” in Alphaherpesviruses: Molecular Virology, eds S. K. Weller (Farmington, CT: Caister Academic Press), 175–193.

 Copeland, A. M., Newcomb, W. W., and Brown, J. C. (2009). Herpes simplex virus replication: roles of viral proteins and nucleoporins in capsid-nucleus attachment. J. Virol. 3, 1660–1668. doi: 10.1128/JVI.01139-08

 Criscuolo, E., Clementi, N., Mancini, N., Burioni, R., Miduri, M., Castelli, M., et al. (2018). Synergy evaluation of anti-Herpes Simplex Virus type 1 and 2 compounds acting on different steps of virus life cycle. Antiviral Res. 51, 71–77. doi: 10.1016/j.antiviral.2018.01.009

 Cun, W., Hong, M., Liu, L. D., Dong, C. H., Luo, J., and Li, Q. H. (2006). Structural and functional characterization of herpes simplex virus 1 immediate-early protein infected-cell protein 22. J. Biochem. 40, 67–73. doi: 10.1093/jb/mvj135

 Daelemans, D., Pauwels, R., De Clercq, E., and Pannecouque, C. (2011). A time-of-drug addition approach to target identification of antiviral compounds. Nat. Protoc. 925–33. doi: 10.1038/nprot.2011.330

 Dai, W., Wu, Y., Bi, J., Wang, S., Li, F., Kong, W., et al. (2018). Antiviral effects of ABMA against herpes simplex virus type 2 in vitro and in vivo. Viruses 10:E119. doi: 10.3390/v10030119

 Dai, X., and Zhou, Z. H. (2018). Structure of the herpes simplex virus 1 capsid with associated tegument protein complexes. Science 60:eaao7298. doi: 10.1126/science.aao7298

 Dasgupta, A., and Wilson, D. W. (1999). ATP depletion blocks herpes simplex virus DNA packaging and capsid maturation. J. Virol. 3, 2006–2015.

 Dasgupta, A., and Wilson, D. W. (2001). Evaluation of the primary effect of brefeldin A treatment upon herpes simplex virus assembly. J. Gen. Virol. 2(Pt 7), 1561–1567. doi: 10.1099/0022-1317-82-7-1561

 De Clercq, E. (2013). Antivirals: past, present and future. Biochem. Pharmacol. 5, 727–744. doi: 10.1016/j.bcp.2012.12.011

 Dembowski, J. A., and DeLuca, N. A. (2015). Selective recruitment of nuclear factors to productively replicating herpes simplex virus genomes. PLoS Pathog. 1:e1004939. doi: 10.1371/journal.ppat.1004939

 Dembowski, J. A., and DeLuca, N. A. (2018). Temporal viral genome-protein interactions define distinct stages of productive herpesviral infection. MBio. 9:e01182-18. doi: 10.1128/mBio.01182-18

 Desai, P., and Person, S. (1998). Incorporation of the green fluorescent protein into the herpes simplex virus type 1 capsid. J. Virol. 2, 7563–7568.

 Dingwell, K. S., Brunetti, C. R., Hendricks, R. L., Tang, Q., Tang, M., Rainbow, A. J., et al. (1994). Herpes simplex virus glycoproteins E and I facilitate cell-to-cell spread in vivo and across junctions of cultured cells. J. Virol. 8, 834–845.

 Döhner, K., Radtke, K., Schmidt, S., and Sodeik, B. (2006). Eclipse phase of herpes simplex virus type 1 infection: efficient dynein-mediated capsid transport without the small capsid protein VP26. J. Virol. 80, 8211–8224. doi: 10.1128/JVI.02528-05

 Dohner, K., Wolfstein, A., Prank, U., Echeverri, C., Dujardin, D., Vallee, R., et al. (2002). Function of dynein and dynactin in herpes simplex virus capsid transport. Mol. Biol. Cell 3, 2795–2809. doi: 10.1091/mbc.01-07-0348

 Donnelly, M., and Elliott, G. (2001). Nuclear localization and shuttling of herpes simplex virus tegument protein VP13/14. J. Virol. 5, 2566–2574. doi: 10.1128/JVI.75.6.2566-2574.2001

 Douglas, M. W., Diefenbach, R. J., Homa, F. L., Miranda-Saksena, M., Rixon, F. J., Vittone, V., et al. (2004). Herpes simplex virus type 1 capsid protein VP26 interacts with dynein light chains RP3 and Tctex1 and plays a role in retrograde cellular transport. J. Biol. Chem. 79, 28522–28530. doi: 10.1074/jbc.M311671200

 Du, R., Wang, L., Xu, H., Wang, Z., Zhang, T., Wang, M., et al. (2017). A novel glycoprotein D-specific monoclonal antibody neutralizes herpes simplex virus. Antiviral Res. 47, 131–141. doi: 10.1016/j.antiviral.2017.10.013

 Du, T., Han, Z., Zhou, G., and Roizman, B. (2015). Patterns of accumulation of miRNAs encoded by herpes simplex virus during productive infection, latency, and on reactivation. Proc. Natl. Acad. Sci. U.S.A. 12, E49–E55. doi: 10.1073/pnas.1422657112

 Dungrawala, H., and Cortez, D. (2015). Purification of Proteins on Newly Synthesized DNA Using iPOND. Methods Mol. Biol. 1228, 123–131. doi: 10.1007/978-1-4939-1680-1_10

 Elion, G. B., Furman, P. A., Fyfe, J. A., de Miranda, P., Beauchamp, L., and Schaeffer, H. J. (1977). Selectivity of action of an antiherpetic agent, 9-(2-hydroxyethoxymethyl) guanine. Proc. Natl. Acad. Sci. U.S.A. 4, 5716–5720. doi: 10.1073/pnas.74.12.5716

 Engel, E. A., Song, R., Koyuncu, O. O., and Enquist, L. W. (2015). Investigating the biology of alpha herpesviruses with MS-based proteomics. Proteomics 5, 1943–1956. doi: 10.1002/pmic.201400604

 Everett, R. D., and Murray, J. (2005). ND10 components relocate to sites associated with herpes simplex virus type 1 nucleoprotein complexes during virus infection. J. Virol. 9, 5078–5089. doi: 10.1128/JVI.79.8.5078-5089.2005

 Fabiani, M., Limongi, D., Palamara, A. T., De Chiara, G., and Marcocci, M. E. (2017). A novel method to titrate herpes simplex virus-1 (HSV-1) using laser-based scanning of near-infrared fluorophores conjugated antibodies. Front. Microbiol. 8:1085. doi: 10.3389/fmicb.2017.01085

 Fernández-Suárez, M., and Ting, A. Y. (2008). Fluorescent probes for super-resolution imaging in living cells. Nat. Rev. Mol. Cell Biol. 9, 929–943. doi: 10.1038/nrm2531

 Forest, T., Barnard, S., and Baines, J. D. (2005). Active intranuclear movement of herpesvirus capsids. Nat. Cell Biol. 7, 429–431. doi: 10.1038/ncb1243

 Foster, T. P., Melancon, J. M., Olivier, T. L., and Kousoulas, K. G. (2004). Herpes simplex virus type 1 glycoprotein K and the UL20 protein are interdependent for intracellular trafficking and trans-Golgi network localization. J. Virol. 8, 13262–13277. doi: 10.1128/JVI.78.23.13262-13277.2004

 Fox, H. L., Dembowski, J. A., and DeLuca, N. A. (2017). A herpesviral immediate early protein promotes transcription elongation of viral transcripts. MBio. 8:e00745-17. doi: 10.1128/mBio.00745-17

 Funk, C., Ott, M., Raschbichler, V., Nagel, C. H., Binz, A., Sodeik, B., et al. (2015). The herpes simplex virus protein pUL31 escorts nucleocapsids to sites of nuclear egress, a process coordinated by its N-terminal domain. PLoS Pathog. 1:e1004957. doi: 10.1371/journal.ppat.1004957

 Futter, C. E., Pearse, A., Hewlett, L. J., and Hopkins, C. R. (1996). Multivesicular endosomes containing internalized EGF-EGF receptor complexes mature and then fuse directly with lysosomes. J. Cell Biol. 32, 1011–1023. doi: 10.1083/jcb.132.6.1011

 Gangji, R. N., Sankaranarayanan, N. V., Elste, J., Al-Horani, R. A., Afosah, D. K., Joshi, R., et al. (2018). Inhibition of herpes simplex virus-1 entry into human cells by nonsaccharide glycosaminoglycan mimetics. ACS Med. Chem. Lett. 9, 797–802. doi: 10.1021/acsmedchemlett.7b00364

 Gao, M., Matusickkumar, L., Hurlburt, W., Ditusa, S. F., Newcomb, W. W., Brown, J. C., et al. (1994). The Protease of herpes-simplex virus type-1 is essential for functional capsid formation and viral growth. J. Virol. 8, 3702–3712.

 Garner, J. A. (2003). Herpes simplex virion entry into and intracellular transport within mammalian cells. Adv. Drug Deliv. Rev. 5, 1497–1513. doi: 10.1016/j.addr.2003.07.006

 Garvey, C. E., McGowin, C. L., and Foster, T. P. (2014). Development and evaluation of SYBR Green-I based quantitative PCR assays for herpes simplex virus type 1 whole transcriptome analysis. J. Virol. Methods 201, 101–111. doi: 10.1016/j.jviromet.2014.02.010

 Gerber, S. I., Belval, B. J., and Herold, B. C. (1995). Differences in the role of glycoprotein C of HSV-1 and HSV-2 in viral binding may contribute to serotype differences in cell tropism. Virology 14, 29–39. doi: 10.1006/viro.1995.9957

 Gianni, T., Massaro, R., and Campadelli-Fiume, G. (2015). Dissociation of HSV gL from gH by alphavbeta6- or alphavbeta8-integrin promotes gH activation and virus entry. Proc. Natl. Acad. Sci. U.S.A. 12, E3901–E3910. doi: 10.1073/pnas.1506846112

 Gianni, T., Salvioli, S., Chesnokova, L. S., Hutt-Fletcher, L. M., and Campadelli-Fiume, G. (2013). αvβ6- and αvβ 8-integrins serve as interchangeable receptors for HSV gH/gL to promote endocytosis and activation of membrane fusion. PLoS Pathog. 9:e1003806. doi: 10.1371/journal.ppat.1003806

 Gibson, W., and Roizman, B. (1972). Proteins specified by herpes simplex virus. 8. Characterization and composition of multiple capsid forms of subtypes 1 and 2. J. Virol., 10, 1044–1052.

 Gillgrass, A. E., Tang, V. A., Towarnicki, K. M., Rosenthal, K. L., and Kaushic, C. (2005). Protection against genital herpes infection in mice immunized under different hormonal conditions correlates with induction of vagina-associated lymphoid tissue. J. Virol. 9, 3117–3126. doi: 10.1128/JVI.79.5.3117-3126.2005

 Granzow, H., Klupp, B. G., Fuchs, W., Veits, J., Osterrieder, N., and Mettenleiter, T. C. (2001). Egress of alphaherpesviruses: comparative ultrastructural study. J. Virol. 5, 3675–3684. doi: 10.1128/JVI.75.8.3675-3684.2001

 Grünewald, K., Desai, P., Winkler, D. C., Heymann, J. B., Belnap, D. M., Baumeister, W., et al. (2003). Three-dimensional structure of herpes simplex virus from cryo-electron tomography. Science 302, 1396–1398. doi: 10.1126/science.1090284

 Hadigal, S. R., Agelidis, A. M., Karasneh, G. A., Antoine, T. E., Yakoub, A. M., Ramani, V. C., et al. (2015). Heparanase is a host enzyme required for herpes simplex virus-1 release from cells. Nat. Commun. 6:6985. doi: 10.1038/ncomms7985

 Harper, A. L., Meckes, D. G. Jr., Marsh, J. A., Ward, M. D., Yeh, P. C., Baird, N. L., et al. (2010). Interaction domains of the UL16 and UL21 tegument proteins of herpes simplex virus. J. Virol. 4, 2963–2971. doi: 10.1128/JVI.02015-09

 Hassan, S. T., Masarcikova, R., and Berchova, K. (2015). Bioactive natural products with anti-herpes simplex virus properties. J. Pharm. Pharmacol. 7, 1325–1336. doi: 10.1111/jphp.12436

 Heming, J. D., Conway, J. F., and Homa, F. L. (2017). Herpesvirus capsid assembly and DNA packaging. Adv. Anat. Embryol. Cell Biol. 23, 119–142. doi: 10.1007/978-3-319-53168-7_6

 Henaff, D., Radtke, K., and Lippe, R. (2012). Herpesviruses exploit several host compartments for envelopment. Traffic 3, 1443–1449. doi: 10.1111/j.1600-0854.2012.01399.x

 Herold, B. C., WuDunn, D., Soltys, N., and Spear, P. G. (1991). Glycoprotein C of herpes simplex virus type 1 plays a principal role in the adsorption of virus to cells and in infectivity. J. Virol. 5, 1090–1098.

 Hogue, I. B., Bosse, J. B., Engel, E. A., Scherer, J., Hu, J. R., Del Rio, T., et al. (2015). Fluorescent protein approaches in alpha herpesvirus research. Viruses 7, 5933–5961. doi: 10.3390/v7112915

 Hogue, I. B., Bosse, J. B., Hu, J. R., Thiberge, S. Y., and Enquist, L. W. (2014). Cellular mechanisms of alpha herpesvirus egress: live cell fluorescence microscopy of pseudorabies virus exocytosis. PLoS Pathog. 10:e1004535. doi: 10.1371/journal.ppat.1004535

 Hogue, I. B., Scherer, J., and Enquist, L. W. (2016). Exocytosis of alphaherpesvirus virions, light particles, and glycoproteins uses constitutive secretory mechanisms. MBio. 7:e00820-16. doi: 10.1128/mBio.00820-16

 Hollinshead, M., Johns, H. L., Sayers, C. L., Gonzalez-Lopez, C., Smith, G. L., and Elliott, G. (2012). Endocytic tubules regulated by Rab GTPases 5 and 11 are used for envelopment of herpes simplex virus. EMBO J. 1, 4204–4220. doi: 10.1038/emboj.2012.262

 Homa, F. L., and Brown, J. C. (1997). Capsid assembly and DNA packaging in herpes simplex virus. Rev. Med. Virol. 7, 107–122.

 Honess, R. W., and Roizman, B. (1974). Regulation of herpesvirus macromolecular synthesis. I. Cascade regulation of the synthesis of three groups of viral proteins. J. Virol. 4, 8–19.

 Honess, R. W., and Roizman, B. (1975). Regulation of herpesvirus macromolecular synthesis: sequential transition of polypeptide synthesis requires functional viral polypeptides. Proc. Natl. Acad. Sci. U.S.A. 2, 1276–1280. doi: 10.1073/pnas.72.4.1276

 Houston, D. M. J., Bugert, J. J., Denyer, S. P., and Heard, C. M. (2017). Potentiated virucidal activity of pomegranate rind extract (PRE) and punicalagin against Herpes simplex virus (HSV) when co-administered with zinc (II) ions, and antiviral activity of PRE against HSV and aciclovir-resistant HSV. PLoS ONE 2:e0179291. doi: 10.1371/journal.pone.0179291

 Huang, W., Xie, P., Xu, M., Li, P., and Zao, G. (2011). The influence of stress factors on the reactivation of latent herpes simplex virus type 1 in infected mice. Cell Biochem. Biophys. 1, 115–122. doi: 10.1007/s12013-011-9167-7

 Ibáñez, F. J., Farías, M. A., Retamal, F. M., Espinoza, A., Kalergis, J. A., and González, A. M. (2017). Pharmacological induction of heme oxygenase-1 impairs nuclear accumulation of herpes simplex virus capsids upon infection. Front. Microbiol. 8:2108. doi: 10.3389/fmicb.2017.02108

 Jaishankar, D., Yakoub, A. M., Yadavalli, T., Agelidis, A., Thakkar, N., Hadigal, S., et al. (2018). An off-target effect of BX795 blocks herpes simplex virus type 1 infection of the eye. Sci. Transl. Med. 10:eaan5861. doi: 10.1126/scitranslmed.aan5861

 Jin, F., Ma, K., Chen, M., Zou, M., Wu, Y., Li, F., et al. (2016). Pentagalloylglucose blocks the nuclear transport and the process of nucleocapsid egress to inhibit HSV-1 infection. Jpn. J. Infect. Dis. 9, 135–142. doi: 10.7883/yoken.JJID.2015.137

 Johnson, D. C., and Spear, P. G. (1983). O-linked oligosaccharides are acquired by herpes-simplex virus glycoproteins in the golgi-apparatus. Cell 2, 987–997. doi: 10.1016/0092-8674(83)90083-1

 Johnson, D. C., Webb, M., Wisner, T. W., and Brunetti, C. (2001). Herpes simplex virus gE/gI sorts nascent virions to epithelial cell junctions, promoting virus spread. J. Virol. 5, 821–833. doi: 10.1128/JVI.75.2.821-833.2001

 Jovasevic, V., Naghavi, M. H., and Walsh, D. (2015). Microtubule plus end-associated CLIP-170 initiates HSV-1 retrograde transport in primary human cells. J. Cell Biol. 11, 323–337. doi: 10.1083/jcb.201505123

 Kalamvoki, M., and Roizman, B. (2008). Nuclear retention of ICP0 in cells exposed to HDAC inhibitor or transfected with DNA before infection with herpes simplex virus 1. Proc. Natl. Acad. Sci. U.S.A. 105, 20488–20493. doi: 10.1073/pnas.0810879105

 Katsumata, K., Chono, K., Kato, K., Ohtsu, Y., Takakura, S., Kontani, T., et al. (2013). Pharmacokinetics and pharmacodynamics of ASP2151, a helicase-primase inhibitor, in a murine model of herpes simplex virus infection. Antimicrob. Agents Chemother. 7, 1339–1346. doi: 10.1128/AAC.01803-12

 Kaufman, H., Martola, E. L., and Dohlman, C. (1962). Use of 5-iodo-2′-deoxyuridine (IDU) in treatment of herpes simplex keratitis. Arch. Ophthalmol. 8, 235–239. doi: 10.1001/archopht.1962.00960030239015

 Kaufman, H. E. (1962). Clinical cure of herpes simplex keratitis by 5-iodo-2-deoxyuridine. Proc. Soc. Exp. Biol. Med. 109, 251–252. doi: 10.3181/00379727-109-27169

 Kaufman, H. E., Azcuy, A. M., Varnell, E. D., Sloop, G. D., Thompson, H. W., and Hill, J. M. (2005). HSV-1 DNA in tears and saliva of normal adults. Invest. Ophthalmol. Vis. Sci. 6, 241–247. doi: 10.1167/iovs.04-0614

 Kelly, B. J., Mijatov, B., Fraefel, C., Cunningham, A. L., and Diefenbach, R. J. (2012). Identification of a single amino acid residue which is critical for the interaction between HSV-1 inner tegument proteins pUL36 and pUL37. Virology 22, 308–316. doi: 10.1016/j.virol.2011.11.002

 Kieff, E. D., Bachenheimer, S. L., and Roizman, B. (1971). Size, composition, and structure of the deoxyribonucleic acid of herpes simplex virus subtypes 1 and 2. J. Virol. 8, 125–132.

 Kleymann, G., Fischer, R., Betz, U. A., Hendrix, M., Bender, W., Schneider, U., et al. (2002). New helicase-primase inhibitors as drug candidates for the treatment of herpes simplex disease. Nat. Med. 8, 392–398. doi: 10.1038/nm0402-392

 Kobayashi, R., Kato, A., Sagara, H., Watanabe, M., Maruzuru, Y., Koyanagi, N., et al. (2017). Herpes simplex virus 1 small capsomere-interacting protein VP26 regulates nucleocapsid maturation. J. Virol. 1:e01068–17. doi: 10.1128/JVI.01068-17

 Komuro, M., Tajima, M., and Kato, K. (1989). Transformation of golgi membrane into the envelope of herpes-simplex virus in rat anterior-pituitary cells. Eur. J. Cell Biol. 50, 398–406.

 Kovacs, S. K., Tiwari, V., Prandovszky, E., Dosa, S., Bacsa, S., Valyi-Nagy, K., et al. (2009). Expression of herpes virus entry mediator (HVEM) in the cornea and trigeminal ganglia of normal and HSV-1 infected mice. Curr. Eye Res. 4, 896–904. doi: 10.3109/02713680903184250

 Kramer, T., and Enquist, L. W. (2013). Directional spread of alphaherpesviruses in the nervous system. Viruses Basel 5678–707. doi: 10.3390/v5020678

 Kukhanova, M. K., Korovina, A. N., and Kochetkov, S. N. (2014). Human herpes simplex virus: life cycle and development of inhibitors. Biochem. Mosc. 9, 1635–1652. doi: 10.1134/S0006297914130124

 Kulej, K., Avgousti, D. C., Sidoli, S., Herrmann, C., Della Fera, A. N., Kim, E. T., et al. (2017). Time-resolved global and chromatin proteomics during herpes simplex virus type 1 (HSV-1) infection. Mol. Cell. Proteomics 6, S92–S107. doi: 10.1074/mcp.M116.065987

 Kwant, A., and Rosenthal, K. L. (2004). Intravaginal immunization with viral subunit protein plus CpG oligodeoxynucleotides induces protective immunity against HSV-2. Vaccine 2, 3098–3104. doi: 10.1016/j.vaccine.2004.01.059

 La Frazia, S., Amici, C., and Santoro, M. G. (2006). Antiviral activity of proteasome inhibitors in herpes simplex virus-1 infection: role of nuclear factor-kappaB. Antivir. Ther. 1, 995–1004.

 Ladinsky, M. S., and Howell, K. E. (1992). The Trans-Golgi network can be dissected structurally and functionally from the cisternae of the golgi-complex by brefeldin-A. Eur. J. Cell Biol. 9, 92–105.

 Laine, R. F., Albecka, A. S., van de Linde Rees, E. J., Crump, C. M., and Kaminski, C. F. (2015). Structural analysis of herpes simplex virus by optical super-resolution imaging. Nat. Commun. 6:5980. doi: 10.1038/ncomms6980

 Lamberti, C., and Weller, S. K. (1998). The herpes simplex virus type 1 cleavage/packaging protein, UL32, is involved in efficient localization of capsids to replication compartments. J. Virol. 2, 2463–2473.

 Lamers, S. L., Newman, R. M., Laeyendecker, O., Tobian, A. A., Colgrove, R. C., Ray, S. C., et al. (2015). Global Diversity within and between Human Herpesvirus 1 and 2 Glycoproteins. J. Virol. 9, 8206–8218. doi: 10.1128/JVI.01302-15

 Lazear, E., Whitbeck, J. C., Zuo, Y., Carfi, A., Cohen, G. H., Eisenberg, R. J., et al. (2014). Induction of conformational changes at the N-terminus of herpes simplex virus glycoprotein D upon binding to HVEM and nectin-1. Virology 48, 185–195. doi: 10.1016/j.virol.2013.10.019

 Lee, J. S., Raja, P., and Knipe, D. M. (2016). Herpesviral ICP0 protein promotes two waves of heterochromatin removal on an early viral promoter during lytic infection. MBio 7:e02007-15. doi: 10.1128/mBio.02007-15

 Levendosky, K., Mizenina, O., Martinelli, E., Jean-Pierre, N., Kizima, L., Rodriguez, A., et al. (2015). Griffithsin and carrageenan combination to target herpes simplex virus 2 and human papillomavirus. Antimicrob. Agents Chemother. 9, 7290–7298. doi: 10.1128/AAC.01816-15

 Li, F., Jin, F., Wang, Y., Zheng, D., Liu, J., Zhang, Z., et al. (2018). Hsp90 inhibitor AT-533 blocks HSV-1 nuclear egress and assembly. J. Biochem. doi: 10.1093/jb/mvy066 [Epub ahead of print].

 Liang, Y., Vogel, J. L., Narayanan, A., Peng, H., and Kristie, T. M. (2009). Inhibition of the histone demethylase LSD1 blocks alpha-herpesvirus lytic replication and reactivation from latency. Nat. Med. 5, 1312–1317. doi: 10.1038/nm.2051

 Liga, A., Vliegenthart, A. D., Oosthuyzen, W., Dear, J. W., and Kersaudy-Kerhoas, M. (2015). Exosome isolation: a microfluidic road-map. Lab Chip 5, 2388–2394. doi: 10.1039/C5LC00240K

 Looker, K. J., Magaret, A. S., Turner, K. M., Vickerman, P., Gottlieb, S. L., and Newman, L. M. (2015). Global estimates of prevalent and incident herpes simplex virus type 2 infections in 2012. PLoS ONE 10:e114989. doi: 10.1371/journal.pone.0114989

 Loomis, J. S., Courtney, R. J., and Wills, J. W. (2003). Binding partners for the UL11 tegument protein of herpes simplex virus type 1. J. Virol. 7, 11417–11424. doi: 10.1128/JVI.77.21.11417-11424.2003

 Loret, S., El Bilali, N., and Lippe, R. (2012). Analysis of herpes simplex virus type I nuclear particles by flow cytometry. Cytometry A 1, 950–959. doi: 10.1002/cyto.a.22107

 Loret, S., Guay, G., and Lippe, R. (2008). Comprehensive characterization of extracellular herpes simplex virus type 1 virions. J. Virol. 2, 8605–8618. doi: 10.1128/JVI.00904-08

 Ma, Y., Chen, M., Jin, H., Prabhakar, B. S., Valyi-Nagy, T., and He, B. (2017). An engineered herpesvirus activates dendritic cells and induces protective immunity. Sci. Rep. 7:41461. doi: 10.1038/srep41461

 Margolis, T. P., Imai, Y., Yang, L., Vallas, V., and Krause, P. R. (2007). Herpes simplex virus type 2 (HSV-2) establishes latent infection in a different population of ganglionic neurons than HSV-1: role of latency-associated transcripts. J. Virol. 1, 1872–1878. doi: 10.1128/JVI.02110-06

 Martinez, W. M., and Spear, P. G. (2001). Structural features of nectin-2 (HveB) required for herpes simplex virus entry. J. Virol. 5, 11185–11195. doi: 10.1128/JVI.75.22.11185-11195.2001

 McNab, A. R., Desai, P., Person, S., Roof, L. L., Thomsen, D. R., Newcomb, W. W., et al. (1998). The product of the herpes simplex virus type 1 UL25 gene is required for encapsidation but not for cleavage of replicated viral DNA. J. Virol. 2, 1060–1070.

 Mettenleiter, T. C., Muller, F., Granzow, H., and Klupp, B. G. (2013). The way out: what we know and do not know about herpesvirus nuclear egress. Cell. Microbiol. 5, 170–178. doi: 10.1111/cmi.12044

 Moomaw, M. D., Cornea, P., Rathbun, R. C., and Wendel, K. A. (2003). Review of antiviral therapy for herpes labialis, genital herpes and herpes zoster. Expert Rev. AntiInfect Ther. 1, 283–295. doi: 10.1586/14787210.1.2.283

 Morgan, C., Ellison, S. A., Rose, H. M., and Moore, D. H. (1954). Structure and development of viruses as observed in the electron microscope. I. Herpes simplex virus. J. Exp. Med. 100, 195–202. doi: 10.1084/jem.100.2.195

 Mou, F., Wills, E., and Baines, J. D. (2009). Phosphorylation of the U(L)31 protein of herpes simplex virus 1 by the U(S)3-encoded kinase regulates localization of the nuclear envelopment complex and egress of nucleocapsids. J. Virol. 3, 5181–5191. doi: 10.1128/JVI.00090-09

 Newcomb, W. W., and Brown, J. C. (2002). Inhibition of herpes simplex virus replication by WAY-150138: assembly of capsids depleted of the portal and terminase proteins involved in DNA encapsidation. J. Virol. 6, 10084–10088. doi: 10.1128/JVI.76.19.10084-10088.2002

 Newcomb, W. W., and Brown, J. C. (2010). Structure and capsid association of the herpesvirus large tegument protein UL36. J. Virol. 4, 9408–9414. doi: 10.1128/JVI.00361-10

 Newcomb, W. W., Homa, F. L., Thomsen, D. R., and Brown, J. C. (2001). In vitro assembly of the herpes simplex virus procapsid: formation of small procapsids at reduced scaffolding protein concentration. J. Struct. Biol. 33, 23–31. doi: 10.1006/jsbi.2001.4329

 Newcomb, W. W., Homa, F. L., Thomsen, D. R., Trus, B. L., Cheng, N., Steven, A., et al. (1999). Assembly of the herpes simplex virus procapsid from purified components and identification of small complexes containing the major capsid and scaffolding proteins. J. Virol. 3, 4239–4250.

 Nicholson, P., Addison, C., Cross, A. M., Kennard, J., Preston, V. G., and Rixon, F. J. (1994). Localization of the herpes simplex virus type 1 major capsid protein VP5 to the cell nucleus requires the abundant scaffolding protein VP22a. J. Gen. Virol. 5 (Pt 5), 1091–1099. doi: 10.1099/0022-1317-75-5-1091

 Nicola, A. V., and Straus, S. E. (2004). Cellular and viral requirements for rapid endocytic entry of herpes simplex virus. J. Virol. 8, 7508–7517. doi: 10.1128/JVI.78.14.7508-7517.2004

 Nystrom, K., Biller, M., Grahn, A., Lindh, M., Larson, G., and Olofsson, S. (2004). Real time PCR for monitoring regulation of host gene expression in herpes simplex virus type 1-infected human diploid cells. J. Virol. Methods 18, 83–94. doi: 10.1016/j.jviromet.2004.01.019

 O'Day, D. M., Poirier, R. H., Jones, D. B., and Elliott, J. H. (1976). Vidarabine therapy of complicated herpes simplex keratitis. Am. J. Ophthalmol. 1, 642–649. doi: 10.1016/0002-9394(76)90131-8

 Oh, M. J., Akhtar, J., Desai, P., and Shukla, D. (2010). A role for heparan sulfate in viral surfing. Biochem. Biophys. Res. Commun. 91, 176–181. doi: 10.1016/j.bbrc.2009.11.027

 Ojala, P. M., Sodeik, B., Ebersold, M. W., Kutay, U., and Helenius, A. (2000). Herpes simplex virus type 1 entry into host cells: reconstitution of capsid binding and uncoating at the nuclear pore complex in vitro. Mol. Cell. Biol. 20, 4922–4931. doi: 10.1128/MCB.20.13.4922-4931.2000

 Ott, M., Tascher, G., Hassdenteufel, S., Zimmermann, R., Haas, J., and Bailer, S. M. (2011). Functional characterization of the essential tail anchor of the herpes simplex virus type 1 nuclear egress protein pUL34. J. Gen. Virol. 2(Pt 12), 2734–2745. doi: 10.1099/vir.0.032730-0

 Owen, D. J., Crump, C. M., and Graham, S. C. (2015). Tegument assembly and secondary envelopment of alphaherpesviruses. Viruses 9, 5084–5114. doi: 10.3390/v7092861

 Pagano, R. E., Sepanski, M. A., and Martin, O. C. (1989). Molecular trapping of a fluorescent ceramide analogue at the Golgi apparatus of fixed cells: interaction with endogenous lipids provides a trans-Golgi marker for both light and electron microscopy. J. Cell Biol. 109, 2067–2079. doi: 10.1083/jcb.109.5.2067

 Panté, N., and Kann, M. (2002). Nuclear pore complex is able to transport macromolecules with diameters of about 39 nm. Mol. Biol. Cell, 3, 425–434. doi: 10.1091/mbc.01-06-0308

 Pasdeloup, D., Blondel, D., Isidro, A. L., and Rixon, F. J. (2009). Herpesvirus capsid association with the nuclear pore complex and viral DNA release involve the nucleoporin CAN/Nup214 and the capsid protein pUL25. J. Virol. 3, 6610–6623. doi: 10.1128/JVI.02655-08

 Pasieka, T. J., Lu, B., Crosby, S. D., Wylie, K. M., Morrison, L. A., Alexander, D. E., et al. (2008). Herpes simplex virus virion host shutoff attenuates establishment of the antiviral state. J. Virol. 2, 5527–5535. doi: 10.1128/JVI.02047-07

 Patel, A. H., Rixon, F. J., Cunningham, C., and Davison, A. J. (1996). Isolation and characterization of herpes simplex virus type 1 mutants defective in the UL6 gene. Virology 17, 111–123. doi: 10.1006/viro.1996.0098

 Pellet, P. E., and Roizman, B. (2007). The Family Herpesviridae: A Brief Introduction. Fields Virology, 5th edn. Philadelphia, PA: Wolters Kluwer Health/Lippincott Williams & Wilkins.

 Petro, C., González, P. A., Cheshenko, N., Jandl, T., Khajoueinejad, N., Bénard, A., et al. (2015). Herpes simplex type 2 virus deleted in glycoprotein D protects against vaginal, skin and neural disease. Elife 4:e06054. doi: 10.7554/eLife.06054

 Pomeranz, L. E., and Blaho, J. A. (1999). Modified VP22 localizes to the cell nucleus during synchronized herpes simplex virus type 1 infection. J. Virol. 3, 6769–6781.

 Poole, C. L., and James, S. H. (2018). Antiviral therapies for herpesviruses: current agents and new directions. Clin. Ther. 40, 1282–1298. doi: 10.1016/j.clinthera.2018.07.006

 Popkin, D. L., Zilka, S., Dimaano, M., Fujioka, H., Rackley, C., Salata, R., et al. (2017). Cetylpyridinium chloride (CPC) exhibits potent, rapid activity against influenza viruses in vitro and in vivo. Pathog. Immun. 2, 252–269. doi: 10.20411/pai.v2i2.200

 Potel, C., Kaelin, K., Gautier, I., Lebon, P., Coppey, J., and Rozenberg, F. (2002). Incorporation of green fluorescent protein into the essential envelope glycoprotein B of herpes simplex virus type 1. J. Virol. Methods 105, 13–23. doi: 10.1016/S0166-0934(02)00027-7

 Pradhan, P., and Nguyen, M. L. (2018). Herpes simplex virus virucidal activity of MST-312 and epigallocatechin gallate. Virus Res. 49, 93–98. doi: 10.1016/j.virusres.2018.03.015

 Preston, V. G., Coates, J. A. V., and Rixon, F. J. (1983). Identification and characterization of a herpes-simplex virus gene-product required for encapsidation of virus-DNA. J. Virol. 5, 1056–1064.

 Prusoff, W. H. (1959). Synthesis and biological activities of iododeoxyuridine, an analog of thymidine. Biochim. Biophys. Acta 2, 295–296. doi: 10.1016/0006-3002(59)90597-9

 Radtke, K., Kieneke, D., Wolfstein, A., Michael, K., Steffen, W., Scholz, T., et al. (2010). Plus- and minus-end directed microtubule motors bind simultaneously to herpes simplex virus capsids using different inner tegument structures. PLoS Pathog. 6:e1000991. doi: 10.1371/journal.ppat.1000991

 Raghuraman, A., Tiwari, V., Zhao, Q., Shukla, D., Debnath, A. K., and Desai, U. R. (2007). Viral inhibition studies on sulfated lignin, a chemically modified biopolymer and a potential mimic of heparan sulfate. Biomacromolecules 8, 1759–1763. doi: 10.1021/bm0701651

 Reyes, E. D., Kulej, K., Pancholi, N. J., Akhtar, L. N., Avgousti, D. C., Kim, E. T., et al. (2017). Identifying host factors associated with DNA replicated during virus infection. Mol. Cell. Proteomics 6, 2079–2097. doi: 10.1074/mcp.M117.067116

 Reynolds, A. E., Wills, E. G., Roller, R. J., Ryckman, B. J., and Baines, J. D. (2002). Ultrastructural localization of the herpes simplex virus type 1 UL31, UL34, and US3 proteins suggests specific roles in primary envelopment and egress of nucleocapsids. J. Virol. 6, 8939–8952. doi: 10.1128/JVI.76.17.8939-8952.2002

 Richart, S. M., Simpson, S. A., Krummenacher, C., Whitbeck, J. C., Pizer, L. I., Cohen, G. H., et al. (2003). Entry of herpes simplex virus type 1 into primary sensory neurons in vitro is mediated by Nectin-1/HveC. J. Virol. 7, 3307–3311. doi: 10.1128/JVI.77.5.3307-3311.2003

 Roberts, K. L., and Baines, J. D. (2010). Myosin Va enhances secretion of herpes simplex virus 1 virions and cell surface expression of viral glycoproteins. J. Virol. 4, 9889–9896. doi: 10.1128/JVI.00732-10

 Rogalin, H. B., and Heldwein, E. E. (2016). Characterization of vesicular stomatitis virus pseudotypes bearing essential entry glycoproteins gB, gD, gH, and gL of herpes simplex virus 1. J. Virol. 90, 10321–10328. doi: 10.1128/JVI.01714-16

 Roizman, B., Knipe, D. M., and Whitley, R. J. (2013). “Herpes simplex viruses in Fields' virology,” in Fields' Virology, eds D. M. Knipe, P. Howley, D. E. Griffin, R. A. Lamb, M. A. Martin, V. R. Racaniello, and B. Roizman (New York, NY: Wolters Kluwer/Lippincott-Williams and Wilkins), 1840–1841.

 Roizman, B., and Zhou, G. Y. (2015). The 3 facets of regulation of herpes simplex virus gene expression: a critical inquiry. Virology 79, 562–567. doi: 10.1016/j.virol.2015.02.036

 Roller, R. J., Bjerke, S. L., Haugo, A. C., and Hanson, S. (2010). Analysis of a charge cluster mutation of herpes simplex virus type 1 UL34 and its extragenic suppressor suggests a novel interaction between pUL34 and pUL31 that is necessary for membrane curvature around capsids. J. Virol. 4, 3921–3934. doi: 10.1128/JVI.01638-09

 Salmon, B., and Baines, J. D. (1998). Herpes simplex virus DNA cleavage and packaging: association of multiple forms of U(L)15-encoded proteins with B capsids requires at least the U(L)6, U(L)17, and U(L)28 genes. J. Virol. 2, 3045–3050.

 Sankhala, R. S., Lokareddy, R. K., and Cingolani, G. (2016). Divergent evolution of nuclear localization signal sequences in herpesvirus terminase subunits. J. Biol. Chem. 91, 11420–11433. doi: 10.1074/jbc.M116.724393

 Satoh, T., Arii, J., Suenaga, T., Wang, J., Kogure, A., Uehori, J., et al. (2008). PILRalpha is a herpes simplex virus-1 entry coreceptor that associates with glycoprotein B. Cell 32, 935–944. doi: 10.1016/j.cell.2008.01.043

 Sauerbrei, A., Bohn, K., Heim, A., Hofmann, J., Weissbrich, B., Schnitzler, P., et al. (2011). Novel resistance-associated mutations of thymidine kinase and DNA polymerase genes of herpes simplex virus type 1 and type 2. Antivir. Ther. 6, 1297–1308. doi: 10.3851/IMP1870

 Schang, L. M., Bantly, A., Knockaert, M., Shaheen, F., Meijer, L., Malim, M. H., et al. (2002). Pharmacological cyclin-dependent kinase inhibitors inhibit replication of wild-type and drug-resistant strains of herpes simplex virus and human immunodeficiency virus type 1 by targeting cellular, not viral, proteins. J. Virol. 6, 7874–7882. doi: 10.1128/JVI.76.15.7874-7882.2002

 Schnitzler, P., Koch, C., and Reichling, J. (2007). Susceptibility of drug-resistant clinical herpes simplex virus type 1 strains to essential oils of ginger, thyme, hyssop, and sandalwood. Antimicrob. Agents Chemother. 1, 1859–1862. doi: 10.1128/AAC.00426-06

 Schuhmacher, A., Reichling, J., and Schnitzler, P. (2003). Virucidal effect of peppermint oil on the enveloped viruses herpes simplex virus type 1 and type 2 in vitro. Phytomedicine 10, 504–510. doi: 10.1078/094471103322331467

 Schumacher, D., Tischer, B. K., Trapp, S., and Osterrieder, N. (2005). The protein encoded by the US3 orthologue of Marek's disease virus is required for efficient de-envelopment of perinuclear virions and involved in actin stress fiber breakdown. J. Virol. 9, 3987–3997. doi: 10.1128/JVI.79.7.3987-3997.2005

 Sekine, E., Schmidt, N., Gaboriau, D., and O'Hare, P. (2017). Spatiotemporal dynamics of HSV genome nuclear entry and compaction state transitions using bioorthogonal chemistry and super-resolution microscopy. PLoS Pathog. 3:e1006721. doi: 10.1371/journal.ppat.1006721

 Shukla, D., Liu, J., Blaiklock, P., Shworak, N. W., Bai, X., Esko, J. D., et al. (1999). A novel role for 3-O-sulfated heparan sulfate in herpes simplex virus 1 entry. Cell 9, 13–22. doi: 10.1016/S0092-8674(00)80058-6

 Skaliter, R., and Lehman, I. R. (1994). Rolling circle DNA replication in vitro by a complex of herpes simplex virus type 1-encoded enzymes. Proc. Natl. Acad. Sci. U.S.A. 1, 10665–10669. doi: 10.1073/pnas.91.22.10665

 Skepper, J. N., Whiteley, A., Browne, H., and Minson, A. (2001). Herpes simplex virus nucleocapsids mature to progeny virions by an envelopment → deenvelopment → reenvelopment pathway. J. Virol. 5, 5697–5702. doi: 10.1128/JVI.75.12.5697-5702.2001

 Snyder, A., Polcicova, K., and Johnson, D. C. (2008). Herpes simplex virus gE/gI and US9 proteins promote transport of both capsids and virion glycoproteins in neuronal axons. J. Virol. 2, 10613–10624. doi: 10.1128/JVI.01241-08

 Sodeik, B., Ebersold, M. W., and Helenius, A. (1997). Microtubule-mediated transport of incoming herpes simplex virus 1 capsids to the nucleus. J. Cell Biol. 36, 1007–1021. doi: 10.1083/jcb.136.5.1007

 Song, R., Koyuncu, O. O., Greco, T. M., Diner, B. A., Cristea, I. M., and Enquist, L. W. (2016). Two modes of the axonal interferon response limit alphaherpesvirus neuroinvasion. MBio 7:e02145-15. doi: 10.1128/mBio.02145-15

 Spencer, J. V., Newcomb, W. W., Thomsen, D. R., Homa, F. L., and Brown, J. C. (1998). Assembly of the herpes simplex virus capsid: preformed triplexes bind to the nascent capsid. J. Virol. 2, 3944–3951.

 Spruance, S. L., Stewart, J. C., Rowe, N. H., McKeough, M. B., Wenerstrom, G., and Freeman, D. J. (1990). Treatment of recurrent herpes simplex labialis with oral acyclovir. J. Infect. Dis. 61, 185–190. doi: 10.1093/infdis/161.2.185

 Suazo, P. A., Ibañez, F. J., Retamal-Díaz, A. R., Paz-Fiblas, M. V., Bueno, S. M., Kalergis, A. M., et al. (2015a). Evasion of early antiviral responses by herpes simplex viruses. Mediators Inflamm. 2015:593757. doi: 10.1155/2015/593757

 Suazo, P. A., Tognarelli, E. I., Kalergis, A. M., and González, P. A. (2015b). Herpes simplex virus 2 infection: molecular association with HIV and novel microbicides to prevent disease. Med. Microbiol. Immunol. 204, 161–176. doi: 10.1007/s00430-014-0358-x

 Sugimoto, K., Uema, M., Sagara, H., Tanaka, M., Sata, T., Hashimoto, Y., et al. (2008). Simultaneous tracking of capsid, tegument, and envelope protein localization in living cells infected with triply fluorescent herpes simplex virus 1. J. Virol. 2, 5198–5211. doi: 10.1128/JVI.02681-07

 Taddeo, B., Luo, T. R., Zhang, W., and Roizman, B. (2003). Activation of NF-kappaB in cells productively infected with HSV-1 depends on activated protein kinase R and plays no apparent role in blocking apoptosis. Proc. Natl. Acad. Sci. U.S.A. 100, 12408–12413. doi: 10.1073/pnas.2034952100

 Talaei Zanjani, N., Miranda-Saksena, M., Valtchev, P., Diefenbach, R. J., Hueston, L., Diefenbach, E., et al. (2016). Abalone Hemocyanin blocks the entry of herpes simplex virus 1 into cells: a potential new antiviral strategy. Antimicrob. Agents Chemother. 60, 1003–1012. doi: 10.1128/AAC.01738-15

 Taus, N. S., and Baines, J. D. (1998). Herpes simplex virus 1 DNA cleavage/packaging: the UL28 gene encodes a minor component of B capsids. Virology 52, 443–449. doi: 10.1006/viro.1998.9475

 Taus, N. S., Salmon, B., and Baines, J. D. (1998). The herpes simplex virus 1 UL 17 gene is required for localization of capsids and major and minor capsid proteins to intranuclear sites where viral DNA is cleaved and packaged. Virology 52, 115–125. doi: 10.1006/viro.1998.9439

 Thomsen, D. R., Roof, L. L., and Homa, F. L. (1994). Assembly of herpes simplex virus (HSV) intermediate capsids in insect cells infected with recombinant baculoviruses expressing HSV capsid proteins. J. Virol. 8, 2442–2457.

 Thurlow, J. K., Murphy, M., Stow, N. D., and Preston, V. G. (2006). Herpes simplex virus type 1 DNA-packaging protein UL17 is required for efficient binding of UL25 to capsids. J. Virol. 80, 2118–2126. doi: 10.1128/JVI.80.5.2118-2126.2006

 Turcotte, S., Letellier, J., and Lippe, R. (2005). Herpes simplex virus type 1 Capsids transit by the trans-golgi network, where viral glycoproteins accumulate independently of capsid egress. J. Virol. 9, 8847–8860. doi: 10.1128/JVI.79.14.8847-8860.2005

 van Diemen, F. R., Kruse, E. M., Hooykaas, M. J., Bruggeling, C. E., Schurch, A. C., van Ham, P. M., et al. (2016). CRISPR/Cas9-mediated genome editing of herpesviruses limits productive and latent infections. PLoS Pathog. 2:e1005701. doi: 10.1371/journal.ppat.1005701

 van Diemen, F. R., and Lebbink, R. J. (2017). CRISPR/Cas9, a powerful tool to target human herpesviruses. Cell. Microbiol. 19, 1–9. doi: 10.1111/cmi.12694

 Vere Hodge, R. A., and Field, H. J. (2013). Antiviral agents for herpes simplex virus. Adv. Pharmacol. 7, 1–38. doi: 10.1016/B978-0-12-405880-4.00001-9

 Vittone, V., Diefenbach, E., Triffett, D., Douglas, M. W., Cunningham, A. L., and Diefenbach, R. J. (2005). Determination of interactions between tegument proteins of herpes simplex virus type 1. J. Virol. 9, 9566–9571. doi: 10.1128/JVI.79.15.9566-9571.2005

 Wald, A., Selke, S., Warren, T., Aoki, F. Y., Sacks, S., Diaz-Mitoma, F., et al. (2006). Comparative efficacy of famciclovir and valacyclovir for suppression of recurrent genital herpes and viral shedding. Sex. Transm. Dis. 3, 529–533. doi: 10.1097/01.olq.0000204723.15765.91

 Wald, A., Zeh, J., Selke, S., Warren, T., Ryncarz, A. J., Ashley, R., et al. (2000). Reactivation of genital herpes simplex virus type 2 infection in asymptomatic seropositive persons. N. Engl. J. Med. 42, 844–850. doi: 10.1056/NEJM200003233421203

 Wang, I. H., Suomalainen, M., Andriasyan, V., Kilcher, S., Mercer, J., Neef, A., et al. (2013). Tracking viral genomes in host cells at single-molecule resolution. Cell Host Microbe 4, 468–480. doi: 10.1016/j.chom.2013.09.004

 Wang, P. Y., Swain, H. M., Kunkler, A. L., Chen, C. Y., Hutzen, B. J., Arnold, M. A., et al. (2016). Neuroblastomas vary widely in their sensitivities to herpes simplex virotherapy unrelated to virus receptors and susceptibility. Gene Ther. 3, 135–143. doi: 10.1038/gt.2015.105

 Whitbeck, J. C., Peng, C., Lou, H., Xu, R., Willis, S. H., Ponce de Leon, M., et al. (1997). Glycoprotein D of herpes simplex virus (HSV) binds directly to HVEM, a member of the tumor necrosis factor receptor superfamily and a mediator of HSV entry. J. Virol. 1, 6083–6093.

 Wild, P., Leisinger, S., de Oliveira, A. P., Schraner, E. M., Kaech, A., Ackermann, M., et al. (2015). Herpes simplex virus 1 Us3 deletion mutant is infective despite impaired capsid translocation to the cytoplasm. Viruses 7, 52–71. doi: 10.3390/v7010052

 Wisner, T. W., and Johnson, D. C. (2004). Redistribution of cellular and herpes simplex virus proteins from the trans-Golgi network to cell junctions without enveloped capsids. J. Virol. 8, 11519–11535. doi: 10.1128/JVI.78.21.11519-11535.2004

 Wu, W., Newcomb, W. W., Cheng, N., Aksyuk, A., Winkler, D. C., and Steven, A. C. (2016). Internal proteins of the procapsid and mature capsids of herpes simplex virus 1 mapped by bubblegram imaging. J. Virol. 90, 5176–5186. doi: 10.1128/JVI.03224-15

 Yuan, S., Wang, J., Zhu, D., Wang, N., Gao, Q., Chen, W., et al. (2018). Cryo-EM structure of a herpesvirus capsid at 3.1 A. Science 60:eaao7283. doi: 10.1126/science.aao7283

 Zhong, M., Zheng, K., Chen, M., Xiang, Y., Jin, F., Ma, K., et al. (2014). Heat-shock protein 90 promotes nuclear transport of herpes simplex virus 1 capsid protein by interacting with acetylated tubulin. PLoS ONE 9:e99425. doi: 10.1371/journal.pone.0099425

 Ziyaeyan, M., Alborzi, A., Japoni, A., Kadivar, M., Davarpanah, M. A., Pourabbas, B., et al. (2007). Frequency of acyclovir-resistant herpes simplex viruses isolated from the general immunocompetent population and patients with acquired immunodeficiency syndrome. Int. J. Dermatol. 6, 1263–1266. doi: 10.1111/j.1365-4632.2007.03449.x

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Ibáñez, Farías, Gonzalez-Troncoso, Corrales, Duarte, Retamal-Díaz and González. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-09-02406-g005.gif
DR
el





OPS/images/fmicb-09-02406-g006.gif





OPS/images/fmicb-09-02406-g003.gif





OPS/images/fmicb-09-02406-g004.gif





OPS/images/fmicb-09-02406-t002.jpg
HSV gene expression Gene Protein Expression timing (hpi) Cell line References
Immediate early (o) A2 1cPO 48 Vero, Hela Garvey et al, 2014;
Leeetal, 2016
Re 1cP4 48 Vero Garvey etal, 2014
U 54 1cP27 48 Vero Garvey et al., 2014
Ust 1cP22 48 Vero Garvey etal, 2014
Ust2 1cP47 48 Vero Garvey et al., 2014
Early (B) U 23 ® 8-12 Vero Garvey et al., 2014
U29 1cP8 8-12 Vero Garvey et al., 2014
50 dUTPase 8-12 Vero, MRC5 Garvey et al., 2014;
Foxetal., 2017
U2 Uracil 8-12 Vero Garvey etal, 2014
Deoxyglycosylase
Late () u48 VP16 12-18 Vero, MRCS Garvey etal, 2014;
Fox etal., 2017
up19 VPS5 12-18 Vero, MRC5 Garvey et al., 2014;
Fox etal., 2017
Us6 oD 12-18 Vero, MRCS Garvey etal, 2014;
Foxetal., 2017
u27 o8 12-18 Vero, MRCS Garvey etal, 2014;
Fox etal., 2017
U.53 gK 12-18 Vero Garvey et al., 2014
U 44 oC 12-18 Vero, MRCS Garvey etal., 2014
U 41 vhs 12-18 Vero Garvey etal, 2014;

Fox etal,, 2017






OPS/images/fmicb-09-02406-g007.gif
%

w





OPS/images/fmicb-09-02406-t001.jpg
Step or process

Binding

Capsid entry into
the cytoplasm

Capsid transport
to the nucleus

Viral gene
transcription

Viral gene
translation

Viral genome
replication

Capsid assembly

Viral protein
glycosylation

Glycoprotein
export to the cell
surface

Endocytosis of
glycoproteins

Capsid
envelopment

Virion release

Commonly used methodology (outline)

Western blot targeting structural viral proteins
on samples obtained from cells incubated with
HSV at different MOI at low temperature. This
assay allows determining the amount of
surface-bound virus. Samples need to be
incubated and processed under conditions that
reduce the chances of virus internalization (low

temperature). Cells need to be washed

properly before protein extraction to remove

excess unbound virus.

Another experimental approach consists on the
use of GFP-tagged virus. It can be done
proceeding with infection at 4°C, washing and
then performing confocal microscopy or flow

cytometry.

The number of internalized capsids is assessed
using a recombinant virus that has a structural

, GFP). Infection
is performed at low temperature. Cells are then
washed and transferred at 37°C for 1-2h.
Finally, cells are trypsinized to remove any
surface-bound virus and fixed prior to analysis.
Virus-derived fluorescence can be measured by
flow cytometry or by laser confocal microscopy.
Cells are infected with a fluorescently-labeled
virus (structural, e.g., K26GFP virus) at 37°C
and viral capsids followed in live or fixed cells

protein fused to a reporter (e.

by laser confocal microscopy at 1-3h

post-infection. Membrane and nucleus stain
inform about the refative distribution of the
capsids within the cells. Alternatively, an
approach using GPCR could be used (see text).
Cels are infected at a MOI that infects 100% of
cels. Extract RNA and analyze by RT-qPCR
viral transcripts. Optimal time-point for analysis
depends on the viral gene analyzed (a, p and y
genes) and may depend on the cell type

infected.

Western biot o flow cytometry analyses are
performed on the infected cells to determine
the expression of viral proteins. Optiml
time-point for analysis depends on the viral
gene analyzed (u, B, and y genes) and may

depend on the cell type infected.

Genome replication can be assessed by qPCR
on total DNA extracted from infected cells at

8-24h post-infection.

Transmission electron microscopy allows
determining the presence and phenotypes of
viral capsids (A and B without viral DNA and C
with virus genome). Cells are infected and

visuzlized at 6-8h post-infection.

Sucrose density gradients generated by
ultracentrifugation can be performed when itis
desired to detect capsid proteins by Western

blot or assess the amount of viral DNA
encapsidated by GPCR.

Western blot in viral proteins that undergo
post-transtational modifications. Gel-migration
profils are analyzed and can be compared

with untreated cells.

Co-localization between TGN, MVB markers
(with fluorescently-labeled antibodies) and viral
glycoproteins can be determined by confocal

laser microscopy 12h.
Endocyted viral glycoproteins can be

determined by electron microscopy by marking
the cell surface with HRP and then localizing
viral proteins with labeled antibodies. Cells are
infected, labeled 12 h with HRP and then fixed.
Antibody staining of viral glycoproteins can
contribute determining the localization of these

proteins.

Capsid envelopment can be assessed by
confocal laser microscopy or transmission
electron microscopy, using antibodiies against
host and virus proteins to determine the
localization and assess whether they are

located within early endosomes in the.
cytoplasm.

Infective virus release can be assessed by
plaque assays by performing serial dilutions of
recovered supernatants, as well as lysed-cell
preparations (to recover virus within the cells

and unable to undergo exit) over

HSV-susceptible cells. Sample collection can

be done within 18-36h post-infection.

Limitations and
advantages

Western blot is a routine
technique in most
laboratories. However, more
qualtative than quantitative.

Requires sophisticated
equipment (flow cytometer
or confocal microscope)
and trained staff.

Requires access to confocal
microscopy or TEM with
trained staff.

Cell fractioning (nucleus and
cytoplasm) easy to perform.
Western biot is a routine
technique in most
laboratories.

Must choose correct timing.
GPORis nowadays a routine
technique.

Western biot is a routine
technique in most
Iaboratories.

Flow cytometry requires
equipment and trained staf.

Must choose correct timing.
GPCR considered a routine
technique.

Sucrose density gradients
requires ultracentrifuge.
Western biot s a routine
technique in most
laboratories.

qPCR considered a routine
technique.

Western biot is a routine
technique in most
laboratories.

Requires access to confocal
microscopy with trained
staff.

Requires access to TEM
with trained staff.

Requires access to confocal
laser microscopy or
transmission electron
microscopy with trained
staf.

Routine technique in most
laboratories.

Critical considerations

- Usually uses variable MOI to titer
cell-surface bound virus (€.g.,
MOI 10, MOI 1, MOI 0.1).

- Temperature: 4°C.

- Incubation time: >1h

- Wash to remove unbound virus.

- High MOI (e.g., 100).

- Structural reporter virus (e.g..
HSV K26GFP) fluorescently
labeled.

- Temperature 4°C, then 37°C.

- Wash, trypsinize cels to remove
unbound and surface-bound
virus.

- Time: analyze at 1-2 hpi.

- High MOI 100-400.

- Structural reporter virus (e.g.,
HSV K26GFP) fluorescently
labeled.

- Time: analyze at 1-3 hpi.

- Stain cell membrane and nucleus
for relative capsid position.

- MOI for 100% cell infection (>3).

- Time: analyze gene expression at:
) 2-4h for « genes.

ii) 6-12h for p genes
ii) 10-16h for y genes

- MOI for 100% cell infection (>3).

- Time: analyze gene expression at:
) 2-4h for a genes.

ii) 6-12h for p genes.
ii) 10-16h for y genes.

- MOl for 100% cell infection (>3).
- Time: analyze 18-24 hpi.

- MO for 100% cell infection (>3).

- Time: Analyze at 6-8h.p.i.
Multiple time-points are
recommended.

- Viral glycoproteins (e.g., gB, gC,
90).
- Time: 12 hpi.

- Reported MOI 5.
- Time: 12 hpi.
- Organelle markers: TGN, MVB.

- Reported MOI 2.

- Mark the cell Surface with HRP.

- Antibodies against viral
glycoproteins.

- Reported MOI 2.
- Time: analyzed at 12-24 hpi.
- Organelle/Cell. compartment
markers.
Antibodies against viral
glycoproteins.

- Celllysis strategy (must not
damage the viral particles).
- Time: analyze within 18-36 hpi.
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