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Herpes simplex virus type 1 (HSV1) remains one of the most ubiquitous human pathogens on earth. The classical presentation of HSV1 infection occurs as a recurrent lesions of the oral mucosa commonly refer to as the common cold sore. However, HSV1 also is responsible for a range of ocular diseases in immunocompetent persons that are of medical importance, causing vision loss that may result in blindness. These include a recurrent corneal disease, herpes stromal keratitis, and a retinal disease, acute retinal necrosis, for which clinically relevant animal models exist. Diverse host immune mechanisms mediate control over herpesviruses, sustaining lifelong latency in neurons. Programmed cell death (PCD) pathways including apoptosis, necroptosis, and pyroptosis serve as an innate immune mechanism that eliminates virus-infected cells and regulates infection-associated inflammation during virus invasion. These different types of cell death operate under distinct regulatory mechanisms but all server to curtail virus infection. Herpesviruses, including HSV1, have evolved numerous cell death evasion strategies that restrict the hosts ability to control PCD to subvert clearance of infection and modulate inflammation. In this review, we discuss the key studies that have contributed to our current knowledge of cell death pathways manipulated by HSV1 and relate the contributions of cell death to infection and potential ocular disease outcomes.
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INTRODUCTION

Herpes simplex virus 1 (HSV1) is a neurotropic double-stranded DNA virus belonging to the alpha subfamily of the Herpesviridae family (Fields et al., 2013). The virus has long been recognized as one of the most well-adapted human pathogens, infecting an overwhelming majority of the world’s population (Smith and Robinson, 2002; Whitley et al., 2007; Koujah et al., 2019). Following primary infection at peripheral sites, the virus travels neural circuitry of the peripheral nervous system to gain access to neurons of sensory ganglia where the virus establishes a life-long latent infection (Sodroski, 2021). On occasion, the virus will invade the central nervous system, causing a life-threatening encephalitis (Bradshaw and Venkatesan, 2016). This pattern of pathogenesis has raised the controversial possibility that HSV1 triggers of chronic neurological disorders such as Alzheimer’s disease (Marcocci et al., 2020).

The most common clinical manifestation associated with HSV1 infection in immunologically normal persons is oral disease that typically presents as recurrent bouts of cold sores that originate from virus that reactivates from latency in trigeminal ganglia (Whitley and Roizman, 2001). Less frequently, HSV1 causes ocular diseases associated with significant vision loss and blindness worldwide (Liesegang, 2001). These range from recurrent corneal disease called herpes stromal keratitis (HSK) to acute retinal necrosis (ARN), a rare sight-threatening disease that destroys the retina (Kanukollu and Patel, 2021). While the clinical features of HSV1-associated ocular diseases have been well characterized, the events that contribute to the onset and development of these diseases are just being characterized. In this review, we explore the possibility that programmed cell death pathway-dependent host defenses play a heretofore unrecognized yet significant role either individually or collectively during the pathogenesis of HSV1-mediated corneal and retinal diseases.



HSV1 REPLICATION CYCLE

The mature HSV1 virion carries a large (>150 kilobase pair) double-stranded DNA genome encased in an icosadeltahedral protein capsid surrounded by a tegument layer consisting primarily of viral proteins and encased in a lipid bilayer envelope that incorporates virus-encoded glycoproteins, including gB, gC, gD, gH, and gL, that orchestrate viral entry into cells (Farooq et al., 2010). HSV1 envelope glycoproteins interact with cell surface receptors and drive membrane fusion that deposits the nucleocapsid in the cytoplasm. HSV1 entry may occur directly at the cell surface via a membrane fusion pore or from an intracellular vesicle following endocytic or phagocytic uptake (Clement et al., 2006). Initial contact of viral glycoproteins gB and/or gC with heparan sulfate proteoglycan on the cell surfaces (Shukla and Spear, 2001) leads to binding of gD to a host receptor, such as nectin-1 or herpes virus entry mediator (HVEM) and facilitated by 3-O-sulfated heparan sulfate (3-OS-HS), that eventually triggers a conformational change in gB, in concert with a gH/gL complex to mediate membrane fusion (Carfi et al., 2001; Shukla and Spear, 2001). In the process, gB undergoes a conformational change from pre-fusion to post-fusion after binding to a receptor such as immunoglobulin-like 2 (PILRα), n-muscle myosin heavy chain IIA (NMHC-IIA) or myelin-associated glycoprotein (MAG). Once inside the cytoplasm, the viral nucleocapsid translocates using cellular microtubule-associated movement to a nuclear pore where uncoating and release of HSV1 DNA into the nucleus becomes complete and replication ensues (Sodeik et al., 1997; Dohner et al., 2002).

Once viral DNA has been delivered to the nucleus, viral gene expression commences in a highly regulated cascade. Viral genes are grouped into at least three categories (immediate early, delayed early, and late, also termed by the Greek symbols a, b, and g, respectively) based on long-established temporal expression patterns (Whitley and Roizman, 2001). In the first stage of viral gene expression, a multiprotein complex orchestrated by a viral tegument protein, VP16, together with cellular proteins, such as Oct-1 and HCF-1, recruit RNA polymerase II specifically to the immediate early (IE or a) gene promoters (Campbell et al., 1984; Gerster and Roeder, 1988; Kristie and Sharp, 1993) controlling expression of infected cell protein (ICP) 0, 4, 22, 27, and 47 (Honess and Roizman, 1974). The IE genes in turn promote the expression of additional, early (b) and late (g) viral genes (Roizman and Zhou, 2015). IE genes expression peaks between 2 and 4 h after infection; early genes are transcribed independent of viral DNA replication, peaking between 6 and 12 h post-infection; and late gene expression peaks between 10 and 16 h post-infection (Ibanez et al., 2018). Curiously, in all herpesviruses, including HSV1, there are two categories of late gene expression, one proceeding independent of viral DNA synthesis (so called leaky late or g1 genes) and the other only detected once viral DNA synthesis starts (so called true late or g2 genes).



OVERVIEW OF APOPTOTIC CELL DEATH SIGNALING

Apoptosis is a programmed cell death pathway employed by all multicellular organisms to eliminate excess, aging or stressed cells during development and homeostasis (Cookson and Brennan, 2001; Sakamaki et al., 2002). Apoptosis contributes to host defense by eliminating infected cells and preventing spread of intracellular pathogens within the host animal (Feng et al., 2019). Apoptosis depends on a caspase-dependent proteolytic cascade that coordinates characteristic cell-membrane blebbing, nuclear condensation and DNA fragmentation, while maintaining membrane integrity (Hengartner, 2000; Strasser et al., 2000). Depending on the nature of stress or death trigger and on the initiator caspase that becomes activated, apoptotic death proceeds via either extrinsic or intrinsic pathways (Nagata, 1997; Green, 1998; Sun et al., 1999). The intrinsic apoptosis is triggered by signals originating within the cell that arise from viral infection such as DNA damage, endoplasmic reticulum stress, cell cycle dysregulation or oxidative stress (Green and Evan, 2002). Intrinsic apoptosis depends on signaling events transmitted via mitochondria that result in mitochondrial outer membrane permeabilization as a key step that mediates the execution of cells. The balance of pro-apoptotic B cell lymphoma 2 (BCL2) family members BAX and BAK working in concert with additional pro- as well as anti-apoptotic BCL2 family proteins dictate cell fate. Following release from mitochondria, mediators such as cytochrome c (Danial and Korsmeyer, 2004), which forms a complex with Apaf1, activate caspase-9 and downstream effector caspases such as caspase-3 and caspase-7 that results in cell death (Green, 1998; Sun et al., 1999).

Extrinsic apoptosis depends upon specific self-activating caspases, caspase-8 (conserved in mice and humans) and caspase-10 (in humans). Best studied downstream of death receptor (TNFR1, FAS or TRAIL) signaling (Ashkenazi and Dixit, 1998) where a receptor death domain (DD) recruits downstream signaling adaptors to drive formation of a multi-component ripoptosome (Mocarski et al., 2011). Autocleavage activation of procaspase-8 leads to activation of effector caspases (caspase-3 or -7) either directly or with the cooperation of BCL2 family proteins that amplify signals via mitochondrial steps similar to intrinsic apoptosis. Thus, diverse cell-intrinsic and cell-extrinsic initiators converge on the activation of executioner caspases, which cleave cellular proteins important for cell maintenance such as the DNA repair enzyme, poly(ADP-ribose) polymerase (PARP) (Kaufmann et al., 1993; Lazebnik et al., 1994), structural elements, lamin B and actin (Lazebnik et al., 1995; Mashima et al., 1995), and the DNase inhibitor DNA fragmentation factor 45, DFF-45 (Liu et al., 1997). The cleavage of these cellular protein targets by the executioner caspases drives the cellular death and is responsible for the hallmark morphological and biochemical changes characteristic of apoptosis.



HSV1 MANIPULATION OF APOPTOSIS PATHWAYS

Cells infected with HSV1 do not show typical features of apoptosis, such as fragmentation of chromosomal DNA into nucleosome oligomers or characteristic morphological changes (Koyama and Miwa, 1997). However, HSV1 infection of human Hep2 cells in the presence of a protein synthesis inhibitor, cycloheximide (CHX), results in apoptosis (Koyama and Adachi, 1997), suggesting that newly synthesized viral proteins actively prevent this pathway during productive infection of susceptible cells. Initial identification of HSV1-encoded cell death suppressors was based on the induction of cell death during infection with mutant strains of virus. The HSV1 ICP4-deficient mutant (d120), which lacks both copies of this IE gene, seemed to induce apoptosis (Leopardi and Roizman, 1996); however, a follow-up study failed to show ICP4 alone was sufficient to block apoptosis (Leopardi et al., 1997). Instead, this line of investigation unveiled US3, a late gene encoding a serine/threonine kinase as a cell death suppressor somehow working together with UL13 (Eaton et al., 2014), another gene encoding a protein kinase. Low levels of US3 expression were responsible for the susceptibility of d120 mutant virus to apoptosis (Leopardi et al., 1997). One possibility could be that US3 is acting as a viral kinase to mimic the host AKT1 and restrict apoptotic signaling thereby enhancing viral translation and replication (Chuluunbaatar et al., 2010). Although protein phosphorylation influences apoptotic signaling and both US3 and UL13 have a range of purported activities, the precise mechanisms through which virus-encoded protein kinases prevent apoptosis still needs more exploration.

Additional studies implicated another IE gene product, ICP27, a critical viral function supporting replication, in suppressing apoptosis. ICP27-deficient virus (vBSΔ27) induced death in three different human cell lines (Hep2, HeLa, and 143TK–) (Aubert and Blaho, 1999). Infections with this mutant virus in Vero cells that are known to be deficient in interferon signaling failed to drive apoptosis (Aubert and Blaho, 1999), suggesting that ICP27 may restrict apoptosis by interfering with interferon pathways.

This anti-apoptosis behavior was further evaluated by comparing virus-induced apoptosis to other inducers, such as tumor necrosis factor (TNF), antibody to Fas, C2-ceramide, osmotic shock (sorbitol), and thermal shock (Galvan and Roizman, 1998). In addition to protecting viral infection-induced apoptosis, wildtype HSV1 infection protected human neuronal SK-N-SH cells from death induction by pro-apoptotic agents.

ICP22, another IE protein, has also been implicated in preventing apoptosis of HSV1-infected human Hep2 cells (Aubert et al., 1999). Moreover, Late genes, gD and gJ (encoded by US6 and US5 genes, respectively), independently contribute to restricting virus-induced apoptosis in human T and neuroblastoma cells (Jerome et al., 1999; Zhou et al., 2000).

These studies revealed the capacity of HSV to prevent apoptosis most likely at different stages in the replication cycle (Figure 1), although most of the studies relied on observations with various HSV1 mutants in susceptible human cell types, some of which are unlikely to be involved in natural settings. Transfected gJ partially protected T cells from Fas or granzyme B-mediated apoptosis (Jerome et al., 2001). Anyway, whether these reported antiapoptotic viral genes alone are sufficient to protect cells from other stimuli-induced apoptosis in non-species manner remains to be fully elucidated.
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FIGURE 1. HSV1 manipulation of apoptosis. Execution of apoptosis restricts HSV1 replication and dissemination. The extrinsic and intrinsic apoptosis pathways differ with respect to the nature of the death signal as well as initiator caspase (see text). HSV1 encodes an array of anti-apoptotic viral proteins to counteract apoptotic pathways. Virus-encoded ICP34.5 or Us11 limits the extrinsic apoptosis pathway by restricting dsRNA sensing pathways that would lead to activation of apoptosis through inhibition of protein translation. Virus-encoded ICP6 or Us5 block extrinsic apoptosis by preventing caspase 8 activation. Virus-encoded Us6 promotes NF-kB-dependent pro-survival signaling. Virus-encoded Us3 blocks both extrinsic and intrinsic apoptosis through interference with caspase 8 activity and an unknown step in mitochondrial death signaling, respectively. Us3 has also been shown to promote the expression of Bad to limit intrinsic apoptosis as does Us11 through restriction of cytochrome c release from mitochondria. Expression of the pro-survival BCL-2 gene of the intrinsic pathway also has been shown to be stimulated by virus-encoded ICP27 or ICP4. Finally, LAT manipulates the activation of both the extrinsic and intrinsic apoptosis pathways specifically within the central nervous system by blocking inducer caspases 8 and caspase 9, respectively.


In addition to antiapoptotic genes described above, the latency associated transcript (LAT) suppresses cell death and contributes to efficient reactivation (Perng et al., 2000). The antiapoptotic function of LAT was first recognized using LAT-null mutant derived from the McKrae strain of HSV1 (dLAT2903). The TG of rabbits infected with dLAT2903 showed higher levels of apoptotic cells compared to wild-type parent virus (Perng et al., 2000). LAT is notable for its ability to block exogenously induced intrinsic apoptosis in both human and mouse neuronal cells (Perng et al., 2000; Inman et al., 2001; Ahmed et al., 2002). LAT control of apoptosis has been confirmed additional strains of virus as well as various animal models (Branco and Fraser, 2005). Expressed LAT in murine neuronal cells in the absence of other viral genes is sufficient to inhibit both the caspase-8 and caspase-9 activation, indicating LAT acts upstream of these proteases (Figure 1; Henderson et al., 2002). Although the mechanism of apoptosis interruption is still unclear, evidence suggests that LAT may indirectly affect apoptosis via silencing innate immune signaling pathways (Li et al., 2010; Carpenter et al., 2015; Tormanen et al., 2019).

ICP6 is the best understood cell death suppressor encoded by HSV1 or HSV2. As an early protein, ICP6 functions as a component of the large subunit of ribonucleotide reductase (denoted RR1) responsible with RR2 for conversion of ribonucleoside diphosphates to the corresponding deoxyribonucleotides to ensure adequate precursor pools for synthesis of viral DNA. Studies with ICP6-deficient HSV1 affirmed that this enzyme supports efficient replication in non-dividing cells where deoxyribonucleotide pools are limiting (Goldstein and Weller, 1988a,b). In addition to its role in nucleotide metabolism, ICP6 from either HSV1 or HSV2 is sufficient to inhibit activation of caspase-8 induced by TNF or Fas ligand in human cells (Figure 1). Importantly, this viral protein acts specifically on extrinsic apoptosis and does not block cell death mediated by the mitochondrial pathway induced by Bax overexpression, etoposide, staurosporine or menadione (Langelier et al., 2002). The mechanism of extrinsic apoptosis suppression mediated by ICP6 has become the best understood for this type of virus.

The large C-terminal enzymatic domain of ICP6 exhibits direct interaction with caspase-8 death effector domain (DED) along with the ability to prevent FADD recruitment of caspase-8, which is necessary for extrinsic apoptosis to proceed (Dufour et al., 2011b). ICP6 also protects cells from TLR3-mediated apoptosis triggered by double-stranded RNA (dsRNA) via directly interacting caspase-8 and receptor-interacting protein kinase (RIPK) 1, indicating an ability of this viral protein to target signaling components in addition to caspase-8 (Dufour et al., 2011a). The interaction between ICP6 and RIPK1 contributes to suppression of an alternative cell death pathway, necroptosis, as elaborated below.



OVERVIEW OF NECROTIC CELL DEATH SIGNALING

In the course of the past 20 years, necrosis has progressed from being considered a dysregulated or incidental (passive) route to tissue damage with the characterization of a programmed necrotic death pathway called necroptosis (Mocarski et al., 2011). Much of the delay in recognizing necroptosis as a bonified PCD pathway can be attributed to the preponderance of isolated cells utilized in culture that repress necroptosis signaling through epigenetic regulation of RIPK3 (Koo et al., 2015). With the identification of cells that retrain the expression of the essential necroptosis machinery, it is now recognized this PCD pathway is a highly regulated cell-autonomous pathway that occurs when caspase-8 function is compromised or absent (Mocarski et al., 2011). Necroptosis uniformly relies on RIP homotypic interaction motif (RHIM)-dependent recruitment of RIPK3, a protein kinase whose activity is essential for the pathway to play out. Necroptosis may be initiated by RIPK1 (Cho et al., 2009; He et al., 2009; Zhang et al., 2009) downstream of death receptor signaling, TIR-domain-containing adapter-inducing interferon-β (TRIF) downstream of Toll-like receptor-3 or -4 (He et al., 2011) or Z-nucleic acid (Z-NA) binding protein 1 (ZBP1, also called DAI) a pathogen sensor of Z-NA (Upton et al., 2012; Thapa et al., 2016; Koehler et al., 2017; Sridharan et al., 2017; Guo et al., 2018; Zhang et al., 2020). Once triggered by interaction with RIPK1, TRIF, or ZBP1, RIPK3 acts to phosphorylate itself and downstream executioner mixed lineage kinase domain-like (MLKL) to execute cell death (Sun et al., 2012). In contrast to apoptosis, necroptosis is caspase-independent and involves cell rounding and cytoplasmic swelling, terminating with the loss of membrane integrity and cell leakage (Yuan and Kroemer, 2010).

The potency and delicate balance of apoptosis and necroptosis pathways was first brought to light in studies that revealed a RIPK1–RIPK3-dependent process dictating midgestational embryonic lethality of caspase-8-deficient mice (Kaiser et al., 2011; Oberst et al., 2011) or FADD-deficient mice (Zhang et al., 2011). This was further reinforced when RIPK1 deficiency was shown to unleash a combination of caspase-8 and RIPK3-mediated pathways that are normally held in check via RIPK1 RHIM signaling through the final stages of gestation and during parturition, a time during development when tonic levels of TNF, interferons, and nucleic acids combine to regulate necroptosis signaling through the ripoptosome (Dillon et al., 2014; Kaiser et al., 2014; Rickard et al., 2014).

A ripoptosome requires collaboration of FADD, caspase-8, cFLIPL, RIPK1, or RIPK3 and forms through DED-dependent, DD-dependent, and RHIM-dependent interactions (Feoktistova and Leverkus, 2015). The propensity for a ripoptosome to dictate apoptotic or necrotic outcomes emerged from studies of RIPK3 mutant-bearing cells, mice and the behavior of RIPK3 kinase inhibitors, where viability of cells and mice was undermined by RHIM dependent signal transduction associated with robust ripoptosome formation (Mandal et al., 2014; Newton et al., 2014).



HSV1 MANIPULATION OF NECROPTOSIS PATHWAYS

Necroptosis emerged as antiviral host defense mechanism from studies on murine cytomegalovirus (MCMV) infection of its natural mouse host. When the RHIM domain of M45 (a homolog of HSV1 ICP6) was mutated, M45 failed to block RHIM-dependent signaling (Upton et al., 2010, 2012). During infection of susceptible cells or mice, M45mutRHIM MCMV triggers ZBP1-mediated necroptosis, cutting short replication and restricting dissemination (Upton et al., 2010). HSV UL39-encoded ICP6, like the MCMV M45-encoded RR1 homolog, binds RIPK1, potentially via its RHIM as well as through another interaction region (Dufour et al., 2011a). As predicted (Lembo and Brune, 2009), HSV ICP6 carry a similar N-terminal RHIM that mediates binding to RIPK1 and RIPK3 (Wang et al., 2014; Guo et al., 2015; Huang et al., 2015). In human cells, this interaction prevents RIPK3 activation and formation of a necrosome downstream of TNFR1- and Fas-dependent necroptosis (Guo et al., 2015). In contrast to human cells, ICP6 induces necroptosis in mouse cells. This species-specific function of ICP6 appears to be independent of death receptor, ZBP1 or TRIF signaling (Wang et al., 2014; Huang et al., 2015; Figure 2). Similar interactions of ICP6 appear to block necroptosis in human cells yet trigger necroptosis in mouse cells dependent on the impact of this particular RHIM because substitution of MCMV M45 RHIM converted HSV1 ICP6 into an anti-necroptotic function in mouse cells (Huang et al., 2015).
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FIGURE 2. HSV1 manipulates the necroptosis pathway in a species-specific manner. Triggering of necroptosis via several upstream signaling pathways is dependent on the activation of the RHIM-containing protein RIPK3 which, in turn, mediates MLKL oligomerization and translocation to the plasma membrane resulting pore formation and ultimately cell death (see text). HSV1 manipulates the necroptosis pathway through virus-encoded ICP6 RHIM-mediated interaction with RHIM-containing host proteins, but the outcome of this interaction results in species-specific outcomes. In HSV1-infected human cells, ICP6 acts as a RHIM competitive inhibitor and restricts necroptosis by sequestering RIPK3 from its cellular partners ZBP1 and RIPK1. In contrast, ICP6 expression in HSV1-infected mouse cells results in ICP6 RHIM dependent recruitment of RIPK3 that drives necroptosis. HSV1 infection triggers RIPK3-mediated necroptosis via ZBP1 sensing z-form RNA in both human and mouse cells.


The C-terminal domain of ICP6 known to control apoptosis is also necessary for suppression of necroptosis in human cells. Neither M45 nor human CMV UL45 bind to caspase-8 (Guo et al., 2015). Both betaherpesviruses encode the separate caspase-8-binding protein, viral inhibitor of caspase-8-induced apoptosis (vICA). Thus, in addition to blocking caspase-8-dependent apoptosis, the RNR domain of HSV1 ICP6 simultaneously opens the pro-necrotic trapdoor in human cells by blocking caspase-8 activation while also blocking this alternate outcome via RHIM-dependent disruption of RIPK1–RIPK3 interaction.

ZBP1 was implicated as a pathogen sensor capable of recognizing HSV1 DNA in mouse cells, along with cyclic GMP–AMP synthase (cGAS) and stimulator of interferon genes (STING) (Takaoka et al., 2007; Sun et al., 2013). ZBP1 functions as crucial adaptor for RHIM-dependent activation of RIPK3-dependent necroptosis during MCMV (Upton et al., 2012) infection and has more recently been implicated in the induction of necroptosis by influenza (Thapa et al., 2016) as well as vaccinia virus (VACV) (Koehler et al., 2017). Most of the accumulated evidence indicates that ZBP1 senses the accumulation of RNA rather than DNA to initiate RHIM exposure and recruitment/activation of the RIPK3. This sensing occurs during herpesvirus, poxvirus and orthomyxovirus infections (Sridharan et al., 2017; Zhang et al., 2020; Koehler et al., 2021). Further studies revealed a species specificity in the function of HSV1 ICP6 which blocks necroptosis in human cells but directly activates RIPK3 via RHIM interactions in mouse cells (Guo et al., 2018). HSV1 ICP6 RHIM mutant virus triggers ZBP1/RIPK3/MLKL-dependent necroptosis in both mouse and human cells, thereby establishing the role of ZBP1 as an evolutionarily conserved sensor of HSV1 in both species (Guo et al., 2018; Figure 2). Importantly, HSV1 transcription is required for initiation of necroptosis independent of input viral DNA or replication dependent amplification of viral DNA (Guo et al., 2018). These observations expand the number of examples where necroptosis is induced via this Z-NA sensor. Furthermore, the increased susceptibility of ZBP1-deficient mice to ICP6 mutant virus clearly demonstrates an antiviral role for ZBP1 independent of other, species-specific characteristics of this virus (Guo et al., 2018).



OVERVEIW OF PYROPTOSIS

Like necroptosis, pyroptosis is a lytic, inflammatory type of programmed cell death. This necrotic type of cell death was first described in 1992 (Zychlinsky et al., 1992), but the term was coined in 2001 following the observation that bacteria-infected macrophages underwent a rapid necrotic cell death dependent on caspase-1 activity (Cookson and Brennan, 2001). Although traditionally defined as caspase-1-mediated cell death, studies have revealed other caspases, caspase-11 in mice and orthologs caspase-4 and -5 in humans (Kayagaki et al., 2011; Shi et al., 2014), and more recently the apoptotic effector caspase, caspase-3, as being capable of triggering pyroptosis (Rogers et al., 2017; Wang et al., 2017). The execution of pyroptotic cell death via these caspases is a result of their ability to cleave and activate specific members of the pore-forming gasdermin gene family (Shi et al., 2015; Ding et al., 2016). Gasdermin N- and C terminal linker domain cleavage releases an activated N terminal region from an inhibitory C-terminal fragment (Shi et al., 2015; Ding et al., 2016). The gasdermin-N domain binds to acidic phospholipids, such as phosphoinositides found on the inner leaflet of the mammalian plasma membrane, to form oligomeric death-inducing pores (Aglietti et al., 2016; Ding et al., 2016; Liu et al., 2016; Sborgi et al., 2016). In the canonical model of caspase 1-mediated pyroptosis, recognition of inflammatory ligands leads to activation of intracellular multiprotein signaling complexes known as the inflammasomes. Among the best studied inflammasome sensors are absent in melanoma 2 (AIM2), Pyrin, and the NOD-like receptor (NLR) family members (NLRP1, NLRP3, and NLRC4) (Frank and Vince, 2019). Upon activation, caspase 1 is recruited to the inflammasome sensor proteins via the CARD-domain containing adaptor protein (ASC) which triggers auto-processing of the inactive form of caspase-1 to its catalytically active species, p46 and p33/p10 subunits (Boucher et al., 2018). Activated caspase-1 cleaves and activates GSDMD, as well as the inflammatory cytokines, IL-1β and IL-18, which are critical mediators in host innate immune responses against various pathogens. In contrast to caspase-1, non-canonical inflammasomes are defined by their requirement for caspase-4/5/11, which have been reported to directly bind cytosolic LPS, resulting in their targeting and activation of GSDMD (Shi et al., 2014). Although caspase-4/5/11 do not process IL-1β and IL-18 directly, their activity does cause GSDMD-mediated potassium efflux, which suffices to induce canonical NLRP3 inflammasome formation and IL-1β activation (Baker et al., 2015; Ruhl and Broz, 2015).



HSV1 MANIPULATION OF PYROPTOSIS PATHWAYS

Although HSV1 is a neurotropic virus that predominantly infects epithelial cells and neurons, it exhibits broad cell tropism with variable infectivity rates (Fields et al., 2013). Specifically, this virus can infect macrophages, which are one of the predominant cell types that infiltrate the eye after corneal infection and are crucial to the innate immune response to HSV1 and other viruses (Ghiasi et al., 1995; Horan et al., 2013; Lee and Ghiasi, 2017). During HSV1 infection in macrophages, the cellular ubiquitin proteasome machinery has been reported to degrade the HSV1 nucleocapsid in the cytoplasm, thereby releasing viral DNA into the cytoplasm, which becomes the target for a cytoplasmic DNA sensor (Horan et al., 2013). The AIM2 inflammasome binds specifically to, and is activated by, cytosolic double-stranded DNA. Infection of these cells with MCMV efficiently induced AIM2-dependent inflammasome activation. However, HSV1 infection induces AIM2-independent inflammasome activation either in human monocytic cell line or murine bone marrow derived macrophages (BMDM), indicating HSV1 has evolved a mechanism(s) for evasion of AIM2-dependent inflammasome activation (Rathinam et al., 2010). Kawaguchi group showed that HSV1 tegument protein VP22 inhibits AIM2- dependent inflammasome activation by interacting with AIM2 and prevents its oligomerization (Figure 3). A mutant virus lacking VP22 (HSV1ΔVP22) infection results in diminished viral yields in vivo, but HSV1ΔVP22 replication is largely restored in AIM2-deficient mice (Maruzuru et al., 2018). Collectively, their findings reveal a strategy to counteract inflammasome-mediated induction of pro-inflammatory cytokines.
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FIGURE 3. HSV1 manipulation of the pyroptosis pathway. Pyroptosis is defined as GSDM-mediated programmed cell death that is triggered through inflammasome formation and cleavage of pro-caspase 1 to enzymatically active caspase 1 that, in turn, activates GSDM (see text). Studies of virus-mediated pyroptosis rely on in vitro models in which cells are primed to upregulate viral sensors and inflammasome components following LPS stimulation followed subsequently by virus infection. HSV1 infection has been shown to manipulate pyroptosis by AIM2 inflammasome blockade via virus-encoded VP22, although other suppressors may be involved.


More recently, studies have shown that AIM2 regulates the innate immune sensors pyrin and ZBP1 to drive a form of inflammatory cell death coined PANoptosis (Lee et al., 2021), a PCD phenomenon driven by cytoplasmic multimeric protein complex PANoptosome (Malireddi et al., 2019, 2020; Lee et al., 2021). This form of cell death has been reported to provide host protection during infections with HSV1 (Lee et al., 2021). HSV1 infection of BMDMs triggers a large multi-protein complex containing AIM2, pyrin, ZBP1, ASC, caspase-1, caspase-8, RIPK3, RIPK1 and FADD to drive inflammatory cell death (PANoptosis) (Lee et al., 2021). Interestingly, these studies in BMDM’s suggest that the VP22 which is known to block AIM2 and the downstream death pathways is not sufficient to block cell death in these cells. Further characterization will be required to determine if the inhibition of VP22 has a cell specific effect and if this type of cell death modulates ocular disease. Anyway, PANoptosis does highlight the potential impact of cross-talk between the programmed cell death pathways. Whether this cross-talk between cell death pathways is triggered in human settings still requires further investigation.

Interferon-inducible protein 16 (IFI16), a member of the PYHIN protein, has emerged as a prominent DNA sensor of herpesviruses, capable of recognizing HSV1 DNA in the nuclei of infected cells (Unterholzner et al., 2010; Kerur et al., 2011; Li et al., 2012). Investigations have demonstrated that nuclear IFI16 promotes cytokine expression by signaling to a central cytoplasmic axis in which the endoplasmic reticulum (ER)-resident protein stimulator of interferon genes (STING) engages the serine/threonine TANK-binding kinase 1 (TBK-1). Phosphorylated TBK-1 subsequently phosphorylates the interferon regulatory factor 3 (IRF3), inducing its dimerization and nuclear translocation (Hornung and Latz, 2010). During HSV1, KSHV, and EBV infections, IFI16 was also shown to form supramolecular protein complexes, inflammasomes, which facilitate the maturation of the proinflammatory cytokines, interleukin 1 (IL-1) and IL-18 (Kerur et al., 2011; Ansari et al., 2013; Johnson et al., 2013). Additionally, upon HSV1 infection, IFI16 suppression of viral gene expression was demonstrated to rely in part on facilitating heterochromatinization of the viral genome (Li et al., 2012; Orzalli et al., 2012, 2013).

NLRP3, belongs to the NLR protein family, responds to ATP, bacterial toxins, and microbial components (Mariathasan et al., 2006; Frank and Vince, 2019). NLRP3 inflammasome has also been the most reported in herpes infections, with consequent Caspase-1 and IL-1β activation (Johnson et al., 2013; Wang et al., 2015). A previous report also showed that HSV1 activates NLRP3 inflammasome and therefore plays a protective role against viral immunopathological corneal lesions (Gimenez et al., 2016). Ocular infection of NLRP3-deficient mice led to more-severe and earlier stromal keratitis lesions and had higher angiogenesis scores than did infected wild-type animals, associated with increased early immune response with heightened inflammatory chemokines and cytokines, and elevated recruitment of neutrophils, and increased numbers of CD4+ T cells at later stages of the disease in these Nlrp3–/– animals. This study indicates a regulatory role of NLRP3 in herpetic stromal keratitis pathogenesis. Previous study showed detection of cytosolic DNA by cGAS-STING axis induces a lysosomal cell death (LCD) initiating potassium efflux upstream of NLRP3. A recent report extended the cGAS-STING-LCD-NLRP3 pathway to HSV1 (Wang W. et al., 2020). The study shows STING binds to NLRP3 and promotes the inflammasome activation through two approaches. First, STING recruits NLRP3 and facilitates NLRP3 localization in the endoplasmic reticulum, thereby facilitating the inflammasome formation. Second, STING interacts with NLRP3 and attenuates K48- and K63-linked polyubiquitination of NLRP3, thereby driving inflammasome activation. NLRP3-deficient mice are more susceptible to HSV1 intraperitoneal infection, which elicits weak inflammatory responses, indicating NLRP3 is essential for host defense against HSV1 infection by presumably facilitating IL-1β activation. Whether cGAS-STING axis contributes upstream of NLRP3 during HSV1 ocular infection still requires further exploration.



ANIMAL MODELS OF HSV1 CORNEAL DISEASE

The majority of clinical cases of HSV1 corneal diseases tend to be self-limited without causing permanent vision loss. Upon infection of superficial corneal epithelial cells, virus replication leads to foci of cytopathology that merge to form dendrites that may further merge to form larger geographical ulcers if untreated (Koujah et al., 2019). Of about 20% of these patients, however, the virus will infect the deeper stromal layer of the corneal tissue that may result in the development of HSK. This necrotizing stromal keratitis is an immunopathologic disease caused by an immune response to virus-induced antigens that populate the corneal tissue following virus clearance (Thomas and Rouse, 1997). This immune response is promoted by the formation of new blood vessels (neovascularization) of the normally avascular cornea (Zheng M. et al., 2001; Gimenez et al., 2013). Recurrent episodes of HSK ultimately leads to scarring of the cornea and progressive vision loss over time (Wang L. et al., 2020), a clinical outcome that often leads to corneal transplantation (Garg et al., 2005).

Experimental animal models have provided valuable information on the pathophysiology of HSV1 corneal disease including HSK. Early investigations used an experimental rabbit model of HSK because the rabbit exhibits spontaneous recurrent shedding of virus from the corneal surface following HSV1 infection of the cornea (Webre et al., 2012; Hayashi, 2020) unlike the experimental mouse model of HSK. The relatively large size of the rabbit eye also aided in basic histopathologic studies of primary and recurrent HSV1 disease as well as early pharmaceutical studies focused on the testing of antiviral and anti-inflammatory drugs for the treatment of HSK (Webre et al., 2012; Hayashi, 2020). Of course, a major disadvantage of the experimental rabbit model of HSK has been the lack of immunologic reagents and animals with precise genetic deficiencies to investigate with some precision the immunology and genetics of HSK, respectively.

These experimental disadvantages have been overcome through the development of a clinically relevant mouse model of HSV1 corneal disease (Webre et al., 2012). HSK is usually initiated in the mouse eye using most strains of HSV1 through the topical application of the virus onto the corneal surface that has been abraded using a sterile needle (Jiang et al., 2015; Yun et al., 2020; Figure 4). One notable exception is the McKrae strain of HSV1 that does not require corneal abrasion (Matundan et al., 2014) and therefore is often the preferred strain of virus to investigate primary and recurrent HSV1 corneal disease. Characteristic dendritic disease develops within 2 days of inoculation with corneal epithelial cells supporting virus replication. Replicating virus, however, is usually cleared from the cornea within 7 to 8 days after inoculation, although the duration of virus replication varies with dose and strain of virus. It is during this time of virus replication within the corneal tissue that the virus gains access to sensory nerve termini and travels via retrograde axonal transport to the neuronal nuclei of the trigeminal ganglion where latency is established. Clearance of infectious virus from the cornea coincides with the cornea regaining clarity, but most previously infected corneas ultimately will develop HSK that is preceded by significant neovascularization accompanied by dramatic lymphocyte infiltration. Experimental HSK in the mouse model of HSV1 corneal disease exhibits an incidence that usually ranges from 60 to 90%. Certain mouse strains, however, are more susceptible to developing experimental HSK (e.g., BALB/c mice) when compared with other mouse strains that show more resistance to HSK development (e.g., C57BL/6 mice). In summary, the experimental mouse model of HSV1 corneal disease progresses from a relatively benign form, with only corneal epithelial involvement, to a severe necrotizing keratitis associated with neovascularization and stromal inflammation by 16 to 20 days after initial virus inoculation.


[image: image]

FIGURE 4. Methods of ocular HSV1 inoculation to induce corneal or retinal disease. Corneal inoculation: Experimental uniocular HSK is induced by topical application of HSV1 onto the corneal surface with or without abrasion depending on the virus strain under investigation. Anterior chamber inoculation: Experimental ARN-like retinal disease is induced in the uninoculated contralateral eye by uniocular injection of HSV1 into the anterior chamber of the ipsilateral eye.




ANIMAL MODELS OF HSV1 RETINAL DISEASE

HSV1 can invade the retina of otherwise healthy persons to cause ARN, a severe acute necrotizing retinitis characterized by the sudden onset of vision loss that can lead to permanent blindness (Mueller et al., 2008). Clinical features of ARN include prominent inflammation of the retinal tissue, retinal vasculitis, vitreitis, and retinal detachment. Histopathologic features include full-thickness retinal necrosis with retinal cells exhibiting pathognomonic intranuclear inclusions, massive influx of macrophages, lymphocytes, and polymorphonuclear cells (PMNs), and arteritis (Mueller et al., 2008). A majority of ARN cases have been associated with varicella-zoster virus, another neurotropic alphaherpesvirus (Culbertson, 1996). Nonetheless, HSV1 also has been shown to be a causative virus of this retinal disease in some patients (Matsuo et al., 1986; Lewis et al., 1989; Duker et al., 1990; Ganatra et al., 2000). Both primary and recurrent infection have been identified in ARN cases of HSV1 etiology (Lewis et al., 1989). The precise pathway by which HSV1 gains access to the retina to produce disease remains unclear, but a neural pathway is likely.

The development of animal models that mimic ARN in humans can be traced to 1924 when von Szily (Experimental, 1924) injected HSV into one eye of a rabbit and discovered the development of retinal necrosis within the uninoculated contralateral eye but with relative histopathologic sparing of the retina within the inoculated ipsilateral eye. The von Szily animal model for primary HSV1 retinitis has now been extensively investigated as an animal model for ARN in rabbits and mice for several years. Many laboratories have shown that inoculation of the KOS strain of HSV1 into the anterior chamber of one eye of an immunocompetent BALB/c mouse results in a severe retinal necrosis associated with detection of infectious virus within the uninoculated contralateral eye by 7 to 10 days after infection (Whittum et al., 1984). In sharp contrast, the architecture of the retinal tissue of the inoculated ipsilateral eye remains relatively intact and without detectable infectious virus. Nonetheless, infectious virus can be recovered from brain tissue with peak amounts at 5 to 7 days after infection (Atherton and Streilein, 1987). Importantly, these animals do not display signs or symptoms of clinical encephalitis. Virus tracer studies have shown that virus spreads from the inoculated eye via parasympathetic fibers of the suprachiasmatic area of the hypothalamus (Atherton and Streilein, 1987; Margolis et al., 1989; Vann and Atherton, 1991) and ultimate spreads to the contralateral eye from the brain via the optic nerve (Vann and Atherton, 1991), findings that have been confirmed using the rabbit model of ARN (Olson et al., 1987). Of clinical significance, magnetic resonance imaging analysis of the brain of one ARN patient with confirmed HSV-1 retinal necrosis also showed abnormalities in the regions of the optic tracts and lateral geniculate ganglia and without development of clinical encephalitis (Vann and Atherton, 1991). Unilateral anterior chamber inoculation of HSV1 strains other than the KOS strain produces bilateral retinitis associated with the development of clinical encephalitis and death in BALB/c mice (Cousins et al., 1989; Figure 4). Subsequent pathogenesis studies have shown that these HSV1 strains enter the brain at least 2 days earlier than the KOS strain, resulting in significant widespread virus replication, and to higher amounts, leading to encephalitis and death at 8 days after intraocular virus infection (Margolis, 1996). It is hypothesized that virus replication at such an earlier time post-infection overwhelms the developing innate immune responses and its effects on limiting virus spread within the brain.



ROLE OF CELL DEATH DURING HSV1 OCULAR INFECTION

Several lines of evidence support a role for apoptosis in limiting HSV replication in the eye, and thereby, protecting it from HSV1 induced pathogenesis. HSV1 infection following anterior chamber inoculation induced apoptosis in the eyes and brain of mice (Qian and Atherton, 2003). HSV1 infection of rabbit corneal epithelial cells induced apoptosis in the underlying keratinocytes (Wilson et al., 1997). Human corneal epithelial cells from patients with ocular HSV1 infection displayed increased apoptosis as well (Miles et al., 2003). Therefore, the results from both animal models and human infections indicate that HSV1 infection leads to apoptosis.

HSV1-infected mice lacking the IFN responsive RNase L gene exhibited more severe HSV1 keratitis and less apoptosis than their wild-type littermates (Zheng X. et al., 2001), suggesting that apoptosis reduces the severity of HSK caused by HSV1 infection. Testing HSK or ARN models directly in either intrinsic apoptosis or extrinsic pathway deficient mice will be more straightforward. Since caspase-8 or FADD-deficient mice is embryonic lethal due to unleashed necroptosis, double knock-out mice including RIPK3 or MLKL knock out will be a valuable tool to investigate the contribution of extrinsic apoptosis in the future.

Since RIPK3 or MLKL deficient mice are viable, such mice would provide insights into the contribution of RIPK3-MLKL mediated necroptosis to HSV1 ocular infection. Our unpublished observations using the HSV1 corneal infection model, higher viral titers were observed in RIPK3 kinase inactive mice, which is lack of RIPK3 kinase mediated necroptosis. This preliminary data suggests RIPK3 kinase-dependent necroptosis restricts viral replication in mice corneal epithelium cells. However, whether this pathway contributes to immune-mediated HSV1 ocular pathogenesis stills need more investigations.

Nlrp3–/– mice was a first in vivo model to investigate pyroptosis pathway in the HSK model, in which lesions were largely the consequence of an immunoinflammatory process (Gimenez et al., 2016). Nlrp3–/– mice manifested an early onset, more-severe SK lesions, and angiogenesis when compared with WT animals (Gimenez et al., 2016), suggesting NLRP3 mediated pyroptosis has an immunoregulatory function in HSK pathogenesis.

Another recent study showed corneal infection of mice with the virulent HSV1 strains caused simultaneous expression of the NLRP3, NLRP12, and IFI16 inflammasomes and increased production of the biologically active caspase-1 and pro-inflammatory cytokines IL-1β and IL-18 (Coulon et al., 2019). This intensified inflammatory response was associated with a severe corneal herpetic disease, irrespective of the level of virus replication in the cornea (Coulon et al., 2019). This indicates virulent HSV1 infection leading to pyroptosis, which results in a harmful and overwhelming inflammation that could damage the infected tissue.



CONCLUDING REMARKS

Corneal herpesvirus infection continues to result in blindness. Despite many years of extensive clinical and laboratory investigation, however, basic issues related to the virology, immunology, and pathogenesis of this sight-threatening disease remain unresolved. Among these is a crisp and comprehensive understanding of the basic pathogenic mechanisms and cell death pathways that operate during development of the eye disease caused by HSV1 infection.

After decades of research in host cells especially in human cells, an intricate balance between pro- and anti-cell death signals is established during HSV1 infection. This regulation is no doubt complex, as the number of factors involved in the process continues to grow. Studies imply that there is cell-to-cell variation and even species-specific sensitivity to different cell death pathways. Caspase 8, as the key mediator of necroptosis, also involves in regulation of necroptosis, and pyroptosis (Wilson et al., 1997; Zheng X. et al., 2001; Miles et al., 2003). Conversely, RIPK3 as the key mediator of necroptosis, also contributes to activation of apoptosis (Mandal et al., 2014; Feoktistova and Leverkus, 2015; Coulon et al., 2019). These studies support the cross-talk between cell death pathways during HSV infection. Whether a specific type of cell death pathways is dominant, or a mixture of cell deaths are triggered at the same time during ocular HSV infection is still an open question that requires more investigation.

Rabbit and mouse eye models have been successfully employed to facilitate highly informative studies on ocular HSV1. However, there is limited knowledge of the impact that different cell death pathways have on disease progression. Experiments aimed to directly alter cell death pathways during the development of ocular herpetic disease should clarify this issue.

Trifluridine (TFT) eye drop, acyclovir (ACV) ointment, ganciclovir (GCV) gel, and oral ACV are still the main therapeutic agents for treatment of ocular HSV infection (Roozbahani and Hammersmith, 2018; Valerio and Lin, 2019). Surgical treatment may be necessary to treat complications arising from HSV keratitis (Tuli et al., 2018). The animal models of HSV vaccine are able to reduce HSV keratitis (Dong et al., 2017; Tang et al., 2018; Royer et al., 2019). Other new antivirals are under development. Laboratory discoveries into how HSV interacts with host cell death pathways, and impacts viral production, tissue damage, and host inflammation has deepened our understanding of HSV pathogenesis and opened doors for new therapeutic targets. Overall, the more we understand about the mechanisms of cell death against HSV, the closer we will be to improve therapies against these viruses that cause important burden in humans.
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