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Abstract

Both the development of the mammalian innate immune system and the antagonistic strategies 

acquired by alphaherpesviruses to dismantle it have been shaped by co-evolving virus-host 

interactions over millions of years. Here, we review mechanisms employed by mammalian cells to 

detect pathogen molecules, such as viral glycoproteins and nucleic acids, and induce innate 

immune signaling upon infection with alphaherpesviruses. We further explore strategies acquired 

by these viruses to bypass immune detection and activation, thereby supporting virus replication 

and spread. Finally, we discuss the contributions of advanced “omics” and microscopy methods to 

these discoveries in immune signaling and highlight emerging technologies that can help to further 

our understanding of the dynamic interplay between host innate immune responses and virus 

immune evasion.

Introduction

Mammalian innate immunity has been shaped by ancestral and continuous challenges from 

viruses for millions of years. Phylogenetic analyses have predicted that the 

alphaherpesvirinae subfamily of herpesviruses arose approximately 180 to 220 million years 

ago, and that mammalian herpesviruses have been cospeciating with hosts as far back as 

placental mammals have existed (McGeoch and Cook, 1994; McGeoch et al., 1995). The 

capacity of mammalian cells to induce immune responses against human 

alphaherpesviruses, including herpes simplex virus types 1 and 2 (HSV-1, HSV-2) and 

Varicella-Zoster virus (VZV), is a critical arm of host defense. HSV initiates primary 

infection via local inoculation of mucocutaneous tissue or oral mucosa, causing localized 

lesions, while VZV infects upper respiratory mucosa that results in varicella (Arvin, 1996; 

Karasneh and Shukla, 2011). Upon mucosal cell entry, VZV interacts locally with immune 

cells, which traffic to the skin and clinically manifest as vesicular skin lesions. Exemplifying 

their success as pathogens, a defining attribute of alphaherpesviruses is their ability to 

latently persist in sensory neurons of the nervous system. Thus, not only adaptive immune 

responses, but also innate immune responses within differentiated cells of the skin and 

epithelium, are critical for controlling both primary and reactivated alphaherpesvirus 

infections.
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The last decade has provided significant advances in the identification and characterization 

of host restriction factors that drive cellular innate immunity during infection. Indispensable 

components that initiate immune signal transduction are specialized pattern recognition 

receptors (PRR) that survey intracellular spaces for pathogen-associated molecular patterns 

(PAMP). Alphaherpesvirus glycoproteins and nucleic acids are two PAMP classes that elicit 

immune signaling from the cell surface or intracellularly, respectively. Viral double-stranded 

DNA (dsDNA) or dsRNA intermediates are recognized by PRRs in multiple subcellular 

compartments, including endosomes, the cytosol, and the nucleus. These recognition events 

signal through adaptor molecules in a PRR-dependent manner and lead to the transcription 

of antiviral interferons (IFN) and other cytokines. IFN expression further amplifies the 

transcription of additional IFN molecules and interferon-stimulated genes (ISG) in both the 

host and neighboring cells (Platanias, 2005). The activated ISGs represent several hundred 

genes that regulate a diverse set of immune modulatory functions, prime cells for pathogen 

detection, arrest the cell cycle, or inhibit stages of the viral life cycle (Schneider et al., 

2014).

Concurrently, the establishment of a productive viral infection relies on the ability of the 

virus to evade these IFN- and cytokine-stimulatory programs. Indeed, despite the 

sophisticated innate immune arsenal, human alphaherpesviruses maintain a close 

relationship with humans throughout the lifetime of the host via latent persistence in the 

central nervous system. To accomplish this, alphapherpesviruses have undergone successive 

cycles of adaptation with mammalian cells, acquiring effective mechanisms that use virus-

host interactions to dismantle the host defense repertoire.

Here, we review the current understanding of the host innate immune response to 

alphaherpesvirus infection. Specifically, we discuss the central host PRRs that detect HSV 

and VZV components, and the mechanisms underlying immune signaling cascades. We 

further explore the strategies evolved by these viruses to inhibit innate immune responses by 

either limiting the production or the downstream signal transduction of ISGs. In closing, we 

examine how technological advances in omics and microscopy have contributed to these 

findings and highlight the value of emerging technologies that promise to help further 

uncover the complex relationship between alphaherpesviruses and mammalian cells.

Innate immunity against alphaherpesviruses

Thus far, we understand that the mammalian innate immune system has established 

capabilities to detect two classes of alphaherpesvirus PAMPs - glycoproteins embedded in 

the lipid envelopes of virion particles and intracellular virus-derived nucleic acids (dsDNA 

and RNA). Both PAMP classes present challenges to host cells because, unlike bacterial and 

fungal pathogens that contain pathogen-specific biochemical signatures in their cell walls, 

viruses lack conserved physical characteristics across virus types (Kawai and Akira, 2006; 

Medzhitov, 2007; Barbalat et al., 2009). Sensing viral glycoproteins may appear inefficient 

when accounting for both the absence of consistent protein homology across viruses and the 

potential of viruses to evade immune detection via mutations that maintain protein 

function(s). Despite this, several PRRs have been identified that demonstrate viral 

glycoprotein recognition and innate immune activation. Similarly, considering the 
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essentiality of the viral DNA and RNA intermediates for viral gene expression and 

replication, the ability of the immune system to target pathogenic nucleic acids seems 

strategically effective. However, the likeness of viral and host DNA molecules led to the 

initial thinking that viral DNA can only be sensed in subcellular compartments devoid of 

human DNA.

Indeed, PRRs that sense alphaherpesvirus DNA have been identified in endolysosomes and 

the cytoplasm. One conundrum of this DNA sensing mechanism is that the virus DNA is 

protected by the capsid following virus entry into the cell and its trafficking towards the 

nucleus. A possible answer to this puzzle was given by the observation that the integrity of 

the capsid can be compromised during infection by proteasomal degradation in certain cell 

types, such as macrophages, thereby resulting in viral genome leakage and sensing of viral 

DNA within the cytoplasm (Horan et al., 2013a). Additionally, in recent years it was further 

recognized that mammalian cells have the ability to sense viral DNA in the nuclei of 

infected cells. In this section, we review the broad classes of innate immune sensing of 

alphaherpesviruses by the aforementioned PAMPs and place this knowledge in the context 

of the subcellular locations for PAMP detection.

Cell surface glycoprotein detection

At the plasma membrane, mammalian cells are equipped with Toll-like receptors (TLR), 

transmembrane PRRs that have been shown to recognize a variety of microbial membrane 

components, including lipids, proteins (e.g., lipoproteins, glycoproteins, flagellin), 

polysaccharides, and other glycans (Lester and Li, 2014). Specific to alphaherpesviruses, 

TLR detection of viral glycoproteins has been shown for HSV-1, VZV, and certain HSV-2 

strains (Kurt-Jones et al., 2004; Wang et al., 2005; Sato et al., 2006). TLR2 is known to form 

heterodimers in vivo with either TLR1 or TLR6, enabling extracellular binding of ligands 

(Figure 1, step 1a) (Lien et al., 1999; Hajjar et al., 2001). Ligand-bound TLR2 heterodimers 

initiate immune signal transduction via signaling domains that project into the cytosol and 

recruit the adaptor protein MyD88. MyD88 activates the cytoplasmic-to-nuclear 

translocation of several transcription factors, including NF-κB, IRF3, and IRF7. In non-

immune stimulated cells, NF-κB remains in an inhibited state via association with IκB. To 

initiate NF-κB translocation, MyD88 facilitates the activation of the IκB kinase (IKK) 

complex, which mediates the phosphorylation and subsequent proteasomal degradation of 

the NF-κB inhibitor, IκB. Via its death domain, MyD88 further recruits a set of interleukin 

(IL)-1 receptor-associated kinases (IRAK)-1, IRAK-2, and IRAK-4, IRF7, and the E3 

ubiquitin ligase TRAF6 (Takeda et al., 2003). The recruited complex both phosphorylates 

IRF7, thereby activating its translocation to the nucleus, as well as activates the TANK-

binding kinase 1 (TBK-1), which subsequently also phosphorylates IRF3. These 

transcription factors are responsible for inducing the expression of type I IFNs (IFNα, IFNβ) 

and pro-inflammatory cytokines (IL-6, IL-8, IL-12) (West et al., 2012) (Figure 1).

TLR sensing of alphaherpesviral glycoprotein was first demonstrated during HSV-1 

infection (Kurt-Jones et al., 2004). In HEK 293 cells transfected with TLR2, IL-6 expression 

increased significantly upon HSV-1 infection in a NF-κB-dependent manner, whereas 

infected TLR2−/− mice demonstrated attenuated IL-6 expression compared to wild-type 
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(WT) or TLR4−/− mice. Surprisingly, the authors additionally observed that TLR2 activity 

may not necessarily confer a global protective state in vivo. Specifically, infected TLR2−/− 

mice exhibited lower severity of viral encephalitis, suggesting that TLR2 expression 

contributes to lethal HSV-1-induced encephalitis. Supporting a mechanism of TLR2 

heterodimerization in immune signaling upon alphaherpesviral infection, TLR2 and TLR6, 

and to a lesser extent TLR2 and TLR1, were shown to contribute to cytokine induction in 

HEK 293T cells infected with clinical and laboratory isolates of TLR2-activating HSV-1 

(Sato et al., 2006).

It was later recognized that virions from WT or ultraviolet (UV)-inactivated HSV-2 similarly 

induced cytokines (IL-6 and IL12p40) and IFNα/β in mouse-derived dendritic cells via a 

TLR2-dependent mechanism (Sorensen et al., 2008). This finding solidified that TLR2 

immune signaling did not require active virus replication or gene expression. Yet until more 

recently, the alphaherpesviral components recognized by TLR2 remained unknown. HSV-1 

glycoproteins gH/gL and gB, which are conserved across all human herpesviruses and are 

essential components for virus attachment and entry into permissive cells (Reske et al., 

2007), were identified as independent TLR2 ligands (Leoni et al., 2012; Cai et al., 2013). 

While gH/gL was found sufficient for activating TLR2-mediated immunity via NF-κB, the 

activation by gB remains less certain and warrants future in vivo investigation. Thus far the 

reports have been divided, as Leoni et al. did not observe expression of NF-κB-responsive 

genes in HEK 293T cells transfected with TLR2 and a NF-κB luciferase reporter plasmid. In 

opposition, Cai et al. observed an effect when using a similar transfection method and cells. 

Additionally, gB was found to co-immunoprecipitate not only with TLR2, but also with 

TLR1 and TLR6 (Cai et al., 2013).

Similar to sensing HSV-1 and HSV-2, TLR2 also recognizes VZV virion components and 

induces immune signaling. VZV infection of human monocyte-derived macrophages 

induced IL-6 expression in a TLR2- and NF-κB-dependent manner (Wang et al., 2005). 

Wang et al. determined that CD14, an accessory molecule and common co-receptor of 

TLR2, was also required to elicit cytokine expression. It was subsequently determined by 

Cai, et al. that TLR2 sensing during HSV-1 infection did not necessitate CD14, indicating 

differences between immune activation by alphaherpesviruses (Cai et al., 2013). Further 

emphasizing the divergence of TLR2 immune responses between HSV and VZV infections, 

no NF-κB activation was observed in mouse cell lines infected with VZV (Wang et al., 

2005). However, human cells expressing murine TLR2 were capable of activating NF-κB, 

suggesting that mouse cells either lack TLR2-specific adaptor molecule(s) upstream of NF-

κB, or VZV has evolved a species-specific strategy to subvert immune signaling in mouse 

cells.

Endolysosomal DNA sensing

Aside from cell surface TLRs that sense alphaherpesviral glycoproteins, other PRRs 

function intracellularly to sense viral nucleic acids once virion particles have entered into 

cells. The first PRR discovered to detect herpesviral DNA was TLR9, which is localized to 

endolysosomes, and contains ligand-binding motifs that face the endolysosomal lumen 

(Figure 1, step 2b) (Lund et al., 2003; Roers et al., 2016). Based on experiments using cells 
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derived from TLR9−/− mice, as well as treatments with UV-inactivated virus, inhibitory CpG 

oligonucleotides, and inhibitors of endosome acidification, TLR9 was proposed to 

upregulate IFNα expression during HSV-2 infection in a MyD88-dependent fashion. This 

suggested that TLR9 senses CpG-rich herpesviral DNA from virion particles that have 

entered mammalian cells via endocytosis and traversed the cytoplasm through the endocytic 

pathway. Consistent with these findings, in comparison to beta- and gamma-herpesviruses 

and adenoviruses, alphaherpesviruses (HSV-1, HSV-2, VZV, and bovine herpesvirus-1) were 

found to contain the highest number of CpG hexamer motifs, when normalized to the 

respective genome sizes (Lundberg et al., 2003). It was later clarified that TLR9 induced 

IFN expression by recruiting MyD88 and subsequently activating NF-κB and IRF7 (Kawai 

and Akira, 2011). In plasmacytoid dendritic cells infected with VZV, introduction of 

inhibitory CpG oligodeoxynucleotides suppressed IFNα levels, indicating that TLR9 

contributed to VZV-induced IFNα expression (Yu et al., 2011). Yet, Yu et al. also showed 

that cells treated with UV-inactivated VZV induced lower IFNα levels than cells treated with 

WT VZV, further suggesting that additional TLR9-independent innate immune signaling 

exists during VZV infection. Indeed, the concurrent characterization of nucleic acid sensing 

pathways localized outside of the endolysosomal compartment have started to build a view 

of the complex immune response mechanisms against alphaherpesviruses.

Cytosolic DNA sensing

Over the past decade, seminal discoveries have been made in clarifying the immune 

signaling pathways underlying cytosolic detection of alphaherpesviral DNA genomes. We 

now understand that several DNA sensors exist in the cytosol (Figure 1, step 2a), including 

cyclic GMP-AMP synthase (cGAS, also known as C6ORF150 and Mab-21 Domain 

Containing 1 (MB21D1)), interferon-inducible protein 16 (IFI16), DEAD-box helicase 41 

(DDX41), RNA polymerase III (RNAP III), absent in melanoma 2 (AIM2), DHX9, DHX36, 

leucine-rich repeat flightless-interacting protein 1 (LRRFIP1), DNA-dependent activator of 

IFN-regulatory factors (DAI), and DNA-dependent protein kinase (DNA-PK). As some of 

these sensors have since been identified to function redundantly, emphasis will be placed on 

describing recently characterized sensors and pathways that strongly induce innate immune 

responses during alphaherpesviral infection.

Historically, the central immune signaling axis that is activated by viral DNA detection was 

characterized prior to the discovery of the DNA sensors. This axis is comprised of the 

endoplasmic reticulum adapter protein STING (also known as ERIS, MITA, and 

TMEM173), TBK-1, and IRF3 (Figure 1). Initially, several human and murine cDNA 

screening studies identified STING as a potent inducer of IFNs and ISGs (Ishikawa and 

Barber, 2008; Zhong et al., 2008; Sun et al., 2009). STING was subsequently implicated in 

immune signaling when STING−/− mice were shown to exhibit greater sensitivity to HSV-1 

infection (Ishikawa et al., 2009; Parker et al., 2015). It has since been demonstrated that, 

upon its activation, STING dimerizes and traffics from the ER to both an intermediate ER-

Golgi compartment and the Golgi apparatus (Saitoh et al., 2009; Ishikawa et al., 2009; 

Dobbs et al., 2015). Activated STING thereafter recruits TBK-1, facilitating TBK-1 

phosphorylation and subsequent phosphorylation and mobilization of IRF3 to the nucleus, 

where it binds to consensus interferon-stimulated response elements (Pomerantz and 
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Baltimore, 1999; Tanaka and Chen, 2012). Additionally, STING activates IKK, relieving 

NF-κB inhibition and facilitating its nuclear translocation for transcriptional activity 

(Ishikawa and Barber, 2008).

Characterization of the STING-TBK-1-IRF3 immune signaling axis fueled efforts to identify 

the cytosolic DNA sensor(s) that activate this pathway during viral infection. Specific to 

sensing alphaherpesvirus DNA, not long after the elucidation of this axis, IFI16 was shown 

to bind to cytosolic viral DNA, associate with STING, and contribute to IFN production in 

monocyte-derived THP-1 macrophages (Unterholzner et al., 2010). Upon HSV-1 infection, 

knockdown of IFI16 or the mouse ortholog p204 in macrophage cells resulted in loss of 

IRF3 and NF-κB activation, as well as the accompanying IFN and ISG induction 

(Unterholzner et al., 2010). The localization of IFI16 to the cytoplasm or nucleus was found 

to be impacted by acetylation within a multi-partite nuclear localization signal (NLS) 

between its oligomerizing pyrin and DNA-binding HIN200 domains, whereupon acetylation 

retained cytoplasmic IFI16 by inhibiting its nuclear import (Li et al., 2012). As further 

evidence of IFI16 immune activity during infection, in THP-1 macrophages, STING and 

IFI16 were observed to co-localize in the cytoplasm during HSV-1 infection (Horan et al., 

2013b). In myeloid dendritic cells, DDX41 was characterized as another DNA sensor that 

required STING to promote IFN expression upon HSV-1 infection (Zhang et al., 2011). 

Horan, et al. proceeded to show that knockdown of DDX41 additionally repressed IFNβ 
levels upon HSV-1 infection in THP-1 cells (Horan et al., 2013b). Despite these findings, it 

remains unclear if and how cytosolic IFI16 and DDX41 directly activate STING during 

infection, and whether these DNA sensors function cooperatively.

Soon after, cGAS was discovered as another DNA sensor and the uncovered signaling 

mechanism provided a compelling explanation for how STING can be activated. cGAS was 

found to generate a cyclic dinucleotide that binds directly to STING, thereby robustly 

activating IFN and ISG expression via the STING-TBK-1-IRF3 pathway (Figure 1, step 2a) 

(Sun et al., 2013; Wu et al., 2013). Specifically, upon binding to viral DNA, cGAS catalyzes 

the production of the cyclic second messenger 2’,3’ cGAMP from intracellular pools of ATP 

and GTP. This molecule, containing unique mixed 2’–5’ and 3’–5’ phosphodiester bonds, 

binds and activates STING to induce the production of type I IFNs. The discovery of cGAS 

and 2’3’ cGAMP cemented a fundamental function for cyclic dinucleotides (CDN) as 

second messengers in anti-pathogen innate immune signaling of mammalian cells. This was 

at first unexpected, as prior to this finding, CDNs were believed to function predominantly 

in prokaryotes, which possess exclusive 3’–5’ linked CDNs (Danilchanka and Mekalanos, 

2013).

Following these studies, several critical observations were made that solidified a role for 

cGAS in sensing HSV-1 via the STING-TBK-1-IRF3 pathway. 2’,3’ cGAMP was detected 

by mass spectrometry in HSV-1-infected human fibroblasts (Sun et al., 2013). cGAS−/− mice 

and lung fibroblasts from these mice exhibited attenuated IFN responses to HSV-1 infection 

(Li et al., 2013b). Lung fibroblasts containing a functionally-inactive form of STING, 

STINGgt/gt, were similarly incapable of mounting a type I IFN response to HSV-1. Although 

cGAS has demonstrated immune signaling capacity during HSV-1 infection, its possible role 

during VZV infection has yet to be fully clarified. Recently, it was shown that knockdown of 
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STING in human dermal fibroblasts and immortalized HaCaT keratinocytes depressed levels 

of phosphorylated IRF3 and IFNβ upon VZV infection (Kim et al., 2017). IFNλ levels were 

also attenuated in VZV-infected cells lacking STING, suggesting that STING promotes an 

antiviral state in VZV-infected cells via the expression of both Type I and III IFNs (Kim et 

al., 2017). Considering the apparent parallels in the virus replication cycles and structure 

between HSV and VZV, assessing the possibility of shared cGAS sensing amongst 

alphaherpesviruses warrants future investigation.

A DNA sensor that was found to detect VZV DNA was the DNA-dependent RNAP III. 

RNAP III was shown to bind cytosolic AT-rich DNA, converting it into 5’-triphosphate 

RNA, which served as a ligand for the type I IFN-inducing RNA sensor, retinoic acid-

induced gene I (RIG-I) (Chiu et al., 2009). Several children exhibiting severe VZV 

infections were found to have heterozygous missense mutations in the RNAP III subunits, 

POLR3A and POLR3C (Ogunjimi et al., 2017). During VZV infection, leukocytes from 

these patients were defective in producing IFN, which was restored upon transduction with 

respective WT alleles of the subunits. Consistent with these findings, mutations in POLR3A 

and POLR3E were identified in adults with reactivated VZV in the central nervous system 

(Carter-Timofte et al., 2018). Cells from these patients similarly exhibited impaired IFN 

expression when challenged with poly(dA:dT) and higher viral gene expression. 

Considering that the VZV genome contains several spans of AT-rich regions only otherwise 

partially found in HSV (Paludan et al., 2011; Khalil et al., 2015), these findings support the 

notion that RNAP III senses VZV genomes via its AT-rich regions. Indeed, another report 

showed that cGAS-deficient lung fibroblasts derived from mice did not have impaired IFN 

responses to transfection with AT-rich DNA in the form of poly (dA:dT) (Li et al., 2013b). 

The role of RNAP III in sensing HSV-1 remains unclear and warrants future research, as 

several reports uncover conflicting results in mouse and human cells lines (Chiu et al., 2009; 

Choi et al., 2009; Melchjorsen et al., 2010; Unterholzner et al., 2010).

In addition to the induction of type I IFNs, DNA sensors can also mediate the production of 

pro-inflammatory cytokines. Within the cytosol and the nucleus, this is accomplished in the 

presence of pathogen-derived DNA by the formation of distinct multimeric protein 

assemblies known as inflammasomes (Gram et al., 2012). These structures were evident 

during alphaherpesvirus infection via the PRRs NLRP3, AIM2, and IFI16 (Figure 1, step 

3b), although the roles of IFI16 and AIM2 remain contentious. Upon recognizing viral 

PAMPs, these sensors recruit the adaptor protein ASC, which cleaves procaspase-1 into its 

mature and active form, caspase-1. Caspase-1 subsequently promotes the maturation of 

cytokines IL-18 and IL-1β. NLRP3 was found to generate cytosolic inflammasomes during 

VZV infection in THP-1 cells and during HSV-1 infection in primary human fibroblasts 

(Nour et al., 2011; Johnson et al., 2013). Johnson, et al. additionally identified a role for 

IFI16 inflammasomes during HSV-1 infection, in which IFI16-DNA puncta were first seen 

in the nucleus and later translocated with ASC to the cytosol (Johnson et al., 2013). These 

observations of nuclear IFI16 puncta during infection were consistent with a growing field 

of research on DNA sensing within the nucleus.
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Nuclear DNA sensing

While the actions of most DNA sensors have been predominantly identified and studied in 

the cytosol and endolysosomes, more recent evidence has provided an additional focus on 

sensing pathogen-derived DNA in the host nucleus. This is particularly relevant to 

alphaherpesviruses, which deposit their DNA genomes into the nucleus for replication 

(Figure 1, step 2c). Although IFI16 was initially characterized as a cytoplasmic DNA sensor 

(Unterholzner et al., 2010), several observations pointed to an additional nuclear function. 

IFI16 was reported to localize predominantly to the nucleus in several cell types, including 

epithelial cells, endothelial cells, primary fibroblast cells, and immune cells (Choubey and 

Lengyel, 1992; Aglipay et al., 2003; Cristea et al., 2010; Unterholzner et al., 2010; Kerur et 

al., 2011; Li et al., 2012). Additionally, the ability of IFI16 to bind to the viral genome in the 

nucleus was reported even prior to the knowledge of its viral DNA sensing function (Cristea 

et al., 2010). Yet, this was observed during infection with the betaherpesvirus human 

cytomegalovirus (HCMV) and was connected to a transcriptional regulatory function. IFI16 

was subsequently demonstrated to sense nuclear viral DNA during infection with the gamma 

herpesvirus Kaposi’s sarcoma-associated herpesvirus (KSHV) (Kerur et al., 2011). Kerur, et 
al. reported that nuclear IFI16 formed inflammasomes upon co-localization with KSHV 

DNA.

Next, the finding of the IFI16 multi-partite NLS and its acetylation enabled interrogation of 

localization-dependent IFI16 DNA sensing, this time upon infection with the 

alphaherpesvirus HSV-1 (Li et al., 2012). Li, et al. showed that NLS mutants of IFI16 that 

could not localize to the nucleus were significantly impaired in their ability to bind nuclear 

HSV-1 DNA and induce IFN response upon infection. Orzalli, et al. subsequently 

demonstrated the necessity of IFI16 and STING for effective IFN and ISG expression in 

primary human fibroblasts during infection with a mutant HSV-1 strain known to promote 

strong cytokine expression relative to WT HSV-1, d109 (Orzalli et al., 2012). Prevention of 

HSV-1 genome release during d109 HSV-1 infection via proteasome inhibitor treatment with 

tolylsulfonylphenylalanyl chloromethyl ketone, impaired STING- and IFI16-dependent 

innate immune response.

Subsequently, IFI16 was shown to form nuclear aggregates via its pyrin domain (Li et al., 

2013a). Consistent with this phenotype, Morrone, et al. established that IFI16 forms 

filaments and cooperatively assembles onto DNA (Morrone et al., 2014). More recently, 

during HSV-1 infection in primary fibroblasts, IFI16 was shown to form these oligomeric 

puncta at the nuclear periphery upon viral nucleocapsid docking (Cuchet-Lourenco et al., 

2013; Everett, 2016; Diner et al., 2016; Lum et al., 2019). Characterization of IFI16 pyrin 

oligomerization via predicted solvent-exposed charged residues further suggested that IFI16 

rapidly binds to incoming viral DNA at nuclear pores in an oligomerization-dependent 

manner (Lum et al., 2019). In these studies, CRISPR-mediated knockout of IFI16 or 

expression of oligomerization-incapable forms of IFI16 significantly impaired both cytokine 

expression and suppression of viral genes during infection.

Another member of the protein family containing pyrin and HIN200 domains, the 

interferon-inducible protein X (IFIX), was also demonstrated to have the capacity to bind to 

dsDNA in a sequence-independent manner and to induce IFN response (Diner et al., 2015a). 
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Similar to IFI16, IFIX was reported to be enriched at the nuclear periphery during early 

HSV-1 infection and to further promote nucleus-derived immune signaling in fibroblasts 

(Crow and Cristea, 2017). Altogether, these findings suggested a role for nuclear DNA 

sensors in directly signaling to the STING-TBK-1-IRF3 pathway for cytokine induction. In 

support of this possibility, Dunphy et al. demonstrated the capacity of nuclear IFI16 to 

translocate from the nucleus to STING-containing membranous fractions upon DNA 

damage (Dunphy et al., 2018). Most recently, the heterogeneous nuclear ribonucleoprotein 

A2B1 (hnRNPA2B1) was identified as a nuclear-to-cytoplasmic translocating DNA sensor 

against HSV-1 (Wang et al., 2019). Upon HSV-1 infection in murine macrophages and 

human THP-1 cells, nuclear hnRNPA2B1 was found to associate with HSV-1 DNA, 

engaging its homodimerization, demethylation, and translocation from the nucleus to the 

cytoplasm, where it associated with STING and TBK-1.

Several of these observations of STING activation by DNA sensors during HSV-1 infection 

incited efforts to explore the possibility of synergistic, cooperative, or sequential activities 

among the sensors (e.g., nuclear and cytosolic IFI16 pools signaling to STING without 

known IFI16-specific ligands; the identification of a cGAS-specific ligand that directly 

activates STING; characterization of nuclear-to-cytoplasmic translocating hnRNPA2B1 that 

binds STING and TBK-1). Yet, the precise mechanisms governing many of these 

observations are still being uncovered. For instance, how do IFI16 immune signals reach the 

ER- and Golgi apparatus-associated STING, and are there pools of nuclear cGAS that 

impact the antiviral state of the cell during alphaherpesvirus infection? Indeed, initial 

explorations into the localization of endogenous cGAS using antibodies and immunoblotting 

suggested that a subset of cGAS resides within the nucleus of primary human fibroblasts and 

normal oral keratinocytes (Orzalli et al., 2015). cGAS was also found to interact with 

nuclear IFI16, promoting IFI16 protein-level stability during HSV-1 infection. Such an 

interaction implicates cGAS in maintaining the presence of IFI16-derived immune signals, 

or sequentially coordinating with IFI16 to activate STING upon infection. Several studies 

have since identified roles for nuclear cGAS during viral infection and DNA damage 

(Lahaye et al., 2018; Liu et al., 2018). In further support of DNA sensor-mediated 

maintenance of immune responses, hnRNPA2B1 was found to promote N6-methyladenosine 

modification and nuclear-to-cytoplasmic translocation of IFI16, cGAS, and STING mRNAs 

(Wang et al., 2019). This served to maintain and amplify STING-activated immune 

responses. Taken together, these findings further highlight how the regulation of nuclear 

DNA sensing during viral infection is only just beginning to be clarified.

In addition to directly regulating immune signaling pathways, nuclear innate immune 

proteins can also modulate alphaherpesviral transcription. For example, IFI16 was found to 

epigenetically promote nucleosome loading and addition of heterochromatin-associated 

markers onto HSV-1 genomes (Orzalli et al., 2013). These observations suggest that IFI16 

functions may be in-part associated with those of a set of sub-nuclear multi-protein 

complexes, Nuclear Domain 10 (ND10) bodies (also known as PML nuclear bodies). 

Components of ND10 bodies are IFN-inducible and are known to rapidly associate with 

viral DNA genomes being extruded into the nucleus from viral capsids docked at the nuclear 

pore. This association functions to suppress viral gene expression (Everett et al., 2006; 

Cuchet et al., 2011). In primary human fibroblasts, stable knockdowns of ND10 complex 
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components, including PML, hDaxx, ATRX, or Sp100, increased titers of an HSV-1 strain 

lacking ICP0, which is an immediate-early viral protein that degrades several ND10 body 

components (Chelbi-Alix and de The, 1999). Consistent with the concerted action of innate 

immune factors, interactions between the DNA sensors IFI16 and IFIX with ND10 body 

components and mediators of chromatin assembly and transcription have been identified 

(Diner et al., 2015a; Diner et al., 2015b; Diner et al., 2016; Lum et al., 2019).

RNA sensing

During the replication of DNA viruses, RNA intermediates have long been known to 

accumulate within the cytoplasm (Jacquemont and Roizman, 1975; Weber et al., 2006). This 

occurrence is thought to be facilitated in-part by symmetrical, overlapping transcription that 

generates RNA-RNA annealing. As mammalian cells are armed with an ensemble of RNA 

sensing components, these pathways have been found to contribute to the induction of an 

innate immune response in cells during alphaherpesvirus infection. Upon HSV-1 and HSV-2 

infections, dsRNA intermediates have been shown to serve as agonists of the endolysosome-

localized TLR3 sensor and adaptor protein, TIR-domain-containing adapter-inducing 

interferon-β (TRIF) (Figure 1, step 3d) (Zhang et al., 2007; Peri et al., 2008; Davey et al., 

2010; Willmann et al., 2010). Notably, two children with HSV-1 encephalitis were found to 

be homozygous for a dominant-negative form of TLR3, which could not be identified in 

over 3,000 chromosomes examined in healthy control individuals (Zhang et al., 2007). Yet 

how viral RNA is localized to endolysosomes is still unclear. Most recently, TLR3-mediated 

IFN expression was shown to additionally rely upon coordination with the receptor, TRAF3 

(Sato et al., 2018).

While initially induced by AT-rich DNA sensing by RNAP III, 5’ triphosphate RNA 

generated by RNAP III is sensed by RIG-I, which signals to the adaptor protein, 

mitochondrial antiviral signaling protein (MAVS), to activate TBK-1 and IKK for inducing 

IFNs (Chiu et al., 2009; Choi et al., 2009). An additional RIG-I-independent mechanism for 

sensing RNA during HSV-1 infection has since been characterized via melanoma 

differentiation-associated protein 5 (MDA5) and MAVS (Melchjorsen et al., 2010) (Figure 1, 

step 3c). In primary macrophages, knockdown of MDA5 resulted in reduced levels of IFNβ 
and IFNλ1 upon HSV-1 infection, whereas knockdown of RIG-I had no effect. The authors 

further observed an increase in TNFα levels during infection that was independent of either 

RIG-I or MDA5, indicating the potential for alternative pathways, such as via TLR3, in 

promoting a cytokine-rich antiviral state in the cell.

Alphaherpesvirus innate immune evasion strategies

The ability of alphaherpesviruses to rapidly engage host factors and subvert innate immune 

responses is a fundamental determinant of the outcome of infection. Highlighting the 

multifunctionality of viral proteins, several have known capabilities to inhibit immune 

response via diverse mechanisms, from avoiding PRR detection of PAMPs to preventing 

downstream cytokine and effector ISG expression (Table 1, Figure 2). This functional 

versatility enables alphaherpesviruses to effectively constrain host defenses by 

simultaneously impeding multiple steps of immune response pathways. To ensure a 
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productive viral infection, the implementation of these immune evasion strategies has to 

match the rapidity of host immune response and, hence, to take place early in infection. This 

is illustrated by the fact that a considerable number of known immune modulatory viral 

proteins are either already present as high-copy number components within virion particles 

that invade a permissive cell (i.e., tegument proteins), or are expressed quickly during 

productive infection (i.e., immediate-early proteins). In this section, we explore the array of 

mechanisms employed by alphaherpesviruses to circumvent host immune activation, 

including the degradation of immune signaling components, as well as their inactivation via 

binding, post-translational modifications, and sequestration.

Degradation of innate immune factor mRNA and protein

Perhaps one of the most understood and straight-forward mechanisms of virus immune 

evasion is the ability of alphaherpesviruses to target host innate immune factors for 

degradation at either the transcriptional or protein level (Figure 2). The major transcriptional 

strategy employed by HSV-1 is host shutoff via global mRNA destabilization. Once virion 

particles enter the cell, the abundant HSV-1 tegument protein, virion host shutoff (vhs), 

functions as an mRNA-specific endonuclease that rapidly degrades host and viral mRNA in 

the cytoplasm prior to de novo viral gene expression (Elgadi et al., 1999). This allows the 

virus to co-opt cellular transcriptional and translational machinery, as well as engage in the 

temporal cascade of viral gene expression, which relies in-part on the prior degradation of 

host and viral mRNA as signaling cues (Read and Frenkel, 1983; Oroskar and Read, 1987, 

1989) (Table 1). Notably included as degradation targets are ISGs, such as ZAP and viperin. 

During WT HSV-1 infection, ZAP and viperin mRNA levels were attenuated relative to 

those in uninfected cells. In cells infected with HSV-1 strains lacking vhs, both ZAP and 

viperin mRNA destabilization was prevented (Shen et al., 2014; Su et al., 2015). In line with 

this function, vhs was more recently demonstrated to additionally target cGAS mRNA for 

degradation (Su and Zheng, 2017). Interestingly, vhs was found to specifically target 

adenosine and uridine (AU)-rich elements in the 3’ untranslated portions of mRNA, and was 

shown to be recruited to AU-rich elements via the cellular protein, tristetraprolin (von Roretz 

et al., 2011; Shu et al., 2015; Rivas et al., 2016). These findings are consistent with the 

observation that mRNA encoded by many immune response genes are enriched in AU-rich 

elements (Schott and Stoecklin, 2010; Schwerk and Sayan, 2015), suggesting a sequence-

specific mechanism for vhs-dependent destabilization of immune-related mRNA targets.

Alphaherpesvirus-induced degradation at the protein level relies on the exploitation of the 

cellular proteasome pathway. To maintain a balanced intracellular state, the proteasome 

pathway is essential for mediating the homeostatic turnover of proteins. Relevant to active 

innate immune signal transduction, cells require the proteasomal degradation of IκB to 

release the inhibition of NF-κB and promote its translocation into the nucleus (Karin and 

Ben-Neriah, 2000). Upon recognition and binding of proteins covalently modified with poly-

ubiquitin chains, the proteasomal 26S unfolds and catabolizes proteins into oligopeptides 

(Lecker et al., 2006).

A prime example of virus-mediated degradation of cellular immune proteins involves the 

HSV-1 immediate-early protein ICP0. ICP0 contains an E3 ubiquitin ligase activity via a 
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RING finger domain and promotes the proteasome-dependent degradation of several cellular 

and viral proteins via ubiquitination. ICP0 is known to target a growing number of host 

defense receptors for degradation, including a glycoprotein sensor, DNA sensor, chromatin 

modulators, and transcription factors. During infection, van Lint et al. determined that 

TLR2-mediated immune signaling, via IL-6 production and NF-κB-directed transcription, 

was suppressed due to the ICP0 E3 ubiquitin ligase activity on the TLR2 adaptor proteins, 

MyD88 and Mal (van Lint et al., 2010).

Critical to nuclear sensing of HSV-1, ICP0 was found to promote the degradation of IFI16 in 

the nucleus, at least in-part via its E3 ubiquitin ligase function (Orzalli et al., 2012; Cuchet-

Lourenco et al., 2013; Diner et al., 2015b). Specifically, ICP0 was found to target the 

oligomerizing pyrin domain of IFI16 (Diner et al., 2016). Cells infected with an HSV-1 

strain containing an E3 ligase-null form of ICP0 (ICP0-RF HSV-1) showed a rescue in IFI16 

protein levels. Yet, these initial reports conducted in HFFs and HEK 293Ts remain divided 

over whether ICP0 is sufficient to induce IFI16 degradation, or whether additional viral or 

hijacked cellular cofactors are also involved in this process. Consistent with this notion, the 

HSV-1-mediated degradation of the DNA sensor IFIX was not relieved upon infection with 

ICP0-RF HSV-1 (Crow and Cristea, 2017). Furthermore, the mode of IFI16 degradation by 

HSV-1 was observed to be cell type-dependent, as HSV-1 infection resulted in reduced IFI16 

protein levels in HFFs, normal oral keratinocytes, and HeLa cells, but not in U2OS cells. In 

HeLa cells, the HSV-1 tegument protein vhs additionally facilitated IFI16 mRNA turnover, 

consistent with its known roles in engaging ribonuclease-induced mRNA destabilization 

(Orzalli et al., 2016). Noteworthy, ICP0 was shown to be necessary and sufficient to target 

several other host defense proteins for degradation, including ND10 body components (i.e., 

PML, ATRX, hDaxx, Sp100, SUMO1), the DNA sensor DNA-PKcs, and the NF-κB subunit 

p50 (Parkinson et al., 1999; Boutell et al., 2003; Cuchet-Lourenco et al., 2013; Zhang et al., 

2013). Highlighting an interesting conservation of this ICP0 immune-inhibiting function 

across strains and species, ICP0 encoded by bovine herpesvirus 1 was shown to target IRF3 

for degradation in HEK 293s (Saira et al., 2007), yet the capacity of HSV-1 ICP0 to 

accomplish this has yet to be observed.

Given the uncontested prominence of the STING-TBK-1-IRF3 pathway in promoting an 

antiviral state in the cell, one might expect several more examples of alphaherpesviral 

proteins that target these immune components for degradation. Indeed, the VZV immediate-

early protein ORF61p co-immunoprecipitated with IRF3, leading to IRF3 ubiquitination and 

proteasome-dependent degradation. IRF3 degradation was subsequently rescued by 

treatment with the proteasome inhibitor, MG132 (Zhu et al., 2011). Furthermore, the porcine 

alphaherpesvirus pseudorabies virus (PRV) encodes pUL50, which abrogates IFNα 
expression by degrading interferon α/β receptor subunit 1 (IFNAR1) via lysosomes (Zhang 

et al., 2017).

Inactivation by virus-induced post-translational modifications

In light of the dynamic and temporal role of protein post-translation modifications (PTM) in 

signal transduction, it is not surprising that alphaherpesviruses encode proteins that catalyze 

both the addition and removal of PTMs from cellular immune signaling components. At the 
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PRR level, the HSV-1 inner tegument protein pUL37 was shown to deamidate human and 

mouse cGAS (Zhang et al., 2018). A critical asparagine residue, N210, was identified in the 

human and mouse cGAS activation loop, which impinges upon the conformational 

rearrangement of the cGAMP-producing catalytic site (Zhang et al., 2018). In both human 

THP-1 macrophages and murine L929 fibroblasts, this site was deamidated by pUL37 

during HSV-1 infection, suppressing cGAS capacity to generate 2,3’-cGAMP and induce 

cytokines. pUL37 deamidation did not affect cGAS abilities to bind DNA and dimerize. 

Infection with a pUL37 deamidation-deficient HSV-1 strain in human macrophages and in 

BL6 mice resulted in higher cGAS- and STING-dependent cytokine expression relative to 

infection with WT HSV-1. Unexpectedly, pUL37 had no effect on non-human primate 

cGAS, suggesting that HSV-1 has evolved to exploit the natural species sequence variation 

of cGAS. Consistent with this finding, the authors identified that the N210 residue was not 

conserved in non-human primate species. Further supporting a crucial role for deamidation 

in subverting host innate immunity during HSV-1 infection, pUL37 was also shown to 

deamidate the RNA sensor, RIG-I, thereby attenuating IFN expression (Zhao et al., 2016). 

As pUL37 is evolutionarily conserved across all three herpesvirus subfamilies (alpha, beta, 

and gamma), and both cGAS and RIG-I have been shown to promote IFN immune signaling 

upon infection with these herpesviruses, it is possible that pUL37 has a similar PRR 

deamidation function as these other types of herpesvirus infection.

Downstream of PRR activation, virus-induced deubiquitination and phosphorylation, via 

both cellular- and virus-encoded enzymes, have been shown to inactivate components of the 

TLR and STING-TBK-1-IRF3 signaling pathways. Sun et al. showed that the cellular 

protein USP13 catalyzed the deconjugation of K27-linked polyubiquitin chains from STING 

in mouse embryonic fibroblasts, thereby preventing TBK-1 activation and expression of 

antiviral cytokines during HSV-1 infection (Sun et al., 2017). This finding suggests that 

HSV-1 may hijack USP13 to inactivate STING-dependent IFN and ISG expression.

For those immune-evasive enzymes encoded by viruses, the capacity to recognize and 

modify several host receptors confers an efficient and adaptive advantage against the host 

defense. This broad host substrate specificity has been identified for several alphaherpesviral 

proteins. The HSV-1 ubiquitin-specific protease, pUL36, was demonstrated to suppress IFN 

and cytokine production by modifying both the receptor TRAF3 and NF-KB inhibitor, 

IKKα. Wang, et al. showed that these pUL36 functions relied upon the activity of the 

deubiquitinase (DUB) motif that was previously identified by Schlieker, et al. (Schlieker et 

al., 2005; Wang et al., 2013a). Via a series of ectopic expression tests in HEK 293Ts and 

HSV-1 infection in C57BL/6 mice, the authors observed that pUL36-mediated 

deubiquitination of TRAF3 prevented the formation of a TRAF3-TBK-1 signaling complex, 

which interfered with IRF3 dimerization. It was later shown that pUL36 was further capable 

of cleaving K48-linked polyubiquitin chains from IKKα in HEK 293Ts and HFFs, 

protecting it from proteasomal degradation, and thus maintaining NF-κB in an inactive state 

(Ye et al., 2017).

Indicating the potential for conserved immune-evasion activity of viral enzymes, the HSV-1 

kinase pUS3 and the predicted VZV homolog ORF47p, are known to atypically 

phosphorylate several cellular factors that promote IFN and ISG induction. Canonically, 
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activated TBK-1 phosphorylates IRF3 at Ser396. However, VZV ORF47p expression in 

cells was found to interact with IRF3, preventing Ser396 phosphorylation and subsequent 

transcription of target genes (Vandevenne et al., 2011). HSV-1 pUS3 was observed to 

hyperphosphorylate IRF3 at Ser175, inhibiting its homodimerization, and the NF-κB subunit 

p65 at Ser75, preventing its translocation into the nucleus (Wang et al., 2013b; Wang et al., 

2014). To identify the specific residues phosphorylated by pUS3, the authors conducted 

either IRF3 or p65 immunoaffinity isolations in cells co-expressing epitope-tagged US3 and 

either IRF3 or p65, and analyzed the eluates by mass spectrometry. Consistent with the 

immune-activating role of Ser396 phosphorylation, this modification was not detected upon 

pUS3 expression, further indicating that atypical modification of IRF3 impedes the ability of 

TBK-1 to modify and activate it. An astute demonstration of virus strain-specific divergence 

in pUS3 inhibition of IRF3 was given in feline kidney cells infected with the 

alphaherpesvirus, feline herpesvirus 1 (FHV-1) (Tian et al., 2018). FHV-1 pUS3 similarly 

prevented IRF3 homodimerization and subsequent IFNβ expression yet accomplished this 

via a kinase-independent mechanism by competitively binding the IRF association domain. 

As this study identified several other FHV-1 ORFs that inhibit IFN expression (i.e., UL1, 

UL4, UL3.5, UL11, UL27, UL45, UL48, and UL55), future explorations may reveal 

additional layers of virus-host interactions and cooperative or distinct immune suppression 

mechanisms.

Host factor inactivation and sequestration

To obstruct signal transduction, alphaherpesviruses encode proteins that effectively act as 

molecular sinks for host innate immune factors by associating with and saturating these 

receptors. At the level of PAMP detection, the dsRNA sensor protein kinase R (PKR), was 

found to be antagonized by the HSV-1 tegument protein, pUS11. In uninfected cells, PKR 

binds RNA, facilitating its autophosphorylation (Romano et al., 1998). Subsequently, PKR 

activates the translation initiation factor eIF-2α, which engages in translational inhibition 

and thus blocks viral protein synthesis. As strong expression of pUS11 was previously found 

to rescue premature translational stasis during infection of cells with a mutant HSV-1 strain 

(Mohr and Gluzman, 1996; Mulvey et al., 1999), Peters, et al. hypothesized that pUS11 

could relieve the translational repression imparted by PKR (Peters et al., 2002). Indeed, in 
vitro affinity purification assays revealed that the HSV-1 tegument protein pUS11 was 

capable of binding directly to PKR, preventing the function of a PKR activator, PACT, and 

thus inhibiting PKR-mediated translational shutdown in cells.

In addition to PKR inhibition, the HSV-1 tegument protein VP22 was found to bind to the 

DNA sensors, cGAS and AIM2, suppressing their immune activities (Huang et al., 2018; 

Maruzuru et al., 2018). With estimates of well over 1,000 copies per virion particle (Heine et 

al., 1974; Leslie et al., 1996), it may not be surprising that VP22 is simultaneously capable 

of binding and nearly saturating endogenous levels of these sensors. In HFFs, knocking 

down cGAS promoted the replication of an HSV-1 strain lacking VP22, but not WT HSV-1, 

further supporting the cGAS-specific antagonism of this viral protein. The identified VP22-

AIM2 association prevented AIM2 oligomerization, formation of inflammasome complexes, 

and expression of the pro-inflammatory IL-1β and IL-18 in human macrophages (Maruzuru 

et al., 2018). In a similar fashion, the HSV-1 tegument protein pUS11 was found to bind 
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RIG-I and MDA5. These associations prevented their oligomeric aggregation with the 

MAVS adaptor for inducing downstream cytokine expression in HEK 293Ts (Xing et al., 

2012).

Inactivation of the STING-TBK-1-IRF3 pathway via physical and stable virus-host protein 

interaction has been demonstrated for each pathway component during HSV-1 infection. 

Deschamps and Kalamvoki established that the abundant tegument protein pUL46 binds 

STING to prevent IFN expression in immortalized HEL cells (Deschamps and Kalamvoki, 

2017). When treated with 2’,3’-cGAMP, cells exogenously expressing pUL46 were 

incapable of rescuing IFN production. This finding suggested that the pUL46-STING 

association prevents 2’3’-cGAMP and/or IFI16 binding to STING, STING dimerization, or 

STING recruitment and activation of TBK-1. The authors also found that pUL46 associated 

with TBK-1, indicating that pUL46 may physically inhibit the STING-TBK-1 complex. 

Additional examples of HSV-1 inhibition of TBK-1 are provided by the associations with 

the immediate-early protein ICP27 and leaky-late protein γ134.5 (Verpooten et al., 2009; 

Christensen et al., 2016). As expected, these associations prevented IRF3 phosphorylation 

and activation in each of the studies.

At the level of antagonizing transcription factors downstream of STING activation, the 

HSV-1 immediate-early protein ICP0 has been shown to re-localize activated IRF3 and its 

transcriptional co-activating binding partners, CBP and p300, into subnuclear puncta 

(Melroe et al., 2007). This sequestration strategy prevents IRF3 from docking at ISRE 

regions to promote the expression of target host genes. Subsequently, Zhang, et al. 
demonstrated that HSV-1 encodes the serine protease, VP24, which directly bound IRF3, 

inhibiting its activation by TBK-1, its phosphorylation, and homodimerization (Zhang et al., 

2016). In a similar manner, the HSV-1 tegument protein VP16 was found to bind IRF3 and 

its coactivator CBP, preventing the formation of active IRF3-CBP transcriptional complexes 

(Xing et al., 2013). In support of this finding, the authors did not see an effect of VP16 on 

IRF3 homodimerization or nuclear translocation. VP16 was additionally observed to inhibit 

the activation of NF-κB via a VP16-p65 subunit association.

Furthermore, as IFNs are secreted from infected cells to signal to neighboring cells, it would 

stand to reason that alphaherpesviruses have evolved strategies to prevent this immune 

activity. Indeed, aside from its deubiquitinase capacity, HSV-1 pUL36 was shown to 

competitively bind the IFN-α/β receptor, IFNAR2. This association prevented binding of the 

kinase-signal transducer and activator of transcription, JAK1 (Yuan et al., 2018).

Contributions of advances in omic and microscopy techniques

Concurrent improvements in technologies and methodology have facilitated many of the 

above-discussed biological discoveries in immune response and virus immune subversion 

strategies. In this section, we highlight how transcriptomics, proteomics, and microscopy 

approaches have contributed to our understanding of innate immunity during 

alphaherpesvirus infection.
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Gene profiling reveals immune modulating factors

The application of transcriptomic approaches to exploring virus-host dynamics has 

promoted the identification of cellular immune factors and associated alphaherpesviral 

antagonists. In these studies, genes were assessed for their capacity to modulate IFN and 

ISG expression. Prior to characterizing the DNA sensing activities of cGAS, Schoggins, et 
al. used an ISG screening approach to discover that cGAS was one of the genes that 

possessed broad IFN-based antiviral function against several viruses, including yellow fever 

virus, chikungunya virus, Venezuelan equine encephalitis virus, and Sindbis virus 

(Schoggins et al., 2011). Cells were treated with a lentiviral vector bicistronically bearing 

one of several hundred ISGs and a red fluorescent protein (RFP) tag. Upon infection with 

different viruses expressing a distinct green fluorescent protein (GFP) tag, FACS was used to 

quantify virus replication in RFP-positive cells. Similarly, the ability of FHV-1 pUS3 to 

antagonize two downstream effector proteins of cGAS, STING and IRF3, was identified 

from screens of cellular and viral genes, respectively, which affected IFN and ISG levels 

(Ishikawa and Barber, 2008; Tian et al., 2018). Furthermore, the HSV-1 pUL37 was initially 

considered as a candidate for suppressing cGAS-mediated IFNβ based on RNA sequencing 

of host defense genes in samples infected with HSV-1 strains containing mutant pUL37 

(Zhang et al., 2018).

In addition to the use of transcriptomic strategies, concurrent explorations into protein 

interactions uncovered the DNA sensors and associated immune-modulatory protein 

complexes. These protein interaction studies complemented the findings from gene profiling 

and enabled investigations of associations between immune proteins with either DNA, other 

proteins, or small molecules.

Protein interaction studies identify DNA sensors and immune complexes

Over the past decade, the use of immunoaffinity purification coupled to mass spectrometry 

(IP-MS) has contributed to several landmark discoveries, including the identification of 

several viral DNA sensors (i.e., AIM2, DHX9, DHX36, IFI16, DNA-PKcs, IFIX, and cGAS) 

and alphaherpesviral antagonists. The first of these proteins to have been identified and 

characterized as a DNA sensor was AIM2 in 2009 (Burckstummer et al., 2009). In this 

study, the authors indeed sought to discover a cytoplasmic DNA sensor that mediated 

inflammasome formation. In three different mouse cell lines, the authors incubated cell 

extracts with biotinylated 45-base pair interferon-stimulatory DNA (ISD) immobilized to 

streptavidin resin and subjected eluates to mass spectrometry analysis. As an orthogonal 

approach, a microarray analysis of genes induced by IFNβ was conducted in parallel. From 

these assays, AIM2 was uncovered as one of three DNA-binding proteins belonging to the 

interferon-inducible PYHIN protein family that was additionally transcriptionally regulated 

by IFNβ. Further experimentation demonstrated that AIM2 was cytoplasmic and capable of 

forming inflammasomes in the presence of DNA. As would be expected based on the DNA 

sensors that are known today, one of the other PYHIN proteins identified, but not further 

explored in the study, was the mouse homolog of IFI16, IFI204. In fact, not long after this 

initial study, IFI16 was similarly identified as a bona fide cytoplasmic DNA sensor 

(Unterholzner et al., 2010). Using biotinylated oligomers of 70 base pairs derived from 

Vaccinia virus, IP-MS was conducted from the cytosolic extracts of THP-1 cells.
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The versatility of IP-MS to identify both proteins and small molecules facilitated the 

identifications of cGAS and cGAMP, respectively. cGAS was discovered as a robust DNA 

sensor using a modified mass spectrometry approach on lysates from cells pre-stimulated to 

produce cGAMP (Wu et al., 2013). Via a series of three separate biochemical fractionation 

strategies conducted in parallel, in which IP-MS using biotinylated ISD was conducted 

following one of the strategies, cGAS was found to co-purify with cGAMP. cGAMP was 

also characterized by IP-MS, upon its co-isolation with Flag-tagged STING (Sun et al., 

2013). Sun, et al. subsequently employed a sensitive targeted mass spectrometry approach, 

selected reaction monitoring, to quantify cGAMP levels and demonstrate that fractions 

containing cGAMP were those associated with activated IRF3.

The application of IP-MS to studying DNA sensors has since further expanded to exploring 

their protein-protein interactions. An interaction network for all PYHIN proteins (AIM2, 

IFI16, IFIX and MNDA) was generated using cells inducibly expressing each GFP-tagged 

PYHIN protein (Diner et al., 2015a). The study revealed shared associations involved in 

functions such as chromatin remodeling and antiviral response, as well as IFIX interactions 

with PML and other ND10 components. From this study, IFIX was also classified as the 

second nuclear DNA sensor and was shown to restrict HSV-1 replication. IFI16 interactions 

from this study and from additional IP-MS studies using an HSV-1 strain that lacks the 

ability to degrade IFI16 highlighted associations important for immune signaling, such as 

with ND10 body components (Diner et al., 2015b). An MS-based approach was also used to 

confirm the interaction of IFI16 with cGAS in multiple cell types (Orzalli et al., 2015). 

Domain-specific IP-MS analyses were later performed to assign different IFI16 interactions 

to its pyrin or HIN domains (Orzalli et al., 2015; Diner et al., 2015b; Diner et al., 2016). 

More recently, a broader cGAS protein interaction network during HSV-1 infection in 

primary fibroblasts was also characterized using IP-MS analyses (Lum et al., 2018). In 

support of previous findings that HSV-1 pUL37 and pUL49 directly antagonize cGAS-

mediated production of 2’,3’-cGAMP, this study also identified these viral protein 

associations with cGAS, along with additional HSV-1 proteins, providing a future resource 

to study hypothesis-driven cGAS regulation and antagonism by HSV-1. Additionally, a 

cGAS interaction was also identified the 2’-5’-oligoadenylate synthase-like protein OASL, a 

protein associated with RNA sensing. Further investigation in this study showed that OASL 

suppresses cGAS-mediated IFN response, suggesting its role as a regulatory negative 

feedback loop for controlling cytokine induction.

Proteome alterations associated with immune response

Knowledge of PRRs, downstream effector pathways, and their protein interactions were also 

placed in a broader proteome context during infection to provide a clearer understanding of 

immune regulatory changes throughout the virus replication cycle. Kulej, et al. applied an 

epigenomics-proteomics approach to generate a resource of global protein abundance 

changes in both cellular and viral proteins, as well as phosphorylation sites and chromatin-

bound histone acetylations during multiple time points of HSV-1 infection in primary human 

fibroblasts (Kulej et al., 2017). At different time points across HSV-1 infection, fibroblast 

lysates were sequentially digested with LysC and trypsin. Phosphorylated peptides were 

enriched using a titanium dioxide-based chromatographic resin, and then subjected to MS 
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analysis. To identify histone acetylations, histones were purified from the lysates of infected 

cells, and assessed by MS.

Temporal proteome alterations during HSV-1 infection were further explored in the context 

of cGAS-mediated immune signaling. Lum, et al. placed their identified cGAS interactions 

in the context of the respective endogenous protein abundances during HSV-1 infection 

(Lum et al., 2018). This was accomplished via whole proteome analysis of primary human 

fibroblasts using isobaric tag-based quantitative mass spectrometry. Targeted MS using 

parallel reaction monitoring further validated several protein abundance changes throughout 

infection, and enabled the assessment of proteins with low endogenous abundances. 

Providing an additional layer of insight into immune regulation, proteome changes were 

compared between cells infected with wild type or mutant HSV-1 strains that induced 

varying degrees of cytokines and apoptosis.

Discovery of PTMs

The contribution of proteomics has extended beyond the identification of DNA sensors and 

protein-protein interactions. As highlighted in the above sections, PTMs (i.e., 

phosphorylation, acetylation, deamidation, and ubiquitination) are indispensable for the 

temporal and spatial modulation of both host immune signal transduction and effective 

circumvention of this defense by alphaherpesviruses. In addition to investigating global 

PTM mapping of specific modifications in cells, as mentioned above in the study by Kulej, 

et al, IP-MS has also been used to identify multiple PTMs on immune signaling proteins. 

For example, Li, et al. used a combinatorial IP-MS strategy to identify PTMs on endogenous 

IFI16 in primary fibroblasts and CEM T cells by digesting immunoisolated samples 

separately with the endoproteinases, trypsin and GluC (Li et al., 2012). This strategy 

facilitated the detection of multiple acetylation and phosphorylation sites on IFI16, including 

the aforementioned acetylation within its NLS, which the authors showed to serve as a 

toggle for nuclear-cytoplasmic localizations. Downstream of PRR function, two studies 

identified the capacity of HSV-1 pUS3 to hyperphosphorylate both IRF3 and NF-κB p65 via 

immunoisolations of epitope-tagged pUS3 and trypsin-based MS analyses (Wang et al., 

2013b; Wang et al., 2014).

More recently, this approach was employed to identify both cellular and viral proteins that 

regulate the PTM state of cGAS, and thus regulate IFNβ induction, during HSV-1 infection. 

Seo, et al. first conducted IP-MS in cells expressing Flag-tagged cGAS and identified that 

the cellular protein kinase Akt promoted the addition of a phosphorylation on Ser305 of 

cGAS (Seo et al., 2015). This modification inhibited cGAS-mediated IFN expression and 

HSV-1 replication during infection upon exogenous Akt expression, suggesting that Akt 

either functions as a regulator of cGAS activity, or is co-opted by HSV-1. Recently, IP-MS 

was used to identify cGAS deamidation by HSV-1 pUL37 (Zhang et al., 2018), emphasizing 

how this approach is amenable for exploring both anti-viral and pro-viral pathways.

Microscopy in determining the localization dynamics of DNA sensors

The implementation of advanced microscopy approaches has facilitated important insights 

into the dynamic localization of immune and viral proteins during infection. As an example, 
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microscopy-based investigations into how and when IFI16 binds nuclear HSV-1 DNA have 

provided an elegant understanding of its mechanism of action with great temporal and 

spatial resolution. First via confocal microscopy, nuclear IFI16 was observed to re-localize 

from a diffuse state to distinct puncta asymmetrically at the nuclear periphery, coincident 

with viral genome-associated proteins (Cuchet-Lourenco et al., 2013). Imaging via in vitro 
single-molecule fluorescence, as well as via time-lapse total internal reflection fluorescence 

microscopy and Förster resonance energy transfer, fluorescently-labeled IFI16 was observed 

to track along biotinylated, euchromatinized DNA and assemble into oligomeric structures 

(Stratmann et al., 2015). This clustering was estimated to be comprised of eight to ten 

protomers. Subsequently, Diner, et al. conducted live cell imaging in primary fibroblasts 

infected with HSV-1 (Diner et al., 2016). Upon stably expressing fluorescently-tagged IFI16 

in cells, IFI16 was observed to dynamically enrich first to incoming HSV-1 genomes within 

minutes of nucleocapsids docking at the nuclear periphery, and subsequently re-localize to 

diffuse nucleoplasmic puncta within hours after infection, and then result in loss of signal. 

These secondary localizations were consistent with previous indirect fluorescence 

microscopy reports of IFI16 localizing to nuclear puncta in an ICP0-dependent manner prior 

to its degradation during infection (Orzalli et al., 2012; Cuchet-Lourenco et al., 2013). Thus, 

microscopy techniques enhanced the understanding of IFI16-mediated signal transduction 

and antagonism by ICP0.

Concluding remarks and future trends

As we have seen, many alphaherpesvirus-sensing PRRs converge upon shared immune 

signaling pathways. With the ongoing characterization of PRRs in the cytosol and nucleus, 

our knowledge of how host defense components act in a synergistic fashion, in distinct 

immune signaling pathways, operate sequentially, or function redundantly is expected to 

grow in the coming years. We have also discussed several viral proteins with broad host 

substrate specificity, providing viruses with multiple opportunities to dismantle host immune 

signaling. Given the multifunctional capacity of many viral proteins, this ability to both 

evade immune induction and promote virus replication may explain why the host innate 

immune response contains such a complex network of PRRs and signaling cascades. As an 

example, while HSV-1 US3 is known to inactivate IRF3 and NF-κB via atypical 

phosphorylation, it also relieves the transcriptional repression of viral genes by 

hyperphosphorylating and preventing deacetylation of histone deacetylases, HDAC1 and 

HDAC2 (Poon et al., 2006; Walters et al., 2010; Shapira et al., 2016). Similarly, the homolog 

in VZV, ORF66p, was also shown to hyperphosphorylate HDAC1 and HDAC2 (Walters et 

al., 2009). In this way, it is perhaps not surprising that we continue to uncover additional 

functions for proteins involved in both cellular innate immunity and virus immune evasion.

Thus far, many intriguing examples of alphaherpesvirus-mediated IFN suppression have 

additionally been identified without defined mechanisms. For instance, in the central 

nervous system of mice, the HSV-1 kinase pUL13 was shown to subvert CD8+ T cell 

infiltration by attenuating expression of the chemokine attractant CXCL9 (Koyanagi et al., 

2017). The VZV immediate-early protein IE62 was found to prevent IFN-inducing IRF3 

phosphorylation at serines 396, 398, 402, yet was not found to bind to either TBK-1 or IRF3 

(Sen et al., 2010). In plasmacytoid dendritic cells infected with PRV, the glycoproteins gE 
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and gI were observed to antagonize IFNα expression (Lamote et al., 2017). As more 

sensitive technology emerges, these techniques may be leveraged to provide more 

mechanistic insight into existing and as-of-yet discovered virus immune evasion strategies.

Altogether, the implementation of developing omic technology has significantly enriched 

our understanding of innate immunity and alphaherpesvirus immune evasion. Ongoing 

improvements in mass spectrometry instrumentation with unprecedented resolution and 

sensitivity provide a powerful tool to be leveraged for future investigations. The additional 

incorporation of biochemical and molecular tools (i.e., microscopy, chemical crosslinking, 

alpha screens) is expected to provide greater mechanistic insight and depth. We envisage that 

these emerging technologies will continue to facilitate exciting opportunities for future 

research in 1) identifying virus-host protein interactions; 2) uncovering dynamic PTMs on 

viral and cellular proteins across infection time points and subcellular locations; 3) 

quantifying global changes in protein abundance; 4) integrating information among multi-

omics data (i.e., genomic, transcriptomic, lipidomic) for a systems-level view of 

alphaherpesvirus replication and host response under different biological contexts (i.e., 

alphaherpesvirus-induced disease states, variations in clinical isolates, mutant virus strains). 

These areas of research will be critical in the coming years to address more sophisticated 

questions regarding the modulation of innate immune signaling during alphaherpesvirus 

infection.
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Figure 1. Mechanisms of innate immune signaling during alphaherpesvirus infection.
(1a) TLR2 forms heterodimers with TLR1/6, binds extracellular viral glycoproteins, and 

intracellularly recruits the adaptor protein MyD88. MyD88 activates the transcription factors 

NF-κB, IRF3, IRF7, which upregulate type I IFNs, cytokines, and ISGs. (1b) Virion fusion 

with the plasma membrane facilitates entry of the viral nucleocapsid and tegument proteins. 

(2a) Cytosolic DNA sensors bind viral DNA genomes and signal to STING at the ER. 

Activated cGAS generates cGAMP, which binds STING. Activated STING induces immune 

signaling via TBK-1 and the IKK complex, resulting in cytoplasmic to nuclear translocation 

of IRF3 and NF-κB and induction of type I IFNs, cytokines, and ISGs. (2b) Endosomal 

detection of CpG-rich viral DNA occurs via TLR9, which also recruits MyD88 to induce 

immune signaling. (2c) Viral nucleocapsids docking at the nuclear pore eject dsDNA 
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genomes into the nucleus, (3a) facilitating DNA sensing by nuclear IFI16, hnRNPA2B1, and 

cGAS. (3b) Viral DNA-bound IFI16, NLRP3, and AIM2 inflammasomes in the cytoplasm 

generate pro-inflammatory cytokines. (3c) RNA intermediates generated during viral 

replication are sensed by RIG-I and MDA5 in the cytoplasm. (3d) Endosomal RNA is 

sensed by TLR3, which recruits the adaptor TRIF to activate downstream transcription 

factors.
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Figure 2. Mechanisms of alphaherpesvirus-mediated innate immune evasion.
Signal transduction can be inhibited via inactivation (left), or degradation (right) of immune 

response components. (1) At the plasma membrane, IFNAR1 and TLR2-recruited MyD88 

can be targeted for proteasomal degradation. (2a) Cytosolic DNA sensors IFI16 and cGAS 

are inhibited by direct binding. (2b) In the nucleus, ND10 body components and IFI16 are 

targeted for proteasomal degradation via HSV-1 ICP0. Upon activation of the STING-

TBK-1-IRF3 pathway, (3a) STING, TBK-1, IRF3, and NF-κB p65 are inhibited by 

alphaherpesvirus proteins via binding. (3b) Additionally, IRF3 and NF-κB p50 can be 

targeted for degradation. (3c) IRF3 can also be atypically phosphorylated, preventing proper 

dimerization and nuclear translocation. (3d) HSV-1 ICP0 can also sequester IRF3 into 

nuclear puncta, preventing its transcriptional activity. (4) Degradation can occur at the RNA 
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level (e.g., ISG transcripts ZAP, viperin, IFI16, cGAS). (5) Sensors AIM2, RIG-I, and 

MDA5 can be inhibited by binding of HSV-1 proteins.
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Table 1.

Alphapherpesvirus innate immune evasion strategies.

Immune evasion 
strategy Virus Viral 

Protein Functional consequence Reference(s)

Degradation

HSV-1
vhs Degradation of ZAP, viperin, IFI16, cGAS 

mRNA

(Shen et al., 2014; Su et al., 2015; 
Orzalli et al., 2016) (Su and Zheng, 
2017)

ICP0 Degradation of MyD88, Mal (van Lint et al., 2010)

HSV-1, 
HSV-2 ICP0

Degradation of IFI16, ND10 components, 
DNA-PKcs, NF-κB p50

(Parkinson et al., 1999; Boutell et al., 
2003; Orzalli et al., 2012; Cuchet-
Lourenco et al., 2013; Zhang et al., 
2013; Diner et al., 2015b)

BHV-1 ICP0 Degradation of IRF3 (Saira et al., 2007)

VZV ORF61p Degradation of IRF3 (Zhu et al., 2011)

PRV pUL50 Degradation of IFNAR1 (Zhang et al., 2017)

PTM

HSV-1

pUL37 Deamidation of cGAS (Zhang et al., 2018)

pUL36 Deubiquitination of TRAF3, IKKα (Wang et al., 2013a) (Ye et al., 2017)

pUS3

Atypical IRF3, NF-κB p65 
phosphorylation (Wang et al., 2013b; Wang et al., 2014)

Hyperphosphorylation, deacetylation 
prevention of HDAC1/2

(Poon et al., 2006; Walters et al., 2010; 
Shapira et al., 2016)

VZV
ORF47p Atypical IRF3 phosphorylation (Vandevenne et al., 2011)

ORF66p Hyperphosphorylation of HDAC1/2 (Walters et al., 2009)

Molecular sink, 
sequestration

FHV-1 pUS3 Kinase-independent prevention of IRF3 
dimerization (Tian et al., 2018)

HSV-1

pUS11 Binding of PKR, RIG-I, and MDA5 (Peters et al., 2002) (Xing et al., 2012)

VP22 Binding of cGAS, prevention of AIM2 
inflammasome formation

(Huang et al., 2018) (Maruzuru et al., 
2018)

pUL46 Binding of STING, TBK-1 (Deschamps and Kalamvoki, 2017)

Molecular sink, 
sequestration

HSV-1

ICP27 Binding of TBK-1 Christensen et al., 2016

γ134.5 Binding of TBK-1 Verpooten et al., 2009)

ICP0 Sequestration of IRF3, CBP/p300 in 
subnuclear puncta (Melroe et al., 2007)

VP24 Binding of IRF3 (Zhang et al., 2016)

VP16 Binding of IRF3, CBP, NF-κB p65 (Xing et al., 2013)

pUL36 Binding of IFNAR2 (Yuan et al., 2018)

Unknown pUL13 Attenuation of CXCL9 expression (Koyanagi et al., 2017)

Unknown pUS3 Inhibition of TLR3 expression (Peri et al., 2008)

Unknown VZV IE62 Prevention of IRF3 phosphorylation, 
independent of binding TBK-1, IRF3 (Sen et al., 2010)

Unknown PRV gE, gI Attenuate IFNα expression (Lamote et al., 2017)
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