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[. Introduction

The herpes simplex viruses (HSV) have co-evolved with their human hosts for millions of
years: HSV-1 for an estimated 6 million years and HSV-2 for an estimated 1.6 million years.
Humans and HSV have developed a successful equilibrium, where the viruses can establish
a latent infection and persist in humans for the lifetime of the host organism. This
homeostasis between host and virus involves host recognition of the virus infection and
attempts to clear it, while the virus evolves to evade the host immune responses. Through
this evolutionary chess game, the HSV viruses and the human host have reached an
equilibrium. Disease may result if the viral load is too great or if the host has transient or
genetic defects in the immune responses. The first line of protection against microbes is
innate immunity, which encompasses all the mechanisms that provide barriers or restriction
to infection and the signaling pathways that produce antiviral molecules. A number of innate
immune mechanisms are invoked following HSV infection, and HSV in turn has evolved
mechanisms to neutralize these host responses. In this article we will review the innate
immune mechanisms that are known to impact HSV infection, the evasion strategies utilized
by HSV to over come these responses, and the disease manifestations that result from
immune deficiencies.

There are two species of HSV, HSV-1 and HSV-2. Viruses of both species cause ulcerative
lesions at oral (usually HSV-1) and genital (usually HSV-2 but increasingly HSV-1)
mucosae, and HSV innate immune evasion mechanisms likely contribute to viral spread and
extent of disease at these mucosal sites.

HSV-1 undergoes a primary productive infection in the oral mucosa or oral cavity
(gingivostomatitis) and then establishes a latent infection in sensory ganglia. HSV-1
reactivation from latency can lead to recurrent infections and lesions commonly known as
cold sores or fever blisters. In addition to ulcers, oral herpes infections are associated with
periodontal disease (Slots 2010), and oral HSV and bacterial infections may be associated
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with increased risk of cardiovascular disease (Vilkuna-Rautiainen et al. 2006). HSV-1 can
also infect the cornea (herpes keratitis) as a result of primary infection or reactivation from
latent infection. The host immune response to recurrent corneal infections can lead to
progressive scarring of the cornea, clouding, and eventual blindness. HSV-1 can travel along
neuronal pathways into the central nervous system during primary infection or reactivation,
resulting in very serious encephalitis. Encephalitic disease, like ulcerative disease, is a
composite of viral cytopathology and inflammatory effects. HSV-2 is acquired generally as a
sexually transmitted disease, involving primary infection cells of the genital mucosa, spread
into sensory neuron axons, and transport to sacral ganglia where it establishes a latent
infection. Reactivation of latent virus causes the recurrent lesions associated with genital
herpes. In addition to genital infection, HSV-2 can spread systemically to cause meningitis.
More serious, however, is the intrauterine or peripartum transmission of HSV-2 from a
productively infected mother to her child, which can result in encephalitis and/or
disseminated herpes infection in the newborn. The mortality rate of infected newborns is
high despite the availability of antivirals to limit infection, and survivors frequently
experience life-long sequelae. Furthermore, genital herpes significantly raises the risk of
human immunodeficiency virus (HIV) infection (summarized in Wald and Link 2002;
Freeman et al. 2006). Therefore, herpes infections cause considerable morbidity and
mortality, and new therapeutics and vaccines are needed to prevent and treat herpetic
infections and the immunopathology caused by these infections.

Pattern recognition receptors, signaling, and effector pathways.

Antiviral responses in mammalian hosts are initiated by the interaction of germ-line encoded
innate immune receptors that sense the presence of viral products within infected cells.
These so-called pattern recognition receptors (PRRs) are known to recognize both pathogen-
associated molecular patterns (PAMPSs), including viral nucleic acids (vDNA, VRNA), viral
proteins, and damage-associated molecular patterns (DAMPS) that are produced as a
consequence of virus-induced tissue damage and cell death (Figure 1). Innate PRRs include
members from several gene families including the Toll-like receptors (TLRS), cytosolic RNA
sensors (RIG-1 [retinoic acid-inducible gene 1] and MDAS5 [melanoma differentiation-
associated protein 5]), and several classes of cytosolic DNA sensors, cGAS (cyclic GMP-
AMP synthase), AIM2 (absent in melanoma 2), IFI16 (interferon gamma inducible
protein16), and DHX (DEAH-box) proteins (reviewed in Thompson et al. 2011;
Unterholzner 2013; Xiao and Fitzgerald 2013; Orzalli and Knipe 2014; Knipe 2015).

Innate PRRs drive the production of type I interferon (IFN), cytokines, and chemokines. The
type I IFNs (e.g., IFN-a and IFN-B) are essential antiviral proteins that drive the expression
of IFN-stimulated genes (ISGs) which play crucial roles in controlling virus infections
(Schoggins and Rice 2011). Viral nucleic acids are potent inducers of type | IFNs that are
sensed via their interaction with TLR3/9, RIG-I/MDA-5, cGAS, or IFI16. TLR3 and its
adapter TRIF (TIR [Toll/interleukin-1 receptor] domain-containing adaptor protein inducing
IFN-B) are activated by double-stranded (ds)RNA in the endosome. RIG-I and MDA-5
receptors are cytosolic sensors for uncapped, 5’-tri-and di-phosphate single-stranded
(ss)RNA and long ssRNA, respectively, and signal via the mitochondrial protein MAVS
(mitochondrial antiviral-signaling protein). cGAS is a cytosolic DNA sensor that activates
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IFN production via second messenger signaling to the endoplasmic reticulum (ER)-
associated protein STING (stimulator of IFN genes). The STING-TRIF interaction also
contributes to IFN responses by an unknown mechanism (Wang et al. 2016). In addition to
STING, IFI16 may function as a DNA sensor for IFN production and plays a role in viral
DNA detection in both the cytosol and in the nucleus (Orzalli and Knipe 2014). All of these
nucleic acid receptors with their associated adaptors trigger a canonical signaling pathway
leading to type | IFN gene expression by activation/phosphorylation of TBK1 (TANK-
binding kinase 1) leading to phosphorylation/activation of IRF3 (interferon regulatory factor
3) (and IRF7 in plasmacytoid dendritic cells [pDCs]). Phospho-IRF3 dimerizes and
translocates to the nucleus where it binds to the IFN promoter and drives type | IFN gene
expression.

Defects in type | IFN production and/or IFN-responsiveness result in unrestrained virus
replication and are associated with severe herpes simplex encephalitis (HSE) in patients and
in animal models. Binding of type | IFNs to the IFN-a/p receptor (IFNAR) induces the
expression of hundreds of ISGs leading to dramatic cellular reprogramming for a
coordinated antiviral state within mammalian hosts (Schoggins et al. 2014; Schneider et al.
2014). Cytokine and chemokine production downstream of PRRs plays an important role in
viral disease, leading to the recruitment of immune cells (i.e., inflammatory response and
leukocyte recruitment), the development of virus-specific adaptive immunity (i.e.,
maturation of antigen presenting cells), and the resolution of the response (i.e., anti-
inflammatory cytokines and promotion of tissue repair). The inflammatory response is
tightly regulated; excess inflammatory cytokine production during viral infection can
damage host tissues and contribute to morbidity and mortality if unchecked.

Constitutive pathways that resist viral infection have sometimes been called intrinsic
resistance or immunity mechanisms (Bieniasz 2004; Roizman et al. 2013). The classic
example of such a restriction factor is rhesus TRIM5a (tripartite motif-containing protein
5a.), which inhibits HIV replication (Stremlau et al. 2004). This is in contrast to innate
immunity where a signaling pathway is induced to activate or affect antiviral mechanisms.
However, these classes of pathways are often indistinguishable because IFN-a./p induce a
number of the intrinsic resistance factors such as the TRIM proteins and IFI16.

Il. Sensing and Signaling Pathways

A. Sensing of virion and infected cell proteins.

A number of receptors and innate sensors recognize HSV virions or infected cell proteins,
and there are likely more that remain to be identified. One of the first opportunities for
sensing HSV is the interaction of the virus with cell surface molecules. HSV-1 entry into
infected cells is mediated by at least two different receptor proteins, herpes virus entry
molecule (HVEM) and nectin-1, both of which bind the HSV glycoprotein D (gD). HVEM
and nectin-1 vary in their tissue distribution and their relative importance depends on the
route of infection (Taylor et al. 2007; Kopp et al. 2009; Karaba et al. 2012; Kopp et al. 2013;
Kopp et al. 2014; Petermann et al. 2015). Nectin-1 is the major entry receptor for neuronal
infection while HVEM plays an important role in corneal replication and neonatal
neurologic disease; however, both receptors contribute to disease and nectin-1/HVEM
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double knockout mice are completely resistant to HSV-1 and HSV-2 disease (Kopp et al.
2013).

Toll-like receptor 2 (TLR2).—A number of mechanisms in HSV-infected cells can
activate the nuclear factor kB (NF-xB) pathway. TLR2 is a major plasma membrane sensor
of HSV interaction with the cell surface of antigen-presenting cells. HSV infection triggers
TLR2-dependent activation of NF-xB and the production of inflammatory cytokines and
chemokines in many cell types, including macrophages, monocytes, neutrophils, glial and
neuronal cells, epithelial cells, and keratinocytes (Kurt-Jones et al. 2004; Aravalli et al.
2005; Wang et al. 2012; Gianni et al. 2013). Activation of TLR2 leads to MyD88-dependent
induction of the NF-xB pathway and expression of pro-inflammatory cytokines and other
cellular proteins (Kurt-Jones et al. 2004; Kurt-Jones et al. 2005). Soluble forms of two HSV
glycoproteins, gH and gL, are sufficient to activate TLR2 signaling in cells (Gianni et al.
2013); thus, the same interactions of gH/gL on virions with TLR2 on infected cells is likely
to be happening during viral infection of TLR2-positive cells. HSV strains and even
different passages of the same strain show differences in ability to activate TLR2 (Sato et al.
2006; Kurt-Jones and Knipe, unpublished results). The basis for this variability is unknown,
and it could be genetic or phenotypic. Furthermore, it could be due to differences in ability
of HSV to activate TLR2 or the ability of viral functions to modulate TLR2 activation, as
described below.

Additional TLR2 interactors play a role in the host response to HSV. The avp3-integrin has
been reported to act in concert with TLR2 to elicit an innate response to HSV and
lipopolysaccharide (Gianni et al. 2013). gH/gL bind to both TLR2 and a.v3-integrin,
thereby stabilizing the signaling complex and targeting it to lipid rafts for increased
signaling (Gianni and Campadelli-Fiume 2014). The myeloid receptor CD200R1 plays a
role in TLR2-driven innate immunity and in HSV-1 replication. CD200R1 expression
licenses TLR2-dependent signaling in myeloid cells and enhances HSV-1-driven
inflammatory cytokine responses (Soberman et al. 2012). In parallel with reduced cytokine
induction, HSV-1 replication is reduced in CD200R1-deficient myeloid cells. CD200R1 also
increases TLR2 signaling on mouse peritoneal macrophages infected with HSV-1
(Soberman et al. 2012).

TRIM5a.—Simian TRIM5a can restrict replication of HSV by limiting immediate early
(IE) and early (E) gene expression (Reszka et al. 2010). Although human TRIM5a. showed
little effect on HSV replication, these observations provide part of the basis of the relatively
inefficient replication of HSV in rhesus macaque cells.

Tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6).—HSV
proteins can also bind to internal proteins and activate innate pathways. The HSV-1 UL37
tegument protein has a motif that binds to TRAF6 and activates it to autoubiquitinate (Yan et
al., manuscript in preparation) and to activate NF-xB signaling at very early times post-
infection (Liu et al. 2008).

Herpes virus entry molecule (HVEM).—During entry, HSV gD can bind to HVEM
(herpesvirus entry molecule), a human cell surface receptor of the TNF-receptor
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superfamily, also known as TNF receptor superfamily member 14 (TNFRSF14). Binding of
the natural ligand, TNFRSF or LIGHT (homologous to lymphotoxin, exhibits inducible
expression and competes with HSV glycoprotein D for binding to herpesvirus entry
mediator (HVEM), a receptor expressed on T lymphocytes), to HVEM leads to activation of
the NF-xB pathway (Ware 2009). Soluble gD can activate NF-xB signaling (Medici et al.
2003), but it is not known if gD on the virion surface has the same activity.

B. Sensing of HSV DNA

Antiviral immunity and type | IFN production are triggered by innate sensing of HSV DNA.
Defects in signaling pathways that are downstream from DNA sensors are associated with
severe HSE in patients, suggesting that detection of herpes vDNA may be critical for host
survival (reviewed in Sancho-Shimizu et al. 2011; Zhang and Casanova 2015). In this
section, we will review the major DNA sensors that have been linked to HSV-1 disease and
HSV-1 induced type | IFN production. As part of the incoming virion, HSV DNA is a
“naked” linear dsSDNA molecule that is protected from host sensors. However, when the
virus introduces its DNA into the cell nucleus (Orzalli et al. 2012; Li et al. 2012), or under
conditions where the viral capsid is disrupted before or during transit to the nucleus (Horan
et al. 2013), it can be sensed by host DNA sensors.

Toll-like receptor 9 (TLR9).—Early studies demonstrated a role for TLR9 in IFN
production by HSV-1 infected dendritic cells (Lund et al. 2003; Krug et al. 2004). TLR9 is
an endosome-associated transmembrane protein receptor for unmethylated CpG-rich DNA
motifs. /n vitro, TLR9-deficient pDCs have a blunted type | IFN response to HSV-1
infection compared to wild type (wt) pDCs (Lund et al. 2003; Krug et al. 2004). TLR9-
dependent IFN responses are cell type-specific, and TLR9 is not required to control HSV-1
infection in murine systems (Wang et al. 2012; Rasmussen et al. 2007; Rasmussen et al.
2009). In addition, TLR9-deficient mice do not exhibit obvious defects in their response to
HSV-1, suggesting that TLR9 is redundant for controlling HSV-1 infection. Endosomal
TLRs, including TLR9, must be transported to the endosome to function. Mutations in
Unc93b disrupt TLR3, TLR7, TLR8 and TLRO trafficking to endosomes (Brinkmann et al.
2007; Kim et al. 2008; Casrouge et al. 2006) and severely impair the IFN response to HSV-1
infection (Casrouge et al. 2006; Wang et al. 2012). In addition, patients with defects in
Unc93b expression and Unc93b mutant mice are highly susceptible to HSE. Taken together,
the data suggest that endosomal detection of HSV-1 nucleic acids by TLRs is critical for
controlling HSV-1 infection and protection from HSE; however, the roles of individual TLRs
and their mechanisms of activation in this process are unclear.

Cyclic guanosine monophosphate-adenosine monophosphate synthase
(cGAS).—Recent studies have expanded the list of HSV DNA sensors to include
intracellular DNA-binding sensors, including cGAS, IFI116, and AIM2. cGAS is a newly
discovered DNA sensor that is critical for protection during HSV-1 infection. cGAS is an
enzyme that catalyzes the synthesis of a mixed cyclic di-nucleotide second messenger
molecule, cyclic G(2'-5")pA(3’-5")p (2°3’-cGAMP) (Sun et al. 2013; Ablasser et al. 2013;
Diner et al. 2013). DNA binding to cGAS induces a conformational change in the cGAS
enzyme, which triggers 2°3’-cGAMP synthesis. The 2’3’-cGAMP product binds to the ER-

Aadv Anat Embryol Cell Biol. Author manuscript; available in PMC 2020 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kurt-Jones et al.

Page 6

associated protein, STING. Activated STING in turn activates IRF3 and induces type | IFN
production. STING is a cyclic di-nucleotide sensor and is the major adapter for cytosolic
DNA sensing via cGAS/cGAMP second messenger (Li et al. 2013).

Despite the strong genetic evidence that cGAS is a critical component of the antiviral
response to HSV infection, several questions remain in terms of the mechanistic role cGAS
plays in this response. Is cGAS required for sensing of HSV DNA or for maintaining
appropriate levels of basal sensing machinery? What is the ligand for cGAS in infected
cells? HSV infection causes leakage of mitochondrial DNA (West et al. 2015), which could
be the ligand for cGAS. If it is vVDNA, where in an infected cell does cGAS sense that DNA?
In contrast to the original studies that describe cGAS as a cytosolic protein (Li et al. 2013),
we have observed cGAS both in the cytoplasm and in the nucleus of normal human
fibroblasts and keratinocytes, two important cell types in HSV pathogenesis (Orzalli et al.
2015). However, further studies have been hampered by an inability to detect movement of
cGAS to sites of incoming viral genomes (a phenotype observed in response to transfected
DNA) or to detect 2’3’-cGAMP production after HSV-1 infection of these cell types (Orzalli
et al. 2015).

PYHIN (PYRIN and HIN domain) family proteins.

IF116.—IF116 was first identified (Trapani et al. 1992) as a human homolog of the murine
p202 and p204 proteins identified previously (Choubey et al. 1989). IF116 was originally
reported to be a cytosolic receptor for HSV DNA in THP-1 cells because it colocalized with
a transfected HSV 60mer DNA (Unterholzner et al. 2010). However, immunofluorescence
analysis has shown that IFI16 is primarily nuclear in many (e.g., human keratinocytes and
fibroblasts) but not all cell types (e.g., THP-1 cells) (reviewed in (Veeranki and Choubey
2012)). Acetylation of IFI16 is at least part of the regulation of its intracellular location (Li
et al. 2012). IFI16 is required for inflammasome activation in Kaposi’s sarcoma-associated
herpes virus-infected endothelial cells (Kerur et al. 2011), and IFI16 was reported to
translocate from the nucleus to the cytoplasm to organize the inflammasome (Kerur et al.
2011). IF116 engagement by HSV DNA triggers type | IFN production via activation of
IRF3 (Unterholzner et al. 2010; Orzalli et al. 2012; Li et al. 2012). In normal human
fibroblasts, induction of IFN-B requires STING (Orzalli et al. 2012). Therefore, activation of
IRF3 in the cytoplasm seemed to follow IF116 sensing of HSV DNA in the nucleus and
signaling through STING, TBK1, and IRF3 through an unknown signaling mechanism from
nucleus to cytoplasm. In macrophages, proteasomal degradation of HSV capsids in the
cytoplasm is believed to release HSV DNA for recognition by cytoplasmic IFI116 (Horan et
al. 2013). IF116 is thought to play a tissue-specific role in the anti-viral response to HSV-1
infection. In particular, IF116 expression in epithelial cells is necessary for IRF3 activation
and IFN-a production and is key to preventing systemic spread of HSV from primary
infection of cornea or genital tract (Conrady et al. 2012).

In addition to its role as a cytosolic sensor, IFI16 also has broader anti-viral functions within
the nucleus (Orzalli et al. 2013). IFI16 provides broad anti-viral protection by restricting the
expression of foreign genes from either viral or transfected DNA. During HSV-1 infection,
nuclear IFI16 binds to virion DNA and promotes its heterochromatinization resulting in
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epigenetic silencing of viral gene expression (Orzalli et al. 2013; Johnson et al. 2013). This
effect was observed only with an ICPO™ mutant HSV virus (see discussion of ICP0 below) in
some cases (Orzalli et al. 2013; Cuchet-Lourenco et al. 2013), while others observed an
inhibitory effect of IFI16 on wt virus (Conrady et al. 2012; Johnson et al. 2014). The
restrictive effect of IFI16 was postulated to be due to IFI16 binding to the relatively
unchromatinized HSV DNA (Orzalli et al. 2013; Li et al. 2012). Molecular biological
studies have demonstrated that IFI116 binds to naked DNA and slides to form multimers and
that the presence of nucleosomes prevents movement and coalescence of IFI16 (Stratmann et
al. 2015), consistent with the earlier hypotheses. One report argued that IFI16 required
BRCAL (breast cancer 1) for binding to vDNA (Dutta et al. 2015).

Nuclear IF116 could also play a direct regulatory role in innate immune gene expression
following HSV-1 infection. Expression of type I IFN genes is enhanced in the presence of
IF116 (Thompson et al. 2014). IFI16 associates with the promoters of several innate immune
genes, both basally and upon infection with virus, and IFI16-deficient cells are defective in
their IFN responses to DNA, RNA, and viruses. Promoter occupancy and mRNA expression
analysis of wt and IFI116-deficient cells suggest that IF116 is a positive transcriptional
regulator of several type I IFN antiviral genes including IFN-a (Thompson et al. 2014).

AIM2.—AIM2 was the first member of the PYHIN family identified as a sensor of viral
DNA. In contrast to other cytosolic DNA sensors that drive IFN production, binding of DNA
to AIM2 induces the assembly of a multi-protein complex, termed the inflammasome, which
is responsible for processing pro-1L-1p and pro-1L-18 proteins into their mature, secreted
forms via an ASC-and caspase-1 dependent mechanism (Hornung et al. 2009). IL-1B is a
potent inflammatory cytokine and IL-18 is an important cytokine for the development of
cell-mediated immunity, particularly type 11 IFN (IFN-y) production and the maturation of T
cells and NK cells. AIM2 is important for host responses to DNA viruses including murine
cytomegalovirus (MCMV) and vaccinia virus, but the role of AIM2 in HSV infection is
unclear (Rathinam et al. 2010). Despite the accumulation of HSV-1 DNA in the cytosol of
infected macrophages (Horan et al. 2013), HSV-1 activation of inflammasomes is
independent of AIM2. However, AIM2 is critical for IL-1f release in IFN-y-primed human
keratinocytes infected with HSV-1 (Strittmatter et al. 2016). Therefore, the role of AIM2 in
HSV pathogenesis might be context-dependent.

Nuclear Domain 10 components.—The promyelocytic leukemia (PML) protein
localizes with other cellular proteins, including Sp100, DAXX, and ATRX to nuclear
structures called nuclear domain 10 (ND10) structures. These proteins have all been
associated with a restriction of HSV gene expression (reviewed in Boutell and Everett 2013).
PML levels and numbers of ND10 structures increase with IFN treatment, and the effects of
PML are a 3-10 fold reduction in replication of an ICPO mutant virus (Chee et al. 2003;
Everett et al. 2006) but up to 1000-fold when induced by IFNs (Chee et al. 2003).
Interestingly, some studies at low multiplicity of infection show that PML can enhance HSV
replication (Xu et al. 2016; Merkl and Knipe, manuscript in preparation). Thus, PML is part
of both a constitutive resistance mechanism and the antiviral mechanism of IFNs but may
also support viral replication by other mechanisms.
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Originally, viral genomes were believed to localize near ND10 structures for early
transcription and vDNA replication (Ishov and Maul 1996); however, more recent results
indicate that ND10 components localize near viral genomes (Everett and Murray 2005). In
either case, the effect is to repress replication of ICPO-null viruses and inhibit viral gene
expression (Glass and Everett 2013). The mechanism of inhibition of HSV gene expression
has not been determined. Although ND10 components have been reported to surround viral
genomes (Catez et al. 2012), there is no evidence of direct association of ND10 proteins
with vDNA. This is an important area for future research.

C. Sensing of HSV RNA

RIG-1/Pol 1l and MDA5.—IFN induction by HSV infection in the Raw264.7 murine
macrophage cell line requires RIG-1 and RNA polymerase 111 and is thought to involve pol
I11 transcribing the HSV genome followed by RIG-I recognition of the resulting sSRNA
transcripts with 5” triphosphates (Chiu et al. 2009). IFN induction in primary human
macrophages infected with HSV also requires MDA-5, which recognizes long dsRNA, and
the MDA-5 downstream adaptor MAV'S (Melchjorsen et al. 2010).

Protein kinase RNA-activated (PKR).—PKR is an IFN-inducible dsSRNA-binding
protein that restricts virus replication. Upon recognition of dsSRNA, PKR inhibits translation
through phosphorylation of the elF2alpha initiation factor. In addition, elF2alpha
phosphorylation promotes an antiviral autophagy response. The antiviral activities of PKR
after HSV infection are observed in the absence of the viral ICP34.5 protein (mechanism
reviewed in detail below). How PKR is activated during HSV infection remains unknown,
although dsRNA molecules are observed in HSV-infected cells (Jacquemont and Roizman
1975) and may therefore be the ligand for HSV-1-induced PKR activation.

TLR3.—TLR3 may play an important role in the Unc93b mediated antiviral phenotype, as
TLR3-deficient mice are more susceptible to HSV-2 infection, and astrocytes from these
mice have reduced IFN responses following HSV infection /in7 vitro (Reinert et al. 2012).
However, the RNA ligand sensed by TLR3 in these cells following HSV infection is
unknown.

D. Sensing of Viral Fusion

Innate immune responses are elicited by both PAMPs (i.e., viral nucleic acids) and by
DAMPs, (e.g., mitoDNA, HMGB-1, uric acid) produced during virus infection (reviewed in
Kumar et al. 2011; Labzin et al. 2016; Paludan et al. 2011). Innate antiviral immunity is also
induced by perturbation of cellular membranes during virus-cell fusion. Type | IFN
responses are induced by HSV-1 particles, independent of recognition of viral nucleic acids
(Paladino et al. 2006; Collins et al. 2004; Holm et al. 2012; Hare et al. 2016). HSV-1-derived
virus-like particles (VLPs) lacking viral genomes and capsid induce expression of IFN-f and
the ISG CXCL10 via IRF3 activation (Holm et al. 2012). Fusion-defective VLPs (lacking
gB) failed to induce ISG expression, suggesting that VVLP-driven ISG expression is
dependent on fusion with the cell membrane. Infection with enveloped viruses, including
HSV-1, triggers intracellular Ca** oscillations (Hare et al. 2016; Cheshenko et al. 2003)
upon virus entry. Fusogenic liposomes trigger a similar Ca** oscillation and induce a type |
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IFN response, suggesting that fusion during enveloped virus entry into cells and subsequent
Ca** signaling is a key trigger for anti-viral immunity. Disruption of Ca** signaling
abrogated IFN responses to both HSV-1 entry and to liposome fusion (Hare et al. 2016). Ca
** signaling is upstream of IRF3 activation and enhanced the detection of viral genomes by
cytosolic nucleic acid sensors, suggesting that virus-cell membrane fusion is detected by the
host and contributes to IFN anti-viral immune responses (Holm et al. 2012; Hare et al.
2016).

[l1l. Cellular effector mechanisms.

Cell death —

Autophagy.

A number of effector mechanisms are used by the host innate immune response to restrict
HSYV replication. The ISGs include PML, IFI16, and several other TRIM proteins that
contribute to the coordinated anti-viral response induced by IFN. Cell death and autophagy
pathways have also been implicated in the cellular response to HSV infection.

Apoptosis and Necroptosis.

Apoptosis and necroptosis are forms of programmed cell death that serve to contain
replication of HSV and other viruses by causing death of the infected cell (Guo et al. 2015).
Apoptosis involves permeabilization of the outer membrane of mitochondria to release
cytochrome ¢, which activates caspase-3 and -7 to activate cell death pathways. Necroptosis
involves external signals such as tumor necrosis factor (TNF) inducing assembly of
preexisting cytosolic components into a caspase-8-containing signaling complex that causes
cell death (reviewed in Wallach et al. 2016). HSV induces both pathways, but this was
revealed only when viral mutant strains that do not contain specific viral inhibitors were
used for infection. The mechanisms of induction of apoptosis by HSV are not well defined,
but it has been reported to involve the BH3 protein PUMA (p53 upregulated modulator of
apoptosis. The early mechanism by which PUMA is activated by HSV infection remains to
be defined (Papaianni et al. 2015). Apoptosis induction by HSV also differs depending on
cell type (Tsalenchuck et al. 2016). Apoptosis is inhibited by induction of NF-xB by the
virus. The induction of necroptosis by HSV infection is also not well defined but may
involve the HSV-1 ICP6 protein binding to RIP1 (receptor-interacting protein kinase 1) and
RIP3 in mouse cells to initiate necroptosis (Wang et al. 2014b). However, in human cells
HSV-1 ICP6 blocks necroptosis by binding to RIP1 and RIP3 (Guo et al. 2015).

Autophagy is a process in which proteins and organelles are degraded by engulfment by
autophagosomes followed by fusion with lysosomes, which serves to limit viral replication
in the cell. Autophagy is induced by PKR; thus, HSV infection may induce autophagy by
inducing IFN and activating PKR. Autophagy is initiated by the dephosphorylation and
activation of the ULK (unc-51-like) complexes, which phosphorylate Beclin-1. The
autophagy-inducible Beclin-1 complex localizes to the site of phagosome initiation, where
VPS34 in the Beclin-1 complex phosphorylates phosphatidylinositol, which leads to
recruitment of the systems for autophagosome formation. Autophagy has been reported to
have little effect on HSV replication in murine fibroblasts (Alexander et al. 2007).
Nevertheless, autophagy plays a role in controlling the virus /n vivo, particularly in neurons
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(Rosato and Leib 2015; Orvedahl et al. 2007; Yordy et al. 2012). Recently, the formation of
non-canonical autophagic clusters was demonstrated in sensory neurons of mice infected
with HSV (Katzenell and Leib 2016). This response was dependent on IRF3 and IFN
signaling components and could be induced by treatment with recombinant IFN-p.
Autophagic clusters were only observed in cells negative for HSV antigen, suggesting this
cellular response may have a role in restricting viral gene expression. However, the role of
these clusters in the antiviral response to HSV remains to be fully determined.

IV. Viral Evasion

There are a large number of potential effects of HSV gene products on innate immune
mechanisms, and there are a number of reviews on this topic (Roizman et al. 2013; Rosato
and Leib 2015; Su et al. 2016). We will review this area by focusing on the effects that are
exerted by individual viral gene products.

Glycoprotein C (gC).

gC mediates the attachment of virions to cells by binding to glycosaminoglycans of heparan
sulphate or to chondroitin sulfate. In addition, gC contains two domains involved in
modulating complement activation: one binds C3, and the other is required for blocking C5
and properdin binding to C3, thereby blocking the classical and alternative complement
pathways (Friedman et al. 1984; Friedman et al. 1986).

Glycoprotein E/glycoprotein | (QE/gl).

Us3.

Vhs.

The glycoproteins gE and gl form a complex that promotes cell-to-cell spread of HSV.
These glycoproteins also form an Fc receptor that binds the Fc region of IgG and blocks
antibody neutralization of virions, antibody-dependent cytotoxicity, and phagocytosis
(Dubin et al. 1991; Frank et al. 1989; Van Vliet et al. 1992).

Us3 is a protein kinase that is present in the HSV virion and is expressed at late times after
infection and phosphorylates a number of viral and cellular proteins to enhance its
replication (Roizman et al. 2013). Ug3 phosphorylates KIF3 (Kinesin superfamily protein 3)
to down-regulate CD1d expression, thereby inhibiting NKT (natural killer T) cell function
(Xiong et al. 2010). Us3 reduces type | IFN and ISG induction in HSV-1 infected human
monocytes (Peri et al. 2008). In this study, Us3 blocked dimerization of IRF3, but the exact
mechanism of inhibition has not been defined. In addition, Us3 inhibits TLR2 signaling by
reducing TRAF6 polyubiquitination through a mechanism dependent on the protein’s kinase
activity (Sen et al. 2013). Furthermore, Ug3 hyperphosphorylates p65RelA to reduce NF-xB
activation in response to TNFa or IL-1 stimulation (Wang et al. 2014a); although others
have not observed a similar inhibitory activity in response to other NF-xB stimuli (Sen et al.
2013).

The virion host shut off (vhs) protein is a late viral gene product encoded by the U; 41 gene
that is incorporated into the virion tegument. VVhs contains RNAse activity that degrades
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both cellular and viral transcripts (Kwong and Frenkel 1989). Viruses that are genetically
deficient in U, 41 replicate more efficiently in the absence of the type I IFN response /n vivo
and /n vitro cell culture models (Leib et al. 1999; Pasieka et al. 2008), indicating that vhs
plays a role in overcoming the antiviral effector functions of IFN. In the absence of vhs,
HSV-1 infected cells have augmented IFN-p production (Pasieka et al. 2008). In addition to
blocking inducible antiviral responses, vhs promotes the loss of basal cellular proteins
involved in antiviral immunity, such as TNF receptor 1 (Liang and Roizman 2006), viperin
(Zenner et al. 2013; Shen et al. 2014), and IFI16 (Orzalli et al. 2016).

Like vhs, VP16 is a late viral gene product and virion tegument protein that is introduced
into the host cell during the initial stages of viral infection. VP16 may block IRF3 signaling
by binding to IRF3 and blocking the recruitment of the CBP (CREB-binding protein)
coactivator (Xing et al. 2013). In addition, Xing and colleagues propose that VP16 interacts
with p65 to block NF-xB-dependent gene expression, but these experiments were mostly
conducted in cells transfected with plasmids expressing VP16 rather than in infected cells.
Thus, the biological significance remains to be demonstrated.

Infected cell protein 0 (ICPO) is an immediate-early viral regulatory protein that has an E3
ubiquitin ligase activity (Roizman et al. 2013). ICPO is not essential for HSV replication, but
ICPO mutants replicate poorly in primary human cells and mouse models of virus infection.
ICPO counteracts host antiviral responses through multiple mechanisms. ICPO promotes the
degradation of a number of cellular proteins and thereby counters a number of host cell
responses to HSV infection. ICPO promotes the degradation of the nuclear domain 10
proteins PML and Sp100 that inhibit HSV gene expression (Chelbi-Alix and de The 1999;
Everett et al. 1998). Disruption of ND10 bodies is sometimes assumed to promote epigenetic
silencing, but there is no evidence for this and the mechanism of restriction by these proteins
is completely unknown. ICPO promotes the degradation of IFI16 in normal cells, which
limits the innate signaling and epigenetic silencing functions of IFI16 (Orzalli et al. 2012;
Orzalli et al. 2013; Orzalli et al. 2016). ICPO blocks TLR2-induced NF-xB signaling by
promoting the degradation of the Mal/TIRAP sorting adaptor and the MyD88 signaling
adaptor proteins (van Lint et al. 2010). ICPO promotes the degradation of DNA damage
repair proteins, DNA protein kinase (Parkinson et al. 1999) and the histone E3 ubiquitin
ligases RNF8 and RNF168, thereby inhibiting DNA damage responses to the incoming HSV
genomes (Lilley et al. 2010).

In addition to promoting the degradation of cellular proteins, ICPO can disrupt cellular
innate responses independent of protein degradation. Nuclear ICPO recruits activated IRF3
and CBP/p300 to nuclear foci, sequestering the complex away from cellular promoters
(Melroe et al. 2004; Melroe et al. 2007; Orzalli et al. 2012; Orzalli and Knipe, unpublished
results). In addition, ICPO interacts with p65RelA and p50/NF-xB1 to inhibit TNF activation
of NF-xB (Zhang et al. 2013). Furthermore, ICPO may have additional cytoplasmic activities
that inhibit antiviral signaling (Paladino et al. 2010; Taylor et al. 2014).

Aadv Anat Embryol Cell Biol. Author manuscript; available in PMC 2020 May 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kurt-Jones et al.

ICP27.

ICP34.5.

Page 12

ICP27 is an immediate-early gene regulatory protein. ICP27 contributes to inhibition of host
cell protein synthesis with vhs (Song et al. 2001) and to inhibition of host transcription (Rice
and Knipe 1990), so it would be expected to play a role in inhibition of innate immune
responses. In addition to its general role in inhibition of host transcription and translation,
ICP27 specifically inhibits innate antiviral signaling pathways. ICP27 promotes the secretion
of an unidentified heat stable, but protease sensitive, factor that blocks IFNAR signaling
(Johnson et al. 2008; Johnson and Knipe 2010). Furthermore, ICP27 inhibits DNA-
dependent IFN production by blocking the TBK-1-activated STING signalsome in infected
macrophages (Christensen et al. 2016).

ICP34.5 is a leaky late gene that plays an important role in overcoming the host innate
immune response through multiple mechanisms. ICP34.5-deficient virus replication is
highly attenuated /n vivo (Chou et al. 1990), but is enhanced in both IFN alpha/beta/gamma
receptor and protein kinase R (PKR) deficient mice (Leib et al. 2000). PKR activation

during viral infection results in phosphorylation of the elF2a translation factor and
subsequent inhibition of both cellular and viral protein synthesis (Roberts-Thomson et al.
1976). ICP34.5 alleviates translational arrest by promoting the dephosphorylation of elF2a
through an interaction with the PP1a host protein phosphatase (He et al. 1997). ICP34.5 also
overcomes PKR-induced autophagy by binding the Beclin 1 protein and inhibiting its
autophagy function (Orvedahl et al. 2007). ICP34.5 directly inhibits ISG expression by
blocking the interaction of TBK1 with IRF3 through an interaction with TBK1 (Verpooten et
al. 2009).

V. Mechanisms in Animal Models.

Animal models of HSV have greatly facilitated the investigation of the molecular and
cellular events that are responsible for controlling HSV infection and preventing infection-
induced tissue damage, morbidity, and mortality. HSV-1 infection has been studied primarily
in mice, rabbits and guinea pigs (reviewed in Roizman et al. 2013). Numerous studies
suggest that the innate immune response is critical for controlling HSV infection, but how
individual innate receptors contribute to disease control is dependent on the route of
infection. Different tissues and cells express distinct arrays of innate immune receptors and
anti-viral effector molecules, and the variety of innate pathways engaged during HSV
infection of different cell types affects how HSV is controlled and the infection resolved.

Cutaneous HSV-1 infection is established by inoculation of abraded skin. This model has
been useful for studying antiviral therapies. It has also been used to study the development
of adaptive immunity, particularly the priming and maturation of HSV-1-specific CD8*
cytolytic T cell (CTL) effectors. Carbone and colleagues have established a C57BL/6 mouse
strain expressing a HSV gB-specific, CD8 T cell transgene that has enhanced our
understanding of how the adaptive immune response to HSV-1 develops during primary and
secondary cutaneous infection (van Lint et al. 2004; Stock et al. 2004; Fernandez et al.
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2008). Cutaneous HSV-1 infection of mice has also been used to investigate the spread of
replicating HSV-1 from local sites into peripheral nerves (Ma et al. 2014).

Genital herpes has been studied primarily in guinea pigs, where intravaginal inoculation with
HSV-1 or HSV-2 leads to recurrent herpetic lesions (Hsiung et al. 1984). Studies in cotton
rats and mice have also been used to evaluate antiviral therapies for genital infection. In
recent years, intravaginal HSV infection in mice has been studied in C57BL/6 mice with
defects in innate immune receptor expression and revealed that HSV-2 can be transported
from the vaginal mucosa into neurons and ultimately into the spinal cord and brain stem of
innate receptor-deficient mice (Sorensen et al. 2008; Reinert et al. 2012). HSV-1 can also
travel from the genital tract to the dorsal root ganglia and spread to autonomic ganglia of the
enteric nervous system. HSV-1 infection of enteric neurons of the colon leads to their
destruction causing fecal retention and lethal toxic megacolon to develop in infected mice
following genital inoculation (Khoury-Hanold et al. 2016).

Ocular infection and keratitis have been extensively studied by inoculation of virus on
scarified corneas of mice and rabbits (Webre et al. 2012; Biswas and Rouse 2005; Stuart and
Keadle 2012). Eye disease in mice and rabbits has many of the hallmarks of human eye
disease; however, differences in the establishment of latency between rodents and humans
have been noted. Despite their limitations, mouse models of ocular HSV infection have been
very important for understanding how HSV spreads from epithelial cells into the trigeminal
ganglion. Under some experimental conditions (e.g., high levels of virus replication, virulent
virus strains, neutropenia), HSV is transported by neurons from the initial site of infection in
the eye into the brain and the animals develop encephalitis (Kollias et al. 2015). Recently, a
tree shrew model has been proposed to study HSV-1 latency in sensory neurons (Li et al.
2016).

Lethal HSE has been studied in mice by either intranasal (in) or intraperitoneal (ip) infection
of very young mice (2-3 weeks of age). In older mice (>4 weeks of age), encephalitis
develops only with very high doses of virus when the mice are infected by the ip route
(reviewed in Kollias et al. 2015). Intracerebral inoculation with lower doses of HSV in older
mice, albeit an unnatural route of infection, has proved useful for studies of the role of brain-
intrinsic innate receptors in controlling virus replication and inflammatory responses as well
as for evaluating HSV-targeted drugs (Kurt-Jones et al. 2004; Wang et al. 2012; Parker et al.
2015; Kollias et al. 2015). Intravenous (iv) inoculation with HSV does not cause encephalitis
in wt mice, but replicating HSV can be detected in the brains of mice deficient in innate
receptors that control type | IFN responses in brain (Parker et al. 2015; Li et al. 2013).
Rabbit models of HSE have also been described with focal brain infection, similar to human
disease. In the rabbit model, HSV infection is established in the olfactory bulb, either by
direct inoculation or by infection of abraded epithelium innervated by the trigeminal
ganglion (Kollias et al. 2015).

Animal models of TLR2 and Inflammation in HSE.

TLR2-deficient mice are protected from lethal HSE despite HSV-1 replication in cells and
tissues, including brain (Kurt-Jones et al. 2004; Wang et al. 2012). While HSV-1 is present
at high levels in their brains, TLR2-deficient mice do not develop brain inflammation.
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TLR2-deficient mice have a significant reduction in inflammatory cytokine production and a
markedly reduced leukocyte infiltration into the infected brain compared to wt mice. On the
other hand, type I IFN responses are normal in TLR2-deficient animals (Wang et al. 2012).
Adaptive immune responses also develop normally in TLR2-deficient mice. Thus, TLR2
drives the inflammatory cytokine response to HSV-1 both /in vivo and in vitro, and TLR2-
dependent inflammation contributes to HSE mortality while TLR2-independent innate
responses to HSV-1 are protective.

CD200R1 knockouts are hypo-responsive to HSV-1 /n vivo. In vivo, CD200R1-deficient
animals have a blunted inflammatory cytokine response to HSV-1 during brain infection and
are protected from lethal HSE compared to wt mice. Mice lacking CD200R1 also exhibit a
significant reduction in HSV-1 brain titers, suggesting that CD200R1, which is expressed in
brain glial cells, is pro-viral and is necessary for sustained HSV-1 replication in the brain
(Soberman et al. 2012). Both CD200R1 and TLR2 contribute to lethal HSE in mice and both
receptors appear to have inter-related roles in brain inflammation and HSV-1 replication in
myeloid cells; however, the mechanism(s) is unknown at present.

Animal models of type | IFN deficiency and HSE.

HSV infection studies performed in mice with targeted deletion of different immune genes
have defined innate immune pathways that are responsible for both protective and
detrimental anti-viral responses. Type | IFN has emerged as critical for the protection of
animals from lethal HSV disease. Mice lacking the type I IFN-a/p receptor (IFNAR) are
unable to respond to type I IFNs (IFN-a., IFN-B, IFN-¢) (de Weerd et al. 2007) and are
highly susceptible to lethal HSE when infected either ip or ic, with significantly elevated
viral burdens in the brain compared to wt controls (Wang et al. 2012). IFNAR KOs (but not
wt mice) are also highly susceptible to corneal infection and rapidly succumb to HSV-1 with
fulminant infection of liver and spleen and viremia (Pasieka et al. 2011). IFNAR expression
in neurons themselves is critical to prevent HSE when HSV-1 infects corneal cells indicating
that brain-intrinsic type | IFN responses are required for protection (Rosato and Leib 2015).

The cGAS-STING signaling pathway is essential for type I IFN responses to HSV-1
infection /n vivo. Both STING and cGAS deficient mice are highly susceptible to HSV-1 and
fail to mount a type I IFN response suggesting that cGAS activation of STING is the major
driver of IFN response in animals (Ishikawa et al. 2009; Schoggins et al. 2015; Li et al.
2013; Parker et al. 2015; Royer and Carr 2016). cGAS knockouts rapidly succumb to HSV-1
with high brain viral titers following infection (Li et al. 2013). TRIF-deficient mice are also
more susceptible to HSV-1 than wt controls, and recent studies have revealed an essential
role for TRIF in STING activation during HSV-1 infection suggesting a novel pathway of
STING activation leading to IFN production during HSV-1 infection (Menasria et al. 2013;
Wang et al. 2016). TRIF is known to function as the adapter for TLR3-driven IFN responses,
but the role of TLR3 in mouse models of HSV-1 induced HSE has not been defined.
Knockdown of the murine homolog of IFI16, p204, increased viral titers shed in the tear film
(Conrady et al. 2012), indicating a role for p204 in controlling local HSV replication.
Inflammation also contributes to lethal HSV-1 disease independent of the IFN response,
suggesting that HSV-1 induced NF-xB driven inflammation leads to enhanced pathology in
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animals with an intact IFN response (Kurt-Jones et al. 2004; Wang et al. 2012; Carty et al.
2014; Piret and Boivin 2015; Abe and Barber 2014).

VI. Manifestations in Humans

HSV infection causes a number of clinical manifestations in humans. Primary infection is
usually mild and the reactivation of latent virus is associated with the development of cold
sores that, although painful, are benign. On the other hand, reactivation of latent HSV
infection in the eye can also cause blindness, while infection in the brain can cause
encephalitis with significant neurologic sequelae and high mortality despite anti-viral
therapy. HSE in adults is sporadic and the severity of disease in patients has been associated
with both virus replication and with dysregulated innate immune activation, particularly
IL-1Ra levels (Michael et al. 2016), suggesting that inflammatory response to HSV in the
brain as well as the control of virus replication by innate antiviral immunity are linked to
clinical outcomes.

Neonates are particularly susceptible to severe HSV disease upon primary infection. Infants
infected with HSV can develop disseminated, multi-organ infections and encephalitis. Life-
threatening HSV-1 infections are also found in young children with inborn defects in innate
immune signaling linked to type I IFN production. Mutations in UNC93B1, TLR3, TRIF,
TRAF3, TBK1, IRF3and STAT1 are associated with the development of HSE during
primary HSV-1 infection in childhood (Sancho-Shimizu et al. 2011; Herman et al. 2012;
Guo et al. 2011; Ahmad et al. 2016). Although the mechanisms underlying the susceptibility
of these patients to HSE are not known, these innate immune gene mutations reduce the
magnitude of the IFN-B production and/or the expression of 1SGs upon HSV infection of
patient-derived cells /in vitro (Lafaille et al. 2012; Guo et al. 2011; Herman et al. 2012). The
genetic etiology of HSE suggests that the TLR3-TRIF/TRIF-STING-TBK1-IRF3 signaling
axes for type | IFN responses are key to preventing HSE during primary HSV-1 infection in
humans. Animal models support the hypothesis that type | IFN production and ISG
responses reduce virus replication within the brain and, in the case of TLR3, may prevent
spread of HSV to the brain by CNS-intrinsic immune sensor functions as well as by
enhancing antigen presentation and the development of adaptive immunity in peripheral
tissues (Wang et al. 2012; Menasria et al. 2013; Davey et al. 2010). A recent paper shows
that these signaling pathways are more complex than previously thought. TRIF was shown
to be required for STING signaling, and a specific TRIF mutation P625L associated with
HSE could not support STING signaling (Wang et al. 2016). Therefore, these HSE patients
could have defects in STING signaling.

Perspective.

This article describes many of the large number of innate immune mechanisms that the
human host has evolved to recognize HSV infection and to control its replication. HSV has
also evolved numerous functions that counter these innate immune mechanisms so that the
virus can replicate and spread to a limited extent prior to establishing a latent infection.
Some of the immune evasion mechanisms may also function during establishment and/or
maintenance of latent infection. It is therefore easy to see how an evolutionary equilibrium
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has been achieved that allows HSV to persist in the human population. Genetic
immunodeficiencies or immunosuppression may upset this equilibrium and limit control of
HSV infection and replication, resulting in more disease. Further research into the
mechanisms of innate immune responses to HSV and ways to augment or limit these
responses will provide important therapeutics for treatment of viral and immune diseases
caused by HSV infection.
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Major innate immune sensor pathways engaged by HSV-1
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