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Department of Biological Sciences, The University of North Carolina at Charlotte, Charlotte, NC, United States

Viral central nervous system (CNS) infections can lead to life threatening encephalitis and

long-term neurological deficits in survivors. Resident CNS cell types, such as astrocytes

and microglia, are known to produce key inflammatory and antiviral mediators following

infection with neurotropic DNA viruses. However, the mechanisms by which glia mediate

such responses remain poorly understood. Recently, a class of intracellular pattern

recognition receptors (PRRs), collectively known as DNA sensors, have been identified in

both leukocytic and non-leukocytic cell types. The ability of such DNA sensors to initiate

immune mediator production and contribute to infection resolution in the periphery is

increasingly recognized, but our understanding of their role in the CNS remains limited at

best. In this review, we describe the evidence for the expression and functionality of DNA

sensors in resident brain cells, with a focus on their role in neurotropic virus infections.

The available data indicate that glia and neurons can constitutively express, and/or can

be induced to express, various disparate DNA sensing molecules previously described

in peripheral cell types. Furthermore, multiple lines of investigation suggest that these

sensors are functional in resident CNS cells and are required for innate immune responses

to viral infections. However, it is less clear whether DNA sensormediated glial responses

are beneficial or detrimental, and the answer to this question appears to dependent on

the context of the infection with regard to the identity of the pathogen, host cell type, and

host species. Defining such parameters will be essential if we are to successfully target

these molecules to limit damaging inflammation while allowing beneficial host responses

to improve patient outcomes.

Keywords: DNA sensors, astrocytes, microglia, neuroinflammation, viral encephalitis

INTRODUCTION

Infection of the central nervous system (CNS) can result in encephalitis, a condition that is
characterized by severe neuroinflammation resulting in fever, headaches, altered consciousness,
seizures, and even death (Roos, 1999). Between 2000 and 2010 there were 7.3 encephalitis cases
per 100,000, with most identified etiologies (48.2%) being attributable to viral infections (George
et al., 2014). Since the mechanisms that lead to CNS inflammation following infection are poorly
understood, current treatment strategies include general immune suppression, and/or antiviral
therapy (Chaudhuri and Kennedy, 2002; George et al., 2014; Venkatesan and Geocadin, 2014).
Traditionally, it was thought that infiltrating peripheral monocytes and leukocytes were the major
contributors of pro-inflammatory mediator production in encephalitis as most resident CNS cells
were assumed to lack immune functions. However, it is now appreciated that glial cells, most
notably microglia and astrocytes, play a critical role in immune surveillance in the CNS and are
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important contributors to both protective and detrimental host
responses to infectious agents (Aloisi, 2000, 2001; Bsibsi et al.,
2002, 2006; Bowman et al., 2003; Furr et al., 2008, 2011; Chauhan
et al., 2009; Liu et al., 2010; Serramía et al., 2015).

Glial cells can produce an array of proinflammatory and
antiviral mediators following infection (Chauhan et al., 2009;
Furr and Marriott, 2012) and it is now known that they
accomplish this via members of multiple families of pattern
recognition receptors (PRRs). These PRRs recognize numerous
pathogen-associatedmolecular patterns (PAMPs) and/or damage
associated molecular patterns (DAMPs) and trigger transcription
factor activation that, in turn, elicits proinflammatory and
antiviral mediator production. Of these, the most widely and
best studied glial PRRs are the cell surface and endosomal Toll-
like receptors (TLRs) and the cytosolic nucleotide-binding and
oligomerization domain (NOD)-like receptors (NLRs) (Sterka
et al., 2006; Chauhan et al., 2009; Rebsamen et al., 2009; Liu
et al., 2010; Dai et al., 2014; Reinert et al., 2016; Su and Zheng,
2017). More recently, multiple classes of cytosolic nucleic acid
sensors have been discovered that are likely have an important
function during active viral infections due to their intracellular
location. These include RNA sensors, such as the retinoic
acid-inducible gene-I (RIG-I)-like receptor (RLR) family, and
the possible roles and importance of these molecules in glial
immune responses have been discussed in depth elsewhere
(Furr et al., 2008; Furr and Marriott, 2012; Carty et al.,
2014; Nair and Diamond, 2015; Zohaib et al., 2016). However,
the importance of DNA sensors, including cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) synthase
(cGAS), in viral CNS infections and the initiation of glial immune
functions remains more controversial, despite evidence for their
antiviral function in peripheral lymphoid and myeloid cells
(Unterholzner, 2013; Cai et al., 2014; Dhanwani et al., 2018;
Lugrin andMartinon, 2018). In this review article, we will discuss
the evidence for the expression and function of DNA sensors in
resident CNS cells, their role during viral infections, and their
potential as targets for therapeutic intervention.

cGAS/STING

Perhaps the most well-known and best studied cytosolic DNA
sensor is cGAS. This molecule directly binds to double stranded
DNA and then catalyzes the production of the secondary
messenger, 2′3′cyclic GMP-AMP (cGAMP) (Gao P. et al.,
2013; Sun et al., 2013; Zhang X. et al., 2013). This secondary
messenger subsequently binds to the downstream adaptor
protein stimulator of interferon genes (STING), which initiates
the phosphorylation of tank binding kinase 1 (TBK1), and
interferon regulatory factor 3 (IRF3), and activates nuclear
factor kappalight-chain-enhancer of activated B cells (NF-kB).
Such transcription factor activation precipitates the expression
of interferon-beta (IFN-β) and other antiviral and/or pro-
inflammatory cytokines (Ishikawa et al., 2009; Li et al., 2013;
Abe and Barber, 2014; Fang et al., 2017; Sun et al., 2017;
Aarreberg et al., 2019). Since its discovery in 2013, cGAS
has been demonstrated to play a critical role in recognizing

and eliminating a diverse array of pathogens, either through
direct recognition of microbial DNA or indirect recognition of
retroviral DNA intermediates or damage associate molecular
patterns (DAMPS), such as released mitochondrial DNA (Gao
D. et al., 2013; Abe and Barber, 2014; Dai et al., 2014; Herzner
et al., 2015; Paijo et al., 2016; Fang et al., 2017; Sun et al., 2017;
Cheng et al., 2018; Wong et al., 2019). As discussed elsewhere
(Cai et al., 2014; Chen et al., 2016; Dhanwani et al., 2018;
Ablasser and Chen, 2019), numerous studies have demonstrated
the expression and function of cGAS in peripheral leukocytic
and non-leukocytic cell types, such as human plasmacytoid
dendritic cells, macrophages, monocytes, helper T-lymphocytes,
and endothelial cells (as summarized in Table 1). However, less
attention has been given to the role of this sensor in the CNS and
the immune responses of glial cells (Lahaye et al., 2013; Li et al.,
2013; Dai et al., 2014; Ma Z. et al., 2015; West et al., 2015; Bode
et al., 2016; Paijo et al., 2016; Vermeire et al., 2016; Luecke et al.,
2017; Su and Zheng, 2017; Sun et al., 2017; Swanson et al., 2017).

The first description of cGAS expression in resident CNS
cell types came from Cox et al. (2015), who established the
constitutive and inducible expression of mRNA encoding cGAS
in murine microglia. Interestingly, while they observed neither
constitutive nor IFN-β-inducible expression of cGAS in murine
astrocytes, siRNA-mediated cGAS knockdown decreased IFN-β
activity in both microglia and astrocytes following exposure
to exogenous dsDNA (Cox et al., 2015). Further support for
the presence of cGAS in glia has since been provided by our
demonstration that primary human microglia and astrocytes
both constitutively express cGAS protein and its downstream
adaptor molecule STING (Jeffries and Marriott, 2017).

Circumstantial evidence for the functional importance of
cGAS in the brain lays in the recognized ability of many
important CNS pathogens to interfere with this sensor and/or
it’s signaling pathway (as summarized in Table 2). For example,
herpes simplex virus 1 (HSV-1), the dsDNA virus that is the
most common cause of fatal sporadic encephalitis, has multiple
gene products that can interfere with the cGAS-STING signaling
pathway (Bradshaw and Venkatesan, 2016). The HSV-1 encoded
protein UL37 attenuates the enzymatic activity of cGAS and
lowers cGAMP production in human monocytes and fibroblasts,
thereby decreasing antiviral gene expression (Zhang et al.,
2018). Mutations in UL37 that interfere with its deamidase
activity prevent this protein from inhibiting cGAS and lead
to lower HSV-1 titers in the brain following infection (Zhang
et al., 2018). Interestingly, such an inhibitory activity appears
to show species specificity as UL37 molecule does not appear
to be important in infections in some non-human primate
species (Zhang et al., 2018). Another HSV-1 product, UL41
(virion host shutoff protein), has been shown to decrease IFN-
β production in a human epithelial cell line expression system
by reducing cGAS protein expression (Su and Zheng, 2017), and
its importance in disrupting cGAS-mediated antiviral responses
has been illustrated by the ability of cGAS knockdown to increase
viral production of a UL41 null mutant HSV-1 strain, but not a
wild type strain (Su and Zheng, 2017). Furthermore, additional
HSV-1 products have been demonstrated to target down-stream
signaling molecules in the cGAS STING pathway. For instance,
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TABLE 1 | Expression and antiviral activity of intracellular DNA sensors in peripheral cell types.

Sensor Cell type Ligand Antiviral activity Recognized

pathogens

References

ZBP1 Mouse primary fibroblast, liver

macrophages, BMDM

Mouse cell lines, L929, SVEC4-10,

NIH3T3, 3T3-SA

Human cell lines HT-29, A549, HepG2

dsDNA or

RNA

IFN expression

NF-κB activation,

cell death

HSV-1, IAV, CMV,

vaccinia virus, ZIKV,

WNV

Upton et al., 2012; Pham et al., 2013;

Kuriakose et al., 2016; Lin et al., 2016;

Maelfait et al., 2017; Guo et al., 2018;

Daniels et al., 2019; Ingram et al., 2019;

Rothan et al., 2019; Yang et al., 2020

cGAS Mouse primary lung fibroblasts,

GM-CSF DC, FLt3L DC, BMDM

Murine cell lines, L929, RAW 264.7

Hamster cell line BHK

Primary human PBMCs, MDM, MDDC,

plasmacytoid dendritic cells, PBMCs,

CD4+ T cells

Human cell lines, THP1, HFFs, A549,

HUVEC, EA.hy926

dsDNA IFN expression,

inflammasome

priming

HIV, HSV, MLV, SIV,

HCMV, DENV,

ectromelia virus

Gao D. et al., 2013; Li et al., 2013; Sun

et al., 2013; Herzner et al., 2015; Ma F.

et al., 2015; Bode et al., 2016; Vermeire

et al., 2016

IFI16 Mouse primary corneal epithelium

Mouse cell line RAW 264.7

Primary human MDM, keratinocytes,

PBMCs, CD4+ T cells, hepatocytes

Human cell lines, THP1, hTCEpi, HFFs,

BJAB, HMVEC, BCBL1, 184B5,

HCC1937, TIME, HELF, U2OS, HUVEC,

Akata cells, MUTU1, huh7, HepG2,

HeLa, HepaRG cells, C666-1, Raji, LCL

dsDNA Inflammasome

activation, IFN-β

production,

transcriptional

regulation

HSV-1, KSHV, HIV,

EBV, HBV

Unterholzner et al., 2010; Conrady et al.,

2012; Orzalli et al., 2012; Ansari et al.,

2013; Cuchet-Lourenco et al., 2013;

Jakobsen et al., 2013; Dell’Oste et al.,

2014; Diner et al., 2015; Dutta et al.,

2015; Iqbal et al., 2016; Pisano et al.,

2017; Lum et al., 2019; Roy et al., 2019;

Yang et al., 2020

AIM2 Primary mouse BMDM, BMDC, MEF,

alveolar macrophages, peritoneal

macrophages

Mouse cell lines NR9456, B6-MCL

Primary human dermal fibroblasts,

keratinocytes

Human cell lines, THP1, ATII

dsDNA Inflammasome

activation

HPV, HBV, HCMV Fernandes-Alnemri et al., 2009; Hornung

et al., 2009; Rathinam et al., 2010;

Reinholz et al., 2013; Sagulenko et al.,

2013; Ekchariyawat et al., 2015;

Corrales et al., 2016; Gray et al., 2016;

Huang et al., 2017; Nakaya et al., 2017;

Zhang et al., 2017; Chen et al., 2018

DDX41 Primary mouse BMDC, peritoneal

macrophages, MEF

Mouse cell lines, D2SC, L929

Primary human PBMCs

Human cell line THP1

dsDNA or

DNA:RNA

hybrid

IFN and ISG

expression

HSV-1, adenovirus,

MLV, IAV

(mitochondrial DNA)

Zhang Z. et al., 2011, 2013; Lee et al.,

2015; Stavrou et al., 2015; Moriyama

et al., 2019

DNA-PK Primary mouse MEF

Primary human monocytes, MDDC

Human cell lines, HEK293, HeLa,

THP1, SK-hep-1, HepG2.2.15, U937s,

HFFs

dsDNA IFN expression HSV-2, HTLV, HBV,

vaccinia virus

Zhang X. et al., 2011; Ferguson et al.,

2012; Peters et al., 2013; Li et al., 2016;

Wang et al., 2017; Scutts et al., 2018

RNA-pol III Primary mouse MEF, dendritic cells

Mouse cell line RAW264.7

Primary human PBMCs, MDDC

Human cell line HEK293

RNA IFN expression

NF-κB activation

adenovirus, HSV-1,

EBV

Ablasser et al., 2009; Chiu et al., 2009

UL36 can prevent NF-κB activation by cleaving IκBa poly
ubiquitin chains while UL46 and ICP27 interact with STING and
TBK1 to prevent the activation of IRF3 and interferon stimulated
gene (ISG) expression (Christensen et al., 2016; Deschamps and
Kalamvoki, 2017; Ye et al., 2017; You et al., 2019). Since all
members of the family Herpesviridae appear to target cGAS
[Table 2 and as reviewed in Chan and Gack (2016) and Phelan
et al. (2020)], and such viruses can cause latent infections, it is
tempting to speculate that the inhibition of this sensor may play
a critical role in establishing viral latency. Such a mechanism
could be of particular importance for HSV encephalitis as the
reactivation of a latent infection is thought to be a key contributor
to the development of this condition (Menendez and Carr, 2017).

In addition to DNA viruses, other neurotropic viruses, such as
positive stranded RNA viruses from the family Flaviviridae, can
also hamper cGAS activity (Table 2). For instance, Dengue virus
(DENV) that can cause encephalitis has been shown to target
cGAS for degradation and prevent it from detecting released
mitochondrial DNA in human monocyte-derived dendritic cells
andmonocytic and fibroblastic cell lines (Aguirre et al., 2017; Sun
et al., 2017).

Specifically, the DENV protein NS2B3 has been shown
to directly interact with cGAS and target it for lysosomal
degradation (Aguirre et al., 2017). In addition, this viral
product can also cleave the downstream signaling molecule
STING, further disrupting cGAS-mediated antiviral signaling.
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TABLE 2 | Viral inhibitors of DNA sensing pathways.

Sensor Virus Viral product Inhibition mechanisms References

STING Coronavirus Papain-like

proteases

Blocks dimerization and signaling Sun et al., 2012

DENV NS2B3 Cleavage (human only) Aguirre et al., 2012

HCMV UL122 (IE86) Facilitated degradation Kim et al., 2017

US9 Blocks dimerization and association with TBK-1 Choi et al., 2018

UL82 Inhibits translocation and impairs TBK1 and IRF3 recruitment Fu et al., 2017

HCV NS4B Suppresses accumulation and activation Yi et al., 2016

HSV-1 ICP27 Inhibits TBK1/STING signaling Christensen et al., 2016

γ134.5 Disrupts translocation Pan et al., 2018

cGAS DENV NS2B3 Autophagosomal cleavage/degradation Aguirre et al., 2017

EBV KSHV ORF52

homolog

Inhibits activity Wu et al., 2015

HCMV pUL83 Reduces cGAMP production Biolatti et al., 2017

UL31 Interferes with DNA binding Huang Z. F. et al., 2018

HSV-1 UL37 Inhibits cGAMP production (not in NHP) Zhang et al., 2018

VP22 Inhibiting enzymatic activity Huang J. et al., 2018

KSHV ORF52 Inhibiting enzymatic activity Wu et al., 2015

MHV68 KSHV ORF52

homolog

RRV KSHV ORF52

homolog

cGAS/STING HIV-2/SIV VPX Blocks cGAS/STING mediated NF-κB activation Su et al., 2019

HSV-1 UL41 Unknown Su and Zheng, 2017

UL24 Prevents NF-κB translocation Xu et al., 2017

UL36 Prevents NF-κB activation by cleaving IkBa polyubiquiting chains Ye et al., 2017

UL46 Interacts with TBK1 and STING to reduce ISG expression Deschamps and Kalamvoki,

2017

ICP27 Interacts with TBK1 and STING to prevent IRF3 activation Christensen et al., 2016

KSHV ORF36 Unknown Ma Z. et al., 2015

ORF73

ORF57

ORF45

ORF55

vIRF1 Inhibits STING/TBK1 interactions

KSHV cytoplasmic LANA Binds cGAS and prevents TBK1 and IRF3 phosphorylation Zhang G. et al., 2016

cGAS/STING/

RIG-I

HPV SUV39H1 Represses transcription at their promoter regions Lo Cigno et al., 2020

IFI16 HCMV pUL97 Mislocalization Dell’Oste et al., 2014

HSV-1 ICP0 Increases degradation Orzalli et al., 2012; Diner

et al., 2015; Li et al., 2016

KSHV Unknown Increases degradation Roy et al., 2016

IFI16/STING HSV-1 UL46 Reduces protein expression of each and interferes with

STING/TBK1 interaction

Deschamps and Kalamvoki,

2017

ZBP1 HSV-1 ICP6 Blocks human RIP3/MLKL interactions (but activates RIPK3 in

mice)

Wang et al., 2014; Huang

et al., 2015; Guo et al., 2018

MCMV M45 Blocks ZBP1/RIP3 interactions Upton et al., 2012

AIM2 HCMV UL83 Prevents IL-1β maturation and may increase IFI16 degradation Huang et al., 2017

IE86 Blocks IL-1β secretion Botto et al., 2019

IE86 Inhibits NF-κB gene transcription and IL-1β release

HSV-1 VP22 Prevents inflammasome oligomerization Maruzuru et al., 2018

DDX41 HSV-1 miR-H2-3p Inhibits DDX41 transcription Duan et al., 2019
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Interestingly, this viral product also shows species specificity
similar to the HSV-1 product UL37 as NS2B3 targets human
STING but does not cleave this molecule inmouse or non-human
primate cells (Stabell et al., 2018). Similarly, Zika virus (ZIKV),
which came to prominence for its role in CNS and peripheral
nerve pathologies including microcephaly and Guillain-Barré
syndrome, can cleave STING via its NS2B3 protein and this effect,
again, is restricted to human rather than murine cells (Ding
et al., 2018). ZIKV can further disrupt cGASSTING signaling by
stabilizing caspase-1 protein. This results in cGAS cleavage and
reduced expression of type I IFNs and ISGs, and the promotion
of inflammasome activation and ZIKV production (Zheng
et al., 2018). Importantly, Zheng et al. (2018) demonstrated
that cGAS deficiency or caspase-1 inhibition leads to increased
cellular levels of ZIKV genetic material. Such findings therefore
support the therapeutic potential of augmenting cGAS-STING
mediated responses to combat debilitating neurotropic RNA
virus infections.

More direct evidence of the importance of cGAS-STING
signaling during viral CNS infections comes from the study
of HSV-1 infection in STING deficient animals. Parker et al.
(2015) demonstrated that STING deficient animals show
increased susceptibility to intracerebral HSV-1 infection, with all
succumbing within 3–5 days of infection and little mortality in
age-matched wildtype animals. Interestingly, it appears that this
increased susceptibility is dependent on the route of infection,
as STING deficient animals show survival rates comparable
to wildtype mice following administration via the cornea,
despite the presence of high viral titers in the cornea and
trigeminal ganglion (Parker et al., 2015). This phenomenon
was subsequently confirmed (Royer and Carr, 2016) and the
apparent discrepancy in lethality is likely to be due to difference
in the distribution of HSV-1 within the CNS. High viral
titers are limited to the trigeminal ganglion following corneal
HSV-1 infection, while intracerebral infection results in widely
disseminated HSV-1 infection throughout the CNS (Parker et al.,
2015). In addition, it should be noted that susceptibility to HSV-
1 appears to be strain dependent as STING deficient animals
succumb to neuroinvasive strains of HSV-1 following corneal
infection more rapidly than wild type animals (Parker et al.,
2015). Regardless, it is clear that STING plays a role in HSV-1
neuroinvasion and is critical for protective host responses once
the virus has disseminated throughout the CNS (Parker et al.,
2015; Royer and Carr, 2016). The increased susceptibility of
STING deficient animals to HSV-1 neuroinvasion may be due,
at least in part, to a decreased expression of the ISG tetherin
[also known as bone marrow stromal antigen 2 (BST2)], as
these animals exhibit decreased expression of this ISG (amongst
others) during infection (Royer and Carr, 2016), and tetherin
depletion has been shown to increase HSV1 titers in the
trigeminal ganglion (Royer and Carr, 2016).

Consistent with these studies employing STING deficient
animals, treatment with the STING agonist dimethlxanthenone-
4-acetic acid (DMXAA) has been demonstrated to increase IFN-β
expression by HSV-1 infected mouse fibroblasts and to lower the
production of viral particles by these cells (Cerón et al., 2019).
Importantly, in vivo DMXAA treatment can lower viral titers

in the cornea, trigeminal ganglion, and brainstem, of mice
infected with the neuroinvasive McKrae strain of HSV-1, and
this is reflected by increased survival and improved neurological
outcomes in these animals (Cerón et al., 2019). As such, these
studies provide a tantalizing glimpse of the potential of targeting
the cGAS-STING pathway to treat CNS infections.

While these studies illustrate the importance of cGAS-STING
signaling in HSV-1 infections of the CNS, the specific role of
this sensor system in glia was established by Reinert et al. (2016)
in a mouse model of HSV-1 encephalitis. They demonstrated
that cGAS deficiency resulted in a phenotype that matched
that observed in STING deficient mice following ocular HSV-
1 infection (Reinert et al., 2016). Furthermore, they established
that microglia were the primary producers of IFN-β after HSV-
1 challenge and showed that only this glial cell type produced
higher viral titers in vitro following the loss of STING (Reinert
et al., 2016). In vivo, however, neurons and astrocytes showed
greater numbers of HSV-1 viral particles in STING deficient
mice (Reinert et al., 2016). This discrepancy was explained by
the observation that astrocytes and neurons initiate antiviral
programs in vivo in response to IFN-β produced by microglia in
a TLR3-dependent manner (Reinert et al., 2016). This suggests
that microglia represent the first responders to HSV-1 infection
in the CNS.

Consistent with these findings in mice, we have shown that
cytosolic administration of a dsDNA ligand can phosphorylate
IRF3 and induce IFN-β mRNA expression in primary human
microglia and astrocytes (Jeffries and Marriott, 2017), and we
have demonstrated that such responses are largely dependent
on cGAS expression (Jeffries and Marriott, 2017; Jeffries et al.,
2020). Furthermore, we showed that ISG expression is lower
in cGAS deficient human microglia both at rest and following
infection with HSV-1 (Jeffries et al., 2020). However, while
cGAS can contribute to antiviral gene expression, the absence
of cGAS had no effect on HSV-1 production in infected human
microglia (Jeffries et al., 2020). Given the recognized ability of
HSV-1 products to abrogate cGAS-STING signaling in peripheral
human but not murine cell types, we assessed cGAS protein
levels in human glial cells following HSV-1 challenge. We
found that the expression of this sensor was markedly reduced
in human microglial and astrocytic cells following infection
(Jeffries et al., 2020), highlighting the ability of viruses such
as HSV-1 to circumvent PRR-mediated immune responses. As
such, improving the stability and/or expression of cGAS/STING
signaling components might be a viable approach to combat viral
infections of the CNS and/or periphery.

IFI16

Interferon gamma inducible protein 16 (IFI16) is a member of
the Pyrin and HIN domain (PHYIN) family of proteins that can
serve as an intracellular DNA sensing molecule. PHYIN proteins
are characterized by the presence of an N-terminal pyrin domain
and one or two Cterminal HIN domains (Unterholzner et al.,
2010). The HIN domains bind DNA while the pyrin domain
is required for protein-protein interactions (Unterholzner et al.,
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2010). IFI16, and its mouse ortholog p204, was the first PHYIN
family members demonstrated to induce IFN-β in response to
transfected DNA (Unterholzner et al., 2010). Additionally, IFI16
has been shown to interact with STING and knockdown of
either of these proteins leads to reduced IFN-β production by the
human and mouse monocytic cell lines THP-1 and RAW 264.7,
respectively (Cridland et al., 2012). Interestingly, similar findings
were described in murine astrocytes and microglia where p204
knockdown was shown to reduce IFN-β expression following
DNA transfection (Cox et al., 2015), and our own studies indicate
that human microglial and astrocytic cells constitutively express
robust levels of IFI16 protein (Jeffries et al., 2020).

However, IFI16 does not appear to contribute to IFN-β
expression by human foreskin fibroblasts (HFF) stimulated with
exogenous DNA (Orzalli et al., 2015). While this finding might
be indicative of cell type-specific differences, our studies showing
that IFI16 knockdown has no effect on IFN-β protein production
by a human microglia cell line following BDNA transfection
also indicate that this putative DNA sensor is not required
for such responses (Jeffries et al., 2020). Furthermore, Gray
et al. (2016) used a mouse model lacking all 13 PHYIN family
members to demonstrate that these receptors were dispensable
for IFN responses to DNA transfection in bone marrow derived
macrophages and mouse embryonic fibroblasts. But despite an
apparent lack of involvement in IFN production, this study
did identify a requirement for PHYIN family members in
inflammasome activation, as characterized by the maturation of
the potent pro-inflammatory cytokines IL-1β and IL-18 (Gray
et al., 2016). Such a role for IFI16 in linking DNA sensing
and inflammasome activation is supported by multiple studies
(Ansari et al., 2013, 2015; Johnson et al., 2013; Dutta et al., 2015;
Iqbal et al., 2016; Orzalli et al., 2016) and is discussed in depth
elsewhere (Dell’Oste et al., 2015), but it is currently unknown
whether IFI16-mediated inflammasome activation occurs in CNS
cell types.

While there is conflicting evidence for the role of IFI16 in
IFN-β responses to foreign DNA challenge, multiple lines of
investigation indicate that this DNA sensor contributes to IFN-β
and ISG expression following viral infection (Orzalli et al., 2012;
Jakobsen et al., 2013; Ansari et al., 2015; Diner et al., 2015; Ma F.
et al., 2015; Li et al., 2016; Zhang D. et al., 2016; Jønsson et al.,
2017; Lum et al., 2019; Yang et al., 2020). For example, nuclear
IRF3 translocation and subsequent IFN production in HSV-1
infected corneal epithelial cells has been shown to be dependent,
at least in part, on p204 expression (Conrady et al., 2012), while
TBK-1 phosphorylation and subsequent IFN-β expression by
HSV-1 infected HFFs was found to require IFI16 and STING
(Orzalli et al., 2012).

Interestingly, Orzalli et al. (2012) used attenuated HSV-1
strains to determine that expression of the immediate early viral
protein ICP0 leads to IFI16 degradation and reduced nuclear
IRF3 translocation, and this degradation was subsequently shown
to be dependent on proteasome activity. In addition, another
group has shown that HSV-1 can also lead to IFI16 degradation
in an ICP0 independent manner, albeit in the U2OS cell line that
lacks a functional STING signaling pathway (Cuchet-Lourenco
et al., 2013). Moreover, HSV-1 infection markedly lowers IFI16

protein expression in primary human glia and immortalized
cells lines, and this observation may explain why knockdown
of this DNA sensor fails to alter viral production or IFN-β
release by these cells (Jeffries et al., 2020). Such findings are
supported in HFFs where IFI16 knockdown does not affect HSV-
1 levels in cells infected with wild type HSV-1 but significantly
increases viral titers following infection with an ICP0 null mutant
virus (Diner et al., 2016). Similarly, IFI16 has been reported to
be dispensable for IFN production in mice following HCMV
infection (Gray et al., 2016) and this apparent independence may
also stem from the reported ability of HCMV to interfere with
IFI16 signaling (Dell’Oste et al., 2014). However, it should be
noted that the ability of these viruses to reduce IFI16 protein
abundance and/or signaling may show cell type specificity as
HSV-1 does not elicit such effects in either HeLa cells or U2OS
cells, again perhaps due to a lack of a functional STING signaling
pathway in the latter (Orzalli et al., 2016; Deschamps and
Kalamvoki, 2017).

Since the available evidence indicates that IFI16 has a role
in virally-induced IFN signaling and that this is accomplished
through via a STING-dependent pathway, it is possible that
this molecule could work in concert with cGAS to stimulate
antiviral responses. Evidence for this notion comes from the
observation that knockdown of either STING, IFI16, or cGAS,
in human fibroblasts leads to reduced HSV-1 infection-induced
IFN-β expression (Orzalli et al., 2015). Interestingly, in the same
study it was noted that cGAS knockdown reduces constitutive
IFI16 protein expression and that this effect was dependent
on proteasome activity (Orzalli et al., 2015). This suggests that
cGAS may stabilize IFI16 protein levels to promote antiviral
activity. However, we found no observable difference in IFI16
protein expression in cGAS deficient microglia created with
CRISPR/Cas9 approaches (Jeffries et al., 2020) and so it is possible
that, like viral ICP0-mediated effects (Orzalli et al., 2016), cGAS-
mediated IFI16 stabilization may show cell type specificity.

Additional support for cooperation between IFI16 and cGAS
comes from the work of Jønsson et al. (2017) who demonstrated
that IFI16 knockdown reduces cGAMP production by THP-1
cells following foreignDNA challenge. Furthermore, they showed
that HEK 293T cells stably expressing IFI16 produce higher
amounts of cGAMP following intracellular administration of a
cGAS expression plasmid than IFI16 deficient cells (Jønsson et al.,
2017). Similarly, another study showed that the co-transfection of
increasing amounts of an IFI16 expression plasmid with constant
levels of STING and cGAS increased IFN-β activity as assessed
by IFN promoter driven luciferase activity, and demonstrated
the ability of IFI16 and cGAS to interact directly (Almine et al.,
2017). It should be noted that these investigators failed to
detect significant changes in cGAMP levels in the absence or
presence of IFI16 (Almine et al., 2017). Rather, they determined
that IFI16 was required for cGAMP to fully activate STING
as assessed by CCL5 expression, STING dimerization, and
IRF3 nuclear translocation, in response to cGAMP transfection
(Almine et al., 2017).

In contrast to such studies that suggest IFI16 acts in concert
with cGAS to promote IFN responses, we demonstrated that
cGAS knockdown decreased IFN-β production by a human
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microglial cell line following DNA transfection but IFI16
knockdown did not (Jeffries et al., 2020). Furthermore, we
showed that IFI16 knockdown failed to exacerbate the reduction
in IFN-β production by DNA stimulated cGAS deficient
microglia, and combined cGAS and IFI16 deficiency failed to
significantly alter microglial susceptibility to HSV-1 infection
over cGAS deficiency alone (Jeffries et al., 2020). However, an
explanation for these results may again stem from the ability
of HSV-1 to downregulation IFI16 and cGAS expression and/or
inhibit their signaling pathways in human microglia following
infection (Jeffries et al., 2020). As such, the development of
therapeutics that stabilize the expression of either of these
sensor proteins could prove to be an attractive approach to
combat the devastating consequences of conditions such as HSV-
1 encephalitis.

While cGAS and IFI16 might play redundant roles in
STING activation, some evidence suggests that they promote
similar responses through different mechanisms. For instance,
it was found that IFI16 is not required for cGAS/STING/TBK-
1 signaling in HFFs following HSV-1 or HCMV infection,
but was for the transcription of IFN-β, ISG54, ISG56, and
RANTES (Diner et al., 2016). Interestingly, the same investigators
found that IFI16 also reduced the transcription of the HSV-
1 genes icp27, icp8, and ul30 (Diner et al., 2016). This
suggests that the antiviral functions previously attributed to
IFI16 may occur through transcriptional regulation, rather
than by direct activation of cGAS-STING signaling. However,
our own investigations of the role of IFI16 in HSV-1
transcription in infected human microglial cells showed no
discernable effect on icp8 expression (Jeffries et al., 2020).
This apparent discrepancy is likely due to differences in the
HSV-1 strain employed, as the earlier study used an ICP0
mutant strain that prevents IFI16 degradation, while our
studies were performed with the neuroinvasive MacIntyre strain
(Diner et al., 2016; Jeffries et al., 2020).

The ability of IFI16 to negatively regulate viral transcription
has been reported for other herpesviruses, human papillomavirus
(HPV), and hepatitis B virus (HBV) (Gariano et al., 2012; Lo
Cigno et al., 2015; Roy et al., 2016, 2019; Pisano et al., 2017;
Yang et al., 2020), and the modification of heterochromatin and
euchromatin appears to be the primary mechanism by which this
is accomplished. For example, U2OS cells or an immortalized
human keratinocyte cell line (NIKS) overexpressing IFI16 exhibit
elevations in heterochromatin markers, such as H3K9m2, and
decreases in euchromatin markers, such as H3K4me2, in
early and late HPV promoters as determined by chromatin
immunoprecipitation (ChiP) analysis (Lo Cigno et al., 2015).
In addition, IFI16 has been demonstrated to directly interact
with the histone H3-K9 methyltransferases, SUV39h1 and
G9a-like protein (GLP), and knockdown of these proteins
in a B cell lymphoma latently infected with KSHV (BCBL1
cells) led to increased viral transcription (Roy et al., 2019).
Furthermore, in the same study, IFI16 knockdown reduced the
recruitment of both methyltransferases to the KSHV genome
(Roy et al., 2019).

In a HBV covalently closed circular DNA (cccDNA) model of
infection, overexpression of IFI16 has been shown to increase

IFN-β and ISG expression along with decreased euchromatin
and increased heterochromatin markers on cccDNA (Yang
et al., 2020). Interestingly, knockdown of IFI16 in BCBL1 cells
increased the transcription of immediate early, early, and late
lytic KSHV genes, indicating reactivation of the lytic cycle,
while the reintroduction of IFI16 reduced KSHV genome copy
numbers (Roy et al., 2016). This was also found to be true
for Akata and MUTU1 cell lines latently infected with Epstein-
Barr virus (Pisano et al., 2017). As such, it will be important to
determine whether IFI16 similarly contributes to HSV-1 latency
in CNS cell types, since reactivation of latent infections is a key
event in the onset of HSV-1 encephalitis (Menendez and Carr,
2017). If so, IFI16 could be a promising new therapeutic target,
either as an intervention during CNS infection or to prevent
reactivation of HSV-1 in at-risk populations.

ZBP1

Z-DNA binding protein 1 [ZBP1; also known as DNA-dependent
activator of interferon regulatory factors (DAI) and DLM-1]
was the first identified cytosolic DNA sensor, and was shown
to directly bind dsDNA in murine L929 fibroblast-like cells
(Takaoka et al., 2007). Importantly, this study demonstrated
ZBP1 can interact with TBK1 and IRF3 and contribute to IFN-
β mRNA expression following DNA transfection or infection
with HSV-1 (Takaoka et al., 2007). However, it seems that
this cytosolic DNA sensor may function in a cell type and
ligand specific manner, as ZBP1 knockdown inmouse embryonic
fibroblasts (MEFs) has little or no effect on exogenous DNA-
induced IFN-β expression (Wang et al., 2008). Similarly, ZBP1
knockdown was found to significantly reduce IFN-β expression
in L929 cells in response to BDNA transfection but had no
effect in a similarly challenged human lung epithelial cell line
(Lippmann et al., 2008).

In addition to the expression of antiviral cytokines, ZBP1
has also been shown to mediate the expression of the pro-
inflammatory cytokine IL-6 (Takaoka et al., 2007; Kaiser et al.,
2008) subsequently demonstrated the activation of a NF-kB-
driven luciferase promoter in HEK 293T cells overexpressing
ZBP1. This group identified three RIP homotypic interaction
motif (RHIM)-like repeats and hypothesized that such NF-
κB activation occurs via a RHIM-dependent interaction with
receptor interacting protein 1 (RIP1) in a similar manner to
that seen with TLR3 (Kaiser et al., 2008). This hypothesis was
confirmed by the demonstration that ZBP1 can interact with
both RIP1 and receptor interacting protein 3 (RIP3) through its
first RHIM domain, and by the ability of RIP1 knockdown or
mutations in the RHIM domain in RIP1 or ZBP1 to decrease NF-
kB promoter activation. The ability of ZBP1 to interact with RIP1
and RIP3, and to activate NF-kB-mediated gene transcription
was subsequently confirmed in a similar HEK 293 cell expression
system (Rebsamen et al., 2009). In is interesting to note, however,
that co-expression of ZBP1 and RIP3 was also reported to elicit
NF-kB activation in these studies, an observation that is in
contrast to TLR3 signaling where RIP3 blocks RIP1-mediated
NF-kB activation (Kaiser et al., 2008).
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In agreement with these studies in non-CNS cell types, we
have determined that murine microglia and astrocytes express
ZBP1 in an inducible manner, and found that this sensor
contributes to pro-inflammatory cytokine production by glia
following HSV-1 infection (Furr et al., 2011). Furthermore, these
studies also showed that HSV-1 infection induces the production
of soluble neurotoxic mediators by astrocytes and microglia
in a ZBP1-dependent manner (Furr et al., 2011). Surprisingly,
combined knockdown of ZBP1 and retinoic acid inducible gene 1
(RIG-I) leads to greater reductions in TNF-a and IL-6 production
by HSV-1 infected glia than either alone, suggesting that these
dissimilar sensors can act in synergy (Crill et al., 2015). Together,
these studies suggest a role for ZBP1 in inflammation and/or
antiviral immunity both in the periphery and the CNS.

While the available evidence supports a role for ZBP1 as
a DNA sensor capable of inducing cytokine production, some
studies suggest that ZBP1 plays a broader role in antiviral
immunity. For example, ZBP1 has been reported to work in
concert with RIP3 in murine fibroblasts and epithelial cells to
induce necroptosis following infection with a mutant murine
cytomegalovirus (MCMV) strain (Upton et al., 2012) that lacks
the expression of m45, a viral product that limits ZBP1/RIP3
interactions due the presence of a RHIM domain (Table 1)
(Rebsamen et al., 2009; Upton et al., 2012). Interestingly, a
similar immune evasion mechanism has been observed for HSV-
1 (Table 1), where the viral protein ICP6 also contains a RHIM
domain that is capable of inhibiting necroptosis in peripheral
human cells (Guo et al., 2015). Necroptotic cell death initiated
by simultaneous treatment with TNF-a and the caspase inhibitor
zVAD-FMKwas blocked following infection with wild type HSV-
1, while an ICP6 deficient HSV-1 strain failed to prevent cell
death (Guo et al., 2015; Sawai, 2016). This finding is in sharp
contrast to studies in mouse cells, where infection with wild type
HSV-1 elicits cell death in a RIP3-dependent manner (Wang
et al., 2014; Huang et al., 2015). Surprisingly, expression of ICP6
in MEFs was found to be enough to induce RIP3-dependent cell
death, while the presence of ICP6 containing mutations in the
RHIM domain did not (Wang et al., 2014; Huang et al., 2015),
suggesting that ICP6may be able to directly induce necroptosis in
this cell type (Wang et al., 2014). The reason for these apparently
contradictory findings was discovered in more recent studies that
show ICP6 has species-dependent effects, inducing necroptosis in
cells from mice while inhibiting it in human cells, HSV’s primary
natural host (Huang et al., 2015; Guo et al., 2018).

Importantly, ZBP1 has been found to be a major contributor
to necroptosis in both human and mouse fibroblasts following
infection with both an ICP6-deficient and an ICP6 RHIMmutant
HSV-1 strain (Guo et al., 2018) and our own observations
suggest that this cytosolic DNA sensor functions as a mediator
of cell death during HSV-1 infection in glia. Our studies indicate
that ZBP1 plays a crucial role in triggering necroptosis in
murine glia following infection with a strain of HSV-1 that
contains mutations in the ICP6 RHIM domain (unpublished
observations). The potential importance of this pathway in
antiviral immunity within the CNS is underscored by the
decreased survival and increased viral burden in the brain
of RIP3 deficient mice following HSV-1 infection (Wang

et al., 2014; Huang et al., 2015). However, since necroptosis
promotes inflammation, it will be important to determine
whether this ZBP-mediated response also contributes to CNS
pathology during HSV-1 encephalitis, especially in the human
host (Dhuriya and Sharma, 2018).

While it is increasingly clear that ZBP1 is a PRR that is
capable of initiating cell death pathways, it is less certain what
ligands specifically initiate such as response. ZBP1 was initially
shown to directly bind BDNA and it has recently been shown
to recognize plasmid DNA (Wang et al., 2008; Semenova et al.,
2019). However, other studies have shown that ZBP1 is critical
for the induction of necroptosis, pyroptosis, and apoptosis, in
cells challenged with influenza virus, a segmented negative strand
RNA virus (Kuriakose et al., 2016; Thapa et al., 2016), and this
role is discussed in depth elsewhere (Dhuriya and Sharma, 2018).
By pharmacologically inhibiting various stages of the MCMV
life cycle, Sridharan et al. (2017) were able to determine that
active transcription was required for ZBP1-mediated cell death,
suggesting that RNA serves as the activating ligand in this
response. This notion was subsequently supported by two studies
describing the ability of ZBP1 to bind endogenous RNA (Maelfait
et al., 2017; Jiao et al., 2020).

An ability to sense both RNA and DNA accounts for the
protective role of ZBP1 in influenza virus infection and following
exposure to other RNA viruses includingWest Nile virus (WNV)
and ZIKV (Daniels et al., 2019; Rothan et al., 2019). Interestingly,
however, ZBP1-mediated protection against these neurotropic
flaviviruses appears to be independent of cell death in neurons
(Daniels et al., 2019; Rothan et al., 2019). Mice genetically
deficient in ZBP1 showworse clinical scores, higher viral burdens
in the brain, and increased mortality, following WNV infection
than wild type mice (Rothan et al., 2019). Similarly, higher viral
burdens and mortality have been observed in WNV challenged
RIP3 deficient animals, and this effect was independent of
cell death pathways (Daniels et al., 2017). Surprisingly, ZBP1
deficient animals demonstrate higher levels of antiviral and
inflammatory cytokines/chemokines following WNV infection
(Rothan et al., 2019), and this finding is in contrast to similarly
infected RIP3 deficient mice, which demonstrate decreased
inflammatory cytokine production (Daniels et al., 2017). As such,
it is possible these two molecules have independent roles during
neuronal infection, especially since peripheral cells undergo cell
death in both a ZBP1 and a RIP3-dependent manner (Daniels
et al., 2017; Rothan et al., 2019).

A potential mechanism for the antiviral effects of ZBP1 and
RIPK3 during neurotropic RNA virus infections comes from the
studies of Daniels et al. (2019) that indicate a neuron-specific
function for ZBP1. They found that ZBP1-induced antiviral
gene expression in neurons following ZIKV infection occurs in
a RIP1 and RIP3-dependent manner, and that loss of any of
these signaling molecules results in increased viral burden and
mortality (Daniels et al., 2019). Surprisingly, RIP3 deficiency in
primary microglial cultures did not result in increased ZIKV
replication in these studies suggesting that such protection is
intrinsic to neurons. Consistent with this notion, upregulation
of the antiviral gene IRG1 was required for protection against
both ZIKV and WNV infection in neurons, but this gene was
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not upregulated in microglia (Daniels et al., 2019), indicating
a cell type specific function for ZBP1. Since we have identified
a role for this sensor in glia following HSV-1 infection, it will
be interesting to see what role, if any, ZBP1 plays in glial
responses to neurotropic RNA viruses (Furr et al., 2011; Crill
et al., 2015). Regardless, it is apparent that ZBP1 is an important
mediator of CNS innate immune responses to both RNA and
DNA viruses.

AIM2

Absent in melanoma 2 (AIM2) is another member of the
PHYIN family of interferon inducible proteins that has been
found to act as a DNA sensor (Bürckstümmer et al., 2009;
Fernandes-Alnemri et al., 2009; Hornung et al., 2009; Adamczak
et al., 2014). However, unlike IFI16, recognition of dsDNA by
AIM2 has been shown to lead exclusively to inflammasome
activation and the induction of pyroptosis, an inflammatory
form of cell death (Adamczak et al., 2014). Upon binding
to dsDNA, AIM2 associates with the downstream signaling
molecule apoptosisassociated speck-like protein containing a
CARD domain (ASC), which recruits, and activates caspase-
1 (Bürckstümmer et al., 2009; Fernandes-Alnemri et al., 2009;
Hornung et al., 2009). Caspase-1 then acts as the effector protein
to cleave the immature form of IL-1β and IL-18, leading to
the maturation and secretion of these potent inflammatory
cytokines (Miao et al., 2011). Additionally, caspase-1 can cleave
gasdermin D to initiate pyroptotic cell death, characterized by
the formation of pores in the plasma membrane and the release
of cellular contents into the extracellular environment (Kayagaki
et al., 2015; Shi et al., 2015). The AIM2 inflammasome has
been shown to form following infection with either DNA or
RNA viruses in peripheral myeloid and lymphoid immune cell-
types, such as bone marrow derived dendritic cells (BMDCs),
bone marrow derived macrophages (BMDM), monocytes, and
fibroblasts (Rathinam et al., 2010; Ekchariyawat et al., 2015;
Schattgen et al., 2016; Huang et al., 2017; Zhang et al., 2017), and
the role of this and other inflammasomes during viral infection
is discussed extensively elsewhere (Chen and Ichinohe, 2015;
Lupfer et al., 2015; Man et al., 2016; Shrivastava et al., 2016;
Lugrin and Martinon, 2018; Zhu et al., 2019).

While the AIM2 inflammasome is recognized to have an
antiviral function in peripheral cell types, relatively little is
known about its role in CNS infections despite having been
shown to be expressed in neurons and glia (Adamczak et al.,
2014; Cox et al., 2015). Furthermore, AIM2 has been shown
to function as a DNA sensor in neurons as the cytosolic
administration of exogenous DNA induces the association of
AIM2 with ASC and leads pyroptosis in these cells (Adamczak
et al., 2014). Since neuronal cell death is typically detrimental
to the host, it appears likely that the proinflammatory nature of
the AIM2 inflammasome can be damaging in the context of viral
CNS infections. Circumstantial evidence supporting this notion
comes from the effect of deleting ataxia-telangiectasia mutated
(ATM), a protein known for its role in activating DNA damage
responses, in primary murine microglia (Song et al., 2019). Such

a deletion results in cytoplasmic DNA accumulation and cellular
activation as demonstrated by the retraction of processes (Song
et al., 2019). Moreover, co-culture of microglia and neurons
with an ATM inhibitor leads to neuronal cell damage, which
is reversed with an IL-1 receptor antagonist consistent with a
major role for the inflammasome in this effect (Song et al.,
2019). Importantly, this study utilized co-immunoprecipitation
approaches to demonstrate that inflammasome activation as a
result of ASC association with AIM2 rather than other initiator
molecules such as NLR family pyrin domain containing 3
(NLRP3) (Song et al., 2019). A detrimental role for AIM2 in
CNS pathologies is further supported by the observation that
AIM2 deficient mice show less brain atrophy and cognitive
defects following stroke than their wild type counterparts (Kim
et al., 2020). Furthermore, caspase-1 inhibition resulted in a
similar phenotype in these studies indicating that the improved
outcome was due to reduced AIM2 inflammasome activation
(Kim et al., 2020).

Despite such evidence, some studies suggest that AIM2
can play a protective role in some infections. For example,
the neurotropic RNA viruses, WNV and Chikungunya virus
(CHIKV), have been shown to activate the AIM2 inflammasome
in peripheral dermal fibroblasts and AIM2 knockdown led to
increased CHIKV genome copies in these cells (Ekchariyawat
et al., 2015). Furthermore, the higher levels of AIM2, caspase
1, IL-1β, and IL-18, found in brain tissue from still births
following ZIKV infection provides circumstantial evidence for
a role for this sensor (de Sousa et al., 2018). However, it
should be noted that the expression of two other inflammasome
activators, NLRP3, and NLRP1, were also elevated in this tissue,
and it is not clear whether the upregulation of inflammasome
components reflect a protective host response or contribute to
disease pathology. Similarly, AIM2 expression is upregulated in
neurons following infection with enterovirus A71, the causative
agent of hand foot and mouth disease and AIM2 knockdown
in a neuronal cell line led to decreased IL-1β cleavage and
increased viral copy numbers (Yogarajah et al., 2017). Yet, no
mechanism has yet been defined for AIM2mediated sensing of
RNA viruses.

With regard to neurotropic DNA viruses, AIM2 was initially
demonstrated to be dispensable for inflammasome activation
following HSV-1 infection in peritoneal macrophages, but was
for necessary for such responses to MCMV challenge (Rathinam
et al., 2010). Conversely, another study indicated that IFI16
and NLRP3 were the initiators of inflammasome activation in
HFFs following HSV-1 infection (Johnson et al., 2013). This
apparent discrepancy may be due to the ability of the HSV-1
product VP22 to block AIM2-mediated inflammasome activation
by preventing oligomerization (Table 2) (Maruzuru et al., 2018).
Intracranial administration of an HSV-1 strain lacking VP22
leads to decreased viral burdens in wildtype mice but not
those lacking AIM2, suggesting that this sensor can limit viral
replication in the CNS (Maruzuru et al., 2018). Interestingly,
the protective functions of AIM2 in the CNS may extend to
bacterial pathogens as AIM2 has been shown to contribute to
survival following CNS infection with Staphylococcus aureus
(Hanamsagar et al., 2014).
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FIGURE 1 | Intracellular DNA sensors in resident CNS cell types. Intracellular

nucleic acid sensing by DNA sensors in microglia, astrocytes, and neurons.

AIM2 sensing of dsDNA leads to the recruitment of apoptosis-associated

speck-like protein containing a CARD (ASC) that then cleaves pro-caspase 1.

Active caspase 1 then cleaves the precursor forms of IL18 and IL-1β, causing

(Continued)

FIGURE 1 | their maturation and release from the cell. ZBP1 sensing of either

dsDNA or RNA causes it to associate with RIPK3, activate the transcription

factor NF-κB, and phosphorylate mixed lineage kinase domain-like protein

(MLKL) in microglia and astrocytes. This results in pro-inflammatory cytokine

expression and execution of necroptosis. In neurons, ZBP1 sensing results in

the activation of IRF1, expression of IRG1, production of itaconate, and a

reduction in succinate dehydrogenase (SDH) activity. Sensing of dsDNA by

cGAS leads to the production of cGAMP, which binds to and activates STING

causing the phosphorylation and translocation of interferon regulatory factor 3

(IRF3) to the nucleus. This results in the expression of IFN and ISGs in

microglia and astrocytes. RNA pol III senses dsDNA and converts it into

dsRNA that can then be sensed by RIG-I in microglia and astrocytes. RIG-I

sensing of dsRNA causes it to associate with mitochondrial antiviral-signaling

protein (MAVS) leading to activation and translocation of IRF3 and NF-κB,

resulting in the expression of IFN, ISGs, and pro-inflammatory cytokines. This

figure was created with BioRender.com.

It is clear from the available data that out current
understanding of the role of AIM2 in the CNS is rudimentary.
While some evidence suggests that AIM2 contributes to
CNS disease pathology, some indicate protective functions.
As such, it may be that AIM2 plays a context-dependent
role where this molecule exacerbates sterile inflammation in
neurodegenerative diseases when activation tends to be chronic,
while acute activation assists in viral or bacterial clearance.
Since our understanding of AIM2 in the CNS is based mostly
on circumstantial evidence, further study is clearly required
to determine the role of this molecule relative to other
inflammasome activators, and to determine whether this pathway
can be targeted for therapeutic intervention.

DDX41, Ku70/DNA-PK, AND, RNA
POLYMERASE III

Several other putative DNA sensors have been identified in
peripheral cell types but their role as PRRs in the CNS remains
more controversial. DEAD-Box Helicase 41 (DDX41) was first
identified as a cytosolic DNA sensor in a murine dendritic
cell-like line with the demonstration that this molecule can
directly bind dsDNA and interact with the common DNA
sensing and antiviral signaling components STING and TBK1
(Zhang Z. et al., 2011). Importantly, DDX41 knockdown
was shown to decrease IFN-α production in these cells in
response to dsDNA transfection or infection with either HSV-
1 or adenovirus (Zhang Z. et al., 2011). Interestingly, DDX41
has also been shown to directly bind cyclic dinucleotides
such as cyclic dimeric guanosine monophosphate (c-di-GMP)
and cyclic dimeric adenosine monophosphate (c-diAMP), and
knockdown of DDX41 prevents STING association with TBK1
or IRF3 and reduces antiviral signaling in response to these
molecules (Parvatiyar et al., 2012). As such, it is possible that
DDX41 bolsters cGAS-STING signaling by promoting cGAMP-
STING interactions. Evidence for such a suggestion comes from
the demonstration that DDX41 knockdown further reduces
murine leukemia virus (MLV)-induced IFN expression by cGAS
deficient macrophages and dendritic cells (Stavrou et al., 2015).
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Furthermore, IFN-β expression could be rescued in macrophage-
like cells following cGAS knockdown with the administration of
exogenous cGAMP prior to MLV infection, but this procedure
failed to rescue such responses in cells following DDX41
knockdown (Stavrou et al., 2018). Together, these studies suggest
that DDX41 can act in a cooperativemanner with cGAS to induce
STING activation following viral challenge.

To date, it is not known whether DDX41 is expressed in the
mammalian CNS. However, the drosophila DDX41 homolog,
Abstrakt, has been shown to be involved in visual and CNS
system development (Irion and Leptin, 1999; Schmucker et al.,
2000). Furthermore, DDX41 is highly expressed in the zebrafish
brain and this gene product performs similar antiviral functions
to mammalian DDX41 when expressed in a HEK 293 expression
system (Ma et al., 2018). Finally, circumstantial evidence of a role
for DDX41 in the human CNS lays in the observation that HSV-
1 has evolved an evasion mechanism targeting DDX41 (Table 2),
suggesting that this molecule can act as a restriction factor for this
neurotropic virus (Duan et al., 2019).

DNA protein kinase (DNA-PK) is a protein complex made up
of a DNAprotein kinase catalytic subunit (DNA-PKcs), ku70, and
ku80, and is best known for its role in DNA double stranded
break repair. However, several studies have shown that it can
bind to transfected DNA and elicit the expression of IFN-β and
other ISGs, independent of kinase activity (Ferguson et al., 2012;
Harnor et al., 2017; Burleigh et al., 2020). In addition, the Ku70
subunit has also been identified as a possible DNA sensor in
studies where plasmid transfected HEK 293 cells produce the
type three IFN, IFN-λ1, that can limit HIV replication (Zhang
X. et al., 2011). In this work, Ku70 and Ku80 were both found
to bind transfected DNA, but only the loss of Ku70 decreased
IFN-λ1 expression in these cells (Zhang X. et al., 2011). This
finding was confirmed in splenocytes derived from ku70 deficient
mice (Zhang X. et al., 2011), and it was later determined that
Ku70mediated IFN-λ1 expression requires the expression of
STING (Sui et al., 2017). However, it should be noted that these

results are in contrast to a more recent report in which signaling
through DNA-PK was found to be independent of the presence
of STING (Burleigh et al., 2020). While it is presently unclear
whether Ku70 functions alone or in concert with Ku80 and the
DNA-PKcs to elicit antiviral activity, Ku70/DNA PK has been
demonstrated to induce cytokine responses following infection
of hepatocyte carcinoma and monocytic cell lines with HBV and
human T-cell leukemia virus type 1, respectively (Li et al., 2016;
Wang et al., 2017).

Furthermore, vaccinia virus and adenovirus have both been
shown to antagonize Ku70/DNA-PK signaling (Peters et al., 2013;
Scutts et al., 2018; Burleigh et al., 2020). Together, these studies
suggest that ku70/DNA-PK acts as a viral PRR in addition to its
DNA repair functions.

Despite evidence for antiviral functions of ku70/DNA-PK in
peripheral cell types such as monocytes and fibroblasts, little
exists for such a role in the CNS (Li et al., 2016; Burleigh
et al., 2020). Expression of DNA-PK in the CNS and its role in
DNA repair has been established from the study of mutations
in severe combined immunodeficiency (SCID) mice that result
in a truncated kinase domain in DNA-PK (Chechlacz et al.,
2001; Vemuri et al., 2001). This has been shown to cause
increased neuronal cell death in vitro and in vivo, presumably as
a consequence of accumulated dsDNA breaks (Chechlacz et al.,
2001; Vemuri et al., 2001). Since the DNA repair functions of
DNA-PK are found in CNS cell types, the DNA sensing abilities
of this molecule seen in peripheral cells may also be retained in
the brain and this possibility requires further investigation.

Finally, RNA polymerase III was simultaneously identified as
a DNA sensor by two groups as they investigated the mechanisms
responsible for RIG-I mediated DNA sensing (Ablasser et al.,
2009; Chiu et al., 2009). They demonstrated that poly (dA:dT)
was reverse transcribed to RNA that then served as a ligand
to activate RIG-I and induce IFN-β production in monocytes,
fibroblasts, and dendritic cells (Ablasser et al., 2009; Chiu et al.,
2009). Our own work subsequently showed that RNA polymerase

TABLE 3 | Expression and antiviral activity of intracellular DNA sensors in CNS cell types.

Sensor CNS cell type Antiviral activity References

ZBP1 Primary mouse whole brain tissue, cortical neurons,

microglia, and astrocytes

Neuronal immunometabolism regulation,

antiviral, and proinflammatory cytokine

production

Furr et al., 2011; Daniels et al., 2019;

Rothan et al., 2019

cGAS Primary murine neurons, astrocytes, and microglia

Primary human astrocytes and microglia

Human cell lines U87-MG and hµglia

IFN and ISG expression Cox et al., 2015; Reinert et al., 2016;

Jeffries and Marriott, 2017

IFI16 Primary mouse epithelial cells

Primary human astrocytes

Human cell lines, corneal epithelial, astrocytes, microglia

Inflammasome activation Conrady et al., 2012; Coulon et al., 2019;

Jeffries et al., 2020

AIM2 Primary mouse astrocytes and microglia

Human cell line, SK-N-SH

Inflammasome activation Cox et al., 2015; Yogarajah et al., 2017;

Song et al., 2019

DDX41 Zebrafish whole brain IFN expression Ma et al., 2018

DNA PK Primary mouse cerebral cortex and neurons Unknown Chechlacz et al., 2001; Vemuri et al., 2001

RNA pol III Primary mouse astrocytes and microglia

Mouse cell line, EOC13.31

Human cell line, hµglia

IFN expression and NF-κB activation via

RIG-I

Crill et al., 2015; Johnson et al., 2020
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III is functionally expressed in murine glia and a human
microglial cell line (Crill et al., 2015; Johnson et al., 2020), and
that its inhibition reduces HSV-1-induced IRF3 activation and
TNF-a production in murine microglia cells and astrocytes (Crill
et al., 2015). In addition to HSV-1, evidence suggests that RNA
polymerase III also has a role in recognizing varicella-zoster virus
(VZV) (Carter-Timofte et al., 2018, 2019). A RNA polymerase III
mutation was identified in twins suffering from recurrent VZV
CNS vasculitis and PBMCs isolated from them showed reduced
antiviral and/or inflammatory cytokine responses to poly(dA:dT)
and VZV challenge (Carter-Timofte et al., 2018). Furthermore,
additional RNA polymerase III mutations were identified in
adult VZV encephalitis patients and PBMCs from these patients
similarly showed reduced IFN-β and CXCL10 expression in
response to poly(dA:dT). Interestingly, while PBMC cytokine
response were unchanged following VZV challenge, patients
with these RNA polymerase III mutations showed higher viral
gene expression (Carter-Timofte et al., 2019). Together, these
studies support a role for RNA polymerase III in combating viral
CNS infections.

CONCLUDING REMARKS

It is now appreciated that resident CNS cells are important
contributors to innate immunity and, due to their location, are
likely the first responders to viral CNS infections. Resident CNS
cells, especially astrocytes and microglia, are known to express an
array of PRRs including TLRs, RLRs, NLRs, and now intracellular
DNA sensors. In addition to their expression, multiple studies
have demonstrated the functional nature of these sensors in
various CNS cell types (as summarized in Figure 1 and Table 3).
For example, we have shown that cGAS is required, at least in
part, for microglial IFN responses to foreign DNA (Jeffries et al.,
2020). However, our understanding of the role of DNA sensors
in viral infections is limited and, in some cases, contradictory.
It is currently unclear whether DNA sensors are beneficial or
detrimental to the host during CNS infections, and it appears

likely that outcomes following activation are pathogen, host
cell-type, and even species, specific. This is exemplified by the
finding that the HSV-1 product ICP6 blocks ZBP1-mediated
responses in human cells but activates ZBP1 in murine cells
(Guo et al., 2018). Because of this, future research on the role
and therapeutic potential of DNA sensors must be cognizant of
such variables.

Lastly, it is important to note that DNA sensors may
contribute to other CNS pathologies, such as neurodegenerative
diseases, which may be initiated or exacerbated by viral infection.
For instance, three prime repair exonuclease 1 (TREX1)
deficiency can cause accumulation of mislocalized DNA and lead
to Aicardi Goutieres syndrome. This condition is characterized
by permanent and often severe neurological damage due to
IFN overproduction, and the loss of cGAS has been shown
to rescue TREX1 deficient mice from disease pathology (Gray
et al., 2016). Similarly, neurodegenerative diseases are associated
with chronic overproduction of proinflammatory mediators
and neuroinflammation in diseases such as Alzheimer’s disease
could result from the chronic activation of DNA sensors by
released DAMPS and/or viral infection. Regardless, it is clear that
our understanding of these DNA sensors in the CNS remains
rudimentary and further research is needed to define the cell
type, species, and pathogen specificity of each. In doing so, it
might be possible to target these molecules judiciously to limit
damaging inflammation while allowing beneficial host responses
to improve patient outcomes.
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