1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
J Neurovirol. Author manuscript; available in PMC 2021 August 01.

Published in final edited form as:
J Neurovirol. 2020 August ; 26(4): 544-555. doi:10.1007/s13365-020-00852-1.

The intracellular DNA sensors cGAS and IFI16 do not mediate
effective antiviral immune responses to HSV-1 in human
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Abstract

Glia play a key role in immunosurveillance within the central nervous system (CNS) and can
recognize a wide range of pathogen associated molecular patterns (PAMPS) via members of
multiple pattern recognition receptor (PRR) families. Of these, the expression of cytosolic/nuclear
RNA and DNA sensors by glial cells is of particular interest as their ability to interact with
intracellular nucleic acids suggest a critical role in the detection of viral pathogens. The recently
discovered DNA sensors cyclic GMP-AMP synthase (cGAS) and interferon gamma inducible
protein 16 (IFI116) have been reported to be important for the recognition of DNA pathogens such
as herpes virus-1 (HSV-1) in peripheral human cell types, and we have recently demonstrated that
human glia express cGAS and its downstream adaptor molecule stimulator of interferon genes
(STING). Here, we have demonstrated that human microglial cells functionally express cGAS and
exhibit robust constitutive IFI116 expression. While cGAS serves as a significant component in
IRF3 activation and IFN-B production by human microglial cells in response to foreign
intracellular DNA, IFI16 is not required for such responses. Surprisingly, neither of these sensors
mediate effective antiviral responses to HSV-1 in microglia and this may be due, at least in part, to
viral suppression of cGAS and/or IFI16 expression. As such, this ability may represent an
important HSV immune evasion strategy in glial cells, and approaches that mitigate such
suppression might represent a novel strategy to limit HSV-1 associated neuropathology.
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INTRODUCTION

It is now recognized that astrocytes and microglia play a critical role in the production of
immune mediators that contribute to both protective host defense and disease pathology
within the central nervous system (CNS) (Ghoshal et al. 2007; Swarup et al. 2007; Das et al.
2008; Marques et al. 2008; Furr et al. 2010, 2011a; Furr and Marriott 2012; Jiang et al.
2014; Crill et al. 2015; Reinert et al. 2016). The mechanisms by which glia recognize and
respond to CNS pathogens are only now becoming apparent with the demonstration that
microglia and astrocytes express a wide range of pattern recognition receptors (PRRS)
capable of sensing pathogen and damage associated molecular patterns (PAMPs and
DAMPs, respectively) (Sterka et al. 2006; Furr et al. 2010, 2011a; Jeffries and Marriott
2017a). Similar to peripheral host cells, activation of glial PRRs initiate signaling cascades
that lead to the production of soluble proinflammatory and/or antiviral mediators. Whether
such production and release acts in a beneficial or detrimental manner in the CNS during
infection is less well understood, and appears to be context dependent (Blank and Prinz
2017).

Of these PRRs, the expression of recently discovered cytosolic/nuclear RNA and DNA
sensors by glial cells is of particular interest as their ability to interact with nucleic acids in
the intracellular environment suggest an important role in the detection of viral pathogens.
Consistent with this notion, we have demonstrated that the RNA sensor, retinoic acid
inducible gene | (RIG-I), is important for the detection of vesicular stomatitis virus (VSV) in
human glia, and we have shown that such recognition leads to the production of damaging
proinflammatory mediators by these cells (Furr et al. 2010). In addition, we have
demonstrated that murine glia express DNA dependent activator of interferon regulatory
factors (DAI) and showed that this cytosolic DNA sensor contributes to glial inflammatory
responses to the neurotropic DNA virus herpes simplex virus-1 (HSV-1) (Furr et al. 2011b;
Crill et al. 2015).

More recently, additional DNA sensors such as cyclic GMP-AMP synthase (cGAS), absent
in melanoma 2 (AIM2), and interferon y-inducible protein 16 (IFI16), have been identified
in peripheral cell types (Takaoka et al. 2007; Burckstiimmer et al. 2009; Unterholzner et al.
2010; Sun et al. 2013). Of these, cGAS has been the most widely studied and has been
shown to recognize relevant CNS pathogens such as HSV-1 and HIV (Gao et al. 2013; Li et
al. 2013a). This DNA sensor has been shown to directly bind double stranded DNA and to
subsequently produce the secondary messenger 2’3’-cGAMP that then activates the critical
downstream adaptor protein stimulator of interferon genes (STING). This activation leads to
phosphorylation and nuclear translocation of the transcription factor, interferon regulatory
factor 3 (IRF3), which induces the expression of type | interferons such as IFN- (Sun et al.
2013). However, while we have recently demonstrated that human glia express cGAS and
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STING (Jeffries and Marriott 2017a), the functional significance of this DNA sensing
pathway has not yet been established in these cells.

Here, we demonstrate that cGAS is functionally expressed by human microglial cells and
underlies, at least in part, exogenous DNA-mediated cytokine production by this resident
CNS cell type. Additionally, we have established that human glia also express the DNA
sensor IF116. However, while cGAS and IFI116 are thought to be important for DNA virus
replication restriction in peripheral human cell types (Conrady et al, 2012; Li et al. 2013b;
Civril et al. 2013; Zhang et al. 2014; Johnson et al. 2014a; Shu et al. 2014; Ma et al. 2015;
Diner et al. 2015a, 2016; Igbal et al. 2016a; Wang et al. 2017; Merkl et al. 2018a), our data
indicates that neither of these sensors mediate effective antiviral responses to HSV-1 in
human microglia, perhaps due to an ability of HSV-1 to inhibit their expression in this cell

type.

MATERIALS AND METHODS

Source and propagation of glial cells

A human microglia cell line (hpglia) was a kind gift from Dr. Jonathan Karn (Case Western
Reserve University). These cells were derived from primary human cells transformed with
lentiviral vectors expressing SV40 T antigen and human telomerase reverse transcriptase,
and have been classified as microglia due to their microglia-like morphology, migratory and
phagocytic activity, presence of the microglial cell surface markers CD11b, TGFBR, and
P2RY12, and characteristic microglial RNA expression profile (Garcia-Mesa et al. 2017).
These cells were maintained in Dulbecco’s Modified Eagle Medium supplemented with 5%
fetal bovine serum (FBS) and penicillin/streptomycin as previously described by our
laboratory (Jeffries and Marriott 2017b). In some experiments a second immortalized human
microglial cell line, developed by Applied Biological Materials Inc. (ABM; Richmond,
Canada), was also employed, and these cells were maintained in PriGrow Il media (ABM)
with 10% FBS and penicillin/streptomycin. Primary human astrocytes were purchased from
ScienCell Research Laboratories (Carlsbad, CA) and were cultured in medium supplied by
the vendor. U87-MG, an immortalized human astrocytic cell line, was obtained from the
ATCC (HTB-14). Cells were maintained in Eagle’s Minimum Essential Medium
supplemented with 10% FBS and penicillin/streptomycin.

In vitro challenge of human microglia and astrocytes with nucleic acid ligands

Synthetic double stranded B-form DNA analog poly (deoxyadenylic-deoxythymidylic) acid
sodium salt (Poly(dA:dt)) and G3-ended Y-form short DNA, reported cGAS agonists
(Herzner et al. 2015; Jeffries and Marriott 2017b), were purchased from Invivogen (San
Diego, CA). These ligands were directly introduced into microglial or astrocytic cells at
concentrations of 0.01, 0.1, and/or 1.0 pg/ml using Lipofectamine 2000 transfection reagent
(Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. At
the indicated time points post-transfection, whole cell protein isolates were collected and
RNA was isolated for immunoblot analysis and semi-quantitative RT-PCR, respectively.
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Preparation of viral stocks and in vitro infection of glial cells

HSV-1 viral stocks were prepared by infecting monolayer cultures of Vero cells (ATCC;
CCL-81) with HSV-1 (Maclntyre strain from a patient with encephalitis; ATCC; VR-539) at
a MOl of 0.01 and incubated for 48 to 72 hrs, at which time 100% of cells displayed
cytopathic effects. Tissue culture flasks were then placed at —80°C for 15 minutes and
subsequently warmed to room temperature inside a tissue culture hood. The cell suspension
was removed and pulse sonicated (Vibra Cell; Sonics and Materials Inc., Newton, CT) to
release intake virions. The sonicated material was centrifuged at 4000 RCF to remove
unwanted cell debris and the supernatant mixed with sterile milk for increased stability
during freeze/thaw cycles. The stock was aliquoted and viral titers were quantified using a
standard plaque assay of serial dilutions on Vero cells at 37°C. The viral titer of the stock
solution was 1.2 X 107 PFU/mI. Human astrocytes and microglia were infected with HSV-1
at MOls of 0.02, 0.2, or 2.0 viral particles to glia and virus was allowed to adsorb for one
hour in DMEM in the absence of FBS or antibiotics. Cells were subsequently washed with
PBS and cultures were maintained in appropriate growth medium for the indicated times
prior to the collection of supernatants, whole cell protein isolates, and/or total RNA.

RNA extraction and semi-quantitative reverse transcription PCR (RT-PCR)

Total RNA was isolated from cultured glial cells using Trizol reagent (Thermo Fisher
Scientific, Waltham, MA) according to the manufacturer’s instructions and quantified using
a Nanodrop ND-1000 spectrophotometer. Prior to reverse transcription, RNA was treated
with amplification grade DNase (Sigma Aldrich Cat. AMPD1) to remove genomic DNA. All
RNA samples were diluted to the same concentration and reverse transcribed in the presence
of random hexamers using 200 U of RNase H minus Moloney leukemia virus reverse
transcriptase (Promega, Madison, WI1) in the buffer supplied by the manufacturer. Semi-
quantitative RT-PCR was performed on 16% of the reverse-transcribed cDNA product to
assess the relative levels of expression of mMRNA-encoding ICP-8, BST2, Viperin, IFITM1,
and the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) using the
forward and reverse primers shown in Table 1.

Immunoblot analysis

Whole cell protein isolates were collected from microglial and astrocytic cells using Triton
lysis buffer (10 mM Tris-HCI pH 10.5, 5 mM MgCly, and 1% (v/v) Triton X-100) and
analyzed by immunoblot analysis. Samples were electrophoresed on a 12% SDS-
polyacrylamide gel and transferred to Immobilon-P transfer membranes (Millipore).
Membranes were blocked with either 5% milk (cGAS, IFI116, HSV-1 glycoprotein) or 5%
BSA (phospho-IRF3) for one hour and then incubated overnight at 4°C with primary
antibodies directed against cGAS (Sigma Aldrich), IFI16 (Santa Cruz Biotechnology),
pIRF3 (Cell Signaling Technology), HSV-1 glycoprotein g1 (GeneTex), and the
housekeeping gene product B-actin (Abcam). Blots were then washed and incubated in the
presence of a horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse 1gG
secondary antibody. Bound enzyme was detected with the Super Signal system (Thermo
Fisher Scientific). A plasmid encoding full-length human IFI16 was used to confirm the
expression of this protein in human cells (Addgene plasmid cat #35064) (Liao et al. 2011).
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Immunoblots shown are representative of at least three separate experiments using the Bio-
Rad ChemiDoc imaging system and quantification analysis was performed using ImagelLab
software (Bio-Rad).

Enzyme-linked immunosorbent assay (ELISA)

Specific capture ELISAs were performed to quantify human IL-6 and IFN- release. The
IL-6 ELISA was conducted using a rat anti-human IL-6 capture antibody (BD Pharmingen)
and a biotinylated rat anti-human IL-6 detection antibody (BD Pharmingen). The IFN-B
ELISA was carried out using a polyclonal rabbit anti-human IFN- capture antibody
(Abcam) and a biotinylated polyclonal rabbit anti-human IFN-B detection antibody
(Abcam). Bound antibody was detected using streptavidin-HRP (BD Biosciences) followed
by the addition of tetramethylbenzidine (TMB) substrate. H,SO,4 was used to stop the
reaction and absorbance was measured at 450 nm. Dilutions of recombinant IL-6 and IFN-f
(BD Pharmingen, Abcam) were used to generate standard curves and the concentration of
each in study samples were determined by extrapolation to the standard curve.

Generation of heterozygous cGAS deletion microglial cell line

To investigate cGAS function, we created a heterozygous deletion microglial cell line that
expresses cGAS at reduced levels, cGAS™~, using CRISPR/Cas9 approaches. A sgRNA
targeting cGAS was generated using the CRISPOR algorithm (http://crispor.tefor.net/) and a
suitable sgRNA sequence was selected based on minimal off-targeting and proximity to the
5’ end of cGAS (5’ATCTTCTTAAGACAGGGGCACG-3’). The cGAS targeting sgRNA
was cloned by Bbsl digestion into the px458 plasmid (Addgene plasmid cat #48138) (Ran et
al. 2013) that promotes simultaneous expression of cGAS sgRNA, Cas9, and GFP. The
huglia human microglial cell line was transfected at 60% confluency with the cGAS sgRNA-
pX458 plasmid (0.5 pg/mL) using Lipofectamine 2000 according to the manufacturer’s
instructions and the cells were prepared for fluorescence activated cell sorting (FACS) and
clonal isolation at 72 hrs. GFP positive cells were isolated by FACS and seeded at 100,
1000, and 10,000 cells per well in a six well plate in complete growth media and maintained
in culture until distinct colonies were visible. Individual cGAS+/- colonies were selected
and propagated prior to analysis of cGAS expression by immunoblot analysis and
subsequent experimental use.

siRNA transfection

ON-TARGETplus siRNA targeting human IFI16) and non-targeting pool siRNAs were
purchased from Dharmacon (Lafayette, CO). Each was transfected into the huglia human
microglial cell line at a concentration of 5 nM using RNAIMAX transfection reagent
(Thermo Fisher Scientific, Waltham, MA) according to the manufacturer’s instructions. At
48 hrs, IF116 protein knockdown was confirmed by immunoblot analysis.

Statistical Analysis

Data is presented as the mean +/— standard error of the mean (SEM). Statistical analyses
were performed by one-way analysis of variance (ANOVA) with Bonferroni’s or Tukey’s
post hoc tests or Student’s t-test as appropriate using commercially available software
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(GraphPad Prism, GraphPad Software, La Jolla, CA). In all experiments, results were
considered statistically significant when a P-value of less than 0.05 was obtained.

CcGAS is functionally expressed by human microglia

We have previously demonstrated that primary human glia and cell lines can respond to the
intracellular introduction of foreign DNA, and showed that these cells express cGAS and its
downstream effector molecule STING (Jeffries and Marriott 2017b). Here, we have used
CRISPR/Cas9 technology to generate a heterozygous deletion human microglial cell line
that expresses cGAS at reduced levels, cGAS™~ to determine whether this cytosolic DNA
sensor is functional in the huglia human microglial cell line. As shown in Figures 1A and B,
intracellular administration of microglia with B- and Y-form DNA, reported ligands for
CGAS (Herzner et al. 2015; Jeffries and Marriott 2017b), elicited marked increases in levels
of phosphorylated IRF3, and these responses were significantly reduced in cGAS+/- cells.

Consistent with their ability to induce IRF3 phosphorylation, intracellular administration of
either BDNA or YDNA elicited significant increases in the secretion of the type | interferon,
IFN-pB, and was also able to induce the release of the potent inflammatory cytokine IL-6 by
microglial cells (Figures 1C and D). As with phosphorylated IRF3 levels, decreased cGAS
expression resulted in a significant reduction in IFN-p secretion following challenge with
either BDNA or YDNA (Figures 1C and D). Interestingly, cGAS expression reduction failed
to significantly decrease microglial IL-6 secretion, suggesting either that the markedly
reduced cGAS levels are sufficient to initiate such expression, or that alternative DNA
sensing molecules are responsible for the production of this inflammatory cytokine.

cGAS contributes to antiviral gene expression but does not restrict infectious HSV-1
particle release by infected human microglial cells

Since cGAS is functional in human microglia, we next investigated the role of this sensor in
the antiviral microglial responses to the clinically relevant neurotropic DNA virus, HSV-1.
Wild type and cGAS+/- microglia were exposed to HSV-1 at a MOI of 0.2 and the number
of infectious HSV-1 particles released by these cells was determined by plaque assay at 24
hours following viral challenge. Surprisingly, reduced cGAS expression failed to elicit
significant changes in the level of HSV-1 release (Figure 2A). Such a result could stem from
an inability of these cells to secrete detectable levels of IFN-p at 8 hrs (Figure 2B) or 12 hrs
(data not shown) following HSV-1 challenge, despite responding to this virus with
significant levels of IL-6 release at 8 hrs (Figure 2C) and 12 hrs (data not shown) following
infection. Again, cGAS expression reduction significantly reduced transfected BDNA-
mediated IFN-B production by microglia, but did not significantly affect either BDNA or
HSV-1-induced IL-6 release at either 8 hrs (Figures 2B and C) or 12 hrs (data not shown)
following challenge.

Consistent with an absence of significant IFN-p production by HSV-1 challenged human
microglial cells, wt cells did not show significant elevations in the expression of mMRNA
encoding the IFN-stimulated genes IFITM1, BST2, or viperin (Figures 2D-F). Interestingly,
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cGAS+/- microglia expressed significantly lower levels of IFITM1, BST2, and viperin,
mMRNA expression following HSV-1 infection than similarly challenged wt cells, and even
showed a tendency for lower BST2 and viperin expression in uninfected cells (Figures 2D—
F). Together, these data indicate that while cGAS is required, at least in part, for the
maintenance of antiviral gene expression by human microglial cells, such cGAS-mediated
responses are not sufficient to limit the release of infectious HSV-1 particles by these cells.

Human glia express IFI16 but this DNA sensor does not contribute to microglial responses

to HSV-1

Another intracellular DNA sensor, IFI16, has previously been reported to function as an
HSV-1 restriction factor in peripheral human cells (Conrady et al, 2012; Liang et al. 2014;
Johnson et al. 2014a; Diner et al. 2015a, 2016; Merkl et al. 2018a). Accordingly, we have
determined if human glial cells express IFI116 and whether this molecule mediates, either
constitutively or in the reduced expression of cGAS, microglial immune responses to HSV-1
challenge. As shown in Figure 3A, the huglia human microglial cell line constitutively
expresses IF116 as determined by immunofluorescence microscopy, and this sensor is
localized to the nucleus as previously described in other cell types (Roy et al. 2019a). This
expression was confirmed by immunoblot analysis with robust constitutive levels of a
protein close to the predicted molecular weight of IFI116 (88 KDa), and at an identical size to
that seen in whole cell protein isolates from HEK 293T cells transfected with a plasmid
vector to express IFI16 (data not shown). Other fainter bands may correspond to the isotypic
variants of IFI16 that have been reported to arise due to differential RNA splicing events
(Johnstone et al, 1998). Such expression was also confirmed in a commercially available
(Applied Biological Materials Inc.) immortalized human microglial cell line (data not
shown). Levels of IFI16 protein expression were not increased further following stimulation
with intracellular BDNA administration (Figure 3B). Interestingly, while the U87-MG
human astrocytic cell line also constitutively expressed robust levels of IFI16 protein that
were not increased following BDNA stimulation, primary human astrocytes only showed
low levels of IFI16 at rest, but showed marked elevations in response to BDNA transfection
(Figure 3B).

We then utilized siRNA approaches to assess the role of IFI16 in microglial immune
responses to HSV1. We confirmed that siRNA targeting IF116 markedly attenuated the
expression of this protein and possible isotypic variants in both wt and cGAS+/- human
microglia (Figure 3C) and determined the effect of IF116 knockdown on microglial
responses to intracellular BDNA administration and HSV-1 infection. IF116 knockdown had
no demonstrable effect on BDNA-induced IFN-B production, expression of the HSV-1 gene
product ICP8, or infectious HSV-1 particle release, by wt human microglial cells (Figure
3D), and had no effect on IL-6 release (data not shown). Similarly, IFI16 knockdown had no
demonstrable effect on BDNA-induced IFN- production (Figure 3E), infectious HSV-1
particle release (Figure 3E), or IL-6 production (data not shown), by cGAS+/- microglial
cells. Together, these data indicate that while human glia express IFI16 this DNA sensor
does not contribute to BDNA or HSV-1 mediated antiviral mediator production by human
microglia, or restrict the number of infectious HSV-1 particles released by infected cells.
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HSV-1 infection down regulates cGAS and IFI16 expression by human glia

To begin to determine the mechanisms underlying the apparent resistance of HSV-1 to cGAS
and/or IF116 mediated antiviral microglial responses we have assessed the effect of this virus
on the expression of each of these intracellular DNA sensors by human glia. As shown in
Figure 4A, HSV-1 infection significantly decreased cGAS protein levels by human
microglial cell and primary human astrocytes in a dose dependent manner, and showed a
tendency to reduce cGAS expression in U87-MG astrocytic cells at 24 hours post-challenge.
Similarly, HSV-1 infection elicited significant and dose-dependent decreases in IFI16
protein levels in the huglia human microglial cell line, U87-MG astrocytic cells, and primary
human astrocytes (Figure 4B), and a second immortalized human microglial cell line (data
not shown). As such, the ability of HSV-1 to downregulate the expression of both of these
intracellular DNA sensors may represent an important immune evasion strategy in human
glia.

DISCUSSION

We have previously demonstrated that human glial cells express the DNA sensor cGAS and
the downstream adaptor molecule STING (Jeffries and Marriott 2017a). In the present study,
we expand upon this work by demonstrating that cGAS is functional in human microglial
cells. We show that microglia respond to intracellular administration of either B or Y-form
DNA, reported ligands for cGAS in other cell types (Herzner et al. 2015; Jeffries and
Marriott 2017b), with increased levels of IRF3 activation and IFN-B secretion. Importantly,
we show that these responses are due, in large part, to recognition via cGAS with the
demonstration that reduced cGAS expression results in significantly reduced levels of IRF3
activation and IFN-p release in response to either of these ligands, while IL-6 responses are
unchanged. These findings are in agreement with previous studies in peripheral cell types
showing that cGAS is critical for cytoplasmic dsDNA recognition (Li et al. 2013b; Sun et al.
2013; Civril et al. 2013; Zhang et al. 2013, 2014; Shu et al. 2014; Ma et al. 2015).

Similar to cGAS, IFI16 has also been proposed to directly bind dsSDNA and mediate the
expression of antiviral mediators such as type | IFNs (Unterholzner et al. 2010).
Interestingly, some studies have suggested that IFI16 works in concert with cGAS to initiate
host immune responses to viral pathogens (Orzalli et al. 2015; Jgnsson et al. 2017; Almine et
al. 2017; Liu et al. 2017), while others point to separate and distinct antiviral functions for
each (Diner et al. 2016). In the present study, we provide the first demonstration that human
glial cells constitutively express the IFI16 protein. Surprisingly, and in contrast to peripheral
human cell types that show IFI116-dependent IFN-B production in response to dSDNA
ligands (Jgnsson et al. 2017; Almine et al. 2017), our studies employing siRNA-mediated
IF116 knockdown indicate that this sensor does not play a significant role in human
microglial IFN responses to exogenous DNA administration. Such a finding cannot be
explained on the basis of DNA sensing redundancy via cGAS as IFI116 knockdown similarly
failed to affect BDNA-induced IFN-B expression in cCGAS+/- microglia.

CGAS has previously been demonstrated to be an important PRR for combating numerous
infections through direct detection of cytosolic microbial/viral DNA (Gao et al. 2013; Li et
al. 2013a; Schoggins et al. 2014; Cox et al. 2015; Watson et al. 2015; Xia et al. 2016; Paijo
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et al. 2016; Vermeire et al. 2016; Ruangkiattikul et al. 2017; Sun et al. 2017; Cheng et al.
2018). Importantly, this sensor has been shown to be a critical component in the generation
of protective immunity in a murine model of acute herpes simplex encephalitis (HSE)
(Reinert et al. 2016). This protection is thought to be mediated through the canonical cGAS-
STING signaling pathway, which leads to the expression of type | IFNs that act in an
autocrine and/or paracrine manner to promote an antiviral state (Reinert et al. 2016).
Similarly, IF116 exhibits antiviral capabilities in peripheral cell types (Conrady et al, 2012;
Johnson et al. 2014a; Merkl et al. 2018b; Merkl and Knipe 2019a; Roy et al. 2019b) and has
been reported to be an important restriction factor for herpesviruses including HSV-1 in such
cells (Dutta et al. 2015; Ansari et al. 2015; Diner et al. 2015b; Igbal et al. 2016b). However,
unlike cGAS, the mechanism of action of IFI16 and the signaling pathways that this
intracellular sensor employs are poorly understood.

Given the documented importance of both cGAS and IFI16 as PRRs in the generation of
host immune responses to HSV-1 in peripheral cell types, and the present description of
constitutive expression of both sensors in glial cells, it is not unreasonable to assume that
these sensors could serve a similar function in human microglia during HSV-1 infection.
Surprisingly, our studies show that neither cGAS nor IFI16, alone or in concert, appear to
significantly impact HSV-1 transcription or the production/release of infectious particles in
human microglial cells. While the lack of cGAS and IFI16-mediated antiviral responses to
this neuroinvasive HSV-1 clinical isolate may be simply due to host cell type or species
dependent differences in sensor function (Kalamvoki and Roizman 2014a; Orzalli et al.
2016), we have determined that HSV-1 infection elicits marked reductions in the expression
level of both of these molecules in human microglial cells. Such HSV-1-mediated
suppression could explain why siRNA directed against cGAS or IFI116 failed to elicit
demonstrable effects in infected cells and suggests a viral immune evasion mechanism.
Indeed, these findings are consistent with the previously reported ability of HSV-1 to target
the expression and/or the signaling pathways of cGAS and IFI16 in non-CNS cell types
(Orzalli et al. 2012; Johnson et al. 2013; Kalamvoki and Roizman 2014b; Christensen et al.
2016; Su and Zheng 2017; Huang et al. 2018; Zhang et al. 2018). Such a strategy could
underlie, at least in part, the absence of IFN-f production by HSV-1 infected microglia with
little or no induction in the expression of the antiviral interferon-stimulated genes BST2,
viperin, and IFITM1, despite retaining an ability to release IL-6. However, it should be noted
that IFI16 has been reported to restrict herpesvirus replication via transcriptional regulation
rather than effects on IFN responses in other cell types (Johnson et al. 2014b; Merkl et al.
2018c; Merkl and Knipe 2019b; Roy et al. 2019b), and so the downregulation of this
molecule could impact microglial responses to HSV-1 via mechanisms other than by
inhibiting IFN-B production.

Taken in concert, we have demonstrated that human microglial cells functionally express the
cytosolic DNA sensor cGAS and exhibit robust constitutive expression of the nuclear DNA
sensor IF116. While cGAS serves as a significant component in IRF3 activation and IFN-p
production by human microglial cells in response to intracellular administration of foreign
DNA, IFI16 does not appear to be required for such responses, in contrast to previous
reports in other human cell types. Surprisingly, neither of these intracellular DNA sensors
mediate effective antiviral responses by human microglial cells to the neurotropic DNA
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virus HSV-1, and this may be due, at least in part, to an ability of this virus to suppress the
expression of cGAS and/or IFI16 in these cells. As such, this ability may represent an
important HSV immune evasion strategy in glial cells, and approaches that mitigate such
suppression might represent a novel strategy to limit HSV-1 associated neuropathology.
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FIGURE 1:
The DNA sensor cGAS is required for maximal antiviral mediator production by human

microglia following intracellular administration of exogenous DNA. Panels A and B:
Wildtype (wt) or heterozygous cGAS deletion (cGAS*/™) immortalized human microglia
(huglia) were untreated (-L) or exposed to transfection reagent alone (+L) for 3 hrs, or were
challenged with intracellular B-form DNA (BDNA,; 0.1 pug/ml) or Y-form DNA (YDNA; 1
pg/ml) for 2 or 3 hours. Whole cell lysates were subsequently collected and analyzed for the
expression of cGAS, phosphorylated IRF3 (pIRF3), or the housekeeping gene product -
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actin by immunoblot analysis. Relative pIRF3 expression was determined by densitometric
analysis and normalized to B-actin (n = 4-6). Panels C and D: wt or cGAS+/— huglia were
untreated (-L) or treated with transfection reagent alone (+L), or exposed to intracellular
BDNA or YDNA (0.1 ug/ml and 1 pg/ml, respectively). After 24 hours, cell free
supernatants were collected and the concentration of IFN-B (C) and IL-6 (D) was quantified
by specific capture ELISA. Results are presented as the mean of four independent
experiments +/— SEM (n = 4). The letter a indicates significant differences from cells
exposed to transfection reagent alone while b indicates a significant difference from
similarly treated wt cells.
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FIGURE 2:
The DNA sensor cGAS contributes to antiviral gene expression, but does not restrict the

number of infectious HSV-1 particles released by infected human microglia. Panel A: wt or
cGAS+/- huglia were infected with HSV-1 at an MOI of 0.2. At 24 hrs, cell free
supernatants were collected and viral titers were determined by plaque assay (n = 7). Panels
B and C: wt or cGAS+/- huglia were transfected with 0.1 ug/mL BDNA or infected with
HSV-1 (MOI of 0.02 and 0.2). At 8 hrs, cell free supernatants were collected and the
concentrations of IFN-B (B) and IL-6 (C) were quantified by specific capture ELISAs (n =
7). Panels D-F: wt or cGAS+/- huglia were infected with HSV-1 (MOI of 0.02 and 0.2).
After 12 hrs, total RNA was isolated and the level of expression of mMRNA encoding IFITM1
(D), BST2 (E), and Viperin (F), was determined by semi-quantitative RT-PCR and levels are
reported relative to the expression of the housekeeping gene GAPDH (n = 4-7). In Panels B
and C, the letter a indicates significant differences from cells exposed to transfection reagent
alone while b indicates a significant difference from similarly treated wt cells. In Panels D-F,
the letter a indicates significant differences from uninfected cells while b indicates a
significant difference from similarly treated wt cells
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FIGURE 3:
Human glia express IFI116, but this DNA sensor does not contribute to BDNA or HSV-1

mediated antiviral mediator production by human microglia, or restrict the number of
infectious HSV-1 particles released by infected glia. Panel A: Micrographs show
representative nuclear (DAPI), IFI116, and overlaid, immunofluorescence in huglia human
microglial cells (60X objective). Panel B: huglia, U87-MG astrocytic cells, and primary
human astrocytes (1°AST), were transfected with BDNA (0.01 and 0.1 ug/ml). At 24 hrs
post-transfection, whole cell lysates were collected and tested for the presence of IFI16 by
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immunoblot analysis (n = 7-11). Panels C-E: wt or cGAS+/- huglia were transfected with
SiRNA targeting IF116 (aIFI; 5 nM) or scrambled RNA (C) for 48 hrs and IFI16 protein
knockdown was confirmed by immunoblot analysis (Panel C; n = 2). After 48 hrs, control
(C) or alFI siRNA treated wt (Panel D) or cGAS+/- (Panel E) huglia were either transfected
with BDNA (0.1 ug/ml) or infected with HSV-1 (MOI of 0.2 and 2), and viral ICP8 mRNA
levels relative to GAPDH expression were determined by RT-PCR at 8 hrs following
challenge (n = 4), while supernatant IFN-f concentrations (n = 4-5) and viral titers (n = 8)
were determined at 24 hrs post-challenge. Results are presented as the mean +/- SEM and
no statistically significant differences were observed.
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FIGURE 4:
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HSV-1 infection down regulates cGAS and IFI16 expression by human glia. huglia, U87-
MG, and primary human astrocytes (1°AST), were untreated or infected with HSV-1 (MOI
of 0.02 and 0.2). At 24 hrs, whole cell lysates were collected and analyzed for the expression
of cGAS (Panel A; n = 3), IFI16 (Panel B; n = 7-9), viral glycoprotein g1 (HSVg1l), and the
housekeeping product B-actin, by immunoblot analysis. Protein levels were determined by
densitometric analysis relative to p-actin expression, and are shown as fold increases over
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untreated cells. Results are presented as the mean +/— SEM and the letter a indicates
significant differences from uninfected cells.
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PCR primer sequences

Table 1.

Gene Forward Primer Reverse Primer Size

ICP-8 GAGCTTCTGGCGTTACTGTC TATGGTTACCTTGTCCGAGCC 465bp
CXCL10 TGTACGCTGTACCTGCATCA CTGTGTGGTCCATCCTTGGAA 268bp
BST2 (Tetherin) GATGGCCCTAATGGCTTCCC TAACCGTGTTGCCCCATGAC 366bp
IFITM1 TCAACATCCACAGCGAGACC CAAAGGTTGCAGGCTATGGG 331bp
RSAD2 (Viperin) | TGCTGGGAAGCTCTTGAGTG CATTGCTCACGATGCTCACG 446bp
GAPDH CCATCACCATCTTCCAGGAGCGAG | CACAGTCTTCTGGGTGGCAGTGAT | 347bp
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