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RIG-I is required for VSV-induced cytokine production by murine
glia and acts in combination with DAI to initiate responses to
HSV-1
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Abstract

A defining feature of viral central nervous system (CNS) infection is the rapid onset of severe
neuroinflammation. However, the mechanisms underlying glial responses to replicative
neurotropic viruses are only now becoming apparent with the discovery of a number of cytosolic
sensors for viral nucleic acids. We have described the expression by murine and human glial cells
of two disparate pattern recognition receptors, retinoic acid inducible gene-1 (RIG-I) and DNA-
dependent activator of interferon regulatory factors (DAI), receptors for viral RNA and DNA
moieties, respectively. In the present study, we demonstrate the functional significance of RIG-I
expression in primary murine microglia and astrocytes. Our data indicate that murine glial
immune responses to a model neurotropic RNA virus, vesicular stomatitis virus, are RIG-I
dependent and independent of levels of DAI expression or RNA polymerase 111 activity. In
contrast, maximal glial inflammatory and antiviral responses to the DNA virus herpes simplex
virus-1 (HSV-1) are dependent on the expression of both RIG-I and DAL, and require RNA
polymerase 11 activity. These findings indicate that the RNA sensor, RIG-I, acts in parallel with
DAI in an RNA polymerase I11-dependent manner to initiate glial responses to HSV-1. We
therefore suggest that RIG-I plays a significant role in the detection of both RNA and DNA
pathogens by microglia and astrocytes.
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INTRODUCTION

RNA and DNA virus infections of the central nervous system (CNS) are known to broadly
trigger microglial and astrocyte activation and the release of mediators that can promote
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innate and adaptive immune responses. Such responses can limit viral replication and
dissemination leading to infection resolution. However, a defining feature of viral CNS
infection is the rapid onset of severe neuroinflammation, and overzealous glial responses
associated with significant neurological damage or even death (as reviewed in Furr and
Marriott, 2012). Pathogens as dissimilar as the DNA virus, herpes simplex virus (HSV)-I,
and the single-stranded RNA virus, West Nile Virus (WNV), induce the production of
proinflammatory and chemotactic molecules by microglia (Aravalli et al, 2005; Cheeran et
al, 2005; Furr et al, 2011; Lokensgard et al, 2001; van Marle et al, 2007). In addition, we
have demonstrated the ability of both microglia and astrocytes to respond to other RNA and
DNA viruses, including vesicular stomatitis virus (VSV), Sendai virus and murine
gammabherpesvirus (MHV)-68 by producing inflammatory mediators such as IL-6 and TNF-
a (Chauhan et al, 2010; Furr et al, 2008; 2010; Rasley et al, 2004). However, the
mechanisms underlying glial responses to neurotropic viruses are only now becoming
apparent with the discovery of a variety of cell surface and cytosolic molecules that serve as
sensors for viral components.

Host cells principally sense viral pathogens by their nucleic acid genomes, typically as a
result of viral transcription and/or their replicative activity. Two disparate pattern
recognition receptors (PRRS), retinoic acid inducible gene (RIG)-1 and DNA-dependent
activator of interferon regulatory factors (DAI), have been identified and serve as sensors for
distinct viral classes. RIG-1 senses the 5’-triphosphate moiety of negative-sense single-
stranded (ss) RNA viruses (Hornung et al, 2006; Pichlmair et al, 2006) or short blunt-ended
double-stranded (ds) RNA (Takahasi et al, 2008). Ligation of RIG-1 by these moieties
triggers activation of the NF-kB and/or interferon regulatory factor (IRF3) pathway(s) and
the subsequent production of proinflammatory cytokines and type I interferons (IFNs),
respectively. DNA is also a potent activator of innate immunity (Stetson and Medzhitov,
2006) and DAL has been shown to bind synthetic dsDNA, B-DNA, to similarly initiate NF-
kB and IRF3-mediated cytokine production (Ishii et al, 2006; Takaoka et al, 2007). We have
demonstrated that mouse microglia and astrocytes express RIG-I (Furr et al, 2008) and
shown that this viral sensor plays a key role in human astrocyte responses to the neurotropic
sSRNA virus, VSV (Furr et al, 2010). Furthermore, we have established that murine glia
functionally express DAI and demonstrated that this cytosolic DNA sensor plays a
significant role in glial inflammatory and neurotoxic responses to HSV-1 (Furr et al, 2011).

Interestingly, some studies have suggested that RIG-1 may also play a role in the recognition
of DNA pathogens via the activity of RNA polymerase 111 (Ablasser et al, 2009; Chiu et al,
2009). In this pathway, AT-rich dsDNA serves as a template for RNA polymerase 111 and is
transcribed into RNA containing a 5'-triphosphate, a ligand for RIG-1. Activation of RIG-I
by dsDNA has been shown to induce type I IFN production and NF-kB activation indicating
this pathway represents another mechanism by which cells sense viral DNA (Ablasser et al,
2009; Chiu et al, 2009). In the present study, we demonstrate that RIG-1 is functional in
murine microglia and astrocytes, and show that this molecule is essential for inflammatory
glial responses to VSV. Furthermore, we have determined that this viral sensor and RNA
polymerase 111 are also important components in inflammatory and antiviral glial responses
to HSV-1 and MHV-68, suggesting a key role for RIG-I in both RNA and DNA virus-
associated neuroinflammation.
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METHODS

Isolation of neonatal brain microglia and astrocytes

Primary neonatal murine microglia and astrocytes were isolated according to a modified
protocol to that previously described by our laboratory (Bowman et al, 2003; Chauhan et al,
2010; Furr et al, 2008; 2010; 2011; Rasley et al, 2004). Briefly, six to eight neonatal
C57BI/6J mouse brains per preparation were dissected free of meninges and large blood
vessels and finely minced with sterile surgical scissors. The minced tissue was then forced
through a wire screen and briefly incubated with 0.25% trypsin-1 mM EDTA in serum free
RPMI 1640 medium for 5 minutes. The cell suspension was then washed and this mixed
glial culture was maintained in RPMI 1640 containing 10% fetal bovine serum (FBS) and
gentamicin for 2 weeks.

Astrocytes were isolated from mixed glial cultures by mild trypsinization (0.25% trypsin-1
mM EDTA for 20 minutes) in the absence of FBS as previously described (Saura et al,
2003). The remaining intact layer of adherent cells was demonstrated to be >98% microglia
by immunohistochemical staining for the microglial surface marker CD11b (Saura et al,
2003) and the isolated astrocytes were determined to be >96% pure based on morphological
characteristics and the expression of the astrocyte marker glial fibrillary acidic protein
(GFAP) as determined by immunofluorescence microscopy. The microglia were maintained
for 1 week in RPMI 1640 with 10% FBS and 20% conditioned medium from LADMAC
cells (ATCC number CRL-2420), a murine monocyte-like cell line that secretes colony
stimulating factor-1 (CSF-1), while astrocytes were cultured in RPMI 1640 containing 10%
FBS. All studies were performed in accordance with relevant federal guidelines and
institutional policies regarding the use of animals for research purposes.

Source and Propagation of Cell Lines

EOC 13.31 (ATCC® CRL-2468), an immortalized murine microglia cell line, was
purchased from American Type Culture Collection (Manassas, VA). These cells were
derived from C3H/HeJ mice and so are TLR4 defective. The lack of this receptor would not
be anticipated to effect cell responses to VSV or viral nucleic acids, and there is no data to
support the notion that TLR4 mediates microglial responses to HSV-1. Cells were
maintained in RPMI 1640 supplemented with 10% FBS, gentamicin, and 20% LADMAC
conditioned media. EOC 13.31 cells have been classified as microglia due to the presence of
CD11b and other microglia-specific cell surface markers (Walker et al, 1995).

Preparation of viral stocks and in vitro infection of glial cells

Wild type VSV (Indiana Strain), VSV-AM51-GFP, herpes simplex virus-1 (HSV-1;
Maclntyre strain, ATCC®, VR-539), and murine gammaherpesvirus-68 (MHV-68) were
used in this study. VSV-AM51-GFP was kindly provided by Dr. Valery Grdzelishvili
(University of North Carolina at Charlotte) and was generated by the insertion of the green
fluorescent protein (GFP) open reading frame at position 5 of the viral genome and a
methionine deletion in the M protein as previously described (Wollmann et al, 2010). Wild
type and mutant VSV viral stocks were prepared by infecting monolayer cultures of baby
hamster kidney epithelial cells (BHK-21; ATCC®, CCL-10) as we have described
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previously (Chauhan et al, 2010; Furr et al, 2008; 2010). BHK-21 cells were maintained in
DMEM and were infected with VSV at a low multiplicity of infection (MOI) of 0.05 plaque-
forming units (PFU) per cell and incubated for 48 hours at 37°C in SFM4MegaVir protein-
free medium (Thermo Scientific Hyclone, Waltham, MA). The cell-free medium containing
released virus was collected, centrifuged to remove unwanted cellular debris, and the
concentration of infectious viral particles was quantified using a standard plaque assay of
serial dilutions of VSV on BHK-21 cells at 37°C. It should be noted that the MOI values are
relative and calculated based on the concentration of infectious VSV particles determined on
BHK cells supporting robust virus replication. It is therefore likely that the actual MOI
values for microglia and/or astrocytes were actually lower than indicated.

HSV-1 viral stocks were prepared by infecting monolayer cultures of African green monkey
kidney cells (Vero; ATCC, CCL-81) with HSV-1 (Maclntyre strain from a patient with
encephalitis; ATCC, VR-539) at a low MOI of 0.05 PFU per cell and incubated for 48 hours
at 37°C in SFM4MegaVir protein-free medium as we have described previously (Furr et al,
2011). MHV-68 viral stocks were prepared by infecting monolayer cultures of BHK-21 cells
at a low viral MOI of 0.1 PFU per cell as we have previously described (Furr et al, 2011).
Cells were removed with trypsin and pulse sonicated (Vibra Cell; Sonics & Materials Inc.,
Newtown, CT) to release intact virions. The sonicated material was centrifuged to remove
unwanted cellular debris. The concentration of infectious viral particles in the cell-free
supernatant was quantified using a standard plaque assay of serial dilutions of HSV-1 on
Vero cells or MHV-68 on NIH-3T3 cells at 37°C, and glial cells were exposed to infectious
viral particles at the MOls indicated.

Microglia and astrocytes were infected with VSV, HSV-1, or MHV-68 at MOlIs between
0.01 and 10 PFU per cell as indicated and the viruses were allowed to adsorb for 1 hour
prior to washing to remove non-adherent viral particles. Cultures were maintained for the
indicated time periods prior to collection of culture supernatants, preparation of whole cell
protein isolates, or RNA isolation.

In vitro stimulation of glial cells with RIG-1 or DAI ligands

Glial cells were transfected with the RIG-I ligands 5'-triphosphate single-stranded RNA
(5’ppp-ssRNA) or 5 triphosphate double stranded RNA (5’ppp-dsRNA,; Invivogen, San
Diego, CA), or a synthetic double stranded B-DNA analog poly(deoxyadenylic-
deoxythymidylic) acid sodium salt (Poly(dA:dT; Invivogen) that is a DAI specific ligand.

To generate 5'ppp-ssSRNA, we created a linear template for run-off in vitro transcription by
digesting the pGEM-SeV-NP plasmid (previously described in (Curran and Kalokofsky,
1991) with EcoRV. EcoRV cuts pGEM-SeV-NP at a single site allowing a 342 base RNA to
be generated when using the SP6 promoter. RNA was generated using the MAXIscript In
Vitro Transcription Kit (Life Technologies, Grand Island, NY) at 37°C for 2.5 hours in a
final volume of 200 ul containing approximately 1 ug of linearized pGEM-SeV-NP, all four
nucleoside triphosphates, transcription buffer, and 200 U of SP6 enzyme mix. RNA was
then incubated at 37°C for 20 minutes in the presence of 10 U Turbo DNase (Life
Technologies) to remove the plasmid template. Following addition of EDTA (35 mM), the
samples were phenol/chloroform extracted and ethanol precipitated. Precipitated RNA was
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resuspended in RNase free water to a final concentration of 200-250 ng/ul. The final RNA
products were analyzed by electrophoresis on a 2.5% agarose gel. 5’ppp-ssRNA was
transfected into murine glial cells using FUGENE HD transfection reagent (Promega) at the
indicated concentrations for one hour. For comparison purposes, cells were exposed to
transfection reagent alone.

B-DNA or 5ppp-dsRNA was introduced into microglia and astrocytes at the indicated
concentrations using FUGENE HD (Promega) or LyoVec™ (Invivogen) transfection
reagents according to the manufacturer’s instructions. At the indicated time points following
transfection, RNA was isolated and culture supernatants were collected for analysis.

Western blot analyses

Western blot analyses for the presence of RIG-1, DAI, phosphorylated IRF3 (pIRF3), and
the HSV-1 tegument protein, VP16, in glial cells were performed as described previously by
our laboratory (Bowman et al, 2003). After incubation with a rabbit polyclonal antibody
against mouse and human RIG-1 (Abgent, San Diego, CA) or DAI (Abcam, Cambridge,
MA), a purified rabbit monoclonal antibody specific for IRF-3 that has been phosphorylated
at Ser396 (Cell Signaling Technology), or a purified mouse monoclonal antibody directed
against HSV-1 and HSV-2 VP16 (Abcam) for 24 hours at 4°C, blots were washed and
incubated in the presence of appropriate horseradish peroxidase-conjugated secondary
antibodies. Bound enzyme was detected with the Super Signal system (Thermo Scientific,
Rockford, IL). To assess total protein loading in each well, immunoblots were reprobed with
a goat anti-mouse B-actin antibody (Santa Cruz Biotechnology, Santa Cruz, CA).
Immunoblots shown are representative of at least three separate experiments. ImageJ
software (National Institutes of Health) was used for densitometric analysis and pIRF3
levels are reported relative to the levels of total IRF expression normalized to f-actin levels.

Quantification of IL-6, TNF-a, and IFN-B in glial cell culture supernatants

Specific capture ELISAs were performed to quantify concentrations of murine IL-6, TNF-q,
and IFN-B. Commercially available ELISA kits were used to measure TNF-a and IFN-
secretion (R&D Systems, Minneapolis, MN and BioLegend, San Diego, CA, respectively)
while murine I1L-6 secretion was measured using a rat anti-mouse I1L-6 capture antibody
(Clone MP5-20F3) and a biotinylated rat anti-mouse IL-6 detection antibody (Clone MP5-
C2311) (BD Biosciences, San Jose, CA). Bound antibody was detected by addition of
streptavidin-horseradish peroxidase (BD Biosciences). After addition of TMB substrate and
H,SOy4 stop solution, absorbances were measured at 450 nm. A standard curve was
constructed using varying dilutions of recombinant cytokines (BD Biosciences) and the
cytokine content of culture supernatants determined by extrapolation of absorbances to the
standard curve.

Semi-quantitative and quantitative reverse transcribed PCR

Total cellular RNA was isolated from microglia and astrocytes with Trizol reagent (Life

Technologies) and reverse transcribed as previously described (Bowman et al, 2003). Semi-
quantitative polymerase chain reactions (PCR) were performed to determine the expression
of mRNA encoding murine IFN-f and the housekeeping gene, glyceraldehyde 3-phosphate
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dehydrogenase (GAPDH). In addition, quantitative real-time PCR was also performed to
determine the level of expression of mMRNA encoding IFN-B, the MHV-68 gene product
ORF65, and GAPDH using the SYBR Green approach on a 7500 Fast Real-Time PCR
machine (Life Technologies) as described previously (Chauhan et al. 2008). Positive and
negative strand PCR primers used, respectively, were 5-TTGTGCTTCTCCACTACAGC-3’
and 5’-CTGTAAGTCTGTTAATGAAG-3' to amplify mRNA encoding murine IFN-, 5/-
ATGCTCCAGAAGAGGAAGGGACAC-3 and 5'-
TTGGCAAAGACCCAGAAGAAGCC-3 to amplify mRNA encoding ORF65, and 5’-
CCATCACCATCTTCCAGGAGCGAG-3 and 5'-
CACAGTCTTCTGGGTGGCAGTGAT-3' to amplify mRNA encoding murine GAPDH.
Primers were designed using Primer-BLAST (National Center for Biotechnology
Information, Bethesda, MD) based on their location in different exons of the genomic
sequence and their lack of significant homology to sequences present in GenBank (National
Center for Biotechnology Information, Bethesda, MD). The identity of the PCR amplified
fragments was verified by size comparison with DNA standards (Promega). All RNA
expression levels are reported as relative levels normalized to the expression of the
housekeeping gene GADPH determined in parallel PCR reactions.

siRNA-mediated knockdown of RIG-l1 and DAI

RIG-1 and/or DAI expression in murine microglia and astrocytes was knocked down by
transfection with siRNA targeting each as we have previously described (Furr et al, 2010;
2011). Three validated Stealth RNAi ™ siRNA duplexes targeting murine RIG-1 and three
targeting DAI, as well as universal negative control siRNA not homologous to anything in
the vertebrate transcriptome, were purchased from Life Technologies. Glial cells were
transfected with each siRNA duplex individually or the three in concert using FUGENE HD
transfection reagent (Promega) according to the manufacturer’s instructions. In some
studies, double knockdown was achieved in glial cells by transfecting with both RIG-I and
DAI siRNA duplexes. Antibiotic-free media was replaced with complete media at 6 hours
following transfection. At 72 hours after transfection, whole cell lysates were collected for
immunoblot analyses to confirm RIG-I and/or DAI expression knockdown. Targeted
knockdown of RIG-1 and DA reduced expression of these proteins by 72.7 +/- 2.7% and
79.6 +/- 5.5% SEM, respectively, based on three independent experiments (p < 0.05)
consistent with previous results from our laboratory (Furr et al, 2010; 2011).

RNA polymerase lll inhibition

Glial cells were pre-treated with the RNA polymerase inhibitors Tagetin™ (10 U for 8
hours; Epicentre Biotechnologies, Madison, WI) or InSolution™ RNA Polymerase Il

Inhibitor (25 uM for 24 hours; Calbiochem, San Diego, CA) prior to viral challenge or
siRNA tranfection.

Fluorescence Measurements

VSV-AM51-GFP GFP fluorescence levels were measured using a CytoFluor multi-well
plate reader (Life Technologies) with the following parameters: excitation filter of 450/50
nm, emission filter of 530/25 nm and gain = 50 (Moerdyk-Schauwecker et al, 2013).
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Statistical analyses

Results of the present studies were tested statistically by ANOVA and Tukey’s post hoc test
using commercially available software (GraphPad Prism v5.03, GraphPad Software Inc. La
Jolla, CA). In all experiments, results were considered statistically significant when a P-
value of less than 0.05 was obtained.

RESULTS

Viral RNA and DNA motifs induce RIG-I expression by primary murine glial cells

We have previously demonstrated that primary murine microglia and astrocytes
constitutively express RIG-I and we have shown that such expression is upregulated
following RNA virus infection (Furr et al, 2008). To begin to establish the functional status
of RIG-I in murine glia we have determined whether the expression of this viral sensor is
altered following cytosolic exposure to uncapped 5'ppp-ssRNA, a specific RIG-1 ligand
(Hornung et al, 2006; Saito and Gale, 2008; Takahasi et al, 2008). As shown in Figure 1A,
intracellular 5’ppp-ssRNA administration elicits marked elevations in RIG-I protein levels in
microglia and modest increases in astrocytes over levels seen in resting cells, implying that
this receptor is functional in both cell types.

To determine whether RIG-1 expression in glial cells is sensitive to the presence of
intracellular viral DNA motifs we have assessed RIG-I protein levels in microglia and
astrocytes following infection with the DNA virus HSV-1. As shown in Figure 1B, RIG-I
levels were significantly enhanced in microglia as early as 12 hours post-infection. HSV-1
challenge also elevated RIG-I expression in murine astrocytes, albeit with slower kinetics of
induction, with significant upregulation at all MOls used at 24 hours following infection
(Figure 1B). Finally, we have assessed the effect of viral DNA motifs on RIG-I expression
by primary murine glial cells. B-DNA is a double-stranded DNA in its canonical B helical
form, and is a putative ligand of DAI (Takaoka et al, 2007; Wang et al, 2008). As shown in
Figure 1C, intracellular B-DNA administration elicited rapid and marked elevations in RIG-
| protein expression by both microglia and astrocytes. Together, these data indicate that
RIG-1 expression is not only auto-induced by its ligand, but can also be upregulated by the
presence of intracellular viral DNA motifs.

A specific RIG-I ligand rapidly induces inflammatory mediator production by glial cells

To more directly assess the functional role of RIG-I in primary murine glia, we have
evaluated the sensitivity of microglia and astrocytes to intracellular administration of 5'ppp-
ssRNA. As shown in Figure 2, this specific RIG-I ligand rapidly induces release of the key
inflammatory cytokines IL-6 and TNF-a by microglia and astrocytes in both a dose and time
dependent manner. Furthermore, we have also determined that introduction of 5’ppp-ssRNA
similarly induces expression of mMRNA encoding IFN-B by primary glia (Figure 2C), and the
release of this antiviral type | IFN in a microglial cell line (1792 +/- 11 pg/ml versus
undetectable levels in cells exposed to transfection reagent alone; n = 3, p < 0.05) and
primary murine astrocytes (1804 +/- 19 pg/ml versus undetectable levels in cells exposed to
transfection reagent alone; n = 3, p < 0.05) at 24 hrs following administration of 5'ppp-
sSRNA (4 ug/ml). As such, the ability of 5’ppp-ssRNA to upregulate RIG-1 expression and
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induce antiviral and inflammatory cytokine expression demonstrates the functional status of
this cytosolic sensor in primary murine glial cells.

RIG-1 knockdown attenuates VSV-induced inflammatory cytokine production by primary

glia

To confirm the functional status of RIG-I in murine glia and to begin to assess the relative
importance of this sensor in glial responses to RNA viruses, we have determined the effect
of siRNA-mediated RIG-I knockdown on inflammatory cytokine production by microglia
and astrocytes following infection with the RNA virus, VSV. In agreement to our previous
findings in human astrocytes (Furr et al, 2010), VSV-induced TNF-a production by murine
astrocytes was almost totally abolished following RIG-1 knockdown relative to cells
transfected with scrambled control RNA (Figure 3A). This effect was not observed in
astrocytes transfected with siRNA directed against the putative cytosolic viral DNA sensor,
DAI (Figure 3A), despite effective DAI expression knockdown (data not shown).
Interestingly, similar results were obtained in primary murine microglia where RIG-1, but
not DAI, knockdown markedly reduced VSV-induced cytokine production (Figure 3A).
These results indicate that the viral RNA sensor RIG-I, but not the DNA sensing molecule
DA, is essential for the detection of, and/or initiation of cellular responses to, this
neurotropic RNA virus by primary murine glia.

RIG-1 and DAl are both involved in glial responses to the DNA virus HSV-1

To investigate whether RIG-1 also plays a role in the detection of viral DNA and to begin to
determine the relative importance of this innate immune sensor in microglial and astrocyte
responses to DNA viruses, we have assessed the effect of RIG-1 knockdown on
inflammatory cytokine production by microglia and astrocytes following infection with the
DNA virus HSV-1. Consistent with our previous studies (Furr et al, 2011), knockdown of
the DNA sensor, DAL, significantly reduced HSV-1 associated cytokine production by both
microglia and astrocytes, with TNF-a production being attenuated by approximately 67%
and 30%, respectively, at the highest viral MOI used (Figure 3B). Surprisingly, RIG-I
knockdown achieved similar reductions in HSV-1-induced TNF-a release by both glial cell
types (Figure 3B). Furthermore, transfection with siRNAs directed against both DAI and
RIG-1 reduced microglial TNF-a production following HSV-1 infection by approximately
80% to levels that were statistically indistinguishable from uninfected cells (Figure 3B),
while cytokine production by similarly treated astrocytes was also reduced albeit to a lesser
extent (60%). Taken together, these data indicate that RIG-I, like DAL, plays a significant
role in glial responses to DNA viruses.

RNA polymerase Il is essential for DNA virus recognition by RIG-I in murine glial cells

To begin to determine the mechanisms underlying the involvement of RIG-1 in glial
responses to this DNA virus we have assessed the role of RNA polymerase I11. As shown in
Figure 3B, pretreatment of cells with a selective RNA polymerase I11 inhibitor significantly
reduced HSV-1-mediated TNF-a production by microglia and astrocytes and did so to the
same extent as RIG-I knockdown (approximately 62% and 30%, respectively). This finding
was in contrast to parallel studies in which inhibitor pretreatment failed to significantly
affect VSV-induced cytokine production by either cell type (Figure 3A; +inh). Importantly,
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microglial and astrocyte responses to HSV-1 were reduced by approximately 85% and 50%,
respectively, when the RNA polymerase 111 inhibitor was used in combination with DAI
knockdown, levels of inhibition that were comparable to those seen in cells following
knockdown of both DAI and RIG-1 (Figure 3B; +inh). As such, these findings suggest that
the RNA sensor, RIG-I, acts in parallel with DAI in a RNA polymerase I11-dependent
manner to initiate inflammatory glial responses to DNA viruses.

RNA polymerase lll is essential for maximal anti-viral glial responses by murine glial cells
to DNA viruses

To determine whether RNA polymerase |1 activity is required for glial antiviral responses,
EOC13.31 microglia-like cells or primary astrocytes were pretreated with a selective RNA
polymerase 111 inhibitor prior to challenge with neurotropic DNA or RNA viruses. As shown
in Figure 4, exposure of microglial cells to either HSV-1 or VSV significantly increased
pIRF3 levels and resulted in robust IFN-f mRNA expression and protein production
(Figures 4A and 4B). This response was not limited to neurotropic DNA viruses as the
lymphotropic herpesvirus MHV-68 was also capable of inducing IFN-B mRNA expression
in microglial cells (Figure 4C). HSV-1 and VSV also induced such responses in primary
murine astrocytes (Figure 5D). Importantly, pharmacological inhibition of RNA polymerase
Il markedly attenuated microglial type | interferon responses to the DNA viruses HSV-1
(Figure 4A) and MHV-68 (Figure 4C), but did not significantly affect an elevation in pIRF3
levels or IFN-p production induced by the RNA virus, VSV (Figure 4B). Similarly, the
HSV-1-induced increase in IFN- mRNA expression in astrocytes was significantly
attenuated following RNA polymerase 111 inhibition while responses of this cell type to VSV
were unaffected (Figure 4D).

To confirm the specificity of the effect of pharmacological RNA polymerase 111 inhibitors
on viral DNA motif-induced type | interferon responses, we have assessed their effect on
glial IFN-B production induced by specific DNA and RNA ligands for DAI and RIG-I,
respectively. As shown in Figure 5, the intracellular introduction of the DAI ligand B-DNA
or the RIG-I ligand 5’ppp-dsRNA elicited a marked increase in the expression of mMRNA
encoding IFN-f in cultures of primary mixed glial cells, isolated primary astrocytes, or
EOC13.31 microglia-like cells. Importantly, prior treatment with a RNA polymerase 111
inhibitor significantly attenuated the responses of mixed glia, astrocytes, and microglia to B-
DNA, but failed to inhibit responses induced by uncapped 5'ppp-dsRNA (Figure 5). This
effect was also observed in the IFN-p protein secretion by EOC 13.31 cells at 24 hrs (76 +/-
7 pg/ml in control B-DNA transfected cells versus 26 +/— 8 pg/ml in B-DNA challenged
cells pretreated with the RNA polymerase 11 inhibitor; n = 3, p <0.0001) and primary
astrocytes at 6 hrs (1210 +/- 57 pg/ml in control B-DNA treated cells versus 262 +/- 37
pg/ml in B-DNA challenged cells pretreated with the RNA polymerase Il inhibitor; n =3, p
< 0.0001) following intracellular administration (3 ug/ml), while responses to uncapped
5’ppp-dsRNA (4 ug/ml) were unaffected (data not shown).

Finally, we have performed experiments to determine whether RNA polymerase Il activity
is essential for glial responses that limit viral burden. EOC13.31 microglia-like cells were
untreated or pretreated with an RNA polymerase Il inhibitor for 24 hrs prior to challenge
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with GFP-expressing VSV, wild type HSV-1, or wild type MHV-68. As shown in Figure
6A, RNA polymerase Il inhibition does not influence intracellular GFP-VSV virion
production as assessed by relative fluorescence intensity (RFI). In contrast, inhibition of
RNA polymerase 11 activity significantly increased intracellular levels of the HSV-1
tegument protein VP16 (Figure 6B) and the expression of mMRNA encoding the MHV-68
product ORF65 (Figure 6C). Together, these data support the contention that RNA
polymerase 11 activity is required to limit DNA, but not RNA, virus product levels.

DISCUSSION

It has become increasingly apparent that glial cells possess intracellular sensors that can
detect compromise of the cytosolic compartment. Most RNA viruses replicate in the
cytoplasm and therefore allow detection of viral replicative motifs by RIG-I-like receptors
(RLRs) present in the host cell. Indeed, we have shown that microglia and astrocytes are
permissive for VSV infection and that productive replication is required for inflammatory
mediator production by these cells (Chauhan et al, 2010). Importantly, we have described
the robust constitutive expression of RIG-I and another RLR double stranded RNA helicase,
melanoma differentiation-associated protein (MDADS), by murine glial cells (Furr et al,
2008). Furthermore, we have previously demonstrated that human astrocytes also express
RIG-1 and that expression levels of this cytosolic viral RNA sensor increase in murine and
human glial cells following challenge with the model neurotropic RNA virus, VSV (Furr et
al, 2008; 2010). In the present study, we show that intracellular administration of an in vitro
generated 5’ triphosphorylated RNA ligand for RIG-I (Furr et al, 2010; Saito and Gale,
2008; Takahasi et al, 2008) induces RIG-1 expression in primary murine microglia and
astrocytes. This result is consistent with our previous findings in human astrocytes (Furr et
al, 2010), and more recent studies showing the ability of Japanese encephalitis virus (JEV)
and Chikungunya virus to elevate RIG-1 expression in BV-2 microglia-like cells (Jiang et al,
2014) and U87MG astrocytoma cells (Abraham et al, 2013), respectively. As such, these
findings support the functional status of RIG-I in both glial cell types in mice. In addition,
the inducible nature of such expression by intact viral particles and a specific RIG-1 ligand
suggests the possibility that glial cells could become sensitized to the presence of
intracellular viral moieties that are produced during viral replication in a feed-forward
manner.

Perhaps more importantly, the present study demonstrates that this RLR plays an essential
role in the inflammatory and antiviral immune responses of murine astrocytes and microglia
to RNA virus infection. Similar to our findings in human astrocytes (Furr et al, 2010),
intracellular delivery of a 5'triphosphorylated RNA ligand into primary murine astrocytes
initiates increases in type | IFN mRNA expression and robust inflammatory cytokine
production by this major glial cell type. Significantly, our results indicate that intracellular
delivery of this RIG-I ligand is also a potent stimulus for the expression of the inflammatory
mediators IL-6 and TNF-a and type | interferon production by primary microglia. Finally,
we have confirmed that RIG-I plays a critical role in the immune responses of microglia and
astrocytes to a model neurotropic rhabdovirus by demonstrating that RIG-1 knockdown
specifically and almost totally abolishes VSV-induced cytokine production by either of these
CNS cell types. This finding is consistent with several studies in glial cell lines
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demonstrating that inflammatory cytokine production by JEV infected BV-2 microglia-like
cells (Jiang et al, 2014) and poly I:C-mediated chemokine release by U373MG human
astrocytoma cells (Yoshida et al, 2007; Imaizumi et at 2014) is decreased following RIG-I
knockdown. Furthermore, it is in agreement with the observations that a putative RLR
inhibitor can attenuate RNA ligand-mediated astrocyte activation (de Rivero Vaccari et al,
2012) while RIG-1 knockdown leads to increased levels of JEV virus proliferation in BV-2
microglia-like cells (Jiang et al, 2014).

In contrast to RNA viruses, many DNA viruses are known to replicate within the nucleus. In
addition, specific recognition of viral DNA motifs is further complicated by the apparent
detection by DA of a structure common to both self and non-self DNA. This suggests that
discrimination between these types of DNA is based on its subcellular localization and may
be a function of the amount and length of the DNA present in the cytosol rather than a
specific chemical feature of the ligand (as reviewed in (Keating et al, 2011)). However, a
study has shown that HSV-1 DNA, dislocated from the viral capsid, is readily detectable in
the cytoplasm of infected primary macrophages and monocyte/macrophage cell lines
(Unterholzner et al, 2010) suggesting that viral DNA can be detected by receptors present in
the cytosol. The present study and our previous work support such a hypothesis since
intracellular administration of the putative DAI ligand B-DNA is a potent stimulus for
inflammatory cytokine production (Furr et al, 2011) and type | IFN (Figure 5) expression by
murine glial cells. Furthermore, our demonstration that DAI knockdown significantly
reduces HSV-1-induced cytokine production by microglia and astrocytes (Furr et al, 2011
and Figure 3) indicates that this cytosolic viral DNA sensor plays a significant role in the
recognition of DNA viruses.

However, RIG-I may also contribute to type | IFN and inflammatory cytokine production by
cells in response to DNA virus challenge via the actions of DNA-dependent RNA
polymerase Il1. In this model, AT-rich double-stranded DNA serves as a template for RNA
polymerase Il and is transcribed as RNA containing a 5’-triphosphate cap, a ligand for RIG-
I. Such a hypothesis is supported by the demonstration that cell responses to the
gammabherpesvirus, Epstein-Barr virus, are attenuated following RNA polymerase 111
knockdown or treatment with pharmacological inhibitors of this enzyme (Ablasser et al,
2009; Chiu et al, 2009). The present finding that the DNA virus HSV-1, as well as a
synthetic DNA ligand for DAI, can up-regulate RIG-I expression by both astrocytes and
microglia provides circumstantial evidence for the involvement of RIG-1 in the perception of
DNA pathogens. However, more direct evidence comes from the demonstration that both
RIG-1 knockdown and RNA polymerase I11 inhibition significantly attenuates inflammatory
cytokine and type I IFN production by microglia and astrocytes in response to the DNA
viruses HSV-1 and MHV-68, and a synthetic DAI ligand. Furthermore, we provide evidence
that such a mechanism can contribute to the control of viral replication within glial cells by
demonstrating that the pharmacological inhibition of RNA polymerase Il results in the
elevated expression of DNA virus products in infected microglia-like cells, but has no effect
on VSV product levels. Together, these data provide the first evidence that transcription of
cytosolic viral DNA by RNA polymerase |11 and subsequent RNA recognition by RIG-I
could serve as a mechanism for the perception of DNA viruses by CNS cells.
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The present finding that both RIG-1 and DAL are necessary to mount maximal glial cytokine
responses to DNA pathogens is consistent with the observation that DAI knockdown
reduces, but does not abolish, glial responses to HSV-1 (Figure 3 and Furr et al, 2011).
While the ability of a specific RNA polymerase |11 inhibitor to attenuate cytokine production
by HSV-1 infected or B-DNA challenged glial cells provides strong support for the notion
that RIG-1 detects RNA moieties transcribed from cytosolic viral DNA, we cannot discount
the possibility that DAI and RIG-I signaling pathways interact in other ways in microglia or
astrocytes. For example, the adaptor molecule STING has been shown to play a role in both
RIG-1 and DAI signaling pathways (Ishikawa and Barber, 2008). As such, the possibility
exists that HSV-1-initiated RIG-1 and DAI signaling pathways converge at this component
to potentiate cellular activation. Alternatively, it is conceivable that RIG-1 and DAL interact
either directly or via STING to promote glial responses. In support of this possibility,
immunoprecipitation studies indicate that STING associates with RIG-I1 complexes in close
proximity to endoplasmic reticulum associated-mitochondria (Dixit et al, 2010; Ishikawa
and Barber, 2009). However, it remains to be determined whether DAI associates with RIG-
I, STING, or other RIG-I signaling components in glial cells. Finally, TLR3 and its
associated adaptor molecule TRIF, have been associated with the control of HSV-1 in the
CNS of human patients and mice (Conrady et al, 2013; Zhang et al, 2007), and
inflammatory processes that lead to CNS pathology following HSV-1 infection have been
reported to be associated with TLR2 (Kurt-Jones et al, 2004). While these studies appear to
contrast with our findings, a possible explanation may lie in the ability of PRRs to act in a
cooperative manner to promote glial inflammatory responses (as discussed in (Furr and
Marriott, 2012)). Clearly, further work will be required to resolve these issues.

Taken in concert, the present study illustrates the functional significance of RIG-I
expression in murine glial cells. Our data show that murine microglial and astrocyte
responses to the RNA virus, VSV, are RIG-I dependent but independent of the expression of
DAI or RNA polymerase 111 activity. In contrast, maximal glial inflammatory and antiviral
responses to HSV-1 are dependent on the expression of both RIG-1 and DA, and require
RNA polymerase Il activity. Based upon our results we propose the model shown in Figure
7. We suggest that neurotropic single-stranded RNA viruses, such as VSV, infect microglia
and astrocytes and replicate within them generating phosphorylated single stranded RNA
(5’ppp-ssRNA) in the cytoplasm that acts as a ligand for RIG-I. RIG-I then associates with
IPS-1, and perhaps STING, which subsequently activates NF-kB, IRF3, and IRF7. These
transcription factors translocate to the nucleus and initiate the production of inflammatory
mediators including TNF-a, IL-6, and type | IFNs. In contrast, neurotropic double-stranded
DNA viruses, such as HSV-1, infect glial cells and replicate within them generating
genomic DNA. Viral DNA is recognized by DAI which activates downstream effector
molecules including IPS-1 and STING, subsequently activating NF-kB, IRF3, and IRF7. In
addition, RNA polymerase 111 (Pol I11) in the cytosol transcribes viral DNA into dsSRNA
containing 5’-triphosphate (5’ppp-dsRNA) that is recognized by RIG-I and similarly initiates
transcription factor activation via IPS-1 and STING. Upon release, cytokines such as TNF-
a, and IL-6 would be anticipated to promote inflammation, increase blood-brain barrier
permeability, and facilitate leukocyte recruitment into the CNS, while type I IFNs function
to limit viral replication. As such, these studies suggest that RIG-I plays an important role in
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the perception of both RNA and DNA viral pathogens by microglia and astrocytes.
However, it remains to be determined whether RIG-I-mediated glial responses are, on
balance, protective or contribute to the rapid and potentially lethal inflammation associated
with such CNS pathogens.
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FIGURE 1.

RIG-1 protein expression in cultured primary murine astrocytes and microglia is upregulated
following exposure to viral RNA and DNA motifs. Panel A: Cultured primary microglia
(Mg) or astrocytes (Ast) were treated with transfection reagent alone (0) or transfected with
uncapped 5'ppp-ssRNA (4 or 8 ug/ml). At 6 hrs following transfection RIG-I expression was
assessed in whole cell protein isolates by immunoblot analysis. Panel B: Primary microglia
and astrocytes were uninfected (0) or infected with HSV-1 (MOI of 0.1, 1, or 10). At 12 hrs
following infection RIG-I expression was assessed in microglial whole cell protein isolates
by immunoblot analysis and such expression in astrocytes was similarly assessed at 12 and
24 hrs. Panel C: Cells were treated with transfection reagent alone (0) or transfected with B-
DNA (3 or 6 ug/ml). At 6 and 12 hrs following transfection RIG-I expression was assessed
in whole cell protein isolates by immunoblot analysis. For comparison purposes, RIG-I
protein expression in a similar number of resting HeLa cells is shown (+). Representative
immunoblots are shown from one of three independent experiments.
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FIGURE 2.

Intracellular administration of the RIG-I specific ligand ppp-ssRNA induces type-I
interferon and inflammatory cytokine production by murine microglia and astrocytes. Cells
were untreated (0), treated with transfection reagent alone (T), or transfected with uncapped
5’ppp-ssRNA (4 or 8 ug/ml; black bars). At 6 and 12 hrs following transfection IL-6 (Panel
A) and TNF-a (Panel B) levels were assessed in culture supernatants by specific capture
ELISA. Data are expressed as the mean +/— SEM of a representative experiment, performed
in triplicate, of studies that were performed three independent times. An asterisk indicates a
statistically significant difference from cells treated with transfection reagent alone (p <
0.05). Expression of mRNA encoding IFN-$ was determined in glial cells at 4 and 8 hrs by
RT-PCR following transfection with the RIG-1 ligand (Panel C). For comparison purposes,
IFN-B mRNA expression in a similar number of activated murine macrophages is shown (+)
and the results shown are representative of three independent experiments.
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RIG-I is required for inflammatory glial responses to VSV while both RIG-I and DAI are
required for maximal responses to HSV-1. Microglia and astrocytes were untransfected or
transfected with scrambled control RNA (Control), or siRNA directed against RIG-1 (aRIG-
1) or DAI (aDAI). At 72 hrs following transfection cells were infected with VSV (Panel A;
MOI of 0.1, 1, or 10) or HSV-1 (Panel B; MOI of 0.1, 1, or 10) and TNF-a levels were
assessed in culture supernatants by specific capture ELISA at 12 hrs (Panel A) or 24 hrs
(Panel B) following infection. The time points were selected based on the ability of VSV
and HSV-1 to elicit maximal cytokine responses at each time point. Some untransfected
cells were also pretreated with a RNA polymerase 111 inhibitor (10 U) for 8 hrs prior to
infection with VSV (MOI of 10) or HSV-1 (MOI of 10) and assessment of TNF-a
production at 12 hrs (Panel A) or 24 hrs (Panel B) post infection (+inh). Data are expressed
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as the mean +/- SEM of a representative experiment, performed in triplicate, of studies that
were performed two independent times. An asterisk indicates a statistically significant
difference from cells transfected with scrambled control RNA (p < 0.05) and a pound
symbol indicates a statistically significant difference between RNA polymerase Il inhibitor
treated cells that were transfected with scrambled control RNA or siRNA directed against
DAI (p < 0.05).
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FIGURE 4.

RNA polymerase Il activity is required for maximal type-I IFN responses by glia to the
DNA viruses HSV-1 and MHV-68 but not the RNA virus VSV. EOC13.31 microglia
(Panels A—C), or primary astrocytes (Panel D) were untreated (open bars) or pretreated with
a RNA polymerase Il inhibitor (25 uM) for 24 hrs (black bars) prior to being uninfected (0)
or infected with HSV-1 (MOI of 0.1 or 1; Panels A and D), VSV (MOl of 0.1, 1, or 10 as
indicated in Panels B and D), or MHV-68 (MOI of 1; Panel C). At various times following
infection, pIRF3 levels were determined by immunoblot analysis (24 hrs), relative
expression of MRNA encoding IFN-$ was determined by gPCR (3, 6, and 9 hrs; 6 hr time
point shown in Panel B), and IFN-f protein release was assessed by specific capture ELISA
(24 hrs). Data are expressed as the mean +/— SEM of a representative experiment, performed
in triplicate, of studies that were performed three independent times. An asterisk indicates a
statistically significant effect of RNA polymerase 111 inhibition on glial responses.
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FIGURE 5.

RNA polymerase 11 activity is required for maximal glial responses to a DAI ligand but not
a RIG-1 agonist. Mixed glial cells, EOC13.31 microglia-like cells, or primary murine
astrocytes were untreated (open bars) or pretreated with a RNA polymerase 11 inhibitor (25
uM) for 24 hrs (black bars) prior to being untransfected (0), treated with transfection reagent
alone (CON), or transfected with uncapped 5’ppp-dsRNA (4 ug/ml) or B-DNA (3 ug/ml). At
24 hrs following transfection, expression of mRNA encoding IFN-f was determined by
gPCR. Data are expressed as the mean +/— SEM of a representative experiment, performed
in triplicate, of studies that were performed three independent times. An asterisk indicates a
statistically significant effect of RNA polymerase I11 inhibition on IFN-f expression.
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FIGURE 6.
RNA polymerase Il activity limits HSV-1 and MHV-68 protein expression but does not

effect VSV virion levels. EOC13.31 microglia-like cells were untreated or pretreated with
the RNA polymerase 111 inhibitor (25 uM) for 24 hrs prior to being uninfected or infected
with GFP-expressing VSV (MOI of 1; Panel A), HSV-1 (MOI of 1; Panel B), or MHV-68
(MOI of 1; Panel C). At the indicated times following infection, levels of VSV-GFP
expression were determined (Panel A) according to relative fluorescence intensity (RFI),
HSV-1 VP16 levels were determined by immunoblot analysis, and relative mMRNA
expression of the MHV-68 product ORF65 was determined by qPCR. Data are expressed as
the mean +/- SEM of a representative experiment, performed in triplicate, of studies that
were performed two independent times. An asterisk indicates a statistically significant effect
of RNA polymerase 111 inhibition on glial responses. A representative immunoblot is shown
from one of two separate experiments and the average band densities +/- SD is indicated.
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FIGURE 7.
Proposed mechanisms by which murine glia recognize neurotropic RNA and DNA viruses

to initiate cytokine production. Replicating RNA viruses generate phosphorylated single
stranded RNA (5’ppp-ssRNA) that act as a ligand for RIG-1. RIG-1 associates with IPS-1,
and perhaps STING, which subsequently activates NF-kB, IRF3, and IRF7. These
transcription factors translocate to the nucleus and initiate the production of inflammatory
mediators including TNF-a, IL-6, and type | IFNs. Replicating DNA viruses generate
genomic DNA that serves as a ligand for DAI. DAI then associates with IPS-1 and STING,
subsequently activating NF-kB and IRF3/7. In addition, RNA polymerase 111 (Pol I11) in the
cytosol transcribes viral DNA into dsRNA containing 5’-triphosphate (ppp-dsRNA) that is
also recognized by RIG-1 and similarly initiates transcription factor activation via IPS-1 and
STING.
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