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DNA Sensors are Expressed in Astrocytes
and Microglia In Vitro and are Upregulated
During Gliosis in Neurodegenerative Disease

Donal J. Cox," Robert H. Field,? David G. Williams," Marcin Baran,®> Andrew G. Bowie,*

Colm Cunningham,? and Aisling Dunne'

The detection of nucleic acids by the innate immune system is an essential host response during viral infection. In recent
years, a number of immune sensors capable of recognizing cytosolic DNA have been identified and include the PYHIN family
members AIM2, IF116, and p204 as well as the enzyme, cGAS. Activation of these receptors leads to the induction of antiviral
genes including Type-1 interferons and chemokines such as CCL5. We have carried out extensive expression profiling of these
DNA sensors and other members of the PYHIN family in highly purified primary astrocytes and microglia and have demon-
strated that both cell types express the majority of these proteins at the mRNA level. In microglia, several family members
are highly upregulated in response to IFN-B treatment while both cell types induce robust proinflammatory and antiviral cyto-
kine production (e.g., IL-6, CCL5, IFN-B) in the presence of immune stimulatory DNA and RNA. The production of IL-6 is par-
tially dependent on the interferon receptor as is IFN-B itself. Furthermore, we have found that p204 and AIM2 are
upregulated in a Type | IFN dependent fashion in vivo, in a murine model of chronic neurodegeneration. Given the propensity
of inflammatory responses to cause neuronal damage, increased expression and activation of these receptors, not only during
viral infection but also during sterile inflammatory responses, has the potential to exacerbate existing neuroinflammation lead-
ing to further damage and impaired neurogenesis.
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Introduction and Fitzgerald, 2011). Of these, AIM2, p204 (also known as

he recognition of nucleic acids is an essential strategy employed 1fi204) and IFI16 have been shown to bind DNA directly via their

by host immune cells to combat viral pathogens (Unterholz-
ner, 2013). The sensors and pathways involved in RNA/DNA
detection have only recently been discovered and have expanded
over the last number of years. RNA released into the cytosol is rec-
ognised by MDA-5 and RIG-I while cytosolic DNA is detected
by members of the PYHIN family (also referred to as AIM2
(Absent in Melanoma-2)-like receptors, ALRs) in addition to DAI
(DNA-dependent activator of interferon-regulatory factors) and
the enzyme cGAS (cyclic GMP-AMP synthase). The PYHIN
family of proteins are so called as they contain an N-terminal
PYRIN domain and a C-terminal HIN (haemopoietic expression,
interferon-inducibility, nuclear localization) domain (Schattgen

HIN domains culminating in the production of antiviral and
proinflammatory cytokines. Moreover, some members of the
PYHIN family (e.g., AIM2 and IFI16) can form inflammasome
complexes, resulting in interleukin-1B (IL-1B) processing by
caspase-1 (Burckstummer et al., 2009; Fernandes-Alnemri et al.,
2009; Hornung et al., 2009; Roberts et al., 2009). In the case of
IFI16, this occurs following recognition of Kaposis sarcoma-
associated herpesvirus (KSHV) genomic DNA in the cell nucleus
(Kerur et al., 2011).

Five PYHIN family members have been identified in
humans; IFIX, IFI16, MNDA, AIM2, and POP3 (Keating
et al., 2011; Khare et al., 2014) while 13 have been found in
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mice (Cridland et al., 2012). AIM2 is the only protein with a
direct murine homolog, whereas murine p204 is considered a
functional ortholog of IFI16. On binding dsDNA, IFI16/
p204 signals by directly engaging the ER bound protein,
STING (Stimulator of Interferon Genes). STING in turn
activates the TBK1/DDX3 complex to induce IFN-B via
phosphorylation of the transcription factor, IRF-3 (Unterholz-
ner et al., 2010). cGAS, the newest member of the DNA
sensing family, catalyses the conversion of the ATP and GTP
to the second messenger, cyclic GMP-AMP (cGAMDP). It was
recently demonstrated that ¢cGAS binds cytosolic DNA and
produces ¢cGAMP, which interacts with STING leading also
to the activation of IRF3 and production of IFN-B (Sun
et al.,, 2013; Wu et al., 2013). cGAS deficient mice exhibited
a profoundly lower induction of Type I IFNs, higher viral
titers in the brain and higher mortality rates when compared
with wild-type mice in a HSV-1 infection model (Li et al,
2013). Furthermore, cGAS has been implicated in the control
of West Nile Virus (WNV) suggesting a central role for this
protein in combating both RNA and DNA viral infection
(Schoggins et al., 2014).

In addition to double stranded DNA viruses, a number
of RNA viruses can target the CNS including rabies virus
(VSV) and Human Immunodeficiency Virus (HIV). Symp-
toms range from mild to severe and include fever, headache,
impaired consciousness, seizure, dementia, or even death
(Carty et al., 2014). The UK reports ~700 cases of encepha-
litis each year, of which 7% are fatal; however, this number is
thought to be much higher due to unreported instances. The
US spends ~$650 million a year in hospital related costs for
patients suffering from encephalitis alone (Granerod et al.,
2010), hence a detailed understanding of the molecular events
governing recognition of these pathogens is required to
develop effective treatment regimes. There is an emerging,
albeit controversial, relationship between certain viruses and
neurodegenerative conditions such as Alzheimer’s disease and
Multiple Sclerosis (Zhou et al., 2013). Independent of viral
invasion, there is now also evidence for Type I interferon
responses in chronic neurodegenerative diseases including
prion disease and amyotrophic lateral sclerosis (Field et al.,
2010; Wang et al., 2011). Furthermore, DNA released from
damaged or dying cells is immunogenic and increases in cell-
free DNA have been observed in the serum and CSF of
patients suffering from a number of conditions including epi-
lepsy, stroke, and traumatic brain injury (Chiu et al., 2005;
de Rivero Vaccari et al., 2014; Liimatainen et al., 2013; Tsai
et al., 2011). Hence, DNA is now considered a ‘damage’-
associated molecular pattern (DAMP) as well as a pathogen
associated molecular pattern (PAMP) and it has been postu-
lated that DNA sensors can detect aberrantly localized DNA
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and possibly DNA damage within the nucleus itself. A nota-
ble example may be IFI16, which can translocate between the
nucleus and cytosol (Kerur et al., 2011).

While it has been demonstrated that microglia and
astrocytes can engage responses to RNA via TLR3 (Costello
and Lynch, 2013; Ribes et al., 2010), RIG-I and MDA-5
(De Miranda et al., 2009; Furr et al., 2008, 2010), the con-
tribution of DNA sensors to nucleic acid recognition has not
been examined in any great detail in neuroimmune cells. Fur-
thermore, the contribution of individual cell types, in particu-
lar astrocytes, has been confounded by difficulties in
obtaining pure populations of these cells devoid of contami-
nating microglia (Holm et al., 2012; Saura, 2007). Finally,
most studies reported to date have used synthetic poly
(dA:dT) as a DNA mimetic; however, this is known to be
reverse transcribed to RNA by RNA pol III and is capable of
activating the RNA sensors, RIG-I and MDAS5 (Ablasser
et al.,, 2009; Chiu et al., 2009). We have addressed some of
these methodological issues and have now carried out exten-
sive expression profiling of the newly described DNA sensors
and additional PYHIN family members in purified astrocytes
and microglia and have found that both cell types have the
capacity to induce a strong antiviral and pro-inflammatory
response in the presence of immune stimulatory DNA and
RNA. Silencing of the key sensors, cGAS, and p204, results
in significantly impaired IFN-B production. Furthermore, we
have found that key sensors are upregulated in brain tissue in
a murine model of chronic neurodegeneration.

Materials and Methods

Animals
C57BL/6 and IFNAR ™'~ mice were bred and housed under specific
pathogen free conditions and procedures were carried out in accord-
ance with regulations and guidelines of the Trinity College Dublin
Ethics Committee, the Irish Medicines Board and the Department
of Health.

Primary Mixed Glial and Microglial Cultures

Primary mixed glia cultures were prepared from whole brains of <1-
day-old (P1) C57BL/6 postnatal mice (BioResources Unit, Trinity
College, Dublin, Ireland). Brains were excised, chopped, and placed
in cDMEM containing 10% fetal bovine serum, penicillin/strepto-
mycin (10 pg/ml), and r-glutamine (2 mAM). Tissue was triturated,
the suspension was filtered through a sterile mesh filter (40 pm) and
centrifuged (2,000 rpm, 5 min, 20°C). After 24 h, media was
replaced with cDMEM containing granulocyte macrophage-colony
stimulating factor (GM-CSF; 10 ng/mL) and macrophage-colony
stimulating factor (M-CSF; 20 ng/mL), (R&D Systems, Minneapo-
lis, MN) and cells were grown at 37°C in a 5% CO, humidified
environment for 12-14 days, with medium replaced every 3-4 days.
Nonadherent microglial cells were isolated by shaking (100 rpm, 2 h
at room temperature), tapping and centrifuging (2,000 rpm, 5 min,
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20°C). Microglia were plated onto poly-L-lysine (50 pg/mL) coated
coverslips at 2 X 10° cells/mL. Remaining mixed glial cells were
then removed by trypsin-ethylenediaminetetraacetic acid (EDTA)
digestion for 5 min, counted and plated at a concentration of 2.5 X
10° cells/mL.

Astrocyte Cultures

Primary mixed glial cultures were prepared from whole brains as
described above. Tissue was triturated, the suspension was filtered
through a sterile mesh filter (40 pm) and centrifuged (2,000 rpm, 5
min, 20°C). After 24 h, media was replaced with cDMEM and
every 3 days thereafter. Mixed glia were removed by trypsin-EDTA
digestion for 5 min, cells were centrifuged (2,000 rpm, 5 min) and
the pellet was resuspended in magnetic activated cell sorting
(MACS) buffer. Astrocyte cultures were depleted of microglia using
MACS CD11b beads and depletion columns (Miltenyi Biotech,
UK) as per manufacturer’s protocol. Resulting astrocytes were resus-
pended in cDMEM and plated at either 2 X 10° cells/mL for RT-
PCR analysis or 2.5 X 10° cells/mL for cytokine analysis.

Flow Cytometry

Microglia or astrocyte cultures were washed in sterile PBS, before
scraping and gentle dissociation by pipetting. Cells were resuspended
in FACS buffer (1% BSA/PBS) containing Fc Block (1 pg/mL).
Cells were stained for CD11b-APCVio770 and GLAST-PE (Milte-
nyi Biotech, UK) for 30 min at 4°C. Cells were washed three times
and resuspended in FACS buffer. Flow cytometeric data was col-
lected using a FACSCanto II (BD Biosciences) cell analyzer. Micro-
glia were identified by expression of CD11b and astrocytes by
GLAST expression. Flow cytometeric analysis was carried out using

FLOW]JO version 7.6.5.

Cell Treatments and Transfection

For cytokine and chemokine analysis primary murine mixed glia,
microglia, and astrocytes were transfected with poly (dA:dT) (1 pg/
mL), low molecular weight poly (I:C) (1 pg/mL) (Invivogen, Tou-
louse, France) or Vaccinia virus 70 mer (1 pg/mL) synthesized by
MWG Biotech as previously described (Unterholzner et al., 2010)
using lipofectamine 2000 (Invitrogen). Supernatants were harvested
after either 6 or 24 h. Control cultures were treated with lipofect-
amine 2000 in the absence of nucleic acids. Transfection efficiency
of both astrocytes and microglia was determined by flow cytometry
using FITC-labeled Vaccinia virus 70 mer (1 pg/mL). For gene
expression studies both microglia and astrocytes were plated at 2 X
10° cells/mL. Cultures were left untreated or treated with 500 (IU/
mL) of IFN-B for 24 h and RNA extracted.

siRNA Gene Silencing

Primary microglia and astrocytes were transfected with SMART pool
siRNA (200 nA/, Dharmacon) targeting either cGAS or p204. After
6 h the medium was changed and replaced with 50% DMEM and
50% Optimem containing 20% FCS and L-glutamine. Cells were
then transfected for 6 h with Vv70mer as previously described at
either 48 h (for astrocytes) or 72 h (for microglia) post siRNA treat-
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ment. Knockdown of the respective genes was assessed by quantita-

tive PCR.

Elisa

Cytokine and chemokine levels of IL-6, TNF-a, CCL5, CCL3, and
CXCL2 were quantified from supernatants using R&D DuoSet
ELISA kits (R&D Systems, Minneapolis, MN) as per the manufac-
turer’s protocol. For quantification of IFN-B, 96 well high binding
ELISA plates were coated with monoclonal rat anti-mouse IFN-$
capture antibody (Santa Cruz) in carbonate buffer (1:1,000; 50 pL/
well) overnight at 4°C. Plates were washed 5 times with PBS/Tween
(0.05%) and blocked in 200 pl. 10% FBS/PBS for 2 h at 37°C.
Samples and standards (PBLinterferonsource) were loaded (50 pL/
well) and incubated at 4°C overnight. Plates were washed 5 times
with PBS/Tween (0.05%) and incubated with polyclonal rabbit anti-
mouse IFN-B detection antibody (50 pL/well) (PBLinterferonsource)
overnight at 4°C. Anti-rabbit-peroxidase (1:2,000; 50 pL/well) was
added and left for 2 h at room temperature. ELISAs were developed
in Tetramethylbenzidine (TMB) (50 pL/well) and stopped with 1A/
H,SO4 (25 pL/well). Optical densities were determined at 450 nm

using a microplate reader.

Quantitative Real-Time PCR

RNA was extracted using the High pure RNA Isolation Kit (Roche)
and cDNA synthesized using GoScript Reverse Transcriptase kit
(Promega). Quantitative real time PCR was carried out using
iTaqTM Universal SYBR® Green mastermix (Biorad) on a Biorad
CFX96 Real-Time System. mRNA levels were quantified using the
primers listed in Table 1. mRNA expression levels were normalized
to B-actin mRNA levels.

In Vivo Experiments: ME7 Model of Chronic
Neurodegeneration

Female C57BL/6 and IFNAR”" mice were housed in groups of five
and given access to food and water ad libitum. Animals were kept in
a temperature-controlled room (21°C) with a 12:12 h light-dark
cycle. The mice were anaesthetised intraperitoneally (i.p.) with Aver-
tin (2,2,2-tribromoethanol) and positioned in a stereotaxic frame. To
induce prion disease, 2 small holes were drilled in the skull either
side of the midline to allow for bilateral injection of 1 pL of a 10%
(w/v) ME7 scrapie-infected C57BL/6 brain homogenate made in
sterile PBS. Injections were made into the dorsal hippocampus (co-
ordinates from bregma: anteroposterior, —2.0 mm; lateral,
—1.6 mm; depth, —1.7 mm) using a microsyringe (Hamilton,
Reno, Nevada). Control animals were injected with a 10% (w/v)
normal brain homogenate (NBH) in PBS, derived from a naive
C57BL/6 mouse. poly (I:C) was obtained from Amersham Bioscien-
ces (Litde Chalfont, Buckinghamshire, UK). It was prepared for
injection by resuspending in sterile saline, heating to 50°C at a con-
centration of 2 mg/mL to ensure complete solubilisation and then
allowing to cool naturally to room temperature to ensure proper
annealing of double-stranded RNA. poly (I:C) was stored at —20°C
until use. Experimental groups at 18 weeks postinoculation with
ME7 or NBH were challenged intraperitoneally (i.p.) with either
poly (I:C) (12 mg/kg) or sterile saline to examine DNA sensor

Volume 63, No. 5
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TABLE 1: Real-Time PCR Primers Used in This Study

Gene

P204
1fi203
1fi207
Ifi202
Ifi206
PYHIN 1
Ifi214
Ifi208
Ifi213
1fi205
MNDAL
AIM2
cGAS

3-Actin

Primers

F: 5-GTGTGTGGAGAACACAGTTTCATCAAGATATC-3’
R: 5-GGTTCTGTTACTTTCAGCACCATCACTTG-3'

F: 5-GTGCCAAAACCCGGGAACAAGATATC-3’
R: 5-CAGTTCCTCTCCTTGGTGCCTTAATTC-3'

F: 5-CCCAGCAGTTCCTCAAACAAGAAACAG-3
R: 5-GCTGGGAAGTTGCTGGATGATGAAAATTC-3’

F: 5'-CACAGTTTCATCAAGGGAGAAAAGCTACT-3
R: 5'-CAATGCCACCACTTGTTTGGGACC-3'

F: 5'-CCCAGCAGTTACCAAAATTCCCCTC-3’
R: 5-CTTCAGTCTTGGTTTCTTGGGTGGTG-3'

F: 5-GCCAAGAGACAGAGACTGAAAAATGTACC-3
R: 5'-CATGGAACATCTTCTCTTCTGTCACGTC-3'

F: 5-TCCAGCAGGATTCTGGACCCTCC-3
R: 5-~AGCTTTGATGACCTTGGCTGGTG-3'

F: 5'-GCCACTCAAGGCAAAGATAGGATCTC-3’
R: 5-CTGGGGATTCTGCATTTCATTGTCCTC-3'

F: 5-GCTCGTGTTGATATACTTAGAAAAGAGATGGAG-3
R: 5-GACGGTGTACCTCTGATGAAGCTG-3'

F: 5-GCCCAGAAAAGGAAAGGTATGAGTGAAG-3
R: 5-CTGATCTGCTTTCCCAGATGCCTTGATC-3'

F: 5'-CCACCAACATCACCCAGCAGTTC-3'
: 5'-GTTCTGGAAGCTGAGCCTGCTCC-3’

F: 5’-CACCCTCATGGACCTACACTACCG-3’
: 5'-CCATAGGGGCTGCTCGATCCAC-3

F: 5-ACCGGACAAGCTAAAGAAGGTGCT-3’
: 5-GCAGCAGGCGTTCCACAACTTTAT-3

F: 5'"TCCAGCCTTCCTTCTTGG GT-3
: 5'-GCACTGTGTTGGCATAGAGGT-3'

R

R

R

R

expression. Animals were sacrificed and perfused at 4 h post poly
(I:C) injection. Brains were rapidly removed and the area of major
pathology (hippocampal and thalamus) was dissected out, snap fro-
zen on liquid nitrogen and stored at —80°C until further use. All
procedures were performed in accordance with Republic of Ireland
Department of Health & Children license.

Statistical Analysis

Statistical analysis was performed using Graphpad Prism 5 soft-
ware. The means for three or more groups were compared by
one-way ANOVA. Where significant differences were found, the
Tukey—Kramer multiple comparisons test was used to identify sta-
tistical differences between individual groups. For the means of
two groups an unpaired Student’s #test was used to identify sta-
tistical significance. Group differences were analyzed by two-way
ANOVA with multiple comparisons followed by Bonferroni post

test comparisons.
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Results

Nucleic Acids Drive Cytokine and Chemokine
Production in Primary Mixed Glia

It has previously been demonstrated that microglia and astro-
cytes respond to cytosolic RNA (Furr et al., 2008). Prelimi-
nary experiments were performed in order to determine if
glia respond to cytosolic DNA. The sensors in question will
not respond to exogenously added DNA therefore, mixed
glial cultures were transfected with a vaccinia virus derived 70
mer (Vv70mer; 1 pg/mL), which cannot be reverse tran-
scribed to RNA or the synthetic DNA mimetic poly (dA:dT)
(I pg/mL). The synthetic RNA mimetic, low molecular
weight poly (I:C) (5 pg/mL), was included for comparative
purposes. After 6 and 24 h, supernatants were harvested and
IFN-B production was measured by ELISA. All three ligands
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FIGURE 1: Nucleic acids induce pro-inflammatory cytokine and chemokine production in primary murine mixed glia. Primary murine
mixed glial cultures were transfected with Vv70mer (1 pg/mL), poly (dA:dT) (1 pg/mL) or poly (I:C) (5 pg/mL) for 6 or 24 h (A-C) or for
24 h (D-F). Supernatants were harvested and IFN-f (A), IL-6 (B), CCL5 (C), TNF-a (D), CCL3 (E), and CXCL2 (F) production was quantified
by ELISA. Results shown are means = SD for triplicate cultures and are representative of three independent experiments.*P <0.05,

**P <0.01, ***P<0.001, compared with control.

drove robust IFN-B production with poly (I:C) giving the
strongest response (Fig. 1A). Mixed glia were cultured in the
presence of M-CSF and GM-CSF in order to enhance micro-
glia cell numbers. Importantly, there was no significant differ-
ence in IFNB production in cells that were cultured in the
absence of growth factors (data not shown). IL-6 production
was observed after 24 h in response to both poly (dA:dT)
and poly (I:C) (Fig. 1B) while the chemokine CCL5 was
induced at high levels in response to all three ligands (Fig.
1C). Like IL-6, TNF-a production is under the control of
NF-«B; however, we did not detect this cytokine in samples
at either 6 or 24 h in response to DNA. Minimal levels of
the cytokine were produced in response to poly (I:C) after
24 h stimulation (Fig. 1D). We also measured the production
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of CCL3 and CXCL2 as both of these chemokines have been
shown to play a role in host defence during CNS infection
(Hosking et al., 2009; Trifilo et al., 2003). Cytosolic DNA
induced low levels of CCL3 and CXCL2 in comparison to
IL-6 and CCL5. Notably, poly (I:C) did not induce produc-
tion of either CCL3 or CXCL2 (Fig. 1EF).

Constitutive and Inducible Expression of DNA

Sensors in Primary Murine Microglia and Astrocytes
Having shown that glia respond to cytosolic DNA we next
examined the basal expression of the known DNA sensors
and other members of the PYHIN family in purified astro-
cyte and microglia populations. We used microglial-depleting
MACS CDI11b beads and depletion columns in order to

Volume 63, No. 5



Cox et al.: DNA Sensors and PYHIN Proteins in the CNS
A B :
44 00 01
= = = *
i 2 el > Y
N B B
g2 ;:_‘év-:- FER
=E0 = < E
2t 2 B0 Z € 201
g 10 E 1001 g 101
) 0" . 0" .
D Asgocue E Azgoorm: Afguzha F Aot AScrozha
M0 20 N 207
P osm £ s
=2 &% -_’E
g2 g . g2
= <=
% +;4C':* g | = -E 10
£ 1001 S 05 ST
g g g
0" 00 " . 0.0 -
Asgocne Azgoorte Acrogia Azgoote
G H I
=
- 15 _ 150 -
2 2 I
Eom g L
5 E 5 Eiln
== = £3
2E g ie
Z - f A esd
= = =
g g 5
0 0 eod
Astroce Asgeovie AScrodia e Meregta
J K L
. * W . _
2 4 £ 01 £ 40
- z z_
g3 72w g .2 01
< g = < E
=3 = =<
ZE2 —I_ Z E 101 Z E 201
: = &=
o 1 E 101 é 101
0 . o o
Asgrocym Mooz Armeoe Mcrogia Ao

FIGURE 2: Baseline expression of DNA sensors and other PYHINs in primary murine microglia and astrocytes. RNA was extracted from
primary murine microglia and astrocytes and levels of p204 (A), AIM2 (B), cGAS (C), Ifi207 (D), Ifi202 (E), Ifi209 (F), Ifi206 (G), Ifi205 (H),
Ifi203 (1), Ifi214 (J), Ifi208 (K), and Ifi213 (L) were analyzed by quantitative PCR. Results shown are means = SD for triplicate cultures.

*P<0.05, **P<0.01.

obtain purified astrocyte cultures. Antibodies are not currently
available for the majority of these proteins, therefore quantita-
tive real-time PCR was conducted. For comparative purposes,
expression of the genes in astrocytes was standardised and
microglial expression was examined relative to them. All
PYHINs examined in addition to ¢GAS were expressed at the
mRNA level in both cell types, with the exception of 1fi203
which was not expressed in astrocytes (Fig. 2) and MNDAL,
which was not expressed in either cell type (data not shown).
In most cases, baseline expression was higher in microglia,
with the exception of 1fi202 and Ifi209.This data is summar-
ized in Table 2. Because of the high sequence homology of
MNDA to Ifi205, p204, and MNDAL, expression of this
gene could not be accurately measured.

Having shown that the majority of DNA sensors and
PYHINs are expressed at a basal level in primary microglia
and astrocytes, the ability of IFN-f to enhance their expres-
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sion was next assessed. Primary murine microglia and astro-
cytes were treated with IFN-f for 24 h and gene expression
was examined by quantitative real-time PCR. A robust induc-
tion of the PYHINs was observed in microglia (Fig. 3), with
the exception of 1fi209 which was not expressed above the
basal level (Fig. 3A). IFN-B —induced gene expression was
substantially lower in astrocytes as compared with microglia,
with the exception of Ifi203, which was more highly induced
in the former (Fig. 3B). The greatest induction was seen with
Ifi208 and 1fi213 (Fig. 3C,D); however, as of yet, their bio-

logical function remains unknown.

Astrocytes and Microglia Both Contribute to IFN-§
Production in Response to Nucleic Acids

We next sought to examine if astrocytes and microglia both
contribute to the production of IFN-f in response to nucleic
acid stimulation. Previous studies demonstrating cytokine
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TABLE 2: Baseline Expression of DNA Sensors and

PYHIN Proteins in Primary Murine Microglia and

Astrocytes

Gene Microglia Astrocytes
P204 + +
AIM2 ++ +
cGAS + +
Ifi207 ++ +
1fi202 + +
Ifi209 + +
1fi206 + +
Ifi205 ++ +
1fi203 + —
Ifi214 + +
1fi208 + +
Ifi213 + +
MNDAL — —
++ denotes expression above 100-fold.

production by astrocytes in response to innate immune acti-
vators have been confounded by residual populations of con-
taminating microglia in most astrocyte cultures (Saura, 2007).
Representative FACS plots illustrating the purified microglia
and astrocyte populations used in this study are shown in Fig.
4A,B. The transfection efficiency of both cell types was exam-
ined by flow cytometry using FITC- labeled Vv70mer DNA.
Transfection efficiency was 98% and 80% for microglia and
astrocytes, respectively (Fig. 4C,D). These pure cultures were
used to demonstrate the induction of IFN-B at 24 h post-
transfection with the Vv70mer, poly (dA:dT) and poly (I:C).
Both Vv70mer and poly (dA:dT) induced strong IFN- pro-
duction, while poly (I:C) elicited a weaker response compared
with the DNA stimulations in primary microglia (Fig. 4E).
Poly (dA:dT) induced the greatest production of IFN-(,
most likely due to a dual activation of the DNA and RNA
sensing pathways. In primary astrocytes, poly (I:C) induced
IFN-B to a greater extent than either the Vv70mer or poly
(dA:dT) (Fig. 4F) possibly indicating a greater role for astro-
cytes in the detection of RNA viruses within the CNS.

Differential Expression of Proinflammatory
Cytokines and Chemokines by Astrocytes and
Microglia

We next examined pro-inflammatory cytokine and chemokine
secretion in our purified microglia and astrocyte populations

818

exposed to cytosolic nucleic acids. Microglia produced robust
CCL5 and IL-6 in response to all 3 ligands (Fig. 5A,B),
whereas only minimal levels of IL-6 were produced by astro-
cytes in response to the Vv70mer (Fig. 5F). This may also
account for the low levels of IL-6 produced in response to
this ligand in mixed glia which were comprised of ~75%
astrocytes however poly (dA:dT) and poly (I:C) produced sig-
nificant levels of this cytokine. Microglia, but not astrocytes,
produced TNF-a and CCL3 and production of these
cytokines was higher following transfection with the Vv70mer
compared with either poly (dA:dT) and poly (I:C)
(Fig. 5C,D). Finally, CXCL2 was secreted by astrocytes and
not microglia (Fig. 5G), indicating the importance of astro-
cytes in recruiting microglia and other immune cells to the
site of insult via the production of chemokines.

Gene Silencing of cGAS and p204 Significantly
Impairs IFN-p Production in Primary Astrocytes and
Microglia

Previous studies have confirmed that ¢GAS and p204 drive
IFN-B production in macrophages (Sun et al., 2013; Unter-
holzner et al., 2010). We carried out siRNA gene silencing in
order to confirm a role for these sensors in driving interferon
production in CNS immune cells. Vv70mer transfection
induced robust expression of both ¢cGAS and p204 in control
siRNA treated microglia (Fig. 6A,B) and astrocytes (Fig.
6D,E) demonstrating that DNA can induce the expression of
the sensors themselves as well as IFN-B. Significant knock-
down of ¢GAS and p204 was observed at 72 h (microglia)
and 48 h (astrocytes) post siRNA transfection and while
knockdown was incomplete, a significant reduction in IFN-
expression was observed in both cases in response to DNA
transfection (Fig. 6C,F). While it is likely that there is a cer-
tain level of redundancy between DNA sensors, this data
demonstrates a direct involvement of these receptors in the
response to immune stimulatory DNA.

Nucleic Acid Driven IL-6 is Partially Dependent on
Activation of IFNAR in Primary Astrocytes

We had previously observed that IFN-B is produced at 6 h
following nucleic acid transfection in mixed glial cultures
whereas IL-6 production was not observed until after 24 h in
response to (dA:dT) and poly (I:C) (Fig. 1A,B). We therefore
sought to determine if production of IL-6 is dependent on
activation of the Type I IFN receptor. To examine this
hypothesis, astrocytes were derived from both wild-type and
IFNAR deficient mice and transfected with poly (dA:dT) and
poly (I:C) for 24 h. The levels of both IFN-B and IL-6 were
significantly reduced in IFNAR deficient astrocytes as com-
pared with their wild-type counterparts suggesting that IL-6
production is at least partially dependent on activation of the
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FIGURE 3: IFN-B inducible expression of DNA sensors and PYHINs in primary murine microglia and astrocytes. Primary murine microglia
and astrocytes were untreated (white bar) or treated with IFN-B (black bar) (500 IU/mL) for 24 h. RNA was extracted and mRNA levels of
Ifi209 (A), Ifi203 (B), Ifi208 (C), Ifi213 (D), p204 (E), Ifi205 (F), Ifi206 (G), Ifi207 (H), Ifi202 (1), Ifi214 (J), AIM2 (K) and cGAS (L) were ana-
lyzed by quantitative PCR. Results shown are means = SD for triplicate cultures. *P<0.05, **P<0.01, ***P<0.001, as compared with

respective controls.

IFNAR. Furthermore, IFN-B production itself is partially
dependent on the IFN receptor confirming the presence of a
positive feedback loop (Fig. 7A,B). In contrast, the produc-
tion of the chemokine CCL5 does not appear to be depend-
ent on Type [ interferons (Fig. 7C).

DNA Sensors are Upregulated In Vivo in an IFNAR
Dependent Manner and by Neurodegeneration

We next examined the expression of the key antiviral DNA
sensors (i.e., those sensors with functional human equivalents)
in vivo following the peripheral administration of poly (I:C)
as this is known to drive strong CNS IFN production in
mice (Cunningham et al.,, 2007). RNA was extracted from
perfused brain tissue from wild-type and IFNAR ™/~ mice

May 2015

4 h after i.p. administration of poly (I:C) (12 mg/kg) and
quantitative PCR was performed. Both p204 and cGAS were
upregulated in wild-type mice challenged with poly (I:C) as
compared with control mice (Fig. 8A,B). A minor increase in
AIM2 expression was also observed however this was not sig-
nificant (Fig. 8C). p204 expression in response to poly (I:C)
was dependent on activation of the IFNAR, as expression was
significantly lower in IFNAR deficient mice (Fig. 8A).

It has been postulated that DNA can exacerbate neu-
rodegenerative conditions such as Alzheimer’s and Parkin-
son’s discase (Heneka et al., 2014). We have previously
demonstrated that Type I IFNs are elevated and active in
the ME7 prion model of chronic neurodegeneration (Field
et al., 2010). This model involves injection of 10% (w/v)
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ME7-infected C57BL/6 brain homogenate to the dorsal
hippocampus of mice after which neuronal loss, astroglio-
sis, and microglial activation peak in the hippocampus and
posterior thalamus at ~18 weeks (Asuni et al., 2014; Cun-
ningham et al., 2005). RNA was extracted from perfused
brain tissue from wild-type and IENAR ™/~ mice, with and
without ME7 prion disease, and quantitative PCR was per-
formed. Expression of p204 and AIM2 was upregulated in
an IFNAR dependent manner in the ME7 mice (Fig.
8A,C); however, expression of ¢GAS was similar between
wild-type and IFNAR ™'~ mice (Fig. 8B). Mice were
administered poly (I:C) systemically in order to mimic sys-
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temic viral infection during a chronic neurodegenerative
condition since this has been shown to exacerbate disease
(Field et al., 2010). poly (I:C) administration enhanced
p204 and AIM2 expression in ME7 mice. This increase
was also dependent on activation of IFNAR (Fig. 8A,C).
The expression of cGAS did increase in ME7 mice with
poly (I:C); however, this does not appear to be dependent
on activation of the interferon receptor. Interestingly, the
constitutive expression of AIM2 is lower in IFNAR™'~
mice as compared with wild-type mice. This may be a
result of low basal levels of Type I IFNs inducing expres-
sion of this sensor in the CNS.
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Discussion response to IFN-B treatment. Exposure of these cells to
We have found that the PYHIN family of proteins and ¢cGAS immune stimulatory nucleic acids results in robust production
are expressed in both astrocytes and microglia at the mRNA of pro-inflammatory mediators and antiviral cytokines. Astro-
level and that many of these sensors are highly upregulated in cytes are particularly responsive to double stranded RNA
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GLIA c

Microglia

W=

. [ Control siRNA
54 *Rk

= Bl cGASsiRNA —
§ o B possika T .
£ . e
T2 3 e
<3 :
Z% 2 :
5 - T s
;- o :
0 -
Mock Vv 70mer
B
i = Control siRNA Rk
- Bl cGAS SRNA
£ B3 p204 siRNA
EA 4_
g%
< =
E é -
2
&
=
0
Mock
ol 2K HOK
C . s, [ Conrol SRNA l*—l
] mm ccassrNa
204 BB p204 siRNA
E
= 15
z 1.0
T 0.5
0.0

Mock Vv 70mer

Astrocytes

3 Control sRNA

s @ <GASsiRNA

El €3 p204 SRNA

o

E o]

-

- = o
"

=

<

G

Mock Vv T0mer

E
401 [ Control siRNA
P R

g - CG:\SS}R.}A. i'_l
= B3 p204 SRNA
3 304
£
= 20
£t
- 10-
S
ol
-2

0L —

Mock

2% X
F [ Control siRNA b i i

0.87
Hl cGAS siRNA
B3 p204 siRNA
~ 0.6
£
= 0.4
e
z
= 0.2
0.0
Mock Vv70mer

FIGURE 6: siRNA knockdown of ¢cGAS and p204 significantly impairs IFN-p production in primary astrocytes and microglia. Primary
murine microglia (left panel) and astrocytes (right panel) were treated with siRNA against cGAS or p204 and then transfected with
Vv70mer (1 pg/mL) for 6 h. Expression of cGAS (A, D) and p204 (B, E) was analyzed by quantitative PCR. Supernatants were harvested
and IFN-B production by microglia (C) and astrocytes (F) was quantified by ELISA. Results shown are means =+ SD for triplicate cultures
and are representative of three independent experiments. *P <0.05, **P <0.01, ***P <0.001, as compared with control siRNA.

suggesting that this cell type plays a vital role in the recogni-
tion of double stranded RNA viruses. Furthermore, IL-6 pro-
duction by astrocytes in response to both poly (dA:dT) and
RNA is likely to be a secondary event following the produc-
tion of IFN-B and activation of the IFNAR. Previous studies
have demonstrated a protective role for IL-6 during HSV-1
infection (Chucair-Elliott et al., 2014).We have also observed
a strong induction of the chemokine, CCL5, which as well as
playing a vital role in antiviral responses has also been shown
to mediate cerebral inflammation and tissue injury following
focal ischemia-reperfusion (Denes et al., 2010; Terao et al.,
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2008). Interestingly, CCL5 induction following DNA stimu-
lation was not dependent on IFN-f as no difference was seen
in CCL5 production between wild-type and IFNAR deficient
astrocytes. DNA transfection also led to an increase in the
expression of the key sensors p204 and cGAS in both astro-
cytes and microglia and given the strong induction of IFN-f
by DNA, this is also likely to be dependent on IFNAR.

It has previously been demonstrated that microglia and
IFN-f are required to counter HSV-1-driven brain lateral ven-
tricle enlargement and encephalitis (Conrady et al., 2013). Fur-
thermore, mice lacking ¢cGAS have increased mortality and
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viral titres in the brain following HSV-1 infection (Li et al.,
2013) thus supporting a role for IFN-f and nucleic acid sen-
sors in CNS infection control. In contrast, nucleic acid sensors
have been implicated in the recognition of host-derived nucleic
acids that are aberrantly localized or released under conditions
of cellular stress or injury and are therefore thought to nega-
tively impact on a number of disease pathologies (de Rivero
Vaccari et al., 2012; Heneka et al., 2014). Given the suscepti-
bility of neurons to cell death on exposure to pro-inflammatory
mediators, the recognition of host derived DNA in addition to
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various self molecules that are present in degenerating brains
has implications for chronic neurodegenerative conditions such
as Alzheimer’s and Parkinson’s disease as well as more acute
conditions such as stroke and traumatic brain injury. Indeed it
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FIGURE 8: DNA sensors are up regulated in vivo in an IFNAR
dependent manner and in the ME7 model of neurodegeneration.
RNA was extracted from the perfused brains of control mice,
poly (I:C) injected mice and ME7 mice (wild-type, black bar;
IFNAR™/~, white bar). P204 (A), cGAS (B), and AIM2 (C) mRNA
levels were analyzed by quantitative PCR. Results shown are
means = SD. *P <0.05, ***P < 0.001, for wild-type compared with
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has been demonstrated that cell free DNA is increased in the
CSF of patients following TBI and that application of this fluid
to cortical neurons results in AIM2 activation (Adamczak et al.,
2014). Additionally, an increase in cell-free DNA and IL-6 has
been observed in patients with focal epilepsy (Liimatainen
et al., 2013) while chronic over production of IL-6 is a charac-
teristic of temporal lobe epilepsy (Liimatainen et al., 2009). We
have assessed the basal expression of p204, AIM2, and ¢GAS in
normal brain tissue and in mice challenged systemically with
poly (I:C) to drive IFN-B production. All three sensors are
expressed at the basal level and expression is enhanced follow-
ing poly (I:C) challenge. Furthermore, in line with our 7z vitro
data, gene expression is dependent on Type I interferon signal-
ling. Finally, we have examined the expression of the key DNA
sensors in the ME7 model of prion disease, which displays
robust micro- and astrogliosis as well as significant chronic neu-
rodegeneration (Asuni et al., 2014; Cunningham et al., 2005;
Field et al., 2010). Both AIM2 and p204 were significantly
upregulated in diseased brains in the regions where astrogliosis
and microgliosis is evident and expression was enhanced further
in those mice administered with poly (I:C). It will be of interest
to examine whether both astrocytes and microglia express DNA
sensors in this model. There are currently limitations to per-
forming coimmunohistochemical staining due to a lack of com-
mercially available antibodies; however, these results indicate a
potential for heightened responses to host derived products,
which could not only potentiate underlying inflammation but
exacerbate existing neuroinflammation. It is striking that in the
ME7 model of prion disease, systemic poly I:C induces exag-
gerated CNS Type I IEN responses and IL-1 production (Field
et al., 2010), consistent with the idea that during disease
nucleic acid sensors are upregulated and subsequent inflamma-
tory stimulation can drive excessive production of these media-
tors. Given the robust expression of AIM2 both in vitro and
in vivo, it will be of interest to examine DNA induced IL-1
production in this and other models of CNS pathology. It
remains to be seen if these sensors are elevated in other models
of neurodegeneration and in human patient samples but it is
important to state that predictions arising from the ME7
model, about the impact of systemic inflammation on progres-
sion of neurodegeneration (Cunningham et al., 2009; Field
et al., 2010) have been borne out in the human Alzheimer’s dis-
ease population (Holmes et al., 2009).

In conclusion, while the recognition of nucleic acids
plays a vital role in the defence against CNS pathogens, trig-
gering of innate immune mechanisms is now emerging as a
crucial component of major neurodegenerative conditions
(Field et al., 2010; Khorooshi and Owens, 2010; Wang et al.,
2011). Microglia and astrocytes express the machinery
required to respond to DNA and RNA; however, this is non-
discriminate. Therefore, in the absence of infection, the use
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of anti-inflammatory therapies may be a useful treatment
approach for neurodegenerative diseases where innate immune
activation may be an early cause rather than a late conse-
quence of the condition. In the case of CNS infection, while
recognition of microbial PAMPs in an appropriate immune
response, the sustained activation of microglia and production
of pro-inflammatory mediators can impact directly on neigh-
boring neurons leading to cell death, suppressed axonal trans-
port and impaired neurogenesis. Understanding the precise
contribution of PRRs to pathogen sensing in the brain will
contribute to the development of tailor made treatments with

optimal antiviral as well as anti-inflammatory properties.

Acknowledgment

Grant sponsor: Wellcome Trust, the Programme for Research
in Third Level Institutions (PRTLI), European Regional
Development Fund, the HEA.

The authors thank Professor Paul Hertzog, Monash Medi-
cal Centre for providing the IFNAR™'™ mice.

References

Ablasser A, Bauernfeind F, Hartmann G, Latz E, Fitzgerald KA, Hornung V.
2009. RIG-I-dependent sensing of poly(dA:dT) through the induction of an
RNA polymerase lll-transcribed RNA intermediate. Nat Immunol 10:1065-
1072.

Adamczak SE, de Rivero Vaccari JP, Dale G, Brand FJ, 3rd, Nonner D,
Bullock M, Dahl GP, Dietrich WD, Keane RW. 2014. Pyroptotic neuronal cell
death mediated by the AIM2 inflammasome. J Cereb Blood Flow Metab 34:
621-629.

Asuni AA, Gray B, Bailey J, Skipp P, Perry VH, O'Connor V. 2014. Analysis of
the hippocampal proteome in ME7 prion disease reveals a predominant
astrocytic signature and highlights the brain-restricted production of clusterin
in chronic neurodegeneration. J Biol Chem 289:4532-4545.

Burckstummer T, Baumann C, Bluml S, Dixit E, Durnberger G, Jahn H,
Planyavsky M, Bilban M, Colinge J, Bennett KL, Superti-Furga G. 2009. An
orthogonal proteomic-genomic screen identifies AIM2 as a cytoplasmic DNA
sensor for the inflammasome. Nat Immunol 10:266-272.

Carty M, Reinert L, Paludan SR, Bowie AG. 2014. Innate antiviral signalling in
the central nervous system. Trends Immunol 35:79-87.

Chiu RW, Rainer TH, Lo YM. 2005. Circulating nucleic acid analysis: Diagnos-
tic applications for acute pathologies. Acta Neurochir Suppl 95:471-474.

Chiu YH, Macmillan JB, Chen ZJ. 2009. RNA polymerase Ill detects cytosolic
DNA and induces type | interferons through the RIG-I pathway. Cell 138:576—
591.

Chucair-Elliott AJ, Conrady C, Zheng M, Kroll CM, Lane TE, Carr DJ. 2014.
Microglia-induced IL-6 protects against neuronal loss following HSV-1 infec-
tion of neural progenitor cells. Glia 62:1418-1434.

Conrady CD, Zheng M, van Rooijen N, Drevets DA, Royer D, Alleman A, Carr
DJ. 2013. Microglia and a functional type | IFN pathway are required to
counter HSV-1-driven brain lateral ventricle enlargement and encephalitis.
J Immunol 190:2807-2817.

Costello DA, Lynch MA. 2013. Toll-like receptor 3 activation modulates hip-
pocampal network excitability, via glial production of interferon-beta. Hippo-
campus 23:696-707.

Cridland J, Curley E, Wykes M, Schroder K, Sweet M, Roberts T, Ragan M,
Kassahn K, Stacey K. 2012. The mammalian PYHIN gene family: Phylogeny,
evolution and expression. BMC Evol Biol 12:1-17.

Volume 63, No. 5



Cunningham C, Campion S, Lunnon K, Murray CL, Woods JF, Deacon RM,
Rawlins JN, Perry VH. 2009. Systemic inflammation induces acute behavioral
and cognitive changes and accelerates neurodegenerative disease. Biol Psy-
chiatry 65:304-312.

Cunningham C, Campion S, Teeling J, Felton L, Perry VH. 2007. The sickness
behaviour and CNS inflammatory mediator profile induced by systemic chal-
lenge of mice with synthetic double-stranded RNA (poly I:C). Brain Behav
Immun 21:490-502.

Cunningham C, Deacon RM, Chan K, Boche D, Rawlins JN, Perry VH. 2005.
Neuropathologically distinct prion strains give rise to similar temporal profiles
of behavioral deficits. Neurobiol Dis 18:258-269.

De Miranda J, Yaddanapudi K, Hornig M, Lipkin WI. 2009. Astrocytes recognize
intracellular polyinosinic-polycytidylic acid via MDA-5. FASEB J 23:1064-1071.

de Rivero Vaccari JP, Dietrich WD, Keane RW. 2014. Activation and regula-
tion of cellular inflammasomes: Gaps in our knowledge for central nervous
system injury. J Cereb Blood Flow Metab 34:369-375.

de Rivero Vaccari JP, Minkiewicz J, Wang X, De Rivero Vaccari JC, German
R, Marcillo AE, Dietrich WD, Keane RW. 2012. Astrogliosis involves activation
of retinoic acid-inducible gene-like signaling in the innate immune response
after spinal cord injury. Glia 60:414-421.

Denes A, Humphreys N, Lane TE, Grencis R, Rothwell N. 2010. Chronic sys-
temic infection exacerbates ischemic brain damage via a CCL5 (regulated on
activation, normal T-cell expressed and secreted)-mediated proinflammatory
response in mice. J Neurosci 30:10086-10095.

Fernandes-Alnemri T, Yu JW, Datta P, Wu J, Alnemri ES. 2009. AIM2 acti-
vates the inflammasome and cell death in response to cytoplasmic DNA.
Nature 458:509-513.

Field R, Campion S, Warren C, Murray C, Cunningham C. 2010. Systemic
challenge with the TLR3 agonist poly I:C induces amplified IFNalpha/beta
and IL-1beta responses in the diseased brain and exacerbates chronic neuro-
degeneration. Brain Behav Immun 24:996-1007.

Furr SR, Chauhan VS, Sterka D, Jr., Grdzelishvili V, Marriott I. 2008.
Characterization of retinoic acid-inducible gene-l expression in primary
murine glia following exposure to vesicular stomatitis virus. J Neurovirol 14:
503-513.

Furr SR, Moerdyk-Schauwecker M, Grdzelishvili VZ, Marriott I. 2010. RIG-I
mediates nonsegmented negative-sense RNA virus-induced inflammatory
immune responses of primary human astrocytes. Glia 58:1620-1629.

Granerod J, Ambrose HE, Davies NW, Clewley JP, Walsh AL, Morgan D,
Cunningham R, Zuckerman M, Mutton KJ, Solomon T, Ward KN, Lunn MP,
Irani SR, Vincent A, Brown DW, Crowcroft NS; UK Health Protection Agency
(HPA) Aetiology of Encephalitis Study Group. 2010. Causes of encephalitis
and differences in their clinical presentations in England: A multicentre,
population-based prospective study. Lancet Infect Dis 10:835-844.

Heneka MT, Kummer MP, Latz E. 2014. Innate immune activation in neurode-
generative disease. Nat Rev Immunol 14:463-477.

Holm TH, Draeby D, Owens T. 2012. Microglia are required for astroglial
Toll-like receptor 4 response and for optimal TLR2 and TLR3 response. Glia
60:630-638.

Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, Culliford
D, Perry VH. 2009. Systemic inflammation and disease progression in Alzhei-
mer disease. Neurology 73:768-74.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caffrey
DR, Latz E, Fitzgerald KA. 2009. AIM2 recognizes cytosolic dsDNA and forms
a caspase-1-activating inflammasome with ASC. Nature 458:514-518.

Hosking MP, Liu L, Ransohoff RM, Lane TE. 2009. A protective role for ELR+
chemokines during acute viral encephalomyelitis. PLoS Pathog 5:e1000648.

Keating SE, Baran M, Bowie AG. 2011. Cytosolic DNA sensors regulating
type | interferon induction. Trends Immunol 32:574-581.

Kerur N, Veettil MV, Sharma-Walia N, Bottero V, Sadagopan S, Otageri P,
Chandran B. 2011. IFI16 acts as a nuclear pathogen sensor to induce the

May 2015

Cox et al.: DNA Sensors and PYHIN Proteins in the CNS

inflammasome in response to Kaposi Sarcoma-associated herpesvirus infec-
tion. Cell Host Microbe 9:363-375.

Khare S, Ratsimandresy RA, de Almeida L, Cuda CM, Rellick SL, Misharin AV,
Wallin MC, Gangopadhyay A, Forte E, Gottwein E, Perlman H, Reed JC,
Greaves DR, Dorfleutner A, Stehlik C. 2014. The PYRIN domain-only protein
POP3 inhibits ALR inflammasomes and regulates responses to infection with
DNA viruses. Nat Immunol 15:343-353.

Khorooshi R, Owens T. 2010. Injury-induced type | IFN signaling regulates
inflammatory responses in the central nervous system. J Immunol 185:1258-
1264.

Li XD, Wu J, Gao D, Wang H, Sun L, Chen ZJ. 2013. Pivotal roles of cGAS-
cGAMP signaling in antiviral defense and immune adjuvant effects. Science
341:1390-1394.

Liimatainen S, Fallah M, Kharazmi E, Peltola M, Peltola J. 2009. Interleukin-6
levels are increased in temporal lobe epilepsy but not in extra-temporal lobe
epilepsy. J Neurol 256:796-802.

Liimatainen SP, Jylhava J, Raitanen J, Peltola JT, Hurme MA. 2013. The con-
centration of cell-free DNA in focal epilepsy. Epilepsy Res 105:292-298.

Ribes S, Adam N, Ebert S, Regen T, Bunkowski S, Hanisch UK, Nau R. 2010.
The viral TLR3 agonist poly(:C) stimulates phagocytosis and intracellular kill-
ing of Escherichia coli by microglial cells. Neurosci Lett 482:17-20.

Roberts TL, Idris A, Dunn JA, Kelly GM, Burnton CM, Hodgson S, Hardy LL,
Garceau V, Sweet MJ, Ross IL, Hume DA, Stacey KJ. 2009. HIN-200 proteins
regulate caspase activation in response to foreign cytoplasmic DNA. Science
323:1057-1060.

Saura J. 2007. Microglial cells in astroglial cultures: A cautionary note.
J Neuroinflammation 4:26.

Schattgen SA, Fitzgerald KA. 2011. The PYHIN protein family as mediators of
host defenses. Immunol Rev 243:109-118.

Schoggins JW, MacDuff DA, Imanaka N, Gainey MD, Shrestha B, Eitson JL,
Mar KB, Richardson RB, Ratushny AV, Litvak V, Dabelic R, Manicassamy B,
Aitchison JD, Aderem A, Elliott RM, Garcia-Sastre A, Racaniello V, Snijder EJ,
Yokoyama WM, Diamond MS, Virgin HW, Rice CM. 2014. Pan-viral specificity
of IFN-induced genes reveals new roles for cGAS in innate immunity. Nature
505:691-695.

Sun L, Wu J, Du F, Chen X, Chen ZJ. 2013. Cyclic GMP-AMP synthase is a
cytosolic DNA sensor that activates the type | interferon pathway. Science
339:786-791.

Terao S, Yilmaz G, Stokes KY, Russell J, Ishikawa M, Kawase T, Granger DN.
2008. Blood cell-derived RANTES mediates cerebral microvascular dysfunc-
tion, inflammation, and tissue injury after focal ischemia-reperfusion. Stroke
39:2560-2570.

Trifilo MJ, Bergmann CC, Kuziel WA, Lane TE. 2003. CC chemokine ligand 3
(CCL3) regulates CD8(+)-T-cell effector function and migration following viral
infection. J Virol 77:4004-4014.

Tsai NW, Lin TK, Chen SD, Chang WN, Wang HC, Yang TM, Lin YJ, Jan CR,
Huang CR, Liou CW, Lu CH. 2011. The value of serial plasma nuclear and
mitochondrial DNA levels in patients with acute ischemic stroke. Clinica Chi-
mica Acta 412:476-479.

Unterholzner L. 2013. The interferon response to intracellular DNA: why so
many receptors? Immunobiology 218:1312-1321.

Unterholzner L, Keating SE, Baran M, Horan KA, Jensen SB, Sharma S, Sirois
CM, Jin T, Latz E, Xiao TS, Fitzgerald KA, Paluden SR, Bowie AG. 2010. IFI16
is an innate immune sensor for intracellular DNA. Nat Immunol 11:997-1004.

Wang R, Yang B, Zhang D. 2011. Activation of interferon signaling pathways
in spinal cord astrocytes from an ALS mouse model. Glia 59:946-958.

Wu J, Sun L, Chen X, Du F, Shi H, Chen C, Chen ZJ. 2013. Cyclic GMP-AMP
is an endogenous second messenger in innate immune signaling by cytosolic
DNA. Science 339:826-830.

Zhou L, Miranda-Saksena M, Saksena NK. 2013. Viruses and neurodegenera-
tion. Virol J 10:172.

825





