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SUMMARY

Brain aging and neurodegeneration are associated
with prominent microglial reactivity and activation
of innate immune response pathways, commonly
referred to as neuroinflammation. One such pathway,
the type | interferon response, recognizes viral or
mitochondrial DNA in the cytoplasm via activation
of the recently discovered cyclic dinucleotide syn-
thetase cGAS and the cyclic dinucleotide receptor
STING. Here we show that the FDA-approved
antiviral drug ganciclovir (GCV) induces a type | inter-
feron response independent of its canonical thymi-
dine kinase target. Inhibition of components of the
STING pathway, including STING, IRF3, Tbk1, extra-
cellular IFNB, and the Jak-Stat pathway resulted in
reduced activity of GCV and its derivatives. Impor-
tantly, functional STING was necessary for GCV to
inhibit inflammation in cultured myeloid cells and in
a mouse model of multiple sclerosis. Collectively,
our findings uncover an unexpected new activity of
GCV and identify the STING pathway as a regulator
of microglial reactivity and neuroinflammation.

INTRODUCTION

Neurodegenerative diseases such as Alzheimer’s disease,
Parkinson’s disease, Huntington’s disease, multiple sclerosis,
fronto-temporal dementia, and amyotrophic lateral sclerosis
are associated with activation of predominantly innate im-
mune pathways, referred to as neuroinflammation. During
this process, microglia and other brain cells and, in some
cases, infiltrating cells from the systemic environment secrete
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inflammatory cytokines and chemokines with positive and
negative effects on the brain (Glass et al., 2010). Interferons
are one such class of cytokines with neuroprotective and
neurotoxic properties (Deczkowska et al., 2016). For example,
the type Il interferon, IFNy, previously considered proinflam-
matory, has recently been shown to contribute to immune
surveillance in healthy brains (Kunis et al., 2013). Similarly,
the type | interferon IFNB was shown to negatively affect brain
function during aging (Baruch et al., 2014), and on the other
hand, IFNB can serve a protective function and is used to
dampen inflammation in active, relapsing multiple sclerosis
(Group, 1993). Additionally, the lack of IFNB signaling in
neurons resulted in Lewy body and Parkinson’s disease-like
dementia in mice (Ejlerskov et al., 2015). Together, these
studies suggest that the relative levels of type | and type I
interferons and the context in which they act have a profound
effect on neuroinflammation and neurodegeneration (Decz-
kowska et al., 2016).

The production of type | interferons can be induced by a
number of pattern recognition receptors (Takeuchi and Akira,
2010), which trigger signaling cascades and targeted immune
responses. The presence of double-stranded (ds) viral DNA
in the host cytoplasm, for example, is recognized by the
recently discovered cyclic GMP-AMP synthetase (cGAS),
which catalyzes production of the second messenger 2'3’-cy-
clic-GMP-AMP (cGAMP), a potent ligand of the signaling
adaptor known as stimulator of interferon genes (STING/
MPYS/MITA/ERIS, encoded by TMEM173). This cascade
further elicits activation of IKK and TBK1 kinases, NF-«kB, and
IRF3 transcription factors and production of IFNB (Ishikawa
and Barber, 2008; Okabe et al., 2009; Schoggins et al., 2011;
Sun et al., 2009). STING has thus emerged as an attractive
target for drug discovery, especially for cancer treatment
(Ahn et al., 2015; Fu et al., 2015), but little is known about the
role of STING in the brain and whether it has a role in neuroin-
flammation and neurodegeneration.
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Figure 1. Ganciclovir Induces an Interferon Response in Microglia

(A) Structure of GCV.

(B) Microfluidic gRT-PCR analysis of control or GCV-treated primary microglia from adult mice (n = 4 mice/group). Differentially expressed genes with log, fold
change > 0.1 and < —0.1 are shown.

(C) Gene ontology pathways enriched by GCV treatment in primary microglia. Blue dots indicate the number of significant genes in the respective gene ontology
(GO) term.

(D and E) gRT-PCR analysis for CXCL10 and IFNB from GCV-treated primary microglia from adult mice (D) and iPSC-derived human microglia (iMGL) (E) for 24 hr.
(F) ELISA for CXCL10 and IFNB on supernatants from primary microglia treated with GCV for 24 hr.

(G) Time course for the induction of CXCL10 and IFNB mRNA in BV-2 cells treated with GCV for 24 hr.

(H and I) Dose response for CXCL10 mRNA (H), cell viability (I, left), and cytotoxicity (I, right) in BV-2 cells treated with GCV for 24 hr.

Fold change is based on control treatment for the experiment. All GCV treatments were performed with 200 uM unless otherwise noted. Statistical tests: one-way
ANOVA followed by Dunnett’s multiple comparison test (G-I) and unpaired Student’s t test (D-F). Error bars represent mean + SEM from 3 (cell lines) or 2 (primary
cells) independent experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Here, we show that the antiviral drug ganciclovir (GCV)
induces a type | interferon response in microglia that depends
on a functional STING pathway. In vivo, STING is expressed
in microglia in the CNS and is upregulated in experimental
autoimmune encephalomyelitis (EAE), a mouse model for multi-
ple sclerosis. Treatment with GCV reduces STING expression,
the microglial inflammatory signature, immune cell infiltration,

and paralysis in the EAE mouse model in a STING-dependent
fashion.

RESULTS

GCV (Figure 1A) and other nucleoside analogs of 2’-deoxy-
guanosine are effective anti-viral drugs for the treatment of
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cytomegalovirus and herpesvirus infections (Faulds and
Heel, 1990). We recently reported that GCV, at therapeutic
doses equivalent to those in humans, ameliorates the
disease course and pathology of EAE in mice (Ding et al.,
2014). GCV exerted these effects, in part, by reducing
immune cell infiltration and inhibiting the proliferation of
microglia, the immune cells of the CNS. To understand the
molecular basis of GCV activity, microglia-like BV-2 cells
were stimulated with GCV, and 38 secreted proteins were
measured using a Luminex-based array (Figures S1A and
S1B). GCV treatment led to the upregulation of several
antiviral proteins, and CXCL10 was most significantly over-
produced (Figure S1B). Gene expression analysis of GCV-
treated BV-2 cells (Figures S1C and S1D) using a microfluidic
qRT-PCR panel that we created (consisting of 86 microglia
genes; Table S1) showed upregulation of CXCL10 and type
| interferons (Figures S1C and S1D). To corroborate these
findings, primary microglia isolated from adult mice were
treated with GCV and analyzed using the microfluidic panel.
As with BV-2 cells, primary microglia showed prominent
induction of type | interferon-dependent gene expression
after GCV treatment (Figures 1B and 1C), including
CXCL10 and IFNB (Figure 1D). In addition, these genes
were increased at the protein level as well (Figure 1F). Impor-
tantly, GCV not only activated this interferon response in
mouse microglia but also in human induced pluripotent
stem cell (iPSC)-derived microglia (iMGLs) (Abud et al.,
2017; Figure 1E). We chose to use CXCL10 and IFNB as
outcomes for GCV activity because these proteins were
upregulated at transcript as well as protein levels across
multiple microglial and myeloid cell types. GCV exhibited
time- and dose-dependent activity without detectable
toxicity (Figures 1G-1l). Hence, we conclude that these
immune-modulatory effects of GCV are unlikely to be due
to growth inhibition or cell death.

In its canonical mechanism of action, GCV is phosphory-
lated by viral thymidine kinases (e.g., herpes simplex virus
type 1 thymidine kinase, HSVtk) (Littler et al., 1992) and
incorporated into cellular DNA, inhibiting replication
(Matthews and Boehme, 1988). In contrast, the GCV activity
we describe did not require HSVtk or endogenous tk. The
cells used in this study did not express viral tk (Figures S1E
and S1F). Additionally, microglia isolated from adult tk1
knockout mice treated with GCV also produced CXCL10 and
IFNB (Figures S1G and S1H), suggesting that thymidine kinase
is dispensable for this activity of GCV.

In a cell-based model of inflammation where primary micro-
glia or BV-2 cells were stimulated with IFNy and lipopolysac-
charide (LPS), GCV led to significant transcriptional inhibition
of several proinflammatory genes (Figure S2A). One of the
most significantly reduced transcript and protein was NOS2/
iNOS (Figures S2A and S2C-S2E), which further led to a
reduction in neurotoxic microglial nitric oxide production
(Figures S2B and S2F).

We tested if other compounds and antiviral drugs could
induce a type | interferon response like GCV. The structurally
related FDA-approved GCV analogs acyclovir (ACV) and penci-
clovir (PCV), or the endogenous molecules guanine and guano-
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sine and structurally unrelated anti-viral drugs (structures
shown in Figure S3) failed to induce CXCL10 mRNA (Figures 2B
and 2C), suggesting that the 1,3-dihydroxy-2-propoxymethyl
group at N9 of the guanine ring is necessary for activity. In sup-
port of this notion, methylating the 1,3-dihydroxyl groups in GCV
(MethylGCV) abrogated CXCL10-inducing activity, whereas
providing 4 hydroxyl groups in GCV dimers synthesized using
a reducible disulfide linker (thiol-GCV) or non-reducible polyeth-
ylene glycol (PEG) linkers (diGCV) at C6 of the guanine ring
(structures shown in Figure 2A) increased potency to induce
CXCL10 (Figures 2D and 2E). Like GCV, diGCV as well as the
PEGylated GCV monomer (monoGCV) dose-dependently
induced CXCL10 without causing considerable toxicity (Figures
2F-2I). Additionally, monoGCV and diGCV potently reduced
iNOS transcript and protein (Figures S2C, S2D, and S2G) and
nitric oxide production in IFNy/LPS-stimulated BV-2 cells
(Figure S2H), and they induced CXCL10 independent of endog-
enous tk1 (Figure S2I).

Interferons activate the Jak/Stat signaling pathway to induce
CXCL10 (Liu et al., 2011), and we observed that GCV and diGCV
similarly depend on this pathway (Figure 3). Specifically, the
Stat1 inhibitor fludarabine (Frank et al., 1999) or the Jak kinase
inhibitors ruxolitinib and TG101348 (Zhou et al., 2014) strongly
inhibited CXCL10 production in response to GCV and diGCV
(Figures 3A and 3F) without causing toxicity (Figures 3B and
3G). Likewise, small interfering RNA (siRNA) knockdown of
Stat1 and Jak1, but not TLR3, reduced GCV activity (Figures
3C, 3H, and 3l). Primary microglia from Stat1 knockout (KO)
mice also significantly reduced CXCL10 or IFN mRNA induction
by GCV, monoGCV, and diGCV (Figure 3D). Additionally, the
ability of GCV to suppress the inflammatory marker iNOS was
dependent on Stat1 (Figure 3E). GCV and its derivatives might
activate the Jak/Stat pathway either directly or through the pro-
duction and autocrine signaling of IFNB through subsequent
feedback loops, activating other pattern recognition receptors
(Figure 4A). Indeed, neutralization of IFN with an antibody partly
reduced CXCL10 induction mRNA by GCV, monoGCV, or diGCV
in BV-2 cells (Figure 3J).

Recent studies have shown that, upon sensing exogenous
dsDNA in the cytoplasm, the enzyme cGAS catalyzes the for-
mation of cGAMP (structure in Figure S3), which subsequently
induces a potent interferon response (Hornung et al., 2014; Ish-
ikawa et al., 2009). Cyclic dinucleoside monophosphates (e.g.,
c-di-GMP; structure in Figure S3) can induce a similar response
(Chin et al., 2013). These dinucleotides activate the endo-
plasmic reticulum (ER) membrane adaptor protein STING,
which then activates TANK binding kinase 1 (Tbk1), NF-«B,
and IRF3 (Barber, 2015; Ishikawa and Barber, 2008) and down-
stream effector genes, including IFNB and CXCL10 (Figure 4A).
Accordingly, and in line with previous studies (Gao et al., 2013),
cGAMP and c-diGMP strongly induced CXCL10 and IFNB
in microglia (Figure 4B), as did the reported STING
agonists 5,6-Dimethylxantheonone-4-acetic acid (DMXAA)
and 10-carboxymethyl-9-acridanone (CMA) (Cavlar et al,
2013; Gao et al., 2013; Prantner et al., 2012; Figure 4C). GCV
and diGCV also induced CXCL10 in the human monocyte cell
line THP-1, whereas DMXAA, which is specific for mouse
STING (Conlon et al., 2013), did not (Figure 4D). Due to its
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Figure 2. Ganciclovir Derivatives Are Potent Inducers of the Interferon Response

(A) Structures of GCV derivatives.

(B-D) BV-2 cells were treated with GCV analogs (B), anti-viral drugs (C), and newly designed GCV analogs (D) for 24 hr, and CXCL10 mRNA was quantified by

gRT-PCR.

(E) Time course for the induction of CXCL10 and IFNB mRNA in BV-2 cells treated with monoGCV and diGCV.
(F-I) Dose curves depicting CXCL10 induction by gRT-PCR, cell viability, and cytotoxicity (1, right) in BV-2 cells treated with monoGCV (F and G) and diGCV

(H and I) for 24 hr.

Fold change is based on control treatment. All monoGCV and diGCV treatments were performed with 200 uM unless otherwise noted. Statistical tests: one-way
ANOVA followed by Dunnett’s multiple comparison test (B-l) and unpaired Student’s t test (I, right). Error bars represent mean + SEM from 3 independent

experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

apparent structural similarity, we hypothesized that diGCV, and
possibly GCV cellular metabolites, may mimic cyclic dinucleo-
tides and activate the STING pathway.

Excitingly, siRNA-mediated knockdown of STING in BV-2
cells largely abrogated the capacity of diGCV and, to a lesser
extent, monomeric GCV to induce CXCL10 (Figure 4E). More-
over, primary microglia from STING®Y9 mice, which lack func-
tional STING protein (Sauer et al., 2011) and do not respond to
cGAMP, failed to induce CXCL10 and IFNB mRNA in response
to GCV, monoGCV, and diGCV (Figure 4F). Consistent with
GCV targeting the STING pathway, pharmacological inhibition
of Tbk1 activity using the antagonist amlexanox and siRNA-
mediated knockdown of IRF3 inhibited the capacity of
monomeric and dimeric GCV to induce CXCL10 mRNA
(Figures 4G and 4H). Furthermore, siRNA-mediated knock-
down of the upstream activator cGAS did not affect the activ-

ity of GCV and diGCV to induce CXCL10 (Figure 4l). These
data in aggregate show that, like the reported STING agonists
(Burdette et al., 2011; Cavlar et al., 2013; Gao et al., 2013), the
ability of GCV and its derivatives to induce a type | interferon
response in microglia-like cells requires a functional STING
pathway and downstream Jak/Stat signaling. Native GCV
and diGCV molecules did not bind strongly to purified mouse
STING protein (Figure 4J). The possibilities that these
molecules are prodrugs, which are modified intracellularly to
be active, or that they bind to another target in the STING
pathway remain to be elucidated.

To determine the involvement of STING in regulating micro-
glial reactivity and neuroinflammation in vivo, we induced the
autoimmune disease EAE in wild-type (WT) and STINGSY9!
mice and treated them with GCV (Figure 5A). We found that
STING was specifically expressed in microglia and not
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Figure 3. Jak-Stat Signaling through IFN Is Required for Ganciclovir Activity
(A and B) BV-2 cells were treated with GCV or diGCV along with 10 uM fludarabine (Flu) for 24 hr. mRNA fold change was analyzed by qRT-PCR (A), and viability

was assessed using an automated cell counter (B).

(C) BV-2 cells were transfected with control or Stat1 siRNA for 24 hr and then stimulated with GCV for another 24 hr. CXCL10 mRNA fold change (left) and

efficiency of knockdown (right) are shown.

(D and E) Primary microglia from wild-type (WT) and Stat1 knockout (Stat1 KO) mice were treated with GCV, monoGCV, or diGCV for 6 hr (D) or with IFNy/LPS with
or without GCV for 24 hr (E). The indicated transcripts were analyzed by qRT-PCR.

(F and G) BV-2 cells were treated with GCV or diGCV along with 1 pM ruxolitinib (Rux) or TG101348 (TG) for 24 hr. mRNA (F) and viability (G) are shown.

(H and 1) BV-2 cells were transfected with control, Jak1 (H), or TLR3 (I) siRNA for 24 hr and then stimulated with GCV or diGCV for another 24 hr. CXCL10 mRNA

fold change (left) and efficiency of knockdown (right) are shown.

(J) BV-2 cells were treated with GCV, monoGCV, or diGCV with anti-IFNB antibody (a-IFNB) or isotype (Iso) control for 4 hr, and mRNA was quantified.
Drug treatments were performed with 200 uM unless otherwise noted. Statistical tests: one-way ANOVA followed by Dunnett’s multiple comparison test (A-C and
F-I) or unpaired Student’s t test (C, right; D and H, right; I, right; and J). Error bars represent mean + SEM from 3 (cell lines) or 2 (primary cells) independent

experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

detectable in other CNS cell types (Figure 5B; Figure S4).
Interestingly, EAE induction led to a dramatic increase in
STING expression in Ibal* myeloid cells as well as in
Tmem119* microglia, and GCV reversed this phenotype
almost completely (Figure 5B). We next asked if STING was
required for the therapeutic effects of GCV in the EAE mouse
model. As we reported previously (Ding et al., 2014), GCV
drastically reduced disease severity in WT mice in three inde-
pendent experiments (Figure 5C), lowering disease incidence

1294 Neuron 96, 1290-1302, December 20, 2017

by 60%-70% (Figure 5D) and lethality from 20% to 0% (Fig-
ure 5E). Although mice lacking STING showed a very similar
disease course as WT mice (Figures 5C-5E), GCV failed to
significantly reduce disease severity (Figure 5C), incidence
(Figure 5D), and lethality (Figure 5E) in STING®YS' mice at
advanced stages of the disease. However, during the early
phase of disease, GCV only partially ameliorated EAE,
possibly because of compensatory mechanisms and other
unknown complexities of EAE progression in STINGSYS!
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Figure 4. The STING Pathway Is Required for Ganciclovir Activity in Microglia

(A) Schematic showing that STING induces IFN via Tbk1 and IRF3 and that further activation of Jak/Stat signaling activates the antiviral interferon response.
PRR, pattern recognition receptor.

(B-D) BV-2 (B and C) and THP-1 (D) cells were treated with the drugs for 24 hr and 8 hr, respectively, and the indicated transcripts were quantified.

(E) STING was knocked down in BV-2 cells using siRNA for 24 hr. Cells were then stimulated with GCV, monoGCV, or diGCV for an additional 24 hr. Fold change in
CXCL10 mRNA (left) and efficiency of STING knockdown (right) are shown.

(F) Primary microglia from WT or STING®YS* mice were treated with cGAMP, GCV, monoGCV, and diGCV for 6 hr, and the indicated transcripts were analyzed.
mRNA fold change was determined by qRT-PCR.

(G) BV-2 cells were treated with GCV or diGCV along with the Tbk1 inhibitor amlexanox (AmX, 1uM) for 24 hr, and CXCL10 mRNA was quantified.

(H and 1) IRF3 (H) or cGAS (l) was knocked down in BV-2 cells using siRNA for 24 hr. Cells were then stimulated with GCV or diGCV for an additional 24 hr. Fold
change in CXCL10 mRNA (left) and efficiency of knockdown (right) are shown. GCV and diGCV treatments were performed with 200 uM drugs.

(J) Competition binding assay using 500 pM 3°S-labeled 2'3'-cGASMP probe, showing that 2/3'-cGAMP and 3'3'-cGAMP, but not GCV and diGCV, dose-
dependently compete with 2'3'-cGASMP for binding to 100 nM mouse STING (MSTING).

Statistical tests: one-way ANOVA followed by Dunnett’s multiple comparison test (C and D) or unpaired Student’s t test (E-I). mMRNA fold change was determined
by gRT-PCR. Error bars represent mean + SEM from 3 (cell lines) or 2 (primary cells) independent experiments. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

possibly altered EAE pathology. In support of this, STINGSY
9" mice with EAE show higher numbers of proliferating cells
overall (Figure 5F), proliferating T cells (Figure 5K; Figure S6E),
and activated microglia (Figure 6C).

mice. It was shown that STINGSY9' mice exhibit attenuated
EAE development compared with WT mice (Lemos et al.,
2014). We hypothesize that the intermediate effect on EAE
scores by GCV in STINGSY9! mice is due to this slow and
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Figure 5. STING Is Required for Inhibition of Inflammation in EAE by Ganciclovir

(A) Schematic showing the experimental design.

(B) Representative merged images showing STING expression in Iba1* and Tmem119* cells in the hippocampus (naive) or cerebella (EAE) of mice. The bar graph

shows quantification of STING expression. Scale bar, 20 um.

(C-E) EAE score (C), percent incidence (D), and percent death (E) are depicted for the indicated groups. Data are cumulative of 3 independent experiments

(n = 25-32 mice/group).

(F-K) Quantification of the average number of BrdU* proliferating cells (F), Iba1* myeloid cells (G), Tmem119 expression (H), CD68 expression (I), percent
Iba1*BrdU™ proliferating myeloid cells (J), and CD3*BrdU* proliferating T cells (K). For histology, n = 6-10 mice/group.
Error bars represent mean + SEM. Statistical tests: two- way ANOVA followed by Sidak’s multiple comparisons test between the indicated groups. *p < 0.05,

**p < 0.01, **p < 0.001, ***p < 0.0001.

Consistent with our published data (Ding et al., 2014), GCV
significantly decreased the numbers of bromodeoxyuridine
(BrdU)* and PCNA* proliferating cells (Figure 5F and S5),
Iba1™ myeloid cells (Figure 5G), Iba1*BrdU* and Iba1*PCNA*
proliferating myeloid cells (Figure 5J; Figure S5) but did not
change CD3*BrdU" proliferating T cells (Figure 5K) in cere-
bella and spinal cords (Figure S6) of WT mice with EAE.
GCV treatment did not increase the number of cleaved cas-
pase-3* cells (Figure S7), suggesting that the inhibition of
myeloid proliferation by GCV was not due to induction of
apoptosis. Additionally, GCV-treated WT EAE mice showed
reduced expression of the microglia-specific marker
Tmem119 (Figure 5H; Figures S4B and S8) and the microglial
activation marker CD68 (Figure 5l; Figure S8). In stark
contrast, and in agreement with the pre-clinical data above,
GCV-treated STING9Y9! mice with EAE showed no reduction
in overall cell proliferation (Figure 5F; Figures S5 and S6),
Tmem119 expression (Figure 5H), myeloid cell activation
(Figure 5I), proliferating myeloid cells (Figure 5J; Figures S5
and S6), or T cells (Figure 5K; Figure S6).
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To deduce whether this effect of GCV on EAE was due to inhi-
bition of infiltrating myeloid cells or resident CNS microglia, we
isolated CD11b* myeloid cells from the cerebella of WT and
STINGSYS! mice, with or without EAE, and analyzed CD45 immu-
noreactivity (Figure 6). GCV treatment reduced total CD45" (Fig-
ure 6A) and CD11b*CD45" (Figure 6B) activated myeloid cells as
well as Tmem119*CD45" activated microglia (Figure 6C) in WT
EAE but not in STINGSYS* mice, suggesting that GCV exerts its
effects on both the infiltrating (Tmem119~, CD45") as well as
resident microglia in the CNS (Tmem119%). Interestingly,
STING®YS* mice with EAE had twice as many proliferating cells
as WT mice (Figure 5F), and showed a trend toward increasing
overall T cell proliferation (Figure 5K), and CD68 and CD45"
immunoreactivity (Figures 51 and 6C), suggesting an altered
EAE pathology in these mice.

Finally, to elaborate these anti-inflammatory effects of
GCV, we isolated CD11b*Tmem119* microglia (Figure 7A)
from GCV-treated WT and STING9YS' mice with EAE and
analyzed them by RNA sequencing (RNA-seq). Unsupervised
clustering of significantly changed genes segregated
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they were all STING-dependent (Figure 7D), supporting our
finding that GCV requires STING to regulate microglial activ-
ity. The most significantly modulated genes by GCV in micro-
glia from WT mice with EAE (Figure 7E) are known to be
associated with inflammation (Alox5, Faim3, Ctsb, Lyz1,
Clec2i, and Apoe), small-molecule transport (Sidt1, Fabp5,
and Slc25a31), and G-protein-coupled receptors (F2rl2).
Inflammatory response was the most significant GO term
associated with GCV versus PBS WT microglia from mice
with EAE (Figure 7F). Interestingly, some genes (e.g., Ctsb,
Apoe, and Lyz1) that were significantly downregulated
with GCV treatment were recently described as disease-
associated microglia (DAM) genes in microglia from
Alzheimer’s and Amyotrophic Lateral Sclerosis (ALS) mouse
models (Keren-Shaul et al., 2017). We compared DAM genes
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(A-C) Flow cytometry analysis of CD11b, CD45,
and Tmem119 in isolated microglia from the
cerebella of WT and STINGSY9 EAE mice treated
with GCV. Left: representative flow dot plots.
Right: quantification of CD45™ and CD45'° pop-
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with an independent RNA-seq study
from microglia in diseased EAE mice
(Lewis et al., 2014) and found that the
majority of DAM genes were also upre-
gulated in microglia from EAE mice.
Further analysis of the most differen-
tially expressed DAM genes in our
study showed that GCV downregulated
these genes in WT but not in STING9Y9t
microglia from mice with EAE (Figures
8A-8C). Additionally, there was an
overall increase in expression of ho-
meostatic microglia genes with GCV
treatment (Figure 8D). Type | interferon
transcripts were undetectable in the
RNA-seq dataset. However, a micro-
fluidic array on mRNA from cerebella
of EAE mice showed an increase in
type | interferons and confirmed the
downregulation of inflammatory micro-
glial transcripts observed by RNA-seq
in WT mice treated with GCV
(Figure S9). Thus, we conclude that
GCV induces low therapeutic levels of
IFNs and results in downregulation of disease-associated
genes in a STING-dependent way, reducing inflammation.
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DISCUSSION

In aggregate, these studies show that GCV reduces EAE in a
STING-dependent fashion similar to DNA nanoparticles, which
were recently shown to attenuate EAE (Lemos et al., 2014).
STING is highly regulated in microglia in vivo, and activation of
the STING pathway reduces microglial reactivity and the neuro-
inflammatory disease EAE. Because excessive IFN production is
linked to interferonopathies such as STING-associated vascul-
opathy with onset in infancy (SAVI) and Aicardi-Goutieres syn-
drome (Rodero and Crow, 2016), it will be important to find the
optimal therapeutic levels to activate the STING pathway in a
beneficial way.

Ganciclovir is a widely used antiviral drug and a close analog of
acyclovir, the first successful antiviral drug, described in 1977 to
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Figure 7. RNA-Seq of Microglia from Mice with EAE Shows that Ganciclovir Inhibits Inflammation in a STING-Dependent Manner
(A) Flow sorting scheme for isolation of CD11b*Tmem119* cells from mice with EAE.

(B) Heatmap showing significantly changed genes (q < 0.05) between at least two groups (n = 3-4 mice/group).

(C) Principal-component analysis (PCA) using significant genes.

(D) -log+o q value plots from WT and STINGSYS! PBS versus GCV differential expression comparison. The dashed line indicates g = 0.05.

(E) Volcano plot showing differentially expressed genes in WT GCV versus WT PBS microglia from mice with EAE.

(F) GO terms associated with the top 100 differentially expressed genes ranked by g value in WT PBS versus GCV comparison.

exploit viral thymidine kinase activity and inhibit viral replication ~ show that GCV can exhibit dual function in microglia (Figure S10):

(Elion et al., 1977). After decades of highly effective use in hu-
mans, our study uncovered a remarkable non-canonical activity
of GCV, but not acyclovir, that involves the innate immune recep-
tor STING and a stereotypical cellular antiviral program. We
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in the naive state, GCV induces microglia to be “primed”; on the
other hand, GCV reduces inflammation in active microglia. We
propose that GCV pushes microglia toward a primed state.
This multi-modality of GCV is unique and may, in part, be
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Figure 8. Ganciclovir Treatment Reduces the Expression of Top Disease-Associated Genes in Microglia from Mice with EAE

(A) Heatmap showing differential expression of top disease-associated microglia genes in WT PBS versus GCV groups. The genes with —log, (p value) > 20 for
homeostatic to DAM (Alzheimer’s disease [AD] and ALS) comparisons are represented (n = 27).
(B) PCA of top disease-associated microglia genes, showing distinct clustering of GCV-treated WT microglia.

(C and D) Individual plots of normalized counts from RNA-seq data, showing downregulation of disease-associated inflammatory genes (C) and an increase in
homeostatic genes (D) by GCV in WT but not STINGSY9! microglia.

Error bars represent mean + SEM. Statistical tests: differential expression analysis based on the negative binomial distribution using DEseq2. *p < 0.05, **p < 0.01,
***p < 0.001, ***p < 0.0001.

responsible for the continued strong success of GCV (and its
pro-drug valganciclovir), in spite of many newer antiviral drugs.
Lower doses of GCV elicited little to no effect in CNS demyelin-

ation and viral disease models in mice (Skripuletz et al., 2015),
suggesting that appropriate dosing is necessary for the novel
properties observed here. Alternatively, it is also possible that
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GCV does not cross the blood-brain barrier or is functional spe-
cifically in the EAE mouse model.

Because of its growing relevance not only in anti-viral
immune responses but possibly in sensing mitochondrial
damage as well (West et al., 2015), STING has become an
attractive target for drug development itself (He et al,
2015). In addition, mutations in STING are associated with
vascular and pulmonary syndrome (Liu et al., 2014) and other
autoimmune diseases (Jeremiah et al., 2014; Sharma et al.,
2015), STING-IRF3 stress is associated with alcoholic
liver disease (Petrasek et al., 2013), and haploinsufficiency
in the STING activating kinase Tbk1 is associated with ALS
and frontotemporal dementia (FTD) (Freischmidt et al.,
2015; Pottier et al., 2015). Our findings that GCV, and GCV
dimers in particular, activate a type | interferon response in
a STING-dependent way and reduce microglial proliferation
and neuroinflammation in vivo open the possibility to
develop a new class of drugs to treat neurodegenerative
and related diseases where neuroinflammation has been
implicated.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BrDU Abcam Cat# 6326; RRID: AB_305426
Active Caspase 3 Cell Signaling Technologies Cat# 9661; RRID: AB_2341188
CD11b-PE BD Biosciences Cat# 12-0112-82

CD45-APC BD Biosciences Cat# 559864

CD68 BioRad Cat# MCA1957; RRID: AB_2074849
Ibal Abcam Cat# ab5076; RRID: AB_2224402
PCNA Dako Cat# M0879; RRID: AB_2160651
iNOS/NOS2 BD Biosciences Cat# 610328; RRID: AB_397718
STING Cell Signaling Technologies Cat# 13647

Tmem119 (106-6) Flow Abcam Cat# 210405

Tmem119 (28-3) IHC Abcam Cat# 209064

Chemicals, Peptides, and Recombinant Proteins

Ganciclovir

IFNy

LPS

Fludarabine
Ruxolitinib

TG-101348
Amlexanox

monoGCV

diGCV

MethylGCV

ThiolGCV

DMXAA

CMA

Penciclovir

Acyclovir

Guanine

Guanosine

Ribavirin

Vidarabine

Foscarnet

Cidofovir

DMEM/ F12

FBS

RPMI-40
B-mercaptoethanol

1X TrypLE
poly-L-lysine hydrobromide, MW70k-150k
Penicillin/streptomycin
CD11b magnetic beads
LightCycler 480 SYBR Green | Master Mix
MOGgs.55 peptide

Stanford Health Care Pharmacy

R&D Systems
Sigma-Aldrich
Selleckchem
Selleckchem
Selleckchem
Tocris Bioscience
this study

this study

this study

this study
Selleckchem
Sigma Aldrich
Sigma Aldrich

Stanford Health Care Pharmacy

Sigma Aldrich
Sigma Aldrich
Selleckchem
Selleckchem
Selleckchem
Selleckchem

Life Technologies
Atlanta Biologicals
Thermo Scientific
Thermo Scientific
Life Technologies
Sigma Aldrich

Life Technologies
Miltenyi Biotec
Roche

Stanford PAN facility

APP Pharmaceuticals Cat#315110
Cat#575306
Cat#L.2880-10MG
Cat#S1491
Cat#S1378
Cat#S2736
Cat#4857/10
N/A
N/A
N/A
N/A
Cat#S1537
Cat#17927-250MG
Cat#P0035
APP Pharmaceuticals Cat#302510
Cat#G11950-100G
Cat#G6752-100G
Cat#S2504/50-670-7
Cat#S1784/50-101-0115
Cat#S3076
Cat#S1516/50-791-0
Cat#11320-033
Cat#S11550H
Cat#11875-093
Cat#21985023
Cat#12605-036
Cat#P6282-5MG
Cat#15140-122
Cat#130-049-601
Cat#04887352001
N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Pertussis Toxin Fisher Cat#NC9675592
Phosphate Buffered Saline Life Technologies Cat#PHZ1174
BrDU Sigma Aldrich Cat#19-160
Avertin (Tribromoethanol) Sigma Aldrich Cat#T48402
Paraformaldehyde Sigma Aldrich Cat#P6148-1KG
Sucrose Sigma Aldrich Cat#S9378

HCI Sigma Aldrich Cat#258148

Tri Sodium Citrate Sigma Aldrich Cat#S4641
Tween 20 Sigma Aldrich Cat#P1379
2'3'-cGAMP Invivogen Cat#tlrl-nacga23
Methanol Fisher Cat#A412-4
HBSS+ Life Technologies Cat# 14025-092
HBSS- Life Technologies Cat#14175-103
1M HEPES Thermo Scientific Cat#15630-106
Glucose Sigma Aldrich Cat#158968
Dnasel Fisher Cat#18068-015
Percoll Fisher/GE healthcare life sciences Cat#45001753/17-5445-01
BSA Sigma-Aldrich Cat#A7888-50G
EDTA Thermo Scientific Cat#15575-020
95S-labeled 2'3'-cGASMP Li et al., 2014 N/A

mSTING Li et al., 2014 N/A

Neural Dissociation Kit Miltenyi Biotec Cat#130-092-628
Viromer Blue Lipocalyx Cat#VB-01LB-01
Rneasy mini kit QIAGEN Cat#74104
SuperScript Ill First-Strand Synthesis System Life Technologies Cat#18080-051
RNeasy Plus Micro kit QIAGEN Cat#74004
SMART-seq v4 Ultra Low input RNA kit for Takara Bio USA, Inc. Cat#634892
sequencing

Agencourt AMPure XP Beckman Coulter Cat#68298

Nextera XT DNA library prep kit lllumina Cat#FC-131-1024

Critical Commercial Assays

Griess Reagent System Promega Cat#G2930

96.96 Dynamic Array Chip Fluidigm Cat#BMK-M-96.96

Celltox green cytotoxicity assay Promega Cat# G8741

Experimental Models: Cell Lines

THP-1 ATCC Cat#TIB-202; RRID: CVCL_0006
BV2 Blasi et al., 1990 N/A

iCell® Hematopoietic Progenitor Cells Cellular Dynamics International Cat # R1094

SMARTpool sSiGENOME TLR3 siRNA
SMARTpool siGENOME Mb21D1 siRNA
SMARTpool siGENOME Jak1 siRNA
SMARTpool sSiGENOME STING siRNA
SMARTpool siGENOME Stat1 siRNA

GE Dharmacon
GE Dharmacon
GE Dharmacon
GE Dharmacon
GE Dharmacon

Cat#M-059850-01-0005
Cat#M-055608-01-0005
Cat#M-040117-01-0005
Cat#M-055528-01-0005
Cat#M-058881-02-0005

Experimental Models: Organisms/Strains

C57BL/6 WT

Tk1 KO, B6;129P2-Tk1tm1Vnd/Mmcd
Tmem173 gt/J
B6.129S(Cg)-Stat1tm1Dlv/J

Jackson Laboratory
MMRRC

Jackson Laboratory
Jackson Laboratory

Stock No: 000664; RRID:IMSR_JAX:000664
000014-UCD; RRID:MMRRC_000014-UCD
Stock No:017537; RRID:IMSR_JAX:017537
Cat#012606; RRID:IMSR_JAX:012606
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

Primers for gPCR, see Table S3

Software and Algorithms

FlowdJo v.10.0 N/A https://www.flowjo.com/solutions/flowjo

GraphPad Prism v.7 N/A https://www.graphpad.com/scientific-
software/prism/

ZEN 2.0 software N/A https://www.zeiss.com/microscopy/us/

FASTQC (v 0.11.4)

STAR (v 2.5.1b)

fastX toolkit (v 0.0.14)

R DESeqg2 package

ade4

gplots

Benjamini and Hochberg approach
top GO R package

Andrews, 2010

Dobin et al., 2013

N/A

Love et al., 2014

Dray and Dufour, 2007
Warnes et al., 2016

Benjamini and Hochberg, 1995
Alexa and Rahnenfuhrer, 2010

products/microscope-software/zen-2-core.html
N/A

N/A

http://hannonlab.cshl.edu/fastx_toolkit/

N/A

N/A

N/A

N/A

N/A

ImageJ N/A https://imagej.nih.gov/ij/
Deposited data

RNA-seq This study GEO: GSE106692
Other

BD Accuri C6 BD Biosciences N/A

LSM 700/880 Zeiss N/A

Lightcycler 480 Il Roche N/A

Cellavista Innovatis N/A

lllumina Novaseq 6000 Novogene N/A

Advanced Analytical Fragment Analyzer Stanford PAN facility N/A

Agilent 2100 Bioanalyzer Stanford PAN facility N/A

NanoflexTM 4-IFC Controller Fluidigm N/A

BioMark Real-Time PCR System Fluidigm N/A

BD FACSARIA Il BD Biosciences N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to the Lead Contact, Tony Wyss-Coray (twc@
stanford.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

EAE induction and analysis

EAE was induced in 2-3 months old C57BL/6 wild-type and STINGSY®! female mice as described (Ding et al., 2014). Briefly, mice were
immunized subcutaneously with 200png mouse MOG3s.s5 peptide (Stanford PAN facility) emulsified in CFA (200ug M. tuberculosis,
Difco adjuvants, BD) and injected intravenously with 100ng pertussis toxin (List Biological Laboratories) at Oh and 48h of immuniza-
tion. Mice were weighed and scored for clinical signs of EAE daily: 0, no paralysis; 1, loss of tail tone; 2, hind limb weakness or paresis;
3, hind limb paralysis; 4, hind limb paralysis and forelimb paresis; 5, moribund or dead. When a mouse died from the disease, it was
given a score of 5 that day and subsequently removed from scoring. All mice with or without disease are included in the graphs
shown. GCV (100mg/kg) or phosphate buffered saline (PBS) vehicle control were intra-peritoneally injected everyday starting
3 days after immunization till the end of the experiment. BrDU (150 mg/kg) was intra-peritoneally injected 1 day before sacrifice.
GCV administration in adults and children ranges from a daily oral dose of up to 4g or multiple daily intravenous doses of 5mg/kg
(Faulds and Heel, 1990). In this study, we used GCV concentrations that are used to treat patients in clinic, adjusted with a factor
of 12.3 for human to mouse dose conversion (Food and Drug Administration, 2005), and are below the reported median inhibitory
concentration.
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Cell culture

BV-2 female mouse microglia-like cells were grown in DMEM + 10% FBS, and THP-1 male human monocyte cells were grown in
RPMI-40+ 10% FBS+ 0.05mM B-mercaptoethanol at 37°C, 5% CO,. Adherent cells were split using 1X TrypLE (GIBCO). For cellular
assays, cells were treated with the following concentrations of drugs, unless otherwise noted, in DMEM (for BV-2) or RPMI-40 (for
THP-1) without serum: 100- 200uM ganciclovir, 10ng/ml IFNy (R&D systems), 100ng/ml LPS (Sigma-Aldrich), 10uM Fludarabine
(Selleckchem), 1uM Ruxolitinib (Selleckchem), 1uM TG-101348 (Selleckchem), 1uM Amlexanox (Tocris bioscience). Secreted
signaling proteins were measured in conditioned culture supernatants from BV-2 cells stimulated with GCV for 24h in the absence
of serum using two independent Luminex arrays (Human Immune Monitoring Center, Stanford University and Eve technologies, Can-
ada). Nitrite assay was performed on conditioned culture supernatants of cells stimulated with drugs for 24h using the Griess Reagent
System (Promega) according to manufacturer’s instructions. To assess cell viability, cell confluence was measured using an auto-
mated microscope (Cellavista; Roche). Toxicity was measured using Celltox Green cytotoxicity assay (Promega). All experiments
were run in triplicates and replicated at least 3 times with cell lines and at least twice with primary microglia.

Primary microglia and iMGL culture

Mice were housed, bred and handled according to the Institutional Animal Care and Use Committee guidelines. Primary microglia
were isolated from 2-3 months old C57BL/6 wild-type male mice forebrains using the neural dissociation kit (P) followed by
CD11b magnetic bead enrichment (Miltenyi Biotec) according to manufacturer’s protocol. Isolated cells were cultured at a confluent
density in DMEM/F12 + 10% FBS + 1% penicillin/streptomycin for 3-4 days before the experiment.

Primary microglia and astrocytes from P0-P3 C57BL/6 mouse pups (male and female) were isolated from cortices, meninges
removed and tissue dissociated using a 25-gauge needle. Two cortices were plated on each poly-L-lysine coated T-75 flasks in
DMEM/F12 + 10% FBS + 1% penicillin/streptomycin. Microglia and astrocyte co-cultures were maintained for 3 weeks, after which
microglia were isolated using CD11b magnetic beads. Isolated microglia were allowed to recover for 1- 2 days and processed for
cellular assays.

Human iMGLs were derived from human induced male Hematopoietic Progenitor Cells (iIHPCs) as described (Abud et al., 2017). All
stem cell work was performed with approval from UC Irvine Human Stem Cell Research Oversight and IBC committees. CD43"*
human iHPCs (Cellular Dynamics International) were differentiated to iMGLs using differentiation medium for 25 days and matured
in maturation medium for additional 3 days as described (Abud et al., 2017). iIMGLs were treated with 200uM GCV for 24h in iIMGL
media and processed for RNA or protein extraction.

METHOD DETAILS

RNA preparation and quantitative real time PCR

For standard quantitative real time PCR (qRT-PCR), RNA was isolated from cells using RNeasy mini kit (QIAGEN). DNased RNA was
converted to cDNA using SuperScript Il reverse transcriptase kit (Life technologies). cDNA was used to quantify specific targets
using SYBR green in Roche Lightcycler 480. B-actin or Ubc or both were used as housekeeping genes. Primer sequences were
obtained from Harvard PrimerBank (Table S3). Fold change in transcripts was calculated using AACt values based on the experi-
mental controls. Figures depict fold change compared to the vehicle treated or untreated cells, unless otherwise noted.

For microfluidic gRT-PCR, a primer-pair panel was designed consisting of 86 microglia and other cell type specific genes + 10
housekeeping genes (Table S1). The experiment was done as described (Liddelow et al., 2017). cDNA was made and pre-amplified
from ~100ng RNA using pre-amplification and reverse transcription kits from Fluidigm using the manufacturer’s protocol and diluted
1:5 fold. Sample mix and assay mix were made according to manufacturer’s instructions and loaded on 96.96 Dynamic Array Chip
(Fluidigm). The chip was then loaded and mixed using NanoFlexTM 4-IFC Controller (Fluidigm), followed by processing and data
collection on BioMark Real-Time PCR System (Fluidigm). Fold change was calculated using AACt as described above.

siRNA knockdown

Smartpool siRNAs for specific targets were bought from Dharmacon and transfected in microglia-like cells using Viromer Blue
(Lipocalyx) at a concentration of 50nM according to manufacturer’s instructions. After 24h of transfection, cells were treated with
drugs for additional 24h and then processed for analysis.

Tissue preparation, histology and imaging

Mice were anesthetized using Avertin (Tribromoethanol) and perfused by cardiac puncture. Hemibrains and spinal cords were
extracted, fixed in 4% paraformaldehyde for 48h, cryoprotected in 30% sucrose and then sectioned sagitally or coronally (40um)
using a freezing microtome (Leica). Immunohistochemistry was done on 3-4 free-floating sections per mouse, according to standard
procedures. Primary antibodies were against BrDU (1:2,000, Abcam), Iba1 (1:1,000; Wako Chemicals USA; 1:1000, Abcam), CD3
(1:1,000, BD Biosciences), Tmem119 (gift from Ben Barres lab), CD68 (1:600, Biorad), PCNA (1:500, Dako) and Cleaved Caspase3
(1:500, Cell Signaling Technologies). Sections were treated in 3M HCI for 30 min at 37°C for BrDU antigen retrieval. Citrate antigen
retrieval (pH 6.0) was done at 80°C for 20 minutes for Iba1 (Abcam), PCNA and Cleaved Caspase3. Secondary antibodies were Alexa
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Fluor 488, 555, 594, 647 (1:500, Life technologies). Z stacks of images were taken on confocal microscope (Zeiss LSM700/880).
Double positive cells were counted and images were analyzed using Imaged.

Flow cytometry
All procedures were carried out at 4°C. For Figure 6, upon reaching disease score of 2 or more, mice were perfused, cerebella from
hemi brains of mice were chopped and homogenized using a Dounce homogenizer in 2ml cold Medium A (HBSS+ 15mM
HEPES+0.05% glucose+ 1:500 Dnasel), filtered through 100um cell strainer, rinsed with 5ml Medium A and centrifuged at 340 g
for 5 mins. For myelin removal, the precipitate was resuspended in 25% standard isotonic percoll (25% Percoll in PBS, diluted
with Medium A) and centrifuged at 950 g for 20 mins. Precipitated cells were washed with FACS buffer (PBS+1% BSA+2mM
EDTA) twice and stained with 1:100 CD11b-PE, 1:100 CD45-APC and 16ug/ml rabbit anti-mouse Tmem119 antibodies (85-5 and
106-6, gifts from Ben Barres lab) for 30 mins at room temperature, followed by 1:500 donkey anti-Rabbit-Alexafluor488. Cells
were washed and analyzed on BD AccuriC6 flow cytometer.

For RNA sequencing, EAE was induced as above and mice were sacrificed when control treated group reached EAE score of 2 or
higher. Cerebella were homogenized using the method described above and CD11b*Tmem119* microglia (~20,000 per sample)
were FACS sorted into 500ul RLT buffer (QIAGEN) and stored on —80°C.

STING binding assay

For the nitrocellulose membrane-binding assay, *°S-labeled 2'3'-cGASMP was used as a probe (Li et al., 2014). Negatively charged
2'3'-cGAMP and its analogs do not bind the membrane unless they are bound to proteins. 3°S-labeled 2'3'-cGASMP (500 pM) was
mixed with 100nM mSTING and bound to the membrane. Different small molecules were then titrated to compete with the probe. The
autoradiography signals were analyzed using ImagedJ.

RNA sequencing

RNA was extracted from isolated microglia using RNeasy Plus Micro kit (QIAGEN) and the quality assessed by Agilent 2100
Bioanalyzer (Stanford PAN facility). About 1ng RNA was converted to cDNA and amplified for 12 cycles using SMART-seq
v4 Ultra Low input RNA kit for sequencing (Takara Bio USA) according to manufacturer’s instructions. Amplified cDNA was then pu-
rified by immobilization on AMPure XP beads. Purified cDNA was normalized and tagmented for 5 mins using Nextera XT DNA library
prep kit (lllumina). Unique indexes were then added to each sample, which were then amplified for 12 cycles. cDNA was purified using
AMPure XP beads and quality assessed by Advanced Analytical Fragment Analyzer (Stanford PAN facility). Samples were then
normalized and pooled together and sequenced on lllumina Novaseq 6000 (Novogene) to obtain 150bp paired-end reads.

The quality of fastq files was assessed using FASTQC (v 0.11.4) (Andrews, 2010). Reads were trimmed to 75bp using fastX toolkit
(v 0.0.14) (http://hannonlab.cshl.edu/fastx_toolkit/) to remove poor quality segments toward the end of the reads. Trimmed reads
were mapped to mouse mm9 reference genome using STAR (v 2.5.1b) (Dobin et al., 2013). Raw read counts were generated with
STAR using the GeneCounts function.

QUANTIFICATION AND STATISTICAL ANALYSIS

The following statistical tests (Prism 7) were used unless otherwise noted. Two groups were compared using unpaired Student’s t
test. One-way ANOVA followed by Dunnett’s multiple comparison test was used for drug treatment experiments with more than
one drug, and all treatments were compared to vehicle treated controls. Two-way ANOVA followed by Sidak’s multiple comparisons
was used for experiments with two genotypes and two treatment conditions. For all figures *p < 0.05, **p < 0.01, ** p < 0.001,
****p < 0.0001.

RNA-seq differential expression

Differential expression in RNA-Seq was analyzed using the R DESeq2 package (Love et al., 2014). Read counts were used as input
and normalized using built-in algorithms in DESeqg2. Pairwise comparisons among the 4 groups were done on all genes and 16570
genes with calculable fold changes (FC) and false discovery rates (fdr) were used for further analysis. Only the genes differentially
expressed in at least one comparison (g < 0.05, n = 59) were included in the Principal Component Analysis (PCA) and in the hierar-
chical clustering. Normed PCA and hierarchical clustering were performed on rlog-transformed data using the ade4 (Dray and
Dufour, 2007) and gplots (Warnes et al., 2016) R packages, respectively. False discovery rate was estimated using Benjamini and
Hochberg approach (Benjamini and Hochberg, 1995).

Gene Ontology (GO) analysis
Gene Ontology terms defined the gene product properties and covered three domains: cellular component; molecular function and
biological process.

For RNA-seq GO analysis, genes were ranked based on the p value of the differential expression analysis between WT PBS and WT
GCV. Enrichment for GOs terms within the top 100 genes was tested with the topGO R package using the 16570 genes kept in the
analysis as the background (Alexa and Rahnenfuhrer, 2010).
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For microfluidic RT-PCR in primary microglia, the GO analysis was performed to identify GO terms with over-representation of
genes when the genes upregulated with GCV (log, fold change > 0.1) were compared to all the genes measured by the Fluidigm
platform (83 genes).

DATA AND SOFTWARE AVAILABILITY
Table S2 summarizes differentially expressed genes with p- and g- values from RNA-seq dataset between WT PBS versus WT GCV,

WT PBS versus STINGS9' PBS, and STING®Y¢" PBS versus STINGSY9' GCV.
The accession number for the raw and normalized RNA sequence data reported in this paper is NCBI GEO: GSE106692.
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