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Abstract

Microglia, resident immune cells in the central nervous system, play a role in neuroinflammation
and the development of neuropathic pain. We found that the stimulator of interferon genes
(STING) is predominantly expressed in spinal microglia and upregulated after peripheral nerve
injury. However, mechanical allodynia, as a marker of neuropathic pain following peripheral

nerve injury, did not require microglial STING expression. In contrast, STING activation by
specific agonists (ADU-S100, 35 nmol) significantly alleviated neuropathic pain in male mice,

but not female mice. STING activation in female mice leads to increase in proinflammatory
cytokines that may counteract the analgesic effect of ADU-S100. Microglial STING expression
and type I interferon-B (IFN-R) signaling were required for the analgesic effects of STING
agonists in male mice. Mechanistically, downstream activation of TANK-binding kinase 1 (TBK1)
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and the production of IFN-B, may partly account for the analgesic effect observed. These findings
suggest that STING activation in spinal microglia could be a potential therapeutic intervention for
neuropathic pain, particularly in males.
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1. Introduction

Peripheral nerve injury can cause neuropathic pain, including mechanical allodynia,

which is a major concern in patients (Jensen and Finnerup, 2014). Neuropathic pain

is resistant to current analgesics, which often target neuronal pathways and come with
adverse effects (Grosser et al., 2017; Ji et al., 2014). Microglia are resident immune

cells in the central nervous system (CNS) that constantly monitor their environment and
mount neuroinflammatory responses, which underlie neurological diseases (Li and Barres,
2018). Evidence suggests that spinal microglia and neuroinflammation play a role in the
development and maintenance of neuropathic pain, making them a potential target for
therapeutic intervention (Ji et al., 2013). However, treatments targeting microglial and
neuroinflammatory mechanisms had disappointing results in patients with neuropathic pain
(Eisenach et al., 2010; Ostenfeld et al., 2015; Vanelderen et al., 2015; Younger and Mackey,
2009). These results may be due to a lack of biomarkers, non-specific effects of agents
studied, lack of understanding of sex dimorphism and distinct contributions of microglial
signaling pathways (Chen et al., 2018), some of which may indeed promote the resolution of
neuropathic pain (Kohno et al., 2022).

The stimulator of interferon genes (STING, also known as TMEM173) is a pattern
recognition receptor (PRR) for the cytosolic DNA-sensing pathway, which was originally
discovered as a mediator of immune responses against pathogens (Ishikawa and Barber,
2008). The STING pathway is typically triggered when the sensor cyclic-GMP-AMP
synthase (CGAS) detects cytosolic DNA (Burdette and Vance, 2013), which leads to the
recruitment of TANK-binding kinase 1 (TBK1) and the phosphorylation of the transcription
factor interferon regulatory factor 3 (IRF3). IRF3 is then transported to the nucleus and
initiates the transcription of type I interferons (IFN-1s) and proinflammatory cytokines
(Barber, 2014). To note, the STING pathway also triggers proinflammatory cytokines
through the activity of nuclear factor-xB (NF-xB) (Balka et al., 2020; Ishikawa and Barber,
2008). Studies of the STING pathway have mostly been conducted in infectious diseases and
cancer (Fritsch et al., 2023). New research suggests that, although it is still in its infancy,
STING may also be important in neuroinflammatory and neurological diseases, such as
neuropathic pain (Chin, 2019; Tan et al., 2021; Yang et al., 2022).

Our recent study reported that STING is expressed in sensory neurons of the dorsal

root ganglia (DRGs) and intrathecal injections of STING agonists can inhibit nociception
through IFN-1 signaling (Donnelly et al., 2021). Surprisingly, intrathecal injections of a
STING antagonist (C-176) also alleviate neuropathic pain, possibly by targeting STING
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expression in spinal microglia and controlling neuroinflammation (Sun et al., 2022; Wu

et al., 2022). Because these studies suggest that STING is expressed in various cell types
and intrathecal route can target both DRG and spinal tissues, its overall role in controlling
nociception, neuroinflammation, and neuropathic pain is still unclear. Since STING is highly
expressed in microglia (Donnelly et al., 2021; Gulen et al., 2023; Mathur et al., 2017), we
hypothesized that gaining a better understanding of and modulating STING in these cells
could lead to new treatments for neuropathic pain. This is especially relevant given that
numerous drugs targeting STING in clinical trials for cancer patients (Kong et al., 2023),
repurposing them for neuropathic pain treatment is worth considering.

In this study, we showed that in the spinal cord STING is predominantly, but not exclusively,
expressed in microglia and its expression levels increase after peripheral nerve injury.
Surprisingly, we demonstrated that the development of mechanical allodynia following
peripheral nerve injury is independent of this microglial STING upregulation, by using a
conditional mouse line lacking STING in microglia. However, we found that microglial
STING expression and IFN-I signaling are required for the alleviation of neuropathic pain in
male mice following intrathecal injections of STING agonists, but not in female mice.

2. Materials and methods

2.1 Animals

Adult CD1 mice (Stock No: 22, males and females, 8-12 weeks) were used for
pharmacological and biochemical studies, and purchased from Charles River Laboratories.
C57BL/6J control mice (Stock No: 000664), STING floxed/conditional knockout mice
(STING™™ Stock No: 031670), Ai14 floxed/conditional reporter mice (Stock No: 007914),
Tmem119-CreERT2 inducible mice (Stock No: 031820) were purchased from the Jackson
Laboratory and transgenic mice maintained on a C57BL/6J background. Pirt-Cre mice,
which were also maintained on a C57BL/6J background, were gifted to us by Xinzhong
Dong from Johns Hopkins University. Mice were housed four per cage at 22 + 0.5°C

under a controlled 14/10 h light/dark cycle, with food and water available ad libitum.

All experimental procedures were approved by the Institutional Animal Care and Use
Committee at the University of Cincinnati, in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals. All results are reported according
to Animal Research: reporting of in vivo Experiments (ARRIVE) guidelines (Percie Du Sert
et al., 2020). Animals were assigned randomly to different experimental groups. Sample size
were determined based on our previous similar studies (Berta et al., 2017; Liu et al., 2019;
Tonello et al., 2020). Investigators were blind to animal treatments, no adverse effects were
observed during these studies, and all animals were included in statistical analyses.

2.2 Drugs and intrathecal delivery

The following drugs were used in this study: ADU-S100 (Chemietek, Cat. No: CT-
ADUS100), DMXAA (Cayman Chemical, Cat. No: 14617), GSK8612 (Selleckchem, Cat.
No: S8872), anti-rat IFN-R neutralizing antibody (PBL Assay Science, Cat. No: 224001),
rat 1gGs (R&D Systems, respectively Cat. No: AB1008C and 6001F). Some drugs were
injected intrathecally by a spinal puncture was made with a 30-gauge needle between the
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L5 and L6 level, as previously described (Berta et al., 2014; Lee et al., 2018; Tonello et al.,
2020).

2.3 Animal models of neuropathic pain

Neuropathic pain was produced using two common animal models: the spared nerve injury
(SNI) and the chronic constriction injury (CCI) mouse models (Bennett and Xie, 1988;
Decosterd and Woolf, 2000). For both models, mice were anaesthetized with isoflurane
and the left leg was shaved, disinfected with 10% povidone—iodine, and a 1 cm superficial
incision was made to expose the sciatic nerve. For the SNI model, the common peroneal
and tibial nerves were ligated with 6.0 silk suture (AD Surgical, Cat. No: SS618R13) and
transected, and a 1-2mm portion of the nerves was removed. For the CCI model, three
ligatures (6-0 chromic gut suture, AD Surgical, Cat. No: PSC618R13) were placed around
the nerve proximal to the trifurcation with a distance of 1 mm between each ligature. The
ligatures were loosely tied until a short flick of the ipsilateral hind limb was observed.
Animals in the sham groups received surgery identical to those described above but without
nerve ligation or transection.

2.4 Behavior tests

von Frey filament assay—Mechanical sensitivity and development of allodynia as a
readout for neuropathic pain were assessed as the hind paw withdrawal response to von Frey
hair stimulations using the up-and-down method, as previously described (Chaplan et al.,
1994). Briefly, the mice were first acclimatized (1 h) in individual clear Plexiglas boxes on
an elevated wire mesh platform to facilitate access to the plantar surface of the hind paws.
Subsequently, a series of von Frey hairs (0.02, 0.07, 0.16, 0.4, 0.6, 1.0, and 1.4 g; Stoelting
CO., Wood Dale, IL) were applied perpendicular to the plantar surface of hind paw. A test
began with the application of the 0.6 g hair. A positive response was defined as a clear

paw withdrawal or shaking. Whenever a positive response occurred, the next lower hair was
applied, and whenever a negative response occurred, the next higher hair was applied. The
testing consisted of six stimuli, and the pattern of response was converted to a 50% von Frey
threshold, using the method described previously (Dixon, 1980).

Dry ice assay—Cold sensitivity was assessed in mice acclimated to the Plantar Test
apparatus (I1'TC Life Science) for 20 min before cold stimulation with dry ice, according to
a previously described protocol (Brenner et al., 2012). Briefly, a 10 ml syringe, sectioned
above the Leur lock and tightly packed with finely crushed dry ice, was pressed firmly on
the bottom of the tempered glass directly below the hindpaw. The paw withdrawal latency
of the mice was measured with a stopwatch. A standard baseline and a cut off of 20 s

were observed in naive mice. All mice were tested three times, with at least 5 min between
recordings. The average of all recordings was used for statistical analysis.

Pinprick assay—Nociceptive sensitivity was assessed using a slightly modified pinprick
test previously described (Tochitsky et al., 2021). The animals were first placed in a square
Plexiglas chamber on top of a wire mesh table. Before conducting the test, the animals
were acclimated in the arena for 1 hour the day before and for an additional 30 minutes
immediately before testing. A needle (27 G, BD Biosciences), along with a 1g von Frey
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filament, was applied to the left hind paw with minimal pressure (0.96 g). The needle had a
non-sharp tip to prevent skin penetration. The pinprick stimulus was applied five times, and
the response rate was calculated.

Hargreaves assay—Heat sensitivity was measured in mice using the Plantar Test
apparatus (I1'TC Life Science) and assessing paw withdrawal latency in response to heat
stimulation, according to the Hargreaves method (Hargreaves et al., 1988). Animals were
first acclimated in plastic observation boxes for 20 min. Then, the mid-plantar surface of
the mouse hindpaw was exposed to a radiant heat source through a glass floor until paw
withdrawal. The intensity of the heat was adjusted to produce a baseline of about 15 s in
naive mice, with a maximum cutoff of 20 s. Each mouse was tested three times, with at
least two minutes between recordings. The average of all recordings was used for statistical
analysis.

Rotarod assay (motor performance)—Motor performance was assessed using a
Rotarod Treadmill from IITC Life Science. Mice received two consecutive days of training
before testing. The latency to fall was measured with an accelerated rotation speed from 5 to
35 rpm over 3 min. All mice were tested three times with at least 10 min between recordings
and the average of all recordings was used for statistical analysis.

2.5 In situ hybridization (i.e. RNAscope)

Mice were deeply anaesthetized with isoflurane and transcardially perfused with PBS
followed by 4% paraformaldehyde (PAF). Lumbar DRG and spinal cord tissues were
isolated and post-fixed in PAF for 1-2 hours before incubation overnight in a 30% sucrose
solution. Tissues were then embedded in OCT medium (Tissue-Tek) and cryosectioned at a
thickness of 14-20 um. RNAscope was performed following the manufacturer’s instructions
using the RNAscope Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics,
Cat. No: 323110). Probe against the mouse STING mRNA (i.e. 7mem173, Cat. No: 413321)
was purchased from Advanced Cell Diagnostics. For some experiments, RNAscope signals
was combined with immunofluorescence, which was carried out as described below. Images
were acquired using the Leica Stellaris 8 confocal microscope or the Keyence BZ-X810
microscope with at least 3 sections from each animal included for data analysis. Cells with
more than 5 puncta per cell were classified as positive for STING mRNA expression.

2.6 Immunofluorescence

Mice were deeply anaesthetized with isoflurane and transcardially perfused with PBS
followed by 4% paraformaldehyde (PAF). Lumbar DRG and spinal cord tissues were
isolated and post-fixed in PAF for 1-2 hours before incubation overnight in a 30% sucrose
solution. Tissues were then embedded in OCT medium (Tissue-Tek) and cryosectioned

at a thickness of 14-20 um. Tissue sections were initially washed with PBS followed by
incubation with blocking solution (BSA 1% and Triton 0.2% in PBS 1x) for 30 min. After
blocking, tissue sections were incubated overnight with the following primary antibodies:
anti-IBA-1 (goat, 1:1000, Novus Biologicals, Cat. No: NB1001028), anti-GFAP (mouse,
1:1000, MilliporeSigma, Cat. No: MAB360), anti-NeuN (rabbit, 1:1000, Abcam, Cat. No:
ADb177487), and anti-Ki-67 (rabbit, 1:250, Novus Biologicals, Cat. No: NB1001028). The
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following day, the tissues sections were washed with PBS then incubated for 1 h at room
temperature with the following secondary antibodies: anti-goat Alexa Fluor 555 (1:1000,
Thermo Fisher Scientific, Cat. No: A21432), anti-mouse Alex Fluor 594 (1:1000, Thermo
Fisher Scientific, Cat. No: A11032), and anti-rabbit Alex Fluor 546 (1:1000, Thermo
Fisher Scientific, Cat. No: A10040). Images were acquired using the Keyence BZ-X800
microscope.

2.7 Quantitative real-time RT-PCR (qPCR)

DRG and dorsal horn tissues were rapidly removed from terminally anesthetized mice,
whereas cells from microglia cultures were harvested with the use of a grinder. Total

RNA was extracted from these samples using the Direct-zol RNA MiniPrep kit (Zymo
Research, Cat. No: R2053), and its amount and purity were assessed by SimpliNano UV-
Vis Spectrophotometer (General Electric). Total RNA was converted into cDNA using a
high-capacity cDNA reverse transcription kit (Thermo Fisher Scientific, Cat. No: 4368814).
Specific primers used in this study were obtained from PrimerBank (Wang et al., 2012),
and their sequences are shown in Suppl. Table 1. qPCR was performed on the QuantStudio
3 Real-Time PCR System (Thermo Fisher Scientific) using PowerUp SYBR Green Master
Mix (Thermo Fisher Scientific, Cat. No: A25741). All samples were analyzed at least

in duplicate and normalized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression. The relative expression ratio per condition was calculated by the comparative
C(T) method (Schmittgen and Livak, 2008).

2.8 RT-PCR

29 ELISA

Lumbar dorsal horn tissues were isolated from mice and from a deidentified and non-
diseased human donor. Human tissue collection and experiments were approved by

the Institutional Review Boards at University of Cincinnati. cDNA was synthesized

from these tissues as described above and RT-PCR analysis performed with the

following primers: mouse 7mem173 (forward, 5'-AAATAACTGCCGCCTCATTG-3';
reverse, 5~ ACAGTACGGAGGGAGGAGGT-3'"), mouse Gapah (forward, 5'-
TGAAGGTCGGTGTGAACGAATT-3'; reverse, 5'-GCTTTCTCCATGGTGGTGAAGA-3"),
human TMEM173 (forward, 5'-ACTGTGGGGTGCCTGATAAC-3'; reverse,
5-TGCCCACAGTAACCTCTTCC-3"), and human GAPDH (forward, 5'-
ACCCAGAAGACTGTGGATGG-3'; reverse, 5-TTCTAGACGGCAGGTCAGGT-3").

An ELISA kit for IFN-p was purchased from R&D systems (Cat# 42410-1, Minneapolis,
MN, United States). ELISA was performed using dorsal horn tissues and culture media, and
protein concentrations were measured by the Qubit protein assay (Cat# Q33211, Thermo
Fisher Scientific). A standard curve was included in each experiment, and IFN-f protein
levels measured according to the manufacturer’s instruction using a PerkinElmer EnVision
plate reader.
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2.10 Microglia primary cultures

Microglia cultures were prepared from cerebral cortexes of 2-day-old postnatal mice.
Tissues were then minced into approximately 1 mm pieces, triturated, filtered through a
100um nylon screen, and collected by centrifugation at approximately 3,000g for 5 minutes.
The cell pellets were dissociated with a pipette and resuspended in medium containing 10%
fetal bovine serum in high-glucose DMEM. After trituration, the cells were filtered through
a 10um screen, plated into T75 flasks, and cultured for 3 weeks. The mixed glia was shaken
for 4 hours, and the floating cells were collected and subculture at a density of 2.5 x 10°
cells/ml. After 1 day of plating, the medium was changed to discharge all non-adherent cells.
Some cultures were used for immunofluorescence analysis. Briefly, cultures were incubated
with the primary antibody anti-TMEM119 (rabbit, 1:500, Abcam, Cat. No: Ab209064),
subsequently with the secondary antibody anti-rabbit Alex Fluor 546 (1:1000, Thermo
Fisher Scientific, Cat. No: A10040), and images acquired using the Keyence BZ-X800
microscope. Immunofluorescence images revealed that only very few plated cells were
negative for the microglial marker TMEM119 (Suppl. Fig. 7A). This finding is consistent
with gPCR analyses, which showed an enrichment of microglial markers compared to other
cell markers in these cultures (Suppl. Fig. 7B). Furthermore, we previously assessed the
purity of these cultures to be over 95% (Berta et al., 2014).

2.11 Statistical Analysis

Statistical analysis was performed with Prism 9.0 (GraphPad). All the data are expressed

as mean + standard error (SEM). Biochemical, immunohistochemistry, and behavioral

data were analyzed using unpaired Student’s t-test (two groups) and one-way or two-way
ANOVA followed by post-hoc test specified in the figure legends. Statistical details for each
experiment are provided in Suppl. Table 4. The criterion for statistical significance was p
<0.05. Hlustrator 25.0 (Adobe) and BioRender (BioRender.com.) were used for illustrations
and figure organization.

3. Results

3.1 Characterization of STING expression in spinal cord of naive mice

Our current understanding of neuropathic pain is that it arises from plastic changes along
the sensory pathway (Fig. 1A). These changes can occur at the level of the primary sensory
neurons that transduce the original injury, as well as in the spinal cord, where sensory
signaling is often amplified by activated glial cells (Scholz and Woolf, 2007). It was found
that STING is expressed in DRG primary sensory neurons and spinal microglia (Donnelly
et al., 2021). We confirmed the expression of STING (also known as 7mem173 mRNA in
mouse and human spinal cord tissues (Fig. 1B-C). However, there is conflicting evidence
regarding which cell types express STING in the CNS, partly due to nonspecific STING
antibodies (Fritsch et al., 2023).

To investigate the cellular locations of STING in the spinal cord, we performed double
staining of 7mem173 mRNA expression by fluorescent RNA /n situ hybridization (i.e.
RNAScope) with immunofluorescence for various cell types (Fig. 1D-E). We found that
STING expression is predominantly in microglia cell bodies and processes (Fig. 1D), with
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Tmem173 mRNA expressed for 75% in IBA-1* microglia, 8% in GFAP* astrocytes, and
16% in NeuN™ neurons (Fig. 1E). This result is consistent with single-cell RNA sequencing
analyses, which show that 7mem173 mRNA expression is prominent in microglia of mouse
and human brain (Keren-Shaul et al., 2017; Olah et al., 2020; Olah et al., 2018).

3.2 STING expression is increased in spinal microglia after peripheral nerve injury

To investigate the role of STING in neuropathic pain, we utilized the spared nerve injury
(i.e. SNI, Fig. 2A) mouse model (Decosterd and Woolf, 2000). This model is widely used

in research because it displays long-lasting mechanical allodynia that is resistant to existing
analgesics (Decosterd et al., 2004). We observed an increase in the number of 7mem173
expressing cells in the ipsilateral dorsal horn of SNI mice compared to naive male mice
(Fig. 2B). Similar increase was observed in female mice, too (data not shown). Expression
of 7Tmem173 mRNA was predominantly found in IBA-1* and Ki-67* proliferating microglia
3 days after SNI (Fig. 2C), and this expression of 7mem173 persisted in IBA-1* microglia
up to 10 days after SNI (Fig. 2D). We confirmed cell proliferation and increased expression
of Tmem173mRNA in the ipsilateral dorsal horn of SNI mice at three days after SNI using
quantitative real-time RT-PCR (gPCR) (Fig. 2E). However, we did not detect any significant
change in 7Trmem73 mRNA expression in ipsilateral DRG tissue after SNI (Fig. 2D). Our
results indicate that SNI induces a significant and sustained increase of STING expression
in spinal microglia, which may be linked to the prolonged mechanical allodynia observed in
this model.

3.3 STING expression in microglia is not required for mechanical allodynia after
peripheral nerve injury

To investigate the potential functional role of STING in microglia after SNI, we used

the Tmem119-CreERT2 transgenic mouse line, which allows for specific and inducible
genetic manipulations in microglia (Kaiser and Feng, 2019). To validate this mouse line,
we crossed the inducible Tmem119-CreERT2 mice with Ail4 reporter mice (Madisen et
al., 2010), which progeny express tdTomato after three consecutive days of tamoxifen
administration (Suppl. Fig. 1A). Using these mice, we observed tdTomato expression in
IBA-1+ microglia in the dorsal horn of the spinal cord, but not in IBA-1+ macrophages in
DRG (Suppl. Fig. 1B). Furthermore, we found an ipsilateral increase in 7mem173 mRNA
expression in tdTomato-positive microglia 3 days after SNI (Suppl. Fig. 1C), confirming
the specificity and validity of these transgenic mice for our research. To conditionally
delete STING from microglia, 7mem119-CreERT2 mice were crossed with STING™/™ mice
(Suppl. Fig. 2A). Tamoxifen was administered to these crossed mice to generate microglia-
specific conditional knockout mice (STINGAMG), and to serve as a control, STING™/
mice were also treated with tamoxifen (Fig. 3A). Surprisingly, STINGAMC mice developed
mechanical allodynia similar to the control STING™™ mice after SNI, except for a small
but significant analgesic effect two days post-surgery (Fig. 3B). We validated the specific
decrease in 7mem173 mRNA expression in spinal dorsal horn, but not DRG tissues, of
STINGAMG mice compared to STING™™ mice (Fig. 3C-E and Suppl. Fig. 2B). We also
showed that these mice displayed similar sensorimotor behaviors before and after tamoxifen
administration (Suppl. Fig. 2C and Fig. 3F). Previous studies have reported that intrathecal
injections of the STING antagonist C-176 significantly reduce mechanical allodynia after
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SNI (Sun et al., 2022; Wu et al., 2022). We found that intrathecal injections of C-176
significantly but transiently reversed mechanical allodynia ten days after SNI (Suppl. Fig.
2D-E). These data suggest that microglial expression of STING is not required for the
development and progression of mechanical allodynia, and intrathecal injections of a STING
antagonist appear to have limited therapeutic value.

3.4 STING agonists and IFN-B reduce mechanical allodynia after peripheral nerve injury
in male but not female mice

We then asked whether agonists, instead of antagonists, could provide a better option

for alleviating mechanical allodynia after SNI, as previously reported (Donnelly et al.,
2021). ADU-S100 is a specific and potent activator of mouse and human STING and

is currently undergoing clinical trials for cancer treatment (Kong et al., 2023). Here, we
demonstrate that repeated intrathecal injections of ADU-S100 significantly reversed both
early and late mechanical allodynia in male mice after SNI, without apparent tolerance

(Fig. 4A-B). However, intrathecal injections of ADU-S100 were ineffective in reversing
mechanical allodynia in female mice after SNI (Fig. 4C). Similar results displaying this

sex dimorphism were also obtained with systemic injections of ADU-S100 (Suppl. Fig.
3A-B) and intrathecal injections of DMXAA (Suppl. Fig 3C-D), another mouse-specific
STING agonist (Conlon et al., 2013). Cold allodynia and pinprick hyperalgesia have also
been observed in mice following SNI (Cobos et al., 2018; Li et al., 2023). In our study, we
found that repeated intrathecal injections of ADU-S100 (Suppl. Fig 4A) effectively reversed
increased withdrawal times in response to dry ice stimulation (Suppl. Fig 4B) and increased
frequency of response to pinprick stimulation (Suppl. Fig 4C) in male mice, but not in
female mice (Suppl. Fig 4D-E) after SNI. Furthermore, the sex dimorphism by intrathecal
injections of ADU-S100 was not specific to the SNI model, as it was also observed for
mechanical allodynia in mice with a chronic constriction injury (i.e. CCI, Suppl. Fig. 5A-C),
another model of neuropathic pain (Bennett and Xie, 1988). It has been reported that
activation of STING in microglia triggers a IFN-I response, which includes the induction

of IFN-3 (Mathur et al., 2017). Protein and transcriptional analyses of dorsal horn tissues
from the spinal cord of animals treated with ADU-S100 revealed an upregulation of IFN-R
in both male and female mice (Fig. 4D and Suppl. Fig. 6A). Transcriptional analyses also
indicated a similar increase of IFN-a and similar expression of IFN receptors in dorsal

horn tissues from male and female mice treated with ADU-S100 (Suppl. Fig. 6A-B). This
suggests a similar effect of ADU-S100 on the STING-induced IFN-I response in both sexes.
However, we observed that intrathecal injection of recombinant IFN-R significantly reversed
mechanical allodynia in male mice after SNI, but not in female mice (Fig. 4E-F), indicating
a potential downstream sex-dimorphic effect on IFN-.

3.5 STING activation increases the spinal expression of multiple proinflammatory
cytokines after peripheral nerve injury in female mice but not male mice

STING activation induces not only IFN-I expression but also NF-xB-mediated cytokine
production (Balka et al., 2020; Ishikawa and Barber, 2008). To determine if there are any
similarities or differences in IFN-I expression and cytokine production between male and
female mice, we analyzed the expression of genes associated with these two pathways

in the dorsal horn tissues of mice treated with PBS or ADU-S100 after SNI (Fig. 5A).
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We observed similar regulation of genes associated with IFN-1 (e.g., /rf7and Cxcl10)

in both male and female mice, whereas the transcriptional expression of cytokines was
predominantly regulated in female mice after ADU-S100 treatment (Fig. 5B and Suppl.
Table 2). Specifically, the transcripts of proinflammatory cytokines IL-1p, TNFa., and CCL2
(chemokine ligand 2) showed significant increases only in female mice treated with ADU-
S100, compared to those treated with PBS (Fig. 5C). These effects may be due to different
activation of spinal glial cells (Ji et al., 2013). However, the transcripts associated with
activation of astrocytes (i.e. Gfap) and microglial activation (i.e. CdZ1b) were not altered
by ADU-S00 treatment in both male and female mice (Fig. 5D). CD11c-expressing spinal
microglia may contribute to pain recovery mechanism after peripheral nerve injury (Kohno
etal., 2022). ADU-S100 may alleviate pain in male mice by increasing CD11c-expressing
microglia. Surprisingly, Cd11ctranscripts were significantly increased only in female

mice after ADU-S100 administration (Fig. 5D). This suggests a more complex underlying
mechanism for the analgesic effect of ADU-S100, warranting further studies. Overall, these
data indicate that activation of STING by ADU-S100 leads to similar expression of IFN-I
but differing production of proinflammatory cytokines between male and female mice.

3.6 Microglial activation of STING is required to reduce mechanical allodynia after
peripheral nerve injury

Next, we investigated whether the analgesic effect of ADU-S100 depends on the presence
of STING expression in microglia, using STINGAMG and STING™/™ mice. Although the
expression of STING appears to have little impact on the development of mechanical
allodynia (Fig. 3B), we used two strategies involving tamoxifen-induced Cre recombination,
before and after SNI, respectively, to allow for the development of mechanical allodynia

in the presence of STING or in its absence (Fig. 6A). With both strategies, intrathecal
injections of ADU-S100 were ineffective in reversing established mechanical allodynia

in STINGAMG mice, compared to STING™/™ mice after SNI (Fig. 6B). This suggests

a requirement of microglial STING expression for the analgesic effect of ADU-S100.

To further investigate the analgesic role of microglial STING activation and release of
IFN-R, we incubated microglial cell cultures with ADU-S100 or a control vehicle, and

then intrathecally injected these cells in male mice to assess their effect on SNI-induced
mechanical allodynia (Fig. 6C). Although microglia cell cultures display different molecular
signatures and morphology when compared with /n vivo microglia (Dubbelaar et al., 2018),
these cultures treated with ADU-S100 for 24 hours (Suppl. Fig. 7C) showed a clear IFN-I
response (Suppl. Fig. 7E-G and Suppl. Table 3), similar to that observed in male mice

after SNI and ADU-S100 treatment (Fig. 5). Furthermore, they exhibited production and
release of IFN-R (Fig. 6D). More importantly, we found that mechanical allodynia was
significantly reversed in mice that received ADU-S100 treated microglial cells, but not

in mice with vehicle-treated cells (Fig. 6E). Our previous studies have suggested that
STING expression in Nav1.8-expressing nociceptive peripheral sensory neurons plays an
important role in driving both acute and chronic pain (Donnelly et al., 2021; Wang et al.,
2021). To investigate the potential role in the analgesic effect of ADU-S100 of STING
expression in sensory neurons, we generated sensory neuron-specific conditional knockout
mice (STINGASN) by crossing STING™ mice with Pirt-Cre mice (Fig. 7A). Pirt-Cre mice
are used for genetic manipulation of most peripheral sensory neurons, including nociceptors
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and mechanoreceptors (Kim et al., 2016; Zheng et al., 2022). Interestingly, we observed that
STINGASN mice developed mechanical allodynia similar to control STING™/™ mice after
SNI. Moreover, the analgesic effect of ADU-S100 was maintained in these mice (Fig. 7B).
We also confirmed the specific decrease in Tmem173 mRNA expression in DRG sensory
neurons of STINGASN mice compared to STING™™X mice, but not in SC tissues (Fig. 7C-E).
These findings suggest that the analgesic effect of ADU-S100 after SNI requires activation
of STING in microglia, but not in sensory neurons.

3.7 STING activation reduces mechanical allodynia via TBK1 and IFN-[3 signaling

It is well known that activation of STING is often followed by the engagement of TBK1
and IRF3 (Barber, 2014; Ishikawa et al., 2009), resulting in an IFN-I response including the
production of IFN-B (Fig. 8A). Since this response is highly dependent on TBK1 activity
(Balka et al., 2020), we tested whether TBK1 had an impact on the analgesic effect of
ADU-S100 after SNI. Our results showed that daily intraperitoneal injections of GSK8612,
a selective and potent TBK1 inhibitor (Thomson et al., 2019), abolished the analgesic effect
of ADU-S100 on days 11, 12, and 13 after SNI (Fig. 8B). Furthermore, we have shown that
this effect depends on the release of IFN-B. The analgesic effect of ADU-S100 at day 13
after SNI was also abolished by intrathecal injection of a neutralizing IFN-8 antibody (Fig.
8C). Together these findings indicate that STING activation has analgesic effect that relies
on downstream signaling including the activation of TBK1 and the production of IFN-f3.

4. Discussion

Neuropathic pain is a debilitating condition that is difficult to treat with current analgesics
(Grosser et al., 2017). Following peripheral nerve injury, spinal microglia proliferate and
play a crucial role in the development and maintenance of neuropathic pain through PRR
signaling and release of proinflammatory cytokines (Ji et al., 2013). For instance, toll-like
receptors (TLRs) are well-known PRRs expressed in microglia, and their inhibition can
effectively reduce neuropathic pain (Lacagnina et al., 2018). However, recent studies have
uncovered a more nuanced understanding of the role of microglia in neuropathic pain

(Chen et al., 2018). These studies suggest that microglia can have sexually dimorphic
effects (Sorge et al., 2015; Tansley et al., 2022; Taves et al., 2016) and can also play a
beneficial role in the prevention and resolution of neuropathic pain (Kohno et al., 2022;
McKelvey et al., 2015). In this study, we show that STING, another PRR (Ishikawa and
Barber, 2008), is abundantly expressed in spinal microglia and is increased ipsilaterally
after peripheral nerve injury. However, microglial expression of STING is not necessary

for the development of nerve injury-induced mechanical allodynia, a common symptom of
neuropathic pain. Consistent with this finding, inhibiting STING using the specific STING
agonist C-176 has little to no effect on reducing mechanical allodynia. Conversely, activating
STING in microglia through intrathecal injections of ADU-S100 and DMXAA, two STING
agonists currently being tested in clinical trials, significantly alleviated both allodynia and
hyperalgesia in male mice, but not female mice. This effect likely involves TBK1 activation
and IFN-B production, although additional work will be necessary to better understand these
downstream signaling pathways.
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Using RNAScope, we have demonstrated that STING transcripts are predominantly
expressed in spinal microglial cells, although they are present in a few spinal astrocytes

and neurons as well. This distribution is consistent with RNA-seq data of various cells in

the brain (Zhang et al., 2014). Additionally, we have previously shown STING expression in
mouse peripheral sensory neurons and spinal microglia (Donnelly et al., 2021). Other studies
have observed high expression of STING in rat spinal neurons by immunofluorescence

(Sun et al., 2022; Wu et al., 2022). Recent studies have also shown an increase in

STING expression in microglia after peripheral nerve injury, consistent with our findings.
Nonetheless, the functional role of microglial increased expression of STING in neuropathic
pain is still under debate. This is partly due to its widespread expression in multiple cells of
both the peripheral and central nervous system (Hu et al., 2023; Yang et al., 2022).

To investigate the functional role of STING specifically in microglia, we used Cre/LoxP
technology, which allows for the silencing of gene expression in specific cell types
(McLellan et al., 2017). The fractalkine receptor CX3CR1 promoter is commonly used

for this purpose in microglia-specific Cre lines (Goldmann et al., 2013). However, its

use may lead to confounding results since CX3CRL1 is also expressed in peripheral

tissue macrophages that contribute to neuropathic pain (Chen et al., 2020; Yu et al.,

2020). Therefore, we opted to use the recently developed microglia-specific 7mem119-
CreERT2 transgenic mouse line (Kaiser and Feng, 2019), which we confirm does not drive
recombination in peripheral DRG tissue and macrophages. We thus generated mice with
an inducible microglia-targeting 7/mem1 73 conditional knockout (STING2MG) by crossing
STING™/™ mice with the 7mem119-CreERT2 mouse line. We found that microglial
expression of STING does not modulate nociception and motor function in naive mice
and, surprisingly, is not required for the development and maintenance of mechanical
allodynia in male mice after SNI. Despite its increase in microglia after SNI, STING

may remain latent as its activation depends on the regulation of several signaling pathways
(Decout et al., 2021). A study has reported the potential involvement of STING expression
in microglia reactivity and neuroinflammation (Mathur et al., 2017). However, we found
that STING activation in male mice after SNI does not changes most proinflammatory
cytokines or marker of glial cell activation associated with neuroinflammation. Other studies
have suggested that the cGAS-STING pathway is activated after SNI, and reported that
repeated intrathecal administrations of inhibitors for cGAS (i.e. RU.521) and STING (i.e.
C-176) reversed mechanical allodynia in rats after SNI. Notably, these inhibitors may
engage different signaling pathway involving the blockade of NF-kB and proinflammatory
cytokines (Sun et al., 2022; Wu et al., 2022). In our study, we found that a similar dose of
C-176 used in these studies partially and temporarily attenuated SNI-induced mechanical
allodynia. However, we were unable to demonstrate the reversal of this allodynia by
repeated intrathecal administrations. When we used a 100X higher dose of the inhibitor,
we observed the reversal of mechanical allodynia, but mice displayed clear discomfort and
unhealthy behaviors (data not shown). We conclude that microglial expression of STING
is not necessary for the development and maintenance of mechanical allodynia after nerve
injury and that STING inhibition seems to have limited therapeutic value. However, it's
worth noting that our and other’s studies included different species and time courses of drug
administration, which require further investigation.
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Previously, we reported that the intrathecal administration of STING agonists (i.e. ADU-
S100 or DMXAA) relieved mechanical allodynia in mice after SNI through IFN-I signaling
(Donnelly et al., 2021). Here, we confirmed this report and demonstrated that repeated
intrathecal administrations of ADU-S100 significantly reversed mechanical allodynia in
male mice after SNI, without showing sign of tolerance. ADU-S100 also reversed cold
allodynia and pinprick hyperalgesia in male mice after SNI. However, we found that the
same intrathecal administrations were ineffective in reversing these behaviors in female
mice after SNI. Notably, this difference in STING activation between sexes was also
observed when using another STING agonist (DMXAA), as well as in another mouse
model of neuropathic pain (CCI). Sexual dimorphism may arise from varying levels of
activation of STING and its downstream signaling, such as IFN-1 signaling (Tan et al.,
2021), between male and female mice. A recent single-cell RNA sequencing of mouse
spinal cord microglia after nerve injury revealed a transitory, but significant increase in
interferon and cytokine-mediated signaling in male mice, but not in female mice (Tansley
et al., 2022). We found that repeated administration of the STING agonist ADU-S100
equally increased transcriptional expression and protein levels of IFN-R in both sexes.
However, when recombinant IFN-R protein was administered intrathecally, it only reversed
SNI-induced mechanical allodynia in male mice. This suggests a sexual dimorphism in the
spinal STING downstream signaling, specifically related to IFN-R, following nerve injury.
One possible explanation for this difference could be a different expression and regulation of
spinal IFN-I receptors. However, both /fnarl and /fnar? mRNAs showed similar expression
in the dorsal horn tissue of male and female mice and were not affected by ADU-S100.

Type | interferons, such as IFN-R, have contradictory effects on pain. While some studies
suggest they act as pain inducers (Barragan-lIglesias et al., 2020; Lin et al., 2020), we and
others suggest they have pain-relieving effects (Donnelly et al., 2021; Liu et al., 2016; Liu
et al., 2020; Stokes et al., 2013; Tan et al., 2012; Woller et al., 2019). This contradiction
may stem from the different actions of interferons in the peripheral and central nervous
systems (Tan et al., 2021). Consistent with our findings, multiple studies have reported that
spinal administration of IFN-a/B generally has analgesic effects in animal models of both
inflammatory and neuropathic pain (Donnelly et al., 2021; Liu et al., 2016; Liu et al., 2020;
Stokes et al., 2013; Tan et al., 2012; Wang et al., 2021; Woller et al., 2019). However,

most of the studies only included male animals. None of them reported or focused on sex
differences in the analgesic actions of IFN-a/R3, despite the fact that IFN-Is are known

to modulate antiviral immunity in a sex-specific manner (Pujantell and Altfeld, 2022). It
has also been reported that type | IFN may play a role in mediating sex differences in
cytokine production after viral signaling activation in the central nervous system (Posillico
et al., 2021). Consistent with this report, our findings indicate that activation of STING by
ADU-S100 leads to similar expression of IFN-I but different production of proinflammatory
cytokines in male and female mice. In male mice, no significant changes were observed

in the expression of proinflammatory cytokines, except for IL-6 mRNA. This suggests

that the analgesic effect of ADU-S100 may be due to the induction of IFN-I rather

than the suppression of neuroinflammation. In contrast, female mice treated with ADU-
S100 show significant increases in proinflammatory cytokines IL-1, TNFa., and CCL2
mRNAs compared to male mice. It is tempting to suggest that proinflammatory and algesic
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cytokines, such as IL-13, may counteract the analgesic effects of ADU-S100 (Berta et al.,
2012). Overall, these data highlight the complex underlying mechanisms of ADU-S100's
analgesic effects, which certainly warrant further studies.

Microglia are well-known to produce IFN-Is upon cGAS/STING activation (Gulen et al.,
2023; Mathur et al., 2017; Udeochu et al., 2023). Therefore, it is worth investigating whether
the analgesic effect of ADU-S100 is dependent on microglial expression of STING. Our
study using the STINGAMG mice shows that the analgesic effect of ADU-S100 requires the
expression of STING in microglia. To further confirm the analgesic effect of ADU-S100
after nerve injury via microglia, we showed that intrathecal injection of microglial culture
stimulated with ADU-S100 was enough to reverse mechanical allodynia caused by SNI.
Although these microglia do not integrate into the spinal cord, they release INFR, which

can penetrate the spinal tissue. Validating this approach and results, we demonstrated that
stimulating microglial culture with ADU-S100 induced significant transcriptional responses
in IFN-1 signaling, similar to what was observed in male mice after SNI and treatment

with ADU-S100. Previous studies have also demonstrated similar microglial IFN signaling
responses upon cGAS/STING activation by the antiviral drug ganciclovir (Mathur et al.,
2017). Our previous data indicated that STING-mediated IFN signaling may act through an
autocrine and/or paracrine mechanism in peripheral sensory neurons (Donnelly et al., 2021),
suggesting a potential role of these neurons in the development of neuropathic pain and

the analgesic effect of ADU-S100. However, we observed that STINGASN (i.e. peripheral
sensory neuron-specific conditional knockout) mice developed mechanical allodynia similar
to control STING™™ mice after SNI. Moreover, the analgesic effect of ADU-S100 was
maintained in these mice. These findings suggest that the development of neuropathic pain
after nerve injury may not require the expression of STING in peripheral sensory neurons
or microglia. However, the analgesic effect of ADU-S100 after SNI requires activation of
STING in microglia, but not in peripheral sensory neurons.

Mechanistically, the engagement of the cGAS/STING pathway activates the kinase TBK1,
which is critical for transcribing downstream effector genes, including IFN-R (Balka et

al., 2020). Our study found that spinal inhibition of TBK1 or IFN-R largely abolished the
analgesic effect of ADU-S100 after SNI. Although our work contributes to the growing
understanding of the potential mechanisms by which spinal IFN-B may attenuate pain,
such as through the suppression of sodium and calcium channel function in primary
sensory neurons (Donnelly et al., 2021) and the inhibition of spinal mitogen-activated
protein kinases (Liu et al., 2020), the underlying mechanisms are complex and require
further investigation. Additionally, there are important limitations in our study that must
be considered. First, we have focused on IFN-R, but ADU-S100's STING activation also
induces IFN-a (Donnelly et al., 2021). We have previously reported that both IFN-a

and IFN-B have analgesic effects in animal models of inflammatory and neuropathic pain
(Donnelly et al., 2021; Tan et al., 2012). Consistently, spinal IFN-a has an anti-nociceptive
effect through the mu opioid receptors (Jiang et al., 2000). However, others have suggested
that IFN-a may have a pro-nociceptive role by enhancing spinal excitatory transmission
(Qin et al., 2012). Further studies are needed to understand the spinal actions of IFN-a
and IFN-B, as their analgesic effects may depend on the regulation of other cytokines
(Woller et al., 2019). Second, we evaluated the anti-nociceptive effects of STING activation
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on nerve-injury-induced mechanical allodynia, cold allodynia, and pinprick hyperalgesia.
However, neuropathic pain is a complex condition that involves both sensory and emotional
components (Talbot et al., 2019). Therefore, future studies should investigate how ADU-
S100 affects different components of neuropathic pain, particularly since our intrathecal
administration and genetic approach can target brain regions where microglial STING
activation may contribute to both sensory and emotional pain (Hu et al., 2023; Zhang

etal., 2022). Third, it is important to note that STING agonists present new therapeutic
opportunities, but also pose challenges (Motedayen Aval et al., 2020). Differences in species
and single nucleotide polymorphisms in STING can affect the choice of appropriate STING
agonists. For example, DMXAA is specific to mouse STING, despite sharing 68% amino
acid identity with human STING (Shih et al., 2018). On the other hand, ADU-S100 and

its derivatives can activate both mouse and human STING, and advanced to clinical trials
for cancer treatment (Kim et al., 2021; Meric-Bernstam et al., 2022; Meric-Bernstam et

al., 2023). However, it is essential to define the safe dosing of STING agonists and use
local administrations to minimize the risks of immunotoxicity and tolerogenic responses
(Ahn et al., 2014; Huang et al., 2013). In our study, we administered STING agonists
through intrathecal injections, which limits their spread into the CNS but can present
practical challenges in a clinical setting (Berta et al., 2023). Nevertheless, this route has
been approved and used in clinic for delivering morphine and ziconotide to treat severe
chronic pain (Chalil et al., 2021).

Overall, our study highlights the potential therapeutic value of activating STING in
microglia for the treatment of neuropathic pain. While microglial expression of STING

is not necessary for the development and maintenance of mechanical allodynia after nerve
injury, activating STING in microglia via intrathecal injections of ADU-S100 significantly
alleviated mechanical allodynia in male mice through IFN-R signaling. ADU-S100 also
reduced cold allodynia and pinprick hyperalgesia in male mice after SNI. However, the
pain-relieving effects of ADU-S100 and IFN-[3 were not observed in female mice. This
could be attributed to a potential sexual dimorphism in STING activation following nerve
injury, leading to a higher production of proinflammatory cytokines in female mice that
may counteract the analgesic effect of ADU-S100 and IFN-R. Further investigations are
required to better understand the mechanisms, safety, and effectiveness of STING agonists.
Nevertheless, these findings offer a promising avenue for potential clinical treatment of
neuropathic pain.
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(A) Hlustration of the sensory pathway involving the transduction of neuropathic pain by
DRG primary sensory neurons, its integration by spinal secondary neurons, and its potential
amplification by glial cells, such as astrocytes and microglia. (B) Representative images

of Tmem173mRNA expression in DRG and spinal cord tissues from male mice using
RNAscope. (C) PCR amplification of 7mem173 mRNA shows expression in spinal cord
tissue from a male human donor. RT = reverse transcriptase. (D) Confocal orthogonal
image of 7mem173 mRNA expression in IBA-1* microglia. DAPI (blue) is used as nuclei
counterstaining. (E) Expression and quantification of 7mem173 mRNA in different cell
types labelled by immunohistochemical staining of L4-L5 spinal cord. Arrowheads indicate
Tmem173 mRNA expression in IBA-1+ microglia, GFAP+ astrocytes, and NeuN+ neurons.

n = 4 male mice.
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Fig. 2: STING expression in spinal microglia after SNI.
(A) Hlustration of spared nerve injury (SNI), which involves transection and ligation of the

common peroneal and tibial nerves, while leaving the sural nerve intact. (B) Representative
images of Tmem173 mRNA in a lumbar dorsal spinal cord section from a male mouse

3 days after SNI, and quantification of Tmem173+ cells in naive and SNI mice at 3 and

10 days after surgery. n=5 male mice, one-way ANOVA, followed by post hoc Dunnett’s
test, ****p<0.0001, vs. Naive. (C-D) Expression of 7mem173mRNA in different cell types
labelled by immunohistochemical staining for IBA-1+ microglia, Ki-67* proliferative cells,
GFAP+ astrocytes, and NeuN+ neurons at three (C) and ten (D) days after SNI. (E-F) gPCR
analysis of mMRNA expression of Ibal, Mki67and Tmem173in the ipsilateral lumbar spinal
dorsal horn tissues (E), and 7rmem173in the ipsilateral DRG tissues (F) in naive and SNI
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male mice at 3 and 10 after surgery. n = 6 male mice, one-way ANOVA, post hoc Dunnett’s
test, *p<0.05, **p<0.01, ***p<0.001, vs. Naive.
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Fig. 3: Microglial STING expression is not required for the development of SNI-induced
mechanical allodynia.

(A) Ilustration of the experimental design using the microglia-specific inducible knockout
(STINGAMG) and control (STING™/™) male mice intraperitoneally injected with tamoxifen.
(B) Paw withdrawal thresholds were measured in STINGAMG and STING™™ male mice
before (BL = baseline) and after SNI using von Frey filaments to evaluate the development
of mechanical allodynia. n = 6 male mice, two-way ANOVA, post hoc Sidak's test, *p<0.05,
vs. STING™/™_(C) Representative /n situ hybridization image of 7/mem173mRNA in

a lumbar dorsal spinal cord section from STING2MG and STING™/™ naive male mice.
(D-E) Quantification of 7memZ173 positive cells in the spinal dorsal horn (D) and DRG

(E) tissues. n = 4 male mice, unpaired t-test, ****p<0.0001, vs. STING™™ male mice. (F)
Assessment of mechanical sensitivity by von Frey filaments, heat sensitivity by Hargreaves
test, cold sensitivity by acetone test, and motor function by rotarod in STINGAMG (n = 6)
and STING™X (n = 9) naive male mice.
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Fig. 4: STING activation and IFN-3 reverse SNI-induced mechanical allodynia in male mice, but

not female mice.

(A) Ilustration of the experimental design using intrathecal (i.t.) injections of ADU-S100
and IFN-B in male and female mice after spared nerve injury (SNI). (B-C) Paw withdrawal

thresholds were measured before (BL = baseline) and after SNI using von Frey filaments to
evaluate the development of mechanical allodynia in male (B) and female (C) mice injected
with ADU-S100 or vehicle PBS. n = 6 male mice, two-way ANOVA, post hoc Sidéak’s test,
***n<0,001, ****p<0.0001, vs. PBS; n = 6 female mice, two-way ANOVA, post hoc Sidak's
test, vs. PBS. (D) Protein levels of IFN-R in spinal dorsal horn tissues from male and female
13 days after SNI. The mice were injected at day 10, 11 and 12 with ADU-S100 and PBS.

n = 6, unpaired t-test, *p<0.05, **p<0.01, vs. PBS. (E-F) Paw withdrawal thresholds were
measured before (BL = baseline) and after SNI using von Frey filaments to evaluate the
development of mechanical allodynia in male (E) and female (F) mice injected with IFN-R
or control solution. n = 6 male mice, two-way ANOVA, post hoc Sidék's test, **p<0.01,
***p<0.001, vs. PBS; n = 6 female mice, two-way ANOVA, post hoc Sidak's test, vs. PBS.
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Fig. 5: STING activation leads to increased levels of multiple proinflammatory cytokines after
SNI in spinal dorsal horn tissue from female mice, but not from male mice.

(A) Hlustration of the experimental design using intrathecal (i.t.) injections of vehicle
PBS or ADU-S100 (35 nmol) 10 d after SNI in male and female mice. (B) Heatmap
summarizing the expression of genes associated with IFN-I signaling and NF-xB-induced
cytokine production (to note, values used to generate this heatmap are included in Suppl.
Table 2). (C) Histograms of gPCR analyses of proinflammatory cytokines //1b, /16, Tnfa,
and Cc/2. n = 6 per group, uncorrected Fisher’s LSD, *p<0.05, **p<0.01, vs. PBS. (D)
Histograms of gPCR analyses of genes associated with the activation of astrocytes (i.e.
Gfap) and microglia (i.e. Cd11b), as well as microglial pain recovery (i.e. Cd11c). n = 4-6
per group, uncorrected Fisher’s LSD, **p<0.01, vs. PBS.
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Fig. 6: Microglial STING activation is required to reverse SNI-induced mechanical allodynia.
(A) Hlustration of the experimental design using intrathecal (i.t.) injections of ADU-S100

in STINGAMG and STING™/™ male mice. (B) Paw withdrawal thresholds were measured
before (BL = baseline) and after SNI using von Frey filaments to evaluate the development
of mechanical allodynia in mice injected with tamoxifen pre- (upper panel) and post-SNI
(lower panel), and treated with ADU-S100 for three consecutive days. n = 6 male mice,
two-way ANOVA, post hoc Sidak's test, ****p<0.0001, vs. STING™/™_(C) lllustration of
the experimental design using cell cultures and intrathecal injections of these cells in male
mice 10 days after SNI. (D) Protein analysis of IFN-B in culture media from microglia
treated with control vehicle and ADU-S100. To note, IFN-R was not detected (N.D.) in
media from microglia treated with a vehicle. (E) Paw withdrawal thresholds were measured
before (BL = baseline) and 10 days after SNI using von Frey filaments to evaluate the
development of mechanical allodynia in male mice injected with microglial cells treated
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with control vehicle and ADU-S100. n = 6 male mice, two-way ANOVA, post hoc Sidak's
test, ****p<0.0001, vs. vehicle.
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Fig. 7: STING activation in sensory neurons is not required to reverse SNI-induced mechanical

allodynia.

(A) Ilustration of the experimental design using intrathecal (i.t.) injections of ADU-S100
and mating strategy for inducing sensory neuron-specific inducible knockout (STINGASN)

mice. Pirt-Cre; STING™™ male mice were used. (B) Paw withdrawal thresholds were

measured before (BL = baseline) and after SNI using von Frey filaments to evaluate the

development of mechanical allodynia in STINGASN and STING™™ male mice treated with

ADU-S100. n = 6 male mice. (C) Representative /n situ hybridization image of 7mem173
mRNA in a lumbar DRG and dorsal horn (DH) sections from STINGASN and STING™/fx
naive male mice. (D-E) Quantification of 7mem173 mRNA positive cells in DRG (D) and
DH (E) tissues from male mice. n = 3, unpaired t-test, *p<0.05, vs. STING™/X,
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Fig. 8: STING activation reduces mechanical allodynia via TBK1 and IFN-B signaling.
(A) Schematic showing that STING downstream signaling (i.e. TBK1 and IFN-R) (B) Paw

withdrawal thresholds were measured before (BL = baseline) and after SNI using von Frey
filaments to evaluate the development of mechanical allodynia in male mice injected with
ADU-S100 with a control vehicle or TBK1 inhibitor GSK8612 (20 mg/kg). n = 6 male mice,
two-way ANOVA, post hoc Sidak's test, ****p<0.0001, vs. vehicle. (C) Paw withdrawal
thresholds were measured before (BL = baseline) and after SNI using von Frey filaments

to evaluate the development of mechanical allodynia in male mice injected with ADU-S100
or PBS for three consecutive days and then intrathecally treated with 10ug of 1gG controls
or anti-IFN-R antibody (Ab). n = 6 male mice, two-way ANOVA, post hoc Sidak's test,

***p<0.001, ****p<0.0001, vs. 1gG control.
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