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SUMMARY

Inflammatory responses are crucial for regeneration following peripheral nerve
injury (PNI). PNI triggers inflammatory responses at the site of injury. The
DNA-sensing receptor cyclic GMP-AMP synthase (cGAS) and its downstream
effector stimulator of interferon genes (STING) sense foreign and self-DNA and
trigger type I interferon (IFN) immune responses. We demonstrate here that
following PNI, the cGAS/STING pathway is upregulated in the sciatic nerve of
naive rats and dysregulated in old rats. In a nerve crush mouse model where
STING is knocked out, myelin content in sciatic nerve is increased resulting in
accelerated functional axon recovery. STING KO mice have lower macrophage
number in sciatic nerve and decreased microglia activation in spinal cord
1 week post injury. STING activation regulated processing of colony stimulating
factor 1 receptor (CSF1R) and microglia survival in vitro. Taking together, these
data highlight a previously unrecognized role of STING in the regulation of nerve
regeneration.

INTRODUCTION

Peripheral nerve injury (PNI) occurs in �2.8% of trauma patients. This results in loss of motor and sensory

functions and, ultimately, in decreased quality of life and severe and permanent disabilities (Wojtkiewicz

et al., 2015). There are no effective therapies available, and recovery after PNI is often poor and inadequate,

especially in aging (Hussain et al., 2020). The regenerative potential of the peripheral nerve system (PNS)

decreases with age; repair becomes slow, incomplete, and in some cases non-functional (Poss, 2010). Soon

after injury, a retrograde signal is sent to the soma of injured neurons and proximal axons prepare for

growth. Distal to the site of injury, nerve axons undergo the complex series of molecular and cellular

changes of Wallerian degeneration (WD). A critically associated aspect of WD is Schwann cell dedifferen-

tiation from axon-supporting states (myelinating or Remak bundles) into a proliferative and repair pheno-

type that cooperates with macrophages to clear distal fiber and myelin debris and enable axon regrowth

(Faroni et al., 2015). Because of immune cell infiltration, secretion of inflammatory mediators by Schwann

cells, and axon degeneration, WD is considered as a form of sterile inflammation (Gaudet et al., 2011; Stoll

et al., 2002). Degeneration at the distal stump is a source of damage-associated molecular patterns

(DAMPs), mainly derived from axon fragmentation and myelin sheath breakdown (Karanth et al., 2006;

Kato and Svensson, 2015). Axon degeneration results in mitochondrial damage and release of mitochon-

drial DAMPs (mt DAMPs), such as mtDNA and formylated peptides, which are recognized by pattern

recognition receptors (PRRs) (Meylan et al., 2006; Takeuchi and Akira, 2010; Zhang et al., 2010b). In the

neuromuscular system, PPRs are primarily expressed by macrophages and microglia, the latter being

the tissue-resident macrophages of the central nervous system (CNS) (Husemann et al., 2002; Kigerl

et al., 2014). MtDNA is recognized primarily by the cytosolic DNA sensor cyclic GMP-AMP synthase

(cGAS). In addition to being involved in innate immunity by detecting increases in pathogen double

stranded DNA, cGAS also senses changes of self-DNA in the cytosol. cGAS converts GTP and ATP into

the cyclic dinucleotide 20-30-cGAMP that binds and activates stimulator of interferon genes (STING), a
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membrane protein localized in the ER(Ishikawa and Barber, 2008). STING activation leads to a type I inter-

feron (IFN) response and recruitment of inflammatory cells (Ishikawa et al., 2009).

In this study, we employed a PNI model to study the role of STING in nerve regeneration in adult and aged

mice.We demonstrate for the first time that genes controlled by the cGAS/STINGpathway are upregulated

in sciatic nerve following nerve injury and with advanced age. Genetic ablation of STING increases myelin

content and accelerates functional axon regeneration in mice subjected to sciatic nerve crush (SNC). Ge-

netic inhibition of STING reducesmacrophage number in sciatic nerve andmicroglia activation in the spinal

cord following nerve injury. Lastly, we show that STING activation regulates CSF1R processing and leads to

microglia death in vitro. These results provide important insights into the role of STING during nerve

degeneration/regeneration and may inform novel therapeutic strategies for the treatment of PNI.

RESULTS

The cGAS/STING pathway is activated in neuromuscular tissues in aging and PNI

Cellular damage induced by mechanical trauma results in perturbation of cellular homeostasis and release

of DAMPs such as mtDNA that leads to activation of innate immunity (Zhang et al., 2010a, 2010b). To inves-

tigate the molecular changes associated with PNI and their evolution with age, we subjected young

(2 months) and old rats (19 months) to SNC and performed temporal transcriptomic profiling on the distal

nerve stump before injury and during the recovery phase. Statistical differential expression analysis re-

vealed a profound and sustained effect of SNC on gene expression levels (Table S1), and gene set enrich-

ment analysis (GSEA) identified marked downregulation and upregulation of diverse biological processes

following injury, predominantly linked to cell cycle and DNA replication, to immune cell activation and

signaling, and to metabolic processes (Figure 1A and Table S2). Strikingly, one day post SNC, we observed

a significant upregulation of genes involved in inflammation (GO:0,006,954) and innate immune response

(GO:0,045,087) (Figure 1B) in young rats compared to the non-crushed contralateral nerve. In young rats,

these genes showed a progressive decrease of expression over time, returning to baseline levels 21 days

post injury, suggesting a resolution of the inflammation and associated immune system activities. In older

rats, however, the levels of these transcripts remained elevated 21 days post SNC, indicating a lack or delay

of inflammation resolution. We observed the same overall trend in gene expression, albeit in the opposite

direction, for a group of genes linked to ensheathment of neurons (GO:0,007,272) (Figure 1B). Importantly,

many members of this ontology pathway are core myelination genes including Egr2, Fah2,Mag,Mal,Mpz,

Prx, and Pmp22, which all have been previously described to undergo massive downregulation in studies

investigating transcriptional responses to SNC injury in mice (Arthur-Farraj et al., 2012; Barrette et al., 2010).

Consistent with the expression dynamics of genes from these three gene ontology pathways, a closer sur-

vey of the cGAS/STING pathway showed that several members of the pathway including STING displayed

first an upregulation very early at day 1 post SNC which was followed by resolution in young animals but

persisted in older animals (Figure 1C). To substantiate these findings, we analyzed STING protein levels

in sciatic nerve of mice subjected to SNC. As shown in Figure S1A, STING was significantly upregulated

in sciatic nerve one day post SNC.

We further explored the impact of aging on this pathway by measuring its expression level in neuromus-

cular tissues in young and aged animals. Building on a compendium of previously published transcriptomic

studies (Barrette et al., 2010; Giorgetti et al., 2019b; Ibebunjo et al., 2013), we derived the expression profile

of the pathway in gastrocnemius muscle, sciatic nerve, spinal cord, and microglia of young and old mice

and rats. In all three tissues, the expression of several downstream proinflammatory genes and STING

(Tmem173) itself, was increased in old than that in young animals (Figures S1B–S1E). Taken together, these

data show that PNI is associated with changes of cGAS/STING regulated genes in the sciatic nerve of an-

imals subjected to SNC and that these genes are differentially expressed with age in neuromuscular tissues

suggesting that the cGAS/STING pathway might contribute to the regeneration/repair process after nerve

injury and its dysregulation in aging.

STING KO mice show faster functional recovery after injury

To investigate the role of STING in injury recovery, we performed a longitudinal nerve injury study in STING

KO animals. We subjected young and old wild-type C57BL/6 (WT) and C57BL/6J-Tmem173gt/J mice

(STING KO) to SNC and measured functional readouts including the compound muscle action potential

(CMAP) and toe spread (TS) over time (Figure 2A). We confirmed STING protein ablation by immunoblot-

ting analysis of protein extracts of the gastrocnemius muscle. STING protein levels were upregulated in the
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Figure 1. Differentially expressed pathways in young and old rats following sciatic nerve crush

Gene expression in the distal nerve stump was assessed at day 1, 7, 14, and 21 after subjecting young and old adult rats

(2 and 19 months, respectively) to sciatic nerve crush injury. Gene expression levels in the uninjured, contralateral nerve at

day 7 were used as control.

(A) Volcano plots depicting significantly enriched gene ontology pathways at day 1 and 7 in distal vs. contralateral nerve,

as determined by GSEA. Highlighted are three gene sets linked to inflammation (GO:0006954), innate immune response

(GO:0045087), and ensheathment of neurons (GO:0007272). Statistical significance was defined as BH-adjusted pvalue

below or equal to 0.05 (dotted horizontal line). Dot size reflects gene set size.

(B and C) Longitudinal gene expression changes for genes in the three highlighted ontology gene sets, and the cGAS/

STING pathway reveals a resolution of injury-induced effect by day 21 in young animals, contrasting the sustained injury

effect and differential gene expression in old rats. Gene expression values (log2 transformed rpkm) were normalized to

mean expression level in the contralateral nerve. Heatmap rows and columns are representing distinct genes and

individual animals at different time points post SNC, respectively.
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gastrocnemius muscle of the leg subjected to SNC compared with the contralateral leg in WT mice (Fig-

ure 2B). STING protein was not detected in the gastrocnemius of STING KO mice (Figure 2B). We did

not find significant difference in baseline CMAP values in STING KO versus WT or in young versus old

animals (Figures 2C and 2D). As previously described (Giorgetti et al., 2019a), SNC induced a drastic reduc-

tion in CMAP values in both STING KO and WT mice one week post injury regardless of age as a conse-

quence of loss of muscle innervation caused by the injury. CMAP recovery after injury is delayed in aged

Figure 2. Absence of STING accelerates nerve recovery in mice subjected to sciatic SNC

Young and old C57BL/6J-Tmem173gt/J (STING KO) and C57BL/6J (WT) mice were subjected to SNC.

(A) Schematic representation of in-vivo studies’ design. We performed toe spread analysis and CMAP measurement at

the indicated time points after SNC. Mice were sacrificed at day 7, 35, and 56 post SNC. Sciatic nerves and gastrocnemius

muscles were excised for RNA and protein extraction.

(B) Ablation of STING was confirmed by immunoblotting in gastrocnemius muscle 1 week post SNC. GAPDH was used as

loading control. The graph shows the quantification of immunoreactive bands by densitometry. (*p < 0.05, **p < 0.001,

two-way ANOVA).

(C and D) Toe spread and CMAP analysis was performed as indicated in A in young (C) and old animals (D). Blue and red

values around the boxes indicate percentage of mice at each score. Toe spread scores were 0 - no spreading, 1 -

intermediate spreading, 2 - full toe spreading. **p < 0.01, ***p < 0.001, ****p < 0.0001 versus contralateral leg that had a

score of 2 at all-time points (Mann-Whitney test). CMAP data are mean amplitudeG SEM; the dotted line corresponds to

baseline measurements performed one week before SNC. Six mice/group for 16-month-old mice (C),and eight mice/

group for 14-week-old mice (D). *p < 0.05, ***p < 0.001 (two-way ANOVA).
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mice (Giorgetti et al., 2019a). Strikingly, STING KO mice recovered faster than WT animals and had CMAP

values significantly increased at day 21 post injury. This effect was remarkably more pronounced in old than

in young mice (Figures 2C and 2D). We also performed TS analysis to assess motor function after SNC. TS

dramatically decreased in the first week after crush (score 0), recovered faster in old STING KO mice than

WTmice starting from day 18 post SNCwith 33% of the STING KOmice reaching the highest score (score 2)

compared with 16.6% of WT animals. At day 28 post SNC, 100% of the old STING KO mice had reached

score 2 compared with 83% of WT mice (Figure 2D). TS recovery followed a different pattern in younger

animals. At day 7 post SNC, all WT mice scored 0 versus 75% of STING KO and 100% of STING KO reached

full recovery at day 35 compared with 75% ofWTmice (Figure 2C). Taken together, these data show that the

rate of recovery of CMAP and TS after injury is increased in STING KOmice and that it is more pronounced

in aged mice.

Histological analysis of sciatic nerve shows thatmyelin degeneration recovers faster in STING

KO mice

To understand the mechanisms underlying the faster functional recovery in STING KOmice, we performed

histological analysis of sciatic nerves. The nerve was sub-divided in three regions (Figure 3A) named R1

Figure 3. Ablation of STING increases the expression of the myelin marker MBP

C57BL/6J-Tmem173gt/J (STING KO) and C57BL/6J (WT) mice were subjected to SNC.

(A) Schematic representation of sciatic nerve, with segments proximal (R4) and distal (R1) to the crush site and respective

sectioning points. The crush site is indicated in yellow in the mid segment (R2/R3).

(B) Representative images of WT and STING KO sciatic nerve cross sections stained with anti-NF200 (axons, in green) and

anti-MBP (myelin, in red) antibodies in region R2/R3 of the sciatic nerve at 1 or 4 weeks post SNC. The R2/R3 region of the

contralateral non-crushed sciatic nerve is included for comparison. Fluorescent microscope images were taken at 203

magnification and scale bars are 50 mm.

(C) Quantification of myelin fluorescent signal intensity. Only myelin associated with an axon was evaluated. Data

represent myelin intensity (% of WT) G SEM. # p<0.05 versus KO, Brown-Forsythe, and Welch ANOVA. (D) Quantification

of axon number and area. Five mice/group and genotype. Mice were 6 months old at the beginning of the experiment.

Data represent the mean G SEM. **p<0.01, ***p<0.001, ****p<0.0001, one-way ANOVA.
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(distal, at and after the branching point into tibial and peroneal nerves), R2/R3 (middle region), and R4

(proximal region to the lumbar vertebrae L4). The nerve crush site was defined as the R2/R3 boundary.

Axons were labeled using an antibody to the neurofilament 200 protein (NF200), whereas myelin was visu-

alized using an antibody tomyelin basic protein (MBP), a marker of myelinating Schwann cells. We detected

no differences in myelin content, axon number, and size in intact nerves of the contralateral leg of WT and

STING KO mice (Figures 3B–3D). As expected, one week after crush injury in WT mice, we observed a dra-

matic loss of both myelin rings and neurofilament-stained axons, as well as accumulation of myelin debris.

In contrast, nerves from STING KO mice showed maintenance of several myelin rings and a more intense

myelin immunostaining (Figure 3B). Quantification of this finding showed significantly more intact myelin

sheaths and increased myelin content in STING KO nerves than in WT mice (Figure 3C). In contrast, we de-

tected a significant but comparable decrease in axon number, area, and axon area distribution in injured

nerves of WT and STING KO mice one week after SNC (Figures 3B, 3D, and S2). At four weeks after crush,

myelin and axons had recovered and resembled those present in intact nerves of both WT and STING

KO mice.

Macrophages play a central role during regeneration after traumatic nerve injury (Kiefer et al., 2001). Upon

injury, macrophages readily invade injured nerves and contribute to myelin and axonal debris clearance

and regeneration (Cattin et al., 2015;Wang et al., 2020). To analyze macrophage number at the site of nerve

injury, we visualized macrophages by immunostaining using an antibody to ionized calcium-binding

adapter molecule 1 (Iba1), a marker of macrophages and microglia. As expected, a low number of resident

macrophages were detected in intact nerves of WT and STING KOmice (Figures 4A and 4B). We confirmed

that injury induces a significant increase in the number of macrophages in the nerve one week after SNC.

Interestingly, we detected a lower number of macrophages in STING KO than in WT mice (Figures 4A and

4B). Upon nerve damage, Schwann cells and resident macrophages are known to rapidly induce signaling

molecules that are responsible for macrophage recruitment from the circulation and their expansion and

activation (Chen et al., 2015; Martini et al., 2008). One of such molecules is CSF1 which binds the CSF1R and

triggers a signaling cascade that induces proliferation and activation of macrophages andmicroglia via the

CSF1R (Damani et al., 2011; Guan et al., 2016; Hefendehl et al., 2014). We therefore analyzed the expression

of Csf1 transcript in sciatic nerve of WT and STING KO mice after SNC by quantitative RT-PCR (qRT-PCR).

We found a significant downregulation ofCsf1 in the sciatic nerve of STINGKO than inWTmice (Figure 4C).

Taken together, these data suggest that STING regulates the expression of Csf1 at the transcriptional level

as well as the number of macrophages in the damaged nerve one week after injury.

STING ablation attenuates microglia activation in the dorsal horn of the spinal cord

Microglia are the tissue resident macrophages of the brain and spinal cord. Microglia survey their micro-

environment and display dynamic behavior in response to different stimuli, including nerve injury, which

leads to changes in their morphology, number, gene expression, and activation (Davis et al., 1994; Lawson

et al., 1990; Lehrmann et al., 1997). Chronic activation of microglia has detrimental effects and results in

prolonged release of proinflammatory mediators and toxins which are thought to cause neuropathic

pain and neurodegeneration (Inoue and Tsuda, 2018). Upon nerve damage, dorsal root ganglia sensory

neurons (DRGs) rapidly induce signalingmolecules that are responsible for microglia proliferation and acti-

vation. To investigate whether STING ablation affected microglia number and activation after SNC, we

visualized microglia in the spinal cord with an antibody to Iba1. We did not find significant differences in

microglia number between WT and STING KO mice prior to injury (Figures S3A and S3B) and one and

four weeks after SNC (Figures 4D and 4E). However, STING KOmice showed altered microglia morphology

one week post injury, which was reminiscent of the resting phenotype (Figure 4D). Quantification of the

activation index (distal area divided by the sum of soma and proximal area) confirmed that a larger number

of microglia cells in WT mice were activated comparedwith STING KO mice (Figure 4F). We did not find

significant difference in the microglia activation index between WT and STING KO mice four weeks post

SNC (Figure 4F) or prior to injury (Figures S3A–S3C). Our data suggest that STING contributes to chronic

microglia activation in response to SNC.

cGAMP induces markers of microglia activation in anSTING-dependent manner in BV2 cells

Recently, Yu et al. reported the presence of mtDNA in the cytoplasm of ALS patient iPSC-derived motor

neurons as well as the presence of cGAMP in spinal cord and serum samples of an ALS mouse model

(Yu et al., 2020). Therefore, it is plausible that cGAMP is generated by damaged sensory neurons in injured

sciatic nerves and transported to the spinal cord where it could stimulate the STING pathway and induce
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microglia activation. Furthermore, damaged motorneurons could also be a source of cGAMP in the spinal

cord. To investigate further the role of STING in microglia cells (BV2), we generated BV2 Tmem173 CRISPR

Cas9 KO cells (BV2 STINGKO). Ablation of STING protein expression in these cells was confirmed by immu-

noblotting (Figure S4A). As expected, cGAMP treatment of BV2 CTRL cells for 6 and 24 h induced STING

degradation and an increase in TBK1 andNF-kB phosphorylation at both time points (Figures S4A and S4B)

Figure 4. STING KO decreases macrophage number in sciatic nerve and microglia activation in spinal cord

following nerve crush

C57BL/6J-Tmem173gt/J (STING KO) and C57BL/6J (WT) mice were subjected to SNC.

(A and D) Representative images of Iba1 immunostaining of WT and STING KO sciatic nerve (A) and spinal cord (D) at 1 or

4 weeks post SNC. Scale bars are 200 mm in A and 20 mm in D; n = five mice/group and genotype.

(B and E) Mice were 6 months old at the beginning of the experiment. Quantitative analysis of Iba1+ cells at the R2/R3

region in sciatic nerve (B) and spinal cord (lumbar region L5-L6) (E).

(F) Themicroglia activation index is the ratio of the distal area and the soma plus the proximal area. Five mice/group. Data

represent the mean G SEM.

(C) mRNA abundance of Csf1 was analyzed by qRT-PCR in sciatic nerve from 16-month-old mice subjected to SNC. Data

represent mean fold increase of WT animals GSEM, n = 6. *p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001; (C) t test and

(B, E, and F) two-way ANOVA. *No crush versus crush: #WT versus STING KO.
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Figure 5. cGAMP-induced apoptosis and activation of BV2 microglial cells is STING dependent

(A and B) BV2 STING KO and control (CTRL) cells were treated with the indicated concentrations of cGAMP or DMSO for 6 and 24 h. Analysis of inflammatory

cytokines (A) or markers of microglia activation (B) was performed by qRT-PCR.

(C) Representative immunofluorescence images are shown.
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(Tanaka and Chen, 2012). Conversely, we could not detect any increase in the phosphorylation of either

TBK1 or NF-kB in BV2 STING KO cells confirming previous observations that STING is required for the acti-

vation of these molecules in response to cGAMP (Fang et al., 2017). To examine the effects of cGAMP on

microglia activation, we treated BV2 CTRL and BV2 STING KO cells for 6 and 24 h and analyzed the mRNA

expression of marker of microglia activation by qPCR. cGAMP treatment induced a significant upregulation

of the proinflammatory cytokines Cxcl10, Il1b, Tnfa, and Il6 in BV2 CTRL cells. However, the expression and

upregulation of these proinflammatory genes were impaired in BV2 STING KO cells at both analyzed time

points (Figures 5A and 5B). Importantly, we confirmed the upregulation of proinflammatory cytokines

(CXCL10, IL1b, TNFa, and IL6) in human-induced pluripotent stem cells (iPSC)-derived microglia treated

with 50 mMof cGAMP for 6 and 24h (Figure S5). Similarly, Tnfa, Il1a, andNos, markers of microglia activation

(Lively and Schlichter, 2018; Madeddu et al., 2015), were upregulated by cGAMP in iPSC-derived microglia

(Figure S5) and BV2 CTRL but not in BV2 STING KO cells (Figure 5B). In contrast, the expression of the anti-

inflammatory gene Arg1 (Munder, 2009) was decreased by cGAMP treatment in BV2 CTRL cells but not in

STING KO cells (Figure 5B). Arg1 and Nos were not expressed in iPSC-derived microglia and therefore we

could not analyze the effect of cGAMP on these genes. Taken together, these data indicate that STING is

required for the transcriptional regulation of markers of microglia activation and inflammatory cytokines in

response to cGAMP. When treating BV2 cells with cGAMP, we noticed that control cells (BV2 CTRL) were

more susceptible to cell death. To investigate the impact of cGAMP on microglia survival, we treated BV2

cells with different concentrations of cGAMP for 24 h and evaluated cell number by DAPI staining (Fig-

ure 5C). cGAMP induced a significant decrease in the number of BV2 CTRL cells compared to vehicle con-

trol but had no effect on BV2 STING KO cells (Figure 5D). Low concentrations (5 and 12 mM) of cGAMP were

sufficient to decrease the number of BV2 CTRL cells by 60% with stronger effects at higher concentrations.

To understand the mechanism conducive to a decrease in cell number, we investigated whether cGAMP

induced apoptosis by monitoring cleaved Caspase 3 expression. BV2 CTRL cells underwent apoptosis

shortly after treatment with cGAMP as evaluated by Caspase 3 staining (Figures 5C and 5D). However,

BV2 STING KO cells were resistant and we could not detect any significant difference in Caspase 3 staining

compared to vehicle control (Figures 5C and 5D).

Microglia are dependent on CSF1R signaling for their survival and proliferation. CSF1R is a transmembrane

glycoprotein consisting of a ligand-binding extracellular domain, a short transmembrane segment and the

intracellular kinase domain. CSF1R undergoes regulated intramembrane proteolysis (Brown et al., 2000)

which results in downregulation and shedding of the ectodomain (Wilhelmsen and van der Geer, 2004).

Because of the effect of cGAMP on microglia survival, we monitored the protein levels of CSF1R by immu-

noblotting after cGAMP treatment of naive BV2 cells and iPSC-derived microglia cells. We found that

cGAMP treatment for 24 h decreased significantly the protein levels of the receptor (Figures 6A and 6B).

cGAMP effect on CSF1R processing was confirmed in BV2 CTRL cells treated for 6 and 24 h (Figure 6C).

In contrast, genetic inhibition of STING prevented CSF1R proteolytic processing (Figure 6C). Taken

together, the data suggest that by regulating CSF1R processing STING could potentially inhibit the pro-

survival effect of CSF1R on microglia.

DISCUSSION

Cellular damage induced by trauma results in perturbation of cellular homeostasis and release of DAMPs

such as mtDNA that leads to activation of innate immune responses. Inflammation in response to nucleic

acids is triggered by DNA sensors such as cGAS. However, the role of the cGAS/STING pathway in PNI has

not been described. Here, we report that aging and PNI upregulate the expression and activation of the

cGAS/STING pathway in sciatic nerve and spinal cord of naive animals and of rats subjected to PNI. We

show for the first time that STING deficiency in mice boosts myelin content and promotes a faster functional

recovery after SNC. The increase in myelin content in STING KOmice precedes the functional recovery and

coincides with decreased expression of proinflammatory cytokines in sciatic nerve compared withWTmice.

Soon after injury, Schwann cells acquire a dedifferentiated phenotype and initiate myelin degradation and

axon debris removal at the distal stump of the damaged nerve. This process is initially performed in concert

with resident macrophages and later supported by infiltrating macrophages (Liu et al., 2019; Mueller et al.,

Figure 5. Continued

(D) Cell number and cell death were evaluated by DAPI and cleaved caspase-3 staining (D), respectively. Scale bars are 400 mm. The experiment was

repeated 3 times, and the data are expressed as means G SEM (*p < 0.05, **p<0.01, ***p < 0.001, ****p<0.0001; two-way ANOVA).

(A and B) Data represent means G SEM. *p < 0.05, **p<0.01, ***p < 0.001, ****p<0.0001 versus. * DMSO versus cGAMP treatment. # BV2 CRISPR CTRL

versus CRISPR BV2 STING KO.
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2003). Thus, macrophages are key for the degeneration/regeneration program. M1 macrophages are

essential for WD since ablation of several M1-inducing factors delays WD and consequently the regener-

ation process (Zigmond and Echevarria, 2019). On the other hand, there is evidence that M2 macrophages

are involved in nerve regeneration (Zigmond and Echevarria, 2019). We found a decreased number of mac-

rophages in the sciatic nerve of STING KOmice one week post injury. Therefore, it is possible that impaired

recruitment and activation of macrophages in STING KOmice leads to inefficient myelin degradation and/

or delayed removal of damaged axons at the site of injury resulting in the higher CMAP values observed

three-week post injury. However, this is unlikely since we did not find differences in the number of axons

or axon area between WT and KO mice at all the examined time points. Alternatively, STING ablation,

might prevent a strong and persistent hyperinflammatory state that is known to interfere with the repair

process especially in old mice (Buttner et al., 2018). Indeed, it is well known that activation of the cGAS/

STING pathway results in the secretion of highly inflammatory cytokines like IFNa/b, IL6, TNFa, and others

(Buttner et al., 2018). Furthermore, we found a significant decrease in the expression of Csf1 in sciatic nerve

of STING KO mice one week after injury. In peripheral nerve, endoneurial fibroblasts and Schwann cells

Figure 6. cGAMP downregulates CSF1R expression in microglial cells via STING

(A and B) BV2 cells (A) and iPSC-derived microglia (B) were treated with 50 mM cGAMP or DMSO for 24 h. CSF1R protein

expression was analyzed by immunoblotting. The graph shows the quantification of the different immune-reactive bands

of CSF1R by densitometry. GAPDH and tubulin were used as loading controls. The experiment was repeated 3 times.

Data are mean band intensity GSEM. *p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (two-way ANOVA).

(C) STING ablation prevents CSF1R proteolysis induced by cGAMP treatment. BV2 STING KO and control (CTRL) cells

were treated with 50 mM cGAMP for the indicated time. The graph shows the quantification of the different

immunoreactive bands of CSF1R by densitometry. GAPDH was used as a loading control. Data are mean band

intensity GSEM. *p<0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, (two-way ANOVA).
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secrete CSF1 (Groh et al., 2012), a key factor for macrophage proliferation, differentiation, and survival (Zig-

mond and Echevarria, 2019). Interestingly, Lee at al. found that PLX5622, an inhibitor of CSF1R, caused a

decrease in M1 macrophages when administered before partial sciatic nerve ligation (Lee et al., 2018).

Therefore, STING could potentially regulate the M1/M2 macrophage population via CSF1, and boost re-

myelination and nerve functional recovery.

In this study, we found that microglia activation was attenuated in the spinal cord of STING KO mice.

Following PNI, microglia cells are activated, proliferated, and accumulated in areas of damaged neurons

and produce a variety of chemokines that are thought to exacerbate neurodegeneration and contribute to

neuropathic pain (Inoue and Tsuda, 2018). Several factors, including CSF1, have been implicated in micro-

glia activation and neuropathic pain following nerve injury (Inoue and Tsuda, 2018). Guan et al. have shown

that CSF1 is transported along the injured sensory axons to the spinal cord (Guan et al., 2016); a similar

transport mechanism in response to PNI could apply to cGAMP and explain the reduced microglia activa-

tion found in spinal cord of STING KO mice.

In vitro treatment of mouse microglia and human iPSC-derived microglia with cGAMP resulted in fast (6 h

post treatment) elevation of markers of microglia activation. However, this was associated with a dramatic

decrease in mouse microglia cell number and viability that required STING. Emerging evidence indicate

that ER stress associated with STING activation induces apoptosis via the proapoptotic molecules BAK/

BAX and release of cytochrome c (Murthy et al., 2020). It remains to be determined whether a similar mech-

anism is responsible for the cell death induced by cGAMP in our study. Microglia cells are dependent on

the CSF1R for their proliferation and survival (Inoue and Tsuda, 2018). In this study, we describe for the first

time that cGAMP induces CSF1R proteolytic processing in microglia. A PKC-dependent CSF1R ectodo-

main shedding has been reported in response to macrophage activators including IFN g, LPS, IL-2, and

IL-4 (Baccarini et al., 1992; Damoiseaux et al., 1989; Retini et al., 1996). The physiological relevance of

such shedding is not clear. A soluble CSF1R containing the ligand binding domain could function as a

decoy thus decreasing functional effects of CSF1 (Damoiseaux et al., 1989). On the other end, it could affect

the microglia ‘‘phenotype’’ as described for macrophage maturation (Palucka et al., 1998) or their survival.

Therefore, lack of STING could protect resident cells like microglia from becoming strongly activated by

DAMPS released from damaged cells at the site of injury and in spinal cord. The combination of less inflam-

mation at the site of injury mediated by recruited cells and the better survival of the resident cells, might

allow faster recovery from the nerve injury observed in the STING KO animals. Future investigations on

these hypotheses are required and could stem from the findings described in this study.

The current study not only unravels a previously unrecognized role for STING in nerve regeneration and

microglia activation but also suggests potential therapeutic strategies for the treatment of PNI.

Limitation of the study

In the study presented here, we provide comprehensive evidence for the upregulation of the cGAS/STING

pathway after sciatic nerve crush and that STING KO mice show faster recovery after injury. A limitation of

the work is that it was not possible to directly measure cytosolic DNA or cGAMP in sciatic nerve of mice

subjected to SNC or sham-operated animals. Detection of cytosolic DNA in small tissue samples and mea-

surements of cGAMP in a complex biological matrix is still a significant challenge in the field. For future

research, it will be important to develop assays for cGAMP measurement that combine high sensitivity

and low susceptibility to the so called matrix effect. Another limitation of this study is that the downstream

mechanisms underlying how STING signaling regulates preservation of myelin and microglia activation

remain to be further elucidated.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

GAPDH (6C5), Mouse, mAbs Ambion Cat# AM4300, RRID:AB_437392

M-CSF Receptor, Rabbit, pAbs Cell Signaling Technology Cat# 3152, RRID:AB_2085233

NF-kB p65 (D14E12) XP�, Rabbit mAbs Cell Signaling Technology Cat# 8242, RRID:AB_10859369

NF-kB p65 (Phospho Ser536) (93H1), Rabbit, mAbs Cell Signaling Technology Cat# 3033, RRID:AB_331284

TBK1/NAK (Phospho Ser172) (D52C2) XP� Rabbit, mAbs Cell Signaling Technology Cat# 5483, RRID:AB_10693472

STING (D1V5L), Rabbit, mAbs Cell Signaling Technology Cat# 50494, RRID:AB_2799375

Tubulin-a (DM1A), Mouse, mAb Sigma-Aldrich Cat# T6199, RRID:AB_477583

Chemicals, peptides, and recombinant proteins

cGAMP Novartis Pharma AG NVP-LXV902-AV26

Deposited data

Transcriptomic analysis: rat sciatic nerve crush study This paper PRJNA690705

Comparison between adult and aged mice spinal

cord and microglia

(Giorgetti et al., 2019a,

2019b)

GEO: GSE122116

Genomic profiling of rat sarcopenic muscle (Ibebunjo et al., 2013) GEO:GSE118825

Transcriptomic analysis: mice sciatic nerve crush study (Barrette et al., 2010) GSE22291

Experimental models: Cell lines

BV2: mouse microglia cells KCB KCB 200770YJ, RRID:CVCL_0182

iPSCs This paper NA

iMACS This paper NA

Experimental models: Organisms/strains

C57BL/6J Mus musculus The Jackson Laboratories IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664

C57BL/6J-STING1gt/J Mus musculus The Jackson Laboratories IMSR Cat# JAX:017537, RRID:IMSR_JAX:017537

Hsd:Sprague Dawley� SD� Rattus norvegicus Envigo NA

Oligonucleotides

Arg1 -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00475988_m1

Csf1 -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00432688_m1

Cxcl10 -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00445235_m1

CXCL10 Thermo Fisher Scientific Hs99999049_m1

Gapdh-Taqman Gene Expression Assay Thermo Fisher Scientific Mm99999915_g1

GAPDH- Thermo Fisher Scientific Hs99999905_m1

Hprt-Taqman Gene Expression Assay Thermo Fisher Scientific Mm03024075_m1

Il1a -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00439620_m1

IL1a Thermo Fisher Scientific Hs00174092_m1

Il1b -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00434228_m1

IL1 b Thermo Fisher Scientific Hs01555410_m1

Il6 -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00446190_m1

IL6 Thermo Fisher Scientific Hs00174131_m1

Nos2 -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00440502_m1

Rplp0-Taqman Gene Expression Assay Thermo Fisher Scientific Mm00725448_s1

RPLP0 Thermo Fisher Scientific Hs99999902_m1
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RESOURCE AVAILABILITY

Lead contact

Requests and information for recourses should be directed to the lead contact, Mara Fornaro (mara.

fornaro@novartis.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d Transcriptomic analysis of rat sciatic nerve crush study analyzed in this paper can be found online. Raw

reads are available at the NIH Sequence Read Archive (SRA) with the following ID: PRJNA690705. R code

used for statistical analyses is available upon request. Data regarding the comparison between adult and

aged mice spinal cord and microglia can be found in Giorgetti et al., 2019b and in GEO database under

the dataset number: GSE122116. Genomic profiling of rat sarcopenic muscle data are available in Ibe-

bunjo et al., 2013 and in GEO: GSE118825. The transcriptomic analysis of mice sciatic nerve crush study

from Barrette et al., 2010 is available in GEO: GSE118825.

d All original code has been deposited at SRA and is publicly available as of the date of publication. DOIs

are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Tnfa -Taqman Gene Expression Assay Thermo Fisher Scientific Mm00443258_m1

TNF a Thermo Fisher Scientific Hs00174128_m1

Mm.Cas9.TMEM173.1.AD – Guide RNA IDT technologies This paper

Mm.Cas9.TMEM173.1.AG – Guide RNA IDT technologies This paper

Tracer RNA IDT technologies IDT#1072534

mTMEM173_Fwd - PCR primer IDT technologies This paper

mTMEM173_Rev - PCR primer IDT technologies This paper

mTMEM173_Fwd_long - PCR primer IDT technologies This paper

mTMEM173_Rev_long - PCR primer IDT technologies This paper

Software and algorithms

Fiji Open source RRID:SCR_002285

GraphPad Prism 8 GraphPad Software RRID:SCR_002798

FastQC FastQC RRID:SCR_014583

R R Project for Statistical

Computing

RRID:SCR_001905

EnsDb.Rnorvegicus.v79 2.99.0 R package (Rainer, 2017) http://bioconductor.org/packages/release/data/annotation/

html/EnsDb.Rnorvegicus.v79.html

Genefilter 1.72.0 R package (Gentleman et al., 2020) https://bioconductor.org/packages/release/bioc/html/

genefilter.html

Limma 3.40.6 R package (Ritchie et al., 2015) https://bioconductor.org/packages/release/bioc/html/

limma.html

HALO HALO, Indica Labs RRID:SCR_018350

HCS Studio Cell Analysis software Thermo Fisher Scientific HCS Studio Cell Analysis software, RRID:SCR_016787

TIBCO Spotfire Analyst TIBCO Software Inc.

Spotfire

Spotfire, RRID:SCR_008858

Microsoft Office 2016 Microsoft N/A
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Animal handling, care, and experimental use were in line with the Swiss federal laws for animal protection.

The studies described in this report were approved by the Cantonal Veterinary Authorities of Basel,

Switzerland (licenses BS-2557 and BS-2804).

We used mice at different age: 12-14 week (young), 6 month (adult) or 16 month (old) old. Male C57BL/6J-

Tmem173gt/J mice (STING KO) and male C57BL/6J (WT) were purchased from Jackson Laboratory. Ani-

mals were allowed to adapt for seven days prior to the start of an experiment. They were housed in

standard conditions (temperature 20–24�C, humidity minimum 40%, light/dark cycle 12 h) in IVC (Individ-

ually Ventilated) racks (max. 4 animals/cage) with access to standard food (Kliba Nr. 3893.025; Kliba-Pro-

vimi, Kaiseraugst, Switzerland) and water ad libitum. Male Hsd:Sprague Dawley� SD� rats (Envigo) rats

used were at different age: 2 or 19 month old. Animals were housed in Type 2000 cages racks with a

light/dark cycle of 12 h and free access to diet (Kliba Nr. 3893.025; Kliba-Provimi, Kaiseraugst, Switzerland)

and water ad libitum.

Cells

Mouse microglial cells. BV2 cells were grown in RPMI (Gibco #31870) supplemented with 10% FBS

(Sigma #F2442), 1% glutamine and 1% Penicillin-Streptomycin (Sigma #P0781) and maintained at 37�C
and 5% CO2. Cells were detached by Accutase and treated with cGAMP 24 hours after seeding to induce

the cGAS-STING pathway.

Human induced pluripotent stem cells (hiPSC) generation andmaintenance. The iPSC lineWT29 was

derived from cell line AG09429 obtained by the NIA Aging Cell Repository at the Coriell Institute for Med-

ical Research by using the CytoTune-iPS Reprogramming Kit (Invitrogen). Cells had a normal karyotype and

pluripotency was confirmed by the expression of standard markers. iPS cells were cultured on laminin 521

(Biolamina LN521) coated dishes in mTeSR plus (Stem Cell Technologies #05825) supplemented with 1%

penicillin/streptomycin (Gibco). Cells were dissociated with TrypLE (Gibco) every 3-4 days and plated at

the density 20000/cm2 in the presence of 10 mMROCK inhibitor. Themediumwas replaced every other day.

Human induced pluripotent stem cell (hiPSC)-derived microglia. Human iPSC-derived macrophages

(iMACs) were generated as described in (Buchrieser et al.,2017). Briefly, embryo bodies (EBs) are generated

from approx. 5000-7000 iPSCs per well in ultra-low adherent 96 well plates and maintained in mTesR me-

dium (STEMCELL Technologies, 85870) supplemented with 50 ng/ml hBMP4 (Peprotech, 120-05ET-100),

20 ng/ml SCF (Peprotech, 300-07-10) and 50 ng/ml VEGF (Peprotech,100-20-100) and 10 mM Y-27632

was added per well. After 4 days, EBs are transferred to 10 cm dish coated with 0.1% gelatin (EB size:

500-700mM) in DMEM (Thermo Fischer Scientific, 41966029) containing 10% FBS (Gibco, 10270-106), Glu-

taMAX supplement (Thermo Fischer Scientific, 35050-038, diluted 1/100), 0.055 mM b-mercaptoethanol

(Gibco, 21985-023), 1% penicillin/streptomycin, 1x MEM Non-Essential Amino Acids Solution (Gibco,

11140-035), supplemented with 25 ng/ml IL-3 (Peprotech, 200-03-100) and 100 ng/ml m-CSF (Peprotech,

300-25-100). After 3 days, medium was replaced by X-VIVO-15 (Lonza, BE02-053Q), supplemented with

GlutaMAX, 0.055 mM b-mercaptoethanol, 1% penicillin/streptomycin, 100 ng/mL m-CSF and 25 ng/mL

IL-3. After 15-20 days iMACS grown in suspension can be collected weekly for further differentiation up

to three month. For microglia differentiation, 3-5 x 106 iMACS were plated onto a 6 cm dish and were

cultivated for three weeks in Neurobasal medium (Gibco #21103049) containing B27 supplement

(Gibco #17504-044), N2 supplement (Gibco #17502-048), 1% penicillin/streptomycin (Gibco #15070-063),

10 ng/ml m-CSF, 100 ng/ml IL-34 (Peprotech #200-34), 50 ng/ml TGFb (Peprotech #100-21), 10 ng/ml

BDNF (Peprotech #450-02), 10 ng/ml GDNF (Peprotech #450-10) and 10 ng/ml NT3 (Peprotech #450-03).

Medium was replaced every second day.

METHOD DETAILS

Sciatic nerve crush surgery in mice and rats

Animals were anesthetized using 4% isoflurane (Abbott, Cham, Switzerland) and then maintained by

continuous inhalation of 1.5–2% isoflurane on a heated surface (approximately 15 min). The skin was incised

posterior and parallel to the left femur, left sciatic nerve was exposed at mid-thigh and then crushed for

15 seconds (proximal to its branching) using a Dumont 5 forceps (Bridge et al., 1994). Site of crush was
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marked by using powered charcoal. After the crush, the nerve was repositioned and dissolvable suture

(0.7 gauge) was used to close the muscle and the skin incision was closed with wound closure clips. Animals

were allowed to recover from the anesthesia before placing them back in their cages.

Carprofen (Rimadyl, Pfizer, Zurich, Switzerland, 5 mg/kg) or Metacam (Boehringer Ingelheim Vetmedica

GmbH, Ingelheim/Rhein Germany) were administered subcutaneously for peri- (0.5 to 1 hour before sur-

gery) and post-operative pain control (1 to 3 days after surgery depending on the status of the animal).

CMAP assessment

Electrophysiologicalmeasurementswere performed following the procedure describedbyArnold et al. (Arnold

et al., 2015) on isoflurane-anesthetized animals using a recording unit of ADInstruments (Oxford, UK). Briefly, the

sciatic nerve was stimulated withmonopolar needle electrodes placed intramuscularly in the left gluteal region.

A recording (active) monopolar electrode was placed in the ventral region of the left leg gastrocnemius. A non-

active, monopolar electrode was placed in the heel of the left hind limb. Initially, a single pulse of 0.5 ms was

applied to the nerve and current (in mA) was increased regularly to achieve maximum CMAP (I-max).

TS assessment

The toe spread (TS) reflex was scored by holding mice from the tail for the observation of the toe spread in

the hind paws. The toe spread reflex scoring values were assigned accordingly to Ma et al. (Ma et al., 2011):

0 - no spreading, 1 - intermediate spreading, 2 - full toe spreading.

Sample collection for SNC RNA-seq analysis

To investigate the transcriptional changes associated with peripheral nerve injury and regeneration, we

performed RNA-sequencing of samples obtained from the rat sciatic nerve crush experiment. Distal and

contralateral nerves were harvested at day 1, 7, 14 and 21 post SNC and at day 7 post SNC, respectively.

Nerve samples were snap frozen in liquid nitrogen and stored at 80�C until further processing.

Library preparation and high-throughput sequencing

The RNA libraries were prepared using the Illumina TruSeq Stranded mRNA Sample Preparation protocol

and sequenced using the Illumina HiSeq2500 platform following the manufacturer’s protocol. Samples

were sequenced in paired-end mode to a length of 2x76bp base-pairs. Images from the instrument

were processed using the manufacturer’s software to generate FASTQ sequence files. Read quality was as-

sessed by running FastQC on the FASTQ files. Sequencing reads showed excellent quality, with a mean

Phred score higher than 30 for all base positions. Raw reads were aligned to the rat genome (Rattus nor-

vegicus, build Rnor_6) and genes annotated by Ensembl v6.0.87 for gene expression quantification using

the exon quantification pipeline (Schuierer and Roma, 2016). Raw reads are available at the NIH Sequence

Read Archive (SRA) with the following ID: PRJNA690705.

Data preprocessing and statistical analyses

Preprocessing of the gene raw counts and subsequent statistical analyses were carried out in R (R Core Team,

2020) using a customized analysis pipeline. Briefly, the EnsDb.Rnorvegicus.v79 R package (Rainer, 2017) was

used to retrieve gene annotations and only protein-coding genes were retained for subsequent analyses,

thereby reducing the initial data set to 19,457 genes. Raw counts were scaled using TMM normalization (Rob-

inson andOshlack, 2010) and the genefilter R package (Gentleman et al., 2020) used to remove lowly expressed

features (below minimum threshold of 0.5 rpkm in at least 3 samples), leaving 13,852 genes in the filtered data

set. The expression data was transformed using voom (Law et al., 2014) followed by differential gene expression

analysis using limma linearmodelling (Ritchie et al., 2015). The camera algorithm (Wuand Smyth, 2012) was used

to perform competitive gene set enrichment analysis (GSEA), using as reference gene sets the gene ontology

(GO) Biological Process collection from the Molecular Signature Database (accessed January 14th 2021) (Subra-

manian et al., 2005). For both differential expression analysis and GSEA, statistical significance was pronounced

at a Benjamini-Hochberg (Benjamini and Hochberg, 1995) adjusted p-value threshold of < 0.05.

RNA-Seq data sets from public domain

Two further RNA-Seq datasets analyzed in this study have been described in (Ibebunjo et al.,2013; Giorgetti

et al., 2019b) and (Barrette et al., 2010). Gene expression data for these studies were accessed fromGEO as

normalized expression values (accession ids GSE118825, GSE122116 and GSE22291).
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CRISPR-Cas9 editing using electroporation

Two gRNA were designed on a DNA sequence flanking an exon and an intron using the GPP sgRNA

Designer (Broad Institute, webtool) for CRISPR KO BV2 cells and listed in Table S3. Guides were obtained

from Integrated DNA Technologies (IDT) by combination of crRNA (CRISPR RNA), Mm_Cas9_

TMEM173_1_AD (IDT#223411367) and Mm_Cas9_TMEM173_1_AG (IDT#223411368), and tracrRNA (trans-

activating CRISPR RNA) (IDT #1072534) in equimolar amount, for 5 minutes at 95�C, cooled down to RT

before storage at -20�C. A negative control gRNA was purchased from IDT (Alt-R� CRISPR-Cas9 Negative

Control crRNA #1). The combination of crRNA and tracrRNAwasmixed with Alt-R� S.p. HiFi Cas9 Nuclease

V3 (IDT#1081060) in a ratio of 2:1 and incubated 10 min at RT. Sample preparation for transfection was per-

formed using the Neon� Transfection System 100 mL Neon� Tips (ThermoScientific, cat#MPK10025). Cells

were collected and suspended in Buffer R (ThermoScientific) at 2.7 3 107 cells/ml and mixed with the

crRNA/tracrRNA/Cas9 for 2–3 min Transfection was performed using the Neon transfection system

(ThermoScientific, cat#MPK5000) at the following condition: 1700 Volts, 20 ms and 1 pulse.

Genomic DNA from cells was isolated using the QuickExtract DNA extraction solution (Epicentre

#QE09050) following manufacturer’s instructions and quantified using NanoDrop ND-1000 Spectropho-

tometer. DNA was diluted to 100 ng/ml, and PCR reaction were performed containing a final concentration

of 500 ng of DNA. GoTaq hot start Green master PCR mix (Promega #M5122) was used together with

100 mM of each PCR primer in a volume of 25 ml (Table S3).

Gene expression

Tissue and cells were lysed in TRIzol reagent (15596018, Thermo Fisher Scientific). Total RNA was isolated

using Direct-zol RNA MiniPrep (Zymo Research) or manual isolation according to the manufacturer’s in-

structions. RNA was quantified using NanoDrop ND-1000 Spectrophotometer and RNA (500 ng) was

then reverse transcribed to cDNA using the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher

Scientific). TaqMan� qPCR experiments were performed in 384-well plates and run with the QuantuStudio

System using the default cycling method (50�C for 2 minutes, 95�C for 10 minutes followed by 40 cycles at

95�C for 15 seconds and 60�C for 1 minutes) provided by the software. The reaction volume in each well was

5 ml and the mixture included 1X assay probe (containing specific primers and probes, Table 1), 1X

TaqMan� universal master mix (containing PCR buffer, nucleotides and taq DNA polymerase) and

cDNA template (12 ng). Data analysis was performed using the software qPCR Data Analysis, data were

expressed as Ct values and used for the relative quantification of targets with the DDCt calculation to

give N-fold differences. Data were transformed through the equation 2�DDCt. Gene-specific primers

with FAM-labeled probes were from Thermo Fisher Scientific are reported in Table S4.

Immunoblotting

Sciatic nerves and gastrocnemius muscles were excised for protein extraction at the indicated point after

SNC. Distal and contralateral nerves and muscle were harvested at day 1 post SNC and were snap frozen

in liquid nitrogen and stored at -80�C until further processing. Sciatic nerve tissue was lysed in T-PER Tissue

Protein Extraction Reagent (Thermo Scientific #78510) with Protease & Phosphatase inhibitor Cocktail

(Thermo Scientific #1861282). Cells were scraped with into RIPA buffer (Pierce #89901) supplemented with

1%Halt Protease& Phosphatase inhibitor Cocktail (Thermo Scientific #1861282). Cell and tissue homogenates

were kept at 4�C for 15 minutes on an orbital plate shaker before centrifugation (10 minutes at 13,000 rpm at

4�C). Protein concentrations were determined by BCA Protein Assay Kit (Pierce). SDS – polyacrylamide gel

electrophoresis (SDS-PAGE) sample buffer was added to samples and equal amounts of protein proteins

were separated using 4 - to 20% SDS – polyacrylamide gels (NuPAGE Novex 4-12% Bis-Tris gels from Invitro-

gen) and transferred onto nitrocellulose membranes by using Trans-Blot� Turbo� Transfer System (Bio-Rad).

Membranes were blocked in tris-buffered saline with 0.1% Tween 20 (TBS-T) and 5% (w/v) milk powder or 5%

BSA. Primary and secondary antibodies were incubated in TBS-T and 5% milk or 5% BSA. Immunoreactive

bands were as detected by enhanced chemiluminescence (50% Amersham ECL Prime Peroxide solution

50% Amersham ECL Prime Luminol Enhancer solution) and captured by Fusion FX (Vilber). Protein bands in-

tensity was quantitated by densitometry with Fiji software. A list of antibodies is provided in Table S5.

Histology of spinal cord and sciatic nerve

Animals were euthanized with an overdose of isoflurane. L1-L3 spinal segments (with the corresponding

vertebrae) of lumbar spinal cord were fixed in 10% neutral buffered formalin solution (NBF, Sigma-Aldrich,
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HT501128) for 48 hours at RT. Sciatic nerve samples were fixed in NBF for 24 hours at RT. Additional de-

calcification in Immunocal reagent (StatLab Medical Products, 1414-32) was performed for 72 hours at

RT for spinal cord samples. Dehydration and paraffin infiltration were performed on a Tissue-Tek VIP 6 Vac-

uum Infiltration Processor (Sakura Finetek Europe, Alphen aan den Rijn, the Netherlands). Before paraffin

embedding, sciatic nerves were cut in three parts and embedded separately: R1, the branching point into

the tibialis muscle, R2/R3, the crush site and R4, the proximal part. Following paraffin embedding 5 mm-

thick sections of tissues were mounted on Superfrost Plus Adhesion Microscope Slides (Thermo Fisher Sci-

entific, J1800AMNT). After 48-72 hours at 37�C slides were stored at RT.

Sciatic nerve and spinal cord. Antigen retrieval was performed in 0.1% Trypsin solution (Trypsin, ScyTek,

TSS310) for 30 min at 37�C after deparaffinization/rehydration from xylene to distilled water. Sections were

then blocked with PBS containing 5% Bovine Serum Albumin (BSA, Miltenyi Biotec, 130-091-376) and 2.5%

Triton X-100 (X100, Sigma-Aldrich) for one hour at RT. After washing with PBS-T (phosphate buffered saline

with Tween 20) sections were incubated with the primary antibodies for NF200 (Anti-Neurofilament 200 kDa

Antibody, clone NE14, Alexa Fluor 555 Conjugate, Merck Millipore, MAB5256A5, 1/500 dilution) and MBP

(Anti-Myelin Basic Protein, BioRad, MCA409S, 1/100) in PBS containing 1.5% BSA in 1.5% Triton overnight

at 4�C. Incubation with secondary antibody, DyLightTM 650-Donkey anti-Rat IgG (ThermoScientific SA5-

10029, 1/500), was performed at RT for 2 h, after washing with TBS-T. Sections were then counterstained

with DAPI (Molecular Probe, 5 mg/mL, 1/10000) in PBS for 10 min at RT. After rinsing in PBS, slides were

mounted in Mowiol 4-88 according to manufacturer’s recommendations (Merck Millipore, 475904-M). Flu-

orescently labeled slides were scanned with an Olympus VS-120 Virtual-Slide-Microscope scanner

(Olympus Schweiz AG, Volketswil) with a 40 X objective.

The microglial marker Iba-1 was detected by automated immunohistochemistry applied in Discovery Ven-

tana Ultra (Roche, Tucson, AZ) following themanufacturer recommendations. Antigen antigen retrieval was

performed in cell conditioning #1 buffer (CC1, Roche, 950-124) for 24 minutes after the deparaffinization

with 3 cycle of 8 minutes at 69�C in Discovery Wash Buffer (Ventana, 950-510) and fixation in glutaraldehyde

0.05% in 0.9 NaCl for 8 min (Merk, 8.20603.2500). Washing steps were performed in Reaction Buffer (Ven-

tana, 950-300) and sections were incubated with the primary antibodies for Iba-1 (Rabbit IgG anti-IBA1,

Wako 019-19741, dilution 1:2000 in the antibody diluent buffer from Roche, ADB250) for 1 hour. After a sec-

ondary antibody goat anti-rabbit IgG-biotin (Vector Labs, BA-1000) was incubated for 32 min at RT

(1/1000 dilution) in the antibody diluent buffer. DABMap kit (Ventana, 760-124) was used to detect the spe-

cific signal. Sections were counterstained with Hematoxylin II (Ventana, 190-2208) for 4 minutes. Slides were

incubated with the Bluing Reagent (Ventana, 760-2037) for 4-8 min before washing. Dehydration and

clearing in xylene was completed before permanently mounting the slides with Tissue Tek Glas Mounting

Media (Sakura Finetek Europe, AJ Alphen aan den Rijn, NL).

QUANTIFICATION AND STATISTICAL ANALYSIS

Imaging analysis

Olympus VS-120 Virtual-Slide-Microscope scanner (Olympus Schweiz AG, Volketswil) with a 40x objective

was used to scan sciatic nerve and spinal cord slides. The regions of the nerves and of the spinal cord to be

analyzed were outlined manually. Within the manual outline, nerve fiber bundle regions and the grey mat-

ter (dorsal and ventral horns) were subsequently detected using specifically trained neural networks (HALO,

version 3.1, with DenseNet pixel classifier, Indica Labs, Albuquerque, NM, USA). These classifiers have

been trained on a small random subset of images (approximately 5%).

Sciatic nerve. Axon and myelin quantification was performed using HALO image analysis software

(Version 3.1, Indica Labs, Albuquerque, NM, USA). Axons were analyzed in the classified ‘‘bundle’’ regions

using the ‘‘CytoNuclear FL v1.4’’ algorithm (Indica Labs). Individual axons were identified and their outlines

were expanded forming a ring around each detected axon as the region of interest for evaluating myelin

content. The number of NF200 positive areas and the area of the nerve tissue bundles were measured. The

sum of the axon areas was normalized to the bundle area. In addition, the mean area of axons was

computed, and the values are provided in mm2. Myelin fluorescent signal intensity was computed in all

the ring areas, representing total myelin content. The total area of myelin ring regions of interest has

been used for normalization of the fluorescent intensity, resulting in an estimate of themeanmyelin content

per axon. Myelin not associated with an axon has not been evaluated. In addition, Dapi positive nuclei have

been detected and counted in the nerve bundle areas.
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Spinal cord. The quantitative evaluation of microglia numbers and activation state has been performed

using HALO image analysis platform (HALO v. 3.1 including AI toolbox, Indica Labs, Albuquerque, NM,

USA) and combining readouts from several machine learning DenseNet networks individually trained.

The implementation using HALO follows closely the approach extensively described in Beckmann et al.

(Beckmann et al., 2018). Briefly, three DenseNet networks have been set-up and trained to detect soma

alone, soma plus proximal processes (processes around and connected to a soma) and soma plus all pro-

cesses (proximal and distal processes; distal processes have no visible connection to a soma). Distal pro-

cess areas have been computed as the difference of soma plus all processes minus soma plus proximal

areas. Activation of the microglia has subsequently been computed as the soma plus proximal process

areas divided by the respective distal process areas.

Caspase 3 staining. BV2 cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences

#15714) for 15 minutes at room temperature after 24 h treatment with specified concentration of cGAMP.

Cells were then permeabilized with 0.2% Triton� X-100 (Sigma T8787) and blocked with 10% goat serum

(Invitrogen #50-062Z). Caspase-3, cleaved (Asp175) (clone: 5A1E) (Cell Signaling #9664) antibody was

diluted in PBS (1:1000) and cells were incubated for 1 h. Subsequently secondary antibody, Alexa Fluor

488 (Invitrogen # A11034) and DAPI solution (Promokine #707-40043) were diluted respectively 1:750

and 1:500 in PBS and used to incubate cells for 1 h. Caspase 3 positive cells was determined using CellIn-

sight Technology (CellInsight CX5, HCS Studio Cell analysis software). The data are expressed as mean G

standard error of the mean (SEM) and it was calculated as the percentage of Caspase 3 – positive cells over

the total number of nuclei.

Statistical analysis

Prism 8 (GraphPad Software, La Jolla, CA) was used for statistical analysis. Gene expression, densitometric,

histology and electrophysiology data were analyzed using multiple unpaired two-tailed Student’s t test,

one-way ANOVA, two-way ANOVA with Dunnett’s or Tukey’s multiple comparisons test or non-parametric

Mann-Whitney tests. Statistical significance was considered at p%0.05.
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