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SUMMARY
Inflammation-induced neurodegeneration is a defining feature of multiple sclerosis (MS), yet the underlying
mechanisms remain unclear. By dissecting the neuronal inflammatory stress response, we discovered that
neurons in MS and its mouse model induce the stimulator of interferon genes (STING). However, activation
of neuronal STING requires its detachment from the stromal interaction molecule 1 (STIM1), a process trig-
gered by glutamate excitotoxicity. This detachment initiates non-canonical STING signaling, which leads to
autophagic degradation of glutathione peroxidase 4 (GPX4), essential for neuronal redox homeostasis and
thereby inducing ferroptosis. Both genetic and pharmacological interventions that target STING in neurons
protect against inflammation-induced neurodegeneration. Our findings position STING as a central regulator
of the detrimental neuronal inflammatory stress response, integrating inflammation with glutamate signaling
to cause neuronal cell death, and present it as a tractable target for treating neurodegeneration in MS.
INTRODUCTION

The intricate interplay between inflammation and neurodegener-

ation is exemplified in multiple sclerosis (MS), the most common

autoimmune disease of the central nervous system (CNS).1 Over

the course of MS, persistent inflammation continuously chal-

lenges neurons, leading to neurodegeneration and worsening

of neurological disability. While immunosuppressive drugs are

effective in modulating CNS-infiltrating immune cells in MS,

they cannot intervene in progressive neurodegeneration.2,3

Therefore, there is an unmet clinical need to halt inflammation-

induced neurodegeneration in MS and other neurodegenerative

diseases by neuroprotective therapeutics with direct action on

neurons.4

Extensive research in MS has elucidated the important role of

infiltrating immune cells5 and CNS-resident glial cells,6 particu-

larly microglia and astrocytes, in eliciting chronic neuroinflam-

mation. By contrast, neurons are often regarded as passive tar-

gets of these neuroinflammatory challenges, primarily due to

their low expression of immune-related genes and limited ability
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This is an open access article under the
for morphological changes and proliferation in response to in-

flammatory stimuli. However, the concept of active neuronal

involvement by launching a neuronal inflammatory stress

response (NISR) after sensing a diverse array of cytokines or

stressors during neuroinflammation is increasingly being

acknowledged.7–9 While the composition of the NISR during

CNS inflammation is not well defined, it likely determines the

fate of neurons.10–12

Indeed, neurons do not only passively react to cytokines to

maintain homeostasis and guide development,13,14 but they

also possess the capability to actively modulate immune re-

sponses in inflammatory environments.7,8 The active participa-

tion of neurons in CNS inflammation is illustrated by the neuronal

response to interferon-g (IFNg), a highly abundant cytokine in the

CNS during MS and other neurodegenerative diseases.15–17

IFNg binds to the type II IFN receptor on neurons and induces

the expression and phosphorylation of signal transducer and

activator of transcription 1 (STAT1), followed by the induction

of interferon response genes (IRGs).18 In a mouse model of

neurotropic virus infection, the neuronal type II IFN response
uly 25, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. STIM1 deficiency increases neuronal vulnerability in CNS inflammation

(A) Clinical disease course and cumulative disease score (area under the curve [AUC]) ofWT (n = 20) andStim1-cKO (n = 18)mice that were subjected to EAE. EAE

disease curves show the mean and standard error mean.

(B) Number of motor neurons in the spinal cord ventral horn outflow tract (VHOT) of WT (n = 10) and Stim1-cKO (n = 10) mice 30 days after EAE immunization.

(C) Clinical disease course and cumulative disease score (area under the curve [AUC]) ofWT (n= 18) andStim2-cKO (n = 13)mice that were subjected to EAE. EAE

disease curves show the mean and standard error mean.

(legend continued on next page)
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decisively modulates synaptic cleavage by CC-chemokine

ligand 2 secretion and subsequent phagocyte recruitment.7

Additionally, IFNgmodulates glutamate-dependent calcium cur-

rents in the peripheral nervous system (PNS), showing that cyto-

kine signaling alters neuronal ion homeostasis.19 Although it is

likely that IFNg is key in setting up the NISR, it is unclear how

IFNg signaling integrates with other stressors. Furthermore,

non-canonical IFNg signaling pathways are activated with vary-

ing exposure time.20 However, their contribution to the NISR and

their potential role in inflammation-induced neurodegeneration

remain unexplored.

Besides cytokines, neuronal homeostasis during neuroinflam-

mation is challenged by neuronal ion imbalance.12,21 Its

main contributor, excessive levels of extracellular glutamate,

stems from various sources, including glutamate release from

dying cells, active glutamate secretion by immune cells, and

impaired glutamate metabolism by glial cells, especially astro-

cytes.12,21–23 The excessive extracellular glutamate leads to ex-

citotoxicity that is mediated by intracellular calcium accumula-

tion following activation of ionotropic glutamate receptors, but

also calcium release from internal stores. This disturbs the

neuronal calcium equilibrium, a critical determinant of neuronal

integrity, synaptic function, and survival.24

In contrast to neurons, non-excitable cells like immune cells

primarily rely on store-operated calcium entry (SOCE).25,26 This

process is initiated through calcium release from the endo-

plasmic reticulum (ER), prompting the ER transmembrane cal-

cium sensor proteins, stromal interaction molecule 1 and 2

(STIM1, STIM2), to translocate to contact sites between the ER

and the plasma membrane. There, they cluster with calcium

release-activated calcium (CRAC) channels, such as ORAI cal-

cium release-activated calciummodulator 1 (ORAI1). This allows

calcium influx from the extracellular space and subsequent

replenishment of ER stores.25,26 Intriguingly, recent findings

have identified that calcium release from the ER is also a

pivotal contributor to glutamate excitotoxic cell death during

neuroinflammation.10,27 However, although ER calcium deple-

tion (ERCa2+D) exacerbates glutamate-induced calcium accu-

mulation in neurons,25 the interplay with inflammatory signaling

cascades and the impact of STIM translocation on neuronal

fate during CNS inflammation remain unclear.

Given the unknown composition of the NISR, which is elicited

by exposure to various inflammatory cues like cytokines and

glutamate, we set out to define its functional switches that inte-

grate these cues and dictate neuronal fate. We discovered the

stimulator of interferon genes (STING) as a targetable master

regulator in neurons that operates at the intersection of inflam-
(D) Number of motor neurons in the spinal cord ventral horn out flow tract (VHOT

(E) STIM1 mean fluorescence intensity (MFI) in cortical neurons of healthy and a

(F) Neuronal STIM1 MFI in brain biopsies of MS lesions and non-inflammatory co

(G) Neuronal Stim1 mRNA expression (arbitrary units [a.u.]) in cortical neurons o

(H) STIM1 and vinculin protein levels in whole brain lysates (brain) and synaptoneur

assessed by immunoblot. Ratio to vinculin as normalization control is shown as

(I) Axonal STIM1 immunohistochemistry (MFI) in spinal cord dorsal columns of h

(J) STIM1 MFI in spinal cord dorsal columns in SMI31+ (healthy) and SMI32+ (i

comparing EAE phenotypes non-parametric Mann-Whitney U test was used. If no

multiple comparisons was used, and individual mice or independent experiment

See also Figure S1 and Table S2.
mation and ion imbalance and is key in driving inflammation-

induced neurodegeneration.

RESULTS

STIM1 mitigates inflammation-induced
neurodegeneration
To investigate whether the neuronal STIM proteins are involved

in neurodegeneration during CNS inflammation, we established

mice with neuron-specific deletion of Stim1 or Stim2. To this

end, we bred Snap25-Cre mice that express the Cre recombi-

nase under the control of the neuron-specific Snap25 promoter

withStim1flox/flox,25 (Stim1-conditional knockout [cKO]) orStim2-
flox/flox,25 mice (Stim2-cKO). These mice were then subjected to

experimental autoimmune encephalomyelitis (EAE) by active im-

munization with the MOG35–55 peptide. Stim1-cKO (Figures 1A,

1B, S1A, and S1B) but not Stim2-cKO (Figures 1C, 1D, S1C,

and S1D) showed an exacerbated disease coursewith increased

neuronal loss, highlighting that STIM1 is required for neuronal re-

silience against neuroinflammation. To understand the specific

contribution of STIM1 during neuroinflammation, we first charac-

terized STIM1 expression and subcellular localization in EAE. A

strong reduction of the STIM1 protein was detected in neuronal

somata in the cortex of EAE mice (Figure 1E) and in neuronal

somata of people with MS (pwMS) who underwent brain bi-

opsies (Figure 1F). This reductionwas not due to a transcriptional

regulation, as neuronal Stim1 mRNA was not differentially ex-

pressed in EAE (Figure 1G). Since neuronal ERCa2+D is evident

in EAE animals27 and in excitotoxic cell death,10 we postulated

that neuronal SOCE might be activated in EAE through a mech-

anism involving compensatory increase of STIM1 levels in the

synaptic and axonal compartments. To probe that, we first

compared STIM1 protein levels in synaptoneurosome fractions

(Figure S1E) of cortices of acute and chronic EAE mice. Intrigu-

ingly, STIM1 protein levels were increased in the synaptoneuro-

some fraction in chronic EAE animals, whereas STIM1 levels in

the entire cortex were reduced (Figure 1H). Next, we analyzed

the axonal projections of these cortical motor neurons in the dor-

sal column of the spinal cord.28 Axonal STIM1 staining was

elevated during acute and chronic disease stages (Figures 1I

and S1F), supporting our hypothesis that STIM1 increases in

synapses and axons upon SOCE activation. Given that the in-

crease of STIM1 in axons may reflect excitotoxic damage, we

next tested whether STIM1 is preferentially located at injured

axonal sites. To this end, we compared STIM1 levels in healthy

axons with phosphorylated (SMI31+) and injured axons with

non-phosphorylated (SMI32+) neurofilament H. Indeed, STIM1
) of WT (n = 8) and Stim2-cKO (n = 6) mice 30 days after EAE immunization.

cute and chronic EAE mice (n = 5 per group).

ntrols (n = 4 per group). Scale bar shows 5 mm.

f healthy (n = 5) and EAE mice (acute, n = 5; chronic, n = 4).

osomes (SNs) of healthymice and acute and chronic EAEmice (n= 6 per group)

relative units (RU).

ealthy and EAE mice (n = 6 per group).

njured) axons in acute and chronic EAE (n = 6). Scale bar shows 20 mm. For

t stated otherwise, unpaired t test with false discovery rate (FDR) correction for

s and the median are shown. *p < 0.05, **p < 0.01.
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Figure 2. ER calcium depletion induces STING trafficking to the Golgi apparatus and its activation

(A) Gene expression heatmap of the top 10 differentially expressed genes in cortical motor neurons of healthy (n = 5), acute EAE (n = 5), and chronic EAE (n = 4)

after translating ribosome affinity purification and sequencing of Glt25d2-BacTRAP mice. Genes are grouped by the depicted modules that reflect different

patterns of neuronal transcription during the disease course.

(legend continued on next page)
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levels were found to be substantially higher in injured SMI32+

axons in comparison with uninjured or recovered SMI31+ axons

during chronic EAE (Figures 1J and S1G). Of note, no differences

in Stim1mRNA and STIM1 protein levels were observed in motor

neurons of the ventral horn of the spinal cord (Figures S1H and

S1I). Together, Stim1 deficiency increases neuronal vulnerability

to inflammation-induced neurodegeneration. Furthermore, CNS

inflammation is associated with a significant reduction of STIM1

in neuronal somata, likely attributable to the translocation of

STIM1 to injured axons or compensatory increase of STIM1 in

those axons.

Glutamate-induced excitotoxicity activates SOCE
After having shown that somatic STIM1 reduction or deficiency

contributes to inflammation-induced cell death in EAE, we as-

sessed the role of ERCa2+D in excitotoxic neuronal cell death

in vitro. We used different genetically encoded calcium sensors

to monitor glutamate-induced calcium changes in different

neuronal compartments. Glutamate excitotoxicity simulta-

neously increased cytosolic calcium levels and calcium influx

through ORAI while depleting ER calcium levels (Figures S2A

and S2B). At the same time, the number of STIM1+ and ER+

dendritic spines, as well as STIM1+ membrane-associated

clusters increased when neurons were exposed to glutamate

excitotoxicity, which could be recapitulated by directly inducing

ERCa2+D (Figures S2C–S2F). Notably, comparable to ERCa2+D,

glutamate excitotoxicity led to a strong increase in co-localiza-

tion of the membrane-associated STIM1+ clusters with ORAI1.

The STIM1+ORAI1+ clusters were reversed by inducing SOCE

through replenishing calcium, which could be blocked by using

the CRAC channel inhibitor GSK-7975A (Figures S2G–S2I).

Thus, ERCa2+D is part of the neuronal stress response to gluta-

mate excitotoxicity and leads to relocation of STIM1 to the cell

membrane, where it interacts with ORAI1.

Neuronal STING is activated by SOCE
To mechanistically decipher how Stim1 deficiency increases

neuronal susceptibility during CNS inflammation, we challenged

Stim1-deficient cortical neurons with glutamate and measured
(B) STING, pSTING, and vinculin protein levels in whole brain lysates of healthy

normalization control is shown as relative units (RUs).

(C) Neuronal pSTING puncta per cell in immunohistochemistry of cortical neuron

(D) Immunoprecipitation of GFP or GFP-STING in N2a cells that were unstimulated

Immunoblotting against STIM1 or GFP. A representative immunoblot is shown.

(E) mScarlet-STIM1 and GFP-STING transfected N2a cells that were exposed to E

of calcium with or without 20 mM of the CRAC-inhibitor GSK-7975A (n = 6 per gr

20 mm.

(F) Quantification of percentage of STING+ER+ and STING+Golgin-97+ overlappi

(G) Immunoblot quantification of pSTING, STING, pTBK1, TBK1, pIRF3, IRF3, and

and subsequent SOCE after 1-h ERCa2+D by calcium replenishing with or witho

performed. Ratio to vinculin as normalization control is shown as relative units (R

(H) Immunoblot quantification of STING, pSTING, TBK1, pTBK1, IRF3, pIRF3, a

50 mg mL�1 of the STING agonist DMXAA for 2 or 24 h (n = 5 per group). Ratio t

(I) Quantification of percentage of pSTING+Golgin-97+ and pSTING+ER+ overlap

shows 10 mm.

(J) Quantification of pSTING+ N2a cells after exposure to ERCa2+D for 1 or 2 h,

applied 1 h before the different stimulations (n = 4). Scale bar shows 50 mm. If not

was used, and individual mice or independent experiments and the median are

See also Figure S2 and Table S1.
cell viability and cytosolic calcium accumulation. Unexpectedly,

we did not detect any differences in neuronal susceptibility be-

tween neurons lacking Stim1 and wild-type (WT) neurons, letting

us conclude that an inflammatory milieu might be required (Fig-

ure S3A). To test this hypothesis, we chronically exposed neu-

rons to IFNg. Indeed, this inflammatory exposure rendered

Stim1-deficient neurons more susceptible to excitotoxic cell

death in comparison withWT neurons (Figure S3A). The differen-

tial susceptibility was not explained by differences in glutamate-

induced cytosolic calcium rise (Figure S3B) and suggested the

necessity of an inflammation-induced factor for the increased

vulnerability observed in Stim1-cKO EAE mice.

To explore the neuronal response to inflammation that con-

tributes to the STIM1-dependent neuronal vulnerability, we

sequenced translating ribosome affinity purification (TRAP) pro-

files of cortical motor neurons from Glt25d2-EGFP/L10a mice29

during acute and chronic EAE (Figure 2A; Table S1). Notably,

one of the neuronal genes that was most strongly induced in

both acute and chronic EAE was Sting1 (Figure S3C), which

caught our attention as it has been described as a direct interac-

tor of STIM1 in T cells30 and fibroblasts.31 STING is an ER trans-

membrane protein that has first been reported as an essential

mediator of type I IFN response against microbial infections

that is activated by the cyclic guanosine monophosphate

(GMP)-AMP synthase (cGAS)32 after recognition of foreign dou-

ble-strand DNA (dsDNA).33–39 In addition, its activation by mito-

chondrial dsDNA has recently been recognized as an important

driver of inflammatory microglia activation in aging40 and amyo-

trophic lateral sclerosis.41 However, its expression and function

in neurons are unknown. Furthermore, it is unclear whether there

are alternative routes of STING activation in neurons.

Intriguingly, we could not detect STING expression in primary

neurons under normal cell culture conditions. By contrast, its

expression was strongly induced upon prolonged exposure to

IFNg (Figure S3D), emphasizing that STING is selectively ex-

pressed in inflamed neurons. We confirmed its induction in vivo

by immunoblotting of whole cortex lysates. Similar to the tran-

scriptional changes, STING and its activated phosphorylated

form (pSTING) increased continuously in acute and chronic
(n = 6), acute EAE (n = 6), and chronic EAE mice (n = 7). Ratio to vinculin as

s in healthy, acute, and chronic EAE mice (n = 5 per group).

(control) or were exposed to targeted ER calcium depletion (ERCa2+D) for 24 h.

RCa2+D and subsequent store-operated calcium entry (SOCE) by replenishing

oup). The number of STIM1+STING+ puncta was quantified. Scale bar shows

ng areas in WT control and Stim1-KO N2a cells. Scale bar shows 20 mm.

vinculin in N2a cells that were exposed to targeted ERCa2+D for indicated times

ut 20 mM GSK-7975A (n = 6 per group). Paired t test against the controls was

Us).

nd vinculin in WT and Stim1-KO N2a cells that were additionally exposed to

o vinculin as normalization control is shown as relative units (RUs).

ping area in N2a cells that were exposed to ERCa2+D for 1 h (n = 4). Scale bar

or SOCE activation after 1-h ERCa2+D. If indicated 50 nM bafilomycin A1 was

stated otherwise, unpaired t test with FDR correction for multiple comparisons

shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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EAE (Figure 2B). This was primarily driven by an increase in

neuronal STING and pSTING levels, which peaked during the

chronic disease stage (Figures 2C and S3E). On the contrary,

the highest STING and pSTING levels in non-neuronal cells

and specifically in microglia were observed during acute EAE

(Figures S3F and S3G).

Next, we probed the expression of the downstream effectors

of canonical STING signaling in EAE. Of those, only the interferon

regulatory factor 3 (IRF3) was upregulated in the cortex of EAE

mice, which was explained by IRF3 expression in microglia.

Even though we detected neuronal baseline expression of

IRF3, phosphorylated IRF3 (pIRF3),42 phosphorylated tank-

binding kinase 1 (pTBK1),43 and phosphorylated nuclear factor

kappa-light-chain enhancer of activated B cells (pNF-kB)44 as

assessed by immunoblotting (Figure S3H) and immunohisto-

chemistry (Figure S3I), we observed no increase during chronic

EAE.39 Furthermore, pIRF3, pNF-kB, or pTBK were not ex-

pressed in non-neuronal cells at baseline or during EAE. Of

note, bone marrow-derived dendritic cells (BMDCs) served as

a positive control for our assays, and as expected, treatment

with the STING ligand 5,6-dimethylxanthenone-4-acetic acid

(DMXAA) strongly induced the canonical STING signaling

pathway (Figure S3J). Thus, the canonical STING pathway is

not induced in cortical neurons during CNS inflammation.

Therefore, we hypothesized that STIM1 depletion from

neuronal cell bodies, possibly by translocation to damaged

axons, during CNS inflammation might lead to STING activation

in neurons. To interrogate whether STING and STIM1 physically

interact, we performed an immunoprecipitation of STING-over-

expressing Neuro-2a (N2a) cells. Indeed, endogenous STIM1

was co-immunoprecipitated with EGFP-tagged STING, showing

the direct interaction between STING and STIM1, which was

markedly decreased after ERCa2+D (Figure 2D). Consistently,

in steady state, EGFP-STING co-localized with mScarlet-

STIM1 at the ER (Figure 2E) and translocated to the Golgi appa-

ratus after chemical activation of STING by DMXAA (Figure S3K),

trafficking of STIM1 to the cell membrane through ERCa2+D

(Figure 2E) or by genetic deletion of Stim1 (Figure 2F). The

STIM-STING co-localization was regulated by SOCE since

calcium replenishing restored their co-localization, which could

be inhibited by applying the CRAC-inhibitor GSK-7975A (Fig-

ure 2E). The dissociation of STING from STIM1 led to the phos-

phorylation of STING (Figure 2G). Additionally, ERCa2+D and

treatment with the STING ligand DMXAA in WT N2a cells as

well as genetic Stim1 deletion increased pSTING levels in N2a

cells. Notably, DMXAA did not further enhanced pSTING in

Stim1-deficient N2a cells (Figures 2H, S3L, and S3M), and

pSTING was mainly localized at the Golgi apparatus (Figure 2I).

Furthermore, ERCa2+D-induced STING phosphorylation was

only partially dependent on TBK1 signaling, as the TBK1 inhibitor

GSK-861245 did not completely block the induction of pSTING

(Figures S3N and S3O). Therefore, neuronal ERCa2+D results in

STING trafficking to the Golgi apparatus that leads to its

phosphorylation.

Since we observed that ERCa2+D leads only to a transient in-

crease of pSTING, and its subsequent degradation was neither

further enhanced by SOCE activation nor blocked by the

CRAC-inhibitor GSK-7975A (Figure 2G), we hypothesized that
6 Cell 187, 1–18, July 25, 2024
ERCa2+D specifically increases the initiation of STING signaling

without affecting its degradation. Due to recent evidence that

STING is continuously degraded in lysosomes,46,47 we treated

N2a cells with the inhibitor of lysosomal function bafilomycin A

and measured pSTING levels after ERCa2+D and subsequent

SOCE activation. Lysosomal inhibition did not increase the level

of phosphorylation of STING that is induced by ERCa2+D, but it

prevented the decline of pSTING levels, both in the absence

and presence of SOCE (Figure 2J). Thus, ERCa2+D enhances

STING activation in neurons, which is then terminated by lyso-

somal degradation, independent of calcium replenishment.

STING does not induce the canonical pathway in
neurons
Next, we explored how STING influences the viability of neurons

in vitro. Since STING is not expressed at steady state, we either

used lentiviral expression of STING with 80%–90% transduction

efficacy, or induced it by prolonged IFNg exposure, or by lentivi-

ral Ifng expression (Figure S3D). Neurons that were transduced

with an mScarlet-carrying lentivirus served as a control ruling

out that transduction alone caused the observed effects.

STING co-localized with STIM1 at the ER and detached after

targeted ERCa2+D, glutamate excitotoxicity, or chemical

STING activation with DMXAA (Figures 3A, S4A, and S4B). Neu-

rons expressing STING and those subjected to prolonged IFNg

exposure were more vulnerable to glutamate excitotoxicity

(Figures 3B and S4D), which could be rescued by treating

them with the STING inhibitors C176 or H15148 (Figures 3C,

3D, and S4D) or by using Sting1-deficient neurons (Figure 3E),

and was not further enhanced by treating neurons with the

STING agonist 10-carboxymethyl-9-acridanone (CMA; Fig-

ure 3C). To confirm that the translocation of STING to the Golgi

apparatus is required for STING-mediated vulnerability, the

same assays were performedwith neurons expressing an ER-re-

tained STING variant (STINGER; Figure S3K). Notably, this pre-

vented the increase in neuronal vulnerability (Figure 3F), and

we did not observe protection by C176 or any impact of CMA,

underscoring that STING trafficking to the Golgi apparatus is

required for increasing neuronal vulnerability. On the same

note, neither H151 nor C176 protected from excitotoxicity in

neurons without STING expression, highlighting their specificity

(Figures S4D and S4E). Again, Stim1-deficient neurons demon-

strated greater susceptibility to STING-induced cell death than

WT neurons, corroborating the important role of STIM1 in retain-

ing STING at the ER in inflamed neurons (Figure 3G).

To understand the molecular mechanism of STING-mediated

neuronal vulnerability, we first analyzed the canonical STING

signaling pathway. Although ERCa2+D robustly induced phos-

phorylation of both STING and TBK1, the levels of pTBK1 were

comparable between WT and Sting1-deficient N2a cells (Fig-

ure S4F). Furthermore, Stim1-deficient N2a cells displayed

higher levels of pSTING compared with DMXAA-treated WT

N2a cells but did not activate the canonical downstream effec-

tors of STING (Figures 2H and S3L). Notably, in contrast to im-

mune cells like BMDCs (Figure S3J), neuronal cultures showed

already at steady state a detectable expression of pTBK1,

pIRF3, and pNF-kB. This expression was not further increased

by STING expression and subsequent exposure to DMXAA,



Figure 3. STING increases neuronal vulnerability to excitotoxicity
(A) EGFP-STING andmScarlet-STIM1 transfected neurons that were exposed for 6 h to 50 mMglutamate, 50 mgmL�1 DMXAA, and targeted ER calcium depletion

(ERCa2+D). The increase in relative units (RUs) of STING+STIM1� area in comparison with controls was quantified (n = 7 per group). Scale bar shows 30 mm.

(B) Relative cell viability after 50 mM glutamate challenge of STING-overexpressing (STING-OE) neurons and controls (n = 7 per group). Paired t test was used.

(C) STING-OE neurons that were exposed to 50 mMglutamate and were pre-treated with 1 mMof the STING antagonist C176 or 20 mMof the STING agonist CMA

(n = 7 per group). Paired t test was used.

(D) Relative cell viability of IFNG-overexpressing (IFNg-OE) neuronal cultures that were exposed to 50 mMglutamate andwere pre-treatedwith 1 mMC176 or 1 mM

H151 (n = 5 per group). Paired t test was used.

(E) Relative cell viability of WT and Sting1-cKO neurons that overexpress IFNG and were exposed to 50 mM glutamate with or without pre-treatment with 1 mM

H151 (n = 5 per group).

(F) Relative cell viability of STINGER-overexpressing (STINGER-OE) neurons that were exposed to 50 mMglutamate and were pre-treated with 1 mMH151 or 20 mM

CMA (n = 4 per group).

(G) Relative cell viability of WT and Stim1-cKO neurons that overexpress STING and were exposed to 50 mM glutamate (n = 6 per group). If not stated otherwise,

unpaired t test with FDR correction for multiple comparisons was used, and independent experiments and the median are shown. *p < 0.05, **p < 0.01,

***p < 0.001.

See also Figures S3 and S4.
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poly(I:C), glutamate excitotoxicity, or ERCa2+D, as measured by

immunoblot (Figures S4G and S4H). Similarly, exposure to the

RNA mimic poly(I:C) induced Cxcl10 and Ifi44 expression in

neuronal cultures regardless of STING expression (Figure S4I),

underscoring that neurons are capable to induce an IFN

response independent of STING. To test whether STING might

activate its canonical signaling pathway in vivo, we first analyzed

protein expression of the downstream targets of canonical

STING signaling in the cortex of WT and Sting1-cKO mice that

do not express Sting1 specifically in neurons. These were gener-

ated by breeding Snap25-Cre mice with Sting1flox/flox,49 mice.

Again, we observed a high baseline expression of pTBK1 and

pIRF3, which were independent of STING (Figure S4J). This

pattern was also observed when analyzing neurons of WT and

Sting1-cKO mice during EAE by using immunohistochemistry

(Figure S4K). Furthermore, we isolated neuronal nuclei from

healthy or EAE mice from a WT or Sting-cKO background and

compared the expression of Cxcl10, Ifi44, and Ifnb. Similar to
our findings in neuronal cultures, these transcripts were upregu-

lated in neurons during EAE, independently of genetic Sting1

deletion (Figure S4L). Thus, we demonstrate that, both in vitro

and in adult mice, the canonical type I IFN-stimulating pathway

is expressed at steady state and is further upregulated in neu-

rons during CNS inflammation, independent of STING.

STING induces autophagy-dependent cell death in
neurons
Since the canonical STING signaling pathway is not opera-

tional in inflamed neurons, we hypothesized a role for non-ca-

nonical STING signaling50,51 pathways, such as the induction

of autophagy. Autophagy is a cellular process necessary for

degradation of unfolded proteins, damaged organelles, and

pathogens.52 It leads to the formation of double-membraned

vesicles, the autophagosomes, that guide its content to the lyso-

some for degradation.51 Although autophagy is necessary for

homeostasis and health, altered autophagy is increasingly
Cell 187, 1–18, July 25, 2024 7



ll
OPEN ACCESS

Please cite this article in press as: Woo et al., STING orchestrates the neuronal inflammatory stress response in multiple sclerosis, Cell (2024),
https://doi.org/10.1016/j.cell.2024.05.031

Article
recognized as contributor to aging and diverse diseases.52

STING-mediated autophagy serves to limit pathogen infection

by facilitating the removal of viruses and bacteria. This process

can occur independently of TBK1 activation and IFN induction.51

We stained for autophagic vacuoles after inhibiting their lyso-

somal degradation by using bafilomycin A1 to assess the auto-

phagic flux in STING-expressing (Figure 4A) or IFNg-exposed

neurons (Figures 4B and S5A). This was done in combination

with STING activation by glutamate excitotoxicity, ERCa2+D in-

duction, or DMXAA. Indeed, each stimulus that led to STING

activation in neurons induced autophagy, which could be sup-

pressed by the application of H151 or genetic deletion of Sting1

(Figures 4C and S5B). Increased autophagy in neurons express-

ing STING or exposed to IFNg that were treated with glutamate

was further confirmed by measuring LC3 degradation with the

GFP-LC3-RFP-LC3DG reporter53 (Figure S5C), endogenous

LC3 puncta (Figure S5D), or accumulation of transfected GFP-

LC3 (Figure S5E) after bafilomycin A1 treatment. Additionally,

an increased LC3-II/LC3-I ratio was observed in STING-ex-

pressing neurons (Figure S5F). Importantly, this was indepen-

dent of the canonical STING signaling pathway, as treating neu-

rons with a TBK1 inhibitor (Figure S5G) or expression of the

C-terminal truncated STINGDCT variant, which cannot interact

with TBK1 and IRF3,54 increased glutamate-induced autophagy

flux to a similar extent as the STING WT variant (Figure 4D). By

contrast, we detected less autophagy flux in the variants defi-

cient in the LC3 interaction 7 motif (STINGLIR7)55 or in the binding

to WD repeat domain phosphoinositide-interacting protein 2

(WIPI2; STINGW2BD),56 both of which are required for the

STING-LC3 interaction (Figure 4D). Notably, glutamate-induced

autophagy flux was significantly higher in neurons expressing

the STINGW2BD variant than in those expressing the STINGLIR7

variant, indicating that factors additional to WIPI2 are required

for STING-induced autophagy in neurons.

Additionally, Stim1-deficient neurons showed further increase

in STING-dependent autophagy (Figures 4C, 4E, and S5H–S5L).

Of note, baseline levels of autophagic flux andmaximal autopha-

gic capacity, measured after rapamycin treatment, were similar

across all conditions (Figures S5M and S5N). To evaluate the ne-

cessity of the release of STING from the ER for STING-depen-

dent autophagy, we compared neurons expressing STING with

those expressing the ER-restricted STINGER. After adding bafilo-

mycin A1 and subsequent exposure to glutamate excitotoxicity

or DMXAA, we recorded an increase in p62+ puncta, indicative

of autophagosomes, in neurons expressing STING but not in

those expressing STINGER (Figure S5O). Together, our data

show that a non-canonical autophagic STING pathway is acti-

vated in neurons.

To test whether the increased autophagic flux accounts for the

STING-mediated increase in neuronal vulnerability to glutamate,

we treated neurons expressing STING with various autophagy

inhibitors. Indeed, the inhibitors 3-methyladenine, bafilomycin

A1, SAR405 (SAR), and SBI0206965 (SBI)57 reversed STING-

induced neuronal vulnerability in both WT (Figures 4F, 4G, and

S5P–S5R) and Stim1-deficient neurons (Figures 4H and 4I).

These inhibitors did not affect neuronal viability in the absence

of STING expression and provided no additional protection for

Sting1-deficient neurons (Figure S5S). Furthermore, the expres-
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sion of the STINGDCT variant increased neuronal vulnerability to

glutamate. This vulnerability was significantly reduced when ex-

pressing the STINGW2BD variant, was absent in neurons express-

ing the STINGLIR7 variant, and aggravated when pharmacologi-

cally inhibiting TBK1 (Figures S5T and S5U). This collectively

indicates that STING activated by ERCa2+D amplifies neuronal

injury by inducing autophagy under inflammatory conditions.

STING-induced autophagy activates ferroptosis by
degrading GPX4
Two distinct mechanisms of autophagy-dependent cell death

have been described in cancer cells, which are unexplored in

neurons. First, autophagy can activate Na+/K+-ATPase-depen-

dent apoptosis, so-called autosis.58 However, blocking the

Na+/K+-ATPase using ouabain (Figure S6A) or applying the

pan-caspase inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-

methyl]-fluoromethylketone (Z-VAD-FMK) (Figure S6B) did not

reverse the increased vulnerability of STING-expressing neurons

to glutamate. This advocates that autosis is not responsible for

STING-induced autophagy-dependent cell death in neurons.

Thus, we focused on the second mechanism, ferroptosis, an

iron-dependent cell death pathway. This pathway is robustly

induced in cancer cells by autophagic degradation of the gluta-

thione peroxidase 4 (GPX4),59 which protects against (phospho)

lipid peroxidation and is associated with ferroptosis. After gluta-

mate exposure, GPX4 levels in soma and dendrites of neurons

diminished rapidly, and this reduction was significantly higher

in neurons expressing STING but not in those expressing

STINGER (Figures 5A and S6C). This was partially rescued by

treatment with the STING inhibitor H151 and the autophagy in-

hibitors SAR and SBI (Figures 5B and 5C). The autophagy-driven

degradation of GPX4 was evident by an increased number of

GPX4-positive autophagosomes in neurons expressing STING

following glutamate excitotoxicity, as indicated by GPX4+LC3+

puncta. This effect was reversed by pharmacologically inhibiting

STING or autophagy (Figure 5D). Notably, neither baseline GPX4

levels were different in STING-expressing neurons, nor did H151,

SAR, or SBI counteract the glutamate-induced GPX4 reduction

in control or STINGER-expressing neurons (Figures S6D and

S6E). Additionally, the other known key regulators of ferroptosis,

acyl-coenzyme A (CoA) synthetase long-chain family member 4

(ACSL4),60 solute carrier family 7 member 11 (SLC7A11),61 and

ferroptosis suppressor protein 1 (FSP1)62 were not differently ex-

pressed in STING-expressing neurons under steady state or

after glutamate challenge (Figures S6F–S6H). These results indi-

cate that STING induces autophagic degradation of GPX4 in

neurons subjected to inflammation and excitotoxicity.

Next, we explored the functional relevance of autophagic

GPX4 degradation in neurons. First, we measured the ratio be-

tween oxidized glutathione disulfide (GSSG) and total gluta-

thione (GSH). The GSSG/GSH ratio is decisively modulated by

GPX4 activity, as GPX4 reduces phospholipid hydroperoxides

to their corresponding lipid alcohols at the expense of two mol-

ecules of reducedGSH, yielding di-glutathione (GSSG). As antic-

ipated, glutamate exposure increased the GSSG/GSH ratio (Fig-

ure 5E) and decreased total GSH levels (Figure S7A), proving

enzymatic activity of GPX4 in neurons under excitotoxic gluta-

mate stress. Intriguingly, the increase of the GSSG/GSH ratio



Figure 4. STING activates autophagy-dependent cell death in neurons

(A and B) Mean fluorescence intensity (MFI) of CytoID to measure autophagic flux in STING-OE (A) or IFNg-OE (B) neurons that were treated with 50 nM bafi-

lomycin A1 and were exposed to 50 mg mL�1 DMXAA, 50 mMglutamate, or targeted ERCa2+D for 4 h and were additionally pre-treated with control or 1 mMH151

(n = 20 per group from 5 different biological replicates). Scale bar shows 10 mm.

(C) Autophagic flux in control, Stim1-cKO, and Sting1-cKO neurons that overexpress IFNG and were treated with 50 nM bafilomycin A1 and subsequently

exposed to 50 mM glutamate (n = 5 per group).

(D) Autophagic flux in neurons that overexpress STING, or the STING variants STINGDCT, STINGW2BD, or STINGLIR7, were treated with 50 nM bafilomycin A1 and

subsequently treated with 1 mM H151 or vehicle and exposed to 50 mM glutamate for 4 h (n = 5 per group). Scale bar shows 10 mm.

(E) Autophagic flux in Stim1-cKO neurons that overexpress IFNG was treated with 50 nM bafilomycin A1, subsequently exposed to 50 mM glutamate, and pre-

treated with control or 1 mM H151 (n = 5 per group).

(F and G) Relative cell viability of STING-OE (M) and IFNg-OE (N) neurons that were treated with glutamate and were pre-treated with the autophagy inhibitors

1 mM SAR405 (SAR) and 1 mM SBI-0206965 (SBI) (n = 6 per group). Paired t test was used.

(H and I) Relative cell viability of Stim1-cKO neurons that overexpress STING (H) or IFNG (I) and were treated with 1 mMC176, 1 mMH151, 1 mMSBI, or 1 mMSAR

and were subsequently stimulated with 50 mM glutamate (n = 6 per group). If not stated otherwise, unpaired t test with FDR correction for multiple comparisons

was used, and independent experiments and the median are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S5.
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after glutamate stimulation was absent in neurons expressing

STING (Figure 5F), indicating a reduced activity of GPX4.

GSSG/GSH ratio was restored by treating neurons with H151,
SBI, or SAR, as well as the antioxidant deferoxamine (Figure 5G).

Notably, baseline GSSG/GSH ratio was comparable in neurons

expressing STING, and the glutamate-induced decrease of total
Cell 187, 1–18, July 25, 2024 9



Figure 5. STING regulates ferroptosis in inflamed neurons

(A) Quantification of relative fold change of neuronal GPX4mean fluorescence intensity (MFI) in neurons that overexpress STING (STING-OE), IFNG (IFNg-OE), or

STINGER (STING1ER-OE) and were exposed to 50 mM glutamate for 6 h (n = 5 per group). Data were normalized to controls (dashed line). NeuN is shown in cyan

and GPX4 in magenta. Scale bar shows 10 mm.

(B and C) Relative fold change of GPX4MFI in neurons that overexpress IFNG (B) or STING (C) and were treated with 1 mMH151, 1 mMSBI-0206965 (SBI), or 1 mM

SAR405 (SAR) and were subsequently exposed to 50 mM glutamate for 6 h (n = 5 per group).

(D) Number of LC3+GPX4+ puncta in STING-OE neurons that were transfected with EGFP-LC3 and were treated with 1 mM H151 or 1 mM SBI and 1 mM SAR

(SBI + SAR) and were subsequently exposed to 50 mM glutamate for 6 h (n = 6). Scale bar shows 10 mm.

(E) Relative fold change of the GSSG/GSH ratio in relative units (RUs) in neurons that were exposed to 50 mM glutamate for 4 h (n = 5 per group).

(F) GSSG/GSH ratio in relative units (RUs) in neurons that overexpress STING or IFNG and were exposed to 50 mM glutamate for 4 h (n = 5 per group). Data were

normalized to respective unstimulated controls.

(G) GSSG/GSH fold change in relative units (RUs) in STING-OE or IFNg-OE neurons that were treated with 1 mM H151, 1 mM SBI, and 1 mM SAR or 20 mM

deferoxamine and were subsequently exposed to 50 mM glutamate for 4 h (n = 5 per group).

(legend continued on next page)
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GSH was not affected by neuronal STING expression

(Figures S7B–S7E). Accordingly, STING-expressing neurons

showed higher reactive oxygen species (ROS) levels after gluta-

mate exposure in comparison with control or STINGER-express-

ing neurons (Figures 5H and S7F). Furthermore, the STINGDCT

variant significantly increased the glutamate-induced ROS pro-

duction in neurons, a phenomenon that was much less pro-

nounced in neurons expressing the STINGW2BD variant. Latter

was at a similar level to that observed in glutamate-exposed con-

trol neurons and in neurons expressing the STINGLIR7 variant

(Figure 5I). This corroborates that the observed effects are inde-

pendent of the canonical STING pathway. The ROS production

could be rescued by treatments with H151, SBI, and SAR, as

well as by the iron chelator deferoxamine and the radical trap-

ping agents co-enzyme Q10 (CoQ10)63 and ferrostatin64 but

not by the TBK1 inhibitor GSK-8612 (Figures 5J and S7G–S7J).

Hence, STING disturbs the adaptive anti-oxidative response in

inflamed neurons by autophagic degradation of GPX4. Since

Gpx4 deficiency results in activation of ferroptosis,65 we hypoth-

esized that STING acts as crucial regulator of inflammation-

induced ferroptosis in neurons. Notably, treating neuronal cul-

tureswith the antioxidants deferoxamine, CoQ10, and ferrostatin

protected STING-expressing neurons from glutamate excitotox-

icity in WT (Figures 5K, 5L, S7K, and S7L) and in Stim1-deficient

neurons (Figures S7M–S7O). Thus, STING emerges as a decisive

gatekeeper of neuronal autophagy-dependent ferroptosis in

neuroinflammation.

Since it has been controversially debated whether homeostat-

ic cGAS activity is required to produce low levels of cGAMP that

continuously drive STING trafficking and signaling,66 we

explored whether cGAS is also involved in the here described

glutamate-induced STING-mediated ferroptosis in neurons.

We generated Cgas-deficient neurons (Figure S8A) and induced

STING expression by lentiviral transduction or chronic exposure

of IFNg. The increase in autophagy flux (Figure S8B), degrada-

tion of GPX4 (Figures S8C and S8D), and ROS production (Fig-

ure S8E) induced by glutamate excitotoxicity in STING-express-

ing neurons were similar between WT and Cgas-deficient

neurons. Of note,Cgas-deficient neuronswithout STING expres-

sion were less susceptible to glutamate excitotoxicity, indicating

a distinct physiological role of cGAS in neurons in the absence of

STING (Figure S8F). We concluded that STING-induced ferrop-

tosis induced by glutamate excitotoxicity is likely independent

of cGAS in neurons.

STING inhibition as a strategy to ameliorate
inflammation-induced neurodegeneration
Since GPX4 is downregulated in neurons of pwMS67 and EAE

(Figure S9A), we explored the potential of STING inhibition as
(H) Quantification of CellROX MFI in STING-OE, IFNg-OE, or STINGER-OE neuro

(I) CellROX MFI in neurons that overexpress the STING variants STINGDCT, STIN

subsequently exposed to 50 mM glutamate for 2 h (n = 5 per group).

(J) CellROX MFI in STING-OE or IFNg-OE neuronal cultures that were treated with

(CoQ10), or 1 mM ferrostatin and were subsequently exposed to 50 mM glutamat

(K and L) Relative cell viability of STING-OE (K) or IFNg-OE (L) neurons that wer

subsequently exposed to 50 mM glutamate (n = 6 per group). If not stated otherwi

independent experiments and the median are shown. *p < 0.05, **p < 0.01, ***p

See also Figures S6–S8.
therapeutic strategy in treating MS neurodegeneration. First,

we analyzed neuronal STING expression in post-mortem brains

of pwMS. Similar to EAE, STING was induced in cortical neurons

in normal-appearing graymatter (NAGM) of people with progres-

sive MS and in cortices of people with relapsing-remitting MS

and active inflammation (Figure 6A). Given the extensive

neuronal upregulation of STING, positioning it as a promising

target for therapeutic intervention, we next treated EAE animals

with the STING antagonists C176 or H151. Daily treatments

starting from disease onset reduced the clinical disease score

(Figures 6B, S9B, and S9C) and neuronal loss (Figure 6C). Of

note, mice treated with the STING antagonists showed lower

levels of the autophagy marker LC3 (Figure S9D) and of the

ferroptosis marker 4-hydroxy-2-nonenal (4-HNE; Figure 6D)

accompanied by an increased GPX4 expression in neurons (Fig-

ure 6E). By contrast,Stim1-cKOEAEmice displayed lower GPX4

levels and higher LC3 and 4-HNE levels, supporting that auto-

phagy-dependent ferroptosis is exacerbated in the absence of

STIM1 (Figures S9E–S9G). Thus, pharmacological STING antag-

onists reduce inflammation-induced ferroptosis in neurons.

However, as expected from the strong activating role of STING

inmicroglia, we found a reduced number of activatedmicroglia40

in treated EAE mice (Figure S9H). To bypass the dampening ef-

fect of STING antagonists on microglia activation,46 we sub-

jected our neuron-specific Sting1-cKO mice to EAE. Strikingly,

Sting1-cKO mice showed an ameliorated disease course

(Figures 6F, S9I, and S9J), as evidenced by an increased number

of surviving neurons (Figure 6G), decreased immunostaining

against neuronal LC3 (Figure S9K) and 4-HNE (Figure 6H), as

well as increased levels of GPX4 (Figure 6I). Notably, we did

not observe differences in the number ofmicroglia andCNS-infil-

trating immune cells between WT and Sting1-cKO EAE mice

(Figures S9L, S10A, and S10B). However, we recorded higher

levels of triggering receptor expressed on myeloid cells 2

(TREM2) on microglia in Sting1-cKO EAE mice, indicating a

more homeostatic phenotype likely resulting from less neurode-

generation (Figure S10C). Collectively, our data strongly advo-

cate that inhibiting STING is an exceptional example for a treat-

ment paradigm that directly intervenes in the NISR during

neuroinflammatory conditions and is thereby neuroprotective.

DISCUSSION

In this study, we discovered neuronal STING as a central compo-

nent in the cascade leading to inflammation-induced neurode-

generation. Specifically, we identified a mechanism for STING

activation that occurs through calcium signaling alone. We

demonstrate that during inflammation, in response to IFNg expo-

sure, STING is expressed in CNS neurons. It is retained at the ER
nal cultures that were exposed to glutamate for 2 h (n = 6 per group).

GW2BD, or STINGLIR7 and were treated with 1 mM H151 or vehicle and were

1 mMH151, 1 mM SAR, 1 mM SBI, 20 mM deferoxamine, 6 mM co-enzyme Q10

e for 2 h (n = 6 per group). Data were compared with untreated controls.

e treated with 20 mM deferoxamine, 6 mM CoQ10, 1 mM ferrostatin and were

se, unpaired t test with FDR correction for multiple comparisons was used, and

< 0.001.
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Figure 6. STING inhibition protects from inflammation-induced neurodegeneration

(A) Mean fluorescence intensity (MFI) in immunohistochemistry of STING measured in HuC/D-positive neurons of post-mortem cortices of non-neurological

disease controls (n = 4), normal-appearing gray matter (NAGM) of people with progressive MS (n = 7), and actively inflamed cortex of people with relapsing MS

(n = 6). The white box in the overview outlines the magnified area. Scale bar shows 500 mm in overview and 50 mm in magnified area.

(B) Clinical score and cumulative disease score (area under the curve [AUC]) of EAE mice that were treated with vehicle (n = 13), C176 (n = 13), or H151 (n = 10)

intraperitoneally (i.p.) daily since day of disease onset. EAE disease curves show the mean and standard error mean.

(C) Neuronal count in the spinal cord ventral horn outflow tract (VHOT) of EAEmice that were treated with vehicle (n = 7), C176 (n = 7), or H151 (n = 7) 30 days after

immunization.

(D and E) Neuronal MFI of 4-hydroxy-2-nonenal (4-HNE; D) and GPX4 (E) co-labeled with NeuN (cyan) to identify neurons in ventral horn spinal cords of EAEmice

that were treated with vehicle (n = 7), C176 (n = 7), or H151 (n = 7) 30 days after immunization. Scale bar shows 20 mm.

(F) Clinical score and cumulative disease score (area under the curve [AUC]) of WT (n = 25) and Sting1-cKO EAEmice (n = 21). EAE disease curves show themean

and standard error mean.

(G) Neuronal count in the spinal cord ventral horn outflow tract (VHOT) of WT (n = 8) and Sting1-cKO (n = 9) EAE 30 days after immunization.

(H and I) Neuronal MFI of 4-hydroxy-2-nonenal (4-HNE; H) and GPX4 (I) co-labeled with NeuN (cyan) to identify neurons in ventral horn spinal cords of WT (n = 14)

andSting1-cKO (n = 13) EAEmice 30 days after immunization. Scale bar shows 20 mm. For comparing EAE phenotypes non-parametricMann-WhitneyU test was

used. If not stated otherwise, unpaired t test with FDR correction for multiple comparisons was used, and individual mice and the median are shown. *p < 0.05,

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

See also Figures S9 and S10 and Table S2.
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through binding to STIM1, preventing its immediate activation.

However, we discovered that a second stimulus, in the form of

glutamate excitation, leads to STIM1 relocation, thereby allowing

STING to travel to the Golgi apparatus, where it becomes acti-

vated39,66,68 This highlights how two neuronal challenges, IFNg

and glutamate, jointly induce the NISR in MS and possibly in

other neurodegenerative diseases.

Notably, this calcium-dependent STING activation in neurons

was likely independent from the classical cGAS-mediated acti-

vation route69 but solely required STING trafficking to the Golgi
12 Cell 187, 1–18, July 25, 2024
apparatus. Thus, we provide clear evidence that trafficking-

mediated STING signaling can be induced independently of

classical dsDNA ligand-mediated66 activation in neurons. Dis-

ease-relevant alterations in the trafficking-mediated STING acti-

vation route have mostly been centered around reduced lyso-

somal degradation, as observed in numerous lysosomal

storage diseases.47 Here we propose a framework for traf-

ficking-mediated STING signaling in neurons, where gluta-

mate-induced calcium depletion from the ER is a key initiator

of STING phosphorylation by enabling its translocation to the



ll
OPEN ACCESS

Please cite this article in press as: Woo et al., STING orchestrates the neuronal inflammatory stress response in multiple sclerosis, Cell (2024),
https://doi.org/10.1016/j.cell.2024.05.031

Article
Golgi apparatus. Along these lines, we observed in Figure 2D two

isoforms of STIM1, of which only the shorter one binds to STING.

Indeed, two STIM1 splice variants, STIM1 and STIM1B, have

been described. Intriguingly, the shorter STIM1B splice variant

is exclusively expressed in neurons and decreased in neurons

of Alzheimer’s disease patients,70 which might contribute to

increased neuronal STING activation in other neurodegenerative

diseases than MS. While pathologies in lysosomal storage dis-

eases39,71 and other neurodegenerative diseases that impair

lysosomal function, such as amyotrophic lateral sclerosis,72

are associated with less degradation of STING, we provide evi-

dence that in inflammation-induced neurodegeneration, such

as in MS, deleterious STING signaling is predominantly driven

by a higher induction of STING phosphorylation rather than by

less degradation of the protein.39,71 Intriguingly, STING phos-

phorylation and autophagy induction were not completely

blocked by inhibiting TBK1 in neurons,73 suggesting that alterna-

tive kinases might be regulating STING signaling in neurons.

Furthermore, we observed that the canonical type I IFN

responsewas activated in EAE, independent of STING in neurons.

Thiscontrastswithdorsal rootganglionneuronsof thePNS,where

it directly contributes to activation of a type I IFN autocrine loop

that inhibits nociception.74 In CNS neurons, STING likely protects

against neurotropic viruses but becomes detrimental during

chronic neuroinflammation. This is due to continuous activation

of a non-canonical signaling pathway,51,55,75 independent of

TBK1 and IRF3 signaling, which induces autophagic degradation

of GPX4, a key regulator of the oxidative balance in neurons,76

leading to ROS build-up and ferroptosis.

This offers an explanation of how neurons sense and integrate

different components of the inflammatory milieu and the mecha-

nisms behind the suppression of GPX4 in inflamed neurons that

eventually leads to the initiation of ferroptosis.67 Notably, the

signaling pathway we identified as detrimental in postmitotic

cells can be therapeutically exploited in cancer. In the context

of uncontrolled cell division, the hallmark of cancer, the pharma-

cological and genetic induction of autophagy increases GPX4

degradation and promotes ferroptosis.77,78 However, we show

that STING-induced autophagy in neurons depends on the

unc-51-like kinase 1 (ULK1) and employs WIPI2-independent

mechanisms to increase autophagy in neurons, which is different

in other cells.55 As other distinct findings have been reported for

several autophagy modulators like autophagy-related 9A

(ATG9a)79 or p62,80 our study underlines the cell type specificity

of STING signaling and regulation of ferroptosis.81

Our findings also illustrate how chronic CNS inflammation,

particularly continuous IFNg exposure, disrupts homeostatic

regulatory mechanisms in neurons and leads to the activation

of destructive signaling pathways. Meanwhile, in macrophages,

GPX4 is required for STING activation, as it maintains the redox

homeostasis. Without GPX4, STING trafficking is disturbed by

lipid peroxides in macrophages.82 By contrast, neuronal STING

trafficking to the Golgi apparatus and its activation are increased

following glutamate-induced ROS production. This underscores

the distinct mechanisms of interaction between STING and

redox homeostasis in immune cells compared with neurons.

The neuronal STIM1-STING-GPX4 signaling cascade offers

multiple intervention points in the NISR for developing treat-
ments to halt inflammation-induced neurodegeneration.83

Indeed, using STING antagonists in EAE mice ameliorated the

disease course and protected them from neuronal loss. STING

signaling is known to drive CNS inflammation in mouse

models of lysosomal storage disorders,84 amyotrophic lateral

sclerosis,41 and aging.40 However, this has been largely attrib-

uted to the pro-inflammatory role of STING in microglia,40,85,86

as neuron-specific Sting1 deletion has not been investigated.

Given that pharmacological inhibition of STING is not cell type-

specific, we provide in vivo evidence for the detrimental effect

of neuronal, non-canonical STING signaling on inflammation-

induced neurodegeneration. In particular, we demonstrate that

neuron-specific deletion of Sting1 improved the EAE disease

course and reduced neuronal injury by decreasing autophagic

GPX4 degradation, lipid peroxidation, and ferroptosis. This in

turn also altered the response of the neuronal environment, as

exemplified by more homeostatic microglia with higher TREM2

expression after neuron-specific Sting1 deletion. Importantly,

we observed an increase of STING expression not only in mouse

neurons but also in neurons from pwMS, highlighting the clinical

significance of our discovery. Since this neuron-specific STING

pathway is activated downstream of glia-driven inflammation,

STING within neurons is a critical and independent determinant

of the outcome in inflammation-induced neurodegeneration.

This likely applies to all inflammation-driven neurodegenerative

processes, not just MS.

Our study provides insights into STING as a crucial mediator of

inflammatory neuronal injury. It establishes a link between gluta-

mate excitotoxicity, neuronal IFN signaling, and cell death. By

controlling these converging pathways, STING emerges as a

decisive regulator of the detrimental NISR and presents itself

as a compelling pharmacological target for neuron-specific

treatments aimed at combating neurodegeneration.

Limitations of the study
Our mechanistic study identifies STING as decisive initiator of

ferroptosis, offering potential neuroprotective therapeutic strate-

gies. However, some questions still warrant further investigation.

First, although inhibition of the non-canonical neuronal STING

signaling pathway provides substantial neuroprotection, it

does not fully restore neuronal health. This suggests that several

cell death pathways may be activated simultaneously, which

should be considered in the conceptualization of new treat-

ments. Second, while we have demonstrated that the relocation

of STING from the ER to the Golgi apparatus is necessary for

activating the autophagic degradation of GPX4, the precise mo-

lecular mechanisms in neurons are still not fully understood.

Recently, STING has been identified as a proton channel that

regulates autophagosome formation and inflammasome activa-

tion by controlling the proton flux of the Golgi apparatus.87 This

aspect warrants further investigation in neurons. Third, we used

glutamate excitotoxicity with chronic IFNg exposure as in vitro

model for our mechanistic studies, which is a reduction of the

complexity of inflammation-induced neurodegeneration. How-

ever, excitotoxicity seems to be an important driver of inflamma-

tion-induced neurodegeneration,10,88 and previous studies have

successfully translated in vitro findings from neuronal cultures to

EAE.10,67,89 More convincing in vitro models of inflammation-
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induced demyelination and neurodegeneration are currently not

available. Since demyelination is another important trigger of

axonal injury in MS, subsequent studies should focus on

STING in other mouse models of inflammation-independent

demyelination. Lastly, although STINGwas observed exclusively

in inflamed neurons, ferroptosis can be activated in neurons

independently of inflammatory stimuli. Therefore, there have to

be additional regulators of neuronal ferroptosis in neurodegener-

ation, which should be the focus of further investigations.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

4-hydroxy-2-nonenal Abcam Cat# ab46545; RRID: AB_722490

ACSL4 Santa Cruz Cat# sc-365230; RRID: AB_10843105

Acti-Stain Cytoskeleton Cat# PHGD1

CD4 BV711 BioLegend Cat# 100447; RRID: AB_2564586

CD8a BV785 BioLegend Cat# 100750; RRID: AB_2562610

CD11b BUV395 BD Bioscience Cat# 563553; RRID: AB_2738276

CD11c PE/Cy7 BioLegend Cat# 117318; RRID: AB_493568

CD19 BUV661 BD Bioscience Cat# 612971; RRID: AB_2870243

CD45 APC/Cy7 BioLegend Cat# 103116; RRID: AB_312981

CD68 BV785 BioLegend Cat# 137035; RRID: AB_2860684

CD80 FITC BioLegend Cat# 104706; RRID: AB_313126

CD86 BUV496 BD Bioscience Cat# 750437; RRID: AB_2874600

Clec7a PE/Cy7 eBioscience Cat# 25-5859-80;

RRID: AB_2573479

CX3CR1 PB BioLegend Cat# 149038; RRID: AB_2632857

F4/80 BV421 BioLegend Cat# 123137; RRID: AB_2563102

FSP1 Santa Cruz Cat# sc-377120; RRID: AB_2893240

GAPDH Cell Signaling Cat# 2118; RRID: AB_561053

GFP Abcam Cat# ab13970; RRID: AB_300798

Golgin-97 Cell Signaling Cat# 13192; RRID: AB_2798144

Golgin-97 ThermoFisher Cat# A21270; RRID: AB_221447

GPX4 Abcam Cat# ab125066; RRID: AB_10973901

HuC/D Invitrogen Cat# A-21271; RRID: AB_221448

Ig chicken AF 488 Jackson Immuno Cat# 703-545-155; RRID: AB_2340375

Ig chicken AF 647 Jackson Immuno Cat# 703-606-155; RRID: AB_2340380

Ig chicken Cy3 Abcam Cat# ab97145; RRID: AB_10679516

Ig mouse AF 647 Jackson Immuno Cat# 715-605-151; RRID: AB_2340863

Ig mouse AF 405 Abcam Cat# ab175658; RRID: AB_2687445

Ig rabbit AF 488 Abcam Cat# ab150073; RRID: AB_2636877

Ig rabbit AF 555 Abcam Cat# ab150074; RRID: AB_2636997

Ig rabbit AF 647 Abcam Cat# ab150075; RRID: AB_2752244

Ig mouse HRP LI-COR Cat# 926-80010; RRID: AB_2721263

Ig rabbit HRP LI-COR Cat# 926-80011; RRID: AB_2721264

I-A/I-E BUV805 BD Bioscience Cat# 748844; RRID: AB_2873247

IRF3 Cell Signaling Cat# 4302; RRID: AB_1904036

Lamin B Cell Signaling Cat# 12586; RRID: AB_2650517

LC3 nanotools Cat# 0231-100/LC3-5F10;

RRID: AB_2722733

Ly6C PE BioLegend Cat# 128008; RRID: AB_1186132

Ly6G PerCP-Cy5.5 BioLegend Cat# 127616; RRID: AB_1877271

NeuN Abcam Cat# EPR12763; RRID: AB_2732785

NeuN Merck RRID: AB_11205592

NFkB Invitrogen Cat# PA1-186; RRID: AB_2539917

NK1.1 APC BioLegend Cat# 108710; RRID: AB_313396

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

P2RY12 PE BioLegend Cat# 848004; RRID: AB_2721644

pIRF3 Cell Signaling Cat# 29047; RRID: AB_2773013

pNFkB (Ser536) Cell Signaling Cat# 3033; RRID: AB_331284

pSTING (Ser365) Cell Signaling Cat# 72971; RRID: AB_2799831

pSTING (Ser365) Cell Signaling Cat# 62912; RRID: AB_2799635

pTBK1 Cell Signaling Cat# 5483; RRID: AB_10693472

PSD95 Merck Cat# MAB1596; RRID: AB_2092365

RFP ThermoFisher Cat# R10367; RRID: AB_2315269

SLC7A11 ThermoFisher Cat# PA1-16893; RRID: AB_2286208

STIM1 Cell Signaling Cat# 5668; RRID: AB_10828699

STIM1 Santa Cruz Cat# sc-166840; RRID: AB_2198006

STING Cell Signaling Cat# 13647; RRID: AB_2732796

STING Novus Cat# NBP3-13941

Synapsin 1/2 Synaptic Systems Cat# 106004; RRID: AB_1106784

TBK1 Santa Cruz Cat# sc-398366

TCRb BUV737 BD Bioscience Cat# 612821; RRID: AB_2870145

TREM2 R&D Systems Cat# FAB17291A; RRID: AB_884527

Vinculin Merck Cat# V9131; RRID: AB_477629

Zombie Green BioLegend Cat# 423112

Biological samples

Brain biopsies from healthy individuals and pwMS. Brain biopsies at the University

Medical Center Hamburg-Eppendorf

NA

Post-mortem brain autopsies from healthy individuals

and pwMS.

UK biobank https://www.ukbiobank.ac.uk/

Chemicals, peptides, and recombinant proteins

3-methyladenine Santa Cruz 5142-23-4

Bafilomycin A1 Cayman Chemical NSC 381866

C176 Selleckchem S6575

CMA biotechne 6677

Co-enzyme Q10 Merck 07386

Deferoxamine Merck 138-14-7

DMXAA Invitrogen tlrl-dmx

EGTA Merck 67-42-5

Ferrostatin-1 Sigma SML0583

Glutamate Merck 106445

GSK-7975A Merck 534351

GSK-8612 Merck SML2721

H151 Selleckchem S6652

Interferon-g preprotech 315-05

Ouabain Tocris 1076

Poly I:C invivogen tlrl-pic

Rapamycin Enzo BML-A275

SAR405 Selleckchem S7682

SBI-0206965 Selleckchem S7885

Thapsigargin Merck 586005

Z-VAD-FMK Selleckchem S8102

Critical commercial assays

CYTO-ID Autophagy detection kit Enzo ENZ-51031

CellROX green reagent ThermoFisher Scientific C10444

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GSH/GSSG-Glo Glutathione assay Promega V6611

RealTime-Glo Promega G9711

Deposited data

Raw and analyzed data This paper GSE249192

Raw and analyzed data Gene expression omnibus GSE104899

Experimental models: Cell lines

Bone marrow-derived dendritic cells This paper N/A

Neuro2a cells DSMZ ACC148

Primary neuronal cortical cultures This paper N/A

Experimental models: Organisms/strains

C57BL/6J WT The Jackson Laboratory RRID:IMSR_JAX:000664

C57BL/6J Snap25-Cre x Sting1flox/flox This paper N/A

C57BL/6J Snap25-Cre x Stim1flox/flox This paper N/A

C57BL/6J Snap25-Cre x Stim2flox/flox This paper N/A

Glt25d2-EGFP/L10a The Jackson Laboratory RRID:IMSR_JAX:030257

Rosa26-LSL-Cas9 The Jackson Laboratory RRID:IMSR_JAX:026175

Oligonucleotides

Primer_f1: TAGACCGGTATGGACTACAAGGATGACGATGAC

AAGATGCCATACTCCAACCTGCATCCA

This paper N/A

Primer_r1: TAGTCTAGAGATGAGGTCAGTGCGGAGTGG This paper N/A

Primer_r2: TAGTCTAGAGAGCTCATCTTTGATGAGGTCAGTG

CGGAGTGG

This paper N/A

Primer_f3: TAGACCGGTATGAACGCTACACACTGCATCTTGG This paper N/A

Primer_r3: TAGTCTAGAGCAGCGACTCCTTTTCCGCTTC This paper N/A

Primer_f4: TAGACCGGTATGGTGAGCAAGGGCGAGGAG This paper N/A

Primer_r4: TAGGAATTCTCACTACTTCTTAAGAGGCTTCTTA

AAGATTTTG

This paper N/A

Primer_f5: TAGCGTACGATGGACTACAAGGATGACGATGAC

AAGATGCCATACTCCAACCTGCATCCA

This paper N/A

Primer_r5: TAGAAGCTTTCAGATGAGGTCAGTGCGGAGT This paper N/A

Primer_f6: TAGCGTACGATGCCATACTCCAACCTGCATCCA This paper N/A

Primer_r6: AATGAATTCTCAGATGAGGTCAGTGCGGAGTG This paper N/A

Primer_f7: AGCGTCGCCGAGATTGCGGAGAACGGA This paper N/A

Primer_r7: CGCAATCTCGGCGACGCTGTTGGAATAAACC This paper N/A

Primer_f8: CACTTGCGGCAATCCTGGCAGATGTC This paper N/A

Primer_r8: GACATCTGCCAGGATTGCCGCAAGTG This paper N/A

Primer_r9: AATGAATTCTCAAACCTCCTCCTTTTCTTCCTGACG This paper N/A

Oligo_f1: CACCGTGTGCGCCCGTCTTGCCCTG This paper N/A

Oligo_r1: aaacCAGGGCAAGACGGGCGCACAC This paper N/A

Oligo_f2: CACCGAATACAGGAGCTAGCTCCG This paper N/A

Oligo_r2: aaacCGGAGCTAGCTCCTGTATTC This paper N/A

Oligo_f3: CACCGAGACTCTTCAGAAGTCGCCC This paper N/A

Oligo_r3: aaacGGGCGACTTCTGAAGAGTCTC This paper N/A

Oligo_f4: CACCGCTGATGGATGACGATGCCAA This paper N/A

Oligo_r4: aaacTTGGCATCGTCATCCATCAGC This paper N/A

Oligo_f5: CACCGCCAGCCATCCCACGGCCCAG This paper N/A

Oligo_r5: aaacCTGGGCCGTGGGATGGCTGGC This paper N/A

Oligo_f6: CACCGCAGTAGTCCAAGTTCGTGCG This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligo_r6: aaacCGCACGAACTTGGACTACTGC This paper N/A

Oligo_f7: CACCGTAGAATCATAGCCATACAG This paper N/A

Oligo_r7: aaacCTGTATGGCTATGATTCTAC This paper N/A

Oligo_f8: CACCGCAGTTGGATGTTTGGCCTTC This paper N/A

Oligo_r8: aaacGAAGGCCAAACATCCAACTGC This paper N/A

Oligo_f9: CACCGAGATCCGCGTAGAAGGACGA This paper N/A

Oligo_r9: aaacTCGTCCTTCTACGCGGATCTC This paper N/A

Oligo_f10: CACCGGAGCGTGACGGGGACACCA This paper N/A

Oligo_r10: aaacTGGTGTCCCCGTCACGCTCC This paper N/A

Oligo_f11: CACCGCTTACGACTTTCCGCGCCTC This paper N/A

Oligo_r11: aaacGAGGCGCGGAAAGTCGTAAGC This paper N/A

Oligo_f12: CACCGGTTCCTTCCTGGACCCTCG This paper N/A

Oligo_r12: aaacCGAGGGTCCAGGAAGGAACC This paper N/A

Primer_f1: TAGACCGGTATGGACTACAAGGATGACGATG

ACAAGATGCCATACTCCAACCTGCATCCA

This paper N/A

Primer_r1: TAGTCTAGAGATGAGGTCAGTGCGGAGTGG This paper N/A

Primer_r2: TAGTCTAGAGAGCTCATCTTTGATGAGGTCAG

TGCGGAGTGG

This paper N/A

Primer_f3: TAGACCGGTATGAACGCTACACACTGCATCTTGG This paper N/A

Primer_r3: TAGTCTAGAGCAGCGACTCCTTTTCCGCTTC This paper N/A

Primer_f4: TAGACCGGTATGGTGAGCAAGGGCGAGGAG This paper N/A

Primer_r4: TAGGAATTCTCACTACTTCTTAAGAGGCTTCTTA

AAGATTTTG

This paper N/A

Primer_f5: TAGCGTACGATGGACTACAAGGATGACGATGAC

AAGATGCCATACTCCAACCTGCATCCA

This paper N/A

Primer_r5: TAGAAGCTTTCAGATGAGGTCAGTGCGGAGT This paper N/A

Primer_f6: TAGCGTACGATGCCATACTCCAACCTGCATCCA This paper N/A

Primer_r6: AATGAATTCTCAGATGAGGTCAGTGCGGAGTG This paper N/A

Primer_f7: AGCGTCGCCGAGATTGCGGAGAACGGA This paper N/A

Primer_r7: CGCAATCTCGGCGACGCTGTTGGAATAAACC This paper N/A

Primer_f8: CACTTGCGGCAATCCTGGCAGATGTC This paper N/A

Primer_r8: GACATCTGCCAGGATTGCCGCAAGTG This paper N/A

Primer_r9: AATGAATTCTCAAACCTCCTCCTTTTCTTCCTGACG This paper N/A

Oligo_f1: CACCGTGTGCGCCCGTCTTGCCCTG This paper N/A

Oligo_r1: aaacCAGGGCAAGACGGGCGCACAC This paper N/A

Oligo_f2: CACCGAATACAGGAGCTAGCTCCG This paper N/A

Oligo_r2: aaacCGGAGCTAGCTCCTGTATTC This paper N/A

Oligo_f3: CACCGAGACTCTTCAGAAGTCGCCC This paper N/A

Oligo_r3: aaacGGGCGACTTCTGAAGAGTCTC This paper N/A

Oligo_f4: CACCGCTGATGGATGACGATGCCAA This paper N/A

Oligo_r4: aaacTTGGCATCGTCATCCATCAGC This paper N/A

Oligo_f5: CACCGCCAGCCATCCCACGGCCCAG This paper N/A

Oligo_r5: aaacCTGGGCCGTGGGATGGCTGGC This paper N/A

Oligo_f6: CACCGCAGTAGTCCAAGTTCGTGCG This paper N/A

Oligo_r6: aaacCGCACGAACTTGGACTACTGC This paper N/A

Oligo_f7: CACCGTAGAATCATAGCCATACAG This paper N/A

Oligo_r7: aaacCTGTATGGCTATGATTCTAC This paper N/A

Oligo_f8: CACCGCAGTTGGATGTTTGGCCTTC This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligo_r8: aaacGAAGGCCAAACATCCAACTGC This paper N/A

Oligo_f9: CACCGAGATCCGCGTAGAAGGACGA This paper N/A

Oligo_r9: aaacTCGTCCTTCTACGCGGATCTC This paper N/A

Oligo_f10: CACCGGAGCGTGACGGGGACACCA This paper N/A

Oligo_r10: aaacTGGTGTCCCCGTCACGCTCC This paper N/A

Recombinant DNA

pMDLg/pRRE Addgene RRID: Addgene_12251

pRSV-Re Addgene RRID: Addgene_12253

pMDLg/pRRE Addgene RRID: Addgene_12259

mu-IFNg-pCIneo Addgene RRID: Addgene_163517

p2K7bsdUBI-mCherry-STIM1 Nunes-Hasler et al.90 RRID: Addgene_114178

pMRX-IP-GFP-LC3-RFP-LC3DG Addgene RRID: Addgene_84572

Lenti-Cas9-gRNA-GFP Giuliano et al.91 RRID: Addgene_124770

pAAV-Syn-Gcamp6f-WPRE-SV4088 Chen et al.92 RRID: Addgene_100837

ER-GcaMP6-210 de Juan-Sanz et al.93 RRID: Addgene_86919

Orai1-GcaMP6f Dynes et al.94 RRID: Addgene_73564

pCAG Cyto-RCaMP1h Hirabayashi et al.95 RRID: Addgene_105014

pEGFP-LC3 Kabeya et al.96 RRID: Addgene_21073

pAAV-hSyn-EGFP-mmSting1 This paper N/A

L21-hSyn-mmSting1-P2a-mScarlet This paper N/A

pAAV-hSyn-EGFP-mmSting1-KDEL This paper N/A

L21-hSyn-mmSting1-KDEL-P2a-mScarlet This paper N/A

L21-hSyn-mScarlet-mmStim1 This paper N/A

L21-hSyn-mmIfng-P2a-mScarlet This paper N/A

L21-hSyn-mmSting1-P2a-mScarlet This paper N/A

L21-hSyn-mmSting1-KDEL-P2a-mScarlet This paper N/A

L21-hSyn-mScarlet-P2a-mmSting1-LIR7 This paper N/A

L21-hSyn-mScarlet-P2a-mmSting1-W2BD This paper N/A

L21-hSyn-mScarlet-P2a-mmSting1-DC-terminus This paper N/A

L21-hSyn-mScarlet-mmStim1 This paper N/A

Software and algorithms

R https://www.r-project.org/ https://www.r-project.org/

STAR Dobin et al.97 https://github.com/alexdobin/STAR

featureCounts Liao et al.98 https://subread.sourceforge.net/

DESeq2 Love et al.99 https://doi.org/10.18129/B9.bioc.

DESeq2

biomaRT Durinck et al.100 https://doi.org/10.18129/B9.bioc.

biomaRt
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Manuel A.

Friese (manuel.friese@zmnh.uni-hamburg.de).

Materials availability
Plasmids and mouse lines generated in this study are available upon reasonable request from the corresponding author.
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Data and code availability
d Bulk mRNA sequencing data have been deposited at Gene Expression Omnibus GEO: GSE249192 and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table. This paper analyzes existing, publicly

available data. These accession numbers for the datasets are listed in the key resources table. All other data reported in

this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subjects
The specimen used for histopathology were obtained from brain biopsies or post-mortem autopsies of people where MS-typical

changes were described by board-certified histopathologists, and the people had a MS diagnosis as determined by board-certified

neurologists. The specimen was anonymized (cohort characteristics are provided in Table S2). The use of patient specimens for

research upon anonymization was in accordance with local ethical standards and regulations at the University Medical Center

Hamburg-Eppendorf. As human tissue could no longer be assigned to a human being, the analyses did not constitute a ‘‘research

project on humans’’ in the sense of x 9 para. 2 of theHamburgChamber of Commerce Act for theHealth Professions and therefore did

not require consultation in accordance with x 15 para. 1 of the Professional Code of Conduct for Physicians in Hamburg.

Animals
All mice (C57BL/6J WT (The Jackson Laboratory); C57BL/6J Snap25-Cre x Sting1flox/flox, 100, C57BL/6J Snap25-Cre x Stim1flox/flox,
25, C57BL/6J Snap25-Cre x Stim2flox/flox, 25, C57BL/6J Rosa26-LSL-Cas9,101 Glt25d2-EGFP/L10a29 (The Jackson Laboratory)) were

kept under specific pathogen-free conditions in the central animal facility of the University Medical Center Hamburg-Eppendorf

(UKE). We used adult mice (6–20 weeks old) from both sexes; mice were sex- and age-matched in all experiments. We did not

observe sex-specific differences in any of the experiments; therefore, the sexes were reported together. All animal care and exper-

imental procedures were performed according to institutional guidelines and conformed to the requirements of the German legal

authorities. Ethical approvals were obtained from the State Authority of Hamburg, Germany (approval No. 41/22).

Cells
Mouse primary neurons

For primary cortical cultures we euthanized pregnant C57BL/6J, or LSL-Cas9 mice. We isolated the cortex, dissociated, and plated

cells at a density of 6 3 104 cells per 1 cm2 on poly-D-lysine-coated wells (5 mM Sigma-Aldrich). If not stated otherwise, cells were

maintained in PNGM (Lonza) at 37 �C, 5%CO2 and a relative humidity of 98%. Throughout, we used cultures after 14–23 days in vitro

(d.i.v.) for experiments. If indicated, we applied 100 ng/mL IFNg every day from 7 d.i.v. until the day of the experiment. Subsequent

stimulations were carried out at 14–16 d.i.v. as described in the respective figure legends (all compounds and respective concentra-

tions are provided in the section ‘‘compounds and chemicals’’).

Mouse bone marrow-derived dendritic cells (BMDCs)

We obtained bone marrow from 6- to 12-week-old mice as described previously.102 Cells were homogenized through 40 mm cell

strainers (Greiner) and incubated in red blood cell lysis buffer (0.15MNH4Cl, 10mMKHCO3, and 0.1mMNa2EDTA in double-distilled

H2O at pH 7.4) for 5 min.We cultured the remaining cells in 10mL cell culture flasks (Sarstedt) in mouse complete medium containing

granulocyte-macrophage colony-stimulating factor (GM-CSF; 20 ng ml�1) (PeproTech) at 37 �C, 5% CO2 and a relative humidity of

98%. We changed the medium every second day by carefully replacing the supernatant with fresh medium containing GM-CSF

(20 ng ml�1). We harvested semi-adherent BMDCs on day 6 to 8, unless stated otherwise. To validate the TBK1 inhibitor GSK-

8612 we seeded 2 3 106 cells on 24-well plates that were treated with 10 mM or 50 mM GSK-8612 before adding 20 mg mL–1

DMXAA for 1 hour. After harvesting, immunoblot for pSTING and STING was performed as described below. To validate the activa-

tion of the canonical STING pathway, we seeded 2 3 106 BMDCs in 24-well plates and exposed them to 50 mg mL–1 DMXAA for 1

hour, 3 hours, 5 hours and 7 hours. After harvesting the cells, we performed immunoblot for pSTING, STING, pIRF3, IRF3, pTBK1,

TBK1, and pNFkB as described below.

Neuro2a cell line

Neuro2a cells (N2a, DSMZ ACC148) were grown at 37�C, 5% CO2 and a relative humidity of 98% in T25 or T75 flasks (Sarstedt)

in DMEM high glucose, GlutaMAX (Gibco) supplemented with 10% fetal bovine serum (PAN Biotech) and penicillin/streptomycin

(50 U ml�1, Gibco). At the desired time points, they were dissociated with TrypLE (Gibco) with 1 mM EDTA (Invitrogen) and seeded

on poly-D-lysine-coated wells (5 mM Sigma-Aldrich) at a density of 6 3 104 cells per 1 cm2, achieving 80%–90% confluence the

following day. Transfection was performed as described below.
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METHOD DETAILS

Vector construction
Sting1 was amplified from lymph node cDNA using primer_f1 and primer_r1. Primer_f1 additionally contained a FLAG tag for visu-

alization. To generate an ER-retained STING variant (STINGER), we used primer_r2 that contained a KDEL sequence. Ifngwas ampli-

fied from the publicly available mu-IFNg-pCIneo (mu-IFNg-pCIneo was a gift from ThomasWeber (Addgene plasmid #163517; http://

n2t.net/addgene:163517; RRID:Addgene_163517)) using primer_f3 and primer_r3. A mCherry-tagged STIM1 was amplified from

p2K7bsdUBI-mCherry-STIM1 (p2K7bsdUBI-mCherry-STIM1 was a gift from Nicolas Demaurex (Addgene plasmid #114178;

http://n2t.net/addgene:114178; RRID:Addgene_114178))90 using primer_f4 and primer_r4. The PCR amplification products were di-

gested with the restriction enzymes AgeI and XbaI for 16 hours on 37 �C andwere ligated into a customized lentiviral backbone with a

human synapsin (hSyn) promoter (Sting1, Sting1ER, Stim1) for neuron-specific expression or CMV promoter (Ifng) for ubiquitous

expression. The expression plasmid additionally contained a mScarlet after a P2a domain to assess transduction efficacy. Further-

more FLAG-mmSting1was amplified from lymph node cDNA using primer_f5 and primer_r5 and inserted behind a EGFP using BsiWI

and HindIII as restriction enzymes. Thereby, a C-terminal EGFP-tagged STING variant under the control of a hSyn promoter was con-

structed. STING mutants, including STINGLIR7 and STINGW2BD variants, were created using recombinant PCR. Outer primers pri-

mer_f6 and primer_r6, along with inner primers (primer_f7, primer_r7, primer_f8, and primer_r8), were employed to introduce specific

amino acid substitutions. For the STINGLIR7 mutant, substitutions Y478A and L481A were introduced, while for the STINGW2BD

mutant substitutions E295A, E296A, and E299A were introduced. Additionally, the STINGDCT mutant, lacking amino acids 341-

378, was generated via PCR with primers primer_f6 and primer_r9. All PCR products were then inserted into a lentivirus vector

with the human synapsin promoter and an N-terminal mScarlet tag, using restriction enzymes Pfl23II and EcoRI. For inducing

CRISPR knockouts of Stim1 (oligos pairs 1–4), Sting1 (oligo pairs 5–8), and Cgas (oligo pairs 9–12) we first annealed forward and

reverse oligos which were digested with BsmBI for 6 hours on 37 �C and subsequently ligated either in Lenti-Cas9-gRNA-GFP

(Lenti-Cas9-gRNA-GFP was a gift from Jason Sheltzer (Addgene plasmid #124770; http://n2t.net/addgene:124770; RRID:Addg-

ene_124770))91 or a customized lentiviral backbone based on the lentiGuide Puro (lentiGuide-Purowas a gift from Feng Zhang (Addg-

ene plasmid #52963))103 that consists of theCre recombinase under the control of the hSyn promoter and a guideRNA cassette under

the control of a human U6 promoter. The Lenti-Cas9-Sting1/Stim1/Cgas-GFP constructs were transfected (see below for detailed

description) in N2a cells to confirm the respective knockouts on genetic and protein levels. All final products were confirmed using

Sanger sequencing. For all lentiviral overexpression experiments, a lentiviral mScarlet overexpression construct was used as control.

If indicated the ER-retained form of STING (Sting1ER) that does not travel to the Golgi apparatus was used as additional control.

Lentiviral production and transduction
To produce lentiviruses, we first transfected HEK293T cells with 10 mg expression plasmid, 10 mg pMDLg/pRRE, 5 mg pRSV-Re, 2 mg

pMD2.G. pMDLg/pRRE was a gift from Didier Trono (Addgene #12251; http://n2t.net/addgene:12251; RRID: Addgene_12251).

pRSV-Rev was a gift from Didier Trono (Addgene #12253; http://n2t.net/addgene:12253; RRID: Addgene_12253). pMD2.G was a

gift from Didier Trono (Addgene #12259; http://n2t.net/addgene:12259; RRID: Addgene_12259). Briefly, HEK293T cells were seeded

with an 80% confluency in DMEM with glutamine and high glucose (ThermoFisher, cat. no. 10569010), the next day the plasmids

weremixed in 13HEPES buffered saline (HBS) and 125mMCaCl2 and were applied to the HEK293T cells for 6 hours. Subsequently,

mediumwas changed and after 48 hours the supernatant was filtered through a 0.45 mmPES filter, was immediately snap frozen and

stored at –80 �C. Neurons were transduced at 7 d.i.v. with an efficacy of 80–90% which was visually confirmed by expression of a

fluorescent protein. Control neurons were always included that were transduced with a mScarlet-carrying lentivirus. Chronic IFNg

exposure was achieved by delivering a lentivirus with an Ifng expressing construct controlled by a CMV promoter. The functionality

of Ifng expression was confirmed by increased expression of the type II interferon downstream mediator signal transducer and acti-

vator of transcription 1 and its activated phosphorylated form.

Generation of mouse neuronal cultures with conditional knockouts
To generate Sting1-cKO,Cgas-cKO and Stim1-cKO neurons, neuronal cultures from LSL-Cas9mice were transduced at 7 d.i.v. with

lentiviruses that contained a Cre recombinase controlled by a hSyn promoter and respective guide RNAs (see above for detailed

description). Per gene 4 guides were used to create pooled lentiviruses. The transduction efficacy was 70–80% estimated visually

since all LSL-Cas9 cells that were transduced with a Cre recombinase express EGFP. We used neurons that were transduced with

the same vectors containing non-targeted control gRNAs or gRNAs against LacZ.

Transfection of neuronal cultures and Neuro2a cells
Neuronal cultures were transfected at 1–3 d.i.v. with 500 ng DNA using lipofectamine 2000 (ThermoFisher, cat. no.11668019)

according to the manufacturer’s instruction. Neurons were incubated for 1 hour with DNA and lipofectamine and were subsequently

washed for two times with preconditioned medium. Neuronal cultures were transfected with EGFP-STING and mCherry-

STIM1 or EGFP-STING and an ER-retained mScarlet (mScarlet-KDEL, kind gift of Michael Kreutz) to visualize co-localization of

STING with STIM1 or the ER. Furthermore, EGFP-LC3 (pEGFP-LC3 was a gift from Tamotsu Yoshimori (Addgene plasmid

#21073; http://n2t.net/addgene:21073; RRID: Addgene_21073)) was transfected to visualize GPX4 colocalization after glutamate
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stimulation. Neuro2a (N2a, DSMZACC148) cells were transfected using lipofectamine 2000when 80%confluencywas reached. N2a

cells were incubated for 6 hours with DNA and lipofectamine and were subsequently washed for two times with preconditioned me-

dium. N2a cells were transfected with EGFP-STING and mCherry-STIM1 to visualize colocalization.

Compounds and chemicals
Compounds were added to primary neurons at the indicated time points in the respective figure legends. For cell viability assays, the

compounds were added 5 hours before glutamate was applied. If not stated otherwise, the following concentrations were used:

20 mM 3-methyladenine, 50 nM bafilomycin A1, 1 mM C176, 20 mM CMA, 6 mM c0-enzyme Q10, 20 mM deferoxamine, 50 mg/mL

DMXAA, 2 mM EGTA, 1 mM Ferrostatin-1, 50 mM glutamate, 10 mM GSK-7975A, 50 mM GSK-8612, 1 mM H151, 100 ng/mL

interferon-g, 1 mM ouabain, 5 mg/mL poly I:C, 500 nM rapamycin, 1 mM SAR405, 1 mM SBI0206965, 2 mM thapsigargin, 20 mM

Z-VAD-FMK.

Real-time PCR
We reverse-transcribed RNA to complementary DNA with the RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo

Fisher Scientific) according to the manufacturer’s instructions. We analyzed gene expression by real-time PCR performed in an

ABI Prism 7900 HT Fast Real-Time PCR System (Applied Biosystems) using TaqMan Gene Expression Assays (Thermo Fisher

Scientific) for Acsl4 (Mm00490331), Actb (Mm00607939), Aifm2 (Mm00464061), Cxcl10 (Mm00445235), Gpx4 (Mm00433840),

Ifi44 (Mm00505670), Ifnb1 (Mm00439552), Tbp (Mm01277042). We calculated gene expression as 2–DCt relative to Tbp (mouse)

or Actb as the endogenous control.

Targeted ERCa2+D and SOCE
Targeted ERCa2+D was achieved by depleting calcium in N2a cells or primary neurons. First, they were incubated in their respective

medium with 2 mM EGTA for 30 minutes. Subsequently, we applied 2 mM thapsigargin (Merck, T9033) for the indicated time frames

up to 4 hours. For overnight ERCa2+D, afterwardswe changed themedium to preconditionedmediumwith 2mMEDTA (referred to as

‘‘ERCa2+D’’ in the figures). For initiating SOCE, we reintroduced calcium by changing the medium to preconditioned medium after 1

hour or 2 hours of ERCa2+D (referred to as ‘‘SOCE’’ in the figures). If indicated, we added 20 mMof the CRAC-inhibitor GSK-7975A in

the last medium change.

RealTime-Glo cell viability assay
We mixed RealTime-Glo (Promega, cat. no. G9711) MT cell viability substrate and NanoLuc Enzyme together, added it to neuronal

cultures and incubated them for five hours for equilibration of luminescence signal before respective treatments were applied

(all compounds and respective concentrations are provided in the section ‘‘compounds and chemicals’’). Toxicity was estimated

after applying 50 mM glutamate. We recorded luminescence with a Spark 10M multimode microplate reader (Tecan) at 37 �C and

5% CO2 every 30 min over a total time of 20–24 hours. We used at least four technical replicates per condition. For analysis every

well’s data point was normalized to its last value before the stressor was added and then normalized to the mean of the control wells

for every time point. Thereby we controlled for well-to-well seeding variability. For statistical analysis we compared either area under

curve (AUC) or end point.

Calcium imaging
We seeded primary neuronal cultures on either Ibidi 60 m-Dish Quad (cat. no. 80411) or High (cat. no. 81158) with a glass bottom. To

measure cytosolic calcium changes, we transduced neuronal cultures with an AAV7 that contained pAAV-Syn-Gcamp6f-WPRE-

SV4088 (pAAV.Syn.GcaMP6f.WPRE.SV40 was a gift from Douglas Kim & GENIE Project (Addgene plasmid #100837; http://n2t.

net/addgene:100837; RRID:Addgene_100837))92 at 8–12 d.i.v. with a 10,000–20,000 MOI. AAV particles were produced according

to the standard procedures of the UKE vector facility. To visualize ER-calcium or calcium flux through ORAI1 we transfected ER-

GcaMP6-210 (ER-GcaMP6-210 was a gift from Timothy Ryan (Addgene plasmid #86919; http://n2t.net/addgene:86919; RRI-

D:Addgene_86919))93 or Orai1-GcaMP6f (Orai1-GcaMP6f was a gift from Michael Cahalan (Addgene plasmid # 73564; http://n2t.

net/addgene:73564; RRID:Addgene_73564))94 using lipofectamine at 3 d.i.v. (see above for detailed description of lipofectamine

transfection). We acquired images with a confocal LSM 700 laser scanning confocal microscope (Zeiss) every 0.48 seconds with

a 203magnification in an imaging chamber maintaining 37 �C and 5% CO2. Infected cultures were imaged in the respective culture

medium. In general, we recorded the first 5–10 minutes of baseline activity before applying the indicated chemicals. At the end of

recording, we applied 10 mM ionomycin to induce maximum cellular calcium response that was used for normalization. Specific

assay details and concentrations can be found in the respective figure legend. For data analysis, we measured mean fluorescence

values of every cell using Fiji software (NIH) and normalized it to the maximal calcium response after ionomycin challenge (indicated

as F/FMax). For each cell, we calculated maximal, minimal, mean and AUC of the calcium response using a custom R script. If not

stated otherwise, AUC was used for statistical comparisons.102
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GSSG/GSH-ratio estimation
GSH/GSSG-Glo Glutathione assay (Promega) was used as described by themanufacturer. Primary cortical neurons were cultured in

a 96-well plate and stimulated with glutamate for 4 hours. If indicated in the respective figures additional treatments were applied

30 minutes before glutamate stimulation. Cells were washed with pre-conditioned neuronal medium and GSH-Glo reagent was

added to the wells for 30min at room temperature, followed by the addition of luciferin detection reagent. After 15min, luminescence

was detected using a Spark 10M multimode microplate reader (Tecan). We used 4 technical replicates per condition for measuring

GSSG and total glutathione (GSH). For final analysis, we compared the GSSG/GSH ratios between different conditions and

genotypes.

ROS live cell imaging
For the detection of oxidative stress in response to glutamate treatment, CellROX green reagent (Thermo Fisher Scientific) was used.

Neuronal cultures were stimulated with 50 mM glutamate for a total incubation time of 1 hour. If indicated in the respective figures

additional treatments were applied 30 minutes before glutamate stimulation. CellROX reagent was added to the wells in a 5 mM final

concentration after 30 minutes of glutamate stress. Hoechst 33342, a cell-permeant nuclear counterstain, was added at the same

time. Cells were washed two times with pre-conditioned medium before image acquisition. The cells were subsequently imaged

on a Zeiss LSM 700 confocal microscope using 320 magnification. Immunofluorescence of nuclear CellROX dye was quantified

using Fiji (ImageJ).

Autophagic flux live cell imaging
Tomeasure autophagic flux we used the CYTO-ID Autophagy detection kit (Enzo), a cationic amphiphilic tracer that selectively stains

autophagic vacuoles. Neurons were incubated for 2 hours with 50 nM bafilomycin A1 and were subsequently treated for 2 hours with

50 mM glutamate. If indicated in the respective figures additional treatments were applied 30 minutes before glutamate stimulation.

The CYTO-ID green reagent was applied 1.5 hours after glutamate application in a total dilution of 1:500. Hoechst 33342, a cell-per-

meant nuclear counterstain, was added at the same time. After 30 minutes neurons were washed two times in pre-conditioned

neuronal medium and fluorescence was imaged on a Zeiss LSM 700 confocal microscope using 320 magnification or on a Zeiss

LSM 900 Airyscan 2 microscope using 340 magnification. Additionally, neurons treated with 500 nM rapamycin, a well described

inducer of autophagy was used as positive control. Quantification was performed using Fiji (ImageJ).

Furthermore, we measured LC3 degradation by lentiviral transduction of neurons with the pMRX-IP-GFP-LC3-RFP-LC3DG,53

which was a gift from Noboru Mizushima (Addgene plasmid # 84572; http://n2t.net/addgene:84572; RRID: Addgene_84572). This

plasmid expresses a GFP that is subject to autophagic degradation as well as a RFP transfection control. Thus, a lower GFP to

RFP ratio indicates higher autophagy flux. Lentiviral production and transduction are described above in detail. Neurons were either

treated with H2O vehicle or 100 ng mL–1 IFNg daily from 7 d.i.v. to 15 d.i.v. At 15 d.i.v neurons were treated with either 1 mMH151, or

1 mM SAR405 together with 1 mM SBI-0206965 for 30 minutes and were subsequently exposed to 50 mM glutamate. The cells were

fixed after in total 4 hours glutamate exposure and stained with antibodies against GFP and RFP. Images were acquired using a Zeiss

LSM 900 Airyscan 2 microscope using 363 magnification. Quantification was performed using Fiji (ImageJ) and the ratio between

GFP and RFP was compared between the different conditions.

Furthermore, we quantified LC3 and p62 accumulation after inhibiting lysosomal degradation of autophagosomes. For quantifica-

tion of endogenous LC3 and p62, we transduced neuronal cultures after 7 d.i.v. with Sting1- or Ifng-expressing lentiviruses as

described above and treated these cultures after 15 d.i.v. with 50 nM bafilomycin A1. After 1.5 hours we added 1 mM H151, or

1 mMSAR405 together with 1 mMSBI-0206965 for 30 minutes, subsequently we treated neurons with 50 mMglutamate for additional

4 hours. After PFA fixation, we performed immunostaining of LC3, acquired images using a Zeiss LSM 900 Airyscan 2 microscope at

363 magnification, and quantified LC3+ puncta with Fiji (ImageJ). Additionally, we used the same conditions to quantify the accu-

mulation of transfected pEGFP-LC3,96 which was a gift from Tamotsu Yoshimori (Addgene plasmid #21073; http://n2t.net/

addgene:21073; RRID: Addgene_21073). The neuronal cultures were transfected at 2–4 d.i.v. as described above in detail. Subse-

quently, the same experimental setups and conditions were used as for quantification of endogenous LC3. We acquired images us-

ing a Zeiss LSM 900 Airyscan 2 microscope using 363 magnification, and quantified EGFP accumulation with Fiji (ImageJ).

In addition, we quantified the LC3-II/LC3-I ratio. We transduced neuronal cultures with either a mScarlet-expressing control or a

Sting1-expressing lentivirus at 7 d.i.v. as described above. At 15 d.i.v. the neuronal cultures were treated for 4 hours with 50 mM

glutamate. After cell harvesting and lysis, we performed immunoblotting as described above to visualize LC3-I and LC3-II. Using

Fiji (ImageJ) we quantified the LC3-II/LC3-I ratio as marker of autophagy flux.

Immunocytochemistry
For immunocytochemistry, we cultivated neuronal cultures or N2a cells on 12 mm diameter coverslips. They were stimulated with

50 mM glutamate or when indicated additionally with respective treatments 30 minutes before adding glutamate (all compounds

and respective concentrations are listed in the section ‘‘compounds and chemicals’’). Subsequently, they were fixed with 4% para-

formaldehyde (PFA) and incubated in 10% normal donkey’s serum (NDS) containing 0.1% Triton X-100 and was followed by immu-

nolabeling. Images were acquired using a confocal LSM 700 laser scanning confocal microscope (Zeiss) or LSM 900 Airyscan 2

confocal microscope (Zeiss). The following antibody concentrations were used: ACSL4 1:200, Acti-Stain 1:70, FSP1 1:200, GFP
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1:1,000, Golgin-97 (Cell Signaling) 1:100, Golgin-97 (ThermoFisher) 1:200, GPX4 1:100, HuC/D 1:100, Ig chicken AF488 1:500, Ig

chicken AF647 1:500, Ig chicken Cy3 1:500, Ig mouse AF647 (Jackson Immuno) 1:500, Ig mouse AF647 (Abcam) 1:500, Ig rabbit

AF488 1:500, Ig rabbit AF555 1:500, Ig rabbit AF647 1:500, LC3 1:100, NeuN 1:300, pSTING 1:200, RFP 1:1,000, SLC7A11 1:200,

STIM1 1:300, STING 1:100.

Immunoprecipitation
For transfection, cells were seeded in two 10 cm cell culture dishes at a density of 63 104 cells per 1 cm2, achieving 80–90% conflu-

ence the following day. Transfections were performed using Lipofectamine 2000 (ThermoFisher) following the manufacturer’s pro-

tocol as described above, with plasmids encoding N-terminal EGFP-tagged Sting1 or EGFP alone. Twenty-four hours post-transfec-

tion, ERCa2+D was induced as described above. Afterwards cells were washed twice with ice-cold 1 3 PBS and lysed in HEPES

buffer containing 0.5% CHAPS (Sigma), Complete protease inhibitor cocktail (Merck), 1 mM EDTA, 1 mM PMSF, and 1 mM DTT

for 1 hour at 4 �C on an overhead shaker. Lysates were cleared by centrifugation at 20,000 3 g for 10 min, and 5% of the cleared

lysate was retained as an input control. 50 ml of equilibrated GFP-Trap magnetic agarose beads (ChromoTek) were blocked in lysis

buffer supplemented with 1 mgml–1 BSA for 1 hour, then washed three times with HEPES washing buffer containing 0.05% CHAPS,

1 mM EDTA, 1 mM PMSF, and 1 mM DTT. Beads were incubated with cleared lysates for 1 hour at 4 �C on an overhead shaker to

precipitate EGFP or EGFP-Stim1, respectively. Precipitates were washed five timeswith 500 ml washing buffer and boiled at 95 �C for

5 minutes in reducing sample buffer before being subjected to SDS-PAGE and immunoblotting. Membranes were incubated for 1

hour in blocking buffer (Tris-buffered saline + 0.1% Tween-20 (TBS-T) + 5% skim milk) before overnight incubation with primary an-

tibodies (Rabbit Anti-STIM1 mAb D88E10 Cell Signaling #5668, Chicken Anti-GFP Abcam ab13970) in blocking buffer at 4 �C.
Following three 5-minute washes with TBS-T, membranes were incubated with HRP-conjugated secondary antibodies in blocking

buffer for 1 hour at room temperature. After an additional three 5-minute washes with TBS-T, detection was achieved using a chem-

iluminescence substrate (LI-COR).

Experimental autoimmune encephalomyelitis (EAE)
We immunized mice subcutaneously with 200 mg MOG35–55 peptide (Schafer-N) in CFA (Difco, cat. no. DF0639-60-6) containing

4 mg ml�1 Mycobacterium tuberculosis (Difco, cat. no. DF3114-33-8). In addition, we injected 200 ng pertussis toxin (Calbiochem,

cat. no. CAS70323-44-3) intraperitoneally (i.p.) on the day of immunization and 48 hours later. We scored animals daily for clinical

signs by the following system: 0, no clinical deficits; 1, tail weakness; 2, hind limb paresis; 3, partial hind limb paralysis; 3.5, full

hind limb paralysis; 4, full hind limb paralysis and fore limb paresis; 5, premorbid or dead. Animals reaching a clinical score R 4

were euthanized according to the regulations of the local animal welfare legal authorities. The investigators were blind to the geno-

type and treatment in the EAE experiments. For treatment studies mice were injected i.p. with 750 nmol C176 in 100 mL corn oil or

750 nmol H151 in 100 mL of 10% Tween-80 in PBS daily48 starting with day of disease onset.

Cortical BacTRAP
TRAP was performed as described previously.104 Briefly, Glt25d2-L10a-EGFP mice were anesthetized with ketamine/xylazine and

perfused with 10 ml ice-cold dissection buffer (1 3 Hank’s Balanced Salt Solution, 2.5 mM HEPES-KOH, pH 7.4, 35 mM glucose,

4 mM NaHCO3) over 1 minute. Cortices were dissected in ice-cold dissection buffer containing 100 mg ml�1 cycloheximide; the

cortices of two animals were pooled for homogenization in lysis buffer (20 mM HEPES-KOH, pH 7.4, 150 mM KCl, 5 mM MgCl2,

0.5 mM dithiothreitol (DTT), 100 mg3ml�1 cycloheximide, 40 U 3ml�1 Rnasin (Promega), 20 U 3ml�1 SUPERase In Rnase Inhibitor

(Invitrogen)) using a glass homogenizer. Homogenates were centrifuged at 2,000 3 g for 10 min at 4 �C to remove large cell debris.

The supernatant was transferred to a new tube; NP-40 Surfact-Amps Detergent Solution (Thermo Fisher Scientific) and 1,2-dihep-

tanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids) were added to final concentrations of 1% and 30 mM, respectively. After

5 minute incubation on ice, lysates were centrifuged at 20,000 3 g for 10 minutes at 4 �C. Ten percent of the supernatant was

saved as input control; the remaining 90% was incubated with monoclonal GFP antibody-coated (Htz-GFP19C8 and Htz-

GFP19F7; Memorial Sloan Kettering Cancer Center Monoclonal Antibody Core Facility) magnetic beads (Streptavidin MyOne T1

Dynabeads (Invitrogen) pre-coupled to biotinylated Protein L (Pierce)) with end-over-end rotation overnight at 4 �C. Beads were

subsequently collected on a magnetic rack, washed four times with high-salt wash buffer (20 mM HEPES, 350 mM KCl, 5 mM

MgCl2, 0.5 mM, 1% NP-40, 0.5 mM DTT, 100 mg ml�1 cycloheximide) and immediately subjected to TRIzol/chloroform-based

RNA extraction (Invitrogen). RNAwas precipitated with sodium acetate andGlycoBlue (Thermo Fisher Scientific) in isopropanol over-

night at�80 �C, washed twice with 70% ethanol, resuspended in water, and further purified using the Rneasy Micro Kit (Qiagen) with

on-column Dnase I (Qiagen) digestion. For higher RNA yields, all steps were carried out in non-stick Ambion RNaseMicrofuge Tubes

(Invitrogen).

RNA sequencing and analysis
RNA sequencing libraries were prepared using the TruSeq strandedmRNA Library Prep Kit (Illumina) according to themanufacturer’s

manual (document 1000000040498 v00). Libraries were pooled and sequenced on a NovaSeq 6000 sequencer (Illumina) generating

50 bp paired end reads. The reads were aligned to the Ensembl mouse reference genome (GRCh39) using STAR v.2.497 with default

parameters. The overlap with annotated gene loci was counted with featureCounts v.1.5.1.98 Differential expression analysis was
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performed with DESeq2 (v.3.12)99 calling genes with a minimal 2-fold change and false discovery rate (FDR)-adjusted P < 0.05 differ-

entially expressed. Gene lists were annotated using biomaRt (v.4.0).

Nucleus isolation and flow cytometric sorting
Spinal cords of healthy and chronic EAE (30 days post immunization) WT and Sting1-cKO mice were explanted after PBS perfusion

and stored at –80 �C. Nuclei were isolated using the Nucleus Isolation Kit (Sigma-Aldrich; catalog no. NUC101) according to theman-

ufacturer’s protocol. Isolated nuclei were washed and labelled with an antibody against NeuN that is conjugated to Alexa Fluor 647

(Abcam, EPR12763) and propidium iodide to stain nuclei. We used flow cytometry to sort NeuN+PI+ nuclei with a BD FACSAriaTM III

Cell sorter (BD Bioscience).

Mouse histopathology
Mouse spinal cord tissue and cortex tissues was obtained and processed as described previously.12 Images were acquired using a

confocal LSM 700 or LSM 900 Airyscan 2 laser scanning confocal microscope (Zeiss). The following antibody concentrations were

used: 4-HNE 1:100, GPX4 1:100, HuC/D 1:100, Ig chicken AF488 1:500, Ig chicken AF647 1:500, Ig chicken Cy3 1:500, Ig mouse

AF647 (Jackson Immuno) 1:500, Ig mouse AF647 (Abcam) 1:500, Ig rabbit AF488 1:500, Ig rabbit AF555 1:500, Ig rabbit AF647

1:500, LC3 1:100, NeuN 1:300, pSTING 1:200, RFP 1:1,000, SLC7A11 1:200, STIM1 1:300, STING 1:100, IRF3 1:100, pIRF3

1:100, TBK1 1:100, pTBK1 1:100, NFkB 1:200, pNFkB 1:200.

Human histopathology
The brain biopsies used for this study contained only tissues that could not be used for diagnostic procedures. We deparaffinized the

sections using a standard ethanol/xylol dilution. After rinsing the deparaffinized sections in water, we performed antigen retrieval us-

ing a sodium citrate buffer (pH = 6.5). After permeabilization with 0.1% Triton and blocking with 10%NDS, immunolabeling was per-

formed with antibodies against NeuN (1:200; Millipore, ABN91), STIM1 (Santa Cruz; 1:100, cat. no. sc-166840), and DAPI. Images

were acquired using a confocal LSM 700 laser scanning confocal microscope (Zeiss).

Human post-mortem brain tissues were acquired from the UK biobank. Post-mortem tissue processing was performed using stan-

dard fixation and embedding methods as described previously.9 Briefly, human CNS tissue was fixed in 4% formalin and embedded

in paraffin, and 2 mmsectionsweremounted on a glass slide. Subsequently, tissue sectionswere deparaffinized, and antigen retrieval

(Marmite Pascal Citrate pH 6.0) was performed. To prevent unspecific binding of primary antibodies, sections were incubated with

normal goat serum (2.5 % in PBS) before two hours of incubation with the following primary antibodies: mouse IgG2b anti-HuC/HuD

(Invitrogen, A-21271, 1/100), and rabbit anti-STING (Cell Signaling, 13647, 1/100). After washing, autofluorescence was removed

(Merck, ref 2160) and bound primary antibodies were visualized using corresponding goat anti-mouse IgG2b AlexaFluor488 (Life,

A21141), goat anti-mouse IgG1 AlexaFluor647 (Life, A21240) and donkey anti-rabbit IgG AlexaFluor 555 (Life, A31572). Nuclei coun-

terstaining was performed with DAPI (Life, D3571). All steps were performed at room temperature. Stained sections were scanned

using the Panoramic 250 FLASH II (3DHISTECH) Whole Slide Scanner at a 0.221 mm/px resolution.

Immunoblot
Spinal cords or cortices of healthy and EAEmice were homogenized using a tissue grinder in 2 mL, radioimmuno-precipitation buffer

(50mMTris, 150mMNaCl, 0.5mMEDTA, 10%SDS, 1%NP-40, 10% sodium deoxycholate, protease and phosphate inhibitor cock-

tails (cOmplete, Roche)), incubated at 4 �C for 30minutes on a rotating wheel, and centrifuged for 5minutes to remove the cell debris.

Pellets from mouse primary neurons, bone marrow-derived dendritic cells and N2a cells were processed similarly but in a volume of

only 200 ml radioimmuno-precipitation buffer. After measuring the protein concentrations by a BCA assay (Pierce BCA Protein Assay

Kit, ThermoFisher) according to themanufacturer’s protocol, we used 25 mg protein for subsequent loading on SDS-pages (NuPAGE,

ThermoFisher) and wet transfer on polyvinylfluoride membranes. Blocking was performed using 5% BSA for 1 hour at room temper-

ature. First antibodies were incubated overnight at 4 �C. Horseradish peroxidase-labelled secondary antibodies were applied for 1

hour at room temperature and chemiluminescence was visualized using WesternSure PREMIUM Chemiluminescent Substrate (LI-

COR) according to the manufacturer’s protocol. We used the following concentrations: GAPDH 1:1,000, IRF3 1:1,000, Lamin B

1:1,000, LC3 1:500, NFkB 1:500, pIRF3 1:1,000, pSTING 1:250, pTBK1 1:1,000, PSD95 1:1,000, STIM1 1:500, STING 1:500, Synap-

sin 1/2 1:500, TBK1 1:200, vinculin 1:1,000, Ig mouse HRP 1:20,000, Ig rabbit HRP 1:20,000.

Synaptoneurosome fractionation
Immediately after sacrificingmice, theywere perfusedwith ice-cold PBS and the cortices were removed and stored on ice.We added

3 mL HEPES-buffered sucrose (HBS; 320 mM sucrose, 4 mM HEPES pH 7.4, 2 mM EDTA, 2 mM EGTA, 1 mM PMSF, protease in-

hibitor cocktail (Roche)) per cortex that were subsequently homogenized in a motor driven glass Teflon homogenizer at 900 rpmwith

10–15 strokes. Of that, 100 mLwas frozen away as homogenate inputs. Subsequently, we centrifuged for 15minutes with 9503 g at 4
�C to remove the nuclear pellet. The supernatant was centrifuged for 15minutes with 10,0003 g at 4 �C. The pellet was resuspended

in 3mL HBS andwas centrifuged again for 15minutes with 10,0003 g at 4 �C.We resuspended the pellet in 2mL of the hypoosmotic

shock solution (2 mM EDTA, protease inhibitor cocktail (Roche)) by pipetting up and down. Subsequently, we rapidly adjusted the

suspension to 4 mM HEPES by adding 8 mL 1 M HEPES and continuously mixed the suspension for 30 minutes at 4 �C. The lysate
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was then centrifugedwith 20,0003 g for 60minutes at 4 �C. The pellet was used as crude synaptoneurosome fraction for subsequent

experiments. Validation of the fractionation is show in Figure S1E.

Immunophenotyping by flow cytometry
Brain and spinal cord tissuewere collected after transcardial PBS perfusion andwere dissociated into single cell suspensions in 1mg

mL–1 collagenase A (Roche) and 0.1 mg mL–1 DNase I (Merck) using the gentleMACS Octo Dissociator (Miltenyi Biotec, program:

Multi_F). The dissociated tissue was applied to a 70 mm cell strainer and immune and glia cells were enriched using a discontinuous

density gradient. After centrifugation at 2,500 rpm, 4 �C for 30 minutes, cells were collected from the interphase between the 30%

Percoll and 78%Percoll layer. Nonspecific Fc receptor–mediated antibody binding was blocked by pre-incubation with TruStain FcX

anti-mouse CD16/32 antibody (BioLegend) for 10 minutes at 4 �C prior to staining of surface antibodies in Brilliant Stain Buffer (BD

Biosciences) for 30minutes at 4 �C.We excluded dead cells from the analysis by staining with Zombie Green and NIR Fixable Viability

Stains (BioLegend). For intracellular staining of CD68, cell suspensions were fixed for 20 minutes at room temperature using Fixation

Buffer (BioLegend), followed by 20minutes incubation with anti-CD68 antibody in Intracellular Staining PermeabilizationWash Buffer

(BioLegend). For the determination of absolute cell numbers, CD45high leukocytes and CD45med microglia were quantified using Pre-

cision Count Beads (BioLegend). We obtained data using a BD Symphony A3 flow cytometer (BDBiosciences) and analyzed them by

using FlowJo (BD Biosciences). The following antibody concentrations were used: CD4 1:200, CD8 1:200, CD11b 1:400, CD11c

1:400, CD19 1:200, CD45 1:100, CD68 1:100, CD80 1:200, CD86 1:100, CLEC7A 1:100, CXCR1 1:200, F4/80 1:100, I-A/I-E

1:200, Ly6C 1:200, Ly6G 1:100, NK1.1 1:100, P2RY12 1:100, TCR beta 1:100, TREM2 1:10, Zombie Green 1:1,000.

QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical analyses applied during the bioinformatics analysis are detailed in the respective sections of the article. Images were

analyzed using Fiji software (NIH). Experimental data were analyzed within the R environment on aMac OS. Unless stated otherwise,

the data are presented asmeans and differences between two experimental groups were determined using unpaired, two-tailed Stu-

dent’s t-tests andwere FDR-corrected formultiple comparisons. Statistical analysis of the clinical scores in the EAE experiments was

performed by applying a Mann–Whitney U-test to the areas under the curve for each animal. Significant results are indicated by

*P < 0.05, **P < 0.01, ***P < 0.001, ****P<0.0001.
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Supplemental figures

Figure S1. Neuronal STIM1 distribution but not expression is affected in CNS inflammation, related to Figure 1

(A and B) Day of disease onset (A) and maximal disease score (B) of WT (n = 20) and Stim1-cKO (n = 18) mice that were subjected to EAE.

(C and D) Day of disease onset (C) and maximal disease score (D) of WT (n = 18) and Stim2-cKO (n = 13) mice that were subjected to EAE.

(E) Immunoblots of the indicated proteins in whole cortex homogenates (n = 3) and purified synaptoneurosomes (n = 3).

(F and G) Percentage of STIM1+SMI31+ or STIM1+SMI32+ axons in spinal cord dorsal columns in healthy and acute (F) and healthy and chronic (G) EAE (n = 6 per

group).

(H) Stim1mRNA expression (arbitrary units [a.u.]) in whole spinal cords and motor neurons 12 days after immunization (n = 5 per group). Data are retrieved from

GEO: GSE104899.

(I) Neuronal STIM1 mean fluorescence intensity (MFI) in ventral horn motor neurons in healthy, acute, and chronic EAE (n = 6 per group). If not stated otherwise,

unpaired t test with FDR correction for multiple comparisons was used, and individual mice and the median are shown.
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Figure S2. Glutamate excitotoxicity activates SOCE in neurons, related to Figure 2

(A and B) Mean fluorescence intensity (MFI) of RCaMP and ER-GCaMP (A) or Cyto-RCaMP and ORAI-GCaMP6f (B) transfected neurons that were exposed to

vehicle or 50 mM glutamate for 20 min (n = 5 per group). Scale bar shows 20 mm.

(C and D) Number of STIM1+ or ER+ spines in neurons that were transfected with mCherry-STIM1 (C) or mScarlet-KDEL (D), respectively, and were exposed to

vehicle, 50 mM glutamate, or targeted ER calcium depletion (ERCa2+D) (n = 6 per group).

(E and F) Number of membranous STIM1+ puncta (E) and area of membranous ER MFI (F) in neurons that were transfected with mCherry-STIM1 or mScarlet-

KDEL, respectively, and were exposed to vehicle, 50 mM glutamate, or targeted ERCa2+D (n = 6 per group).

(G and H) Representative images (G) and quantification (H) of intracellular ORAI1+ vesicles, ORAI1+ membrane clusters, and percentage of STIM1+ORAI1+

clusters in neurons that were transfected with mCherry-STIM1 and YFP-ORAI1 and were exposed to ERCa2+D and subsequent store-operated calcium entry

(SOCE) by calcium replenishing with or without addition of 20 mM of the CRAC-inhibitor GSK-7975A (n = 5 per group).

(I) Quantification of intracellular ORAI1+ vesicles, ORAI1+ membrane clusters, and percentage of STIM1+ORAI1+ clusters in neurons that were transfected with

mCherry-STIM1 and YFP-ORAI1 and were exposed to 50 mM glutamate (n = 5). If not stated otherwise, unpaired t test with FDR correction for multiple com-

parisons was used, and independent experiments and the median are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S3. SOCE activates STING, related to Figure 2

(A and B) Relative cell viability (A; n = 6) and calcium accumulation (B; n = 5) quantified by area under the curve (AUC) of WT and Stim1-cKO neurons that

overexpress IFNG and were exposed to 50 mM glutamate. Scale bar shows 20 mm.

(C) Neuronal Sting1 mRNA expression (arbitrary units [a.u.]) in cortical neurons from healthy mice, acute and chronic EAE, by translating ribosome affinity pu-

rification and sequencing of Glt25d2-BacTRAP mice (healthy [n = 5], acute EAE [n = 5], and chronic EAE [n = 4]). Wald’s test between group with FDR correction

was used.

(D) Immunoblot of STING and vinculin in control neurons and neurons that overexpress IFNG (IFNg-OE). Vinculin was used as normalization control (n = 5 per

group).

(E) Immunohistochemistry of STING as mean fluorescence intensity (MFI) in neurons of the cortex from healthy and EAE mice (n = 6 per group). Scale bar shows

10 mm.

(F) STING MFI in NeuN� non-neuronal cells in the cortex of healthy and EAE mice (n = 6 per group).

(G) pSTING MFI in microglia of the cortex from healthy and EAE mice. The microglia marker IBA1 and pSTING are shown. Scale bar shows 10 mm.

(H) Protein levels of TBK1, pTBK1, IRF3, pIRF3, pNF-kB, and GAPDH in whole cortex lysates of healthy mice (n = 6), acute (n = 6), and chronic EAE mice (n = 7).

Row Z scores are shown in the heatmap.

(I) Quantification of nuclear and cytosolic IRF3, pIRF3, TBK1, pTBK1, NF-kB, and pNF-kB in neurons (left panels) and microglia (right panels) of healthy and EAE

mice (n = 5 per group) by immunohistochemistry. No signals for pTBK1, pNF-kB, and pIRF3 were detected inmicroglia and therefore not included in the heatmap.

Row Z scores are shown in the heatmap. Scale bar shows 20 mm.

(J) Immunoblot for 2 biological replicates of STING, pSTING, IRF3, pIRF3, TBK1, pTBK1, pNF-kB, and vinculin of bone marrow-derived dendritic cells (BMDCs)

that were treated with 20 mg mL�1 STING agonist DMXAA for the indicated time points (n = 2).

(K) N2a cells that were transfected with EGFP-STING and EGFP-STINGER andwere subjected to targeted ER calcium depletion (ERCa2+D) or 50 mgmL�1 DMXAA

(n = 5 per group). The percentage of STING+Golgin-97+ puncta was quantified.

(L) Protein levels quantified by immunoblots of STING, TBK1, pTBK1, IRF3, pIRF3, and vinculin in WT and Stim1�/� N2a cells that were treated with 50 mg mL�1

DMXAA for 2 or 24 h (n = 5). Vinculin was used as normalization control. Row Z scores are shown in the heatmap. The immunoblot images are shown in Figure 2.

(M) Protein levels quantified by immunoblots of STING, pTBK1, TBK1, pIRF3, and vinculin in N2a cells that were treated with vehicle or 20 mM of the CRAC-

inhibitor GSK-7975A and were subsequently exposed to targeted ERCa2+D for 10 min, 60 min, 4 h, overnight, or store-operated calcium entry (SOCE) by re-

plenishing calcium after 1-h ERCa2+D (n = 6 per group). Row Z scores are shown in the heatmap. The immunoblot images are shown in Figure 2. Paired t tests

were used to compare against control conditions.

(N) BMDCswere treated with 10 or 50 mMof the TBK1 inhibitor GSK-8612 and were subsequently treated with 20 mgmL�1 DMXAA for 1 h. Immunoblot for STING,

pSTING, and Vinculin.

(O) Percentage of pSTING+ N2a cells that were treated with 50 mMGSK-8612 and were exposed to ERCa2+D for 1 h (n = 4 per group). Scale bar shows 100 mm. If

not stated otherwise, unpaired t test with FDR correction for multiple comparisons was used, and individual mice or independent experiments and themedian are

shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S4. The canonical STING pathway is not activated in neurons, related to Figure 3

(A) EGFP-STING andmCherry-STIM1 transfected neurons were subjected to 50 mMglutamate, 50 mgmL�1 DMXAA, or targeted ER calcium depletion (ERCa2+D)

for 6 h (n = 7 per group). Relative fold change as relative units (RUs) of EGFP-STINGmean fluorescence intensity (MFI) across different conditions were quantified.

Scale bar shows 30 mm.

(B) EGFP-STING and mScarlet-KDEL transfected neurons were exposed to 50 mM glutamate or 50 mg mL�1 DMXAA for 6 h (n = 6 per group). Percentages of

STING+ER+ area, STING+ER� area, and STING�ER+ area were quantified. Stimulated conditions were compared against controls. Scale bar shows 30 mm.

(C) Baseline cell viability of STING-overexpressing (STING-OE) neurons and controls (n = 7 per group). Paired t test was used.

(D) Neurons were treated from 7 to 15 d.i.v daily with 100 ng mL�1 IFNg. Subsequently, they were exposed to vehicle or 1 mMH151 and 50 mMglutamate for 24 h

(n = 5 per group). Paired t test was used.

(E) Relative cell viability of 50 mM glutamate-treated WT neurons that were additionally exposed to 1 mMC176 or 20 mMCMA (n = 7 per group). Paired t test was

used.

(F) Protein levels determined by immunoblots of IRF3, pIRF3, TBK1, pTBK1, and vinculin inWT andSting1-KON2a cells that were exposed to ERCa2+D and store-

operated calcium entry (SOCE) by replenishing of calcium after 4 h of ERCa2+D (n = 4 per group). Vinculin was used as normalization control. Row Z scores are

shown in the heatmap. Paired t tests were used to compare against control conditions.

(G) Protein levels determined by immunoblots of STING, IRF3, pIRF3, TBK1, pTBK1, pNF-kB, and vinculin of mScarlet-OE (control) and STING-OE neurons that

were exposed to vehicle (control), 50 mg mL�1 DMXAA, or 50 mM glutamate (n = 6 per group). Vinculin was used as normalization control.

(H) mScarlet-overexpressing (control) or STING-OE neuronal cultures were treated with 5 mg mL�1 poly(I:C) for 18 h, and protein levels of IRF3, pIRF3, TBK1,

pTBK1, and pNF-kB were quantified by immunoblots (n = 4 per group). Row Z scores are shown in the heatmap.

(I) mRNA expression (arbitrary units [a.u.]) of Cxcl10, Ifi44, and Ifnb in neuronal mScarlet-overexpressing (control) or STING-OE neuronal cultures that were

treated with 5 mg mL�1 poly(I:C) for 28 h (n = 4 per group).

(J) Immunoblot analysis of whole cortex lysates from WT (n = 6) and Sting1-cKO mice (n = 5) for IRF3 (cytosol or nucleus), pIRF3, TBK1, pTBK1, pNF-kB, and

GAPDH. Row Z scores are shown in the heatmap.

(K) Neuronal protein levels of IRF3, pIRF3, TBK1, pTBK1, NF-kB, and pNF-kB inmotor neurons of the cervical spinal cord inWT (n = 5) andSting1-cKO (n = 5) EAE

mice 30 days after immunization. Row Z scores are shown in the heatmap. Scale bar shows 20 mm.

(L) mRNA expression (arbitrary units [a.u.]) of Cxcl10, Ifi44, and Ifnb in neuronal nuclei isolated from the spinal cords of WT and Sting1-cKO EAE mice (n = 5 per

group) 30 days after immunization. If not stated otherwise, unpaired t test with FDR correction for multiple comparisons was used, and individual mice or in-

dependent experiments and the median are shown. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure S5. Inhibition of autophagy protects from STING-induced neuronal vulnerability, related to Figure 4

(A) Mean fluorescence intensity (MFI) of CytoID to measure autophagic flux in neurons that were treated from 7 to 15 d.i.v. daily with 100 ng mL�1 IFNg and were

exposed to 50 nM bafilomycin A1 and subsequently to 50 mMglutamate for 4 h. If indicated, they were additionally pre-treated with vehicle control, 1 mMH151 or

1 mM SAR405 (SAR), and 1 mM SBI-0206965 (SBI) at the same time (n = 20 from 5 different biological replicates per group).

(B) Autophagy flux in Sting1-cKO neurons that overexpress IFNG (IFNg-OE) andwere treatedwith 50 nMbafilomycin A1 and subsequently exposed to 1 mMH151

and 50 mM glutamate for 4 h (n = 5 per group).

(C) Quantification of LC3 degradation in neurons that were transfected with the GFP-LC3-RFP-LC3DG reporter. Neuronal cultures were treated from 7 to 15 d.i.v.

daily with 100 ngmL�1 IFNg and were exposed to 50 mMglutamate for 4 h. If indicated, they were additionally pre-treated with vehicle control, 1 mMH151 or 1 mM

SAR405 (SAR), and 1 mM SBI-0206965 (SBI) at the same time (n = 20 from 5 different biological replicates per group). The GFP/RFP ratio is quantified as relative

units (RUs). GFP of the GFP-LC3-RFP-LC3DG is visualized (cyan). Scale bar shows 50 mm.

(D) Quantification of endogenous LC3 puncta per cell in neuronal cultures that overexpress mScarlet (control) or IFNg and were treated with 50 nM bafilomycin A1

and were subsequently exposed to 50 mM glutamate for 4 h. If indicated, they were additionally pre-treated with control, or 1 mM H151 (n = 16 from 4 different

biological replicates per group). Scale bar shows 10 mm.

(E) Quantification of GFPmean fluorescence intensity (MFI) in LC3-GFP transfected neurons that overexpressmScarlet (control), STING, or IFNg andwere treated

with 50 nM bafilomycin A1 and were subsequently exposed to 50 mMglutamate for 4 h. If indicated, they were additionally pre-treated with control, 1 mMH151 or

1 mM SAR405 (SAR), and 1 mM SBI-0206965 (SBI) at the same time (n = 6 from 3 different biological replicates per group). NeuN (magenta) and GFP (cyan) are

visualized. Scale bar shows 10 mm.

(F) LC3-II/LC3-I ratio of mScarlet- (control) and STING-overexpressing neurons that were treated with 50 mm glutamate for 4 h (n = 5 per group).

(G) Autophagy flux in WT neurons that overexpress STING (STING-OE) or IFNg (IFNg-OE) and were treated with 50 nM bafilomycin A1 and were subsequently

exposed to 50 mMglutamate for 4 h. If indicated neurons were treated with 50 mMof the TBK1 inhibitor GSK-8612 (n = 20 from 4 different biological replicates per

group).

(H) Autophagy flux in Stim1-cKO neurons that overexpress STING (STING-OE) and were treated with 50 nM bafilomycin A1 and were subsequently exposed to

1 mM H151 and 50 mM glutamate for 4 h (n = 5 per group).

(I) WT and Stim1-cKO neurons that overexpress STING and were treated with 50 nM bafilomycin A1 and were subsequently exposed to 50 mM glutamate for 4 h

(n = 5 per group).

(J) Neuronal p62MFI in Stim1-cKO neurons that were treated with 50 nM bafilomycin A1 and were subsequently exposed to 50 mMglutamate, targeted ERCa2+D,

or 50 mg mL�1 DMXAA for 4 h (n = 6 per group).

(K) Comparison of neuronal p62MFI betweenWT and Stim1-cKO neurons that were treated with 50 nM bafilomycin A1 and were subsequently exposed to 50 mM

glutamate, targeted ERCa2+D, or 50 mg mL�1 DMXAA for 4 h (n = 6 per group).

(L) Comparison of neuronal p62 MFI between WT and Stim1-cKO neurons that overexpress STING and were treated with 50 nM bafilomycin A1 and were

subsequently exposed to 50 mM glutamate, targeted ERCa2+D, or 50 mg mL�1 DMXAA for 4 h (n = 6 per group).

(M) Autophagic fluxmeasured by CytoIDMFI inWT neurons that were treated with 50 nM bafilomycin A1 and were subsequently exposed to 50 mgmL�1 DMXAA,

50 mMglutamate, or targeted ER calcium depletion (ERCa2+D) for 4 h andwere additionally pre-treatedwith control or 1 mMH151 (n = 20 from 5 different biological

replicates per group).

(N) Autophagy flux in neurons that overexpress IFNG or STING andwere treatedwith 50 nMbafilomycin A1 andwere subsequently exposed to 500 nM rapamycin

for 4 h (n = 20 from 5 different biological replicates per group).

(O) STING-OE or STINGER-OE neuronal cultures that were treated with 50 nM bafilomycin A1 and were subsequently exposed to 50 mg mL�1 DMXAA or 50 mM

glutamate for 4 h (n = 6 per group). Number of p62-positive puncta per cell was quantified. Scale bar shows 15 mm.

(P and Q) Relative cell viability of control and STING-overexpressing neurons that were treated with vehicle or 20 mM 3-methyladenine (3-MA; P) or 50 nM

bafilomycin A1 (Q; BafA) and were exposed to 50 mM glutamate (n = 5 per group). Paired t test was used.

(R) Relative cell viability of control and IFNg-OE neurons that were treatedwith vehicle or 50 nMbafilomycin A1 (BafA) andwere exposed to 50 mMglutamate (n= 6

per group). Paired t test was used.

(S) WT and Sting1-cKO that overexpress IFNg and were treated with 1 mMSAR405 (SAR) and 1 mMSBI-0206965 (SBI) and were subsequently exposed to 50 mM

glutamate (n = 5 per group).

(T) Relative cell viability of mScarlet- (control), IFNg-, or STING-overexpressing neurons that were treated with 50 mM of the TBK1 inhibitor GSK-8612 and were

subsequently exposed to 50 mM glutamate for 24 h (n = 5 per group). Paired comparisons were used.

(U) Relative cell viability of neuronal cultures that overexpressmScarlet (control) or the STING variants STINGDCT, STINGW2BD, or STINGLIR7 and were treated with

1 mM H151 or vehicle and were subsequently exposed to 50 mM glutamate for 24 h (n = 5 per group). Paired comparisons were used. If not stated otherwise,

unpaired t test with FDR correction for multiple comparisons was used, and independent experiments and the median are shown. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Figure S6. STING does not regulate ACSL4, FSP1, and SLC7A11 expression, related to Figure 5

(A and B) STING-overexpressing (STING-OE) neuronal cultures were treated with 1 mM of the Na+/K+-ATPase inhibitor ouabain (A) or 20 mM of the pan-caspase

inhibitor Z-VAD-AMK (B; ZVAD) and were subsequently exposed to 50 mM glutamate (n = 7). Paired t test was used.

(C) Dendritic GPX4 mean fluorescence intensity (MFI) in neuronal cultures that overexpress STING, IFNG (IFNg-OE), or STINGER (n = 5; STINGER-OE) and were

exposed to glutamate for 6 h.

(D) GPX4 MFI in neuronal cultures overexpress STING, IFNG (IFNg-OE), or STINGER (n = 5; STINGER-OE).

(E) GPX4 MFI in WT or STINGER-overexpressing neurons that were treated with 1 mM H151, 1 mM SAR405 (SAR), or 1 mM SBI-0206965 (SBI) and were sub-

sequently exposed to vehicle or 50 mM glutamate (n = 5).

(legend continued on next page)
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(F) mRNA expression (arbitrary units [a.u.]) ofGpx4, Slc7a11, Fsp1, and Acsl4 in control or STING-overexpressing neuronal cultures that were exposed to vehicle

or 50 mM glutamate (n = 4).

(G) ACSL4 mean fluorescence intensity (MFI) in control and STING-overexpressing neuronal cultures that were exposed to 50 mM glutamate or 50 mg mL�1

DMXAA for 6 h (n = 4).

(H) SLC7A11 and FSP1 MFI in control and STING-overexpressing neuronal cultures that were exposed to 50 mMglutamate for 6 h (n = 4). If not stated otherwise,

unpaired t test with FDR correction for multiple comparisons was used, and independent experiments and the median are shown. **p < 0.01, ***p < 0.001.
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Figure S7. Neuronal STIM1 deficiency increases STING-activated ferroptosis, related to Figure 5

(A) Relative change of GSH in neuronal cultures that were treated with 50 mMglutamate for 4 h (n = 5 per group). Data were normalized to control neurons and are

shown as relative units (RUs).

(B) Total GSH levels as luminescence units (LUs) in STING- (STING-OE) or IFNG-overexpressing (IFNg-OE) neurons or control neurons (n = 6 per group).

(C) Relative change of total GSH in STING-OE or IFNg-OE or control neurons that were exposed to 50 mMglutamate for 4 h (n = 6 per group). Data were normalized

to control neurons and are shown as relative units (RUs).

(legend continued on next page)
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(D) Change of the GSSG/GSH ratio as relative units (RUs) in STING- or IFNG-overexpressing neurons or control neurons (n = 5 per group).

(E) Change of the GSSG/GSH ratio as relative units (RU) in neurons that were treated with 1 mMH151, 1 mMSBI-0206965 (SBI), 1 mMSAR405 (SAR), and/or 20 mM

deferoxamine.

(F) CellROXmean fluorescence intensity (MFI) in neurons that were treated with 100 ngmL�1 IFNg from 7 to 15 d.i.v. andwere treatedwith 50 mMglutamate for 2 h

(n = 5 per group). If indicated, they were pre-treated with 1 mM H151 or 1 mM SBI and 1 mM SAR at the same time.

(G) CellROX mean fluorescence intensity (MFI) in STING-OE, IFNg-OE, or STINGER-OE neurons or control neurons (n = 6 per group).

(H and I) CellROXMFI in control neurons (H) and STINGER-OE neurons (I) that were treated with 1 mMH151, 1 mMSBI, 1 mM SAR, 20 mM deferoxamine, 6 mM co-

enzyme Q10 (Co-Q10), or 1 mM ferrostatin and were subsequently exposed to 50 mM glutamate for 2 h (n = 6 per group). All conditions were compared against

respective controls.

(J) CellROX MFI of mScarlet- (control), IFNg-, or STING-overexpressing neurons that were treated with 50 mM of the TBK1 inhibitor GSK-8612 and were sub-

sequently exposed to 50 mM glutamate for 2 h (n = 5 per group).

(K–N) Relative cell viability of WT neuronal cultures (K; n = 6), neuronal cultures that were treated with 100 ng mL�1 IFNg from 7 to 15 d.i.v (L; n = 5), Stim1-cKO

neurons that overexpress IFNG (M; n = 6) or STING (N; n = 6) and if indicated were treated with 1 mM SBI and 1 mM SAR at the same time, 20 mM deferoxamine,

6 mM CoQ, or 1 mM ferrostatin and were exposed to 50 mM glutamate. Paired comparisons were used for (L).

(O) Control and Sting1-cKO neurons that were treated with 1 mM ferrostatin and were subsequently exposed to 50 mM glutamate (n = 5 per group). If not stated

otherwise, unpaired t test with FDR correction for multiple comparisons was used, and independent experiments and themedian are shown. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.
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Figure S8. STING-induced ferroptosis is independent from cGAS in neurons, related to Figure 5

(A) Immunoblot of cGAS and vinculin in WT and CRISPR-Cas9-mediated Cgas-cKO neuronal cultures.

(B) Autophagic flux measured by CytoID mean fluorescence intensity (MFI) in WT and Cgas-cKO neuronal cultures that overexpress STING or IFNg and were

treated with 50 nM bafilomycin A1 at baseline or 4 h after exposure to 50 mM glutamate (n = 20 cells from 5 independent replicates per group).

(C) Baseline GPX4 MFI in WT and Cgas-cKO neuronal cultures that overexpress STING or IFNg (n = 4 per group).

(D) GPX4mean fluorescence intensity (MFI) inWT andCgas-cKO neuronal cultures that overexpress STING or IFNg (n = 4 per group) and were treated with 50 mM

glutamate for 6 h.

(E) CellROX MFI in WT and Cgas-cKO neuronal cultures that overexpress STING or IFNg at baseline and after exposure to 50 mM glutamate for 2 h (n = 5 per

group).

(F) Relative cell viability of WT and Cgas-KO neuronal cultures that overexpress STING or IFNg and were treated with 50 mM glutamate for 24 h (n = 6 per group).

Paired comparisonswere used. If not stated otherwise, unpaired t test with FDR correction formultiple comparisonswas used, and independent experiments and

the median are shown. **p < 0.01.
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Figure S9. STING increases neuronal autophagy in EAE, related to Figure 6

(A) Neuronal GPX4mean fluorescence intensity (MFI) inmotor neurons of the cervical spinal cord of healthy and EAEmice 30 days after immunization (n= 4). Scale

bar shows 10 mm.

(B and C) Day of disease onset (B) and maximal clinical disease score (C) of EAE mice that were treated with vehicle (n = 13), C176 (n = 13), or H151 (n = 10) i.p.

daily since day of disease onset.

(D) Neuronal LC3 mean fluorescence intensity (MFI) in motor neurons labeled with NeuN of spinal cord ventral horns of EAE mice that were treated with vehicle

(n = 8), C176 (n = 8), or H151 (n = 8) 30 days after immunization. Scale bar shows 20 mm.

(E–G) Neuronal MFI of 4-hydroxy-2-nonenal (E; 4-HNE), GPX4 (F), and LC3 (G) co-labeled with NeuN in ventral horn spinal cords of WT (n = 8) and Stim1-cKO

(n = 7) EAE mice 30 days after immunization. Scale bar shows 20 mm.

(H) IBA1-covered area co-labeled with DAPI (yellow) in the gray matter of spinal cord ventral horns of EAEmice that were treated with vehicle (n = 8), C176 (n = 8),

or H151 (n = 8) 30 days after immunization. Scale bar shows 20 mm.

(I and J) Day of disease onset (I) and maximal clinical disease score (J) of WT (n = 25) and Sting1-cKO EAE (n = 21) mice.

(legend continued on next page)
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(K) Neuronal LC3 mean fluorescence intensity (MFI) in motor neurons labeled with NeuN of spinal cord ventral horns of WT (n = 10) and Sting1-cKO (n = 6) EAE

mice 30 days after immunization.

(L) IBA1 covered area co-labeled in the gray matter of spinal cord ventral horns of WT (n = 7) and Sting1-cKO (n = 8) EAE mice 30 days after immunization.

If not stated otherwise, unpaired t test with FDR correction for multiple comparisons was used, and individual mice and the median are shown. *p < 0.05,

**p < 0.01.
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(legend on next page)
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Figure S10. WT and neuronal Sting1-cKO mice show similar immune cell infiltration and activation during EAE, related to Figure 6

(A) Representative gating strategy for CNS immunophenotyping in EAE mice.

(B) Absolute quantification of indicated CNS-infiltrating immune cell subtypes of WT (n = 11) and Sting1-cKO (n = 8) EAE mice 30 days after immunization.

(C) Mean fluorescence intensity (MFI) of indicated markers of microglia isolated from the CNS of WT (n = 11) and Sting1-cKO (n = 8) EAE mice 30 days after

immunization. If not stated otherwise, unpaired t test with FDR correction for multiple comparisons was used, and individual mice and the median are shown.
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