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Metabolic rewiring underlies the effector functions of macrophages' 3, but the
mechanisms involved remainincompletely defined. Here, using unbiased
metabolomics and stable isotope-assisted tracing, we show that aninflammatory
aspartate-argininosuccinate shuntis induced following lipopolysaccharide
stimulation. The shunt, supported by increased argininosuccinate synthase (ASS1)
expression, also leads to increased cytosolic fumarate levels and fumarate-mediated
protein succination. Pharmacological inhibition and genetic ablation of the
tricarboxylic acid cycle enzyme fumarate hydratase (FH) further increases
intracellular fumarate levels. Mitochondrial respiration is also suppressed and
mitochondrial membrane potential increased. RNA sequencing and proteomics
analyses demonstrate that there are strong inflammatory effects resulting from FH
inhibition. Notably, acute FH inhibition suppresses interleukin-10 expression, which
leads to increased tumour necrosis factor secretion, an effect recapitulated by
fumarate esters. Moreover, FH inhibition, but not fumarate esters, increases
interferon-B production through mechanisms that are driven by mitochondrial RNA
(mtRNA) release and activation of the RNA sensors TLR7, RIG-1and MDAS. This
effectis recapitulated endogenously when FH is suppressed following prolonged
lipopolysaccharide stimulation. Furthermore, cells from patients with systemic lupus
erythematosus also exhibit FH suppression, which indicates a potential pathogenic
role for this process in human disease. We therefore identify a protective role for FH

in maintaining appropriate macrophage cytokine and interferon responses.

Stimulation of macrophages with the TLR4 ligand lipopolysaccharide
(LPS) leads to reprogramming of central metabolic pathwaysinvolved
in bioenergetics, which can facilitate cytokine production. Changes
in macrophage metabolism have emerged as a major regulator of
inflammation’”. Although metabolic reprogramming is crucial for
macrophage activation the players involved and how they regulate
cytokine production remainincompletely characterized.

Accumulation of fumarate in macrophages

To evaluate metabolic alterations that occur during LPS stimula-
tion, we used an unbiased metabolomics approach based on liquid

chromatography-mass spectrometry to characterize the metabolome
of inflammatory bone-marrow-derived macrophages (BMDMs). The
TCA cycle metabolite fumarate stood out as one of the most significantly
upregulated metabolites following exposure to acute LPS stimulation,
joining previously identified metabolites such as itaconate? (Fig. 1a).
We also observed asignificantincrease in fumarate-mediated protein
succination® ', whichresultedin the formation of the fumarate-cysteine
adduct (§)-2-succinocysteine (2SC) (Extended Data Fig. 1a—c).
Asacute LPS stimulation failed toimpair respiration (Fig. 1b,c), TCA
cycle disruption is unlikely to be sufficient for fumarate accumula-
tion. Increased flux through the aspartate-argininosuccinate shunt
has been reported to support nitric oxide production®. As fumarate
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Fig.1|LPS stimulationdrives fumarate accumulation through glutamine
anaplerosisand an aspartate-argininosuccinateshunt. a,b,d, Metabolite
abundance (a,d) and bioenergetic ratios (b) in non-stimulated (NS) and
LPS-stimulated BMDMs (n =3).LPS 4 h: argininosuccinate, P=0.000044;
fumarate, P=0.000141; malate, P=0.000219. a.u., arbitrary units; FC, fold
change. ¢, Respirometry as measured by oxygen consumption rates (OCRs) of
NS and LPS-stimulated BMDMs (n =6 (NS) or 8 (LPS); LPS 4 h). n=technical
replicates from1experiment performed with 3 pooled biological replicates.
Dataaremean +s.d. e, AssI and Fhlgene expression with LPS time course
(n=9).LPS24 h,P=0.000729; LPS48h, P=0.000001.f, Quantitative proteomics

is aby-product of argininosuccinate cleavage by argininosuccinate
lyase (ASL) in the cytosol, we proposed that argininosuccinate may
be a source of fumarate. In support of this hypothesis, we observed
decreased aspartate, the precursor to argininosuccinate, and increased
argininosuccinate, fumarate and malate levels (Fig.1d), aresult consist-
entwithincreased flux through the shunt. This rewiring also occurred
during prolonged LPS stimulation (Extended Data Fig. 1d).
Argininosuccinate synthase (4ssI) and FH (encoded by Fhl in mice
and FHin humans) expressionincreased and decreased, respectivelyin
LPS-stimulated BMDMs, as determined by quantitative PCR with reverse
transcription (RT-qPCR) (Fig. 1e). Analyses of available quantitative
proteomics data®''showed that ASS1was upregulated, whereas levels
of glutamic-oxaloacetic transaminase 2 (GOT2), ASL and FH were not
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of aspartate-argininosuccinate shunt enzymesin NS and LPS-stimulated
BMDMs (n=4).LPS 24 h: ASS1, P=0.000156.¢g, FH levels with LPS time course
(n=1).h,Fumarate levels following LPS stimulation with or without AOAA
pre-treatment (1h) (n=6,LPS4 h).i, Schematic of metabolic changes occurring
duringearly-phase TCA cyclerewiring (LPS4 h). Forb,d-f,h, dataare mean +s.e.m.
n=biological replicates unless stated otherwise. P values calculated using
two-tailed Student’s ¢-test for paired comparisons or one-way analysis of
variance (ANOVA) for multiple comparisons. Schematicin paneliwas created
using BioRender (https://biorender.com).

significantly altered (Fig. 1f). FH levels were suppressed only at later
time points of LPS treatment (Fig. 1g), which indicates that ASSlinduc-
tion is vital to the acute accumulation of fumarate.

Inhibition of the aspartate-argininosuccinate shunt withthe GOT2
inhibitor aminooxyacetic acid (AOAA)° reduced aspartate, aspara-
gine, argininosuccinate and fumarate levels following LPS stimulation
(Fig. 1h and Extended Data Fig. 1e). Knockdown of Asl also prevented
fumarate accumulation (Extended DataFig. 1f,g), which indicated the
dependency of fumarate production on the aspartate-argininosuc-
cinate shunt, which would increase cytosolic fumarate levels (Fig. 1i).
Stable isotope-assisted tracing showed that glutamine-dependent
anaplerosis is in part responsible for fumarate accumulation and
drives the aspartate-argininosuccinate shunt. U-*C-glutamine tracing
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demonstrated glutaminolysis as a carbon source for the TCA cycle,
aspartate—argininosuccinate shunt metabolites, including fumarate,
and glutathione (Extended Data Fig. 2). ®N,-glutamine tracing also
demonstrated that glutamine nitrogenis a source for glutathione syn-
thesis and aspartate-argininosuccinate shunt metabolites (Extended
Data Fig. 3). Notably, AOAA prevented the contribution of glutamine
nitrogento aspartate, asparagine, arginine and citrulline, thereby con-
firming its inhibition of GOT2. Metabolomics analysis of cytosolic
fractions of resting and LPS-stimulated macrophages showed that
metabolites such asitaconate and succinate accumulated in the cytosol
following LPS stimulation (Extended Data Fig. 4a). Increased levels of
argininosuccinate, fumarate and 2SC were also present in the cytosol
(Extended DataFig. 4b).

We proposed that Irgl”~ BMDMs (which are unable to synthesize
itaconate) would relieve the inhibition of succinate dehydrogenase*™
and exhibit greater accumulation of aspartate-argininosuccinate shunt
metabolites. Metabolomics analysis of /rgl”~ BMDMs revealed the
expected decrease in itaconate and succinate levels, and increased
aspartate-argininosuccinate shunt metabolites, including fumarate
andnitricoxide (Extended Data Fig. 4c,d). Thisresult provides further
evidence linking mitochondrial TCA cycle activity to an aspartate-
argininosuccinate shunt (Extended Data Fig. 4e).

FHinhibition causes metabolic rewiring

FH catalyses the hydration of fumarate to malate in mitochondriaand
the cytosol®. Inhibition of this process increases cytosolic fumarate
accumulation, perturbs urea cycle metabolism and leads torenal cyst
development™. FH levels remained stable during early LPS stimulation
(Fig.1g). Therefore, we used a well-established pharmacological inhibi-
tor of FH (FHIN1)® and arecently developed tamoxifen-inducible model
of cre-ERT2-expressing Fhl”” mice to analyse the role of FH activity and
fumarateaccumulationin macrophages. However, because FH inhibi-
tion may lead to effectsindependent of fumarate accumulation through
mitochondrial and redox stress', we also used low concentrations of
cell-permeable dimethyl fumarate (DMF) to deliver acysteine-reactive
fumarate ester, which does not inhibit respiration” ", This approach
uncouplestherole ofimpaired mitochondrial bioenergetics following
TCA cycle disruption and fumarate-mediated electrophilic modifica-
tion of cysteine residues.

Previous reports have shown thatimmunometabolites and their deriv-
atives affect macrophage function through the regulation of metabolic
pathways***, We therefore aimed to assess how FHinhibition and DMF
may regulate macrophage metabolism. First, comparing the effects of
FHIN1 and DMF on mitochondrial bioenergetics, we found that FHIN1
reduced ratios of ATP/ADP, ATP/AMP and P-creatine/creatine. By contrast,
DMEF had little effect, which demonstrates that FH sustains mitochon-
drial bioenergetics (Fig. 2a and Extended Data Fig. 5a). This result was
confirmed through respirometry experiments, which showed that FHIN1
impaired basal respiration, ATP production and maximal respiration,
as measured by oxygen consumption rates, whereas DMF had no effect
(Fig. 2b). FHIN1 led to a distinct metabolic signature characterized by
alterations in TCA cycle metabolites, including citrate, aconitate, ita-
conateand succinate. This resultindicates that the TCA cycleis rewired
and enhances fumarate and 2SCaccumulation, and provides support for
using this approach tostudy the roles of FHinmacrophages (Fig. 2c,e and
Extended DataFig. 5b). Principal component analysis showed significant
divergence of FHIN1 treatment to the other conditions (Fig. 2d).

Tamoxifen-inducible knockout of FhI in macrophages (Extended
DataFig.5c,d) induced similar bioenergetic changes as those induced
by FHINI, such as reduced ATP/AMP and P-creatine/creatine ratios,
althoughthe ATP/ADP ratio was unchanged (Extended DataFig. 5e). TCA
cyclerewiring was also observed in FhI7-macrophages, althoughtoa
lesser extent than with FHIN1 (Extended Data Fig. 5f). Compensatory
remodelling during initial geneticinactivation of FH may buffer some of

theacute changes observed with FHINI1 (ref. *). However, fumarate and
2SClevelswereincreased in Fhl”~ macrophages (Fig. 2fand Extended
DataFig.5g), which provides support for our parallel use of FHIN1and
FhI7~ macrophages.

Confirming previous reports’, DMF, and to a lesser extent FHINI,
suppressed glycolysis (Extended Data Fig. 5h). GAPDH is reportedly
inhibited by fumarate-mediated succination®??. Consistently,
FHINI1 increased the ratio of glyceraldehyde 3-phosphate to 2/3-
phosphoglycerate (G3P/2/3-PG) (Extended Data Fig. 5i), which suggests
thatendogenous fumarate accumulation may impair GAPDH activity.
Thisresult provides further evidence that FHimpairmentleads to the
modulation of cytosolic processes.

As FHINI impaired respiration, we examined additional mitochon-
drial parameters. We first observed increased reactive oxygen species
production in cells treated with FHIN1 but not DMF (Fig. 2g). FHIN1
treatment also increased the staining intensity of the mitochondrial
membrane potential (MMP)-dependent dye Mitotracker Red (Extended
DataFig. 5j,k). Tetramethylrhodamine methyl ester (TMRM) stain-
ing confirmed this result, as FHIN1 significantly increased staining,
whereas DMF had no effect (Fig. 2h). Similarly, FhI”7~ macrophages
had increased MMP values, as previously reported in kidney epithe-
lial cells® (Fig. 2h). We also observed a decreased aconitate/citrate
ratio in FHIN1-treated macrophages, which was indicative of impair-
mentinthe fumarate-sensitive and redox-sensitive TCA cycle enzyme
aconitase?* (Fig. 2i). Although the GSSG/GSH ratio was unchanged,
FHIN1led to adepletion of total glutathione (Fig. 2j), whichis consist-
ent with fumarate-mediated glutathione depletion®?, These data
suggest that FHinhibitioninduces substantial redox stress responses.

FH maintains appropriate cytokine responses

To determine whether FH regulates macrophage activation and effector
responses, we performed RNA sequencing (RNA-seq) and proteomics
toassess changesin the transcriptome and proteome of FHINI-treated
BMDMs. Gene set enrichment analysis (GSEA) identified an expected
suppressioningenes associated with metabolism. However, FHIN1 also
decreased the expression of pathways that affect inflammation, includ-
inginterleukin-1(IL-1) and IL-10 signalling (Fig. 3a). Increased expression
of components of the haem-regulated inhibitor stress response, amino
acid metabolism and tRNA aminoacylation was also observed (Fig. 3a),
consistent with previous reports'. Overrepresentation analysis of
RNA-seq data revealed that tumour necrosis factor (TNF) signalling
was the most highly upregulated pathway in our analysis (Fig. 3b).

Comparing FHIN1with DMF on cytokine readouts allowed us to deter-
mine the role of protein succination following FH inhibition. FHIN1
and DMF decreased IL-10 release and expression, whereas TNF release
and expression were increased (Fig. 3c and Extended Data Fig. 6a).
This result validated our transcriptomics analysis. Both compounds
alsoreduced IL-1B expressionand IL-6 release (Extended DataFig. 6b),
consistent with previous reports'®%, thereby demonstrating the wide-
spread regulation of cytokine expression.

Theless electrophilic fumarate ester monomethyl fumarate (MMF)
exhibited the same effects on /[10 and Tnf expression (Fig. 3d), which
provides support for a role for fumarate in their regulation. Shared
transcriptomic changes induced by FHIN1 and DMF demonstrated
strong downregulation of the ERK1and ERK2 cascade and PI3K signal-
ling (Fig. 3e). A similar transcriptional fingerprint has been observed
in FH-deficient leiomyomas?®. We also observed increased amino acid
metabolismand transportand autophagy transcripts (Extended Data
Fig. 6¢). Following LPS stimulation, IL-10 is regulated by ERK1and ERK2
and PI3K-induced AP-1activation®, which suggests that downregulation
of this signalling axis by FHIN1 and DMF may repress IL-10. However, we
did not observe changesinthe upstreamkinases AKT,JNK, ERK and p38,
which converge on AP-1activation (Extended Data Fig. 6d). Although
we did observe reduced Jun expression in our transcriptomics dataset
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(Extended DataFig. 6e), this could indicate reduced autoregulation by
AP-1(ref.°). In this dataset, Fos was not reduced (Extended DataFig. 6f).

Notably, the thiol precursor N-acetyl cysteine (NAC) abrogated the
suppression of /[10 by FHIN1 and DMF (Fig. 3f). The free thiols of NAC and
its products would react withand sequester fumarate, thereby reducing
the modification of protein thiols and suggesting that suppression of
IL-10 resultsfromaredox-dependent succination event. The electrophile
sulforaphane has been shown to reduce AP-1activation through the
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modification of Cys154 on c-Fos®.. We therefore investigated whether
FHIN1 or DMF may affect c-Fos activation, despite upstream regula-
tors remaining unaffected. c-Fos transcription factor assays showed
that FHIN1and DMF strongly impaired c-Fos activation (Fig. 3g), which
provides evidence of direct regulation of c-Fos, potentially through
S-alkylation.

IL-10 signalling has been shown to repress TNF expression®. We con-
firmed this effect using an IL-10 receptor (CD210) blocking antibody



a c mm NS BEDMSO CIFHIN1 =8 DMF d mm NS Bm DMSO =1 50 =1 100 MMF (uM)
Decreased with FHIN1  Increased with FHIN1
5,000 120 250
] P =0.0070 P =0.0323
g € P =0.5045
Cholesterol N '8 % 200 P=0.
& 3 @EEPDiosynthesis IE § 80 @ 150
2 @ ETC = 3 I3
S 82,500 3 Fs
= Amino acid 2 hed o 100
o 249 -1 si i | S 40 o
[a) IL-1 signalling transport across = = =
L IL-10 signallin PM 2 = 50
2 |FDR5% gnalling § = S
)
T e T o S 0 0 0
+LPS (100 ng mlI™") + LPS (100 ng mI") +LPS (100 ng ml™) +LPS (100 ng mI")
e Significantly decreased with FHIN1 and DMF
P adjusted
Imer\eukﬁe production 1x10°8
.l
+LPS (100 ng mi-") Py g x ]g,s f =mDMSO =IFHING = DMF
Mononuclear celldifferentiation x 20
4xi0® & P =0.0002
5x 10 § “Soooe
No. of genes 215 £ =0.0002
b Upregulated with FHIN1 Negative regulation of immuine system process . 3 P =0.8803
@ esponse to molecule of bacterial origin ® 15 s
@ 20 F
TNF signalling Regulation of inflammatory response ® 2> i}
1 k]
through NF-xB é L} Myeloid \eu%myte activation @ 0 K3
2 UV response DN 17} S
8 @ S
{ 3 KRAS signalling up 5 Y |
< . 53 pathwa 5 v ‘ Phosphatidylinositol 3-kinase signaling @ —NAC +NAC
—(‘C,E poSp Y 2 Positive regulation of response to external stimulus +LPS (100 ng mi-)
E 5 Hypoxia FDR < 0.05 ]
= . el Regulation,of chemotaxis Regulation of 3-kinase signalingP.
5 IL-2_STATS signaling H Reguition of eukooyts I LM 9 = DMSO = FHING = DMF
[0 1.5
Q Oestrogen response earl Positive regulation of |eukucy\e9.grauon ® Posttive regulation of phosphatidylinositol 3-kinase signaling @ P <0.0001
3 g P y Leukocytejmigration | -Regulationjof,lelkocyte chemotaxis S P = 0.0007
g 8 UV response Up s el@emctast 2 —_
yiokine-mediated s\%\mg pathwayl (e ¢ PIBK signalling 8 10d o
9{] mTORCH1 signalling (ATF4 targets) SV e S 1 and ERK cascade st
Myeloid etkocyteMration’ Grant ocyte migtation 0
10 Haem metabolism Monocyte chemotaisgy B o)
@ Regulation of ERK1 and ERK2 cascade 5
I . . . Mononuclear cell migration| a g 05
0 50 100 150 Gollular response to chemokine® - LS 2! XS paSiie reguiation of ERKT and ERK2 cascade I Qg
Neutrophil migrati i
Combined score (P value and z score) Response (o'l o S
Neutrophil chemotaxis
Immune and ERK1 and ERK2 signalling _—
+LPS (100 ng mI-")
h == Control j NS CIFHING I == Ethanol (Fh7+/+) BETAM (Fh1--) 1M
=3 Anti-CD210 B DMSO == DMF + TAM (Fh1+-) EEDMSO EIFHINT
2,500 4,000 1.59 4
P <0.001 P=0014
P =0.005 —_ P <0.001 —
—_— (= _— (=)
—~ — 3,000 (o) 2 S 3
T T 2 1.04 3
€ € S S
g g 2,000 3 3 2
= = o he)
w w 3 )
=4 z £ 054 e
[ = 1,000 S g 1
g g
0 0- 0
4 LPS (100 ng mi) +LPS (100 ng mI) + IL-10 +LPS (100 ng mi") + LPS (100 ng mI-) + LPS (100 ng mI-)
R k W Ethanol (Fh7++) B TAM (Fh1--) + TAM (Fh1+-) n
i +LPS (100 ng mr-) EDMSO CIFHIN
1.5 1.59
IL-10 257 p<0.001
o o T . P <0.001 = P =0.009 = —
9 & & © &« S S G 20
€ F IS S 2 = @ 2
kDa [ 1.0 L $ 1.09 2
90[ -— |p,STAT3 g o E s g1s
x
@ o [ @
O -
0 [ S 2 s o - o Z 10
e i £ U =3
40‘*—-——.--“5-30“” 2 g %0-5
0 0- 0

+LPS (100 ng mi")

Fig.3|FHactivity isrequired to maintain appropriate cytokine responses.
a,b, GSEA (a) and overrepresentation analysis (b) of RNA-seq data of BMDMs
pre-treated with FHIN1or DMSO (n =3; LPS 4 h). HRI, haem-regulated inhibitor.
c,IL-10 and TNF release from BMDMs pre-treated with DMSO, FHIN1or DMF
(n=6;LPS4h).FHIN1andIL-10, P=0.0000024; DMF and IL-10, P=0.0000018;
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decreased genesin BMDMs pre-treated with FHIN1 or DMF (n=3;LPS 4 h).f, /l10
expressionin BMDMs pre-treated with DMSO, FHIN1 or DMF in the presence of
NAC (n=3;LPS4 h).g, c-Fosactivityin BMDMs pre-treated with DMSO, FHIN1
or DMF (n=3;LPS4 h). DMF,P=0.0000298.h, TNF release from BMDMs
pre-treated with anti-CD210 antibody (1 h) (n = 4; LPS 4 h).i,j, Western blot for

that targets IL-10-mediated STAT3 phosphorylation. This blockade
leads to augmented LPS-induced TNF release (Fig. 3h and Extended
DataFig. 6g). We then examined whether recombinant IL-10 supple-
mentation could rescue the increase in TNF release. IL-10 with FHIN1
failed to impair STAT3 phosphorylation or augment TNF production

+LPS (100 ng mI")

+ LPS (100 ng mi-) +LPS (100 ng mI-)

STAT3 and phospho-STAT3 (pSTAT-3;i) and TNF release (j) from BMDMs
pre-treated with DMSO, FHIN1 or DMF and treated with IL-10 (n=3,LPS4 h).
DMF, P=0.000163.K, /[10 expression and IL-10 release in FA1* and Fh1”
(n=50r2)and FhI” (n=2) BMDMs (ethanoland TAM 72 h; LPS 4 h). /{10,
P=0.000055.1, TNF release from FhI”*and Fh1”" (n=5)and Fh1"" (n=2)
BMDMs (ethanoland TAM 72 h; LPS 4 h). m, /L10 and TNF expressionin
human PBMCs pre-treated with DMSO or FHIN1 (n =8, LPS 4 h). FHIN1,
P=0.00000008.n,/L10and TNFexpressionin human macrophages
pre-treated with DMSO or FHIN1 (n=3,LPS 4 h) FHIN1, P=0.000028. For
c,d,f-h,j-n,dataaremean +s.e.m.Fori,blotis representative of three.
n=biological replicates. Pvalues calculated using two-tailed Student’s t-test
for paired comparisons or one-way ANOVA for multiple comparisons.

(Fig. 3i,j), which indicates that the induction of TNF driven by FHIN1
or DMF depends on the suppression of IL-10.

We sought to confirmthe role of FHin regulating this axis. Inducible
deletion of FA1 in macrophages from heterozygous FhI”” or homozy-
gous FhI” mice (Extended DataFigs. 5c,d and 6h) resulted in decreased
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IL-10 expression and release (Fig. 3k) and increased TNF release (Fig. 31).
Furthermore, FHIN1also suppressed /L10 expression and increased TNF
expression in LPS-stimulated human peripheral blood mononuclear
cells (PBMCs) (Fig.3m) and macrophages (Fig. 3n). Thisresult indicates
thatthe FH-regulated IL-10-TNF axisis also active inhuman cells. Estab-
lishing the role of LPS-driven fumarate accumulation in the release of
these cytokines, AOAA, which reduces fumarate accumulation (Fig. 1h),
modestly increased and reduced IL-10 and TNF release, respectively
(Extended Data Fig. 6i). This result indicates that an increase in ASSI,
whichresultsinfumarate accumulation, mildly regulates IL-10 and TNF
production. These effects were accentuated by pharmacological or
geneticinhibition of FH, whichled toincreased fumarate accumulation
(Extended DataFig. 6j). Therefore, sustained expression and activity of
FH may be viewed as protective against excessive fumarate accumula-
tion and dysregulated production of IL-10 and TNF.

FH inhibition also resulted in the activation of a NRF2 and ATF4
stress response in macrophages (Extended Data Fig. 7a), which isin
line with previous observations in epithelial cells’. Proteomics analysis
revealed that the inflammation-associated hormone GDF15 (refs. %)
was one of the most significantly increased proteins following FHIN1
and DMF treatment, whereas FHIN1 also increased the recently identi-
fied mitochondrial glutathione importer SLC25A39 (ref.3¢). This result
reinforces the fact that mitochondrial redox is perturbed (Extended
Data Fig. 7b,c). In support of our proteomics data, FH inhibition
drove GDF15 release from macrophages (Extended Data Fig. 7d).
Both ATF4 and NRF2 have been reported toregulate GDF15in different
contexts**¥, and silencing of each revealed that FHIN1-driven GDF15
release partly depended onNRF2 but not ATF4 (Extended Data Fig. 7e,f).
This work defines two previously unappreciated signalling axes linked
to FHinhibition, uncoveringits rolein the regulation of IL-10, TNF and
GDF15.Recent developments that have identified GDF15 as amediator
of immune tolerance, and the anti-inflammatory properties of col-
chicine and nonsteroidal anti-inflammatory drugs*?®, suggest that
protective effects of DMF in models of inflammation could be medi-
ated at least in part through GDF15. Moreover, increased TNF levels
potentially explain adverse events reported with fumarate esters®.
Mechanistically, suppression of IL-10 may also explain why fumarate
esters promote enhanced TNF production during trained immunity,
inaddition to reported epigenetic changes*°.

FHrestrains mtRNA-driven IFNB release

RNA-seq analysis of type l interferon (IFN) response genes revealed
divergent effects on IFN expression and signalling following FH inhibi-
tion, including an upregulationin /fnbI (which encodes IFNf) expres-
sion and severalinterferon-stimulated genes, such as Irf1, Ifih1, Rsad2
and [fit2 (Fig. 4a). However, other interferon-stimulated genes, such
as Lcn2, were suppressed by FHIN1 and DMF treatment (Fig. 4a and
Extended Data Fig. 8a). Examination of specific type I IFN signalling
components downstream of the IFNa/p receptor (IFNAR) revealed that
both FHIN1 and DMF treatment limited IFNB-induced STAT1 and JAK1
phosphorylation (Extended Data Fig. 8b), which indicated that there
was modest suppression of JAK-STAT signalling. Activation of NRF2 by
fumarate and derivatives (Extended Data Fig. 7) may be responsible*.
Indeed, Ifnb1 expression was increased after FHIN1and DMF treatment
following Nrf2silencing (Extended DataFig. 8c,d), which suggests that
NRF2restrains IFN transcription.

Notably, FHINI, but not DMF or MMF, increased IFNf3 release from
LPS-stimulated macrophages (Fig. 4b,c). This effect was independ-
ent of NAC-sensitive redox stress (Extended Data Fig. 8e) and was not
due to augmented TLR4 signalling, as LPS-induced TRAF3 levels and
IL-1B expression were not increased by FHINI (Extended DataFig. 8f,g).
FHIN1 and DMF modestly augmented LPS-induced p65 phosphoryla-
tion (Extended Data Fig. 8h), which may contribute to increased TNF
release*?. Given that FH inhibition causes mitochondrial stress (Fig. 2),
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whichis associated with the release ofimmunostimulatory mitochon-
drial nucleicacids***, we proposed that the IFN response is driven by
cytosolic nucleic acid sensors, such as cGAS, RIG-1or MDAS. In support
of this hypothesis, FH deficient-hereditary leiomyomatosis and renal
cell cancer tumours exhibit changes in mitochondrial DNA (mtDNA)?.
We first used ethidium bromide to deplete mtDNA*¢ (Extended Data
Fig. 8i) before treating cells with FHIN1 and LPS. FHIN1 no longer
boosted LPS-induced IFNP release inthe presence of ethidium bromide
(Fig. 4d), which indicated that the increased IFNf release with FHIN1
may depend on mtDNA. We subsequently found that FHIN1 caused an
increase in both mtDNA and mtRNA in cytosolic extracts (Fig. 4e and
Extended DataFig. 8j). Given the established role of mtDNA indriving
IFN responses***, we examined whether the cGAS-STING or TLR9
DNA-sensing pathways arerequired for theincrease in IFNf3. However,
treatment with the STING inhibitor C-178 (ref. *) or silencing of Cgas
(which encodes cGAS) or Tmem173 (whichencodes STING) had no effect
on FHIN1-driven IFNB induction (Extended Data Fig. 8k-n). Targeting
TLR9 using the competitive inhibitor ODN 2088 (ref. **) or using siRNA
alsohad no effect onthisresponse (Extended Data Fig. 8k-n). Suppres-
sion of Tmem173 expression by FHIN1 or DMF (Extended Data Fig. 8o)
may explain why cGAS-STING signalling is redundant in our model,
eveninthe presence of cytosolic mtDNA. ETC inhibition, as observed
with FHIN1 treatment, has also been shown to inhibit STING activation®.

As cytosolic mtRNA was also increased by FHIN1 (Fig. 4e), we per-
formed immunofluorescence staining with an antibody specific for
double-stranded RNA (dsRNA). mtRNA has previously been shown to
drive an IFN response in human cells*>*, and is known to be particu-
larly immunostimulatory®?. FHIN1 treatment led to an accumulation
of dsRNA relative to cells treated with dimethylsulfoxide (DMSO) as
control (Fig. 4f). We subsequently treated cells with both FHIN1 and
IMT]1, an inhibitor of mitochondrial RNA polymerase (POLRMT). The
increase in mtRNA following FHIN1 was observed in the cytosolic frac-
tion but not in the whole cell fraction and was inhibited in both condi-
tions with IMT1 treatment (Extended Data Fig. 8p,q). Notably, IMT1also
partly abrogated the FHINI-mediated increasein IFNf release (Extended
Data Fig. 8r), whichimplies that mtRNA has arole in driving this response.
Mitochondrial single-stranded RNA (ssRNA), which results from a
decline in mitochondrial integrity, has also been implicated in driving
TLR7-dependentIFNsignalling™**. We subsequently silenced Tlr7 or the
dsRNA sensors Ddx58 (which encodes RIG-I) and /fih1 (which encodes
MDAS) (Extended DataFig.9a,b), all of which abrogated the increasein
IFNB release observed with FHinhibition (Fig.4g,h). This result confirms
thatthereisanon-redundant requirement of these sensors and mtRNA,
rather than mtDNA, for the FHIN1-driven IFN response. Knockdown of
the cell surface dsRNA sensor Tir3 did not affect the augmentation in
IFNp release (Extended Data Fig. 9c). RIG-1and MDAS, although pre-
dominantly described as dsRNA sensors, can also bind ssRNA®, which
indicates thatthe IFN response following FHinhibitionis probably driven
by a mixture of dsRNA and ssRNA species. It is notable that FHIN1 also
reduced Ddx58but not Ifih1 expression, whichmay warrant further inves-
tigation (Extended Data Fig. 9b). The signalling events downstream of
RIG-I-MDA5 activationinclude mitochondrial antiviral signalling protein
(MAVS) oligomerization, followed by recruitment and phosphorylation
of TANK-binding kinase 1(TBK1). We observed MAVS oligomerizationand
increased TBK1phosphorylation following FHIN1 treatment (Fig. 4iand
Extended Data Fig. 9d). Notably, Mavs knockout did not impair theinduc-
tion of IFNf by FHIN1 (Extended Data Fig. 9e), which may indicate that
compensatory TLR7 signalling is sufficient to drive type IIFN responses
following FH inhibition with chronic MAVS deficiency.

We previously demonstrated that FH inhibition causes mitochondrial
stress (Fig. 2). Changes in MMP have previously been correlated with
increased type I IFN release®®. Therefore we proposed that disturbances
in MMP may be linked to mtRNA release and IFNB induction following
FHinhibition. To support this hypothesis, we induced changesin MMP
by using the ATP synthaseinhibitor oligomycin A, whichincreased MMP,
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Fig.4|FHimpairment triggers IFNP release through amtRNA-driven
retrograderesponse. a, Volcano plot oftype I IFN responsein BMDMs pre-
treated withDMSO or FHIN1 (n =3;LPS 4 h).b, IFNB release from BMDMs pre-
treated with DMSO, FHIN1 or DMF (n=6;LPS 4 h). FHIN1, P=0.000004. ¢, /fnbl
expressionin BMDMs pre-treated with DMSO or MMF (n=3;LPS4 h).d, IFNj
release from BMDMs treated with ethidium bromide (EtBr) (for 6 days) before
pre-treatment with DMSO or FHIN1 (n = 6;LPS 4 h). Ctrl, control. e, Cytosolic
D-loop expressionin DNA and RNA inBMDMs pre-treated with DMSO or FHIN1
(n=4 (mtDNA) or 5(mtRNA); LPS 4 h).f, dsRNA immunofluorescencein BMDMs
pre-treated with DMSO or FHIN1 (n=3;LPS 4 h). g, Ifnb1 with Tlr7silencingin
BMDMs pre-treated with DMSO or FHIN1 (n = 3; LPS 4 h). h, IFNB with Ddx58 or
Ifih1silencingin BMDMs pre-treated with DMSO or FHIN1 (n=7; LPS 4 h). i, MAVS

theK"ionophore valinomycin A, which nonsignificantly reduced MMP,
orthe uncoupler CCCP, whichsignificantly dissipated MMP (Extended
DataFig. 9f,h). All treatments boosted LPS-driven IFN release, similar
to effects with FHINI (Extended Data Fig. 9g,h). MMF, which does not
increase LPS-induced IFN expression (Fig. 4c), did not affect MMP
(Extended DataFig. 9i). Oligomycintreatment led to an accumulation
of dsRNA to asimilar extent to that observed in cells treated with FHIN1
or transfected with dsRNA (poly(I:C)), and increased mtRNA release
into the cytosol (Extended Data Fig. 9j-1). Valinomycin treatment simi-
larly drove dsRNA accumulation (Extended Data Fig. 9m,n), which
indicated that compounds that alter MMP induce an accumulation
of mtRNA. As we also observed an increase in cytosolic mtDNA levels
following oligomycin treatment (Extended Data Fig. 91), it is still pos-
sible that IFN responses following oligomycin, valinomycin and CCCP
treatment are not exclusively driven by mtRNA. mtRNA release from

inBMDMs pre-treated with DMSO or FHIN1 (n =3;LPS 4 h).j, IFN( levels

in Fh1”* and Fh1”-BMDMs (n = 3; ethanol and TAM 72 h; LPS 4 h). k, dsRNA
immunofluorescencein FhI”*and Fhl”-BMDMs (n = 3; ethanoland TAM 72 h;
LPS 4 h).1, Ifnb1 with Ddx58 or IfihIsilencing (n=3).m,Serum IFNf of mice
treated with FHIN1 or DMF before PBS or LPS injection (n =5 (PBS), 10 (FHIN1
and LPS), 11 (vehicle and LPS) or 12 (DMF and LPS)). n, IFNB release from human
PBMCs pre-treated with DMSO, FHIN1or DMF (n=3;LPS 4 h). 0, FH expression
inwholeblood from healthy individuals (HC) and patients with SLE (n =30;
P=0.0000005).Forb-e,g,h,j,1-0,dataare mean +s.e.m. For f,i k, blot
orimageisrepresentative of three experiments. n=biological replicates.
Pvalues calculated using two-tailed Student’s ¢-test for paired comparisons,
one-way ANOVA for multiple comparisons. Scale bars, 20 pm (f k).

chondrocytes has recently beenimplicated in activating theimmune
response and promoting osteoarthritis”. As such, mitochondrial dam-
ageandnucleicacid release are emerging as key pathogenic processes
that may underlie many immune-mediated diseases.

Tamoxifen-inducible Fh1”~ BMDM s released more IFNp after LPS
stimulation than their FAI”* counterparts (Fig. 4j). We also detected
increased dsRNA accumulationin F117BMDMs (Fig 4k and Extended
DataFig. 90), which, coupled with the fact that deletion of FhI also
drives mitochondrial membrane hyperpolarization (Fig. 2h), dem-
onstrate that both genetic and pharmacological targeting of FH drive
similar mitochondrial retrograde type I IFN stress responses.

We next considered whether this response could be applied to an
endogenous model of LPS activation in the absence of pharmacological
or geneticinactivation of FH. Given that LPS-induced FH suppression
occurs predominantly during late-phase LPS stimulation (24-48 h)
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(Fig.1g), FH suppression at this time point may drive membrane hyper-
polarization and the release of mtRNA. MMP was significantly increased
following 48 h of LPS stimulation, but not following 4 h or 24 h of stimu-
lation (Extended Data Fig. 10a). Although dsRNA did not accumulate
following acute (4 h) LPS stimulation (Extended Data Fig. 9j,k), we
did observe increased dsRNA staining following 24 h and 48 h of LPS
stimulation (Extended Data Fig. 10b,c). Ddx58 and Ifih1 expression is
induced by LPS (Extended Data Fig. 10d), which suggests that RIG-I1-
MDAS signallingis required during LPS stimulation. Indeed, silencing
of Ddx58and Ifihlreduced Ifnbl expressioninduced by 24 hand 48 h of
LPS stimulation (Fig. 41). This result indicates that /fnb1 transcription
during late-phase LPS stimulation is maintained by mtRNA release.
These results demonstrate that the mitochondrial retrograde type |
IFN response, which we initially unmasked by pharmacologically or
genetically targeting FH during early LPS signalling, is active endog-
enously during late-phase LPS activation. These data have potential
implications for chronic inflammation, for example, during ageing>.

To determine whether FH inhibition leads to similar effects in vivo,
weinjected mice with FHIN1 or DMF before administration of LPS, and
measured IFNp release into the serum. FHIN1 increased LPS-induced
IFNB release, whereas DMF had no effect (Fig. 4m), which indicates
that FH inhibition leads to a similar IFN response in vivo, which may
have effects on bystander cells. We also treated human PBMCs with
FHIN1 or DMF before LPS stimulation and observed similar effects.
Thatis, FHINlincreased, whereas DMF suppressed, LPS-induced IFNf3
release (Fig. 4n).

In summary, we described a mitochondrial retrograde signalling
pathway leading from FH inhibition to mitochondrialmembrane hyper-
polarization and mtRNArelease (Supplementary Fig. 1). Mitochondrial
stress may be an underlying mechanism that contributes to type I IFN
release ininterferonopathies such as systemic lupus erythematosus
(SLE). It has previously been demonstrated that PBMCs from patients
with SLE have impaired mitochondrial function and altered MMP¢°,
We therefore examined FH expression in the whole blood of patients
with SLE and found significant suppression of FH compared with sam-
ples from healthy individuals (Fig. 40). Autoantibodies to dsRNA, as
well as dsDNA, have been detected in patients with SLE®**%, However,
itis unclear whether FH suppression is a cause or consequence of
increased IFN signalling, as Fh1 can also be inhibited by IFN stimula-
tionin BMDMs (Extended Data Fig. 10e). A negative feedback loop may
exist whereby suppression of FH leads to type I IFN release, which feeds
back to further suppress FH. FH suppression has also been previously
linked to multiple sclerosis progression® and, in parallel to our work,
has been shown to promote a type I IFN response in kidney epithelial
cells and hereditary leiomyomatosis and renal cell cancer tumours
(Zecchinietal.®). That study and oursimplicate roles for FH in nucleic
acidrelease, whichmay contribute to inflammation-driven tumorigen-
esis and as a potential host defence mechanism in the context of viral
infection. Finally, a recent study® reported that aberrant dsRNA edit-
ing due to ADARI1 deficiency leads to MDAS activation as amechanism
of common inflammatory diseases. Together, these data point to the
clinical relevance of endogenously produced dsRNA and suggest that
targeting this pathway may lead to new anti-inflammatory strategies.
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Methods

Animal details

All mice were on a C57BL/6)JOlaHsd background unless stated below.
Wild-type (WT) mice were bred in-house. Theinducible Fa1*/*and Fh"!
mice were generated onthe C57BL/6 genetic background, and their hind
legs were donated by C. Frezza (University of Cambridge, UK). FhI** and
FhI**treated with vehicle (ethanol) were used as controls. Following
treatment with 4-hydroxytamoxifen (TAM), Cre-mediated chromatin
excisionresultsintheloss of either one (FhI*") orboth (Fh1”") copies of
Fh1,thus generatingeither heterozygous or null animals. Hind legs from
WT and Mavs™ mice were donated by C. Johansson (Imperial College
London, UK). These strains, originally obtained from S. Akira (World
Premier International Immunology Frontier Research Center, Osaka
University, Osaka, Japan), were Ifna6%?", but since Ifnaé6 expression was
notaprimary readout, the mice are designated as WT and Mavs™". Invitro
experiments were performed with BMDMs isolated from 6-18-week-old
female and male mice. Although we did not use statistical methods to
calculatesample sizes, we decided to use aminimum of three biological
replicates per experiment to account for biological variability, consider-
ingthethreeRs principle (replacement, reductionand refinement) and
the fact that most experiments were performed in primary macrophages
fromin-bred mice. Allinvitro treatment groups were randomly assigned.
Invitro and in vivo experiments were not blinded owing to the lack of
available experimenters with required expertise. In vivo models were
performed using 6-week-old male mice, and littermates were randomly
assigned to experimental groups. Animals were maintained under spe-
cific pathogen-free conditions in line with Irish and European Union
regulations. Allanimal procedures were approved by the Trinity College
Dublin Animal Research Ethics Committee before experimentationand
conformed with the Directive 2010/63/EU of the European Parliament.

Generation of mouse BMDMs

Mice (6-18 weeks old) were euthanized in a CO, chamber, and death
was confirmed by cervical dislocation. Bone marrow was subsequently
collected from the tibia, femur andilium and cells were differentiated
inDMEM containing L929 supernatant (20%), FCS (10%) and penicillin—
streptomycin (1%) for 6 days, after which cells were counted and plated
at 0.5 x 10° cells per mlunless otherwise stated. BMDMs were plated in
12-well cell culture plates and left overnight to adhere.

Isolation of human PBMCs

Human blood samples from healthy donors were collected and pro-
cessed at the School of Biochemistry and Immunology at the Trinity
Biomedical Sciences Institute (TCD). Blood samples were obtained
anonymously, and written informed consent for the use of blood for
research purposes was obtained from the donors. All the procedures
involving experiments on human samples were approved by the
School of Biochemistry and Immunology Research Ethics Commit-
tee (TCD). Experiments were conducted according to the TCD guide
ongoodresearch practice, which follows the guidelines detailed in the
National Institutes of Health Belmont Report (1978) and the Declaration
of Helsinki. Whole blood (30 ml) was layered on 20 ml Lymphoprep
(Axis-Shield), followed by centrifugation for 20 min at 400g with the
brake off, after which the upper plasma layer was removed and dis-
carded. The layer of mononuclear cells at the plasma-density gradi-
ent medium interface was retained, and 20 ml PBS was added. Cells
were centrifuged for 8 min at 300g and the resulting supernatant was
removed and discarded. The remaining pellet of mononuclear cells
was resuspended, counted and plated at 1 x 10° cells per ml in RPMI
supplemented with FCS (10%) and penicillin-streptomycin (1%).

Generation of human macrophages
PBMCs were obtained, and CD14" monocytes were isolated using a
MagniSort Human CD14 Positive Selection kit (ThermoFisher) accordingto

the manufacturer’s protocol. CD14 monocytes were then differentiatedin
T-175flasks in RPMI containing FCS (10%), penicillin-streptomycin (1%) and
recombinant human M-CSF (1:1,000). After 6 days, the supernatant was
discarded, cellswere scraped and counted, and humanmonocyte-derived
macrophages) were plated in 12-well plates at 1 x 10° cells per mlin RPMI
containing FCS (10%) and penicillin-streptomycin (1%).

Wholeblood isolation from patients with SLE

All patients with SLE (as per the diagnostic criteria of the American Col-
lege of Rheumatology) were recruited from the Cedars-Sinai Medical
Center. Age- and sex-matched healthy donors who had no history of
autoimmune diseases or treatment with immunosuppressive agents
were included. All participants provided informed written consent,
and the study received approval from the institutional ethics review
board (IRB protocol number 19627). Blood was collected into PAXgene
RNAtubes (2.5 mlblood plus 6.9 mlbuffer) and stored at -80 °C. Before
isolation of RNA, the tubes were thawed at room temperature for16 h.
Total RNA was isolated using a PAXgene Blood RNA kit according tothe
manufacturer’s recommendations (PreAnalytiX, 08/2005, 762174).

Reagents

LPS from Escherichia coli, serotype EH100 (ALX-581-010-L001), was
purchased from Enzo Life Sciences. High molecular weight poly(I:C)
(tlrl-pic) and 2’-3’-cGAMP (tlrl-nacga23) were purchased from Invi-
vogen. Recombinant mouse IFNf1 (581302) and recombinant mouse
IL-10 (417-ML-005/CF) were purchased from BioLegend. ATP disodium
salt (A2383), DMSO (D8418), AOAA (C13408), valinomycin (V3639),
TAM (H6278) and NAC (A7250) were purchased from Sigma Aldrich.
Oligomycin A from Streptomyces diastatochromogenes (M02220) was
purchased from Fluorochem. FHIN1 (HY-100004), DMF (HY-17363),
MMF (HY-103252), IMT1 (HY-134539) and C-178 (HY-123963) were
purchased from MedChemExpress. CPG ODN 1826 (130-100-274) and
ODN 2088 (130-105-815) were purchased from Miltenyi Biotec. CCCP
(M20036) was purchased from Thermo Fisher.

Compound treatments

All compounds used DMSO as a vehicle except for TAM (ethanol), NAC
(PBS) and AOAA for tracing experiments (culture medium). LPS was used
ata concentration of 100 ng ml™ for indicated time points (2, 3,4, 6, 8,
24 and 48 h). FHIN1 (10 or 20 pM), MMF (50 or 100 uM), DMF (25 uM),
AOAA (5 mM), oligomycin (10 pM), CCCP (50 pM), NAC (1 mM) and IMT1
(10 uM) pre-treatments were performed for 3 h before the addition of
LPS. Cellswere treated with valinomycin (10 nM) 15 min before LPS stimu-
lation. Anti-CD210 or IgG control (10 pug ml™) antibodies were added
to cells1h before LPS stimulation. Recombinant mouse IL-10 protein
(100 ng mI™*) wasaddedto cells at the same time as LPS. Cells were treated
with IFNB1(220 ng mI™) for 3 h. Cells were treated with C-178 (1pM) 1 h
before LPS stimulation or transfection with 2’3’-cGAMP (1.5 pg ml™) for
4 htoachieve cGAS-STINGactivation. Cellswere treated with ODN 2088
(1 uM) for1 hbefore LPS stimulation or transfection with CPG ODN 1826
(1.5 pg ml™) to achieve TLR9 activation. Three different time points of
TAM (600 nM or 2 uM) or ethanol treatment were performed (specified
intheindividual figure legends). For 48-htreatments, ethanoland TAM
were added on day 5 of 6 during the BMDM differentiation protocol.
On day 6, they were plated with ethanol and TAM (left overnight) and
treated the following day. For 72-h treatments, ethanol and TAM were
added onday 4 of 6 during the BMDM differentiation protocol. On day 6,
they were plated with ethanol and TAM (left overnight) and treated the
following day. For 96-h treatments, ethanol and TAM were added on
day 4 of 6 during the BMDM differentiation protocol. On day 6, they
were plated with ethanol and TAM and treated 2 days later.

Antibodies

Working dilutions of antibodies were 1:1,000 unless otherwise stated.
Anti-mouse lamin B1(12586), STAT1(9172), p-STAT1(9167),JAK1(3344),



p-JAK1 (3331), TBK1 (3504), p-TBK1 (5483), STAT3 (30835), p-STAT3
(9145), FH (4567), ASS1(70720), a-tubulin (2144), a-tubulin (3873),
MAVS (4983), ATF4 (11815), p-AKT (13038), AKT (2920), p-JNK (9255),
JNK (9252), p-ERK1/2 (9101), ERK1/2 (4695), p-p38 (4511), p-38 (9212),
TRAF3 (4729), p-p65 (3033) and GAPDH (2118) antibodies were pur-
chased from Cell Signaling. Anti-goat IL-1B (AF-401-NA) was purchased
from R&D. Anti-2SC antibody was provided by N. Frizzell (Univer-
sity of South Carolina, USA). Anti-mouse B-actin antibody (1:5,000)
(A5316) was purchased from Sigma Aldrich. Horseradish peroxidase
(HRP)-conjugated anti-mouse (115-035-003), anti-goat (705-035-003)
and anti-rabbit (111-035-003) IgG antibodies (all 1:2,000) were pur-
chased from Jackson Immunoresearch. Anti-mouse CD210 (112710)
and anti-mouse IgG (406601) antibodies (both 10 pg ml™) were pur-
chased from BioLegend. Anti-dsRNA antibody (clone rJ2, 1:60) was
purchased from Merck (MABE-1134). Alexa Fluor 488 goat anti-mouse
IgGlantibody (A21121) was purchased from Invitrogen. Details of anti-
body validation are given in Supplementary Table 1.

RT-qPCR

RNA extraction from cells was carried out using a Purelink RNA kit
(Invitrogen) according to the manufacturer’sinstructions. BMDMs were
treated as required, and following treatment were instantly lysed in
350 plRNA lysis buffer. Isolated RNA was quantified usingaNanoDrop
2000 spectrophotometer, and RNA concentration was normalized to
the lowest concentration across all samples with RNAse-free water.
If necessary, samples were DNAse-treated after quantification using
DNAse I (Thermo Fisher) according to the manufacturer’s instruc-
tions. Isolated RNA samples were normalized and converted into cDNA
using a High-Capacity cDNA Reverse Transcription kit (Thermo Fisher)
according to the manufacturer’s instructions. Next, 10 pl of RNA (at a
maximum concentration of 100 ng pl™) was added to 10 pl of reverse
transcription master mix tocomplete the reaction mixture. Real-time
gPCRwas performed onthe cDNA generated in the previous step, using
primers designed in-house and ordered from Eurofins Genomics, as
detailed in Supplementary Table 2. The reaction was performedina
96-well qPCR plate using a 7500 Fast Real-Time PCR machine (Thermo
Fisher). Relative expression (272*T) was calculated from the C; values
for each sample and gene of interest.

RNA interference

Pre-designed silencer select siRNAs for Cgas (s103166), Tmem173
(s91058), Tir3 (s100579), Tlr9 (s96268), Asl (s99640), Tir7 (s100720),
Ddx58 (s106376), Ifihl (s89787), Nrf2 (s70522), Atf4 (s62689) and
negative control (4390843) were ordered from Thermo Fisher. siRNA
sequences are given in Supplementary Table 2. Cells were transfected
with 50 nMsiRNA using 5 pl Lipofectamine RNAIMAX according to the
manufacturer’s instructions (Thermo Fisher). Cells were transfected
in medium without serum and antibiotics, which was replaced with
complete medium 8 h later. Cells were subsequently left for at least a
further 12 h before treatment.

Immunofluorescence

Cells were plated on 20 mm cover slips in 12-well plates. Cells were
treated as required and Mitotracker Red CMXRos (100 nM, Thermo
Fisher) was added to medium 30 min before the end of cell treatments.
After 30 min of incubation, cells were washed three times with warm
PBS. Cells were subsequently fixed for 10 min with 4% paraformalde-
hyde in PBS at 37 °C. Cells were washed three times with PBS and per-
meabilized for1 hinblock solution (1% BSA, 22.52 mg ml™” glycine and
0.1% Tween 20 in PBS). Anti-dsRNA antibody (Merck) was diluted 1:60
inblock solutionandincubated with cells overnight at room tempera-
ture. Cells were washed three times with PBS for 5 min per wash. A mix
containing AF488-conjugated goat anti-mouse IgGl antibody (1:1,000)
and DAPI (1:1,000, Thermo Fisher) was subsequently added to cells
for 90 min at room temperature in the dark. Cells were subsequently

washed three times with PBS for 5 min per wash. Cover slips were
mounted onto microscope slides using 10-20 pl ProLong Gold antifade
reagent (ThermoFisher). Slides wereimaged using a Leica SP8 scanning
confocal microscope with a x20.0 objective. Images were analysed
using LAS X Life Science Microscope Software Platform (Leica). The
same microscope instrument settings were used for all samples, and all
images were analysed using the same settings. Quantification of dSRNA
or Mitotracker Red CMXRos signal intensity was performed using the
measure functioninlmage) 1.53t (NIH). The mean signal intensity was
calculated for individual cells in single colour images and displayed
relative to signal intensity of control cells.

Flow cytometry

Cellswere plated in12-well plates and treated as desired. CellIROX Green
(5 M, Thermo Fisher) or TMRM (20 nM, Thermo Fisher) was added to
cells30 minbefore the end of cell treatments. Cells were washed once
in PBS and scraped into 200 pl FACS buffer (2 mM EDTA and 0.5% FCS
in PBS). Acquisition of samples was performed using a BD Accuri Cé6
flow cytometer. The gating strategy used for all flow cytometry experi-
ments consisted of debris exclusion by FSC-A versus SSC-A analysis and
subsequent doublet exclusion by FSC-A versus FSC-H analysis. Asample
gating strategy is provided in Supplementary Fig. 2. Overall, 10,000
cells were acquired per condition. The mean fluorescence intensity
(MFI) was calculated for all cells in each condition using FlowJo v.10.

Liquid chromatography-mass spectrometry
Steady-state metabolomics. BMDMs (3 independent mice) were
plated at 0.5 x 10° cells per well in 12-well plates in technical tripli-
cate per condition, treated as indicated, snap frozen and stored at
-80 °C. For metabolomics of the cytosolic fraction, BMDMs were
plated at 10 x 10° cells per 10 cm dish, and rapid fractionation was
performed as previously reported’®. Metabolite extraction solution
(methanol:acetonitrile:water, 50:30:20 v/v/v) was added (0.5 ml per
1x10°cells), and samples were incubated for 15 min on dry ice. The
resulting suspension was transferred to ice-cold microcentrifuge tubes.
Samples were agitated for 20 min at 4 °C in athermomixer and then
incubated at -20 °C for 1 h. Samples were centrifuged at maximum
speed for 10 min at 4 °C. The supernatant was transferred into a new
tube and centrifuged again at maximum speed for 10 min at 4 °C. The
supernatant was transferred to autosampler vials and stored at —80 °C
before analysis by liquid chromatography-mass spectrometry (LC-MS).
HILIC chromatographic separation of metabolites was achieved using
aMillipore Sequant ZIC-pHILIC analytical column (5 pm, 2.1 x 150 mm)
equipped with a 2.1 x 20 mm guard column (both 5 mm particle size)
with a binary solvent system. Solvent A was 20 mM ammonium car-
bonate and 0.05% ammonium hydroxide; solvent B was acetonitrile.
The column oven and autosampler tray were held at 40 °C and 4 °C,
respectively. The chromatographic gradient was run at a flow rate
0f 0.200 ml min™ as follows: 0-2 min: 80% solvent B; 2-17 min: lin-
ear gradient from 80% solvent B to 20% solvent B; 17-17.1 min: linear
gradient from 20% solvent B to 80% solvent B; 17.1-22.5 min: hold at
80% solvent B. Samples were randomized and analysed by LC-MS in
ablinded manner, and the injection volume was 5 pl. Pooled samples
were generated from an equal mixture of all individual samples and
analysedinterspersed at regular intervals within asample sequence as
aquality control. Metabolites were measured witha Thermo Scientific
QExactive Hybrid Quadrupole-Orbitrap mass spectrometer coupled
to a Dionex Ultimate 3000 UHPLC or with Vanquish Horizon UHPLC
coupledtoan Orbitrap Exploris 240 mass spectrometer (both Thermo
Fisher Scientific) through a heated electrospray ionization source.
For the Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap
Mass spectrometer (HRMS) coupled to a Dionex Ultimate 3000 UHPLC,
the mass spectrometer was operated in full-scan, polarity-switching
mode, with the spray voltage set to +4.5 kV/-3.5kV, the heated capil-
lary held at 280 °C and the heated electrospray ionization probe held
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at320 °C. The sheath gas flow was set to 40 units, the auxiliary gas flow
was set to 15 units and the sweep gas flow was set to O unit. HRMS data
acquisition was performedinarange of m/z=70-900, with the resolu-
tionsetat 70,000, the AGC target at1 x 10°and the maximum injection
time (max IT) at 120 ms. Metabolite identities were confirmed using
two parameters: (1) precursor ion m/z was matched within 5 ppm of
theoretical mass predicted by the chemical formula; (2) the retention
time of metabolites was within 5% of the retention time of a purified
standard run with the same chromatographic method. Chromatogram
review and peak area integration were performed using the Thermo
Fisher software XCalibur Qual Browser, XCalibur Quan Browser soft-
ware and Tracefinder 5.0. The peak area for each detected metabolite
was normalized against the total ion count of that sample to correct
any variations introduced from sample handling through instrument
analysis. Absolute quantification of 25C was performed by interpola-
tion of the corresponding standard curve obtained from serial dilutions
of commercially available standards (Sigma Aldrich) running with the
same batch of samples.

For the Orbitrap Exploris 240 mass spectrometer, MS1 scans, the
mass range was set to m/z=70-900, AGC target set to standard and
maximum injection time (IT) set to auto. Data acquisition for experi-
mental samples used full scanmode with polarity switching at an Orbit-
rapresolution of 120,000. Data acquisition for untargeted metabolite
identification was performed using the AcquireX Deep Scan workflow,
aniterative data-dependent acquisition strategy using multiple injec-
tions of the pooled sample. In brief, the sample was firstinjected in full
scan-only modeinsingle polarity to create an automated inclusion list.
MS2 acquisitionwas then carried outin triplicate, whereby ions on the
inclusion list were prioritized for fragmentationineach run, after which
both the exclusion and inclusion lists were updated in a manner such
that fragmented ions from the inclusion list were moved to the exclu-
sionlist for the next run. Data-dependent acquisition full-scan ddMS2
method for AcquireX workflow used the following parameters: full scan
resolution was set to 60,000, fragmentation resolutionto 30,000 and
fragmentationintensity threshold to 5.0 x 10% Dynamic exclusion was
enabled after 1time and exclusion duration was 10 s. Mass tolerance
was setto 5 ppm. Theisolation window was set to 1.2 m/z. Normalized
HCD collision energies were set to stepped mode with values at 30,
50 and 150. Fragmentation scan range was set to auto, AGC target at
standard and max IT at auto. Xcalibur AcquireX method modification
was on. Mild trapping was enabled.

Metabolite identification was performed using the Compound Dis-
coverer software (v.3.2, Thermo Fisher Scientific). Metabolites were
annotated at the MS2 level using both an in-house mzVault spectral
database curated from 1,051 authentic compound standards and the
onlinespectral library mzCloud. The precursor mass tolerance was set
to 5 ppmand fragment mass tolerance set to 10 ppm. Only metabolites
with mzVault or mzCloud best match score above 50% and 75%, respec-
tively, and retention time tolerance within 0.5 min to that of a purified
standard run with the same chromatographic method were exported
togeneratealistincluding compound names, molecular formulaand
retention time. The curated list was then used for further processing
inthe Tracefinder software (v.5.0, Thermo Fisher Scientific), in which
extracted ion chromatographs for allcompounds were examined and
manually integrated if necessary. False positive, noise or chromato-
graphically unresolved compounds were removed. The peak area for
each detected metabolite was then normalized against the total ion
countof that sampleto correct any variationsintroduced fromsample
handling through instrument analysis. The normalized areas were used
asvariables for further statistical data analysis. Statistical analysis was
performed using MetaboAnalyst (v.5.0)°.

Stable isotope-assisted tracing. BMDMs (3 independent mice)
were plated at 0.5 x 10° cells per well in 12-well plates in technical trip-
licate per conditionand treated asindicated in glutamine-free DMEM

supplemented with U-2C-glutamine or ®N,-glutamine, respectively.
For BC- and ®N-tracing analysis, the theoretical masses of *C and ®N
isotopes were calculated and added to alibrary of predicted isotopes
in Tracefinder 5.0. These masses were then searched witha 5 ppmtoler-
ance and integrated only if the peak apex showed less than 1% devia-
tioninretention time from the [U-2C or *N] monoisotopic massin the
same chromatogram. The raw data obtained for each isotopologue
were corrected for natural isotope abundances using the AccuCor
algorithm (https://github.com/Iparsons/accucor) before further sta-
tistical analysis.

Ethidiumbromide treatment

BMDMs were plated in the presence or absence of ultrapure ethidium
bromide (100 ng ml™) and incubated for a further 6 days before treat-
ment. Depletion of mtDNA was determined by genomic DNAisolation
followed by qPCR using primers specific for areas of mitochondrial
DNA (D-loop) and areas of mtDNA that are not inserted into nuclear
DNA (non-NUMT).

c-Fos activity assay

BMDMs from 3 mice were plated in 10 cm dishes at 0.5 x 10° cells per
ml and left overnight. Cells were pre-treated with FHIN1 or DMF (3 h)
before LPS stimulation (4 h). After collection, nuclear extracts were iso-
lated using a Nuclear Extraction kit (ab113474) purchased from Abcam.
Nuclear extracts were quantified using a BCA assay and standardized.
c-Fos relative activity was then quantified using the AP-1 transcrip-
tion factor assay purchased from Abcam (Ab207196) accordingto the
manufacturer’s protocol.

Fumarate assay

Analysis of fumarate levels were assessed using a fumarate colorimetric
assay kit (Sigma MAKO060) that uses an enzyme assay, whichresultsina
colorimetric (450 nm) product proportional to the fumarate present,
as per the manufacturer’s instructions.

Nitrite measurement

The Griess reagent system (Promega G2930) was used according to
the manufacturer’sinstructions.

RNA-seq

BMDMs (three independent mice) were treated as indicated and RNA
was extracted as detailed above. mRNA was extracted from total RNA
using poly-T-oligo-attached magnetic beads. After fragmentation, the
first strand cDNA was synthesized using random hexamer primers, fol-
lowed by the second strand cDNA synthesis. The library was checked
using Qubit and real-time PCR for quantification and a bioanalyser
for size distribution detection. Quantified libraries were pooled and
sequenced on a NovaSeq 6000 S4 (Illumina). Differential expression
analysis of two conditions per group was performed using counted
reads and the DESeq2 R package®. Pathway enrichment analyses were
performed as indicated in quantification and statistical analysis sec-
tion below.

Proteomic analysis

Sample preparation. BMDMs (from five independent mice) were plat-
edonto10 cmdishes and treated asindicated. At the experimental end
point, cells were washed with PBS onice and centrifuged at1,500 r.p.m.
for 5minat4 °Cand frozen at -80 °C. Cell pellets were lysed, reduced
and alkylated in 50 pl of 6 M Gu-HCI, 200 mM Tris-HCI pH 8.5,10 mM
TCEP,15 mM chloroacetamide by probe sonication and heating to 95 °C
for 5 min. Protein concentration was measured using a Bradford assay
andinitially digested with LysC (Wako) with an enzyme/substrate ratio
of 1:200 for 4 h at 37 °C. Subsequently, the samples were diluted ten-
fold with water and digested with porcine trypsin (Promega) at 37 °C
overnight.Samples were acidified to 1% TFA, cleared by centrifugation
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(16,000g at room temperature) and approximately 20 pg of the sam-
ple was desalted using a Stage-tip. Eluted peptides were lyophilized,
resuspended in 0.1% TFA/water and the peptide concentration was
measured by A280 on a nanodrop instrument (Thermo). The sample
was diluted to2 pgin 5 pl for subsequent analysis.

Mass spectrometry analysis. The tryptic peptides were analysed using
aFusion Lumos mass spectrometer connected to an Ultimate Ultra3000
chromatography system (both Thermo Scientific) incorporating an
autosampler. In brief, 2 pg of de-salted peptides were loaded onto a
50 cmemitter packed with 1.9 um ReproSil-Pur 200 C18-AQ (Dr Maisch)
using a RSLC-nano uHPLC system connected to a Fusion Lumos mass
spectrometer (both Thermo). Peptides were separated using a 140 min
linear gradient from 5% to 30% acetonitrile, 0.5% acetic acid. The mass
spectrometer was operated in DIAmode, acquiringaMS 350-1,650 Da
at120 kresolution followed by MS/MS on 45 windows with 0.5 Da over-
lap (200-2,000 Da) at 30 k with a NCE setting of 27.

Data analysis. Raw files were analysed and quantified by searching
against the UniProt Mus musculus database using DIA-NN 1.8 (https://
github.com/vdemichev/DiaNN). Library-free search was selected, and
the precursorionspectrawere generated from the FASTAfile using the
deep-learning option. Default settings were used throughout apart
from using ‘Robust LC (high precision)’. In brief, carbamidomethylation
was specified as the fixed modification whereas acetylation of protein
amino terminiwas specified as the variable. Peptide lengthwas set toa
minimum of 7 amino acids, precursor false discovery rate (FDR) was set
to 1%. Subsequently, missing values were replaced by a normal distri-
bution (1.8 tshifted with adistribution of 0.3 ) to allow the following
statistical analysis. Protein-wise linear models combined with empirical
Bayes statistics were used for the differential expression analyses. We
use the Bioconductor package limmato carry out the analysis using the
information provided in the experimental design table.

Digitonin fractionation

BMDMs were plated at 0.5 x 106 cells per well and treated as desired.
After treatment, cells were washed once with room temperature PBS
before being scraped oniceintoice-cold PBS and pelleted at 500g for
5minat4 °C.Supernatant was removed and discarded, and the pellet
was resuspended in 400 pl extraction buffer (150 mM NacCl, 50 mM
HEPES pH 7.4, and 25 pg mi™ digitonin). Samples were then placed in
arotating mixer at 4 °C for 10 min before centrifugation at 2,000g at
4 °C for 5 min. The resulting supernatant constituted the cytosolic
fraction, fromwhich RNA and DNA wereisolated using an AllPrep DNA/
RNA Mini kit (Qiagen). Alternatively, the cytosolic fraction was con-
centrated using Strataclean resin (Agilent) and analysed by western
blotting. The pellet constituted afraction containing membrane-bound
organelles, which was lysed in RNA lysis buffer for RNA isolation or
lysed in western blot lysis buffer for analysis by western blotting. To
determine the presence of mtRNA and mtDNA in the cytosol, qPCR
was performed using primers specific for mitochondrial D-loop on
cDNA, which had been reverse-transcribed from RNA isolated from
the cytosolic fraction (mtRNA) and on DNA isolated from the cyto-
solic fraction (mtDNA). In both cases, values were normalized using
ahousekeeping control gene (Acth, which encodes 3-actin) amplified
incDNA, which had been reverse-transcribed from RNAisolated from
the membrane-bound fraction.

MAVS oligomerization

BMDMs were plated at 1 x 10° cells per well in technical triplicate and
treated as desired. After treatment, cells were washed twice with200 pl
cold PBS before being lysed in crosslinking lysis buffer (50 mM HEPES,
0.5% Triton X-100 and 1x protease inhibitor cocktail). Samples were
placed onice for15 min. Lysates were centrifuged for 15 minat 6,000g
at4 °Candthe supernatant was removed and frozendown as the soluble

fraction. Next, 20 plof the soluble fraction was mixed with 5 pl of sam-
ple lysis buffer (0.125 M Tris pH 6.8,10% glycerol, 0.02% SDS and 5%
DTT) and run on a10% gel. The insoluble pellet was resuspended in
HEPES (50 mM) and washed 3 times by centrifuging at 6,000g at 4 °C
and removing the supernatant each time. After the final wash, the pel-
let was resuspended in 500 pl crosslinking buffer (50 mM HEPES and
150 mM NaCl) and disuccinimidyl suberate (Thermo Fisher, made up
in anhydrous DMSO) was added to the final concentration of 2 mM.
Immediately following the addition of disuccinimidyl suberate, the
sample was inverted several times and incubated for 45 min at 37 °C.
The sample was then centrifuged for 15 min at 6,000g at 4 °C, before
the supernatant was removed and the pellet was resuspendedin 30 pl
sample lysis buffer. The resuspended insoluble fraction was subse-
quently boiled for 5 mins at 95 °C before being run on a gel.

Seahorse XF glycolysis stress test
Cellswere plated at 100,000 cells per wellin 100 pl and were left over-
night to adhere. The protocol was carried out according to the manu-
facturer’sinstructions (Agilent). Inbrief, cells were treated as required,
after which the mediumwas replaced with Seahorse medium containing
glutamine (2 mM). Cells were then placedina CO,-freeincubator for1h.
Theglycolysis stress test was subsequently performed using aSeahorse
XFe96 analyzer (Agilent) with the following injections: glucose (10 mM);
oligomycin (1 uM); and 2-DG (50 mM).

Analysis was performed using Seahorse Wave software (Agilent).
Data shown are representative experiments containing at least three
pooled biological replicates.

Seahorse XF mito stress test
Cellswere plated at 100,000 cells per wellin 100 pland were left over-
night to adhere. The protocol was carried out according to manufac-
turer’s instructions (Agilent). In brief, cells were treated as required,
after which the medium was replaced with Seahorse medium containing
glutamine (2 mM), glucose (10 mM) and pyruvate (1 mM). Cells were
then placed in a CO,-free incubator for 1 h. The mito stress test was
subsequently performed using a Seahorse XFe96 analyzer (Agilent)
with the following injections: oligomycin (1 uM); FCCP (1 uM); and
rotenone (500 nM)

Analysis was performed using Seahorse Wave software (Agilent).
Data shown are representative experiments containing at least three
pooled biological replicates.

LPS-induced inflammation model

Male mice (6 weeks old) were used, and littermates were randomly
assigned to experimental groups. Compounds were resuspended in
10% DMSO followed by 90% cyclodextrinin PBS (20% w/v). Mice were
intraperitoneally injected with vehicle, FHIN1or DMF (both 50 mg kg™)
atavolumeof 200 pl perinjection. After1h, mice wereintraperitoneally
injected with PBS or LPS from E. coli (2.5 mg kg™, Sigma) at a volume
of100 pl perinjection. After 2 h, mice were euthanized and blood was
collected retro-orbitally. Blood was allowed to clot for 30 minatroom
temperature before it was centrifuged at 5,000g for 10 min at 4 °C.
The serum was removed and the IFN concentration was determined
by ELISA.

Western blotting

Supernatant was removed from cells following stimulation, and lysates
were collected in 30-50 pl lysis buffer (0.125 M Tris pH 6.8, 10% glyc-
erol, 0.02% SDS and 5% DTT) Lysates were subsequently heated to
95 °C for 5 min to denature proteins. SDS-PAGE was used to resolve
proteins by molecular weight. Samples were boiled at 95 °C for 5 min
before loading into a 5% stacking gel. The percentage resolving gel
depended on the molecular weight of the given protein. The Bio-Rad
gel running system was used to resolve proteins, and the Bio-Rad wet
transfer system was used for the electrophoretic transfer of proteins
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onto a PVDF membrane. Following transfer, the membrane was incu-
bated in milk powder (5% in TBST) for 1 h and subsequently incubated
in primary antibody rolling overnight at 4 °C. Primary antibodies tar-
geting phospho-proteins were diluted in BSA (5% in TBST) as opposed
to milk. The membrane was incubated for 1 hwith secondary antibody
(dilutedin 5% milk powder) at room temperature. Before visualization,
the membrane wasimmersed in WesternBright ECL Spray (Advansta).
Protein visualization was performed usinga ChemiDoc MPTM imaging
system (Bio-Rad), and both chemiluminescent and white light images
were taken. Images were analysed using Image Lab 6.0.1 (Bio-Rad).

ELISA. DuoSet ELISAkits for IL-13, TNF, IL-6, IL-10 and GDF15 were pur-
chased from R&D Systems and were carried out according to the manu-
facturer’s instructions with appropriately diluted cell supernatants
added to each plate in duplicate or triplicate. IFN3 was determined
using a DuoSet ELISA kit from R&D Systems or Abcam (ab252363).
Quantikine ELISA kit for IFNP (R&D Systems) was used for determi-
nation of IFNf concentrations in serum samples and from human
cells,and these were also carried out according to the manufacturer’s
instructions. Absorbance at 450 nm was quantified using a FLUOstar
Optima platereader. Corrected absorbance values were calculated by
subtracting the background absorbance, and cytokine concentrations
were subsequently obtained by extrapolation from a standard curve
plotted using GraphPad Prism 9.2.0.

Quantification and statistical analyses

Details of all statistical analyses performed are provided in the fig-
ure legends. Data are expressed as the mean + s.e.m. unless stated
otherwise. Representative western blots are shown. For metabolomics
data, MetaboAnalyst (v.5.0)% was used to analyse, perform statistics
and visualize the results. Autoscaling of features (metabolites) was
used for heatmap generation. One-way analysis of variance (ANOVA)
corrected for multiple comparisons using the Tukey statistical test
was used, and a P-adjusted < 0.05was set as the cut-off. For proteomics
data, proteinsignal intensity was converted to alog, scale, and biologi-
cal replicates were grouped by experimental condition. Protein-wise
linear models combined with empirical Bayes statistics were used for
the differential expression analyses. The Bioconductor package limma
was used to carry out the analysis using a R-based online tool®. Data
were visualized using a heatmap with autoscaled features (genes) and
avolcano plot, which shows the log,(fold change) on the x axis and the
-log,o(adjusted P value) on the y axis. The proteomics cut-off values
for analysis were a log,(fold change) of 0.5 and a FDR < 0.05, which
were determined using ¢-statistics. RNA-seq cut-off values were set to
log,(fold change) of 1and FDR < 0.05. Overrepresentation analysis of
significant changes were assessed using Enrichr and the Bioconductor
package clusterProfiler 4.0 in R (v.3.6.1). Further information on this
visualization method is available®. Emapplots were generated using
the enrichplot package in R (v.3.6.1). GSEA analysis of RNA-seq was
performed using the Broad Institutes GSEA (v.4.1.0)”°. Graphpad Prism
v.9.2.0 was used to calculate statistics in bar plots using appropriate
statistical tests depending on the data, including one-way ANOVA,
two-tailed unpaired ¢-test and multiple ¢-tests. Adjusted P values
were assessed using appropriate correction methods, such as Tukey,
Kruskal-Wallis and Holm-Sidak tests. Sample sizes were determined
onthe basis of previous experiments using similar methodologies. All
depicted data points are biological replicates taken from distinct sam-
plesunless stated otherwise. Each figure consists of aminimum of three
independent experiments from multiple biological replicates unless

stated otherwise. For in vivo studies, mice were randomly assigned
to treatment groups. For metabolomics, proteomics and RNA-seq
analyses, samples were processed inrandom order and experimenters
were blinded to experimental conditions.

Reporting summary
Furtherinformation onresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.
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the corresponding authors upon request. Source data are provided
with this paper.
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Extended DataFig.2|LPS stimulation drives fumarate accumulation via
glutamine anaplerosis and an aspartate-argininosuccinate shunt.

a, Schematic diagramindicating U-®C-glutamine tracing into distinct
metabolic modules. b, U-*C-glutamine tracing into glutamate, a-KG and
succinatein LPS-treated BMDMs (m+4 and m+5 labelling intensity and total
isotopologue fraction distribution) (n =3; LPS 4 h). ¢, U-*C-glutamine tracing
intoy-glutamylcysteine, GSH and GSSG in LPS-treated BMDMs (m+5 labelling
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intensity and total isotopologue fraction distribution) (n = 3; LPS 4 h).

d, U-*C-glutamine tracing into aspartate, argininosuccinate, fumarate and
malate in LPS-treated BMDMs (m+4 labelling intensity and total isotopologue
fractiondistribution) (n=3; LPS 4 h). Dataare mean +s.e.m. n = biological
replicates. Pvalues calculated using two-tailed Student’s t-test for paired

comparisons.
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Extended DataFig. 3 |LPS stimulationdrives fumarate accumulation via
glutamine anaplerosis and an aspartate-argininosuccinate shunt.

a, Schematic diagramindicating *N,-glutamine tracing into distinct metabolic
modules. b, ®N,-glutamine tracing into glutamate and asparagine in LPS-treated
BMDMs (m+1and m+2labelling intensity and total isotopologue fraction
distribution) (n=3;LPS 4 h). ¢, *N,-glutamine tracing into GSH and GSSG in

Legend

- NS
= LPS
B3 LPS + AOAA

Isotopologue
labels

0 m+0
= m
- me2

Legend

- NS
= LPS
B3 LPS + AOAA

Isotopologue
labels

[=N1)
[=N]
- me2

LPS-treated BMDMs (m+1 and m+2 labelling intensity and total isotopologue
fractiondistribution) (n=3;LPS 4 h).d, ®N,-glutamine tracing into aspartate,
arginine and citrullinein LPS-treated BMDMs (m+1 labelling intensity and total
isotopologue fraction distribution) (n =3; LPS 4 h; aspartate (P = 0.000001)).
Dataaremean+s.e.m.n=biological replicates. Pvalues calculated using

one-way ANOVA for multiple comparisons.
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Extended DataFig. 4 |Increaseinaspartate-argininosuccinate shunt
metabolitesin cytosoland Irgl” macrophages. Heatmap (min-max) of
metabolites linked to mitochondrial bioenergetics and redox signalling (a) and
the aspartate-argininosuccinate shunt (b) in NS and BMDMs (n = 3; LPS 24 h).

¢, Metabolite abundance of TCA cycle and aspartate-argininosuccinate

shunt metabolitesin WT and Irg1”- BMDMs (n = 3; LPS 24 h); itaconate
(P=0.00000000000002, succinate (P=0.00000003), fumarate

(P=0.000018)).d, Nitrite levelsin WT and IrgI”- BMDMs (n=3; LPS 24 h).

e, Schematic of metabolic changes occurring during mid-phase TCA cycle
rewiringin WT and /rgI”-BMDMs. Data are mean +s.e.m. n = biological
replicates. Pvalues calculated using two-tailed Student’s t-test for paired
comparisons or one-way ANOVA for multiple comparisons. Schematicin panele
was created using BioRender (https://biorender.com).
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Extended DataFig.5|FHdeletionincreases bioenergeticstress, fumarate,
and mitochondrial membrane potential. a, Bioenergetic ratiosin BMDMs
treated with DMSO or FHIN1 (n = 3). b, Fumarate and 2SC levels in BMDMs
treated with DMSO or FHIN1 (n = 3). qPCR (n =5) (c) and western blot (n=2)
(d) analysis of Fhl expressionin Fh1* and Fh17-BMDMs (EtOH/TAM 72 h;
LPS 4 h; FR1"*NSvs FRI"*LPS (P =0.00000002), FhI”*NSvs Fhl”’"NS
(P=0.00000000000002), Fh17"NSvs FhI”"LPS (P =0.0000000000014)).
e, Bioenergeticratiosin Fh1”*and Fh1”” BMDMs (n = 3; EtOH/TAM 48 h).

f, Heatmap of top 50 significantly abundant metabolitesin FaI**and Fh1”-
BMDM s (n=3;LPS4h).g, Fumarate and 2SC levels in FhI”* and Fh1”-BMDMs
(n=3;EtOH/TAM 72 h). h, Glycolysis as measured by ECARin BMDMs pre-
treated with DMSO, FHIN1 or DMF (n =8 (DMSO/FHIN1); (n =6 (DMF); LPS 4 h).

n=technicalreplicates from1experiment performed with 3 pooled biological
replicates. Dataare mean +s.d. i, Glyceraldehyde 3- phosphate (G3P) and
2,3-phosphoglycerate (2/3-PG) levels and ratioin BMDMs pre-treated with
DMSO or FHIN1 (n=3; LPS4 h; G3P (P = 0.00004)). Immunofluorescence (j) and
quantification (k) of Mitotracker red staining in BMDMs pre-treated with
DMSO or FHIN1 (n =8 (DMSO); n =19 (FHIN1); LPS 4 h). n = technical replicates
fromrepresentative experiment.Scalebar =20 pm.Dataare mean+s.d.
a-c,e,g,iDataare mean +s.e.m.Representative blots orimages of 2 (d) or
lexperiment(s) (j) shown. n =biological replicates unless stated otherwise.
Pvalues calculated using two-tailed Student’s t-test for paired comparisons

or one-way ANOVA for multiple comparisons.
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Extended DataFig. 6 | FHinhibitionremodelsinflammatory gene
expression. a, /[10 and Tnfa expressionin BMDMs pre-treated with DMSO,
FHIN1or DMF (n =5 (/l10); n= 6 (Tnfa); LPS 4 h; FHIN1//[10P=0.000002,
DMF/ILI0P=0.0000004).b, /l1b expressionand IL-6 release in BMDMs pre-
treated with DMSO, FHIN1 or DMF (n = 6;4 h LPS; DMF/Il1b (P =0.000046),
DMF/IL-6 (P=0.00000002)). ¢, Enrichment map plot of shared significantly
increased genesin BMDMs pre-treated with DMF or FHIN1 compared to DMSO
control (n=3;LPS4h).d, Westernblot of total and phospho-AKT, JNK, ERK
and p38levelsinBMDMs pre-treated with DMSO, FHIN1or DMF (n=2).e,Jun
expressionin RNA seq from BMDMs pre-treated with DMF or FHIN1 compared
to DMSO control (n=3;LPS 4 h).f, Fosexpressionin RNA seq from BMDMs
pre-treated with DMF or FHIN1 compared to DMSO control (n=3;LPS 4 h).

g, Westernblot of total and phospho-STAT3 levelsin BMDMs pre-treated with
anti-CD210 antibody (1h) (n=4;LPS 4 h). h, FH protein and gene expression
levelsin FA1**and Fh1”- BMDMs (n = 2; EEOH/TAM 72 h). Data are mean. i, ELISA
of IL-10 and TNF-a release in BMDMs pre-treated with DMSO or AOAA (n=3;LPS
4h;IL-10 (P=0.000483)).j, Schematic depicting mild suppression of IL-10
expression during typical LPS signalling (left), and increased suppression of
IL-10 following FH inhibition, leading to dysregulated TNF-a release (right).
a,b,e,f,iDataare meants.e.m.1representative blot of 2 (d, h) or 4 (g) shown.
n=biological replicates. Pvalues calculated using two-tailed Student’s t-test
for paired comparisons or one-way ANOVA for multiple comparisons.
Schematicin paneljwas created using BioRender (https://biorender.com).
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Extended DataFig. 8 |IFN-B release following FH inhibitionisindependent
of cGAS-STING. a, Heatmap (min-max) of significantly differentially expressed
RNAseqdatainBMDMs pre-treated with DMSO or DMF (n=3;LPS 4 h).

b, Phospho-STAT1, STAT1, phospho-JAK1and JAK1levelsin BMDMs pre-treated
with DMSO, FHIN1or DMF (n=3;LPS 4 h). ¢, Ifnbl expression after silencing of
Nrf2inBMDMs pre-treated with DMSO, FHIN1 or DMF (n=3,LPS4 h).d, Nrf2
expression after silencing of Nrf2in BMDMs pre-treated with DMSO, FHIN1 or
DMF (n=3,LPS4h; FHIN1 (P=0.0000008), DMF (P =0.0000012)). e, I[fnbl
expressionin BMDMs pre-treated with DMSO or FHIN1in the presence of NAC
(n=3;LPS4h).f, TRAF3levelsin BMDMs pre-treated with DMSO or FHIN1 (n =3;
LPS4h).g,IL-1B levelsin BMDMs pre-treated with DMSO, FHIN1 or DMF (n =3).
h, p-p65levelsinBMDMs pre-treated with DMSO, FHIN1 or DMF (n=3).1, D-loop
and Non-NUMTDNA fold expressionin ethidium bromide (EtBr)-treated
BMDMs (n =5; D-loop (P=000000000031, Non-NUMT (P =0.0000000012).
j.LaminBland a-tubulinin cytosolicand membrane-bound organelle fractions
following digitonin fractionation (n = 3).k, IFN-B release from 2,3’ cGAMP- or

CpG-transfected BMDMs pre-treated (1 h) with C-178 or ODN2088 (n=3
(cGAMP); n=4(CpG); 3h).1, Ifnbl expressionin BMDMs pre-treated with DMSO
or FHINIin conjunction with C-178 or ODN2088 (1 h) respectively (n=3; LPS4 h).
m, Cgas, Tmem173and Tir9 expression with silencing of Cgas, Tmem173and
Tlr9respectivelyin BMDMs pre-treated with DMSO or FHIN1 (n =3; LPS 4 h).

n, IFN-B release with silencing of Cgas, Tmem173and Tlr9respectively from
BMDMs pre-treated with DMSO or FHIN1 (n=3;LPS 4 h). 0, Tmem173 expression
inBMDMs pre-treated with DMSO, FHIN1 or DMF (n=3,LPS 4 h). p, ND4, ND5
and ND6 RNA levelsinwhole cell extracts of BMDMs pre-treated with DMSO or
FHINlinthepresence of IMT1(n=5;LPS4h; ND5(P=0.000052)).q, ND4, ND5
and ND6 RNA levelsin cytosolic extracts of BMDMs pre-treated with DMSO or
FHINlinthepresenceorabsence of IMT1(n=5;LPS4h).r,IFN-Breleasein
BMDMs pre-treated with DMSO or FHIN1in the presence of IMT1 (n=3;LPS 4 h).
c-e,i,k-r,Dataare mean+s.e.m.b,f-h,j, 1 representative blot of 3shown.
n=biological replicates. Pvalues calculated using two-tailed Student’s t-test
for paired comparisons or one-way ANOVA for multiple comparisons.
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Extended DataFig. 9|See next page for caption.
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Extended DataFig. 9 |Mitochondrialmembrane potential modifiers
increase mtRNA and trigger IFN-Brelease. a, Tlr7expression withsilencing
of Tlr7inBMDMs pre-treated with DMSO or FHIN1 (n =3; LPS 4 h). b, Ddx58

and Ifih1 expressionwith silencing of Ddx58 and IfihIrespectivelyin

BMDMs pre-treated with DMSO or FHIN1 (n = 5; LPS 4 h; DMSO/Ddx58
(P=0.000000000002), FHIN1/Ddx58 (P =0.000000813792), DMSO/Ifih1
(P=0.00000009), FHIN1/Ifih1(P=0.00000014)).c, TIr3expressionand IFN-
release with silencing of TIr3in BMDMs pre-treated with DMSO or FHIN1 (n=3;
LPS4h; DMSO/TIr3(P=0.000000007), FHIN1/TIr3 (P =0.000013487)).

d, TBK1and p-TBK1in BMDMs pre-treated with DMSO or FHIN1 (n=3; LPS 4 h).
e, Ifnbl expressionin WT and Mavs”’ BMDMs pre-treated with DMSO or FHIN1
(n=3;LPS4h).f, MFlof TMRM staining in BMDMs pre-treated with DMSO,
FHIN1, oligomycin or valinomycin (n=3,LPS4 h).g, IFN-B release from BMDMs
pre-treated with DMSO, FHIN1, oligomycin or valinomycin (n=4;LPS 4 h;
oligomycin (P=0.0000003)). h, MFlof TMRM staining and IFN-B release from
BMDMs pre-treated with DMSO or CCCP (n=4 (TMRM), n=3 (IFN-B); LPS4 h;
CCCP/IFN-B (P=0.00000008)). i, MFl of TMRM staining in BMDMs pre-treated

with DMSO or MMF (n =3, LPS 4 h). Immunofluorescence (j) and quantification
(k) of dsSRNAin BMDMs pre-treated with DMSO, FHIN1 or oligomycin or
transfected with poly (I:C) (n=8;LPS 4 h). n = technical replicates from
representative experiment. Dataare mean +s.d.Scalebar =20 um.I, D-loop
fold expressionin DNA and RNAisolated from cytosolic fractions of digitonin-
fractionated BMDMs pre-treated with DMSO or oligomycin (n =4 for mtDNA,
n=5formtRNA). Immunofluorescence (m) and quantification (n) of dsSRNA in
BMDMs pre-treated with DMSO or valinomycin (n=9 (DMSO); n = 6 (Valinomycin);
LPS 4 h).n=technical replicates fromrepresentative experiment. Data are
mean £s.d. Scale bar =20 um. o, Quantification of dSRNAimmunofluorescence
inFh1”* and Fh1”-BMDMs (n=7 (FhI”* Control); n= 6 (Fh1* LPS);n=12 (Fh1”"
Control); n=10 (Fh1”" LPS); EtOH/TAM 72 h; LPS 4 h). n = technical replicates
fromrepresentative experiment. Dataare mean +s.d. a-c,e-i,I Dataare mean +
s.e.m.d,j,m, 1representative blot orimage of 3 experiments shown. n=biological
replicatesunlessstated otherwise. Pvalues calculated using two-tailed
Student’s t-test for paired comparisons, one-way ANOVA for multiple
comparisons.
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Extended DataFig.10|Prolonged LPS stimulationincreases mitochondrial (n=4;LPS4 h; Ddx58(P=0.0000000010), /fih1(P=0.00000012)).e, Fh1

membrane potentialand dsRNA. a, MFl of TMRM stainingin BMDMs (n = 3). expressioninIFN-B-stimulated BMDMs (n =3).a,d,e, Dataare mean+s.e.m.
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Dataaremeants.d.Scalebar =20 pm.d, Ddx58and Ifihl expressionin BMDMs for paired comparisons, one-way ANOVA for multiple comparisons.
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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Data collection  XCalibur Qual Browser, XCalibur Quan Browser, Tracefinder 5.0, Leica LAS X Life Science Microscope Software
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Proteomics data from Fig. 1d were previously deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
PXD0291556. All other proteomics, RNA sequencing data and metabolomics data have been deposited to Dryad (doi:10.5061/dryad.6wwpzgn28). All original gel
images are provided in the source data file. All other source data are available from the corresponding author(s) upon request.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We have used at least 1 biological replicate for each individual experiment, which was performed on 3 independent occasions unless
otherwise stated. Although we did not use statistical methods to calculate sample size, we decided to use a minimum of 3 biological replicates
per experiment to account for biological variability, taking into account the 3 Rs principle and the fact that the majority of experiments were
performed in primary murine macrophages from inbred mice. See statistical analyses section of methods for full details.

Data exclusions | No data were excluded from in vitro experiments. Data points were excluded from the in vivo experiment (Fig. 4l) on the basis that blood was
harvested from the liver of these samples as it could not be harvested retroorbitally (as was performed with all other samples) due to
technical issues.

Replication The in vitro experiments were highly reproducible. Each experiment was repeated on at least 3 independent occasions unless otherwise
stated. The in vivo experiment was performed on two separate occasions, both of which were successful and included in the analysis, in order
to ensure reproducibility.

Randomization | For in vivo studies, mice were randomly assigned to treatment groups. For metabolomics, RNA sequencing and proteomics experiments,
samples were processed in random order and experimenters were blinded to experimental conditions. All in vitro treatment groups were
randomly assigned.

Blinding In vitro and in vivo experiments were not blinded due to lack of available experimenters with required expertise. For metabolomics, RNA
sequencing and proteomics experiments, samples were processed in random order and experimenters were blinded to experimental
conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
g Antibodies g |:| ChiIP-seq
Eukaryotic cell lines |:| g Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXOOX KX s
OO0X X OO

Dual use research of concern

Antibodies

Antibodies used Anti-mouse Lamin B1 (12586), STAT1 (9172), p-STAT1 (9167), JAK1 (3344), p-JAK1 (3331), TBK1 (3504), p-TBK1 (5483), STAT3
(30835), p-STAT3 (9145), FH (4567), ASS1 (70720), a-tubulin (2144), MAVS (4983), ATF4 (11815), p-AKT (13038), AKT (2920), p-JNK
(9255), NK (9252), p-ERK1/2 (9101), ERK1/2 (4695), p-p38 (4511), p-38 (9212), TRAF3 (4729), p-p65 (3033) and GAPDH (2118)
antibodies were purchased from Cell Signaling. Anti-2SC antibody was kindly provided by Dr. Norma Frizzell (University of South
Carolina, US). Anti-mouse B-actin antibody (A5316) was purchased from Sigma Aldrich. Horseradish peroxidase (HRP)-conjugated
anti-mouse (115-035-003), anti-goat (705-035-003) and anti-rabbit (111-035-003) immunoglobulin G (IgG) antibodies were
purchased from Jackson Immunoresearch. Anti-mouse CD210 (112710) and anti-mouse IgG (406601) antibodies were purchased
from Biolegend. Anti-dsRNA antibody (clone rJ2) was purchased from Merck (MABE-1134). Alexa Fluor 488 goat anti-mouse IgG1
antibody (A21121) was purchased from Invitrogen.

Validation Antibodies were used according to validation listed in manufacturer's instructions. All details of antibody validation are given in Table
S1.
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

In vitro experiments were performed with BMDM s isolated from 6-18-week-old female and male mice. In vivo models were
performed with 6-week-old male mice and littermates were randomly assigned to experimental groups. All mice were on a
C57BL/6J0laHsd background unless stated below. Wild-type (WT) mice were bred in-house. Mice were kept in 12 hour light/dark
cycles, and the facility was maintained at 20-24°C and 45-65% humidity. The inducible Fh1+/fl and Fh1fl/fl mice were generated on
the C57BL/6 genetic background and their hind legs were generously donated by Dr. Christian Frezza (University of Cambridge, UK).
Vehicle (ethanol) treated Fh1+/+ and Fh1-/I were used as controls. Upon treatment with 4-hydroxy tamoxifen, Cre-mediated
chromatin excision results in the loss of either one (Fh1+/-) or both (Fh1-/-) copies of Fh1, thus generating either heterozygous or null
animals. Hind legs from WT and Mavs-/- mice were generously donated by Dr Cecilia Johansson (Imperial College London, UK). These
strains, originally obtained from S. Akira (World Premier International Immunology Frontier Research Center, Osaka University,
Osaka, Japan), were Ifna6gfp/+ but since Ifna6 expression was not a primary readout the mice are designated as WT and Mavs-/-.

The study did not involve wild animals.
The study did not involve field-collected animals.
Animals were maintained under specific pathogen-free conditions in line with Irish and European Union regulations. All animal

procedures were ethically approved by the Trinity College Dublin Animal Research Ethics Committee prior to experimentation and
conformed with the Directive 2010/63/EU of the European Parliament.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Human research participants

Policy information about studies involving human research participants

Population characteristics

Recruitment

Ethics oversight

For experiments performed in TCD which involved isolation of human PBMCs and macrophages for in vitro experiments:
donors were defined as healthy and no further information was recorded.

For experiments performed in Cedars-Sinai: All SLE patients (as per ACR diagnostic criteria) were recruited from Cedars-Sinai
Medical Center, CA, USA. Age- and sex-matched healthy donors who had no history of autoimmune diseases or treatment
with immunosuppressive agents were included. There were no significant covariates between the two groups.

For experiments performed in TCD: Blood samples were obtained anonymously and written informed consent for the use of
blood for research purposes was obtained from the donors.

For experiments performed in Cedars-Sinai: All participants provided informed written consent and the study received prior
approval from the institutional ethics review board (IRB protocol. 19627). No selection bias was noted.

School of Biochemistry and Immunology Research Ethics Committee (TCD), Cedars-Sinai Medical Center Institutional Ethics
Review Board (IRB protocol 19627)

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Murine BMDMs were plated in 12-well plates and treated as desired. CellROX Green (5 uM, Thermo Fisher) or TMRM (20 nM,
Thermo Fisher) was added to cells 30 mins prior to end of cell treatments. Cells were washed once in PBS and scraped into
200 pl FACS buffer (2 mM EDTA, 0.5% FCS in PBS). Acquisition of samples was performed on a BD Accuri C6 flow cytometer.
Debris was excluded by FSC vs SSC analysis and 10,000 cells was acquired per condition.

BD Accuri C6

FLowlJo V10

Cell population abundance Purity of samples was not determined. Debris was excluded by FSC vs SSC analysis.
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Gating strategy The gating strategy used for all flow cytometry experiments consisted of debris exclusion by FSC-A vs SSC-A analysis and
subsequent doublet exclusion by FSC-A vs FSC-H analysis. A sample gating strategy is provide in Supplementary Fig. 2.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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