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In brief

Cytosolic nucleic acid sensors contribute
to pathogenic and autoinflammatory
inflammation; however, little is known
about the metabolic adaptations that they
induce. Dunphy et al. find that these
pathways induce type | interferon-
dependent metabolic changes in
macrophages, characterized by a
decrease in mitochondrial membrane
potential and increased mitochondrial
fission, promoting efferocytosis, while
restraining ISG induction to promote the
resolution of inflammation.
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SUMMARY

Macrophage metabolism is intricately linked to cellular function. Contrasting with Toll-like receptor (TLR)
stimulation, cytosolic nucleic acid sensing induced a decrease in mitochondrial membrane potential
(MMP) while maintaining mitochondrial respiration. Interferon a/p (IFN-I) receptor (IFNAR) signaling was
necessary and sufficient for this metabolic response. IFNAR signaling induced interferon-stimulated gene
15 (ISG15) expression and ISGylation of mitochondrial proteins, including subunits of mitochondrial complex
V, increasing ATP production and decreasing MMP, thus enhancing macrophage efferocytic capacity. More-
over, the IFNAR-ISG15-mediated drop in MMP activated the mitochondrial protease OMA1, inducing mito-
chondrial fission and decreasing endoplasmic reticulum-mitochondria communication, thus dampening
IFN-stimulated gene (ISG) induction. Loss of ISG15 or OMA1 enhanced histone acetylation and ISG induction
upon IFN-I stimulation, in a manner dependent on mitochondrial calcium uptake. This increase in ISG induc-
tion provided protection against acute viral infections. These data indicate that IFNAR-ISG15 signaling

boosts efferocytosis while limiting ISG induction, thereby promoting the resolution of inflammation.

INTRODUCTION

Macrophages are innate immune cells required for mammalian
development, homeostasis, and pathogen clearance." They
act as tissue sentinels, sensing pathogen- and damage-associ-
ated molecular patterns through pattern recognition receptors
(PRRs).? Ligation of these receptors activates signaling path-
ways that promote immune cell activation via epigenetic, tran-
scriptional, and metabolic processes.>* Metabolic changes in
activated immune cells have been linked to their function, regu-
lating cytokine production,”” generation of reactive oxygen spe-
cies (ROS),%° migration,'® and antimicrobial effects.’’ However,
not all stimuli lead to the same metabolic response.'? Although
many studies have addressed the response to Toll-like receptor
(TLR) agonists,*'® little is known about the metabolic adapta-
tions downstream of cytosolic nucleic acid sensors.'* Cytosolic
nucleic acids activate stimulator of interferon genes (STING) and
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mitochondrial antiviral signaling protein (MAVS) to induce im-
mune responses via cytokine production, especially type | inter-
ferons (IFN-1).">~"® IFN-I, comprising IFN-« and IFN-p, are funda-
mental for immune system function.'®* They signal via the
interferon o/p receptor (IFNAR), inducing IFN-stimulated genes
(ISGs).?° One such ISG is ISG15, a ubiquitin-like protein that
has been implicated in antiviral immunity as well as the modula-
tion of cellular metabolism.?®2¢ The timely induction of IFNs and
ISGs is essential for pathogen clearance and the resolution of
inflammation.*®-*°

Cytosolic nucleic acid sensing is key in a variety of pathogenic
and autoinflammatory contexts, yet the metabolic conse-
quences of this response remain to be studied. We therefore
compared the metabolic adaptations in macrophages in
response to agonists of STING, MAVS, and several TLRs. Activa-
tion of cytosolic nucleic acid sensors led to macrophage activa-
tion without the block in mitochondrial respiration and switch to
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glycolysis observed upon TLR stimulation, indicating an alterna-
tive metabolic reprogramming to meet the anabolic demands of
immune activation. IFNAR signaling was both necessary and
sufficient for the metabolic changes observed upon nucleic
acid sensing in macrophages. IFNAR signaling upregulated
ISG15, which conjugated to several mitochondrial targets,
including complex V (CV). IFN-I treatment increased CV activity
and thus ATP production in an ISG15-dependent manner,
depleting mitochondrial membrane potential (MMP) in the cell,
and thus promoting efferocytosis. In parallel, MMP depletion
activated the mitochondrial protease OMA1, triggering mito-
chondrial fission and limiting ISG induction. Collectively, these
observations suggest a feedback loop upon IFN-I detection to
limit ISG induction and promote clearance of cellular debris.

RESULTS

Cytosolic nucleic acid sensors induce an IFN-I-driven
metabolic response
To study metabolic changes upon STING activation, we trans-
fected bone-marrow-derived macrophages (BMDMs) with cyclic
di-guanosine monophosphate (c-di-GMP), a STING agonist and
compared this to stimulation with lipopolysaccharide (LPS), a
TLR4 agonist. Analysis of the oxygen consumption rate (OCR)
showed that although LPS stimulation induced a decrease in
the maximal respiratory rate (MRR) as described,'® c-di-GMP-
transfected BMDMSs did not exhibit this reduction (Figures 1A
and 1B). To confirm that this effect was not specific to c-di-
GMP or to this specific concentration, we compared c-di-GMP
with another STING agonist, 2’3" cyclic GMP-AMP (cGAMP), at
two concentrations. Neither STING agonist induced a decrease
in OCR, and increasing concentrations of c-di-GMP and cGAMP
even increased OCR (Figure S1A). Moreover, while lactate pro-
duction increased upon TLR stimulation, this induction was
lower following cytosolic nucleic acid sensing (Figure 1C). We
next measured MMP in BMDMs upon activation. MMP is the
driving force required for ATP production by the electron trans-
port chain and has been associated with mitochondrial ROS pro-
duction®"**? and nuclear gene expression.®® Treatment with
STING or MAVS agonists decreased MMP, as measured by tet-
ramethylrhodamine methyl ester (TMRM) staining, after 20 h, but
not 4 h, whereas all TLR agonists increased MMP (Figure 1D).
A prominent feature of cytosolic nucleic acid sensors is high
IFN-I induction.®* Previous studies in myeloid cells observed
diverse metabolic effects of IFN-I on metabolism, prompting us
to test the effect of IFN-1 on BMDMs.?**° Direct stimulation of
BMDMs with IFN-a or IFN-p for 4 or 16 h recapitulated the
decrease in MMP observed at later time points of STING stimu-
lation (Figure 1E). Decreased MMP was confirmed using the ra-
tiometric dye JC-1 (Figure S1B). Given the altered MMP, we
quantified mitochondria upon IFN-I treatment using TOM20
and found an increase at 16 h post IFN-p stimulation
(Figure S1C) and no change in cell viability (Figure S1D), indi-
cating that the decrease in MMP was not due to mitochondrial
loss or cell death. IFN-I stimulation induced no changes in
OCR (Figures S1E and S1F). To determine whether metabolic
differences between stimuli were driven by variations in IFN-I
production, we measured IFN-p production 20 h after stimula-
tion. All tested stimuli produced IFN-p to a similar extent
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(Figure S1G). This suggests that while both cytosolic nucleic
acid sensing and TLR stimulation induce IFN-I production, only
the former displays a decrease in MMP, concomitant with sus-
tained mitochondrial respiration.

Macrophages stimulated with the TLR9 ligand CpG also
showed a decrease in mitochondrial respiration, similar to LPS,
in contrast to reports in plasmacytoid dendritic cells (pDCs)
(Figures STH-S1J).2° To test whether the metabolic phenotype
observed upon IFN-I stimulation was macrophage specific, we
stimulated FIt3L dendritic cells (DCs) with IFN-p for 20 h. IFN-f
led to decreased MMP in type 1 and type 2 conventional DCs
(cDC1s and cDC2s, respectively) and pDCs; no detectable
change in glucose uptake; and increased expression of major
histocompatibility complex class Il (MHC class Il) and CD86
compared with untreated FIt3L DCs (Figure S1K). This indicates
that the effect observed in BMDMs is not macrophage specific
but occurs in other myeloid cells.

To test that the effect of IFN-I on macrophage metabolism oc-
curs via IFNAR, we used an IFNAR-blocking antibody (anti-IF-
NAR) prior to stimulation with c-di-GMP, IFN-a, or carbonyl cya-
nide m-chlorophenyl hydrazone (CCCP). Notably, anti-IFNAR
treatment prevented the loss of MMP observed upon c-di-
GMP or IFN-I treatment but had no effect on the decrease in
MMP induced by CCCP (Figure 1F). This anti-IFNAR treatment
had no effect on Ifnb mRNA production after c-di-GMP stimula-
tion but did decrease downstream expression of ISGs ISG15 and
C-C motif chemokine ligand 5 (CCL5) (Figures S1Land S1M). We
conclude that cytosolic nucleic acid sensing induces a distinct
cellular metabolism compared with the canonical changes
observed upon TLR stimulation and that IFN-I is both sufficient
and required for these changes.

IFN-I promotes an ISG15-dependent drop in MMP that
induces OMA1-dependent mitochondrial fission
Decreased MMP activates the mitochondrial protease OMA1.%°
OMAT1 is a zinc metalloprotease localized to the inner mitochon-
drial membrane, which cleaves optic atrophy 1 (OPA1) to pro-
mote inner mitochondrial membrane fission.®” We observed
the mitochondrial morphology in BMDMs after stimulation with
c-di-GMP or IFN-a, analyzing TOM20 staining using the MiNA
plugin to calculate mitochondrial parameters.®®*® The mean
branch length indicates the average length of all mitochondria
per cell, whereas the mitochondrial footprint quantifies the area
of the cytoplasm occupied by mitochondria, with elongated
mitochondria occupying more area and fragmented mitochon-
dria occupying less. We observed a decrease in mitochondrial
fragment size indicative of mitochondrial fission after 20 h of
STING stimulation, which was phenocopied by IFN-a or CCCP
treatment (Figures 2A and 2B). Analysis of transmission electron
microscopy images’® revealed a decrease in mitochondrial
length and an increase in circularity, among other changes in
morphology, consistent with increased mitochondrial fission
upon IFN-I stimulation (Figure S2A).

These results suggested that mitochondrial fission occurs in
BMDMs due to the decrease in MMP driven by IFN-I. To demon-
strate whether OMA1 mediates the observed mitochondrial
fission, we assessed the mitochondrial morphology in wild-
type (WT) or Oma?~~ BMDMs upon c-di-GMP, IFN-I, or
CCCP treatment. The reduction in the mitochondrial footprint
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Figure 1. Cytosolic nucleic acid sensors induce an IFN-I-driven metabolic response

(A) Oxygen consumption rate (OCR) of BMDMs stimulated for 20 h with c-di-GMP (cdG), LPS, or mock-treated upon addition of oligomycin (Oligo), CCCP, and
rotenone and antimycin A (R/A), n = 6, mean + SEM.

(B) Basal respiratory rate (BRR, left) and maximal respiratory rate (MRR, right) in BMDMs treated as in (A), n = 6.

(C) Lactate quantification in supernatants from BMDMs treated as indicated for 24 h, n = 6.

(D) Representative histograms (left) and flow cytometric quantification of geometric mean fluorescence intensity values (geometric mean fluorescent intensity
[gMFI], right) of TMRM staining in BMDMs stimulated as indicated. CCCP or oligomycin were used as controls, respectively. LyoVec (lyo), n = 5 (except CCCP and
oligomycin conditions, n = 4).

(E) Representative histogram (left) and flow cytometric quantification of gMFI (right) of TMRM staining in BMDMs stimulated as indicated, n = 3.

(F) Flow cytometric quantification of TMRM gMFI in BMDM s pre-incubated with IFNAR-blocking antibody or isotype control before stimulation with cdG for 20 h,
IFN-a for 4 h, or CCCP for 15 min, n = 6.

Data presented as mean + SD except where indicated, representative of at least 2 independent experiments, except for (B), (C), and (F), which show a pool of 2
experiments. Analysis performed using one-way ANOVA with Tukey’s multiple comparisons test (B and C), Dunnett’s multiple comparisons test (D and E), and
two-way ANOVA with Tukey’s multiple comparisons test (F).

See also Figure S1.

and mean mitochondrial branch length following c-di-GMP and  and Oma?~/~ peritoneal macrophages stimulated with c-di-
IFN-I treatment was OMA1 dependent (Figures 2C and S2B). GMP (Figure S2C). These results indicate that OMA1-dependent
However, the decrease in MMP upon stimulation was OMA1 in-  mitochondrial fission is downstream of the IFN-induced
dependent (Figure 2D). MMP was also similarly decreased in WT  decrease in MMP and does not influence its induction.

308 Immunity 59, 306-321, February 10, 2026



Immunity ¢? CelPress
OPEN ACCESS

TOM20 DAPI DAPI magnified

0=

Mock B | <0.0001
<0.0001
e ! 0.039
0.0008 -~ [ 0.0016
2h cdG = 125 001 5_10_ 0.003
3 2
£ 10 o-m X 8
=) €
20h cdG 8 75 [] mrl1g 56- l"l
é (O] § L J L I—
£ o Jzq Mo
- 5 _|
2h IFN § 2.5 IS 24 '_:_
= S
0.0 T T T T T T T *2 0 T T T T T T T
V\o&fﬁ‘é‘,@“m“é‘ R = & TSP P S K
6h IFN
cdi-GMP_ IFNa © cd-GMP_ IFNa ©
CCCP
C D @WT
< .
£ 25 QWT 0. 101'15 MMP © Omat ] Mock
oy O Omat* <O 0001 0.001 []20h cdG[WT
< 0.016 0.001 [ 3h IFNa
X 204 0.0003 1200 0.048 Mock
£ 15 00006 T 20h cdG|Oma 1+
S —<oooo1
2 3h IFNa
s = 800
I 10— 5
at d o I
S
o
= N s A Ay Tl bk b A I
& &S ((é OC) & S ((é C)O & 06 Qé &* S Q% NMMP
S &“\ @q}g‘\ XS @{19‘\ n}\\ @(19‘\ 030\
E F owWT
= MMP @ /sg15”
E 30+ :\/s\g1 5 <00001 [ Mock
=) <0.0001 —2%8 20h cdG [WT
< 2000 0.01 # 3h IFNa
= 0.0013 Mock
5o < 1500 20n oG jog15¢
3 > [ 3n IFNa
s = 1000
& 10— %
2 ‘ F 500
o
: " é
2 T 0
=

| LI T T T T
o*oeoq & PR § 9 RGPS
F P & LS ' P Oc,<<
Q,LQ‘\&Q\O ®,19‘\b‘9\0 Q{‘&‘(‘%@ Qq/g‘(‘,.s(\

Figure 2. The ISG15-dependent drop in MMP occurs upstream of mitochondrial fission machinery

(A) Confocal microscopy of BMDMs stimulated as indicated. TOM20 (green), DAPI (blue); scale bar, 10 pm.

(B) Quantification of images as shown in (A). Each dot represents the average of at least 10 cells per field of view, n = 3-5.

(C) Quantification of mitochondrial footprint in WT and Oma?~/~ BMDMSs upon indicated treatments, n = 3 biological replicates; each point represents analysis of
1 cell, and at least 15 cells were analyzed per condition.

(D) Flow cytometric quantification of gMFI of TMRM (left) and representative histograms (right) in WT and Oma?~/~ BMDMs stimulated with cdG for 20 h or IFN-«
for3h,n=3.

(E) Quantification of mitochondrial footprint in WT and ISG15-deficient BMDMSs upon indicated treatments as performed in (B). # indicates significant differences
between genotypes (mock p < 0.0001; 20 h cdG p < 0.0001; 4 h IFN-a p < 0.0001), n = 3 biological replicates; each point represents analysis of 1 cell, and at least
15 cells were analyzed per condition.

(F) Flow cytometric quantification of TMRM gMFI (left) and representative histograms (right) in WT and /sg75~/~ BMDMs stimulated with cdG for 20 h or IFN-o for
3 h; # indicates significant differences between genotypes (20 h cdG p = 0.026; 3 h IFN-a p = 0.0015), n = 3.

(legend continued on next page)
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IFN-I induces changes in target cells, mainly through ISG in-
duction. One such ISGis ISG15, a 15-kDa ubiquitin-like molecule
that can conjugate to target proteins, a process called ISGyla-
tion.?® In the context of vaccinia virus (VACV) infection of macro-
phages, ISG15 was found to regulate mitochondrial function.?”
Based on this finding, we explored the role of ISG15 in direct
IFN-I signaling in BMDMs. As expected, IFN-lI treatment
increased the /sg75 mMRNA expression in WT BMDMs
(Figure S2D). Of note, Isg75~'~ BMDMs displayed a higher mito-
chondrial footprint upon c-di-GMP or IFN-I treatment compared
with WT BMDMs (Figure 2E). Moreover, the decrease in mito-
chondrial footprint and mean mitochondrial branch length
observed in WT BMDMs upon IFN-| treatment was not observed
inIsg15~'~ BMDMs (Figures 2E and S2E). ISG15 deficiency pre-
vented MMP loss upon IFN-I treatment, and the MMP of both
¢-di-GMP and IFN-I conditions in Isg75~~ cells was higher
than that of their WT counterparts (Figure 2F). This effect was
also observed in peritoneal macrophages from WT and Isg75~/~
mice stimulated with IFN-I (Figure S2F). Both microscopy anal-
ysis and MMP staining showed that the effect of IFN-I was
completely lost in Isg75~~ cells, whereas the effect of c-di-
GMP was only partially lost, indicating additional IFN-indepen-
dent pathways downstream of STING stimulation (Figures 2E,
2F, and S2E). These data indicate that IFN-I induces a decrease
in MMP in an ISG15-dependent manner.

IFNAR signaling promotes ISGylation of mitochondrial
proteins to increase ATP production and decrease MMP
Given the role of ISG15 in protein ISGylation, we hypothesized
that ISG15 may function through conjugation to mitochondrial
targets. Indeed, several proteomics studies have identified po-
tential targets of ISGylation settings (Figure 3A).*"** Around
5% of reported ISGylated proteins were located in the mitochon-
dria.?® For comparison with published data, we immunoprecipi-
tated ISG15 in WT and /sg75~'~ BMDMs stimulated with IFN-p
for 16 h. We identified several mitochondrial proteins that were
co-immunoprecipitated with anti-ISG15 antibodies in WT but
not in 1ISG15-deficient cells, including ATAD3, SLC25A5, and
the ATP5B subunit of CV (Figure 3A; Table S1). We saw no effect
on Atp5f1b, whether assessed by mRNA or protein expression in
Isg15~'~ cells (Figures S3A and S3B). We thus tested the effect
of IFN-I treatment on CV activity by measuring ATP synthesis
and found that IFN-f stimulation increased intracellular ATP in
BMDMs (Figure 3B). ISG15 is first synthesized as a precursor
that is cleaved to generate a carboxyl-terminal LRLRGG motif
required for covalent attachment to target proteins—a process
known as ISGylation.*® To test whether ISGylation was required
for its effect on ATP production and MMP, we tested the rescue
of these impaired functions in ISG15-deficient BMDMs with an
MVA-based vector expressing WT ISG15 (ISG15-GG) or a
mutated form unable to perform ISGylation (ISG15-AA).*® In
terms of ATP production and MMP, the WT (ISG15-GG), but
not the mutant (ISG15-AA), was able to recapitulate the WT

Immunity

response to IFN-I stimulation in /sg75~'~ BMDMs (Figures 3C,
3D, and S3C), demonstrating that ISGylation activity is required
for increased ATP production upon IFN-I stimulation. The in-
crease in ATP production observed upon IFN-I treatment was
OMAT1 independent (Figure S3D), suggesting that it is a direct ef-
fect of ISG15 upstream of mitochondrial fission. These data indi-
cate that the decrease in MMP in IFN-I-stimulated macrophages
depends on ISGylation of target proteins and is associated with
increased ATP production.

ISG15 is required for increased efferocytosis upon IFN-I
stimulation
The analysis of Oma?~'~ and Isg75~'~ BMDMSs upon IFN-I stim-
ulation allowed the segregation of the primary ISG15-dependent
effects, such as decreased MMP and increased ATP, from the
subsequent ISG15- and OMA1-dependent increase in mito-
chondrial fission. We therefore investigated the contribution of
both effects on macrophage function. A key role for macro-
phages is apoptotic cell (AC) uptake, or efferocytosis, to main-
tain tissue homeostasis.”” MMP has been reported to inversely
correlate with macrophage efferocytic capacity,*® but the mech-
anism underlying this effect is not clear. We hypothesized that
the reduced MMP observed upon IFN-I stimulation could in-
crease efferocytosis and promote inflammation resolution.
Following IFN-I treatment of BMDMs, we observed an increase
in uptake of carboxyfluorescein succinimidyl ester (CFSE)-
labeled ACs (Figure 4A). Confocal microscopy confirmed that
stained ACs were internalized within macrophage actin cytoskel-
etons (Figure S4A). Both the number of efferocytic macrophages
(Figure 4A) and the average efferocytic cargo per macrophage
were increased (Figure S4B). Increasing doses of IFN-I did not
further increase AC uptake, indicating a binary effect
(Figure S4C). We then tested AC uptake upon IFN-I stimulation
in WT BMDMs and BMDMs deficient in ISG15 or OMAT1.
Isg15~'~ BMDMs showed no basal defect in efferocytosis but
failed to increase AC uptake compared with WT macrophages
upon IFN-I stimulation (Figure 4B). Conversely, OMA1 deficiency
did not affect the increased efferocytosis observed upon IFN-I
treatment (Figure 4B), suggesting that this effect is associated
with the ISG15-dependent decrease in MMP and not with mito-
chondrial fission. We then tested the efferocytic capacity of peri-
toneal macrophages and observed the same pattern—IFN-I
treatment increased AC uptake in WT and Oma?~’~ macro-
phages but not in Isg75~/~ macrophages (Figure 4C). There
were no major changes in the expression of genes linked to effer-
ocytic capacity in either Isg75~'~ or Oma1~'~ cells, except for an
increased interleukin  (IL)-10 induction in Isg15~/~ cells
(Figures S4D and S4E). These results indicate that ISG15 is
required for the increase in efferocytosis observed in macro-
phages upon IFN-| stimulation.

To test the physiological relevance of IFN-I-induced efferocy-
tosis, we focused on the thymus, a tissue with a high rate of ef-
ferocytosis. The thymus has constitutively high expression of

Data presented as mean = SD (D and F), violin plots (C and E), or boxplots displaying the median and range (B), representative of at least 2 independent ex-
periments. (C and E) Comparative analysis of WT vs. Oma1 ~/~ and Isg15’/’ BMDMs was done in the same set of experiments. For clarity, the analysis is shown
separately in (C) and (E). Analysis performed using one-way ANOVA with Dunnett’s multiple comparisons test (B), and two-way ANOVA with Tukey’s multiple

comparisons test (C-G).
See also Figure S2.
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Figure 3. IFNAR signaling promotes ISGylation of mitochondrial proteins to increase ATP production and decrease MMP

(A) 1ISGylated mitochondrial proteins detected by proteomics upon 16 h of IFN-p treatment or in previously published datasets.

(B) Quantification of intracellular ATP in BMDM s treated with IFN-f for indicated times.

(C) Quantification of ATP in WT, Isg15~/~, Isg15 '~ + WT-ISG15 (ISG15-GG), or Isg15~'~ +a conjugation mutant ISG15 (ISG15-AA) BMDMs stimulated with IFN-f

for 4 h. The fold change compared with unstimulated cells is shown, n = 5.

(D) Flow cytometric quantification of TMRM gMFI in cells as in (C). Fold change compared with WT unstimulated is shown, n = 3.
Data presented as mean + SD, representative of at least 2 independent experiments. Analysis performed using Repeated Measures one-way ANOVA with
Tukey’s multiple comparisons test (B) or two-way ANOVA with Sidak’s multiple comparisons test (C and D).

See also Figure S3 and Table S1.

IFN-1,°°" resulting in increased ISG expression in thymic mac-
rophages compared with other macrophage populations.®> We
hypothesized that increased IFN-I signaling may support the
high phagocytic demand of the thymus compared with other or-
gans. To test this, we injected WT, Isg75~~, and Oma?~'~ mice
with dexamethasone to augment thymocyte apoptosis, then
quantified thymic cellularity (Figures 4D-4F). We observed
decreased thymic cellularity in WT and Oma7~'~ mice treated
with dexamethasone compared with controls, compatible with
massive thymocyte apoptosis and efficient efferocytosis. How-
ever, Isg15~/~ mice did not show a significant decrease in thymic
cellularity (Figures 4D-4F), suggesting impaired efferocytosis in-
duction.*® Indeed, active caspase-3* cells were increased in
Isg15~'~ but not Oma?~'~ thymi upon dexamethasone treat-
ment compared with WT dexamethasone-treated thymi
(Figure 4G), indicative of decreased efferocytosis in Isg75~/~
mice. These experiments were performed in mice genetically ab-
lated in all cells, and the effect observed could therefore depend
on a contribution by non-hematopoietic cells, such as thymic
epithelial cells. Because CD11b* F4/80" thymic macrophages
can be reconstituted by bone marrow (BM) transplant,®® we per-
formed the same experiment in BM chimeras with WT control or
Isg15~/'~ donors (Figure 4H). We found that, upon dexametha-
sone treatment, thymus size decreased less in mice reconsti-
tuted with /sg75~~ BM compared with WT-grafted control

mice (Figure 4l). This was not due to differences in macrophage
seeding of the thymus, as CD45.2* reconstitution in the macro-
phage compartment was similar between both genotypes
(Figure S4F). There was also an increase in active caspase-3*
cells in ISG15-deficient-reconstituted thymus compared with
WT-reconstituted thymus controls (Figures 4J and S4G).
Although pointing toward altered efferocytosis in Isg75~/~ mac-
rophages, these in vivo findings are indirect, measuring un-
cleared ACs in tissues. We therefore used an alternative assay
of zymosan-induced peritonitis combined with the injection of
labeled ACs into the peritoneum.’*®® In the context of
zymosan-induced peritonitis, peritoneal macrophages from
Isg75~'~ mice exhibited decreased uptake of ACs compared
with their WT and Oma?~'~ counterparts (Figures 4K and S4H).
These data indicate that the 1SG15-dependent regulation of
macrophages upon IFN-I stimulation is important for dealing
with increased efferocytic demand.

Efferocytosis is a highly regulated process that requires coor-
dination of the actin cytoskeleton in order to phagocytose
apoptotic cargo. This requires ATP-dependent F-actin polymer-
ization.*® Given our finding that IFN-I stimulation increased intra-
cellular ATP in an ISG15-dependent manner, we hypothesized
that this could affect the ratio of F-actin:G-actin. Indeed, IFN-I
stimulation increased the F-actin:G-actin ratio, as observed by
flow cytometry (Figure S4l). Notably, this increase in F-actin
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Figure 4. 1ISG15 is required for increased efferocytosis upon IFN-I stimulation
(A) Flow cytometric analysis of uptake of CFSE-labeled apoptotic cells (ACs) upon treatment of BMDMs with or without IFN-a or IFN-p for 4 h. Representative
histograms (left) and quantification (right) are shown, n = 3.
(B) Percentage of CFSE* AC uptake in WT, Isg75~/~, and Oma7~'~ BMDMs stimulated with IFN-B or control for 4 h, n = 3.
(C) Flow cytometric analysis of CFSE* AC uptake in WT, Isg75~/~, and Oma7~/~ peritoneal macrophages stimulated with IFN-p or control for 4 h, n = 3.
(D) Schematic representation of thymic apoptosis induction.

(E) Representative images of thymi in WT, Isg75~/~, and Oma1

/-

mice treated as in (D).

(F) Quantification of total thymic cell numbers from mice treated as in (D), n = 4-6.
(G) Quantification of the percentage of cells expressing active caspase-3 in the thymi of mice treated as in (D), n = 3-4.
(H) Schematic of efferocytosis experiment in BM transplant mice.
(l) Thymic cellularity in Isg75"/+ or /sg15’/’ BM chimeric mice treated with dexamethasone for 4 h, n = 5-7.
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polymerization did not occur in ISG15-deficient BMDMs and
could be blocked in WT cells by inhibiting CV using oligomycin
(Figure 4L). These findings result in two possible CV-driven
mechanisms of increased IFN-I-induced efferocytosis: MMP
depletion or increased ATP promoting F-actin polymerization.
To test whether one or both mechanisms were responsible for
the efferocytosis phenotype observed, we combined WT and
Isg15~'~ cell efferocytosis analysis with the inhibitors CCCP
(decreasing MMP) or oligomycin (inhibiting CV activity). Although
WT cells showed increased efferocytosis upon IFN-I stimulation,
oligomycin prevented this effect and reduced basal efferocytic
uptake, supporting the importance of CV activity in efferocytosis
(Figure 4M). In Isg15~'~ BMDMSs, CCCP pre-treatment in combi-
nation with IFN-I rescued the IFN-induced increase in efferocyto-
sis (Figure 4M). Together, these data support the conclusion that
IFNAR stimulation promotes two CV-dependent processes—
increased intracellular ATP and decreased MMP —and that forc-
ing a decrease in MMP alone is sufficient to rescue the IFN-
induced increase in efferocytosis in Isg75~/~ macrophages.

IFN-induced mitochondrial fission negatively regulates
ISG induction in macrophages

We then questioned whether OMA1 or ISG15 deficiency would
affect other readouts of macrophage activation upon STING or
IFNAR stimulation. We stimulated BMDMs with STING agonists
and found no differences in Ifnb or lI6 transcription in the
absence of OMAT1 or ISG15 (Figures S5A and S5B). Notably,
stimulation of BMDMs with IFN-I resulted in increased ISG
expression in the absence of OMA1, including /fit3 mRNA
(Figure 5A) and Sca-1 (LyBA/E)°">® (Figures 5B and S5C), indi-
cating an enhanced feed-forward loop in the absence of
OMA1. Given that OMA1 has other functions in the cell, indepen-
dent of mitochondrial fission,%®° we tested the effect of Mdivi1,
a mitochondrial fission inhibitor.®' Pre-treatment of WT BMDMs
with Mdivi1 also increased /fit3 mRNA along with Sca-1 expres-
sion upon IFN-I stimulation (Figures 5C, 5D, and S5D). A similar
increase in ISG transcription and Sca-1 upregulation was also
found in /sg75~/~ BMDMs stimulated with IFN-I (Figures 5E,
5F, and S5E). These data point to ISG15- and OMA1-dependent
mitochondrial fission as a negative regulator of downstream ISG
induction upon IFN-I stimulation.

Given the importance of IFN-I in the control of viral replication,
we tested the effect of ISG15 or OMA1 deficiency on VACV infec-
tion. Mice were infected with VACV in the ear pinnae
(Figure 5G).°> On days 2 and 7, ears were processed for analysis
of viral titer. At day 2, we observed no differences in VACV titer in
the ear between genotypes (Figure 5H). However, by day 7, both
Isg15~'~ and Oma1~’~ mice showed decreased VACV titers
compared with WT mice (Figure 5H). Further analysis of the im-
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mune compartment in the ear of these mice revealed a slight in-
crease in monocytes and neutrophils in the ears of Isg75~/~ mice
upon infection (Figure S5F) and an increased frequency of late
apoptotic neutrophils and monocytes (Figures S5G and S5H),
in line with a potential defect in AC clearance. To exclude an ef-
fect in non-hematopoietic cells in the ear, we generated BM chi-
meras with WT, Isg75~/~, or Oma1~'~ donor BM (Figure 5I). In
the chimera setting, mice with Isg75~/'~ or Oma?~'~ BM showed
decreased VACYV titer in the ear on day 7 post infection
(Figure 5J). These findings are in line with increased ISG induc-
tion in both Isg75~/~ and Oma?~/~ mice, supporting the physio-
logical relevance of this effect, dependent on the hematopoietic
cell compartment.

IFN-dependent mitochondrial fission decreases ER-
mitochondria contacts to limit ISG induction
Mitochondrial fission decreases mitochondrial length and the
length of contacts between mitochondria and neighboring or-
ganelles, such as the endoplasmic reticulum (ER).°® Thus, we hy-
pothesized that these contacts would be reduced upon IFN-I
stimulation. The gold standard for ER-mitochondria detection
is electron microscopy, which provides the resolution required
to see these nanometer-scale contacts (i.e., regions of ER and
mitochondria apposition narrower than 30 nm).** Using this
technique, we observed a decrease in ER-mitochondria con-
tacts upon IFN-I treatment (Figures 6A, 6B, and S6A). To confirm
this decrease using an independent technique, we performed a
fluorescence resonance energy transfer (FRET) experiment
with fluorescent tethering partners targeted to the ER and the
outer mitochondrial membrane, coupled to FRB and FKBP pro-
teins, respectively, enabling their stabilization upon rapamycin
supplementation.®* FRB-FKBP heterodimerization only occurs
when the organelles are naturally close, which can be detected
by quantification of the FRET signal. Acute addition of rapamycin
increased the FRET signal detected in transduced BMDMs, and
this effect was decreased in BMDMs stimulated with c-di-GMP
or IFN-a (Figure S6B). Thus, IFN-I-induced mitochondrial fission
is also linked to decreased mitochondrial-ER communication.
We hypothesized that the decrease in ER-mitochondria con-
tacts observed upon IFN-I treatment would not occur to the
same extent in Isg75~/~ and Oma?~'~ BMDMs. Quantification
of ER calnexin and mitochondrial TOM20 colocalization by
confocal microscopy in BMDMs confirmed a decrease in ER-
mitochondria proximity upon STING stimulation, which was
dependent on IFNAR, as well as upon IFN-I treatment
(Figures S6C and S6D). Notably, this decrease upon STING or
IFNAR stimulation was lost in /sg75~/~ BMDMs and dampened
in Oma1~~ BMDMs (Figure 6C). ISG transcription is tightly
controlled by phosphorylation and acetylation events.®>’

(J) Percentage of active caspase-3* cells in the thymus of Isg715*/* or Isg15~/~ BM chimeric mice treated with dexamethasone for 4 h, n = 3.

(K) Percentage of F4/80*CD11b*CTV* cells in a model of zymosan-induced peritonitis in WT, Isg75~/~, and Oma1

is shown, n = 9-10.

~/~ mice. A pool of 2 independent experiments

(L) Flow cytometric analysis of the ratio of F-actin to G-actin gMFI in WT and Isg75~'~ BMDMs stimulated with the indicated stimuli, n = 3.

(M) Percentage of CSFE* AC uptake in WT and /sg75~/~ BMDMs treated as indicated with oligomycin or CCCP for 15 min prior to IFN-p or control for 4 h, n = 4.
Data presented as mean + SD, representative of at least 2 independent experiments, except for (K), which is a pool of 2 independent experiments. Analysis
performed using one-way ANOVA with Dunnett’s multiple comparisons test (A and K), two-way ANOVA with Tukey’s multiple comparisons test (B, C, F, G, I-K,

and M), or paired t test (L).
See also Figure S4.
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Figure 5. IFN-I-induced mitochondrial fission limits ISG induction in BMDMs

(A) Ifit3 mRNA quantification in WT and Oma7~'~ BMDMs treated with IFN-f for 0 or 4 h, n = 5-6.

(B) Flow cytometric analysis of Sca-1" cells in WT and Oma?~/~ BMDMs treated or not with IFN-p for 16 h, n = 4.

(C) Ifit3 mRNA quantification in WT BMDMSs pre-treated or not with fission inhibitor Mdivi1 before IFN-f stimulation for 0 or 4 h, n = 3.

(D) Flow cytometric analysis of Sca-1" cells in WT BMDMs pre-treated or not with Mdivi1, then stimulated with IFN-p for 16 h, n = 4.

(E) Ifit3 mRNA quantification in WT and Isg75~/~ BMDMs treated with IFN-B for 0 or 4 h, n = 3.

(F) Flow cytometric quantification of Sca-1" cells in WT and /sg75~'~ BMDMs treated or not with IFN-p for 16 h, n = 4.

(G) Schematic of VACV infection and experimental endpoints.

(H) VACV-infected and control ears from mice shown in (G) were processed for quantification of viral titer by plaque assay, n = 3-7, mean + SEM.
() Experimental schematic of BM transplant, VACV infection, and experimental endpoint.

(J) Quantification of VACV viral titer in ears from mice shown in (l), n = 8-9.

Data presented as mean + SD, except where indicated, representative of at least 2 independent experiments. (H) and (J) show a pool of 2 experiments. Analysis
was performed using two-way ANOVA with Tukey’s multiple comparisons test (A-F and H), and one-way ANOVA with Dunnett’s multiple testing (J).
See also Figure S5.
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Figure 6. IFN-I-induced mitochondrial fission decreases ER-mitochondria contact sites and restrains ISG amplification

(A) Representative images from transmission electron microscopy of BMDMs stimulated with IFN-p for 0 or 16 h. Pseudocolor was added to images to show
mitochondria (pink) and ER (blue).
(B) Quantification of the extension of ER-mitochondria (mito-ER) contacts, shown as a percentage of total mitochondria circumference (left) or total ER length
(right), in cells treated as in (A); n = 3 with at least 10 sections analyzed per condition.

(legend continued on next page)

Immunity 59, 306-321, February 10, 2026 315




¢? CellPress

OPEN ACCESS

Both histone acetylation and deacetylation positively regulate
IFNAR-dependent STAT activation and ISG transcription.®®"°
To examine the role of acetylation in IFNAR signaling in our
setting, we supplemented cells with acetate to provide addi-
tional substrates for acetylation. In WT cells, acetate supplemen-
tation increased expression of the ISG Sca-1 upon IFN-I
stimulation, supporting a positive role for acetylation in IFNAR-
mediated regulation (Figures S6E and S6F).

We first hypothesized that sirtuins, a family of nicotinamide
adenine dinucleotide (NAD)-dependent deacetylases reported
to promote ISG transcription, could mediate changes in acetyla-
tion. However, we found only a slight increase in the NAD*/nico-
tinamide adenine dinucleotide hydrogen (NADH) ratio in
Oma1~'~ BMDMs upon 16 h of IFN-I treatment, with no change
in WT or Isg75~~ BMDMs (Figure S6G), suggesting that sirtuins
are not the drivers of increased ISG induction in Isg75~~ and
Oma1~'~ BMDMs treated with IFN-I.

Given the role of ER contact sites in mitochondrial calcium
regulation, we then tested mitochondrial calcium using the probe
Rhod2. We observed no difference in unstimulated conditions in
any genotype; however, upon IFN-p stimulation, there was a
drop in mitochondrial calcium in WT BMDMs that was not
observed in Isg15~~ and Oma?~'~ BMDMs (Figure 6D). Mito-
chondrial calcium serves as a cofactor for several mitochondrial
enzymes, including pyruvate dehydrogenase (PDH) phospha-
tase, a key enzyme in the regulation of tricarboxylic acid (TCA)
cycle function and subsequent acetyl-coenzyme A (CoA) pro-
duction.”” We hypothesized that increased mitochondrial cal-
cium availability could promote histone acetylation in the pres-
ence of signal-transducing transcription factors upon IFN-I
stimulation, thereby increasing ISG production.”® To test this,
we measured acetylation of histone 3 lysine 9 (H3K9ac), a posi-
tive regulator of IFNAR signaling, by flow cytometry.”® Both
Isg15~/~ and Oma1~’~ BMDMs increased H3K9ac upon IFN-|
stimulation compared with WT cells (Figure 6E).

To test the effect of ER-mitochondrial calcium regulation on
ISG induction and histone acetylation upon IFNAR stimulation,
we stimulated BMDMs with IFN-I in the presence or absence of
an inhibitor of mitochondrial calcium uptake (Ru360) or an inhib-
itor of pyruvate entry into the TCA cycle (UK5099) in WT and
Isg15~'~ or Omal™~ cells (Figure 6F). No difference was
observed basally, yet upon IFN-I stimulation, both inhibitors pre-
vented the increase in induction of Sca-1 in Isg75~~ and
Oma1~/~ BMDMs compared with WT BMDMs (Figure 6F). There-
fore, the increase in ISG induction upon IFNAR stimulation in
Isg15~'~ and Oma1~'~ BMDMs relied on mitochondrial calcium

Immunity

uptake and pyruvate entry into the TCA cycle. Pre-treatment
with either compound also decreased the H3AcK9 detected in
Isg15~'~ BMDMs upon IFN-I stimulation (Figure S6H). Together,
these data point to mitochondrial fission as a regulator of ER-
mitochondria contact sites and mitochondrial calcium entry,
regulating histone acetylation and IFNAR signaling (Figure 6G).

DISCUSSION

IFN-1 is important for both initiation and resolution of inflamma-
tion.®%"*"> Here, we have provided a mechanism by which
IFN-I promotes the resolution of inflammation, boosting effero-
cytosis and restricting autocrine IFN-I signaling. The metabolic
profile observed upon IFN-I treatment was characterized by
low MMP and maintained mitochondrial oxygen consumption.
Although low MMP is often associated with malfunctioning or
damaged mitochondria, our results revealed that it may be asso-
ciated with increased ATP synthesis. This resembles the
behavior of low MMP T cells, which are more stem-like and
show higher mitochondrial activity compared with their high-
MMP counterparts.”® However, a study in macrophages has
shown a decrease in MMP associated with mitochondrial
dysfunction during Mycobacteria infection associated with
IFN-1,”” while another study describes a link between low MMP
and mtDNA release, activating cytosolic STING.** Therefore,
although we observed an acute decrease in MMP alongside sus-
tained OCR, this state may be transient and could result in mito-
chondrial dysfunction and DAMP release.

Based on the proteomics data that we and others have gener-
ated, we found that ISG15 conjugated to several mitochondrial
targets, which could affect MMP.?%*""%** |n particular, I1SG15
conjugated to subunits of mitochondrial CV, ATP synthase. CV
ISGylation may increase ATP synthase activity and electron
flow, thereby decreasing MMP. ISG15 can function indepen-
dently of ISGylation“®; however, we found that ISG15 conjuga-
tion to target proteins was essential for the reduced MMP and
increased ATP production observed upon IFN-I. Other ISGyla-
tion targets include SCL25A5, an ADP/ATP translocase, which
could also alter cellular ATP production.

Efferocytosis is an energy-demanding process, and sustained
ATP production has previously been shown to be important for
the uptake of efferocytic cargo.”® However, ATP is just one factor
in a highly regulated metabolism-dependent process. In IFN-I-
stimulated macrophages, we find both increased cellular ATP
concentrations and depleted MMP, the latter of which was pre-
viously found to be sufficient to increase efferocytic capacity.*®

(C) Quantification of Tom20 and calnexin colocalization in confocal microscopy images of WT, Oma1~'~,and Isg75’/’ BMDMs stimulated with c-di-GMP for 0, 4,
or 20 h. At least 10 cells per field of view were quantified. Each point indicates a biological replicate, n = 7-10.
(D) Representative histograms (left) and quantification of Rhod2 gMFI by flow cytometric analysis in WT, Oma?~'~, and Isg75~/~ BMDMs stimulated with or

without IFN-p for 16 h, n = 8.

(E) Representative histograms (left) and flow cytometric quantification of acetylated lysine 9 residue on histone 3 (H3K9ac) gMFI (right) in WT, Oma1~/~, and

Isg15’/’ BMDMs stimulated with IFN-f for 16 h, n = 3.

(F) Flow cytometric analysis of Sca-1" cells in WT, Isg75~/~, and Oma?~/~ BMDMs stimulated or not with IFN-B for 16 h in the presence or absence of UK5099 or

Ru360, n = 4.
(G) Graphical summary of data presented.

Data presented as mean + SD (B and D-F) or box and whiskers plot indicating median, quartiles, and range (C), representative of at least 2 independent ex-
periments, except (C and D), which are a pool of 2 dent experiments. Analysis was performed using Student’s t test (B) or two-way ANOVA with Tukey’s multiple

comparisons test (C-F).
See also Figure S6.
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Our results using CCCP support the importance of MMP reduc-
tion in promoting efferocytosis. The downstream mechanism by
which loss of MMP increases efferocytosis is unknown and will
require further investigation.

A secondary consequence of MMP depletion is the induction
of mitochondrial fission. Mitochondrial dynamics have previ-
ously been shown to promote continual efferocytosis.”® Howev-
er, in the context of IFN treatment, we saw no defect in the ability
of Oma1~'~ cells to efferocytose cargo. In vivo, both Oma1~/~
and /sg75~'~ mice showed enhanced control of VACV replica-
tion upon intradermal infection, indicating the physiological rele-
vance of this ISG induction. It is important to note that other fac-
tors rather than direct IFNAR regulation can contribute to altered
control of viral replication. It has been previously shown that
ISG15 degrades USP18 and RIG-I to regulate IFN-I induction
and RNA-induced responses, respectively.”**° ISG15 was also
shown to directly ISGylate Drp1 to promote mitochondrial
fission, indicating potential redundancy in this feedback loop.?"

While increased IFN-I can be beneficial in viral infection, IFN-I
should be tightly controlled to maintain organismal health.
Excess production of IFN-I leads to systemic damage in inter-
feropathies.® In the case of the thymus, high systemic concen-
trations of IFN-I and ISGs are found basally, promoting our hy-
pothesis that this could support the high efferocytic demands
of the organ. However, the thymus also requires cytokine regu-
lation to avoid autoimmunity, such as in myasthenia gravis.®*

ER-mitochondrial contacts are important for the transport of
lipids and calcium to mitochondria, as well as for harboring
several immune signaling proteins such as the nucleotide-bind-
ing domain, leucine-rich repeat, pyrin domain containing 3
(NLRP3) inflammasome.®* A recent study in T cells has shown
that more ER-mitochondrial contacts correlate with increased
cytokine production, dependent on mitochondrial calcium trans-
port.®° In the context of ISG induction, it is known that the IFN-p
enhanceosome depends on the recruitment of histone acetyl-
transferases to acetylate the nucleosome, resulting in chromatin
remodeling.’® Our results, showing increased H3K9ac upon
IFN-I treatment in the absence of ISG15 or OMA1, support the
importance of acetylation for autocrine IFN-I signaling®” and
the notion that ER-mitochondrial contacts support increased
TCA cycle activity and, subsequently, enhanced ISG
transcription.

In conclusion, we propose that IFNAR induction of ISG15 is
linked to ISGylation of mitochondrial proteins, leading to an in-
crease in intracellular ATP and a loss of MMP, associated with
increased efferocytic capacity. This decreased MMP also acti-
vates OMA1 and mitochondrial fission in BMDMs, reducing
ER-mitochondrial contacts and negatively regulating histone
acetylation and ISG induction. Given the promise of IFN-I in clin-
ical settings such as cancer, but its current lack of success,®® an
increased understanding of metabolic adaptations downstream
of IFNAR may help explain the multifunctional roles of this
cytokine.

Limitations of the study

We have shown the role of ISGylation in MMP and ATP produc-
tion and identified proteins of mitochondrial CV as candidate tar-
gets; other ISGylated targets may be important in this response,
both inside and outside of the mitochondria.”® Although we
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demonstrated that IFN-I treatment correlates with changes in
mitochondrial morphology, we did not directly measure activa-
tion of the fission machinery. Mechanistically, the decrease in
MMP upon IFN-I stimulation was found to enhance efferocyto-
sis, consistent with previous findings on uncoupling protein 2
(UCP2).*® Because MMP influences numerous intracellular pro-
cesses, the pathway by which it regulates efferocytosis remains
unclear. In vivo studies were performed using mice with a genetic
deletion of Isg75 or Oma1, as well as ablated or chimeric mice
with hematopoietic-specific deletion; however, we cannot
exclude the possibility that this signaling axis acts on non-
macrophage cell types. Another open question is whether
altered efferocytosis affects subsequent cytokine induction, as
was shown for IL-10 production in post-efferocytic macro-
phages.?” It remains to be studied what threshold of IFN-I
signaling triggers this response in vivo and how tonic IFN-I
signaling shapes these effects. Further studies are required to
determine the metabolic and epigenetic states of cells with
increased mitochondrial fusion upon IFN-I treatment to elucidate
the underlying mechanisms.
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SOURCE

IDENTIFIER

Antibodies

Anti-mouse CD16/CD32 (clone 2.4G2)
Anti-mouse F4/80 Monoclonal Antibody
(clone BM8), PE, eBioscience™

CD11b Monoclonal Antibody (M1/70),
eFluor 660, eBioscience™

InVivoMADb anti-mouse IFNAR-1 (clone
MAR1-5A3)

Anti-mouse Tom20 Antibody (clone FL-145)
Anti-mouse Calnexin (AF18)

CD45.1 Monoclonal Antibody (A20), APC,
eBioscience™

APC/Fire™ 750 anti-mouse CD45.1
Antibody

BD Horizon™ V450 Mouse Anti-Mouse
CD45.2 (clone 104)

CD45 Monoclonal Antibody (30-F11), APC-
eFluor™ 780, eBioscience™

MHC Class Il (I-A/I-E) Monoclonal Antibody
(M5/114.15.2), APC-eFluor 780,
eBioscience™

BD Pharmingen™ PerCP-Cy™5.5 Rat Anti-
Mouse I-A/I-E Clone M5/114.15.2 (RUO)
Brilliant Violet 421™ anti-mouse CD64
BV786 Rat Anti-Mouse CD90.2

Clone 30-H12

BD Pharmingen™ FITC Rat Anti-Mouse Ly-
6C Clone AL-21 (RUO)

Ly-6C Monoclonal Antibody (HK1.4),
PerCP-Cyanineb.5, eBioscience™

BD Pharmingen™ PE Rat Anti-Mouse Ly-6G
Clone 1A8 (RUO)

Anti-ISG15 (Clone F-9)
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Subunit Beta Monoclonal Antibody,
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Acetyl-Histone H3 (Lys9) (C5B11)

Rabbit mAb

Ly-6A/E (Sca-1) Monoclonal Antibody (D7),
PE-Cyanine7, eBioscience™

Goat anti-Mouse IgG (H+L) Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ 488

Goat anti-Rabbit IgG (H+L) Highly Cross-
Adsorbed Secondary Antibody, Alexa
Fluor™ 647

Tonbo Biosciences

Thermo Fisher Scientific

Thermo Fisher Scientific

BioXCell

Santa Cruz Biotechnology
Santa Cruz Biotechnology

Thermo Fisher Scientific

Biolegend

BD Biosciences

Thermo Fisher Scientific

Thermo Fisher Scientific

BD Pharmingen™

Biolegend
BD Biosciences

BD Biosciences

Thermo Fisher Scientific

BD Biosciences

Santa Cruz Biotechnology

Abcam

Cell Signaling

Invitrogen

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat# 70-0161; RRID: AB_2621487
Cat#12-4801-82; RRID: AB_465923

Cat#50-0112-80; RRID: AB_11218677

Cat#BE0241; RRID: AB_2687723

Cat#tsc-11415; RRID: AB_2207533
Cat#sc-23954; RRID: AB_626783
Cat# 17-0453-82; RRID: AB_469398

Cat#110752; RRID: AB_2629806

Cat#560697; RRID: AB_1727495

Cat#47-0451-82; RRID: AB_1548781

Cat# 47-5321-80; RRID: AB_1548783

Cat# 562363; RRID: AB_11153297

Cat#139309; RRID: AB_2562694
Cat#740841; RRID: AB_2740495

Cat#561085; RRID: AB_394628

Cat#45-5932-82;RRID:AB_2723343

Cat#551461; RRID: AB_394208

Cat#sc-166755; RRID: AB_2126308

Cat# ab14730; RRID: AB_301438

Cat#9649; RRID: AB_823528

Cat#25-5981-82; RRID: AB_469669

Cat#A-11001; RRID:AB_2534069

Cat#A-21245; RRID:AB_2535813

Bacterial and virus strains

Vaccinia virus Western Reserve (VACV-WR)

Jonathan W. Yewdell and Jack R. Bennink
(NIH, Bethesda, Maryland, USA)
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MVA-A3-ISG15 virus (AA or GG) Falqui et al.*® DOI: 10.3389/fcimb.2023.1187193

Chemicals, peptides, and recombinant proteins

Liberase™ TL Research Grade Sigma-Aldrich Cat#5401020001

DNase |, Bovine Pancreas, > 2000U/MG Biomatik Cat#A4193

DAPI (4’,6-Diamidino-2-Phenylindole,
Dihydrochloride)

Ghost Dye™ Red 780

Hoechst 33342

Red Blood Cell Lysing Buffer Hybri-Max™
Oligomycin

Carbonyl Cyanide
3-chlorophenylhydrazone (CCCP)
Rotenone

Antimycin A

Tetramethylrhodamine methyl ester
perchlorate (TMRM)

JC-1

Mouse IFN Beta, Mammalian
Recombinant Mouse IFN-alpha 2/IFNA2

Lyophilized cationic lipid for transfection of
mammalian cells

2’3’ GAMP

c-di-GMP

5’ triphosphate double stranded RNA
LPS-EK

R848

CpG ODN 1826

Zymosan

Phalloidin-Alexa Fluor 647
Deoxyribonuclease |, Alexa Fluor™ 488
Conjugate

Mdivi-1

UK-5099 inhibitor of Mitochondrial Pyruvate
Carrier

Ru360 inhibitor of mitochondrial Ca2+
uptake

SIRT-IN-1

Rapamycin Ready Made Solution, 2.5 mg/
mL in DMSO (2.74 mM)

Rhod-2 AM (Bromide)

H2DCFDA

MitoTEMPO

CellTrace™ Violet

CellTrace™ CFSE Cell Proliferation Kit
Dexamethasone

Crystal Violet

RPMI Medium 1640

Paraformaldehyde (PFA) 16% (w/v)
Triton X-100

Mouse anti-rabbit IgG PE-Cy7
Immobilon Forte Western HRP Substrate

Thermo Fisher Scientific

TonboBIO

Thermo Fischer Scientific

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Enzo Lifesciences
PBL assay science
R&D Systems
Invivogen

Biolog

Biolog

Invivogen
Invivogen
Invivogen
Invivogen
Invivogen
Invitrogen
Invitrogen

Sigma
MedChem Express

Sigma Aldrich

MedChem Express
Sigma Aldrich

StemCell Technologies
Thermo Fisher

Sigma Aldrich
Invitrogen

Invitrogen

Sigma

Sigma

Gibco

Thermo Fisher

Sigma Aldrich

Santa Cruz Biotechnology

Millipore

Cat#D1306; RRID: AB_2629482

Cat# 13-0865-T500
Cat# H3570
Cat#R7757
Cat#04876
Cat#C2759

Cat#R8875
Cat#A8674
Cat#T5428

Cat#ENZ-52304
Cat#12405-1
Cat#10149-IF-010
Catitlyec-2

Cat#C161

Cat# C057-05
CatittIrl-3prna
Cat# tirl-eklps
Cati#tlrl-r848-5
Cati tIrl-1826-1
Cat# tlrl-zyn
Cat#A22287
Cat#D12371

Cat#M0199
Cat#HY-15475

Cat#557440

Cat#HY-16615
Cat#R8781

Cat#100-0994
Cat#D399
Cat# SMLO737
Cat# C34557
Cat#t C34554
Cat#D4902
Cat#C0775
Cat#11875093
Cat# 28908
Cat#X100
Catitsc-516721
Cat#638179

(Continued on next page)

Immunity 59, 306-321.e1-e7, February 10, 2026  e2



¢? CellPress

OPEN ACCESS

Immunity

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

NAD/NADH-Glo™ Assay Promega Cat#G9071
LumiKine Xpress mIFN-p 2.0 Invivogen Cat#luex-mifnbv2
R&D Systems™ Mouse CCL5/RANTES Fisher Scientific Cat#30021809
DuoSet ELISA

Luminescent ATP Detection Assay Kit Abcam Cat#ab113849
FITC Active Caspase-3 Apoptosis Kit BD Pharmigen Cat#550480
Lactate assay kit Merck Cat#MAKO064-1KT
Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225
RNeasy Micro Kit QIAGEN Cat# 74004
QlAamp DNA Mini Kit QIAGEN Cat# 51304
High-Capacity cDNA Reverse Applied Biosystems Cat#4368814
Transcription Kit

GoTaq gPCR Master Mix Promega Cat#A6001
Seahorse XFe96 FluxPak Agilent Cat#103792-100
FITC Annexin V Apoptosis Detection Biolegend Cat#640914

Kit with Pl

Experimental models: Cell lines

Immortalized Mouse Embryonic
Fibroblasts (MEFs)

Latorre-Pellicer et al.?®

doi: 10.1016/j.cmet.2019.09.007

CV1 ATCC CCL-70 N/A

Experimental models: Organisms/strains

OMA1~" mice Quirds et al.®® doi: 10.1038/emboj.2012.70

ISG157" mice Osiak et al.” DOI: 10.1128/MCB.25.14.6338-6345.2005;
PMID: 15988020

Oligonucleotides

Primers for qRT-PCR, see Table S2 This study N/A

Recombinant DNA

pLVX- [OMM-FKBP-YFP]-P2A-[CFP- FRB- This study N/A

ER] (FEMP lentivirally delivered probe)

Software and algorithms

ImageJ/Fiji

GraphPad Prism version 9
BD FACSDiva™ Software
FlowJo v10

SDS software version 2.4 (Applied
Biosystems 7900HT Fast Real-Time PCR
System Software)

Seahorse Wave Desktop Software

Schindelin et al.”’

GraphPad Software

BD Biosciences

Tree Star

Thermo Fisher Scientific

Agilent technologies

https://imagej.net/software/fiji/
https://www.graphpad.com
https://www.bdbiosciences.com/
https://www.flowjo.com/
https://www.thermofisher.com/

https://www.agilent.com

Other

ProLong™ Gold Antifade Mounting media

Life Technologies

Cat#P36930

METHOD DETAILS

Mice

Male and female C57BL/6 CD45.2 WT, CD45.1 WT, Oma1™", and /sg15'/' mice maintained on chow diet were used between 8 and
12 weeks of age for all experiments. The local ethics committee approved all animal studies (PROEX 026/17 and PROEX 115/19), and
all animal procedures were compliant with the EU Directive 2010/63/EU and Recommendation 2007/526/EC regarding the protection
of animals used for experimental and other scientific purposes, enforced by the Spanish law under RD 1201/2005.
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Cell culture

Cells were routinely cultured in R10 media (RPMI (Gibco) supplemented with 10% heat-inactivated FBS (Sigma), Non-Essential
Amino Acids (Hyclone), Sodium Pyruvate (Hyclone), HEPES (Lonza), Beta-mercaptoethanol, Pen/Strep (Gibco), L-Glutamine
(Hyclone)). Bone marrow was harvested from femur and tibia of mice by flushing bones with R10 media. Red Blood Cell lysis was
performed using RBCL buffer (Invitrogen) and stopped by addition of R10 media. Cells were then filtered through 70um nylon
mesh and resuspended in appropriate media.

To generate Bone Marrow-Derived Macrophages (BMDMs), cells were cultured in R10 supplemented with 30% mycoplasma-free
L929 cell supernatant containing M-CSF (NCBI Biosample accession number SAMN00155972) for 5 days, with further media addi-
tion on day 3, in non-tissue culture 10 cm Petri dishes. BMDMs were detached from their plates using 5mM EDTA/PBS for use in
experiments.

For FIt3L DCs, cells from one femur and tibia were cultured in 14 ml of R10 supplemented with 50ng/ml FIt3L for 9 days, with an
addition of 5 ml of media on day 7. In FIt3L cultures, floating cells were harvested for use in experiments.

Peritoneal macrophages were isolated by peritoneal lavage in 10ml of PBS. Lavages were then centrifuged and plated in 10ml of
R10 media in a non-tissue culture treated 10cm Petri dish and allowed to attach for 2 hours. After this time, the plates were washed
with R10 to remove non-adherent cells. Remaining cells were detached with 5mM PBS/EDTA, counted and used for experiments. All
experiments with peritoneal macrophages included quantification of macrophage percentage by flow cytometry.

Cell stimulation with indicated immune ligands was performed after cell counting and plating. c-di-GMP and cGAMP (Biolog) were
used at 10pg/ml, 5’ppp-dsRNA (Invivogen) was used at 1pg/mg. Nucleotides were transfected into cells using LyoVEC (Invivogen)
transfection reagent, following manufacturer’s instructions. 100ng/ml of LPS (Invivogen), Poly(l:C) (Invivogen), 1pg/ml R848 (Invivo-
gen), and 5ug/ml CpG DNA (Invivogen) were added directly to cell culture medium for indicated times. IFNa and IFNp were added to
cells at a concentration of 50 ng/ml and 500 U/ml, respectively.

Visualization of ER-mitochondrial contact by FRET measurements

A bicistronic FRET reporter was constructed on the lentiviral backbone pLVX-CMV2 by sequentially joining the ORFs of FRB/FKBP
artificial heterodimer system partners localized to either the cytoplasmic surface of the ER (CFP-FRB-ER) or the cytoplasmic surface
of the mitochondria (AKAP-FKBP-YFP), separated by a P2A protease cleavage target site. The equimolar expression of these part-
ners allows for the estimation of ER-mitochondria extension by FRET, and the further stabilization of ER-mitochondria tethering upon
addition of rapamycin, as first established by the Hajnéczky group.®* Due to the FRB and FKBP domains in each construct, the addi-
tion of rapamycin causes rapid heterodimerization inducing tethering of membranes from two organelles that are within close prox-
imity. This interaction was quantified by flow cytometry-based FRET assay using the Fortessa (BD Biosciences). Cells were excited
with the 405nm laser to excite CFP (450/50 filter) or FRET (525/50 filter) signal. YFP signal was measured by excited cells with the
488nm laser and measuring emission with the 530/30 filter.

Efferocytosis Assays

In vitro efferocytosis assays were performed using CFSE (Invitrogen)-labelled MEFs in which apoptosis was induced by exposure to
100 mJ/cm? (Stratolinker) while the cells were resuspended in a small volume of PBS, followed by incubation in complete media over-
night. Macrophages were plated and stimulated prior to the addition of ACs. ACs were incubated with macrophages at a ratio of 3:1in
experiments unless otherwise stated. After 1 hour, macrophages were detached for plates using 5mM EDTA/PBS and stained for
macrophage specific surface markers for flow cytometry analysis. The percentage of AC* macrophages was quantified. Macro-
phages and ACs incubated at 4°C, as well as macrophages alone and ACs alone were used as controls.

In vivo efferocytosis assays were adapted from previously described methods.*® In brief, mice were administered with 250 pg
dexamethasone (Sigma) intraperitoneally. 4 hours later, thymic weight and cellularity was noted. Thymic macrophage numbers
and thymocyte expression of Active Caspase-3 (FITC Active Caspase-3 Apoptosis Kit, BD Pharmingen # 550480) were also analyzed
by flow cytometry. For bone marrow chimera experiments, chimera efficiency was determined by CD45.1/CD45.2 staining system-
ically and within the thymus.

Bone marrow graft

WT C57BL/6J CD45.1* mice were irradiated with 2 doses of 5.5 Gy, 3 hours apart. Irradiated mice received BM cells extracted from
the medulla of indicated CD45.2+ mice using 1/10 of the total medulla from 2 femurs and 2 tibias by i.v. injection in PBS. Irradiated
mice also received subcutaneous injections of 25 pg Cefovecina antibiotic per mouse in PBS. After 30 days, the reconstitution effi-
ciency was analyzed in blood, checking the percentage of CD45.1 and CD45.2 expression in circulating monocytes and neutrophils.
Successfully reconstituted mice were used for experiments.

Zymosan-induced peritonitis

As reported previously.>*°° Briefly, mice were injected i.p. with 0.1 mg Zymosan (Invivogen). On day 11 post-injection, 4x10° CTV-
labelled apoptotic MEFs were injected i.p. 45 minutes later, peritoneal lavage was performed with 8 ml of FACS buffer. Peritoneal
exudate was surface stained and analyzed by flow cytometry.
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Viral Infection and Quantification
VACV Western Reserve (VACV-WR) was a gift from Jonathan W. Yewdell and Jack R. Bennink (NIH, Bethesda, Maryland, USA).
Stocks were grown in CV-1 monolayers and used as clarified sonicated cell extracts. Mice were infected i.d. in the ear with 5x10*
pfu of VACV-WR. On day 0, 3, or 7, ears were processed, and viral titer was quantified as previously described (Iborra et al.,
2012%). In brief, the ventral and dorsal dermal sheets of infected mouse ears were separated with forceps, cut into fine pieces,
and incubated with 50 pg/ml liberase (Roche) for 30 minutes at 37°C. Ear tissue was then filtered through a 70um mesh. For virus
titration, Homogenates were subjected to 5 freeze-thaw cycles before quantification. 100,000 CV-1 cells were plated in a 24-well
culture plate overnight. The following day, media was removed from these cells and 200ul of serially diluted tissue homogenate
was added to cells, in serum free DMEM media. After 1-hour incubation, DMEM with serum was added on top to prevent further viral
entry. After 24 hours of incubation, supernatant was removed and the assay was stopped by fixation and staining with 0.5% crystal
violet/methanol for 5 minutes. Wells were washed several times in water and left to dry. Plaques were counted and the resulting num-
ber was multiplied by the dilution factor to calculate plaque forming units (pfu)/ml.

MVA-ISG15-GG and MVA-ISG15-AA were generated as previously described.*® BMDMs were infected with 1x107 1U/ml of virus
for 1 hour in DMEM-2% FBS. After 1 hour, virus containing media was removed and replaced with DMEM-10% FBS for a further 4
hours. After this time, cells were used for experiments.

Flow cytometry

For the majority of assays, cells were detached from plates using 5mM EDTA/PBS and transferred to V-bottom 96-well plates. For
extracellular staining, cells were centrifuged at 1700rpm for 5 minutes and resuspended in antibody cocktails and Fc block in 50pl of
FACS buffer (2.5 % FBS, 2.5 mM EDTA in PBS). Flourescence was analyzed using the LSR Fortessa (BD Biosciences) or Cytoflex LX
(Beckman Coulter) and the following antibodies: CD16/CD32 (clone 2.4G2, Fc block, TonboBio #70-0161-M001), F4/80 (clone BM8)-
PE (eBioscience #12-4801-82) -APC (eBioscience #17-4801-82), CD11b (clone M1/70)-eFluor660 (eBioscience #50-0112-80) -FITC
(BD Pharmingen #553310), CD64 (clone X54-5/7.1)-BV421 (BioLegend #139309), CD45.1 (clone A20)-APC/Fire (BioLegend
#110752), CD45.2 (clone 104)-V450 (BD Horizon #560697), Ly6A/E (Sca-1, clone D7)-PE-Cy7 (Thermo #25-5981-82). DAPI or Ghost
Dye Red 780 (Cytek) were used as viability dyes depending on the experiment.

For analysis of MMP, cells were resuspended in 50 nM Tetramethylrhodamine methyl ester (TMRM; Thermo Fisher) in phenol-red
free R10 media. To measure intra-organelle calcium, cells were detached from their plate by scraping, to avoid the use of calcium
chelator EDTA. Cells were stained with 2uM Rhod2 probe (StemCell) in RPMI media for 20 minutes at 37°C, before washing in
HBSS, DAPI was added immediately prior to analysis. F-actin and G-actin were detected following manufacturer’s instructions. In
brief, cells were fixed in 100pul 4% PFA for 15 minutes at room temperature. Cells were then washed 3 times in PBS and permeabilized
in 1x Permeabilization buffer (eBioscience) and centrifuged at 1000g for 5 minutes. Cells were then stained in permeabilization buffer
with DNase-1-AF488 (Invitrogen) and Phalloidin-Alexa647 (Molecular Probes) for 1 hour, prior to 1 wash in permeabilization buffer
and 1 wash in HBSS. The geometric Mean Fluorescent Intensity (gMFI) of F-actin and G-actin staining was analyzed and the data
was presented as a ratio between these values. Cytometry data was analyzed using FlowJo (TreeStar).

Confocal microscopy

Cultured BMDMs were seeded on glass coverslips at differentiation day 5 and stimulated as indicated. Cells were then washed in
PBS and fixed in 4% Paraformaldehyde (Thermo Fisher) diluted in PBS for 10 minutes at room temperature, before washing in
PBS. Cells were permeabilized with 0.5% Triton-X/PBS for 12 minutes at room temperature and washed in PBS. Non-specific bind-
ing was blocked by 1-hour incubation with 5% BSA/PBST (0.1%) before incubation with primary antibodies diluted 1:600 in 5% BSA/
PBST overnight at 4°C. Primary antibodies against TOM20 (FL-145, Santa Cruz) and Calnexin (AF18, Santa Cruz) were used to stain
mitochondria and endoplasmic reticulum, respectively. Cells were washed in PBST and incubated with fluorescently conjugated sec-
ondary antibodies (AlexaFluor488 and AlexaFluor647 conjugated anti-mouse and anti-rabbit secondary antibodies (Thermo)) diluted
1:1500 in 5% BSA/PBST and incubated for 3 hours at room temperature. Actin was decorated with an Alexa647-phalloidin conjugate
(Molecular Probes). Cells were incubated with DAPI 5 minutes before the final wash step and coverslips were mounted onto frosted
glass slides using ProlongGold mounting media (Life Technologies). Images were acquired using a Zeiss LSM700 confocal micro-
scope equipped with a 40x oil objective. Images were analyzed using Fiji Imaged software. Mitochondrial footprint and other morpho-
logical parameters were calculated using the MiNA analysis software.®® Colocalization of two channels was highlighted using the
RG2B plugin for Imaged, and highlighted pixels within the total cellular area were quantified.

Extracellular Flux Assay

Oxygen Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR) were determined by Seahorse Extracellular Flux assay
(Agilent) using the MitoStress Test following the manufacturer’s instructions. In brief, 100,000 BMDMs were plated in Seahorse XF96
culture plates and treated with indicated stimuli. After stimulation, media was removed from cells and replaced with Seahorse media
(DMEM base media without phenol red, supplemented with 25 mM glucose, 2 mM L-glutamine, and 1 mM Sodium Pyruvate, pH 7.4).
Sensor cartridges were hydrated with calibrant in a non-CO, 37°C incubator overnight. Mitochondrial inhibitors were pipetted into the
ports found in the sensor cartridge — In port A 8uM Oligomycin, in port B 9uM CCCP, in port C 10uM Rotenone and Antimycin A. Re-
sults were analyzed using Seahorse Wave software (Agilent).
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Analysis of supernatant

IFN-f concentrations in supernatant were measured using LumiKine Xpress mIFN-p 2.0 (Invivogen) following manufacturer’s instruc-
tions. CCL5 concentrations in supernatant were measured using a Mouse CCL5 DuoSet ELISA kit (R&D systems). Lactate was
measured using L-Lactate assay kit (Sigma).

Transmission electron microscopy

Macrophages were detached from their plates in PBS-EDTA and centrifuged at 1700 rpm (5 minutes, 4°C) to form a pellet. Fixative
(4% GL in 0.1M sodium cacodylate buffer (pH 7.4) and 4% paraformaldehyde) was slowly added at room temperature, so as not to
disturb the pellet. After 10 minutes, cell pellet was disturbed, and cells were incubated a further 1h 50 minutes in fixative. Cells were
then washed 3 times in sodium cacodylate buffer alone. A final wash in PBS with 0.01% azide was performed and pellets were kept in
PBS and azide at 4°C until further sample preparation was performed. Samples were post-fixed with 1% osmium tetroxide (in dH20)
for 1 hour at room temperature, washed with dH20 and then stained with 0.5% uranyl acetate for 10 min. Samples were dehydrated
in solutions of increasing alcohol content (30%, 50%, 70%, 95% and 100%) and acetone. Samples were then included in Durcupan
resin and incubated at 60°C for 48 hours. 60nm sections were obtained using a Leica Ultracut S Ultramicrotome (Leica). Sections
were placed in copper grids (200 mesh) and contrasted with uranyl acetate and lead citrate. Images were acquired with Jeol
Jem1010 de 100 Kv electron microscope coupled with Gatan Orius SC200 digital camera. For quantification, Fiji ImageJ software
was used. Adobe Photoshop and Adobe lllustrator were used for downstream image processing.

Quantitative Real-time PCR

RNA was extracted from cells using the RNeasy mini kit (Qiagen). 200ng of RNA was then reverse transcribed to cDNA using High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher). cDNA was then added to a mastermix of SYBR green dye (GoTag® gqPCR,
Promega) and primers targeting a gene of interest (primer sequences can be found in Table S2). SYBR green signal was measured
using the CFX384 Real-Time System 384 plate reader (Bio-Rad) and analyzed using Bio-Rad CFX manager software. Normalized Ct
values were calculated by normalizing target gene Ct to loading controls of the same sample (using 18S RNA expression, Rn18s).
Fold change of gene expression was then quantified by comparing normalized Ct values to unstimulated controls, or as indicated
in each individual experiment.

Western Blot

Cells were detached from plates in PBS-EDTA, washed in PBS (Gibco) and lysed in mammalian cell lysis buffer (50mM Tris-Cl pH 7.5,
1mM EDTA, 1TmM EGTA, 1% (v/v) Triton X-100, 1TmM sodium orthovanadate, 50mM sodium fluoride, 5mM sodium pyrophosphate,
10mM sodium B-glycerophosphate, 0.27M sucrose, 0.1% (v/v) 2-mercaptoethanol, 0.1mM PMSF, 10 ul/ml Aprotinin). Lysed sam-
ples were pre-cleared by centrifugation at 8,000 x g for 10 min. Protein was quantified in the soluble fraction using Pierce BCA Protein
Assay Kit (Thermo Fisher) and desired concentrations of protein lysate were denatured by boiling in SDS sample buffer (62.5mM Tris-
Cl pH 6.8, 2% (w/v) SDS, 10% Glycerol, 0.1% Bromophenol Blue, 50mM DTT). Proteins were separated by SDS-PAGE and trans-
ferred onto PVDF membranes of 0.45 um pore (Millipore) using wet transfer (Bio-Rad). Membranes were blocked with 5% (w/v) non-
fat milk, or 5% bovine serum albumin (BSA), in 0.1% Tween-20/PBS for 1 hour. Primary antibodies were used at a dilution of 1:1000
and incubated with membranes overnight at 4°C. Secondary HRP-coupled antibodies were used at 1:3000 and incubated with mem-
branes for 3 hours at room temperature. Membranes were developed using Immobilon ECL substrate (Millipore) and imaged on the
iBright FL1500 imaging system (Thermo Fisher).

Proteomics

BMDMs were obtained, as described above, from the bone marrow of C57BL/6 WT and ISG15-deficient mice (kindly provided by K.
Knobeloch, Freiburg University, Germany). Cells were stimulated with recombinant IFNg for 16 hours, then 1 x 107 cells per condition
were lysed (25 mM Tris pH 8, 150 mM NaCl, 2 mM MgCl,, 0.5% NP-40 and protease inhibitors) and incubated for pre-clearing with
pre-washed Protein G Dynabeads (Invitrogen; 50 pl per condition; 1 hour at 4°C). 50ul of Dynabeads per condition were washed
twice in 0.01% Tween PBS and resuspended in 200 ul of 0.01% Tween PBS containing 5 pg anti-ISG15 antibody (Proteintech,
15981-1-AP) per condition and incubated for 1 hour at 4°C. Pre-cleared lysates were incubated with antibody-conjugated Dyna-
beads (1.5 hours at 4°C). Antibody-conjugated Dynabeads were washed six times with lysis buffer and transferred to clean tubes.
Protein loading buffer was added, samples were boiled at 95 °C for 5 min and samples were run on a self-poured stacking SDS-
PAGE gel (10% resolving gel and 4% stacking gel) at 20 mA/gel. The electrophoresis was stopped when the front dye reaches
the resolving gel, ensuring concentration of all proteins into one band. Staining was performed using Coomassie Brilliant Blue
G-250 (Fermentas). Coomassie-stained gel bands were sliced and subjected to in-gel digestion. After reduction with DTT (10mM)
and alkylation of Cys groups with iodoacetamide (50mM), modified porcine trypsin (Promega) was added at a final ratio of 1:20
(trypsin-protein). Digestion proceeded overnight at 37°C in 100 mM ammonium bicarbonate at pH 7.8.

Labelled peptides were loaded in buffer A (0.1% of formic acid in water (v/v)) onto a C-18 reversed phase nano-column (75 pm I.D.
and 50 cm, Acclaim PepMap) and separated in a continuous acetonitrile gradient consisting of 8-31% B-solution (0.1% formic acid
(v/v) in acetonitrile) for 240 min, and 50-90% B for 1 min, at a flow rate of ~200 nL/min, using an UPLC-Ultimate 3000 chromatography
system (Thermo Fisher, San José, CA, USA) connected to a Q-Exactive HF mass spectrometer (Thermo Fisher). Mass spectra were
acquired in a data-dependent manner, with an automatic switch between MS and MS/MS using a top 20 method. MS spectra were
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acquired in a 390-1700 m/z range at 60,000 FT resolution. HCD fragmentation was performed at 33 of normalized collision energy and
MS/MS spectra were analyzed at 30,000 resolution. Dynamic exclusion was set to 40 s.

For protein identification, tandem mass spectra were extracted and charge state deconvoluted by Proteome Discoverer 2.5
(Thermo Fisher Scientific). All MS/MS samples were analyzed using SEQUEST HT assuming the full trypsin digestion, two mixed
cleavages allowed, and an error of 15 ppm or 0.02 Da for full MS or MS/MS spectra searches, respectively. Carbamidomethyl of
C was specified as fixed modification. Oxidation in M and deamidation in Q or N were selected as dynamic modifications.

Scaffold (version Scaffold_5.2.2, Proteome Software Inc., Portland, OR) was used to validate MS/MS based peptide and protein
identifications. Peptide identifications were accepted if they could be established at greater than 95,0 % probability by the Peptide
Prophet algorithm®® with Scaffold delta-mass correction. Protein identifications were accepted if they could be established at greater
than 99,0 % probability and contained at least 1 identified peptide. Protein probabilities were assigned by the Protein
Prophet algorithm.®* Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone
were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters.

Statistical analysis

Statistical analysis was performed in Prism (GraphPad), with the details of tests performed indicated in the figure legend for each
experiment.
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