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Childhood obesity is a serious public health crisis and a critical factor

that determines future obesity prevalence. Signals affecting adipocyte
developmentin early postnatal life have a strong potential to trigger
childhood obesity; however, these signals are still poorly understood.

We show here that mitochondrial (mt)RNA efflux stimulates transcription

of nuclear-encoded genes for mitobiogenesis and thermogenesis in
adipocytes of young mice and human infants. While cytosolic mtRNA is a
potential trigger of the interferon (IFN) response, young adipocytes lack
such aresponse to cytosolic mtRNA due to the suppression of IFN regulatory
factor (IRF)7 expression by vitamin D receptor signalling. Adult and obese
adipocytes, however, strongly express IRF7 and mount an IFN response to
cytosolic mtRNA. In turn, suppressing IRF7 expression in adult adipocytes
restores mtRNA-induced mitobiogenesis and thermogenesis and eventually
mitigates obesity. Retrograde mitochondrion-to-nucleus signalling by
mtRNA is thus amechanism to evoke thermogenic potential during early
adipocyte development and to protect against obesity.

Childhood obesity is a serious public health crisis today and is associ-
ated withanincreased risk of adult obesity and diabetes, whichis pro-
jectedto affect ~-58% of the world’s adult population by 2030 (refs. ™).
Storing fat in adipocytes is necessary for metabolic and endocrine
health; however, excess fat accumulation accounts for the develop-
ment of metabolic diseases"**°. Infancy and early childhood (before
5.5years of age) are critical periods that determine adipocyte number
and fat accumulation, thereby also determining future obesity” . For
example, anaccelerated rate of body weight gainand overweight dur-
ing thefirstyear of life and in early childhood increase the probability
of obesity and obesity-associated diseases in adulthood"**°. Signals
that control adipocyte development in early postnatal life thereby
have a strong potential to trigger obesity; however, these signals are
still poorly understood.

The human foetus accumulates fatin subcutaneous adipose tissue
depotsatthelasttrimester, and fatbecomes arelevantenergy source at

birthand inearly postnatallife' "%, The foetus has a carbohydrate-based
metabolism, which shifts to lipid-rich nutrition in the form of breast-
feeding or formula feeding at birth'®'%. The subcutaneous adipose
tissue of anewbornis actively engaged inlipolysis and beta oxidation
of fatty acids to generate energy'®'>. Mammals are homoeothermic
animals; hence the foetus develops in a thermally stable environment
inthe womb, without the demand of investing energy into the mainte-
nance of its own core body temperature. However, this scenario rapidly
changesatbirth, whenthe newbornis challenged withahypothermic
environment without the ability to perform shivering thermogenesis.
Thelarge energy demand of homoeothermy is covered by burning off
fatasheatintheadiposetissue,inaprocess often called non-shivering
thermogenesis or adaptive thermogenesis®. It is estimated that the
heat produced in a human term infant is generated mostly by fat
(64%) catabolism in non-shivering thermogenesis'*". The responsi-
ble thermogenic adipocytes produce heat from uncoupled oxidative
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phosphorylationin their extensive mitochondrial network, using lipids
as metabolic fuel'*. Thermogenic adipocytes are distributed in the
subcutaneous fat depots of anewborn” and are still detectable in early
childhood'*. By contrast, adult humans have shivering thermogenesis,
and subcutaneous adipose tissue depots function as thermal insulators
and long-term storage sites of fat”. Adipocytes of subcutaneous fat
depots in adults are therefore poor in mitochondria and accumulate
lipids instead of metabolizing them to energy or heat'.

Thermogenic adipocytes in human subcutaneous adipose tis-
sue progressively disappear by the age of 5-7 years, when adipose
tissue expansion occurs as a physiological process'*’. Subcutaneous
fat depots of young mice are rich in thermogenic adipocytes, which
disappear by weaning age'. This trait of young mice resembles the
development of thermogenic fat cellsin humans, making themsuitable
models to study mechanisms of early-life human adipocyte develop-
ment. Recent studies suggest that premature loss of thermogenic
fat cells is associated with early onset of adipose tissue expansion,
and these two factors together may lead to childhood obesity">”'>'°,
Itis plausible that delaying or reverting the metabolic shift from fat
catabolism and thermogenesis to fat storage has therapeutic potential
in obesity prevention>>'¢,

The conversion of fatinto energy and heat requires an extensive
mitochondrial network'*?°, and, accordingly, adipocytes of the sub-
cutaneous adipose tissue are rich in mitochondria in early postnatal
life'®". However, the abundance of mitochondria is associated with a
potentially inflammation-provoking efflux of mtDNA to the cytosol®.
Due to its endosymbiotic origin, mtDNA resembles prokaryote-type
DNA and eventually triggers an IFN response? . Obese adipocytes
produce IFNs, and IFNs eventually trigger metabolic diseases**”.
IFNs may damage the mitochondrial network and the capacity for fat
oxidation and thermogenesis and trigger metabolic inflammation
and insulin resistance®®”. It has been shown that activation of the
stimulator of IFN-response genes (STING) pathway (a major cytosolic
DNA-sensing pathway) worsens obesity and abrogates the thermo-
genic programme in adipocytes®®. Inturn, inhibition of mtDNA efflux
into the adipocyte cytosol effectively reduces obesity-associated
inflammation and insulin resistance™.

The efflux of mtDNA is inevitably associated with the release of
mtRNA, which contains double-stranded RNA (dsRNA) motifs, strong
inducers of the IFN response” . Given the abundance of mitochondria
in adipocytes of young mice and human infants*, we asked whether
these cells have a unique signalling mechanism that supports their
mitochondrial network by mitigating the IFN response to mtRNA.
While exploring this, we unexpectedly found that cytosolic mtRNA
activated mitochondrion-to-nucleus signalling in adipocytes, which
stimulated expression of nuclear-encoded genes of mitobiogenesis and
thermogenesisin young mice and humaninfants. The IFN response to
mtRNA was lacking in young adipocytes, plausibly due to the suppres-
sion of IRF7 by vitamin D receptor (VDR) signalling. Adult and obese
adipocytes, however, expressed IRF7 strongly, and they mounted anIFN
response to cytosolic mtRNA, abrogating its signalling role to stimu-
late mitobiogenesis and thermogenesis. In turn, when we inhibited
IRF7 expression with VDR activation and transfected adipocytes with
mtRNA, we could effectively induce beige adipogenesis and mitigate
obesity in mice. Retrograde mitochondrion-to-nucleus signalling
by mtRNA is hence a new mechanism that controls early adipocyte
development and protects against obesity.

Results

Young adipocytes are immune tolerant for cytosolic mtRNA
We found thatinguinal adipocytes of young mice at postnatal day 6 con-
tained more mitochondria and higher levels of cytosolic mtRNA than
their adult counterparts (Fig. 1a and Extended Data Fig.1a), suggesting
that the cytosolic mtRNA level was proportional to the amount of mito-
chondria. Cytosolic mtRNA, due to the abundance of its dSSRNA motifs

(Extended Data Fig. 1a), triggers an IFN response?-**>>33** (Fig. 1b).
However, transfecting young (postnatal day 6) adipocytes with mtRNA
failed to induce such a response (Fig. 1c and Extended Data Fig. 1a).
In turn, adipocytes of adult mice (8 weeks of age) mounted a robust
IFN response to cytosolic mtRNA (Fig. 1c and Extended Data Fig. 1a).

There are controversial findings about the effect of IFNs on mito-
chondrial energy and heat production®~%, To test the effect of IFN-f3
on adipocyte mitochondria, we cultured subcutaneous adipocytes
of adult mice and non-obese, non-diabetic humans (age range, 16-17
years) and subjected them to IFN-f3 treatment. We used IFN-$ at a
concentration corresponding to the level of IFN-3 secreted by adult
mouse adipocytesinresponse to mtRNA transfection (Extended Data
Fig. 1a). We found that IFN-f triggered mitochondrial damage and
adipocytes exhibited signs of mitophagy (Fig. 1d and Extended Data
Fig.1b).IFN-B compromised mitochondrial mass (Fig. 1e) and reduced
the level of the mitochondrial enzymes cyclooxygenase I (COX-I)
and succinate dehydrogenase A (SDH-A) in both mouse and human
adipocytes (Fig. 1f). Moreover, IFN- treatment supported fat accu-
mulationin preadipocytes (Fig. 1g). Coherently, hypertrophichuman
adipocytes had robust IFN-p expression (Fig. 1h). These effects of
IFN-B on mitochondria® and the robust expression of IFN- by hyper-
trophic adipocytes agree with the findings that obesity development
isassociated with prominent expression of IFNs and IFN-stimulated
genes (ISGs) in adipocytes®*.

It is known that cytosolic mtRNA triggers Ifnb (Ifnbl) expres-
sion through cytosolic RNA sensors such as retinoic acid-inducible
gene I (RIG-1) and RIG-I-like melanoma differentiation-associated
protein 5 (MDA5)*. Accordingly, transfecting adult adipocytes
with a synthetic ligand of cytosolic RNA sensors, so-called pol
y(deoxyadenylic-deoxythymidylic) acid (poly(dA:dT))®, increased
Ifnbtranscription to the same magnitude as cytosolic mtRNA (Fig. 1i).
Cytosolicpoly(dA:dT)istranscribedinto RNA by the activity of RNA pol-
ymeraselll, allowing stimulation of cytosolic RNA sensors® (Extended
DataFig.1c). Furthermore, cytosolic poly(dA:dT) mimicked the effect
of IFN- on adipocyte mitochondria in mice and humans (Fig. 1j,k).
Conversely, an IFN-f-blocking antibody protected both mouse and
human adipocytes from poly(dA:dT)-induced mitochondrial damage
and slightly increased the levels of COX-l1and SDH-A (Fig. 1j,k).

Importantly, neither cytosolic mtRNA (Fig. 1c) nor cytosolic
poly(dA:dT) induced Ifnb transcription in young mouse adipocytes
(Fig. 11). Coherently, young mouse adipocytes were protected from
mitochondrial damage induced by cytosolic poly(dA:dT) (Fig. 1m).
This difference could not be explained by the absence of MDAS or
RIG-linyoung adipocytes or by the inability of young adipocytes to be
transfected with poly(dA:dT) (Extended Data Fig. 1c-f).

When we transfected adipocytes from human infants (aged
0-1year), children (2-11 years) and adolescents (15-17 years) with
poly(dA:dT), we found that adipocytes of infants and children were
resistant to mitochondrial damage (Fig. 1n), similar to the adipocytes
of young mice. Indeed, adipocytes of infants, similar to adipocytes
of young mice, increased their COX-I and SDH-A levels following
poly(dA:dT) transfection (Fig. 1m,n).In adipocytes of adolescents, how-
ever, cytosolic poly(dA:dT) reduced COX-1and SDH-A levels (Fig. 1n),
mirroring poly(dA:dT) effects on adult mouse adipocytes (Fig. 1m).

Young adipocytes have suppressed IRF7 expression
Transcription of Ifnb is initiated by IRF3 and IRF7, which trigger the
IFN response by forming homodimers or heterodimers***'. Accord-
ingly, the absence of adipocyte Irf3 or Irf7 was equally protective from
mitochondrial damage in response to cytosolic poly(dA:dT) (Fig. 2a).
We next measured transcription of /rf3 and Irf7 in adipocytes
of young and adult mice. The transcript levels of Irf3 were similar in
youngand adultadipocytes; however, the level of Irf7was magnitudes
higher in adult adipocytes than in their young counterparts (Fig. 2b
and Extended Data Fig. 2a). In adult adipocytes, IRF7 appeared in the
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Fig.1| mtRNA does not trigger inflammation in young adipocytes. a, ntRNAin
the cytosol of inguinal adipocytes of young (postnatal day 6) and adult (postnatal
day 56) mice. Rni6sis also known as Mt-Rnr2. b, Cytosolic mtRNA potentially
triggers an IFN response that is mediated by cytosolic RNA-sensor proteins, such
asRIG-1and MDAS. ¢, Histology of young and adult mouse inguinal adipose tissue,
hematoxylin and eosin (H&E); scale bar, 25 um. Young and adult adipocytes of the
same fat depot were transfected with mtRNA (2 pg ml™, 18 h) and the transcript
levels of Ifnb were measured. d, Effect of IFN-B on the mitochondrial network in
adult mouse adipocytes. Cells were treated with vehicle or 125 1U mI™ IFN-f for

18 h, and mitochondria were labelled with MitoTracker Red (MTR). Scale bar,

20 pm. Inserts show transmission electron microscopy images of mitochondria;
scale bar, 20 nm. Arrow head indicates mitochondrial swelling. e, Effect of IFN-3
onmitochondrial mass in adult mouse and human adipocytes, measured by MTR
staining intensity. f, Effect of IFN-f on the level of mitochondrial encoded COX-1
and nuclear-encoded SDH-A in adult mouse and human adipocytes. g, Effect of
IFN-B on fat accumulation in mouse preadipocytes. Oil Red O labelling of lipid
droplets. Scale bar, 50 pm. Insert shows electron microscopy of the lipid-rich
cytoplasm. nc, nucleus. Scale bar, 20 nm. h, Flow cytometry histogram of human

adipocyte IFN-B content and forward scatter area (FSC-A, proportional to cell
size). i, Transcription of /fnb in adult mouse adipocytes in response to 18-h-long
transfection with 5 pg mlI™ mtDNA, mtRNA or poly(dA:dT). j, Levels of COX-I

and SDH-A in adult mouse adipocytes following transfection with poly(dA:dT).
Anti-IFN-B, presence of neutralizing antibody against IFN-f3. k, Levels of COX-1

and SDH-A in adult human adipocytes following transfection with poly(dA:dT).
Anti-IFN-B, presence of neutralizing antibody against IFN-B. 1, Transcription

of IFN-response genes in young and adult mouse adipocytes in response to
transfection with poly(dA:dT). Ifnais also known as Ifnal; Tnfais also known as
Tnf.m, Levels of COX-1and SDH-A in young and adult mouse adipocytes following
transfection with poly(dA:dT). n, Correlation of donor age and the corresponding
changes in COX-1and SDH-A levels in human adipocytes following transfection
with poly(dA:dT). Data are represented as mean + s.e.m.n =6 (a), n=6 young and
n=9adultsamples (b), n=6 mouse and n=5human samples (e),n=9 (f),n=7and
8 (for mtRNA) (i), n = 6 (j-m), n =25 (for COX-1) and n = 24 (for SDH-A) biologically
independent experiments (n). Assays shown ind,g,h were repeated four times.
Statistical significance was determined using Student’s two-tailed unpaired ¢-test
(a,c.e.fi-m)orlinear regression analysis (n).

cytoplasm and in the nucleus, and, upon stimulation, IRF7 translo-
cated to the nucleus and become phosphorylated (Extended Data
Fig. 2b-e). In children, the adipose tissue level of IRF7 mRNA was
strongly increased by overweight and obesity (body mass index
standard deviation score over 1.28), while the level of [IRF3 mRNA was

unrelated to obesity status (Fig. 2¢). Accordingly, hypertrophic human
adipocytes strongly expressed IRF7 protein (Fig. 2d), along with IFN-f3
(Fig. 1h). This is in agreement with previous findings suggesting that
IRF3is expressed constitutively, whereas IRF7 is an ISG*. The associa-
tion of IRF7 expression with IFN-B* hypertrophic adipocytes further
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Fig.2|IRF7is key for the IFN response to cytosolic mtRNA in adipocytes.
a, Levels of COX-1and SDH-A in adipocytes following transfection with
poly(dA:dT). Irf37", adipocytes deficient in IRF3; Irf7 ", adipocytes deficient
inIRF7.b, Relative expression levels of Irf3and Irf7mRNA in inguinal adipose
tissue and in adipocytes of young and adult mice. ¢, Expression levels of IRF3
and /RF7 mRNA in the adipose tissue of children, 0.3-6.9 years of age. d, IRF7
protein levels in human preadipocytes and hypertrophic adipocytes, shownin
Fig.1h. e, Volcano plot of differentially expressed genes (DEGs) of young and
adult mouse subcutaneous adipose tissue. IFN-I, type I ISGs; IFN-II, type Il
ISGs. Protein-protein interaction network of differentially expressed genes
over-represented in adult adipose tissue. IRF7 had a central position by
interconnecting gene networks of IFNs, ISGs and inflammasome components.
f, Signal pathways of IRF7-target genes. Gene products over-represented in
adult mice areindicated inred. g, Transcription of IRF7-target genes in young

Vehicle @ cGAMP

adult mouse adipose tissue, adipocytes and adipose tissue macrophages
(ATMs). Mb21d1is also known as Cgas, Tmem173 as Stingl. h, Protein expression
of IRF7-target genes in young and adult mouse adipocytes. cyt, cytosol;

nc, nucleus; scale bar, 10 um. i, Transcription of IRF7-target genes in mouse
adipocytes transfected with mtRNA for 18 h. WT, wild-type; Irf7”", adipocytes
deficientin IRF7. j, Response of young and adult mouse adipocytes to cytosolic
DNA. Adipocytes were transfected with 1 pg ml™ VACV-70, aligand of IFI205,
for 18 h or with10 pg ml™ cGAMP, aligand of STING, for 2 h. k, Transcription

of IRF7-target genes in subcutaneous adipose tissue in children, 0.3-6.9 years
of age. Dataarerepresented as mean +s.e.m.n=6(a,b,d,g,j, left),n=15(c),
n=9 (j, right), n=15lean and n = 14 obese (k), n = 3 (i) biologically independent
samples. The assay shown in h was repeated six times. Statistical significance
was determined using Student’s two-tailed unpaired ¢-test and one-way ANOVA
with Dunnett’s post-hoc test.
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supports this idea. Neutralizing IFN-B mitigated IRF7 protein expres-
sioninadipocytes invitro (Extended Data Fig. 2f).

IRF7 plays amajor role in the induction of the IFN response, even
intheabsence of IRF3.Inturn, the IRF3-mediated IFN response remains
minimal without the presence of even low amounts of IRF7 (ref. *?),
underscoring the fact that IRF7 deficiency of young adipocytes is
plausibly responsible for the lack of IFN response to mtRNA. Neverthe-
less, theimportance of IRF7in the regulation of IFN-[3 expression may
depend ontheimmune contextand the cell type**}; thus we continued
to define a possible role of IRF7 in the IFN response of adipocytes.

When we surveyed the transcriptional landscape of young and
adult mouse inguinal adipocytes using next-generation sequencing
(NGS), we found that an extensive, IRF7-associated gene network was
strongly over-represented in adult adipocytes (Fig. 2e and Extended
DataFig.2g). This gene network contained ISGs, genes encoding inflam-
masome components and IFNs (Fig. 2e). The most over-represented
genes of this IRF7-associated network were Aim2, Ddx41, ZbpI and
Ifi205, all of which are essential for the IFN response (Fig. 2f).

In brief, Aim2 encodes the IFN-inducible protein absent in mela-
noma2 (AIM2), which triggers cytosolic DNA inflammasome assembly**
(Fig. 2f). Ddx41 encodes DEAD-box helicase 41 (DDX41), which recog-
nizes cytosolic B-DNA and stimulates the IFN response (Fig. 2f). Zbp1
encodes Z-DNA-binding protein1(ZBP1), also termed DAI**, which rec-
ognizes cytosolic Z-DNA (Fig. 2f), a prevalent form of DNA in the cytosol
of transcriptionally active cells*. [fi205 encodes IFN-y-inducible pro-
tein 205 (IFI205), the murine equivalent of the human IFI16 protein**,
whichrecognizes cytosolic B-DNA and stimulates the IFN response (for
details of the mouse strain-specific nomenclature of this protein, see
Extended Data Fig. 2h)***,

The increase in the expression of this IRF7-associated gene net-
work was confined to adipocytes (Fig. 2g) and was lacking in other cell
typesand organs that we tested (Extended Data Fig. 2i-k). Consistently,
the AIM2, DDX41, IFI205 and ZBP1 proteins were minimally expressedin
young adipocytes (Fig.2h).Inturn, AIM2, DDX41, IFI205 and ZBP1 were
presentinthe perinuclear regionandin the cytoplasm of adult adipo-
cytes, coherent with their known role in monitoring specific subcellular
compartments (Fig. 2h)**. Induced transcription of Aim2, Ddx41,
Zbpl, Ifi205 and Irf7 was dependent on IRF7 (Fig. 2i), and coherently,
the promoter regions of these genes contained IRF7-binding sequences
(Extended DataFig.2l). The levels of IRF7-associated ISG-encoding tran-
scripts, including IFI16, ZBP1 and TMEM173 (STINGI), were increased
inthe adipose tissue of children with obesity (Fig. 2k), reflecting their
elevated /RF7 levels (Fig. 2c).

Itisintriguing that the main function of this IRF7-associated gene
networkis toinitiate the IFN response to cytosolic DNA, rather than to
cytosolic dsRNA*, Consistently, cytosolic DNA failed to trigger an IFN
response in young adipocytes (Fig. 2j) and in adipocytes lacking IRF7
expression (Extended Data Fig.2m). As mtRNA effluxis inevitably asso-
ciated with the escape of mtDNA to the cytosol?, this finding suggests
thatyoungadipocytes may be protected from animmune response to
mtDNA, aknown mechanism triggering obesity and obesity-induced
metabolic diseases™.

Altogether, these findings indicate that young adipocytes are
protected from animmune response to cytosolic mtRNA. Thisimmune
tolerant state was concomitant with the suppression of IRF7-controlled
genes of the IFN response.

Suppressed IRF7 signalling favours beige adipogenesis

To further elucidate the role of IRF7 in adipocyte development, we
analysed the subcutaneous adipose tissue morphology of mice lacking
IRF7.Inthe absence of IRF7, mice had abundant beige adipocytes with
strong uncoupling protein 1 (UCP1) expression, resembling the mor-
phology of brown adipose tissue (Fig. 3a). Coherently, brown adipose
tissue in adult mice was naturally deficient in /rf7 and did not respond
to cytosolic poly(dA:dT) withIfnb expression (Extended Data Fig. 3a,b),

in agreement with previous findings on a suppressed innate immune
response in brown adipose tissue of mice™***,

Beige adipocytes are thermogenic; thus they help to dissipate
energy stored in fat and eventually reduce body fat. The abun-
dance of thermogenic adipocytes in IRF7-deficient mice is consist-
ent with a previous finding that IRF7-deficient mice are protected
from obesity*’. IRF7-deficient adipocytes had increased expres-
sion of nuclear-encoded mitochondrial SDH-A (Fig. 3b), indicating
increased mitobiogenesis. Moreover, adipocytes lacking IRF7 were
protected from Ifnb expression triggered by cytosolic mtRNA (Fig. 3c).
Of note, inguinal adipose tissue of young mice was rich in beige adi-
pocytes, and adipocytes of young mice expressed signature genes
of the thermogenic differentiation programme (Extended Data
Fig.4b-e). Adipocytes of lean children (1-4 years) were protected from
IFN-f synthesis in response to cytosolic mtRNA and expressed UCP1,
unlike adipocytes isolated from adolescents (16-17 years) (Fig. 3d,e
and Extended Data Fig. 4f).

In summary, cytosolic mtRNA did not trigger IFN-3 synthesis in
young adipocytes. This trait was phenocopied by IRF7 deficiency and
was associated with a thermogenic adipocyte phenotype. In mice,
thermogenic fat cells were naturally deficient in IRF7, while, in humans,
obesity increased the level of adipocyte IRF7.

Assuming that cytosolic mtRNA may play a role in the acqui-
sition of the thermogenic phenotype, we next tested the effect of
cytosolic mtRNA on the expression of genes required for mito-
chondrial thermogenesis and mitobiogenesis in young adipocytes.
Cytosolic mtRNA triggered robust expression of UcpI and genes
associated with beige adipocytes (Fig. 3f): Ppargcla, encoding the
mitobiogenesis-stimulating peroxisome proliferator-activated recep-
tor y coactivator la; Cidea, encoding cell death-inducing DFFA-like
effector A; and Dio2, encoding iodothyronine deiodinase 2. In young
adipocytes, these responses occurred without induction of a robust
immune response (Fig.1c), and, ultimately, cytosolic mtRNA enhanced
mitobiogenesis and the mitochondrial content of the adipocytes and
stimulated mitochondrial thermogenesis (Fig. 3f,g). Similarly, cyto-
solic mtRNA increased mitobiogenesis, mitochondrial content and
thermogenesis in adipocytes isolated from lean children (Fig. 3h),
effects lackingin adipocytes of adolescents (Fig. 3i).

Cytosolic mtRNA may activate signalling through RIG-1and MDAS
(refs.?**). Coherently, synthetic activators of RIG-1and MDAS5 triggered
transcription of beige genes in adipocytes (Fig. 3j and Extended Data
Fig.5a-c), whereas cytosolic mtRNA was ineffective ininducing beige
gene expression in adipocytes lacking RIG-1 or MDAS (Fig. 3j). Cyto-
solicsingle-stranded RNA or stimulation of cell membrane-associated
Toll-like receptor 3 (TLR3) failed to mimic the effects of cytosolic
mtRNA on beige gene transcription (Extended Data Fig. 5d,e). These
findings show that only double-stranded, cytosolic RNA molecules can
induce mitobiogenesis, plausibly viaretrograde signalling from mito-
chondriato the nucleus. Provided the abundance of double-stranded
motifsinmtRNAmolecules, this finding further confirms the signalling
role of mtRNA in the cytosol. RIG-Iand MDAS5 activation by mtRNA or
synthetic ligands triggered //6 expression (Extended Data Fig. 6a),
whichisaknown autocrine-paracrine signal of thermogenic adipocyte
development'®**? (Extended Data Fig. 6b,c,e). Accordingly, blocking
IL-6 signalling diminished the effect of mtRNA on beige adipogenesis
(Extended DataFig. 6d,f).

Notably, the absence of RIG-1or MDA5 compromised the expres-
sion of the nuclear-encoded mitochondrial SDH-A in adipocytes
(Fig. 3j), suggesting that the mitochondrion-to-nucleus signalling
role of mtRNA was lacking. Coherently, lack of RIG-1 or MDAS led to
theloss of beige adipocytes in young mice (Fig. 3k).

Cytosolic mtRNA is, therefore, a strong inducer of beige
features in young adipocytes by stimulating the expression of
nuclear-encoded transcripts of mitobiogenesis and mitochondrial
thermogenesis.
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Fig.3| Cytosolic mtRNA induces beige adipocyte development. a, Histology
of the inguinal adipose tissue of adult WT and IRF7-deficient (Irf7”") mice. UCPI,
immunostaining of UCP1. Scale bar, 25 pum. b, Relative amount of the nuclear-
encoded mitochondrial SDH-Ain WT and /rf7” adipocytes. ¢, Ifnb transcription
of WT and Irf7" adult adipocytes following transfection with vehicle or

mtRNA (2 ug ml™, 4 h). d, IFN-B protein expression of adipocytes from children
(1-9 years) and adolescents (16-17 years), transfected with mtRNA. e, UCP1
immunostaining of adipocytesisolated from al-year-old and a17-year-old donor.
Scale bar, 50 um. f, Transcription of mitobiogenesis and thermogenesis genes
inyoung mouse adipocytes following transfection with vehicle or mtRNA

(2 ug ml™, 18 h). MTR, MTR fluorescence intensity, which is proportional to

the amount of mitochondria. Mito-AT, mitochondrial temperature change,
assessed with MitoThermoYellow staining. g, UCP1immunostaining of mouse
adipocytes transfected with vehicle or mtRNA for 18 h. Scale bar, 50 pum.

h, Cytosolic delivery of 2 ug mI™ mtRNA into adipocytes of human infants
(1-2.5years of age) and its effect on mitobiogenesis. MTR, MTR fluorescence

intensity; Mito-AT, assessed with MitoThermoYellow staining; COX-I, COX-I
activity; SDH-A, SDH-A activity. i, Cytosolic delivery of 2 ug mlI™ mtRNA into
adipocytes of human adolescents (1617 years of age), and its effect on
mitobiogenesis. j, Heatmap showing expression levels of beige adipocyte
genesin WT, Irf7”", RIG-I-deficient (Ddx587") and MDA5-deficient (Mda5™")
adipocytes transfected with vehicle or 2 pg mI™ mtRNA for 18 h. Relative levels
of mitochondrially encoded COX-l1and nuclear-encoded SDH-A in young

WT, Ddx58" and Mda5™" adipocytes. Each data point represents adipocytes
collected from five to seven mice. k, Histology of subcutaneous adipose tissue in
young WT, Ddx58”~ and Mda5™~ mice. Note the absence of beige (multilocular)
adipocytesin Ddx58”" and MdaS5™~ mice. Scale bar, 25 um. Data are represented
asmean ts.e.m.n=6(b,c,fh (COX-land SDH-Alevels),j),n=5(d,h (MTRand
Mito-AT levels)) biologically independent samples. Assays shownina,e,g k were
repeated six times. Heatmaps in j represent three replicates of independent
analyses. Statistical significance was determined using Student’s two-tailed
unpaired ¢-test (b-d,f,h) or one-way ANOVA with Dunnett’s post-hoc test (j).
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Fig.4 | VDR diminishes IRF7 expressioninyoung adipocytes. a, Genes over-
represented in young mouse adipocytes belonged to the network associated
with VDR signalling. Top, interactome map of gene products over-represented in
young adipocytes. Bottom, comparison of young versus adult transcript levels
of VDR and other nuclear receptors. PP, protein-protein interaction network.
b, Top, young versus adult transcript level of VDR-controlled genes and vitamin
D metabolism genes. Bottom, scheme summarizing the dominant pathway of
vitamin D metabolism in young mouse adipocytes. ¢, Level of Vit-D3 and the ratio
of VDR/Vit-D3 inyoung mouse adipose tissue. d, Level of calcitriol-synthesizing
Cyp27bI and Vdrinresponse to various cytosolic RNA species. 3p-hp-RNA, 5
triphosphate hairpin RNA; 5’'ppp-dsRNA, 5’ triphosphate double-stranded

RNA; p(I:C), cytosolic polyinosinic:polycytidylic acid. Effect of cytosolic

mtRNA on expression of Cyp27bI1 and Vit-D3-calcitriol converting activity
(produced calcitriol per mg protein per min) of adipocytes transfected with
vehicle or 2 pg mI™ mtRNA for 18 h. e, Effect of 2 pg ml™ cytosolic mtRNA on /rf7

transcriptionin mouse adipocytes and IRF7 levels in human adipocytes. f, Effect
of Vit-D3 on Irf7 and Ifnb transcription in mouse adipocytes. mtRNA, transfection
with 2 pg mI™ mtRNA; PS121912, VDR inhibitor. **P= 0.0051. g, Response of
mouse adipocytes pretreated with 1 M Vit-D3 to cytosolic mtRNA. BAY 11-7082,
NF-kB inhibitor. Response of human adipocytes treated with vehicle or Vit-D3 to
cytosolic mtRNA. h, Histology of inguinal adipose tissue of young mice treated
with vehicle or PS12912 for 5 d. Scale bar, 25 pm. i, Adipocyte IRF7 protein level

of young mice treated with vehicle or PS12912 for 5 d. j, VDR-controlled gene
expression in human subcutaneous adipose tissue, 0.3-6.9 years of age. Data
arerepresented as mean +s.e.m., and each data point represents a biological
replicate.n=6(c); n=3intheheatmap, n =6 for Cyp27b1level and n = 8 for
calcitriollevel (d); n=6 miceandn=8 humans (e);n=3and4 (f);n=6(g);n=5
(i); n=13leanand n =11 obese patients (j). The assay shownin h was repeated six
times. Statistical significance was determined using Student’s two-tailed unpaired
t-test (d,e, right; f,g,i,j) or one-way ANOVA with Dunnett’s post-hoc test (e, left).

Vitamin D suppresses IRF7 expression in young adipocytes
Young and thermogenic adipocytes were deficient in IRF7 and were
protected from the adverse IFN-B-inducing effect of cytosolic mtRNA,
enabling mtRNA to act as anintracellular signalling molecule. Repres-
sion of IRF7 may be thus key to promote the metabolically beneficial
effects of mtRNA-mediated signallinginadipocytes. We next aimed to
explore potential mechanisms that suppress the expression of IRF7in
young adipocytes.

Our NGS analysis revealed prominent expression of
VDR-controlled gene networks inyoung adipocytes (Fig. 4a),and VDR
is known to suppress cytosolic RNA-induced IRF7 expression®*** and
theIFN response®™*°. The transcriptional activity of VDR was confirmed
by the pattern of VDR-controlled gene expression in young adipo-
cytes (Fig. 4b). For example, the known VDR target Camp, encoding

the adipose tissue-enriched antimicrobial peptide cathelicidin®,
was highly expressed in young adipocytes (Fig. 4b). By contrast, the
VDR-repressed gene Corolahad alow transcriptlevelin young adipo-
cytes (Fig.4b). Corolaencodes coronin Al, also known as tryptophan-
aspartate-containing coat protein®®, Foetal adipose tissue accumulates
vitamin D before birth®, and, accordingly, the transcription of vitamin
D-metabolizing enzymes favoured the storage of vitamin D3 (Vit-D3)
and the synthesis of the potent VDR agonist calcitriol in young adipo-
cytes (Fig.4b,c).

Adipose tissue of young mice was rich in Vit-D3, and VDR protein
expression was higher in young adipose tissue than in its adult coun-
terpart (Fig. 4c). Moreover, cytosolic dSRNA and mtRNA increased
transcription of the calcitriol-synthesis gene Cyp27b1 and enhanced
Vit-D3-calcitriol conversionin adipocytes (Fig. 4d). Vit-D3 effectively
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Fig. 5| Effect of cytosolic mtRNA combined with Vit-D3 treatment on diet-
induced obesity. a, Levels of Vdrand Irf7 ininguinal adipose tissue of HFD-fed
adult mice. NCD, normal chow diet. b, Nursing mice received an HFD or anNCD
between postnatal day (P6) and postnatal day 9 (P9) of the offspring. Mice nursed
by NCD-fed or HFD-fed dams were analysed at postnatal day 10. ¢, Vdrand Irf7
expression in the inguinal adipose tissue of the offspring. d, Left, histology of
inguinal adipose tissue (iAT). UCP1, UCP1immunostaining; scale bar, 50 pm.
Note the lack of multilocular adipocytes in mice nursed by HFD-fed dams. Right,
ratio of inguinal adipose tissue and body weight, and inflammasome-associated
caspase 1(CASP1) activity of adipocytes. e, Mitochondrial network in adipocytes
ofthe offspring. Scale bar, 10 pm. f, Mice were nursed by HFD-fed dams and
treated with vehicle or Vit-D3 from postnatal day 6 to postnatal day 9. Histology
ofinguinal adipose tissue on postnatal day 10. Scale bar, 50 pm. g, Ratio of
inguinal adipose tissue and body weight, and CASP1 activity of adipocytes.

h, In adult HFD-fed mice, inguinal adipose tissue was transfected with vehicle

or 0.6 pg per gbody weight (BW) mtRNA for 14 d. Both groups received 4 ng

per g body weight Vit-D3 daily. Histology of inguinal adipose tissue of vehicle-
or mtRNA-transfected mice. Adipose tissue weight/body weight ratio and
CASP1 activity of adipocytes. eAT, epididymal adipose tissue. i, Mitochondrial
network of adipocytes isolated from vehicle- or mtRNA-transfected mice. Scale
bar, 10 pm. Note the expansion of the mitochondrial network after mtRNA
treatment. j, Mitochondrial mass (relative MTR fluorescent intensity) and Mito-
AT in adipocytes isolated from vehicle- or mtRNA-transfected mice. Data are
represented asmean +s.e.m. n = 6 (a-d,g,h,j) biologically independent samples.
The assay shownind,e fh,iwas repeated six times. Statistical significance was
determined using Student’s two-tailed unpaired ¢-test. k, Scheme of retrograde
mitochondrion-to-nucleus signalling through mtRNA. Cytosolic mtRNA
activates IL-6 synthesis, aninducer of thermogenic fat cell differentiation in

the newborn, through RIG-1and MDAS. VDR simultaneously suppresses IRF7
expression and abrogates the IFN response to cytosolic mtRNA. The net effect
of mtRNA is mitobiogenesis and thermogenesis.

suppressed Irf7 transcription in mouse and human adipocytes
(Fig.4e). This effect was VDR dependent, and inhibition of VDR signal-
ling augmented mtRNA-induced /fnb transcription (Fig. 4f). In turn,
Vit-D3 abrogated Ifnb expression in mouse adipocytes in response
to cytosolic mtRNA (Fig. 4g). This effect of Vit-D3 mimicked that of
a potent nuclear factor (NF)-kB inhibitor (Fig. 4g). Similarly, Vit-D3
mitigated IFN-f3 productionin human adult adipocytesinresponse to
cytosolic mtRNA (Fig. 4g).

Obesity in early postnatal life triggers adipocyte IRF7
expression

Inhibition of VDR signalling in young mice led to the loss of beige adipo-
cytesinadiposetissue (Fig.4h) andincreased IRF7 protein levelsin adi-
pocytes (Fig. 4i). Paediatric obesity was associated with compromised
expression of VDR-controlled gene networks in the adipose tissue of

childrenand lower expression of CYP27A1, whichisinvolved inthe initial
activation of Vit-D3 (Fig. 4j). These alterations were associated with an
increased IRF7 level (Fig. 2c) and the expression of IRF7-target genes
(Fig. 4j). Similarly, diet-induced obesity increased the adipose tissue
level of Irf7 and abrogated Vdrexpressionin mice (Fig. 5a). Altogether,
these datashow that obesity is linked to deficient VDR signalling, which
is further associated with increased IRF7 expression.

We next studied a mouse model of childhood obesity using
newborn mice nursed by dams fed a high-fat diet (HFD) (Fig. 5b)“°.
Adipocytes of the offspring of HFD-fed dams had compromised Vdr
expression and robust /rf7 expression (Fig. 5¢), and beige adipo-
cytes were lacking from their subcutaneous adipose tissue (Fig. 5d).
Ultimately, obesity developed in offspring, and adipocytes showed
inflammasome activation, a hallmark of adipose tissue inflammation®
(Fig. 5d). Moreover, the mitochondrial network was compromised in
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Fig. 6 | Role of mtRNA signalling in young adipocytes. Albeit cytosolic mtRNA
is a harmful signal, it can act as a metabolically beneficial mitochondrion-to-
nucleus messenger when IRF7 expression is suppressed. VDR is an effective
suppressor of IRF7 and abrogates the IFN response to cytosolic mtRNA in young

adipocytes. Young adipocytes are hence immune tolerant sites for mitochondria,
allowing retrograde mitochondrion-to-nucleus signalling through mtRNA, which
is key for mitobiogenesis and beige fat development. See also a Video Summary
available in the Supplementary Information.

adipocytes of young mice nursed by HFD-fed dams (Fig. 5e). In turn,
Vit-D3 treatmentreverted these adverse changes and protected beige
adipocyte content in young mice (Fig. 5f), alleviating obesity and adi-
pocyte inflammation (Fig. 5g).

Inadult HFD-fed mice, cytosolic delivery of mtRNA into the ingui-
nal adipose tissue depot, combined with Vit-D3 treatment, reduced
Irf7levels (and not /rf3 levels) and increased beige adipocyte content
(Fig. Sh and Extended Data Fig. 7a), alleviated obesity and adipocyte
inflammation and increased mitochondrial mass, thermogenesis and
energy expenditure (Fig. 5h-j and Extended Data Figs. 7b,cand 8).

Discussion

Overall, our findings show that, in young adipocytes, cytosolic mtRNA
stimulates expression of nuclear-encoded mitochondrial genes and
promotesbeige adipocyte development through the RIG-I-MDA5-inter-
leukin (IL)-6-signal transducer and activator of transcription (STAT)3
pathway (Fig. 5k). This mitochondrion-to-nucleus signalling is effective
when the immune response against cytosolic mtRNA is suppressed by
VDR activation and consequently low IRF7 expression in adipocytes
(Fig. 5k). These mechanisms protect against obesity by evoking ther-
mogenic potential in adipocytes and promoting thermogenesis from
stored fat (Fig. 6, Video Summary in the Supplementary Information).

Adipose tissueinflammationis considered deleterious for metabo-
lism**%; however, multiple lines of evidence implicate IL-6-Janus kinase
(JAK)-STAT3 signalling in the differentiation of thermogenic adipose
tissue'®**>*¢* and an autocrine IL-6-STAT3 signalling loop is sustained
by breast milk-derived lipidsin the adipose tissue of newborns'®. Several
inflammatory signalling mechanisms that trigger obesity-associated
metabolic impairment also sustain beige adipocytes®*****, Here we
report the unexpected finding that beige adipocyte development is
promoted by a potentially inflammation-evoking cytosolic RNA signal
released by the mitochondria of adipocytes.

The endosymbiotic origin of mitochondria has led to ametabolic
co-dependence of mitochondria and host cells?. This is driven by bidi-
rectional signalling between the nucleus and the mitochondria, as the
majority of genes required for the maintenance of mitochondria are
encoded in the nuclear genome. We show that, analogous to a symbi-
ont-hostinteraction, efflux of mtRNA from the mitochondriaactivates
cytosolic RNA sensors that stimulate an autocrine IL-6-STAT3 signal-
lingloop, ultimately triggering nuclear expression of beige adipocyte
genes. Noncoding RNA species of mitochondria are known toincrease
transcription of mitochondrial genome-encoded genes®, and noncod-
ing RNA signals are thought to function as mitochondrion-to-nucleus
signals®’. As a comparable mechanism, we show that mtRNA species
boost transcription of nuclear genome-encoded genes for mitobiogen-
esisand thermogenesis. This is key for mitobiogenesis as the necessary
proteins are encoded in the nuclear genome?.

RIG-I and MDAS are sensors of cytosolic mtRNA. RIG-1 detects
dsRNA species with or without a 5’-triphosphate end, MDAS binds
uncapped RNA, and RIG-1 and MDAS selectively recognize short and
long dsRNA species, respectively****. Given the prokaryote origin of
mitochondria, various mtRNA species such as mitochondrial ribo-
somal RNA, uncapped mitochondrial mMRNA and noncoding mtRNA
can potentially stimulate the cytosolic RNA-sensor system?>*****, We
found that beige adipocyte gene transcription was stimulated by RIG-I
activation using cytosolic poly(dA:dT) and also by MDAS activation
using cytosolic high-molecular-weight poly(I:C) but not with cyto-
solic single-stranded RNA. Coherently, deficiency in RIG-l and MDAS
signalling in mice compromised mtRNA-mediated beige adipocyte
development, abrogated nucleus-encoded SDH-A expression and
mitobiogenesis and promoted the loss of beige adipocytes. These find-
ings are in agreement with a recent report showing that mice lacking
RIG-lare prone to obesity and obesity-associated insulin resistance®®,
despite being protected from the IFN response®®.

However, the excess release of mitochondrial content activates
an IFN response, which is detrimental for thermogenic fat develop-
ment?***7C increases mitochondrial permeability”, augments inflam-
masome activation and pyroptosis’?, triggers obesity, mitochondrial
dysfunction and the mitochondrial pathway of adipocyte apoptosis
and may aggravate obesity-associated metabolic diseases*>°">"*, We
show here that young adipocytes have suppressed the IFN response to
cytosolic mtRNA due to their suppressed IRF7 expression. As IRF7 is
anIFN-inducible gene product, thisisin agreement with previous find-
ings that suggest that beige adipocytes repress IFN signalling®® and the
expression of ISGs in adipocytes promotes obesity and adipose tissue
inflammation®. IRF3 and IRF7 are key transcription factors regulating
ISGs; however, their role in obesity developmentis conflicting. Lack of
IRF7 protects from diet-induced obesity*, while IRF3-deficient mice
develop obesity spontaneously”. We found that /rf3 expression was
similar in adipocytes of young and adult mice, while Irf7 was mini-
mally expressed inyoung adipocytes. Similarly, paediatric obesity was
associated with increased /RF7 expression in adipose tissue, without
asignificantincrease in IRF3levels. Diet-induced obesity in mice and
obesity in children were associated with robust expression of genes
encodingIRF7-associated pathways. Thisisin agreement with findings
onincreased expression of the IRF7-target genes AIM2and IFI16in type
2 diabetic obese human adipose tissue”. Adipose tissue expansion and
obesity are associated with the activation of STAT1and NF-kB signalling,
whichmay account fortheincreasein IRF7 expression during postnatal
adipocyte development and in obesity****”,

We also show that suppressed Irf7 expressionand mtRNA-induced
Ifnb expression were associated with the thermogenic adipocyte phe-
notype. Inguinal adipocytes of young mice and interscapular brown
adipose tissue of adult mice were deficient in IRF7 and were lacking
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mtRNA-induced Ifnb expression. Interscapular brown adipocytes are
strongly thermogenic cells and are descendants of the Myf5* lineage
derived from skeletal muscle progenitors in mice”*°, Primates and
humans have different thermoregulatory mechanisms than those of
smallrodents”, and thermogenic adipocytes of anewbornhuman are
scattered within white fat depots™. Equivalents of these cells appear
in newborn mice as well". These thermogenic fat cells are unrelated
to Myf5" progenitors, and they develop from progenitors of white fat
cells”. Itappears that thermogenic fat cells in newborn subcutaneous
tissueandinadultinterscapular adipose tissue have distinct transcrip-
tional profiles and specific developmental programmes™*®. Neverthe-
less, this study shows that, irrespective of their originand development,
thermogenicadipocytes have suppressed IRF7 expression and are even-
tually lacking an IFN response to cytosolic mtRNA. The IFN response
augmentsinflammasome activation, which further damages mitochon-
dria”’. However, agene network encoding inflammasome proteins had
suppressed expressionin young (thermogenic) adipocytes, suggesting
their potential protection from mitochondrion-damaging inflamma-
some activation. These, in our understanding, favour the expansion of
the mitochondrial network and allow mitochondrial thermogenesis.

We show that VDR signalling contributes to the suppression of
IRF7 expression in adipocytes and that cytosolic mtRNA stimulates
calcitriol synthesis and hence supplies a VDR ligand in young adipo-
cytes. However, as a limitation of this study, we have not explored
further the mechanism of Irf7 suppression in interscapular brown
adipose tissue in mice, leaving open the possibility that this unique
thermogenic fat depot has a VDR-independent mechanism that sup-
presses Irf7 expression.

VDR signalling is involved in the innate immune response in adi-
pose tissue”, and VDR activation inhibits the inflammasome and the
IFN response™**, Vit-D3 supplementation is now routine in postnatal
care; however, Vit-D3 deficiency is prevalent among obese children and
adolescents andis arisk factor for metabolic diseases®**, Vit-D3-VDR
signallingis proposed to inhibit weight gain by activating UCP3 in the
muscle®, although VDR overexpression promotes weight gainin mice®.
Indeed, the promotion of formulafeeding originally served to increase
the supply of Vit-D3 and induce weight gain®, but formula lacks the
maternal lipid species that maintain beige fat and has obesogenic
effects’. VDR signalling was impaired in the adipose tissue of obese
children; therefore, despite increasing Vit-D3 levels, formula milk is
not sufficient to trigger beige adipogenesis. However, when Vit-D3
supplementation is combined with stimulation of cytosolic mtRNA
signalling, beige adipocytes develop and obesity is reduced.

In summary, the thermogenic potential of young adipocytes in
early postnatal life is dependent on mtRNA-mediated signalling and
suppression of the immune response to cytosolic mtRNA. In obesity,
adipocytes respond with inflammation to mtRNA, which is unfavour-
able for the mitochondrial network. Repressing thisimmune response
along with restoring mtRNA-mediated mitochondrion-to-nucleus
signalling may represent an effective mechanismtoincrease beige fat
and mitigate obesity.

Methods

Animals and cells

We used WT male C57BL/6 (Charles River Laboratories), Irf7”~ (Riken),
Ddx587 and Mda5" (kindly provided by G. Hartmann, University of
Bonn, Germany) mice. Mice were housed under SPF conditions. Animal
experiments were approved by local ethics committees. Primary mouse
adipocytes were isolated by collagenase digestion and separation of
cell fractions and subsequently analysed or cultured, as described
previously’.

Human samples
Subcutaneous adipose tissue (groin region, ischiorectal fossa, abdomi-
nal and pectoral fat depots) from human infants, adolescents and

young adults was collected in the Leipzig Childhood Adipose Tissue
cohort and at the University of Debrecen during elective surgery’.
For all children included in the study, written informed consent was
obtained from parents or guardians, and the study has been conducted
in accordance with ethical guidelines of the Declaration of Helsinki.
The study protocol was approved by the local ethics committee of the
Medical Faculty, University of Leipzig (265-08-ff, NCT02208141) and
the University of Debrecen (RKEB 6057 and 6149). Adult adipocyte
samples were collected in our previous study*. In Fig. 3h,i, we used
adipocytes obtained from the groin region.

mRNA analysis and next-generation sequencing

Extraction of total RNA was performed as described previously". qPCR
assays were carried out on the Quantabio platform, using Bactin (Actb),
Gapdh and Ppia as references. Primer sequences are provided in Sup-
plementary Table 1. NGS analysis was carried out on the BGISEQ-500
platform by BGI Genomics, generating about 26.20 million reads per
sample (Extended Data Fig. 8). EnrichR, PInther and Interferome
2.0 were used for annotation of transcripts; clustered image maps
(CIMs, heatmaps) were rendered by CIMMiner and Heatmapper. Gene
expressionin human samples was quantified by llluminaHT-12v4 Gene
Expression BeadChip arrays, and data were background corrected and
quantile normalized".

Supplementary methods

Cytosolicdelivery of mtRNA, ELISA assays, flow cytometry, histology,
image analysis and TEM analysis are provided in the Supplementary
Information and Extended Data Fig. 8.

Datarepresentation and statistics

Dataarerepresented as mean +s.e.m., along with eachindividual data
point. When data are represented as CIMs to visualize gene transcrip-
tion differences between experimental conditions, we indicate fold
changes or Zscores of the relative abundance. Statistical tests and
significance are indicated in the respective figures.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data are available for secondary use upon request, and key exper-
imental data are accessible via Figshare (https://doi.org/10.6084/
mo.figshare.21202400). FlowRepository identifiers of flow cytom-
etry data are as follows: FR-FCM-Z236, FR-FCM-Z2R6, FR-FCM-ZYPU,
FR-FCM-ZYUU, FR-FCM-Z5QA. NGS data are deposited at GEO under
theaccession number GSE185317. For secondary analysis, we used our
previously published NGS datasets, with accessionnumbers GSE125405
and GSE133500. Source data are provided with this paper.
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Extended Data Fig. 1| Recognition of cytosolic mtRNA in adipocytes. (A) Top
Left: Copy number of mtDNA species in adipocytes of young and adult mice, N=6
biologically independent samples. Middle Left: Immunostaining of dsSRNA using
J2 antibody in mouse adipocyte. nc: nucleus, Scale 10 um. Assay was repeated
three times. Bottom Left: Heat map of IFN-response genes in young and adult
adipocytes transfected with vehicle or mtRNA (2 pg/ml, 18 h), N = 3 biologically
independent samples. 80% confluent mouse adipocytes released 125 + 20 1U/
mlIFNB in 4 h following mtRNA transfection. Right: Predicted minimum free
energy (MFE) secondary structures of mtRNA species. Results were computed
using ViennaRNA Package 2.0 and RNAfold 2.2.18, as described***’. (B)
Transmission electron microscopy of mitochondria, also shown in Fig. 1d. Assay
repeated six times. Cells were treated with vehicle or IFN. Ip: lipid droplet, aph:

autophagosome, mlb: multilayered bodies. Scales from left to right: 1 pum, 20 nm,
1pm,1pm. (C) Scheme of RIG-I/MDAS signaling. RNA Pol Ill: RNA polymerase 11,
which can generate dsRNA from DNA templates, ultimately activating the RIG-1/
MDAS pathway. Right: Expression of RNA Pol Il and RIG-I/MDAS5 pathway genes
inthe adipose tissue of young mice. (D) Mitochondrial RNA stimulates human
TLRS (ref. °°) and triggers inflammation in mouse macrophages via TLR9 (ref. ).
Levels of TIr8and TIr9inyoung and adult subcutaneous adipose tissue in mouse.
(E) Transfection of mouse adipocytes with rhodamine-conjugated poly (dA:dT)
or CpG (asynthetic DNA sequence). Scale bar: 10 um. Assay was repeated three
times. (F) Mean fluorescence intensity of rhodamine-conjugated poly (dA:dT) in
transfected cells, N = 3 biologically independent samples. Data are represented
as mean + SEM. Relative expression of mitochondrial Nd1 in transfected cells.
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Extended Data Fig. 2| IRF7-controlled gene networks in mouse adipocytes.
(A) Protein level of IRF7 in young and adult mouse adipocytes, determined with
ELISA. N = 6 biologically independent samples. (B) Immunostaining of IRF7 in the
subcutaneous adipose tissue of ahuman male neonate and a 14 years old male
child. Scale 25 pum. Ip: lipid droplet. Note the lack of staining in the infant sample,
and the robust cytosolic staining in the 14 years old child. Insert shows nucleus
associated IRF7 labeling. Assay repeated two times. (C) IRF7 immunostaining of
invitro cultured adipocytes of ahuman infant [1] and adolescents [2-3]. Note the
lack of staining in the infant adipocytes. IRF7 was detectable in the cytoplasm [2]
and rarely in the nuclei [3] of adipocytes from adolescents. Scale 50 um. (D) IRF7
staining of murine adipocytes transfected with vehicle or 5 pg/ml poly(dA:dT)
for1h.Note the enrichment of IRF7 in the nucleus of poly(dA:dT)-stimulated
adipocytes, and indicative of IRF7 activation**?, Scale 25 um. Assay repeated
six times. (E) Localization of Ser477-phosphorylated IRF7 in young and adult
murine adipocytes, stimulated with 5 pg/ml poly(dA:dT) for 1 h. Scale 10 pm.
(F) Level of IRF7 (determined with FACS analysis) in murine adipocytes treated
withanantibody against IFN for 3 h. N = Sbiologically independent samples.
(G) Scheme of NGS analysis. For RNA sequencing we obtained inguinal fat depots
(iAT) of 3-3 mice at postnatal day 6 (young) and at week 8 (adult) and compared

their transcriptional profiles. Gene ontology of differentially-expressed genes
(DEGs) overrepresented in adults”. Protein-protein association network of DEGs
overrepresented in adults. The position of IRF7 within the network is highlighted.
(H) Structure of the DNA-sensor p204 (IFI1204). The three DNA-binding domains
arelabeled A, Band C. p204 is encoded by /fi204 in BALB/C mice. In C57/BL6,
however, Ifi204 has a frameshift mutation and its function is taken over by

Ifi205 (refs.**?°). In 3T3-L1 cells, which have a BALB/C origin, we measured

Ifi204, whereas we measured /fi205 in adipocytes from C57/BL6 mice. (I) Level

of Irf7inliver and quadriceps muscle of young and adult mice, N = Sbiologically
independent samples. (J) FACS plot of ATMs from iAT. ATMs were defined as
F4/80", CD11b*. FACS analysis of IRF7-associated gene products of young and
adult ATMs. Assay was repeated three times. Gating strategy is provided inref. .
(K) Expression of Aim2, Ddx41, Ifi205, Tmem173 and Mb21d1 in various organs.

N =3 biologically independent samples (L) Relative position and percentage

of transcription factor binding sites in the promoters of IRF7-target genes.

(M) Level of Ifnb mRNA in wt and Irf7”~ adipocytes following mtRNA transfection,
N =6 biologically independent samples. Data are represented as mean + SEM.
Statistical significance was determined using Student’s 2-tailed unpaired ¢-test.
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Extended Data Fig. 3| IRF7 expression in the brown adipose tissue in mouse. of Irf7mRNA level in iAT and BAT. Bottom: Ifnb level in BAT transfected with
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Extended Data Fig. 4 | Characterization of young and adult adipose tissue.
(A) Hematoxylin and eosin (H&E) staining, and immunostaining of UCP1in
mouse inguinal adipose tissue (iAT) of young and adult mice. Scale: 50 pm, also
see further images of these samples in ref."'. Assay was repeated six times for
both age groups. (B) Left: Transcription of adipocyte progenitor genes iniAT.

N =3 biologically independent samples. Pdgfra and Prefl are associated with
beige progenitors’'"; WtI is a hallmark of epidydimal fat, and is lacking from
iAT', Right: Adipocyte transcription of Prdm16, a key regulator of thermogenic
adipocyte development®*’3'%, (C) Gene network associated with PRDM16
inyoung and adult mouse adipocytes. Red symbols indicate differentially
expressed genes (DEGs) overrepresented in young adipocytes. Heat map
summarizing the transcription level of beige/brown adipocyte marker genes
and white adipocyte marker genes in young and adultiAT. N = 3 biologically
independent samples. Ucpl is necessary for thermogenesis; Ppargcla for
mitochondrial biogenesis; Cidea, Cox7al, Dio2, Zicl are associated with brown/
beige adipocytes; Tmem26 and Thx1 are beige adipocyte markers; Evalais

abrown adipocyte marker'**"'%’; Myf5 is expressed by progenitors of brown
adipocytes™. Levels of Hoxc8 and Hoxc9 increase along white adipocyte
development'®, although Hoxc9 may also be a marker of beige adipocytes'®.
Lep, Fabp4, Plin2, Adipoq, Gpd1, Slc2a4 and Pparg are associated with white
adipocyte maturation'". Plfis expressed by small proliferating preadipocytes
with a strong potential to develop into beige adipocytes™. (D) Expression levels
of beige adipocyte genes and Fasn (encoding fatty acid synthase) in P6 and P56
adipocytes. N = 6 biologically independent samples. Data are represented as
mean + SEM. Statistical significance was determined using Student’s 2-tailed
unpaired ¢-test. (E) Expression levels of endothelial and immune cell marker
genesinyoungand adultiAT. N = 3 biologically independent samples (F)
Correlation of UCPI levels with beige/brown adipocyte-associated transcripts
(PPARGCIA, TMEM26, CIDEA, LHX8) and white adipocyte markers (HOXCS,
HOXC9) in the subcutaneous adipose tissue of human male infants'>'%*, each data
point represents one donor. P-values were determined with linear regression
analysis. Age 0.2-3.5 years. Further details in refs, 1216103104,
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Extended DataFig. 5| Effect of RIG-1and MDAS ligands on beige adipocyte independent samples. (D) Adipocytes were transfected with 2 pg/ml ssRNA41
gene expression. (A) Secondary and schematic structures of the synthetic using the LyoVec transfection system for cytosol delivery. Levels of beige marker
ligands used to activate cytosolic RNA sensors. sSRNA41: single-stranded RNA, genes was measured 18 h after transfection. N = 6 biologically independent
3p-hp-RNA: 5’ triphosphate hairpin RNA, is an RIG-1 ligand"?, 5’ppp-dsRNA: samples. (E) 3T3-L1 cells were treated with 5 pg/ml naked poly(I:C) to stimulate
5 triphosphate dsRNA, a ligand for RIG-I, cytosolic p(I:C) activates MDAS TLR3 and beige adipocyte gene transcription was then measured 18 h after
and RIG-I**, and cytosolic p(dA:dT) is transcribed into RNA and ultimately treatment. N = 8 biologically independent samples. Data are represented as
activates RIG-1”. (B,C) Adipocytes were transfected with RIG-I/MDAS ligands: mean + SEM. Statistical significance was determined using Student’s 2-tailed
5’ppp-dsRNA, 3p-hairpin-RNA, poly(dA:dT) and poly(I:C) in LyoVec. Levels of unpaired ¢t-test.

beige marker genes was measured 18 h after transfection. N = 3 biologically
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Extended Data Fig. 6 | Effect of IL-6 on beige adipocyte gene expression. (A)
Left and Middle: Expression of l6 mRNA in young and adult mouse adipocytes
transfected with mtRNA for 18 h (N = 8, N = 3 biologically independent samples,
respectively). Right: Level of IL-6 protein in mtRNA-transfected human
adipocytes. N = 6 biologically independent samples. (B) Effect of 200 pg/mlIL-6
on the amount of newly synthesized (GFP-expressing) mitochondriain mouse
adipocytes. Newly formed mitochondria were labeled with the BacMam-GFP
transfection system. Scale: 50 um. Assay was repeated three times. (C) Effect of
200 pg/mlIL-6 on the Mitothermo-Yellow (MTY) signal in 3T3-L1 cells. Assay was
repeated three times. Correlation of /[6 and Ucp1 relative expression in mouse

Vehicle @ mtRNA

adipocytes, each data point represents a biologically independent sample.

(D) SDH-A levelsin adipocytes transfected with mtRNA. Anti-IL-6: cells were
incubated with an antibody against IL-6. STAT-3 blockage: cells were treated with
the JAK2/STAT3 inhibitor ruxolitinib. N = 3 biologically independent samples. (E)
Transcription of beige adipocyte genes in mouse adipocytes treated with vehicle,
10 ng/mlIL-4,200 pg/mlIL-6 or 2 pg/mImtRNA for 18 h. N = 3 N = 6 biologically
independent samples. (F) Expression of beige adipocyte genes in adipocytes
treated with the JAK2/STAT3 inhibitor ruxolitinib as described™. N = 3 biologically
independent samples. Data are represented as mean + SEM. Statistical
significance was determined using Student’s 2-tailed unpaired ¢-test.
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Extended Data Fig. 7| Metabolic role of mtRNA-mediated signaling. (A)
Level of Irf3and Irf7in mouse adipocytes treated with1pM Vit-D3 for18 h.N =6
biologically independent sample. (B) Indirect calorimetry assay of high-fat diet
(HFD)-fed adult male C57BL/6 mice, N = 6 biologically independent samples.
Theinguinal fat depot was transfected with vehicle or with 0.6 pg/g body weight
(BW) per day mtRNA for 14 days. The mtRNA was delivered into the adipocyte
cytoplasm using magnetofection. Both groups received 4 ng/g BW Vit-D3 daily.

MR: metabolic rate, EE: energy expenditure, RER: respiratory exchange rate

(C) BW, daily food intake normalized to BW (N = 8 biologically independent
samples), and liver weight normalized to BW (N = 4 biologically independent
samples). Plasma level of TNFa and IL-6 (% of vehicle) from vehicle- or mtRNA-
transfected mice, and the level of Irf7in quadriceps muscle and liver (N=8
biologically independent samples). Data are represented as mean + SEM.
Statistical significance was determined using Student’s 2-tailed unpaired ¢-test.
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Extended Data Fig. 8 | Technical information on next-generation sequencing
and image analysis. (A) Workflow of the next-generation sequencing analysis.
(B) Left: Steps of image analysis in histomorphometry [1-6]. Right: Positive
controls inimmunohistochemistry. Newborn liver was used for testing IRF7
antibody. Note the hematopoietic cell foci. Brown adipose tissue of mouse was
used as a control for UCP1antibody. Methyl-green counterstaining for nuclei.
Further validation provided in ref.". Scale 50 pm. Performed three times.

(C) Negative control specimens. Left: Adipocytes invitro, stained with secondary
antibodies only; nuclei are labeled with DAPI. Scale: 10 um. Middle: Mouse brown
adipose tissue section labeled with secondary antibody only. Human adipose
tissue labeled with secondary antibody only. Scale: 20 um. Right: Adipose tissue
of an IRF7-deficient mouse labeled with an antibody against IRF7. Irf3level in
3T3-L1cells transfected with Irf3siRNA for 48 h. (D) Example of adipose tissue
macrophage (ATM) gating strategy. Further detailsinrefs.” and '°.
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Data are available for secondary use upon request, and key experimental data are accessible via Figshare. Flow Repository identifiers of FACS data are as follows:
#FR-FCM-Z236, #FR-FCM-Z2R6, #FR-FCM-ZYPU, #FR-FCM-ZYUU, FR-FCM-Z5QA. NGS data are deposited at GEO with the accession number #GSE185317. For
secondary analysis, we used our previously published NGS datasets, with accession numbers #GSE125405 and #GSE133500.
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Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

E] Life sciences D Behavioural & social sciences D Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size The overall experimental design has been apprpved and sample size has been deterimined by a prior analysis conducted by a biostatistician. In
brief, sample size calculation was based on the expectated, biologically relevant difference in the measured parameter between the control
and the test group (e.g., vehicle vs. treated; young vs. adult, etc.). Assuming normally distributed data from these quasi-continuous endpoints
with a power of 80% and a two-sided type 1 error of 5%, the t-test for parallel groups was used to estimate the number of cases. Due to its
multi-factorial setting, the experiments are evaluated with methods of analysis of variance (ANOVA) in the case of steady, normally distributed
target variables. Corresponding non-parametric methods (e.g., Kruskal-Wallis) were used for data that are not normally distributed. The t-test
or the Wilcoxon test for unrelated samples was used for two-group comparisons. Qualitative parameters are evaluated with the chi-square
test or the exact test according to Fisher. Before the start of the statistical test evaluation, all parameters were descriptively analyzed
according to their characteristics.
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Data exclusions Prior analysis exlclusion: experimental animals were excluded from the study based on a priori described featrues (e.g., apparent sickness,
excessive weight loss, in-cage aggression, etc.). In case of human subjects, a priori exclusion criteria included chronic inflammatory disease,
actue infection, surgical complication (e.g., excessive bleeding). Following data collection data were excluded only if a justified technical issue
during data collection was proven.

Replication Key exepriments have been replicated by two independent researchers with similar outcome. Assays presented in the manuscript have been
replicated successfully at least two independent times.

Randomization Animals were randomized to assign them to control and test groups in the case of intervention studies (i.e., treating animals with vehicle or
test compounds or high fat diet), by randomly selecting their numerical identification numbers. These identification numbers were generated
using their cage identification numbers and date of birth. In case of human subjects we did not conduct intervention studies, and human fat
samples were analysed on the day of surgery of the donor patients. Order of surgery was determined by the surgical team, and all patients at
our surgery departments - apart from those who met some exlcuison criteria - were approached by the surgeon with the possibility of
participating in the study, giving no reason for further randomizing samples.

Blinding All samples were labeled with numerical codes, allowing blinding in data analysis, and investigators were blinded to gorup allocation during
data collection.

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
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Eukaryotic cell lines D E] Flow cytometry
Palaeontology and archaeology D MRI-based neuroimaging
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Antibodies s

Antibodies used The complete antibody list is provided in Supplementary Table 2, along with their source, clone number and dilution. §
Validation Manufacturers of the used antibodies (listed in Supplementary Table 2) provided validation data of each antibody. We further

performed postive and negative staining assays as shown in Extended Data Figure 8. In brief, as IRF7 positive control we used
hematopoietic foci of newborn liver specimens, for UCP1 mouse interscapular adipose tissue specimens. As negative control we
omitted primary antibodies in the staining procedure. We also used adipose tissue from IRF7 deficient adult mice for IRF7
immunostaining as negative control. Further validation of UCP1 labeling is provided in Cells




. 2021 Sep 9;10(9):2368. doi: 10.3390/cells10092368.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 3T3-L1 and THP-1 cell lines were obtained from ATCC.

Authentication Expression of characteristic mRNA transcripts (e.g., Ifi204, Ifi203, Ifi202b of BALB/C origin, Fabp4 and Fasn for lineage
identity; morphology (with phase contrast and with transmission electron microscopy) and cell-line specific behavior (i.e.,
adipogenic differentiation) have been tested for 3T3-L1 cells. For THP-1 cells morphology (monocytic or induced adheren
macrophage-like), activation in response to stimuli were used to ensure lineage identity.

Mycoplasma contamination The cell lines were regularly tested negative for Mycoplasma.

Commonly misidentified lines  Not applicable (our cell lines are not listed in ICLAC register, as of October 26, 2021).
(See ICLAC register)
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Animals and other organisms

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

Laboratory animals mouse, Mus musculus, C57BL/6 as wild-type, MDA5-KO and IRF7-KO on a C57BL/6 background, RIG-I-KO on CD1 background (for this
we used CD1 as control). Housing conditions: 12h/12h day/might cycle, under SPF health monitoring, in individually ventilated cages,
at ambient temperature (20-22°C) and at 55% air humidity. Animals were housed 1 animal per cage (during high-fat diet and indirect
calorimetry) or in groups with bedding and paper nesting material. The animals could move freely. The cages stood next to each
other so that the animals have visual contact. The animals were given ad libitum access to water and food. As standard protocol at
Ulm University, the requirements of ETS123 were met.

Wild animals none
Field-collected samples none
Ethics oversight Research involving animals was approved by the regional governmental ethics and animal welfare committee in Tibingen, Germany

(#1511; #1557; #1492; #1546; #0.232-1,2,4,5). Study approvals are available upon request in German.

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 Study Population: children and adolescents undergoing elective surgery at the University Hospital Leipzig, Germany and
Pediatric Surgery Department, Institute of Pediatrics, University of Debrecen, Hungary, between 2010 and 2022.

Indication of surgery: retentio testis, hydrocele, hernia, collar fistula, naevus removal, stoma closure, gynecomastia,anal
fistula, other

The study cohort may be stratified for lean (definded as BMI <1.28 SDS) and overweight/obese (definded as BMI>= 1.28 SDS)
children for posthoc analyses, no intervention.

Inclusion Criteria:
1. body weight: 3000 g - 180 kg
2. suitable surgical procedure

3. signed informed consent by the guardians and the study participant, if older 12 years (Germany), or signed informed
consent by the guirdans of the study participants under 18 years of age (Hungary)

Exclusion Criteria:

. severe chronic and inflammatory diseases
. acute or chronic infections

. oncological diseases

. clotting disorders

. complications during surgical procedure
drug treatment

oA wN P

Age range of participants: 0-18 years

Sex of participants: male (65%), female (35%). The higher percentage of male participants was due to the higher rate of
medical conditions among males in pediatric surgery practice (i.e., surgical resolution of retentio testis or testicular torsion
apply only to boys, and inguinal hernia is more common among boys than girls).

120 Y21o)y

Recruitment Participants underwent elective surgery at University Hospital of University of Leipzig, Germany between 2010 and 2020 or at
Pediatric Surgery Department, Institute of Pediatrics, University of Debrecen, Hungary in 2022 (children and adolescents).
Recruitment from 2010 to 2022. Data collection for lllumina and histology/FACS/immunofluorescence analysis: 2010-2021,




functional assays/FACS: 2022. Parents or guardians of the patients were contacted by the surgeon before the surgery,
providing informed consent abut the study. There is self-selection bias involved, as participants did not actively apply for
participation in the study. Since each patient in the indicated time period of recruitment was approcahed with the
information on our study (unless an exclusion criteria was apparent for the surgeon), there is no recruitment bias. Parents/
guardians were free to accept or decline the participation in the study, and they receibed sufficient time to make a decision.
The study cohort may be stratified for lean (definded as BMI <1.28 SDS) and overweight/obese (definded as BMI>= 1.28 SDS)
for posthoc analyses, no intervention. Patient selection was not affected by the BMI SDS, gender or other clinical parameter,
to avoid recruitment bias.

Ethics oversight The study protocol was approved by the local ethics committee of the Medical Faculty, University of Leipzig (#265-08-ff;
NCT02208141) and the Medical Faculty of University of Debrece (#RKEB6057).

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJEguidelines for publication of clinical research and a completedCONSORT checklist must be included with all submissions.
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Clinical trial registration NCT02208141
Study protocol https://clinicaltrials.gov/ct2/show/NCT02208141

Data collection Participants of this study were undergoing elective surgery at the University Hospital Leipzig, Germany and Pediatric Surgery
Department, Institute of Pediatrics, University of Debrecen, Hungary, between 2010 and 2022. Recruitment period was between
2010-2022. Parents/guirdans of each eligible patient was approached by one member of the surgical team, to prvide information
about our study, answer questions of the parents/guirdans, and ensure that all necessary documents (informed consent, data
protection, etc.) are signed and archived. There is no self-selection bias in the study participation.

Outcomes Primary Outcome Measures :
Adipose tissue dysfunction [ Time Frame: 10 years ]
Adipose tissue dysfunction is assessed by evaluation of adipocyte size and number (hypertrophy vs. hyperplasia), adipocyte

proliferation and differentiation, (lipid) cellular metabolism, inflammation, gene expression, fibrosis, and others; the association of AT
dysfunction with clincial phenotype will be assessed

Secondary Outcome Measures :
Presence of beige/brown adipose tissue (BeAT/BAT) [ Time Frame: 10 years ]

Adipose tissue samples are evaluated for the presence of BeAT/BAT on histological and molecular level and association with clinical
phenotype isinvestigated

Inflammation of adipose tissue [ Time Frame: 10 years ]

Inflammation is assessed by evaluating macrophage infiltration on histological and molecular expression level. Also, association with
clinical phenotype is assessed.

Biospecimen Retention (Leipzig only):

samples with DNA

adipose tissue sample

mRNA from adipose tissue samples, adipocytes, stromal vascular fraction
protein from whole adipose tissue samples

blood samples for DNA analysis, serum samples

urine samples

Biospecimen Retention (Debrecen only):

adipose tissue sample
patient charts (follow-up of clinical phenotype)

Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).
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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).
E] All plots are contour plots with outliers or pseudocolor plots.

[Z] A numerical value for number of cells or percentage (with statistics) is provided.




Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

Fat samples were digested with collagenase, followed by separation of cell fractions and subsequently analyzed or cultured,
as described: Ampem G, and Roszer T. In: Badr MZ ed. Nuclear Receptors: Methods and Experimental Protocols. New York,

NY: Springer New York; 2019:225-36. ATMs were purified before FACS analysis with magnetic bead labeling and sorting, as

described in the Supplementary Information.

BD LSR Il

FlowlJo v10, FACSDiva 8.01

2,000-10,000 cells.

Single cell events are gated first, adipocyte and ATM populations second (based on SSC-A and FSC-A parameters), this is
fllowed by gating for primary antibody signals (e.g., F4/80). Details provided in reference: Ampem G, and Roszer T. In: Badr

MZ ed. Nuclear Receptors: Methods and Experimental Protocols. New York, NY: Springer New York; 2019:225-36., also shown
in SFig. 15D

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