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Abstract

Chronic inflammation is a common feature of obesity with elevated cytokines such as
Interleukin-1 (IL-1) in circulation and tissues. Here, we report an unconventional IL-1R-MyD88-
IRAK2-PHB/OPAL signaling axis that reprograms mitochondrial metabolism in adipocytes to
exacerbate obesity. IL-1 induced recruitment of IRAK2-Myddosome to mitochondria outer
membrane via recognition by TOM20, followed by TIMM50-guided translocation of IRAK2 into
mitochondria inner membrane to suppress oxidative phosphorylation and fatty acid oxidation,
thereby, attenuating energy expenditure. Adipocyte-specific MyD88 or IRAK2 deficiency reduced
high fat diet (HFD)-induced weight gain, increased energy expenditure and ameliorated insulin
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resistance, associated with a smaller adipocyte size and increased cristae formation. IRAK2 kinase
inactivation also reduced HFD-induced metabolic diseases. Mechanistically, IRAK2 suppressed
respiratory super-complex formation via interaction with PHB1 and OPA1 upon stimulation of
IL-1. Taken together, our results suggest that IRAK2 Myddosome functions as a critical link
between inflammation and metabolism, representing a novel therapeutic target for patients with
obesity.

Introduction

Obesity is an increasing global problem with severe clinical consequences, including Type 2
diabetes, metabolic syndrome, premature aging and cancerl: 2: 3, Emerging evidence has
suggested that adipose tissue dysfunction is a critical component of the obesity-associated
pathologies contributing to metabolic syndromes* ® 6.7, Notably, adipocytes in adipose
tissue are not simply a passive fat storing depot, but rather constituents of a dynamic
endocrine organ majorly contributing to metabolic control and adipose tissue homeostasis®.
High fat diet (HFD) induces the accumulation of endogenous ligands of Toll-like receptors
(TLRs, including free fatty acids (FFAS), oxidized low density lipoprotein (ox-LDL), and
inflammatory cytokines such as Interleukin-1p (IL-18)%: 10.11.12, 13, 14 T R/interleukin-1
receptor (IL-1R) signaling plays an important role in HFD-induced adipose tissue
dysfunction5: 16.17. 18, 19 \while TLRs and IL-1R are highly expressed in adipocytes, the
mechanism and pathophysiological importance of TLR/IL-1R signaling in adipocytes during
obesity-induced adipose tissue inflammation remain unclear.

TLR/IL-1R transduce signals through the adaptor molecule MyD88 and IL-1R-associated
kinase (IRAK) family members, including IRAK1, IRAK2, IRAKM and IRAK420, IRAK4
is the upstream kinase of IRAK1 and IRAK22L, TLR/IL-1R activation leads to the formation
of Myddosome complexes (MyD88-IRAK4-IRAK1; MyD88-IRAK4-IRAK?2). While
IRAK1 mediates TAK1-dependent NFxB activation?2, IRAK2 is critical for
posttranscriptional control?3: 24, We previously reported that deficiency of MyD88 in
myeloid cells prevented macrophage recruitment to adipose tissue and their switch to an
M1-like phenotype, accompanied by substantially reduced diet-induced systemic
inflammation and insulin resistance?>. In addition to inflammatory responses, recent studies
have shown the critical impact of TLR/IL-1R on cell metabolism, including glycolysis and
lipid accumulation26: 27. 28,29 However, the molecular mechanisms for how TLR/IL-1R
sighaling modulates cell metabolism and the impact on obesity-induced metabolic syndrome
are the critical questions in this emerging field.

Here we show that adipocyte-specific deficiency of MyD88 or IRAK2 reduces diet-induced
weight gain associated with a smaller adipocyte size, increased body energy expenditure and
improves insulin resistance. Mechanistically, we have discovered an unconventional IL-1R-
MyD88-IRAK2-PHB/OPAL1 signaling axis that directly impacts on adipocyte metabolism
contributing to obesity. We showed that IL-1 stimulation induced the translocation of IRAK2
Myddosome to mitochondria outer membrane via recognition by TOM20, followed by
TIMMb50-guided translocation of IRAK2 into mitochondria inner membrane. IRAK2 then
interacts with mitochondria proteins [Prohibitin (PHB) and Optic Atrophy Protein 1
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(OPAD)], resulting in suppression of respiratory super-complex formation, oxidative
phosphorylation (OxPhos) and fatty acid p-oxidation (FAO). While the PHB-OPA1
interaction is substantially reduced in IRAK2 deficient and IRAK2 kinase-inactive knockin
(IRAK2 KI) adipocytes, IRAK2 deficiency or kinase inactivation reduces HFD-induced
metabolic diseases. These results suggest that TLR/IL-1R-MyD88 signaling reprograms cell
metabolism in adipocytes, contributing to diet-induced adipose tissue dysfunction and
obesity.

IL-1B inhibits OxPhos and super-complex formation

Previous studies have shown that HFD induces low-grade inflammation and accumulation of
cytokines such as IL-1 in circulation and tissues®: 1. 30. 31, 32 e detected elevated //1b
MRNA expression in the human adipose tissue from diabetic patients compared to that of
non-diabetic individuals (Fig. 1a), in agreement with previous reports33. Patient
demographics and clinical characteristics are provided in Extended Data Fig. Fig. 1a. IL-1p
production was much higher in epididymal white adipose tissue (eWAT), inguinal white
adipose tissue (iWAT) and brown adipose tissue (BAT) from HFD-fed mice (Fig. 1b,c).
Therefore, we hypothesized that IL-1R signaling might have a direct impact on adipocyte
cell metabolism. We found that IL-1p stimulation suppressed OxPhos with increased the
extracellular acidification rate (ECAR) in adipocytes analyzed by extracellular flux analysis
(Fig. 1d & Extended Data Fig. Fig. 1b). Mitochondrial respiratory complexes (I-1V) drive
OxPhos by sustaining a proton-motive force across the inner membrane that is used to
synthesize ATP, which can be organized into super-complexes to promote cellular
respiration34. Importantly, we found that IL-1p suppressed super-complex formation in
adipocytes (Fig. 1e & Extended Data Fig. Fig. 1c), while the protein levels of each
individual complex were not affected by IL-1f stimulation (Extended Data Fig. Fig. 1d). In
support of this observation, we found that the enzymatic activity of the super-complex (I
+111) was severely decreased in IL-1B-treated adipocytes compared to the untreated cells,
whereas IL-1p treatment only slightly suppressed individual Complex | and Complex 111
activity (Fig. 1f). Consistently, the cellular ATP level, ATP-linked oxygen consumption
(OCR) and FAO rate were substantially reduced in IL-1p-stimulated wild-type adipocytes,
but not in IL-1R knockout cells (Fig. 1d,g,h & Extended Data Fig. Fig. 1e). Conversely,
IL-1B stimulation did not increase cytosolic mtDNA, calcium and cytochrome C levels
(Extended Data Fig. Fig. 2a—c). Cellular reactive oxygen species (ROS) and mitophagy
activation were not affected by IL-1p stimulation (Extended Data Fig. Fig. 2d,e). Taken
together, these results indicate a critical role of IL-1f in adipocyte metabolism by
specifically inhibiting mitochondrial oxidative function and super-complex formation.

Myd88AKO improves obesity and energy expenditure

The adapter molecule MyD88 is recruited to TLR and IL-1R complexes upon ligand
stimulation32. Our previous study suggested that myeloid MyD88 is critical for HFD-
induced switching of adipose tissue macrophages from M2-like macrophages to M1-like
macrophages2°. We have recently generated adipocyte-specific MyD88-deficient
(Mya88°%O) mice by breeding Myd8&f (Mya88F) mice to Adiponectin-Cre transgenic
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mice. The deletion efficiency was validated by immuno-blot analysis in e WAT, iWAT and
BAT tissue lysates (Extended Data Fig. Fig. 3a). There were no detectable differences
between 6-weeks old Mya88~KO and littermate control mice in their body weight, adipocyte
differentiation (as assessed by gene expression) and adipose tissue weight (data not shown).
Myd88~KO male mice and gender-matched littermate controls (Myad88™F) were then
subjected to HFD for 12 weeks and monitored for weight changes on a weekly basis.
Compared to wild-type control mice, Mya88°KC mice gained less weight and exhibited
improved glucose tolerance and insulin sensitivity (Fig. 2a,b). Adipocyte cell sizes were
decreased in iIWAT of Myd88*KC mice compared to wild-type littermate control mice (Fig.
2¢). HFD-induced formation of crown-like structure and inflammatory gene expression were
reduced in iIWAT of Mya88°KO mice compared to control mice (Fig. 2d,e). Furthermore,
there was an increase in cristae formation of iIWAT from Myd88*KC mice compared to that
in control mice, which was accompanied by elevated thermogenic gene expression including
Ucpl (Fig. 2e & Extended Data Fig. Fig. 3b).

We next examined the impact of adipocyte-specific MyD88 deficiency on energy
expenditure. Interestingly, HFD-fed Myd88*<O mice had an increased energy expenditure at
both 22 °C and 4 °C compared to control mice (Fig. 2f). Notably, Myd88"<O BAT had
much reduced lipid accumulation with increased thermogenic gene expression, including
Ucpl, Prdm16and Pgcla, compared to control mice (Fig. 2g). Electron microscopy showed
that cristae structure was better organized in Myd88"<O BAT (Fig. 2h), accompanied by
increased mitochondrial respiratory super-complex formation (Fig. 2i). Consistently, the
super-complex (I+111) activity (but not individual Complex | or 111) was substantially
increased in the mitochondria isolated from Myd88°KC BAT compared to that from wild-
type BAT (Fig. 2j). Moreover, Myd88*KO BAT displayed higher FAO capacity than the
control BAT (Fig. 2k & Extended Data Fig. Fig. 3d). Taken together, these results suggest
that adipocyte-derived MyD88 might play an important role in driving HFD-induced BAT
dysfunction by interfering with mitochondrial function.

Translocation of IRAK2 into inner mitochondrial membrane

Leveraging subcellular fractionation, we indeed found that IL-1p stimulation was able to
induce translocation of MyD88, IRAK4 with IRAK2, but not IRAKZ, to mitochondria (Fig.
3a). Sub-mitochondrial fractionation analysis indicates that only IRAK2 was translocated
into the mitochondrial intermembrane space and inner membrane (Fig. 3b). In contrast,
MyD88 and IRAK4 were only found in the outer membrane fraction (Fig. 3b). Interestingly,
immuno-blot analysis showed majority of IRAK2 was modified in mitochondrial fraction
which can be removed by phosphatase treatment, suggesting that IRAK2 was
phosphorylated in mitochondria (Extended Data Fig. Fig. 4a). To visualize mitochondrial
IRAK2, we generated HA-tagged IRAK2 reporter mouse by inserting three HA tags at the
C-terminal of /rak2 (Extended Data Fig. Fig. 4b). Importantly, we detected HA-IRAK2 in
the mitochondria by immunogold staining in IL-1p-treated primary adipocytes derived from
IWAT of HA-/rak2 knockin mice (Fig. 3c). Furthermore, HA-tagged IRAK2 was expressed
in IL-1R1 deficient and MyD88 deficient adipocytes, followed by immunogold staining and
electron microscopy analysis. IRAK2 mitochondrial localization was greatly reduced in
IL-1-treated IL-1R1 deficient and MyD88 deficient adipocytes, suggesting that IRAK2
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mitochondrial localization was dependent on IL-1-mediated signaling activation (Extended
Data Fig. Fig. 4c). We also generated HA-tagged MyD88 reporter mice by inserting three
HA tags at the C-terminal of Myd88. By immunogold staining, we found that MyD88
localized around the edge of mitochondria structure in IL-1p-treated primary adipocytes
(Extended Data Fig. Fig. 4d), supporting the localization of MyD88 on the outer membrane
from the sub-mitochondrial fractionation analysis (Fig. 3b). Taken together, these results
allow us to propose the following model: IL-1p stimulation leads to MyD88/IRAK4/IRAK2
Myddosome complex formation and translocation to the outer mitochondrial membrane
where IRAK2 may then dissociate from the complex and translocate into mitochondrial
intermembrane space and inner membrane. In support of this model, through mass
spectrometric analysis of IRAK2 interacting proteins, we found that IRAK2 was able to
interact with TOM20 and TIMM50 which are translocators on mitochondrial outer and inner
membrane respectively36: 37 38, We validated I1L-1p-induced IRAK2’s interaction with
TOM20 and TIMMS50 by co-immunoprecipitation. (Extended Data Fig. Fig. 4e).

Consistent with the mitochondrial translocation of IRAK2 Myddosome, IRAK2 deficiency
ablated IL-1p-induced suppression on super-complex formation of respiratory chain (Fig. 3d
& Extended Data Fig. Fig. 5a) and the enzymatic activity of the super-complex (I+111) (Fig.
3e). Furthermore, while IL-1p-induced inflammatory gene expression was not affected in
IRAK2-deficient adipocytes (Extended Data Fig. 5b), IRAK2 deficiency abolished IL-1-
induced inhibition of OxPhos with minimum impact on ECAR (Fig. 3f & Extended Data
Fig. 5¢), cellular ATP levels (Fig. 3g) and FAO (Fig. 3h & Extended Data Fig. 5d). Our data
suggest IRAK2 might suppress OxPhos by directly disrupting mitochondrial respiratory
chain super-complex formation in the mitochondria. TOM20 is the major receptor
responsible for the recognition and translocation of cytosolically synthesized proteins.
Nuclear magnetic resonance (NMR) and crystal structures of the TOMZ20 receptor domain
demonstrated that TOM20 recognizes the hydrophobic surface of the presequence
amphipathic helix38: 39 40, |RAK2 contains an amphipathic helix structure at its N-terminal
(Extended Data Fig. 5e). Mutation of the positively charged amino acids in mitochondria
localization signal (MLS) in IRAK2 (IRAK2Mito-mut RA3A/K44A/KA6A/R50A) greatly
reduced the interaction of IRAK2 with TOMZ20 and diminished IRAK2 mitochondria
localization (Fig. 3i—j). IRAK2Mito-mut attenuated the impact of IRAK2 on super-complex
formation, enzymatic activity of the super-complex (1+I11), cellular ATP level, ATP-linked
OCR and FAO rate in adipocytes (Fig. 3k—n & Extended Data Fig. 5f,g). Taken together,
these data suggest that IL-1p-stimulation induces IRAK2 mitochondrial translocation,
thereby inhibiting OxPhos and FAO.

IRAK?2 deficiency improves HFD-induced obesity

To investigate the role of IRAK2 in HFD-induced metabolic diseases, IRAK2-deficient male
mice and gender-matched littermate controls were subjected to HFD for 12 weeks and
monitored for weight changes on a weekly basis. Compared to wild-type control mice,
IRAK2-deficient mice gained less weight in response to HFD feeding (Fig. 4a). We
quantified the weight of each organ as a percentage of whole-body weight, and found only
eWAT and iWAT showed reduced weight in IRAK2-deficient mice (Fig. 4b). EchoMRI
analysis also indicated that IRAK2 deficiency reduced the fat mass in response to HFD
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feeding (Fig. 4c). Additionally, IRAK2 deficiency attenuated the development of HFD-
induced insulin resistance (Fig. 4d). Histological analysis showed that the adipocyte cell
sizes were decreased in the iWAT of IRAK2-deficient mice compared to that in the wild-
type littermate control mice (Fig. 4e). HFD-induced formation of crown-like structure was
reduced in iIWAT of IRAK2-deficient mice accompanied by reduced inflammatory gene
expression (Fig. 4f,i). Furthermore, transmission electron microscopy analysis showed that
mitochondrial cristae area was increased in adipocytes of IRAK2-deficient iWAT from HFD-
fed mice (Fig. 49). Consistently, there was increased FAO activity and elevated thermogenic
gene expressions in IRAK2-deficient iWAT compared to control mice (Fig. 4h,i). Since type
2 diabetes is considered as a gender-associated disease! 42, IRAK2-deficient female mice
and gender-matched littermate controls were also subjected to HFD for 12 weeks and
monitored for weight changes on a weekly basis. Similar to male mice, HFD-fed IRAK2-
deficient female mice reduced weight gain, improved insulin sensitivity, decreased adipocyte
cell size with reduced lipid accumulation in adipose tissue, compared to the wild-type
littermate control mice (Extended Data Fig. 6). These results suggest that IRAK2 deficiency
rendered resistance to HFD-induced obesity.

IRAK?2 deficiency prevents HFD-induced BAT dysfunction

BAT is critical for thermogenesis due to uncoupled mitochondrial respiration, implicated as
an important site for modulating energy expenditure*3. Importantly, IRAK2-deficient BAT
showed much decreased lipid accumulation and increased FAO activity compared to that in
control mice (Fig. 5a,b & Extended Data Fig. 7a). These results indicate that IRAK2
deficiency prevented HFD-induced BAT dysfunction. Immunogold staining of HA-tagged
IRAK2 clearly indicated IRAK?2 expression in the mitochondria in the BAT from obese mice
(Fig. 5¢c & Extended Data Fig. 7b), suggesting that mitochondrial IRAK2 might contribute
to HFD-induced BAT dysfunction. Electron microscopy analysis showed that cristae area
was increased in IRAK2-deficient BAT, accompanied by increased super-complex formation
in BAT and compared to that in control mice after HFD (Fig. 5d,e & Extended Data Fig. 7¢).
Analysis of respiratory complexes enzymatic activities indicated slightly Complex I and
Complex 11 activities and greatly increased activity of the super-complex (I1+111) was
detected in the mitochondria isolated from IRAK2-deficient BAT (Fig. 5f).

We then examined the impact of IRAK2 deficiency on thermogenesis and energy
expenditure. HFD-fed IRAK2-deficient mice had an increased energy expenditure at 4 °C
compared to that of control mice (Fig. 5g). IRAK2-deficient BAT showed relative increased
expression of these thermogenic genes under HFD compared to their levels in control mice
(Fig. 5h). Moreover, HFD-fed IRAK2-deficient mice displayed higher body temperature
compared to the control mice under HFD (Fig. 5i). Consistently, HFD-fed Myd88*<C mice
also displayed higher body temperature compared to the control mice (Extended Data Fig.
3e). We then used Ucp1 reporter mice (Ucpl-luc/tdTomato) to monitor the thermogenic
function of BAT in vivo by breeding IRAK2-deficient mice onto Ucpl-luc, tdTomato
reporter mice. Both luciferase activity and RFP signal were increased in the BAT (and
iWAT) from IRAK2-deficient mice compared to control mice under HFD (Extended Data
Fig. 7 d,e). IRAK2 deficiency also increased Ucp-1-driven luciferase activity and RFP signal
in the BAT (and iWAT) in response to B-adrenergic receptor agonist CL-316,274 (Extended
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Data Fig. 7 f,g). These results suggest that IRAK2 suppresses mitochondrial function by
inhibiting super-complex formation and uncoupled mitochondria respiration in BAT,
contributing to the decreased energy expenditure.

IRAK?2 disrupts super-complex formation via PHB-OPA1

We next investigated the molecular mechanism for how IRAK2 inhibits mitochondrial
respiratory chain super-complex formation. Our proteomic analysis of IRAK2-interacting
proteins revealed that IRAK2 interacts with mitochondrial protein PHB. PHB was shown to
play a critical role in mitochondrial function and required for adipocyte differentiation®. We
found IL-1pB stimulation induced the interaction between IRAK2 and PHB, but not PHB2,
using mitochondrial fractionation of primary adipocytes (Fig. 6a & Extended Data Fig. 8a).
Interestingly, IL-1p stimulation also induced the interaction of IRAK2 and PHB with OPA1
(Fig. 6a & Extended Data Fig. 8a), a dynamin-related protein that helps to tighten the cristae
junctions for super-complex stability*> 46, Notably, while IL-1B-induced PHB-OPA1
interaction was significantly reduced in IRAK2-deficient adipocytes (Fig. 6a & Extended
Data Fig. 8b), PHB knockdown reduced IL-1B-induced interaction of IRAK2 with OPA1
(Fig. 6b and Extended Data Fig. 8c). These results suggest that IRAK2 suppresses super-
complex formation via interaction with the PHB-OPA1 axis. In support of this finding, the
impact of IRAK2 on IL-1B-induced suppression of mitochondrial function (including super-
complex formation and FAO) disappeared in PHB knockdown cells (Extended Data Fig. 8d—
h). Furthermore, PHB overexpression promoted super-complex activity and FAO rate in in
WT and IRAK2-deficient primary adipocytes. IL-1p treatment suppressed super-complex
activity and FAO rate PHB overexpressed cells, but not in PHB overexpressed IRAK2-
deficient adipocytes (Extended Data Fig. 8i,j). Taken together, these data suggest that the
suppression effect of IL-1-IRAK2 signaling axis on mitochondrial super-complex activity
and FAQ rate in adipocytes is dependent on PHB.

IRAK2 kinase inactivation impaired IL-1B-induced IRAK2 modification and the interaction
of IRAK2 with PHB-OPAL, although IL-1p was still able to drive IRAK2-kinase inactive
mutant (IRAK2 KI) into mitochondria (Fig. 6¢ and Extended Data Fig. 9a). IRAK2 kinase
inactivation abolished IL-1B-induced suppression of mitochondrial super-complex formation
(Fig. 6d & Extended Fig. 9b), enzymatic activity of the super-complex (I1+111) (Fig. 6e),
cellular ATP level (Fig. 6f), ATP-linked OCR and OxPhos (Fig. 6g & Extended Data Fig.
9c¢), and FAO (Fig. 6h and Extended Data Fig. 9d). Notably, while the kinase-inactive
IRAK2 in the mitochondria lost the ability to interact with PHB-OPAL, there was also the
loss of IL-1p-induced IRAK2 modification (Fig. 6¢), implicating that IRAK2 auto-
phosphorylation might be important for the interaction of IRAK2 with PHB-OPA1. On the
other hand, IRAK2 is known be phosphorylated at serine 134 (S134) and threonine 140
(T140) upon activation of TLR activationZ4. Mutation of $S134 and T140 (IRAK2
phosphoMUt, S136A/T140A) abolished IL-1p-induced IRAK2 modification in mitochondria
(Fig. 6i) and its interaction with TIMM50 (but not TOM20) and PHB-OPAL (Fig. 6j). Taken
together, these data suggest that IRAK2 auto-phosphorylation is required for TIMM50-
guided localization of IRAK2 on mitochondrial inner membrane to interact with PHB-
OPAL.
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IRAK?2 kinase-inactivation and IRAK2AKO improves obesity

We then examined the role of IRAK2 kinase activity in HFD-induced obesity. Similar to
IRAK2-deficient mice, IRAK2 kinase-inactive gene-targeted mice (/rak2 Kl) gained less
weight and had reduced insulin resistance compared to the wild-type control mice under
HFD (Fig. 7a,b). Furthermore, HFD-fed /rakZ K1 mice exhibited increased energy
expenditure at 4 °C (Fig. 7¢) and displayed increased body temperature (Extended Data Fig.
10a) compared to control mice. Histological analysis showed that the adipocyte cell sizes
were decreased in the IWAT of /rak2 KI mice compared to control mice (Fig. 7d). Moreover,
Irak2 K1 BAT had much reduced lipid accumulation with increased thermogenic gene
expression, compared to that in control mice (Fig. 7e,f). Consistently, HFD-fed /rak2 Kl
mice showed increased mitochondrial super-complex formation (Fig. 7g & Extended Data
Fig. 10b), increased activity of the super-complex (I+I11) in BAT (Fig. 7h) and increased
FAO capacity (Fig. 7i).

To further study role of IRAK2 in adipocyte in HFD-induced obesity. We have recently
generated IRAK2 conditionally deficient mice by flanking exon 1 of /rak2by loxP sites
(/rakZF mice) (Extended Data Fig. 10c). Adipocyte-specific IRAK2-deficient (/rak2<O)
mice were generated by breeding /rakZF mice to Adiponectin-Cre transgenic mice. The
deletion efficiency was validated by immuno-blot analysis in both iWAT and BAT tissue
lysates (Extended Data Fig. 10d). Similar to IRAK2-deficient mice and /rak2 Kl mice,
Irak2"<0 gained less weight and had reduced insulin resistance compared to the wild-type
control mice under HFD (Fig. 8a,b), accompanied with increased body temperature
(Extended Data Fig. 10e). Furthermore, HFD-fed /rak2*KO mice exhibited increased energy
expenditure compared to control mice (Fig. 8c). Histological analysis showed that the
adipocyte cell sizes were decreased in the iWAT of /rak2*KO mice compared to control mice
(Fig. 8d). Moreover, /rak2*<O BAT had much reduced lipid accumulation with increased
thermogenic gene expression, including Ucp1, Prdm16and Pgcla, compared to that in
control mice (Fig. 8e,f). Consistently, HFD-fed /rak2*<O mice showed increased
mitochondrial super-complex formation (Fig. 8g & Extended Data Fig. 10f), increased
activity of the super-complex (1+111) in BAT (Fig. 8h) and increased FAO capacity (Fig. 8i).
These results suggest that IRAK2 kinase activity in adipocytes contributes HFD-induced
obesity and BAT dysfunction.

Discussion

We report here that IL-1R signaling reprograms mitochondrial metabolism in adipocytes to
attenuate energy expenditure by driving the recruitment of IRAK2 Myddosome to
mitochondria outer membrane via recognition by TOM20, followed by TIMM50-guided
translocation of IRAK2 into mitochondria inner membrane, resulting in suppression of
respiratory super-complex formation, OxPhos and FAO. In response to IL-1p stimulation,
IRAKZ2, but not kinase-inactive mutant, suppressed respiratory super-complex formation via
interaction with mitochondrial proteins PHB and OPA1 in adipocytes. IRAK2 deficiency
and kinase inactivation ablated IL-1p-induced PHB-OPAL interaction in adipocytes and
PHB knockdown abolished the regulatory role of IRAK2 in mitochondria. Taken together,
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our results suggest that IRAK2 Myddosome mediates the IL-1R-MyD88-IRAK2-PHB/
OPAU1 signaling axis to directly impact on adipocyte metabolism and energy expenditure.

In support of the critical role of IRAK2 Myddosome in adipocyte metabolism, we found that
adipocyte-specific deficiency of MyD88 or IRAK2 reduced diet-induced weight gain,
increased whole body energy expenditure and ameliorated insulin resistance. Consistently,
ablation of IRAK2 Myddosome resulted in smaller adipocytes with increased cristae
formation in both WAT and BAT from HFD-fed mice, which is accompanied by increased
fatty acid oxidation. In parallel, adipocyte-specific deficiency of MyD88 or IRAK2 reduced
the weight gain of WAT and attenuated whitening of BAT in response to HFD.

Notably, HFD-fed IRAK2 deficient mice had an increased energy expenditure at 4 °C
compared to that of control mice. Furthermore, IRAK2-deficient BAT showed much
increased expression of thermogenic genes including Ucpl and displayed higher body
temperature compared to the control mice. Collectively, these results implicate a critical
impact of IRAK2 deficiency on non-shivering thermogenesis. In support of this hypothesis,
IRAK?2 deficiency also increased Ucp-1-driven luciferase activity and RFP signal in the BAT
in response to B-adrenergic receptor agonist CL-316,274. Adipocyte-specific deficiency of
MyD88 showed an increased energy expenditure at both 22 °C and 4 °C compared to that of
control mice, suggesting the possible involvement of additional metabolic pathways
mediated by other IRAK Myddosomes. IRAK1 deficiency was shown to reduce HFD-
induced metabolic disease?’. Future studies are required to investigate the impact of
MyD88-dependent IRAK2-independent pathways in energy expenditure and metabolic
diseases.

One important question is what the molecular signal is that triggers MyD88/IRAK?2
mitochondrial translocation. Although subcellular fractionation showed that IL-1p
stimulation induced translocation of MyD88, IRAK4 with IRAK2 (but not IRAK1Y) into
mitochondria fraction, sub-mitochondrial fractionation analysis indicates that only IRAK2
was translocated into the mitochondrial intermembrane space and localized on inner
membrane. On the other hand, MyD88 and IRAK4 were only found in the outer membrane
fraction. Consistently, immunogold staining showed that while IRAK2 is localized inside the
mitochondria, MyD88 is detected around the edge of mitochondria structure. These results
suggest that IL-1p stimulation leads to MyD88/IRAK4/IRAK2 complex formation and
translocation to the outer mitochondrial membrane where IRAK2 may then dissociate from
the complex and translocate into mitochondrial intermembrane space and inner membrane.
In support of this model, IRAK2 interacts with TOMZ20 and TIMM50 which are
translocators on mitochondrial outer and inner membrane respectively. We identified a
mitochondria translocation signal (MLS, an amphipathic helix structure) at its N-terminal
and mutation of the positive charged amino acids within MLS abolished IRAK2’s
interaction with TOM20 and impaired IRAK2’s mitochondrial translocation. On the other
hand, mutation of phosphorylation sites of IRAK2 abolished its interaction with TIMM50,
but not TOM20, suggesting that IRAK2 auto-phosphorylation might serve as the molecular
signal for its translocation into the mitochondrial inner membrane. Notably, MyD88
deficiency abolished IL-1p-induced mitochondria translocation of IRAK2 and the
interaction of IRAK2 with TOM20 and TIMMDS50 in adipocytes (data not shown), suggesting
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that IL-1B-induced Myddosome formation is required for the initial recruitment of MyD88-
IRAK2 to mitochondria.

OPA1, an inner membrane dynamin-related protein, maintains the cristae junctions closed to
ensure super-complex stability and assembly#?: 46: 48, PHB forms multimeric ring complexes
in the inner mitochondrial membrane, acting as a critical regulator of respiratory super-
complex formation by interacting with OPA149. IRAK2 was modified in IL-1R-activated
adipocytes and induced to interact with PHB and OPA1 in mitochondria. We proposed that
upon IL-1R activation IRAK2 is translocated into mitochondrial intermembrane space and
localized on the inner membrane where it interacts with PHB, allowing PHB to recruit OPA1
away from the cristae junctions, thereby destabilizing the respiratory super-complexes. In
support of this hypothesis, we found that PHB knockdown abolished the interaction of
IRAK2 with OPA1 and diminished the impact of IRAK2 on super-complex formation.
Interestingly, IRAK2 kinase-inactive mutant was still translocated into the mitochondria,
suggesting that IRAK2 kinase activity is not required for IRAK2 interaction with TOMZ20
and subsequent translocation. However, the mitochondrial kinase-inactive IRAK2 lost the
ability to interact with PHB-OPAL, which was accompanied by the loss of IL-1p-induced
IRAK2 modification. These results suggest that IRAK?2 autophosphorylation likely plays a
critical role in the interaction with PHB and OPAL in mitochondria.

We previously reported that myeloid-specific MyD88 deficiency substantially reduced diet-
induced systemic inflammation and insulin resistance by preventing macrophage recruitment
to adipose tissue and their switch to an M1-like phenotype2®. We now found that adipocyte-
specific MyD88 deficiency reduced diet-induced weight gain, increased whole body energy
expenditure and ameliorated insulin resistance. Supported by previous studies, our findings
here indicate that adipocytes in adipose tissue are not simply a passive fat storing depot, but
rather constituents of a dynamic endocrine organ contributing to metabolic homeostasis®.
We show that IL-1p was able to reprogram cell metabolism in adipocytes by driving direct
IRAK2-dependent signaling in mitochondria. Importantly, while IRAK2 is required for
IL-1B-induced mitochondrial function in adipocytes, it had no impact on IL-1p-induced
inflammatory response in adipocytes. Thus, specifically targeting the IL-1R-IRAK2-axis in
adipocytes is an especially promising approach to prevent and treat obesity, which could
spare the immune system to maintain normal host defense. The future goal is to develop
tailored therapeutic agents (e.g. decoy peptides) that specifically disrupt the direct
interactions the IRAK2 protein with their metabolic partners, thus resetting/correcting
pathogenic metabolism in adipocytes and regressing the obesity-associated pathologies.

Animals and animal care.

IRAK2-deficient and IRAK2 kinase-inactive gene-targeted mice were previously
described?3 24, MydsgVTl (008888), IL-1R1-deficient (003245), Adiponectin-Cre (028020),
and Ucp1-luc2, Ucp-tdTomato (026690)°° mice were purchased from The Jackson
Laboratory. HA-tagged IRAK2 reporter mice were generated by inserting 3XHA expressing
cascade upstream the stop codon of /rak2 gene (Cyagen Biosciences). HA-tagged MyD88
reporter mice were generated by inserting 3xHA expressing cascade upstream the stop
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codon of Myd88 gene (Cyagen Biosciences). IRAK2 conditionally deficient mice by
flanking exon 1 of Irak2 by /oxP sites (Cyagen Biosciences). 8-week old male mice were
maintained on a high-fat diet composed of 60% kcal derived from fat (TD 06414, Envigo)
for 12 weeks, while non high-fat diet mice maintained on either standard rodent chow (2918
Teklad Global 18% Protein Rodent Diet, Envigo). 6-weeks old mice were used to isolate
adipose tissues for primary adipocyte culture. Animals were housed in a specific pathogen-
free facility with a 14-h light/10-h dark cycle and given free access to food and water. All
procedures using animals were approved by the Cleveland Clinic Institutional Animal Care
and Use Committee (Protocol Number: 2018-1814).

Human samples.

Patients were recruited by the Ottawa Hospital Weight Management Clinic, Canada. The
study was approved by the Ottawa Hospital IRB (Mitochondrial Function in Human Skeletal
Muscle OHSN-REB, Protocol number: 2006538—-01H). Omental samples were collected in
weight stable patients at the time of bariatric surgery. Samples were flash frozen in liquid
nitrogen and kept in =80 °C. Written informed consent was obtained from all participants.

Primary Adipocyte Culture.

Subcutaneous adipose tissues were collected from 4 to 8 weeks old mice. The tissues were
minced into small pieces, followed with incubation with 3.5 mg/ml Collagenase D (Roche)
in PBS buffer for 60 minutes in a 37 °C shaker water bath. The stromal vascular fraction
pellet was collected after 15 min centrifugation at 280 g and filtered through 100 pum cell
strainer. The cells were cultured in DMEM-F12 medium (10% PBS with 100 1U/ml
Penicillin and 100 pg/ml Streptomycin) until got confluent, then differentiated in DMEM-
F12 medium containing (10% PBS with 100 1U/ml penicillin and 100 ug/ml Streptomycin, 1
UM dexamethasone, ImM IBMX, 10 pg/ml insulin) for 3 days. The cells were rested in
DMEM-F12 medium (10% PBS with 100 1U/ml penicillin and 100 ug/ml Streptomycin, 10
pg/ml insulin) for 24 h before following experiment.

Mitochondria Isolation and Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE).

Mitochondrial isolation was performed according to an established protocol®Z.
Differentiated primary adipocytes or 150 mg of iWAT or BAT specimen were homogenized
in 2 mL ice cold isolation buffer using a Teflon Potter Elvehjem homogenizer. After
homogenization, the specimen was centrifugated at 500 g for 10 min, the mitochondrial
fractions were further washed and pelleted at 7000 g for 10 min for 3 times. The
mitochondrial pellets were lysed in mitochondrial lysis buffer (50 mM BisTris, pH 6, 50 mM
NaCl, 10% wi/v Glycerol, 2% digitonin and protease inhibitors) following two rounds of
centrifugation at 20,000 g for 30 min, and the clear supernatants were collected for BN-
PAGE. Proteins were quantified using BCA assay (ThermoFisher). 20 mg of mitochondrial
lysates with G250 Coomassie were loaded into 3%—-12% NativePAGE™ Novex® Bis-Tris
Gels (Invitrogen) in a Sure-Lock Xcell tank (Invitrogen), run and transferred onto PVDF
membrane at 4 °C. After transfer, the membrane was rinsed with 8% acetic acid for 15 min
and air-dried. Membranes were blocked with 5% milk prepared in TBST and incubated
overnight at 4 °C with antibodies.
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Real-time analysis of oxygen consumption rate.

The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were
measured using the Seahorse Extracellular Flux (XF24) Analyzer (Seahorse Bioscience).
Newly differentiated primary adipocytes were seeded 1.5-2 x 104 cells per Seahorse plate
well, with 4 wells per plate left empty for background correction. After indicated duration of
IL-1pB (10 ng/ml) or PBS stimulation, cells were washed with Seahorse assay media
(supplemented with 6 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate and the pH
adjusted to 7.35 with sodium hydroxide) and the assay medium were added to bring the final
volume per well to 500 ul. Three consecutive measurements were obtained under basal
conditions and after the sequential addition of 1.5 uM oligomycin, to inhibit mitochondrial
ATP synthase; 4.5 uM FCCP (fluoro-carbonyl cyanide phenylhydrazone), a protonophore
that uncouples ATP synthesis from oxygen consumption by the electron-transport chain; and
1 uM rotenone plus 1 pM antimycin A, which inhibit the electron transport chain. In this
assay, basal oxygen consumption can be established by measurement of OCR in the absence
of drugs. Maximal OCR occurs after the addition of FCCP, since cells attempt to maintain a
proton gradient across the inner mitochondrial membrane by increasing the consumption of
oxygen by the electron-transport chain. All OCR measures were done 3 times in a 3-2-3-
minute mix-wait-measure cycle.

Transmission electron microscopy and immunogold electron microscopy.

For ultrastructural analysis, cells were fixed for 1 h at 22 °C in 2% paraformaldehyde, 2.5%
glutaraldehyde (Polysciences) and 0.05% malachite green (Sigma) in 100 mM sodium
cacodylate buffer, pH 7.2. The malachite green was incorporated into the fixative for
stabilization of lipid constituents soluble in aqueous glutaraldehyde. Samples were washed
in cacodylate buffer and were post-fixed for 1 h in 1% osmium tetroxide (Polysciences).
Samples were then rinsed extensively in distilled water before en bloc staining for 1 h with
1% aqueous uranyl acetate (Ted Pella). Following several rinses in distilled water, samples
were dehydrated in a graded series of ethanol and embedded in Eponate 12 resin (Ted Pella).
Sections 95 nm in thickness were cut with a Leica Ultracut UC7 ultramicrotome (Leica
Microsystems), then were stained with uranyl acetate and lead citrate and viewed on a
Tecnai G2 Spirit BioTWIN Transmission Electron Microscope (FEI Co.) at 60 kV.

For immunogold electron microscopy, samples were fixed in 0.05% glutaraldehyde and 4%
paraformaldehyde PBS solution, dehydrated in increasing concentrations of ethanol up to
100%, embedded in LR white resin, and polymerized at 50 °C for 4 days. Ultrathin sections
cut with a diamond knife (85 nm) were mounted on nickel grids coated with formvar. The
grids were rehydrated with PBS and incubated in PBS with 0.1% BSA to block nonspecific
reactions for 15 min. The sections were incubated with mouse anti-HA monoclonal antibody
(Clone: HA-7, Sigma) or anti-rabbit 1gG polyclonal antibody (Santa Cruz Biotechnology) at
1:50 dilution in PBS with 0.1% BSA for 3 h, washed with PBS, and then incubated for 1 h
with secondary antibodies (5 nm gold-conjugated goat anti-mouse 1gG from Ted Pella Inc.)
at 1:10 dilution in PBS with 0.1% BSA. After PBS wash, samples were fixed with 1%
glutaraldehyde in PBS for 7 min, stained briefly with uranyl acetate and lead citrate, washed
with distilled water, and examined with a Tecnai G2 Spirit BioTWIN Transmission Electron
Microscope (FEI Co.) at 60 kV.
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Immunochemistry/immunofluorescent.

For immunohistochemistry, paraffin-embedded formalin-fixed iWAT depots were sectioned
at 5 um. After antigen retrival with sodium citrate buffer (pH 6.0) and blocking with 3%
BSA in PBS solution, mouse anti-Mac2 monoclonal antibody (dil 1:50) were incubated at 4
°C overnight. The antibody was visualized using rat anti-mouse HRP-conjugated secondary
antibody and the DAB substrate detection kit (BD Pharmingen). The slides were
counterstained with hematoxylin and mounted, imaged with light microscope (KEYENCE).
For immunofluorescent staining, frozen sections of iWAT and BAT were cut at 15 yum and
blocked in 3% BSA solution (in PBS), mouse anti-RFP antibody (600-401-379, Rockland
Immunochemicals, 1:200) were incubated at 4 °C overnight. After thorough rinse, the
specimen was incubated with goat anti-mouse Alexa Fluor Plus 594 secondary antibody
(A32744, Thermo Fisher, dil 1:500) at 22 °C for 1 h. The slides were mounted with DAPI
(ThermoFisher) and imaged with confocal microscopy (KEYENCE).

Fatty acid oxidation assay.

Approximately 50 mg samples of freshly-harvested inguinal adipose tissue was harvested
into tubes on ice containing a modified sucrose-EDTA buffer (250 mM sucrose, 1 mM
EDTA, 10 mM Tris-HCI, 1 mM ATP, pH 7.4). After homogenization, the specimen was
centrifugated at 500 g for 10 min, the mitochondrial fractions were further washed and
pelleted at 7000 g for 10 min for 3 times. Resuspended mitochondria were kept on ice for
immediate assay of fatty acid oxidation. Fatty acid oxidation rate was determined based on
the oxidation of 1-14C palmitate (Perkin-Elmer), as previously described®2. Complete
oxidation was measured by production of 14CO, and incomplete oxidation by production of
14C -labeled acid-soluble metabolites. Total fatty acid oxidation was determined by the sum
of complete and incomplete oxidation. Homogenate protein content was measured using a
Bicinchoninic acid assay (ThermoFisher).

Co-immunoprecipitation and Immuno-blot analysis.

Cell were harvested and lysed on ice in a lysis buffer containing 0.5% Triton X-100, 20 mM
HEPES pH 7.4,150 mM NaCl, 12.5 mM -glycerophosphate, 1.5 mM MgCl,, 10 mM NaF, 2
mM dithiothreitol, 1 mM sodium orthovanadate, 2 mM EGTA, 20 mM aprotinin, and 1 mM
phenylmethylsulfonyl fluoride for 20 min, followed by centrifuging at 12,000 rpm for 15
min to extract clear lysates. For immunoprecipitation, cell lysates were incubated with 1 g
of antibody and A-sepharose beads at 4 °C overnight. After incubation, the beads were
washed four times with lysis buffer and the precipitates were eluted with 2x sample buffer.
Elutes and whole cell extracts were resolved on SDS-PAGE followed by immune-bloting
with indicated antibodies: IRAK2, Abcam, ab62419; OxPhos antibody cocktail, Abcam,
ab110413; NDUFA9, Abcam, ab14713; SDHA, Abcam ab14715; Ubiquinol-Cytochrome C
Reductase Core Protein |, Abcam, ab110252; MTCOL1, Abcam, ab14705; ATP5A, Abcam,
ab14748; VDAC, Abcam, ab154856; Cytochrome C, Abcam, ab110325; PHBa, Cell
Signaling, 2426; MyD88, Cell Signaling, 4283; IRAKZ1, Cell Signaling, 4504; FLAG-tag,
Cell Signaling, 14793; SOD2, Cell Signaling, 13194; HA-tag, Cell Signaling, 3724; p-Actin,
Cell Signaling, 3700; OPA1, BD Bioscience; PHB2, ThermoFisher, PA5-14133; TOM20,
Santa Cruz, sc-17764; TIMMS50, Santa Cruz, sc-393678; HSP60, Cell Signaling, 4870;
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Smac/Diablo, Cell Signaling, 2954; Mouse IgG, Jackson ImmunoResearch, 115-035-003;
Rabbit 1gG, Jackson ImmunoResearch, 111-035-144; Mouse 1gG (light chain specific),
Jackson ImmunoResearch, 115-035-174; Rabbit 1gG (light chain specific), Jackson
ImmunoResearch, 211-032-171; Rabbit IgG (Conformation Specific), Cell Signaling, 5127s.

siRNA-mediated knockdown.

siRNA-mediated knockdown: sSiGENOME SMARTpool siRNAs were purchased from
Dharmacon (Horizon) for Phb knock down in adipocytes. A mixture of 4 sSiRNAs was used.
The targeted sequences are listed below: 5’-GCGGCAACAUUUGGGCUUA-3’, 5’-
GUUCACAGAGGCAGUAGAA-3’, 5’-GUCAAUAUCACACUGCGAA-3’,
5-’GAAAGUUCGGCCUGGCGUU-3’. Non-targeting siRNA was used for the control
groups with the sequence listed below: 5’-UAAGGCUAUGAAGAGAUAC-3’. Amaxa Cell
Line Nucleofector Kit V (LONZA) was used to transfect adipocytes following
manufacturer’s instructions.

Real-time PCR.

Total RNA was extracted with TRIzol (Invitrogen) and further purified with RNeasy Lipid
Tissue Mini Kit (Qiagen) according to the manufacturer’s instructions. 1 pg total RNA for
each sample was reverse-transcribed using the SuperScript® Il Reverse Transcriptase from
Thermo Fisher Scientific. The resulting complementary DNA was analyzed by real-time
PCR using SYBR Green Real-Time PCR Master Mix.

Indirect calorimetry Analysis and EchoMRI.

Mice were fed a high fat diet for 12 weeks prior to study, and allowed to equilibrate to
metabolic cage environments for ~48 h before entering into 24-h periods at thermoneutrality
(30 °C), room temperature (22 °C), or cold temperature (4 °C). Oxygen consumption (VO,),
Carbon dioxide production (VCO5), heat production, and respiratory exchange ratio (RER)
were constantly monitored using the Oxymax CLAMS home cage system (Columbus
Instruments). The data were normalized to total body weight. Fat mass and lean mass was
measured by EchoMRI™-100H system (EchoMRI).

Glucose tolerance test (GTT), insulin tolerance test (ITT) and body temperature
measurement.

For GTT, mice were fasted overnight and glucose (2.5 g/kg body weight) were injected
peritoneally. For ITT, mice were fasted for 6 h and insulin (0.75 U/kg body weight) were
injected peritoneally. Blood glucose level was measured by AimStrip Plus Blood Glucose
Testing System (Germaine Laboratories). Rectal temperature was measured by
MicroTherma 2T Hand Held Thermometer with a rectal probe (Braintree Scientific).

Mitochondrial DNA Release Assay.

DNA was isolated from 200 pl of the cytosolic fraction using a DNeasy Blood & Tissue Kit
(Qiagen) according to manufacturer’s instruction. Quantitative PCR was employed to
measure mtDNA using real-time PCR using SYBR Green Real-Time PCR Master Mix. The
copy number of mtDNA encoding cytochrome ¢ oxidase | was normalized to nuclear DNA
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encoding 18S ribosomal DNA. The following primers were used: cytochrome ¢ oxidase |
mt-Col (F: 5’- GCCCCAGATATAGCATTCCC-3’ and R: 5’-
GTTCATCCTGTTCCTGCTCC-3’) and 18S rDNA Rni8s(F: 5’-
TAGAGGGACAAGTGGCGTTC-3’ and R: 5’-CGCTG AGCCAGTCAGTGT-3").

Spectrophotometric assays of mitochondrial respiratory complex activity.

The activities of mitochondrial respiratory complexes were assayed spectrophotometrically
using sonicated, thawed mitochondria samples at 22 °C as described previously®3: 54. 55,
Complex I (NADH-ubiquinone reductase) activity assay: The electron transfer activity of
complex | was assayed by ubiquinone-stimulated NADH oxidation. 5 mg of mitochondrial
protein were mixed with 100 pl assay buffer (20 mM potassium phosphate buffer, 2 mM
NaN3, 0.8% sodium cholate, 0.15 mM NADH, pH 8.0). The reaction was initiated by the
addition of 0.1 mM ubiquinone-1 (CoQ1) and the change of absorbance for NADH was
measured at 340 nm (e = 6.22 mM~1 cm™1). The specificity of the assay was validated by
rotenone-sensitive inhibition. Complex | activity was expressed as the oxidation rate of
NADH (nmol NADH oxidized/min/mg protein). Complex 11 (ubiquinol-cytochrome ¢
reductase) activity assay: Complex Il activity was evaluated by ubiquinol-mediated
ferricytochrome ¢ reduction at 550 nm (e = 18.5 mM~1 cm™1) upon addition of 1 g protein
to 100 pl assay buffer (50 mM potassium phosphate buffer, 1 mM EDTA, 50 uM cytochrome
¢, 0.1% sodium cholate, 2 mM NaN3 and 25 pM ubiquinol, pH 7.0). Inhibition of the assay
with Antimycin A was used to verify the specificity of assay. Complex 1l activity was
expressed as the reduction rate of ferricytochrome ¢ (nmol ferricytochrome ¢
reduced/min/mg protein). Complex | + Complex Il activity assay: Complex | + 111 activity
was evaluated by NADH-ubiquinone-mediated ferricytochrome ¢ reduction at 550 nm (e =
18.5 mM~1 cm™1) upon addition of 1 pg protein to 100 pl assay buffer (25 mM potassium
phosphate buffer, 2 mM NaN3, 0.8% sodium cholate, 0.15 mM NADH, 1 mM EDTA, 50 uM
cytochrome ¢ and 0.1 mM CoQ1). Complex I + Il activity was expressed as the reduction
rate of ferricytochrome ¢ (nmol ferricytochrome c¢ reduced/min/mg protein).

Cytosolic calcium Assay.

Cytosolic fraction was isolated as described above. Calcium levels were measured using
Calcium Assay Kit (Cayman Chemical) according to manufacturer’s instruction.

Non-radioactive fatty acid oxidation (FAO) assay.

The non-radioactive FAQ assay is based on oxidation of the substrate octanoyl-carnitine.
Generation of NADH is coupled to the reduction of the tetrazolium salt INT to formazan.
The intensity of the red-colored formazan (measured at 492 nm) is proportional to increased
FAO activity. Fatty Acid Oxidation Assay Kit (Biomedical Research Service & Clinical
Application) was used after replacing the substrate from octanoyl-CoA to octanoyl-carnitine
(Cayman).
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Cellular ROS and ATP Assay.

Cellular ROS and ATP levels were measured using the DCFDA Cellular ROS Detection
Assay Kit (Abcam) and Luminescent ATP Detection Assay Kit (Abcam) according to
manufacturer’s instruction.

Mitochondrial Sub-fractionation.

Separation of inner and outer mitochondrial membranes was performed as

described®6: 57: 58, Pyrified adipocytes’ mitochondria from 50 15-cm cell culture plates were
re-suspended in hypotonic medium (10 mM KCI, 2 mM HEPES, pH 7.2) at 10 mg/ml with
gentle stirring for 20 min on ice. One-third volume of hypertonic medium (1.8 mM sucrose,
2 mM ATP, 2 mM MgSQy,, 2 mM HEPES, pH 7.2) was then added and the solution stirred
for an additional 5 min. The mitochondria were sonicated for 15 seconds at 3 amps before
being layered on top of a stepwise gradient of 0.76, 1.0, 1.32, and 1.8 M sucrose and spun at
75,000 g for 3 h in an SW40 Ti rotor (Beckman). The soluble intermembrane space (IMS)
fraction was collected from the upper supernatant, the outer membrane (OM) from between
the 0.76 and 1.0 M interface, and the mitoplasts (MP) from the pellet. The MP and OM
fractions were washed with MSHE and re-pelleted (MP at 10,000 g for 10 min, OM at
120,000 g for 45 min). MP were sonicated 3 x 2 min on ice with 1-min intervals. The
solution was spun at 15,000 g to remove intact MP, and the resulting supernatant was spun at
120,000 g for 45 min at 4 °C to pellet inner membrane (IM). The soluble matrix (SM)
fraction was collected from the supernatant.

Statistical analysis.

The significance of differences between two groups was determined by Student’s t-test (two-
tailed). All mouse data were analyzed using either one-way or two-way ANOVA, where
appropriate, followed by post hoc analysis. Differences were considered significant at
p<0.05. All data analyses were performed using ImageJ or GraphPad Prism 6 software.

Data Availability Statement.

The primary data for analysis of all figures and supplementary figures are available upon
request.
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a. Characteristics of Patients, Related to Figure 1a

Factor Total (N=48) Non-diabetic (N=25) Diabetic (N=23)
Demographic
Age 47 .4 (27-64) 45.8 (27-64) 49.1 (36-60)
Male (%) 2(4.1) 2(4.1) 0(0)
BMI 49.4 (37.2-67.9) 50.8 (40.6-67.9) 47.8 (37.2-64.3)
Clinical
Cholesterol 46 (2.6-7.8) 4.8 (3.4-7.8) 4.4 (2.6:6.7)
Triglycerides 1.9 (0.7-9.1) 1.5 (0.7-3.6) 2.4 (0.8-9.1)
LDL 2.6 (0.9-5.5) 2.8 (0.9-5.5) 2.4 (0.9-4.5)
HDL 1.3 (0.6-3.5) 1.3 (0.6-3.5) 1.2 (0.7-2.3)
Glucose 6.2 (4.5-12.0) 5.3 (4.5-7.2) 7.2 (5.0-12.0)
Creatinine 60.5 (41-95) 61.1 (41-95) 59.9 (42-93)
hgbA1ic 0.06 (0.05-0.08) 0.06 (0.05-0.07) 0.07 (0.06-0.08)
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Extended Data Fig. 1. Extended information related to Fig. 1.
a. Characteristics of patients, related to Fig. 1a. b. Extracellular acidification rate (ECAR),

related to Fig. 1d. Data represent mean + SEM. Data represent one of five independent
experiments with similar results. c. Coomassie blue staining of mitochondrial proteins,
related to Fig. 1e. d. Mitochondrial proteins were extracted from WT and //1r1 KO; WT and
Irak2 KO newly differentiated primary adipocytes treated with or without IL-1p for
indicated time points and analyzed by SDS-PAGE, followed by western blot analysis with

indicated antibodies. Data represent one of five independent experiments with similar
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e WT
= /I1r1 KO

results. e. Octanoyl-carnitine oxidation-rate in isolated mitochondria from WT and //1r1 KO
primary adipocytes treated with or without IL-1f (n=4). Student’s t-test (two-tailed) was

performed. Data represent mean + SEM.
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Extended Data Fig. 2. IL-1 stimulation did not lead to mitochondria dysfunction.
Newly differentiated primary adipocytes were treated with IL-1p for indicated time points.

Cytosolic mtDNA (n=3) (a) and cytosolic Ca?* (n=4) (b) levels were measured. c. Western
blot analysis of cytoplasmic and mitochondrial proteins from IL-1p or TNFa +
cycloheximide (CHX) treated newly differentiated primary adipocytes. Data represent one of
five independent experiments with similar results. d. Newly differentiated primary
adipocytes were treated with IL-1p or trifluoromethoxy carbonylcyanide phenylhydrazone
(FCCP) for indicated time points. Cellular reactive oxygen species (ROS) were measured
using fluorescent microscopy and microplate reader (n=5). e. Western blot analysis of
cytoplasmic and mitochondrial proteins from oligomycin + antimycin (OA) treated newly
differentiated WT and /rak2 KO primary adipocytes (pretreated with IL-1p or PBS). Data
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represent one of five independent experiments with similar results. Densitometric analysis of
LC3 I/LC3 I11 were listed a bar graph (n=3). a, b, e Student’s t-test (two-tailed) was
performed. Data represent mean £ SEM. d: One-way ANOVA was performed. Data

represent mean + SEM.

iWAT _ BAT _Liver
FF_AKO FF_AKO FF_AKO

35/ e - |,y D55
43 W A"

kDa

=0.0317
e e MyassT

= Mydssko

o

N

5
o

0.15

FAO (OD 492 nm)
o o
& 3
°

(4
o
S

Myd88F Myd88AKO

o
=3

B \ydsg” io
p0.0001 ™ Mydsg®
| |

8

&

w

emp. (°C)
©

Body T
g

w
>

% of Cristae Area
8

(v.s. Mitochondria Area)

o

Extended Data Fig. 3. Extended information related to Fig. 2.
a. Total lysates from iWAT, BAT and liver from Myd85™F and Myd88 <O mice were

subjected to western blot analysis with indicated antibodies. Data represent one of five
independent experiments with similar results. b. Transmission electron microscopy analysis
of iWAT sections from HFD-fed mice. Scale bars, 1 um. Morphometric analysis of cristae
area versus mitochondria area in 40 randomly selected mitochondria per group. c.
Coomassie blue staining of mitochondrial proteins, related to Fig. 2i. d. Octanoyl-carnitine
oxidation-rate in isolated mitochondria from BAT of HFD-fed mice with indicated
genotypes (n=5). e. Rectal temperatures were measured for HFD-fed mice with indicated
genotypes (n=5). b, d, e Student’s t-test (two-tailed) was performed. Data represent mean +

SEM.
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Extended Data Fig. 4. Extended information related to Fig. 3.
a. Western blot analysis of immune-precipitated IRAK2 from IL-1p treated mitochondria

and subjected to indicated amount of Lambda phosphatase (Lambda PP) treatment for 10
min. b. Wild-type and HA-tagged IRAK2 were restored in /rak2 KO adipocytes. Western
blot analysis of cytoplasmic and mitochondrial proteins from IL-1p treated cells. c.
Immunogold staining of HA-tagged IRAK?2 which was overexpressed in /rak2 KO, Myd88
KO, //1r1 KO and Phb KD cells with or without IL-1 treatment for 24h. Scale bars, 50 nm.
d. Immunogold staining of HA-tagged MyD88 in newly differentiated primary adipocytes
from Myd88-HA reporter mice. Mito: mitochondrion; Cyto: cytosol. Scale bar, 200 nm. e.
Co-immunoprecipitation (IP) analysis of TIMM50 and TOM20 in mitochondria of in newly
differentiated primary adipocytes from IRAK2-HA reporter mice treated with IL-1 for
indicated time points and followed by western blot analysis. a, b, e: Data represent one of
five independent experiments with similar results.

Nat Immunol. Author manuscript; available in PMC 2021 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhou et al. Page 21
a b. c.
WT _ Irak2 KO
1M = F - + 16 Tiif
1236 OM FCCP RotiAA
=4:10 1007 o W 60 - WT Ctrl
1048 € = WT IL-1
2 0o ., fwf" Irak2KO' 9 £ HI = —~ Irak2 KO Ctrl
£ 2 E T 52 . == Irak2KO IL-1
— — . = 60 I
720 g S200 ] g
2 £
e i g ¥ %
— 2 2
480 F100 P i
& 3
242 e 0 0 + T T T 1
[N, ‘ e ‘ ‘ 0 . A 1 2 0 30 60 920 120
kDa Time (h) Time (h) Time (min)
IRAK2 Aa 39-52:LTQLRKIKSMERVQ .
d. € I WT MitoMut
=0.0159 : = o/ Ak L-1tmMm - + - +
0.06+ p'_l B e WT 1 .Eﬂ:ar;‘on:hargsd 1236 i
- o = Jrak2 KO g !
: . 1048 LEl | L
o~ 0.04] = B
o
<2 )
{
8 *5'} 720 L.y L.k
0.024 -
2 »
480 b
0.00- L
Ctrl IL1  Ctrl IL1
242 2 B
kDa N -
g 0.10- o wr
. _ [ ] itoMY
’g:.os- p=0.0079 Mito
o
§0.061
[-]
.04
o
0.02-
0.004

Ctrl IL-1

Ctrl IL-1

Extended Data Fig. 5. Extended information related to Fig. 3.
a. Coomassie blue staining of mitochondrial proteins, related to Fig. 3d. b. Expression of

indicated mRNAs in WT and /rak2 KO newly differentiated primary adipocytes treated with
or without IL-1p for indicated time points (n=3). c. Extracellular acidification rate (ECAR),
related to Fig. 3f. Data represent mean = SEM. Data represent one of five independent
experiments with similar results. d. Octanoyl-carnitine oxidation-rate in isolated
mitochondria from WT and /rak2 KO primary adipocytes treated with or without IL-1 for
24h (n=5). e. Secondary helical wheel structure of IRAK2 peptide (amino acid: 39-52)
which contains mitochondrial localization signal (MLS). The picture was generated by
http://Ibgp.unb.br/NetWheels/. f. Coomassie blue staining of mitochondrial proteins, related
to Fig. 3k. g. Octanoyl-carnitine oxidation-rate in isolated mitochondria from Flag-tagged
wild-type and IRAK2 mito-mutant restored /rak2 KO adipocytes treated with or without
IL-1B for 24h (n=5). b, d, g: Student’s t-test (two-tailed) was performed. Data represent
mean = SEM.
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Extended Data Fig. 6. Extended information related to Fig. 4.
a. Body weight of WT and /rak2 KO mice on HFD feeding (n=6 females per group). b.

Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed on HFD-fed of
WT and /rak2 KO mice (n=5 females per group). c. H&E staining of iWAT sections from
HFD-fed of WT and /rak2 KO mice. Cell size was quantified (3 views per slide, 3 sections
per mouse, n=5). d. H&E staining of BAT sections from HFD-fed of WT and /rak2 KO
mice. ¢, d: scale bars, 150 um. a, b: Two-way ANOVA, followed by post hoc analysis was
performed. Data represent mean + SEM. c: Student’s t-test (two-tailed) was performed. Data
represent mean + SEM.
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Extended Data Fig. 7. Extended information related to Fig. 5.
a. Octanoyl-carnitine oxidation-rate in isolated mitochondria from BAT of HFD-fed mice

with indicated genotypes (n=5). b. Various pictures of immunogold staining of HA-tagged
IRAK?2 in BAT sections of HFD-fed /rak2-HA reporter mice, related to Fig. 5¢ Scale bars,
200nm. c. Coomassie blue staining of mitochondrial proteins, related to Fig. 5e. d-e.
Immunohistochemical staining of RFP in BAT sections of HFD-fed WT and /rak2 KO
Ucpl-luc/tdTomato reporter mice. Luciferase enzymatic activity in lysates from BAT (d) and
iWAT (e) (n=8). f-g. HFD-fed WT and /rak2 KO Ucpl-luc/tdTomato reporter mice injected
with CL-316,243 for 3 days. Immunohistochemical staining of RFP in BAT sections and
Luciferase enzymatic activity in lysates from BAT (L) and iWAT (M) (n=6). d, f: Scale bars,
150 nm. a, d, g, f, g: Student’s t-test (two-tailed) was performed. Data represent mean +
SEM.
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Extended Data Fig. 8. Extended information related to Fig. 6.
a. Co-immunoprecipitation (IP) analysis of HA-tagged IRAK2, in mitochondria of in newly

differentiated primary adipocytes from /rak2-HA reporter mice treated with IL-1p for
indicated time points and followed by western blot analysis. Data represent one of five
independent experiments with similar results. b, c: Densitometric analysis of western blots
in Fig. 6a and 6b. b. Signals corresponding to IP OPA1 were used and normalized to Mito
input OPA1 in Fig. 6a (n=3). c. Signals corresponding to IP IRAK2 were used and
normalized to Mito input IRAK2 in Fig. 6b (n=3). d, Mitochondrial proteins were extracted
Ctrl and Phb KD primary adipocytes treated with IL-1p for indicated time points and
analyzed by BN-PAGE, followed by Western blot analysis with anti-OxPhos cocktail
antibodies. HMW SCs: high molecular weight super-complexes. e. [1-14C]-palmitic acid
oxidation-rate f. Octanoyl-carnitine oxidation-rate in isolated mitochondria from WT and
Phb KD primary adipocytes, treated with or without IL-1p for 24h (n=5). g. The activities of
respiratory complexes h. Octanoyl-carnitine oxidation-rate in the isolated mitochondria in
mitochondria of non-targeting siRNA (WT and /rak2 KO) and PHB siRNA transfected (WT/
Phb KD, lrak2! Phb KD) WT and /rak2 KO primary adipocytes treated with/without I1L-1
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(n=6). i. The activities of respiratory complexes j. Octanoyl-carnitine oxidation-rate in the
isolated mitochondria in mitochondria of empty vector (WT and /rak2 KO) and PHB cDNA
transfected (WT/PHB and /rak2 KO/PHB) WT and /rak2 KO primary adipocytes treated
with/without IL-1p (n=6). b, ¢, e, f, g, h, i, j: Student’s t-test (two-tailed) was performed.
Data represent mean + SEM.
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Extended Data Fig. 9. Extended information related to Fig. 6.
a. Immunogold staining of HA-tagged IRAK2 and kinase-inactive (KI) mutant which were

overexpressed in /rak2 KO cells with or without IL-1f treatment for 24h. Scale bars, 50 nm.
b. Coomassie blue staining of mitochondrial proteins, related to Fig. 6d. c. Extracellular
acidification rate (ECAR), related to Fig. 6g. Data represent mean + SEM. Data represent
one of five independent experiments with similar results. d. Octanoyl-carnitine oxidation-
rate in isolated mitochondria from WT and /rak2 Kl primary adipocytes, treated with or
without IL-1p for 24h (n=5). Student’s t-test (two-tailed) was performed. Data represent
mean + SEM.
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Extended Data Fig. 10. Extended information related to Fig. 7 & 8.
a. Rectal temperatures were measured for HFD-fed mice with indicated genotypes (n=5) b.

Coomassie blue staining of mitochondrial proteins, related to Fig. 7g. c. Targeting vector
design for generation of a novel mouse strain with exon 1 of Irak2 flanked by /oxP sites. d.
Total lysates from iWAT, BAT and liver from /rakZF and /rak2K© mice were subjected to
western blot analysis with indicated antibodies. Data represent one of five independent
experiments with similar results. e. Rectal temperatures were measured for HFD-fed mice
with indicated genotypes (n=>5). f. Coomassie blue staining of mitochondrial proteins,
related to Fig. 8g. a, ¢: Student’s t-test (two-tailed) was performed. Data represent mean +

SEM.
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Figure 1. IL-1B inhibits mitochondrial oxidative phosphorylation and super-complex for mation
in adipocytes.

a. /176 mRNA expression in human non-diabetic (n=24) and diabetic (n=22) omental
adipose tissue. b. /76 mRNA expression in epididymal white adipose tissue (eWAT),
inguinal WAT (iWAT) and interscapular brown adipose tissue (BAT) from chow diet-fed
(CHD) and high fat diet-fed (HFD) mice (n=8 mice for each group). c. Western blot of
cleaved IL-1B in whole eWAT, iWAT and BAT tissue lysates from CHD and HFD mice. d.
O, consumption rate (OCR) in newly differentiated primary adipocytes treated with or
without IL-1p for 24 hours. Data represent mean + SEM. Data represent one of five
independent experiments with similar results. Maximal Respiratory Capacity and ATP-
linked OCR are shown as bar graphs (n=12 biological independent samples). e.
Mitochondrial proteins were extracted from WT and //1r1 KO newly differentiated primary
adipocytes treated with or without IL-1p for 24 hours and analyzed by BN-PAGE, followed
by western blot analysis with indicated antibodies. Data represent one of five independent
experiments with similar results. For quantification of super-complex, the signals
corresponding to bands above free complex I (starred) were used and normalized to signals
from Complex Il (n=4 biological independent samples). f. The activities of respiratory
complexes in the isolated mitochondria from WT and //1r1 KO newly adipocytes were
treated with or without IL-18 (n=4 biological independent samples). g. Cellular ATP level in
WT and //1r1 KO newly adipocytes were treated with or without IL-18 (n=6 biological
independent samples). h. [1-14C]-palmitic acid oxidation-rate in mitochondria from WT and
/11r1 KO newly differentiated primary adipocytes treated with or without IL-1p (n=5
biological independent samples). a, b, d, g, f, g: Student’s t-test (two-tailed) was performed.
Data represent mean £ SEM. h, one-way ANOVA was performed. Data represent mean *
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SEM. The experiments were repeated for five times with similar results. Data represent
mean + SEM, *: p<0.05.
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Figure 2. Adipocyte-specific MyD88 deficiency (Myd88AKO) improves HFD-induced obesity and
energy expenditure.
a. Body weight of Mya88F and Myad88*KC mice on HFD feeding (n=7males per group). b.

Glucose tolerance test (GTT) and insulin tolerance test (ITT) were performed on HFD-fed of
Myad88F and Myd88~KO mice (n=6 mice). c. H&E staining of iWAT sections from HFD-
fed of Myd88F and Myd88~KO mice. Cell size was quantified (3 views per slide, 3 sections
per mouse, n=5). d. Mac2 staining of iWAT sections from HFD-fed mice. Crown-like
structures (CLS) were quantified via Mac2 staining. (3 views per slide, 3 sections per mouse,
n=5 mice). e. Expression of indicated mRNAs in iWAT from HFD-fed mice (n=5). *:
p<0.05. **: p<0.01. f. Quantification of VO,, VCO, levels and heat production by HFD-fed
mice were measured using indirect calorimetry methods (n=5 mice). g. H&E staining of
BAT sections and expression of indicated mRNAs in BAT from HFD-fed mice (n=5). **:
p<0.01. c, d, g: scale bars, 150 pm. h. Transmission electron microscopy analysis of BAT
sections from HFD-fed mice. scale bars, 1 pm. Morphometric analysis of cristae area versus
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mitochondria area in 40 randomly selected mitochondria per group. i. Mitochondrial
proteins were extracted from BAT of HFD-fed mice and analyzed by BN-PAGE, followed
by western blot analysis with indicated antibodies. Data represent one of five independent
experiments with similar results. For quantification of super-complex, the signals
corresponding to bands above free complex | (starred) were used and normalized to signals
from Complex Il (n=4 biological independent samples). j. The activities of respiratory
complexes in the isolated mitochondria from BAT of HFD-fed MyD88FF and MyD88AKO
(n=6 biological independent samples). k. [1-14C]-palmitic acid oxidation-rate in
mitochondria from BAT of HFD-fed mice (n=6 biological independent samples). a, b, f:
Two-way ANOVA, followed by post hoc analysis was performed. Data represent mean +
SEM. ¢, d, e g, h, i, ], k: Student’s t-test (two-tailed) was performed. Data represent mean +
SEM.

Nat Immunol. Author manuscript; available in PMC 2021 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.

Page 34
a. Cyto  __ Mito _om IL1
IL-1 0 051 2 0051 2 (h) ‘}‘@0\5@9\\5\5\"\&
i —
IRAK4
2 . Diablo
Tubulin 35 . Cyto C
reductase
. e =
o Hsp60
’ WT Irak2 KO w-r lrakz KO WT Imkz KO M_/rakz KO -8 RR00288, Wl f
L = - 32 . o WTIL-1 4009 OM FCCP Rot/AA
%< " m Jrak2KOCtr - WT Ctrl
1n4 52 Irak2 KO IL-1 — WT IL-1
£2 _ - "
9 E300 —~ Irak2 KO Ctrl
BE E - Irak2 KO IL-1
g3 &zou
o 0 '3
i0:CLNDUFAS  CILSDHA  CIl; UQCRCI  GIV: MTCO1 CISCs ClilSCs Q100
° bevss
€. Complex | Complex Il Complex I+l 00 %0 Py mo
150 3500 1500 o WT Time (min]
£ £ < = Irak2KO “ ™ aa07 peogoes
S | p=0.0087 ) prL.Q260 2
] — 30009 T 5 v = = N
5100 & : a 51000 o' E100. ¥ -£300 4
e g . re E% P01 EE
8 250 £ £ I L 7 E 2o ‘ M
E 50 £ E 500 (4 g
2 000 2 g g : oo
£ £ £ o &% A o
1500 |l
ctrilL4 - CtrlL ctrilL-1 - ctriiL CtrilL1 - CtrllL o = o
12
gz —ot
3 . L] o
8, : RO\
.8 o
© LR
£ & 4 FLAG
] )
=
0.0
CtrliL-1  CtrlIL-1 48
Tlme (h)
T Might W Migh WL Migh WI Migh _ 1s-e0m6 poome | m,i"‘,
G X
2q | . 4 Mito™ cd
2 Mito™" IL-1
H ?.n ol
82
s H
38
B =
240 [5)
k0aCl: NDUFA9  CIl: SDHA  CIIl: UQCRC1  CIV: MTCO1 o

o
CISCs CliSCs

p=0.0079

sl

.0079

. Complex | Complex Il Complex I+l m. n.
200 3500 1500 o WT 1.5 p=0.0043 08
= s aMut M
" p70.0022 = Mito] °
=0.04
00 P72 H
%

5

WT
- " MMt
L]

. Q]E

g
.
.
1
.
5

Sy
°

i ul

0 X
CtrlL-1 CtriL-1 CtriL-1 CtrlL-1 CtriL-1 CtrlL-1 CtrlL-1 CtriL-1 CtrlL-1 CtrlL-1

ATP relative Con.

a
3

mmol/min/mg protein
8
mmgl/min/mg protein
8 & 8
8 8

mmol/min/mg protein
(nmol/g protein/hour)
°
kS
O

° o
o
(X1, ]
FAO Rate
o
>

Figure 3. IL-1pB induces translocation of IRAK 2 into inner mitochondrial membrane to suppress
oxidative phosphorylation and fatty acid oxidation.

a. Western blot analysis of cytoplasmic (Cyto) and mitochondrial (Mito) proteins from
IL-1p treated newly differentiated primary adipocytes. Data represent one of five
independent experiments with similar results. b. Western blot analysis of proteins of
mitochondria (Mito), outer mitochondrial membrane (OM), inter mitochondrial membrane
space (IMS), inner mitochondrial membrane (IM) and mitochondrial matrix (MA) from
IL-1p treated newly differentiated primary adipocytes mitochondrial. Data represent one of
five independent experiments with similar results. c. Immunogold staining of HA-tagged
IRAK?2 in newly differentiated primary adipocytes from /rak2-HA reporter mice with or
without IL-1p treatment for 24h. Scale bars, 200 nm. d. Mitochondrial proteins were
extracted from WT and /rak2 KO newly differentiated primary adipocytes treated with or
without IL-1p for indicated time points and analyzed by BN-PAGE, followed by western
blot analysis with indicated cocktail antibodies. Data represent one of five independent
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experiments with similar results. For quantification of super-complex, the signals
corresponding to bands above free complex | (starred) were used and normalized to signals
from Complex Il (n=4 biological independent samples). e. The activities of respiratory
complexes in the isolated mitochondria from WT and /rak2 KO newly adipocytes were
treated with or without IL-1p (n=6 biological independent samples). f. O, consumption rate
(OCR) in newly differentiated primary adipocytes treated with or without I1L-1p for 24
hours. Data represent one of five independent experiments with similar results. Maximal
Respiratory Capacity and ATP-linked OCR are shown as bar graphs (n=12 biological
independent samples). g. Cellular ATP level in WT and /rak2 KO newly adipocytes were
treated with or without IL-1p (n=6 biological independent samples). h. [1-14C]-palmitic acid
oxidation-rate in mitochondria from WT and IL-1R1 KO newly differentiated primary
adipocytes treated with or without IL-1p (n=5 biological independent samples). i-n. Flag-
tagged wild-type and IRAK2 mito-mutant were restored in /rak2 KO adipocytes. (i) Co-
immunoprecipitation (IP) analysis of Flag in whole cell lysates (WCL) and followed by
western blot analysis. (L) Western blot analysis of cytoplasmic (Cyto) and mitochondrial
(Mito) proteins. (M) Mitochondrial proteins were extracted followed by western blot
analysis with indicated cocktail antibodies. Data represent one of five independent
experiments with similar results. For quantification of super-complex, the signals
corresponding to bands above free complex | (starred) were used and normalized to signals
from Complex Il (n=4 biological independent samples). (I) The activities of respiratory
complexes in the isolated mitochondria were treated with or without IL-1p (n=6 biological
independent samples) (m) Cellular ATP level (n=6 biological independent samples) and (n)
[1-14C]-palmitic acid oxidation-rate in mitochondria(K) (n=>5 biological independent
samples). d, e, f, g, h, k, |, m, n: Student’s t-test (two-tailed) was performed. Data represent
mean + SEM.
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Figure 4. IRAK2 deficiency improves HFD-induced obesity and energy expenditure.
a. Body weight of WT and /rak2 KO mice on HFD feeding (n=6 males per group). b.

Indicated organs were isolated from HFD-fed WT and /rak2 KO mice. The percentages to
whole body weight were blotted (n=10). c. EchoMRI analysis of WT and /rak2 KO mice
before and after HFD feeding (n=8). d. Glucose tolerance test (GTT) and insulin tolerance
test (ITT) were performed on HFD-fed of WT and /rak2 KO mice (n=8 males per group). e.
H&E staining of iWAT sections from HFD-fed of WT and /rak2 KO mice. Cell size was
quantified (3 views per slide, 3 sections per mouse, n=5). f. Mac2 staining of iWAT sections
from HFD-fed mice. Crow-like structure (CLS) was quantified (3 views per slide, 3 sections
per mouse, n=5). g, f: scale bars, 150 um. g. Transmission electron microscopy analysis of
iWAT from WT and /rak2 KO HFD mice. scale bars, 1 pm. Morphometric analysis of cristae
area versus mitochondria area in 40 randomly selected mitochondria per group. h. [1-14C]-
palmitic acid oxidation-rate in mitochondria from iWAT of HFD-fed mice (n=8 biological
independent samples). i. Expression of indicated mMRNAs in iWAT from HFD-fed mice (n=6
biological independent samples). *: p<0.05. **: p<0.01. a, d: Two-way ANOVA, followed
by post hoc analysis was performed. Data represent mean + SEM. b, ¢, g, f, g, h, i: Student’s
t-test (two-tailed) was performed. Data represent mean + SEM.
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Figure 5. IRAK2 deficiency prevents HFD-induced BAT dysfunction.
a. H&E staining of BAT sections from HFD-fed mice. scale bars, 150 um. b. [1-14C]-

palmitic acid oxidation-rate in mitochondria from BAT of HFD-fed mice (n=5 biological
independent samples). c. Immunogold staining of HA-tagged IRAK2 in BAT sections of
HFD-fed /rak2-HA reporter mice. scale bars, 200 nm. d. Transmission electron microscopy
analysis of BAT sections from HFD-fed mice. scale bars, 3 nm. Morphometric analysis of
cristae area versus mitochondria area in 40 randomly selected mitochondria per group. e.
Mitochondrial proteins were extracted from BAT of HFD-fed mice and analyzed by BN-
PAGE, followed by western blot analysis with indicated antibodies. For quantification of
super-complex, the signals corresponding to bands above free complex | (starred) were used
and normalized to signals from Complex Il (n=6 biological independent samples). f. The
activities of respiratory complexes in the isolated mitochondria from BAT of HFD-fed WT
and IRAK2 mice (n=6 biological independent samples). g. Quantification of VO,, VCO,
levels and heat production by HFD-fed WT and IRAK2 KO mice were measured using
indirect calorimetry methods (n=5). h. Expression of indicated mRNAs in BAT from HFD-
fed mice (n=5). i. Rectal temperatures were measured for HFD-fed WT and IRAK2 KO
HFD mice. (n=4). *: p<0.05. b, d, e, f, h, i: Student’s t-test (two-tailed) was performed. Data
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represent mean + SEM. g: Two-way ANOVA, followed by post hoc analysis was performed.
Data represent mean £ SEM.

Nat Immunol. Author manuscript; available in PMC 2021 February 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al.

Page 39

a. WT___ _irak2 KO b. c. w1 Irak2 K|
IL-11gG0 2 619G 0 2 6 (h) IL- IL-110G 0 2 6 I1gGO0 2 6 (h)
00 10 OPA1
1 IP: .
IP: IP: IRAK2
PHB OPA1 . PHB
3 PHB
1 OPA1
Mito IRAK2
Inpuf]
neu PHB
VDAC
kDa
5 : mﬁﬂ Complex Il
33 0286 4 Jrak2KICtrl 240 : 1606
g4 oK e £ -~
\ . =0.0286 P A
2. N - Il
25 A f
BE, Eq £
B'E £ o u||u| £
831 Eq £ 500
T 7
240 % — g1 ® E
kba C|: NDUFA9 Cll: SDHA  ClIl: UQCRC1 CIV: MTCO1 CISCs CliSCs 120
f CtrliL-1 CtrlIL-1 CtrliL-1 CtrliL-1
= g, OM FCCP Rot/AA o WT
s HE e - WT Crt 0 ] kK
. |PRYM - o WT IL-1 _ = PR
5 . E300 -+ Jrak2KiCtrl 300 ! 4 . i
C10 £ -~ Irek2KI IL-1 g E 3 g 210 v
2 2200 2 E 2200 £ & N
+ g Es d 2s N
a 05 & I3 g i 2051 d
£ 100 % i i i S100 e 5
(=
0.0 0 —— o .
CtrliL-1  CtrlIL-1 0 30 60 120 24 48
Time (min) Time (h)
i Cyto Mito J 1gG Phospho™ut G_WT__ |gG Phosphout

7Q

35

kDa

o Mt
Wt ?“059“0 WT ?\-\059“0
IL-10 1201201201 2¢(h)

i Flag-
sy Tubuin |RaKs s

1.0 1 2 1.0 1 2 (h

IRAK2

IRAK2 P |,

TOM20 TOM20

TIMMSOI’X‘:& TIMMS50

OPA1
OPA1

PHB

VDAC

Figure 6. IRAK2 disrupts mitochondrial respiratory chain super-complex formation via
interaction with PHB-OPA1.

a. Co-immunoprecipitation (IP) analysis of PHB in mitochondria of WT and /rak2 KO
newly differentiated primary adipocytes treated with IL-1p for indicated time points and
followed by western blot analysis. b. Co-immunoprecipitation (IP) analysis of OPAL in
mitochondria of non-targeting siRNA (Ctrl) and PHB siRNA transfected (Ph6 KD) primary
adipocytes treated with IL-1p for indicated time points and followed by western blot
analysis. c. Co-immunoprecipitation (IP) analysis of PHB in mitochondria of WT and /rak2
KI newly differentiated primary adipocytes treated with IL-1p for indicated time points and
followed by western blot analysis. a, b, ¢: Data represent one of five independent
experiments with similar results. d. Mitochondrial proteins were extracted WT and /rak2 Kl
newly differentiated primary adipocytes treated with IL-1p for indicated time points and
analyzed by BN-PAGE, followed by Western blot analysis with indicated antibodies. Data
represent one of five independent experiments with similar results. For quantification of
super-complex, the signals corresponding to bands above free complex | (starred) were used
and normalized to signals from Complex Il (n=4 biological independent samples). e. The
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activities of respiratory complexes in the isolated mitochondria from WT and /rak2 Kl
newly adipocytes were treated with or without IL-1p (n=4 biological independent samples).
f. Cellular ATP level in WT and /rak2 KI newly adipocytes were treated with or without
IL-1B (n=6 biological independent samples). g. O, consumption rate (OCR) in newly
differentiated primary adipocytes treated with or without IL-1p for 24 hours. Data represent
one of five independent experiments with similar results. Maximal Respiratory Capacity and
ATP-linked OCR are shown as bar graphs. Maximal Respiratory Capacity and ATP-linked
OCR are shown as bar graphs (n=12 biological independent samples). h. [1-14C]-palmitic
acid oxidation-rate in mitochondria from WT and IRAK2 KI primary adipocytes treated
with IL-1p for indicated time points (n=6 biological independent samples). i-j. Flag-tagged
wild-type and IRAK2 phospho-mutant were restored in /rak2 KO adipocytes. (K) Western
blot analysis of cytoplasmic and mitochondrial proteins. (L) Co-immunoprecipitation (1P)
analysis of Flag in whole cell lysates and followed by western blot analysis. The
experiments were repeated for five times with similar results. d, g, f, g, h: Student’s t-test
(two-tailed) was performed. Data represent mean + SEM.
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Figure 7. IRAK 2 kinase activity contributesto HFD-induced obesity and BAT dysfunction.
a. Body weight of WT (n=7 males) and /rak2 KI mice on HFD feeding (n=9 males). b.

Glucose tolerance test (GTT) was performed on HFD-fed of WT and /rak2 Kl mice (n=5
males). c. Quantification of VO,, VCO, levels and heat production by HFD-fed WT and
Irak2 K1 mice were measured using indirect calorimetry methods (n=5). d. H&E staining of
iWAT sections from HFD-fed of /rak2 Kl and control mice. Cell size was quantified (3
views per slide, 3 sections per mouse, n=5). e. H&E staining of BAT sections from HFD-fed
mice. d,e: scale bars, 150 um. f. Expression of indicated mRNAs in BAT from HFD-fed
mice (n=5). *: p<0.05. **: p<0.01. g. Mitochondrial proteins were extracted from BAT of
HFD-fed mice and analyzed by BN-PAGE, followed by western blot analysis with indicated
antibodies. For quantification of super-complex, the signals corresponding to bands above
free complex I (starred) were used and normalized to signals from Complex Il (n=4
biological independent samples). h. The activities of respiratory complexes in the isolated
mitochondria from BAT of HFD-fed WT and /rak2 K1 mice (n=6). i. Octanoyl-carnitine
oxidation-rate in isolated mitochondria from BAT of HFD-fed mice with indicated
genotypes (n=5 biological independent samples). a, b, c: Two-way ANOVA, followed by
post hoc analysis was performed. Data represent mean = SEM. d, f, g, h, i: Student’s t-test
(two-tailed) was performed. Data represent mean + SEM.
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Figure 8. Adipocyte-specific IRAK 2 contributesto HFD-induced obesity and BAT dysfunction.
a. Body weight of /rakZF (n=7 males) and /rak2*<O mice on HFD feeding (n=6 males). b.

Glucose tolerance test (GTT) was performed on HFD-fed of /rakZF and /rak2O mice
(n=6 males). c. Quantification of VO,, VCO, levels and heat production by HFD-fed
IrakZF (n=6) and /rak2O mice were measured using indirect calorimetry methods (n=5).
d. H&E staining of iWAT sections from HFD-fed /rak2*<0 and control mice. Cell size was
quantified (3 views per slide, 3 sections per mouse, n=5). e. H&E staining of BAT sections
from HFD-fed mice. d,e: scale bars, 150 pm. f. Expression of indicated mRNAs in BAT
from HFD-fed mice (n=5). *: p<0.05. g. Mitochondrial proteins were extracted from BAT of
HFD-fed mice and analyzed by BN-PAGE, followed by western blot analysis with indicated
antibodies. For quantification of super-complex, the signals corresponding to bands above
free complex I (starred) were used and normalized to signals from Complex Il (n=4
biological independent samples). h. The activities of respiratory complexes in the isolated
mitochondria from BAT of HFD-fed /rakZF and /rak2"KO mice (n=6). i. Octanoyl-carnitine
oxidation-rate in isolated mitochondria from BAT of HFD-fed mice with indicated
genotypes (n=5 biological independent samples). a, b, c: Two-way ANOVA, followed by
post hoc analysis was performed. Data represent mean = SEM. d, f, g, h, i: Student’s t-test
(two-tailed) was performed. Data represent mean + SEM.
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