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Type | interferon sensing unlocks dormant
adipocyte inflammatory potential
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White adipose tissue inflammation, in part via myeloid cell contribution, is central to obesity
pathogenesis. Mechanisms regulating adipocyte inflammatory potential and consequent
impact of such inflammation in disease pathogenesis remain poorly defined. We show that
activation of the type | interferon (IFN)/IFNa receptor (IFNAR) axis amplifies adipocyte
inflammatory vigor and uncovers dormant gene expression patterns resembling inflammatory
myeloid cells. IFNB-sensing promotes adipocyte glycolysis, while glycolysis inhibition impe-
ded IFNB-driven intra-adipocyte inflammation. Obesity-driven induction of the type | IFN axis
and activation of adipocyte IFNAR signaling contributes to obesity-associated pathogenesis in
mice. Notably, IFNP effects are conserved in human adipocytes and detection of the type |
IFN/IFNAR axis-associated signatures positively correlates with obesity-driven metabolic
derangements in humans. Collectively, our findings reveal a capacity for the type | IFN/IFNAR
axis to regulate unifying inflammatory features in both myeloid cells and adipocytes and hint
at an underappreciated contribution of adipocyte inflammation in disease pathogenesis.
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besity is an unabated public health problem of the first

order!2, The pathological expansion of adipocytes in

obesity creates a highly dynamic and multicellular
inflammatory milieu within the white adipose tissue (WAT)3.
Such low-grade chronic inflammation propagates the pathogen-
esis of obesity-associated sequelae including, type 2 diabetes
mellitus (T2D) and non-alcoholic fatty liver disease (NAFLD)*.
In contrast to myeloid cells®, regulation of adipocyte inflamma-
tory potential and its contribution to obesity-associated inflam-
mation is poorly understood. Like myeloid cells, adipocytes
produce proinflammatory cytokines®, express innate immune
receptors (e.g. Toll-like receptor (TLR))” and major histo-
compatibility complex (MHC) class I and class II molecules and
present antigens®?, However, whether adipocytes possess intrin-
sic potential to behave “like” myeloid cells and what mechanisms
regulate adipocyte inflammatory potential remains poorly
defined.

Type I Interferons (IFN), predominantly IFNa and IFN, are
dynamic immune mediators that orchestrate both innate and
adaptive immune responses, including fine tuning of myeloid cell
inflammatory vigor!®. IFNp is expressed ubiquitously, while
hematopoietic cells are the primary source of IFNa. Obesity-
associated metabolic endotoxemia (lipopolysaccharide; LPS)!!
activates TLR signaling cascades and TLR signaling is a robust
inducer of type I IFN production. Type I IFN engagement of
ubiquitously expressed heterodimeric transmembrane receptor
IFNa receptor (IFNAR) initiates various inflammatory signaling
hubs!2.

Existing literature on the contribution of the IFNAR axis to
obesity-associated sequelae suggests either detrimentall3-18 or
beneficial!%20 effects. However, to our knowledge, the contribu-
tion of the type I IFN/IFNAR axis in regulation of adipocyte
inflammatory potential has not been investigated. Given the
relevance of type I IFN/IFNAR axis in regulation of myeloid cell
inflammatory potential, and partial commonality in inflamma-
tory functions between myeloid cells and adipocytes, we hypo-
thesized that the activation of the type I IFN/IFNAR axis in
adipocytes would uncover immune-like inflammatory signatures
and exacerbate adipocyte-intrinsic inflammatory vigor.

Here we demonstrate that the type I IFN/IFNa receptor
(IFNAR) axis uncovers glycolysis-associated adipocyte inflam-
matory vigor and dormant gene expression patterns that resemble
inflammatory myeloid cells. Obesity induces the type I IFN axis
and adipocyte IFNAR signaling contributes to obesity-associated
disease pathogenesis in mice. The type I IFN/IFNAR axis-
associated signatures positively correlate with obesity-driven
metabolic derangements in humans and IFNp effects are con-
served in human adipocytes. Combined our observations reveal
potential for the type I IFN/IFNAR axis to unify inflammatory
characteristics in both myeloid cells and adipocytes.

Results

Type I IFN/IFNAR axis augments adipocyte inflammatory
potential. Obesity is linked with augmented levels of various
systemic TLR triggers (e.g. LPS!!, DNA?2!) known to induce type I
IFN production. Type I IFN engagement of the ubiquitously
expressed IFNAR initiates activation of inflammatory mediators
including STATS3, interleukin-6 (IL-6), tumor necrosis factor
(TNF) and various chemokines!?2. Whether LPS stimulation is
sufficient to activate the type I IFN axis in primary adipocytes, as
it does in myeloid cells, is underdefined. LPS treatment of mouse
primary adipocytes induced IFNP production (Fig. la) and
mRNA expression of type I IFEN signature genes including Irf9,
Oasla and Isgl5 in an IFNAR-dependent manner (Fig. 1b).
Further, as in myeloid cells!®?2, TFNpB treatment enhanced

adipocyte IFNAR-dependent, LPS-driven proinflammatory cyto-
kine production (Fig. 1c, d). Levels of LPS-driven IFNp produc-
tion (Fig. le), LPS-driven mRNA expression of the type I IFN
signature genes (Fig. 1f) and IFNp + LPS-driven inflammatory
vigor (Fig. 1g) in adipocytes mirrored that observed in myeloid
cells. Priming of adipocytes was not restricted to IFNp, as an
IFNa subtype (e.g. IFNa4) similarly enhanced LPS-driven IL-6
production (Supplementary Fig. 1a). In addition to TIr4, primary
adipocytes also expressed TIr2, TIr3, and Tir9 (Supplementary
Fig. 1b) and activation of TLR2 (Pam2Cys) or TLR3 (Poly I.C)
signaling in adipocytes was sufficient to induce IL-6 and IFNf
production and activate the type I IFN axis (Supplementary
Fig. 1c—f). Overall these findings suggest that akin to myeloid
cells, various TLR ligands can potently induce proinflammatory
cytokine production and activate the type I IFN axis in adipo-
cytes. In addition, our data indicate that activation of the type I
IFN/IFNAR axis regulates adipocyte inflammatory vigor.

Type I IFN uncovers dormant adipocyte inflammatory net-
works. This similar type I IFN mediated tuning of inflammatory
vigor between adipocytes and myeloid cells (e.g. macrophages)
prompted us to investigate the breadth of their shared function-
ality. Utilizing an unbiased RNA-seq approach (Fig. 2a), principal
component analysis revealed that despite clear distinction at
baseline between adipocytes and bone-marrow-derived macro-
phages, treatment with IFNp followed by LPS drove adipocytes
and macrophages to converge towards a similar gene expression
signature (Fig. 2b, c). At baseline, only 35 out of the 2500 most
highly expressed genes (0.7%; most overlapped genes are puta-
tive) in adipocytes and macrophages were shared, indicating a
comparison of distinct cell types (Fig. 2d; Supplementary Fig. 2a).
Of note, while IFNf or LPS alone increased the overlap of gene
expression patterns (1206 [25.1%], 758 [20.2%] respectively)
between the cell types (Fig. 2d; Supplementary Fig. 2b), IFNp +
LPS combination treatment led to the greatest convergence of
regulated genes (2033 [30.4%]; Fig. 2d). Comparably upregulated
genes between the adipocytes and macrophages, after combined
IFNP + LPS treatment, included those associated with broad
activation of inflammatory cascades and antigen presentation
(Fig. 2e; Supplementary Fig. 2c, d). Complementary computa-
tional analyses of enriched transcription factor (TF) binding site
“motifs” and ChIP-seq and DNase-seq peaks highlighted a con-
vergence between IFNP + LPS-stimulated adipocytes and mac-
rophages (e.g. STATSs, IRFs, NF-kb, chromatin accessibility;
Supplementary Fig. 2e, f). Notably, in adipocytes, 764 [42%] genes
were overlapped between IFNp + LPS and IFNf-alone treatment,
while only 151 [8.3%] genes were overlapped between IFNp +
LPS and LPS-alone treatment (Supplementary Fig. 3a). Closer
examination of pathways significantly augmented by combined
IFNP + LPS treatment (>2-fold over IFNp or LPS alone) in adi-
pocytes revealed ontologies associated with diabetic complica-
tions, TNF and IL-6 signaling, TLR signaling, and secreted
soluble factors (e.g. IL-15, CXCL9, CXCL10, CCL5; Supplemen-
tary Fig. 3b). Additionally, inhibition of Jakl abrogated IFNP
augmentation of adipocyte inflammatory vigor and activation of
the IFNAR axis (Supplementary Fig. 3¢, d). Pathways that were
distinct to IFNP + LPS treatment in adipocytes included class I
MHC processing and presentation, adaptive and innate immune
system, PI3K/AKT activation, impaired glucose tolerance,
increased adipocyte glucose uptake, and regulation of glucose
transmembrane transport (Fig. 2f). Collectively these findings
suggest that adipocytes possess a dormant underlying immuno-
logical capacity similar to bone-marrow-derived cells of myeloid
origin and that the activation of the type I IFN/IFNAR axis in
adipocytes is, in part, responsible for uncovering adipocyte
inflammatory clades.
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Fig. 1 IFNB/IFNAR axis exacerbates adipocyte immune potential. Primary adipocytes or bone-marrow-derived macrophages isolated from chow-diet-fed
WT and IFNAR~/~ mice were treated with saline (NS), IFNp (250 U/ml) or LPS (100 ng/ml) as indicated. a Quantified IFNB protein levels in adipocyte
culture supernatants by type | IFN activity assay. b mRNA expression by gPCR of indicated type | IFN axis genes in adipocytes, relative expression to WT
NS. ¢ IL-6 and d TNF protein levels in adipocyte culture supernatants quantified by ELISA; % change over NS. e Quantified IFNf protein levels in adipocytes
and macrophage culture supernatants by type | IFN activity assay; % change to macrophage. f mMRNA expression of indicated type | IFN axis genes by gPCR
in adipocytes and macrophage, relative expression to macrophage. g IL-6 protein levels in stimulated macrophages and adipocytes under indicated
conditions quantified by ELISA; % change to LPS-stimulated macrophages. a—d Representative of three independent experiments, n = 3—4/condition.
e—g Representative of three independent experiments, n =3—4/condition. For bar graphs, data represents mean + SEM. a—g For box plots, the midline
represents the mean, boxes represent the interquartile range and whiskers show the full range of values. a—d Unpaired two-tailed Student's t test.
*P<0.05, **P<0.01, **P<0.001, ***P < 0.0001. e—g Unpaired two-tailed Student's t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. M denotes

macrophage and A denotes adipocyte. Source data are provided as a Source data file.

Type I IFN/TFNAR axis promotes adipocyte glycolysis. We next
sought to determine the means by which type I IFN/IENAR axis
uncovers adipocyte inflammatory potential. Alteration of glycolysis
and fatty acid oxidation regulates myeloid cell inflammatory
capacity?>?4, and glucose metabolism mediates IFNp antiviral
capacity?®. Our unbiased RNA-seq analysis of IFNB-treated adi-
pocytes also revealed augmented expression of genes regulating
glycolytic pathways (e.g. HiflaC, Eif6*’; Fig. 3a). To examine the
direct effect of IFNpB on adipocyte metabolic flux through glyco-
lysis, the expression of key glycolysis-associated enzymes, lactate
production, and cellular respiration were quantified. IFN treat-
ment of adipocytes enhanced phosphofructokinase 1 (Pfkl),
phosphoglycerate kinase (Pgkl) and pyruvate kinase (Pkm2)
mRNA expression (Fig. 3b), promoted basal extracellular acid-
ification rate (ECAR) (Fig. 3c, d), without altering lactate pro-
duction (Supplementary Fig. 4a), and increased cellular respiration

(Oxygen Consumption Rate [OCR]) (Fig. 3e, f). Combined IFNf
+ LPS treatment did not further enhance ECAR (Supplementary
Fig. 4b). These data hinted that IFNP could alter aerobic glycolysis
in adipocytes. To begin to delineate metabolic pathways modulated
by IENP and to examine if such alterations are linked to glycolysis,
adipocytes were treated with IFNp in the presence of inhibitors of
fatty acid oxidation (etomoxir) or glycolysis (2-Deoxy-p-Glucose
(2-DG)). Only 2-DG, but not etomoxir, treatment reversed the
IFNpB-mediated increase in basal cellular respiration (Fig. 3f; Sup-
plementary Fig. 4c, d), dampened the expression of IFNB-driven
signature genes (Oasla and Isgl5; Fig. 3g) and depressed IFNp-
driven augmentation of adipocyte inflammatory potential (Fig. 3h;
Supplementary Fig. 4e). Combined, these findings suggest that the
type I IEN axis alters adipocyte core metabolism, possibly through
aerobic glycolysis, and that such modification is associated with the
enhancement of adipocyte inflammatory potential.
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Fig. 2 Type | IFN/IFNAR axis drives convergence between adipocyte and macrophage inflammatory gene signature. Adipocytes and macrophages
isolated from chow-diet-fed WT mice were treated with (NS), IFNB (250 U/ml) and/or LPS (100 ng/ml) and subjected to RNA-seq analysis. a Schematic
overview. b Principal component analysis of RNA-seq analysis, distance of component 2 (X-axis) delineates the similarity of gene expression patterns
between cell types. ¢ Heat maps of RNA-seq analyses in adipocytes and macrophages treated under indicated conditions. d Percent of shared genes
between adipocytes and macrophages treated under indicated conditions. e Venn diagram (top) and volcano plots (bottom) of genes differentially
expressed under IFNB + LPS treatment in adipocytes and macrophages. f Adipocyte ontology pathways and heat map of representative genes distinct to
IFNB + LPS treatment. a—f A single experiment, n = 2/condition. A denotes adipocytes. M denotes macrophages. Source data are provided as a Source

data file.

IFNAR activation exacerbates obesity-associated sequelae.
Adipocytes are important players in obesity development and
obesity is associated with activation of various inflammatory
processes?8. WT mice fed a high-fat diet (HFD), compared to
chow diet (CD), had an enhanced expression of type I IFN sig-
nature genes Oasla and Isgl5 in spleen, liver, and various fat
depots (iIWAT, eWAT, pWAT) (Supplementary Fig. 5). As adi-
pocytes comprise the core of WAT, expression and activation of
type I IFN axis in adipocytes was examined next. Primary adi-
pocytes from HFD-fed WT mice, compared to CD-fed controls,
displayed an augmented type I IFN signature including Ifnbl,
Ifnarl, Oasla, and Isgl5 (Fig. 4a). Further, in an IFNAR-

dependent manner, IFNP primed adipocytes from HFD mice,
compared to CD-fed controls, were significantly more vigorous in
their IL-6 output after LPS challenge (Fig. 4b).

Pathological accumulation of WAT/adipocytes and inflammation
are hallmarks of obesity development and pathogenesis of obesity-
associated sequelae. IFNAR signaling modulates inflammatory
potential of both immune cells and adipocytes. HFD-fed total body
IFNAR/~ mice and WT mice exhibited similar obesity as assessed
by lack of differential total body weight (Fig. 4¢; in agreement with a
recent report!3), energy expenditure, food intake, systemic
cholesterol, total body adiposity, BAT Ucp-1 expression and
WAT gross morphological appearance (Supplementary Fig. 6a—f).
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Fig. 3 IFNf modifies glycolysis-associated inflammatory vigor in adipocytes. a Differential expression of representative genes in pathways associated
with regulation of glycolysis in adipocytes from RNA-seq analysis. b WT adipocytes were treated in the presence or absence of IFNf (250 U/ml) and
mRNA expression of indicated glycolytic pathway-associated genes measured by gPCR, relative expression compared to NS. ¢—f Adipocyte cellular
bioenergetics as determined by Seahorse XF96 analyzer with sequential injection of glucose (2 mM), oligomycin (2 ug/ml), 2-Deoxy-b-glucose (2-DG,
10 mM), or FCCP [1mM] as indicated. € Mean extracellular acidification rate (ECAR). d Basal ECAR. e Mean oxygen consumption rate (OCR). f Basal OCR
in the presence or absence of pretreatment with 2-DG (2 mM). g IFNB (250 U/ml)-treated adipocyte expression of indicated type | IFN axis genes
measured by gPCR in the presence or absence of 2-DG (2 mM), relative expression to ctrl. h IL-6 protein levels in adipocyte supernatant quantified by
ELISA; % change over NS. a A single experiment, n = 2/condition. b Representative of three independent experiments, n = 3/condition. c—f Representative
of three independent experiments, n = 3—5/condition. g Representative of three independent experiments, n = 3—4/condition. h Data combined from two
independent experiments, n =3—5/condition. ¢—h For box plots, the midline represents the mean, boxes represent the interquartile range and whiskers
show the full range of values. In line graphs data represent mean £ SEM. b, d, f—h Unpaired two-tailed Student's t test. *P < 0.05, **P < 0.01. Source data

are provided as a Source data file.

However, genetic modulation of IFNAR signaling altered WAT  resistance?”. Despite increased eWAT size, lack of IFNAR
distribution (i.e. increased eWAT mass (Fig. 4d), decreased signaling correlated with reduced eWAT total immune cell
inguinal (Fig. 4e) and perirenal WAT mass (Fig. 4f)). infiltration (CD45%) and specifically with diminished numbers
Progressive decline in eWAT is associated with increased of infiltrating T cells (CD3+tCD4+ and CD3TCD8™) and B cells
adipocyte death, enhanced inflammation and total body insulin  (CD11¢~B2207) (Fig. 4g; Supplementary Fig. 7; Supplementary
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Fig. 4 Type | IFN/IFNAR axis contributes to the pathogenesis of obesity-associated sequelae. a, b Adipocytes were isolated from WT mice placed on a
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f pWAT weights. g Average eWAT immune cell infiltration measured by flow cytometry. h Glucose and i insulin tolerance tests. j Systemic alanine
transaminase (ALT) quantified at time of harvest. k Average liver immune cell infiltration measured by flow cytometry. a, b Representative of two
independent experiments, n = 3/condition. c—k Representative of three independent experiments, n = 6—7/condition. a, b, d—f, j For box plots, the midline
represents the mean, boxes represent the interquartile range and whiskers show the full range of values. ¢, g, h—I, k For line graphs and heat maps
data represent mean £ SEM. a, b, d—g, j, k Unpaired two-tailed Student's t test. *P <0.05, **P < 0.01, ***P < 0.001, ****P<0.0001. ¢, h, i Area under curve.

***P < 0.001. Source data are provided as a Source data file.

Table 1) and expression of the T- and B-cell chemoattractants
(T cells: Cxcl10, Cxcl9; B cells: Cxcl13 and Ltb4r) (Supplemen-
tary Fig. 8). Although the total number of eWAT infiltrating
macrophages (F4/80TCD11b™) was similar between WT and

IFNAR~/~ mice, lack of IFNAR signaling reduced percent of
macrophages producing proinflammatory cytokines central to
obesity pathogenesis® (IL-6 and TNF; Fig. 4g; Supplementary
Fig. 7; Supplementary Table 1).
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In agreement with reduced inflammatory setting, compared to
their age-, diet- and weight-matched WT controls, obese total
body IFNAR~/~ mice exhibited improved glucose metabolism, as
determined by glucose and insulin tolerance tests (Fig. 4h—i). Co-
housing did not alter weight gain or protection from glucose
dysmetabolism in IFNAR™/~ mice (Supplementary Fig. 9).
Further, despite similar hepatic steatosis (cholesterol and
triglyceride levels) and liver morphology between obese
IFNAR/~ and WT counterparts (Supplementary Fig. 10a, b),
obese IFNAR~/~ mice had attenuated hepatocellular injury as
measured by systemic alanine transaminase (ALT) levels (Fig. 4j;
Supplementary Fig. 10c). Reduced hepatocellular damage in obese
IFNAR~/~ mice correlated with decreased total hepatic immune
cell numbers and numbers of CD4™ T cells, but similar numbers
of liver infiltrating CD8" T cells and macrophages (Fig. 4k;
Supplementary Table 2). However, as in eWAT, total body
deletion of IFNAR signaling reduced percent of liver macro-
phages producing proinflammatory cytokines (IL-6 and TNF)
(Fig. 4k; Supplementary Table 2). These findings suggest that
obesity promotes activation of the type I IFN/IFNAR axis and
that type I IFN sensing by IFNAR modulates inflammation and
pathogenesis of obesity-associated sequelae independent of
weight gain.

Adipocyte-intrinsic IFNAR contributes to obesity-associated
sequelae. The contribution of hematopoietic or non-
hematopoietic IFNAR expression to obesity-associated metabolic
sequelae, via reciprocal bone marrow transfers between WT and
IFNAR~/~ mice, was examined next (Fig. 5a). Successful recon-
stitution was confirmed by flow cytometry (Fig. 5b). Both
hematopoietic (KO to WT) and nonhematopoietic (WT to KO)
locus of IFNAR expression impacted LPS-driven systemic IL-6
and TNF production (Supplementary Fig. 11). In the context of
HED feeding, either locus of IFNAR expression (hematopoietic or
nonhematopoietic) equally impacted total body weight gain
(Fig. 5¢) and adipose tissue mass (eWAT, iWAT and pWAT)
(Fig. 5d—f). Such parallels between hematopoietic and non-
hematopoietic IFNAR expression largely correlated with similar
obesity-associated immune cell infiltration into eWAT (e.g.
increase in total CD3TCD4™" cells; decreases in CD3TCD8T,
CD11c¢~B220+ F4/807CD11b+TNF*, and F4/80tCD11b*IL-67
cells) (Fig. 5g; Supplementary Table 3) and liver (e.g. increases in
CD3+tCD4% and CD3+7CD8™ cells; decreases in F4/80T7CD11b™,
percent F4/80TCD11bTTNFT, and percent F4/80TCD11bTIL-6*
cells) (Fig. 5h; Supplementary Table 4), and mirrored severity of
glucose dysmetabolism (Fig. 5i) and hepatocellular damage (ALT
2- to 3-fold less) (Fig. 5j). Together these findings suggest that
both nonhematopoietic and hematopoietic IFNAR expression are
relevant contributors to obesity-associated inflammation and
pathogenesis of obesity-associated sequelae.

Recent evidence indicates that FABP4¢-driven deletion of
IFNAR expression (deletion in adipocytes, macrophages,
endothelial cells, osteogenic cells, ganglion, adrenal medulla and
liver’®) may be detrimental to the pathogenesis of obesity-
associated sequelae?’. To formally delineate the contribution of
adipocyte-specific IFNAR expression to the severity of obesity-
associated metabolic dysfunction, we utilized Adipoq“"eIFNAR/
mice30:31. Adipoqre-driven deletion was confirmed to specifically
impact IFNAR expression in adipocytes, without impacting
immune cells within WAT and liver tissue (Supplementary
Fig. 12). Such deletion was functional as adipocytes derived from
Adipoq<reIFNARY mice had blunted IFNB-driven augmentation
of adipocyte inflammatory cytokine production (Fig. 6a). Adi-
poq™ IFNAR deletion did not impact HFD-driven weight gain
(Fig. 6b), adipose tissue distribution (Fig. 6c—e), or modify

immune cell infiltration and macrophage inflammatory vigor in
eWAT (Fig. 6f; Supplementary Table 5). Despite similar body
weight, Adipoq*® IFNAR deletion did impact obesity-associated
glucose dysmetabolism (Fig. 6g), without modulating liver
triglyceride levels (Fig. 6h) or hepatocellular damage (Fig. 6i).
The lack of significant impact on hepatocellular status as a result
of Adipoq“*® IFNAR deletion correlated with nondifferential liver
immune cell infiltration including total immune cells (CD45%),
macrophages (F4/807CD11b*) and T cells (CD3TCD4T,
CD3"CD8T) (Fig. 6j; Supplementary Table 6). Combined, these
findings in adipocyte-specific IFNAR expression, via Adipoq®'®-
driven IFNAR deletion, are in partial agreement with total body
IFNAR~/~ and nonhematopoietic IFNAR~/~ mice (uncoupling
of body weight from severity of glucose dysmetabolism), and
FABP4¢-driven IFNAR deletion?? (minimal impact on hepato-
cellular disease).

Type I IFN effects on adipocytes and obesity are conserved in
humans. To determine whether effects of type I IFN/IFNAR axis
activation are conserved from mice to humans, primary adipo-
cytes from persons undergoing bariatric procedures were exam-
ined. ADIPOQ and FABP4 mRNA expression was used to
determine the efficacy of adipocyte differentiation (Supplemen-
tary Fig. 13). LPS treatment of primary human adipocytes was
sufficient to augment IFNf production and to induce the mRNA
expression of the type I IFN axis including IRFI, OASI and ISG15
(Fig. 7a, b). In addition, similar to mouse adipocytes, IFNB
treatment significantly increased the capacity of human adipo-
cytes to produce IL-6 in response to LPS (Fig. 7c), while treat-
ment with 2-DG was sufficient to reverse augmented IL-6
production (Fig. 7d).

Since the type I IFN/IFNAR axis activates a multitude of
inflammatory signaling hubs and modulates obesity-associated
metabolic derangements in mice, we next examined whether the
type I IFN signature3? is altered in the presence of obesity-
associated metabolic sequelae. Persons with severe obesity were
stratified into either metabolically healthy (Met-H) or metabo-
lically challenged (Met-C) groups according to well-established
clinical parameters including markers of glucose dysmetabolism
(e.g. glucose, insulin, HOMA-IR) and hepatocellular disease (e.g.
NAFLD activity score (NAS), aspartate transaminase (AST), ALT,
and gamma-glutamyltransferase (GGT); Fig. 7e-h; Supplemen-
tary Table 7). Notably, the two cohorts exhibited similar BMI and
systemic lipid profiles (e.g. total cholesterol, low-density lipopro-
tein, and high-density lipoprotein; Supplementary Table 7). Met-
C individuals had heightened systemic levels of type I IFN
signature cytokines? including IFN@, TNF, CCL2 and a trending
increase in IL-6, CCL3, CXCL9 and CXCLI10 as compared to
Met-H individuals (Fig. 7i; Supplementary Table 8). Furthermore,
systemic IFN( levels were correlated with a marker of
hepatocellular disease (Fig. 7j) but not fasting glucose (Fig. 7k)
or HOMA-IR (Fig. 71). Together, our data suggest that detection
of the type I IFN/IFNAR axis-associated signatures may positively
correlate with individuals with obesity-associated hepatocellular
disease.

Given enhancement of a type I IFN signature in Met-C obese
individuals, we next probed whether IFNp responsiveness in
human adipocytes is altered in the presence of obesity-associated
metabolic sequelae. Augmentation of IL-6 production was even
greater in adipocytes from Met-C obese individuals treated with
LPS, while the combination of IFNP + LPS-treated adipocytes led
to the highest IL-6 production (Fig. 7m). Collectively, these
results demonstrate that the type I IFN axis and its effects on
inflammatory capacity are conserved in human adipocytes and
potentially exacerbated in the setting of metabolic derangements.
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Fig. 5 Hematopoietic and nonhematopoietic IFNAR expression contribute to the pathogenesis of obesity-associated sequelae. Reciprocal bone marrow
transfers (BMT) between WT (CD45.2) and IFNAR~/~ (CD45.1) mice were performed and successful reconstitution was confirmed at d74 post-transfer
by flow cytometry. Reconstituted mice were place on HFD for 18 weeks. a Schematic diagram of reciprocal BMT. b Reconstitution analysis by flow
cytometry. € % weight gain over time. d eWAT, e iWAT, f pWAT weights. g Average eWAT immune cell infiltration measured by flow cytometry; %
change over WT. h Average liver immune cell infiltration measured by flow cytometry; % change over WT. i Glucose tolerance test. j Systemic ALT
quantified at time of harvest. a—j A single experiment, n = 4—5/condition. ¢, g—i For line graphs and heat maps data represent mean + SEM. d—f, j For box
plots, the midline represents the mean, boxes represent the interquartile range and whiskers show the full range of values. d—h, j Unpaired two-tailed
Student's t test. *P<0.05, **P<0.01, ***P<0.001. ¢, i Area under the curve. ****P <0.0001. Source data are provided as a Source data file.

Discussion

Our overall findings underscore a previously unappreciated role
of type I IFNs/IFNAR axis in the regulation of adipocyte
inflammatory vigor (Fig. 8). Although partial similarity in
inflammatory capabilities between adipocytes and myeloid cells
(e.g. proinflammatory cytokine production® and expression of
innate immune receptors’” and MHC class I and class II
molecules®) have been previously alluded to, similarity of their
gene expression patterns, especially in context of type I IFN
sensing, has not been evaluated. The potential for the type I IFN
axis to unlock a fundamental functional convergence in inflam-
matory gene expression patterns between adipocytes and mac-
rophages emphasizes the complexity of WAT biology.
Underpinning this complexity, our data indicate that Jakl may be
one mechanism by which the type I IFN/IFNAR axis collaborates

with LPS in adipocytes. Future in-depth interrogation on the
factor(s) involved in this potential synergism is clearly warranted.

Previous findings alluded that undifferentiated 3T3-L1 cells?
can produce IFNP. We have expanded upon this observation by
showing that primary adipocytes, both mouse and human, have
the capacity to produce type I IFNs. In mice, type I IFNs are
composed of 14 different IFNa subtypes and IFNw, IFNg, IFNT,
IFNk and IFNP. Activation of pattern-recognition receptors
results in an anatomical locus/tissue/cell type-specific3* produc-
tion of a fraction of IFNa subtypes and IFNf. However, IFN( is
induced by LPS stimulation in myeloid cells>* and holds a unique
ability to interact with IFNAR1 in an IFNAR2-independent
manner (in addition to its ability to interact with the IFNAR1 and
2 heterodimeric complex)3. As adipocytes and immune cells (e.g.
dendritic cells, macrophages) within the WAT can produce type I
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Fig. 6 Adipocyte-intrinsic IFNAR axis is a contributor to the severity of obesity-associated sequelae. a—j AdipoqceIFNAR/fl and littermate controls
(Cre~IFNAR/fly were fed HFD for 18 weeks. a IL-6 protein in the supernatant of visceral adipose tissue-derived mature adipocytes stimulated under
indicated conditions quantified by ELISA, % change to NS. b Total body weight. ¢ eWAT, d iWAT, e pWAT weights. f Average e WAT immune cell
infiltration, measured by flow cytometry. g Glucose tolerance test. h Liver triglycerides. i Systemic ALT quantified at time of harvest. j Average liver
immune cell infiltration measured by flow cytometry. a Data combined from two independent experiments, n = 4—5/condition. b—j Representative of two
independent experiments, n=5/condition. a, c—e, h—i For box plots, the midline represents the mean, boxes represent the interquartile range and
whiskers show the full range of values. b, f, g, j For line graphs and heat maps, data represent mean + SEM. a, c—f, h—j Unpaired two-tailed Student's t test.
b, g Area under curve. *P < 0.05. Source data are provided as a Source data file.

IFNs, the relevant source and subtypes of type I IFNs in the
context of obesity warrants further exploration.

Our observations suggest that the type I IFN axis can alter
adipocyte glycolysis. Our findings provide initial clues to how the
type I IEN/IFNAR axis modifies adipocyte basal core metabolism
and future comprehensive studies elucidating type I IFN/IFNAR
axis impact on maximal and spare capacities in adipocytes would

yield additional insights. Although lactate is a contributor to
ECAR levels, other sources, including CO, from the citric acid
cycle?’, likewise can contribute to acidification. Our findings
suggest the possibility that IFNB-driven modification of adipocyte
core metabolism and inflammatory vigor are interlinked. IFN
regulates glucose uptake and metabolism in cells242%, and IFNB-
driven glucose metabolism is an important mechanism for the
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Fig. 7 Type | IFN axis effects on adipocyte inflammatory vigor are conserved in humans. a—d Human primary adipocytes were isolated from omental
adipose tissue of metabolically health obese (Met-H) individuals. Adipocytes were subsequently treated with saline (NS), human IFNB (250 U/ml) or LPS
(100 ng/ml) as indicated. a Quantified supernatant IFNB protein by ELISA. b mRNA expression of indicated type | IFN axis genes by qPCR, relative
expression to NS. ¢ IL-6 protein levels quantified in supernatant by ELISA; % change over NS. d Quantified IL-6 protein levels in supernatant of adipocytes
treated in the presence or absence of 2-DG (2 pM) by ELISA, % change over NS. e—m Persons with severe obesity were stratified into Met-H or
metabolically challenged (Met-C) groups. e Fasting glucose. f NAFLD activity score. g ALT. h AST. i Average systemic protein levels of indicated cytokines
and chemokines quantified by Luminex. j Systemic IFNp levels correlated with AST. k Systemic IFNp correlated with fasting glucose. I Systemic IFNf
correlated with HOMA-IR. m IL-6 protein levels quantified in adipocyte supernatant by ELISA, % change over NS. a—d Representative patients, n=3-5/
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range of values. a—i, m Unpaired two-tailed Student's t test. *P < 0.05, **P < 0.01, ****P < 0.0001. j—I Linear regression analysis. Source data are provided

as a Source data file.
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induction of antiviral responses?°. Precise interrogation of how
the type I IFN/IFNAR axis modifies the adipocyte-intrinsic
metabolome to shape inflammatory vigor and immune responses
would be of significant future interest. Type I IFNs are capable of
altering human macrophage epigenomes to broadly reprogram
their LPS-driven responses®® and modification of core cellular
metabolism alters epigenetic and transcriptional networks asso-
ciated with augmented inflammatory capacity (e.g. naive CD4*
T-cell polarization, IFNy, NF-«B signaling)3® in immune cells—
potentially invoking another possible similarity between adipo-
cytes and immune counterparts.

Existing literature has suggested that the type I IFN/IFNAR
axis plays beneficial!®20 and detrimental!3-1840:41 roles in
hepatic and metabolic dysfunction. A recent study!® has sug-
gested that IFNP overexpression in the liver, via hydrodynamic
injection of a liver-targeting pLIVE-IFNp vector, protects mice
from HFD-driven weight gain. However, whether such expression
promotes super-physiological levels of IFNP in the liver and/or
systemically and persistent increase in IFNQ levels drives the
pathology*?. In addition, persistent IFNpB sensing may induce
exhaustion, centrally and locally, to regular IFNAR signaling*?
akin to that known to occur in the context of TLR signaling®*. As
type I IEN/IFNAR axis is widely expressed across hematopoietic
and nonhematopoietic cells, we sought to expand understanding
of relevant players. Our data indicate that both hematopoietic and
nonhematopoietic IFNAR expression contributes to the severity
of obesity-associated metabolic sequelae (Fig. 5). FABP4t¢-driven
IFNAR deletion (gene deletion could be affected in adipocytes,
macrophages, endothelial cells, osteogenic cells, ganglion, adrenal
medulla and liver)3%4> modifies HFD-driven obesity and down-
stream metabolic sequelae?). To enhance our understanding of
adipocyte-intrinsic IFNAR expression to the severity of obesity-
associated metabolic disease, we employed a widely used, Adi-
poq<te-driven deletion of IFNAR*243, Using this approach, we
revealed that adipocyte-specific IFNAR expression contributes to
obesity-associated glucose dysmetabolism (in agreement with
total body TFNAR~/~ deletion and reciprocal BMT), but was not
sufficient by itself to alter hepatocellular damage (Fig. 6).
Although Adipoq¢ has been a widely employed line0-48 and
off-target Cre-driven effects have not been reported, the potential
of Cre-mediated toxicity is a possibility. Findings from Adipoq*e-
driven deletion of IFNAR parallel our adipocyte transcriptome

analyses, which suggest that IFN{ 4+ LPS modified glucose toler-
ance, increased adipocyte glucose uptake, and altered regulation
of glucose transmembrane transport (Fig. 2f). Our observations
from Adipoq“'®-driven IFNAR deletion are in partial agreement
with total body IFNAR™/~ and nonhematopoietic IFNAR~/~
mice (uncoupling of body weight from severity of glucose dys-
metabolism) and FABP4<r¢-driven IFNAR deletion?® (minimal
impact on hepatocellular disease), suggesting a high level of
complexity surrounding the contribution of type I IFN/IFNAR
axis in obesity. Further, these data imply that additional IFNAR
expressing cell types/tissues (both of hematopoietic and non-
hematopoietic origin) or compensatory mechanisms likely con-
tribute to the full phenotype spectrum observed in total body
IFNAR~/~ mice. Notably, type I and type III IFNs share func-
tional antiviral properties** and recent evidence has emerged
indicating type III IFNs in efficacy of myeloid cell responses to
influenza A infection®?. Given adipose tissue is a high energy
source, microbes®! may harbor in adipose tissue/adipocytes.
Whether the type III IFN axis is functional in adipocytes is
unknown. Similarly, if type III IFNs can compensate for the lack
of type I IFN signaling in the context of obesity-associated
metabolic derangements is unknown and would be of pertinent
future investigation.

Modulation of CD8* T-cell inflammatory capacity by the type
I IFN/IENAR axis is critical for obesity-associated NAFLD
pathogenesis!”. Hepatocyte-intrinsic IFNAR expression alters
hepatocyte core metabolism, subsequently impacting CD8" T-
cell inflammatory vigor>2. Our data indicate that infiltration of
immune cells into the liver is independent of adipocyte-specific
IFNAR signaling (Fig. 6f, j). Thus, it is likely that type I IFN/
IFNAR modulation of intrahepatic immune cells (e.g. CD8%
T cells) may be the larger governing factor to orchestrating
obesity-driven NAFLD pathogenesis, while type I IFN/IFNAR
activation of adipocytes underscores the severity of glucose dys-
metabolism. It has also been proposed that kinetics of adipose
tissue/adipocyte inflammation may drive dichotomous effects>3.
In addition to inflammation, the WAT architecture (e.g. extra-
cellular matrix (ECM) deposition, fibrosis, etc.) promotes obesity-
associated sequelae®*. Type I IFN is a regulator of fibrosis in
cutaneous graft-versus-host disease®>. Whether the type I IFN/
IFNAR axis modifies WAT architecture is unknown. Thus, future
exploration of type I IFN/IFNAR control of immune cell and
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adipocyte inflammatory vigor and WAT architecture on the
severity of obesity-associated metabolic dysfunction would pro-
vide future additional insights.

It has been posited that obesity-associated metabolic status is a
consequence of a balance in “healthy vs. unhealthy” WAT states
modified by inflammation and ECM>4. Although inflammation is
considered a driver of the progression to dysfunctional WAT and
consequent metabolically challenged state, mechanisms under-
lying such processes have not been elucidated. IFNf therapy, an
approach for clinical care of multiple sclerosis patients, impairs
glucose tolerance and insulin sensitivity!” and is associated with
hepatic dysfunction!®#!, hinting at its impact on metabolic
derangement. Adult bariatric patients displayed a positive cor-
relation between a hepatic type I IFN signature and increased
TNF expression. Further, WAT isolated prior to bariatric surgery
exhibited greater expression of type I IFN axis genes (e.g. IFIT1I,
MX1, OAS1)?, findings in line with our observations (Fig. 7).
Here, we harnessed a limited pediatric cohort which represents a
unique group and gives us a keen opportunity to examine the
development/progression ~ of  obesity-associated  metabolic
derangements from a young age—mostly devoid of the accu-
mulation of insults driving adult metabolic sequelae. Our findings
indicate that systemic IFN levels were correlated with a marker
of hepatocellular disease, but not fasting glucose or HOMA-IR.
Notably, other systemic markers including TNF°¢ and IL-6>7 that
are established to correlate with HOMA-IR are similarly not
associated within our cohort. However, our cohort predominantly
consists of severely obese individuals without established T2D.
Coupled to the limited numbers of our cohort, it is difficult to
fully extrapolate strong conclusion of clinical correlates. In
addition, as type I IFNs are transient mediators with rapid
turnover, it is plausible that our “snapshot” is missing a critical
time point in type I IFN-driven glucose dysmetabolism. Thus,
future expanded enrollment of obese individuals is likely needed
for additional, more in-depth exploration of the relationship
between the type I IFN axis and clinical disease outcomes (e.g.
T2D). Recent evidence has also begun to emerge suggesting a
unique crosstalk between adipose tissue and fatty liver in both
adults®® and adolescents®®. Whether the activation of the type I
IFN axis in adipocytes modulates the transition between healthy
and unhealthy WAT remains to be determined and warrants
further exploration. Additionally, definition of the similarities and
differences between pediatric and adult obese patients would be
of significant interest.

In sum, our report highlights a potentially undervalued role for
adipocytes in the context of type I IFN-driven pathogenic diseases
and suggest that greater examination of these cells could lead to
expanded insights into disease pathogenesis. Thus, it is plausible
that novel pharmacological intervention into the type I IFN/
IFNAR axis function, in both adipocytes and immune cells, would
provide alternative approaches to dampen type I IFN-driven
diseases, including obesity-associated metabolic harm.

Methods

Mouse obesogenic diet model. All mice used were males on a C57BL/6 back-
ground (Jackson). WT, IFNAR—/—10, Adipog®re, IFNARY mice were bred at
Cincinnati Children’s Hospital Medical Center (CCHMC) in a specific pathogen-
free (spf) facility maintained at 22 °C, with free access to autoclaved low-fat chow
diet food (LAB Diet #5010; calories provided by carbohydrates (58%), fat (13%)
and protein (29%)) and water. At 6—8 weeks of age, mice were fed either an
irradiated high-fat diet (HFD; Research Diets #D12492; 60% of calories from fat) or
a CD. Food was replenished on a weekly basis to avoid contamination. Total body
fat, lean and water mass were determined by nuclear magnetic resonance (Whole
Body Composition Analyzer; Echo MRI)®. Mice were fasted overnight prior to
glucose metabolism testing, insulin tolerance testing, or terminal harvest. For
glucose and insulin tolerance tests (ITT)®! mice were fasted overnight and glucose
tolerance was determined by injecting mice with 10 pl of a 10% dextrose solution
per gram of body weight. Glucose levels were kinetically quantified at the times

indicated. For ITT, mice received 10 pl of a 0.15 U/ml solution of insulin (Novolin)
per gram of body weight. Energy expenditure was measured by Phenomaster (TSE
systems). Gases in the metabolic chambers were equilibrated prior to the initiation
of the study and mice were acclimated for 2 days before the start of study. Data
points were continuously collected for a total of 5 days. Gas exchange (O, and
CO,) was recorded every 15 min and energy expenditure (EE) was calculated
according to the manufacturer guidelines. Ambient temperature (22 °C) and
humidity was maintained via climate-control units in the metabolic chambers. All
care was provided in accordance with the Guide for the Care and Use of Laboratory
Animals. All studies were approved by the CCHMC IACUC.

Mouse primary adipocytes. Inguinal WAT was isolated and digested (1 mg/ml
Collagenase Type IV, Dispase 2, CaCl,)%2. Stromal vascular fraction containing
preadipocytes was cultured until confluence. Preadipocytes were subjected to
initiation media (growth media (Dulbecco’s Modified Eagle Medium: Nutrient
Mixture F-12 (DMEM:F12), Fetal Bovine Serum (FBS), Pen/Strep), rosiglitazone,
dexamethasone, 3-isobutyl-1-methylxanthine, insulin) for 2 days®2. Afterwards,
cells were switched to continuation media (growth media, rosiglitazone, insulin) for
2 days, followed by differentiation media (growth media, insulin) for an additional
2 days to reach maximal differentiation. For stimulation studies, adipocytes were
treated with saline (NS) or IFNp (250 U/ml) for 3 h, followed by LPS (100 ng/ml)
for 4 h. Stimulated adipocytes were utilized for downstream processes.

Mouse epididymal WAT (eWAT)-derived mature adipocytes. eWAT was
isolated from obese WT and IFNAR~/~ mice. After separation of mature adipo-
cytes from stromal vascular fraction (SVF) cells using a 100 M filter, mature
adipocytes were collected and cultured in growth media (DMEM:F12, FBS,
Pen/Strep) for 24 h. Mature adipocytes were treated with saline (NS) or IFN@
(250 U/ml) for 3 h, followed by LPS (100 ng/ml) for 4 h. Stimulated mature adi-
pocytes were utilized for downstream processes.

Human subjects. Bariatric surgery participants were recruited and informed
consent obtained from the Cincinnati Children’s Hospital Medical Center
(CCHMC) Pediatric Diabetes and Obesity Center. Recruitment and study proto-
cols were approved by the institutional review board at CCHMC. Patients with
alcohol abuse, viral and autoimmune hepatitis, immunosuppressive or steroid use
were excluded. Liver sections were examined qualitatively using the pediatric
NASH-CRN scoring system by a certified liver pathologist. The NAS is a sum of
scores for steatosis, lobular inflammation and ballooning. Patients were segregated
into a metabolically healthy (Met-H) or metabolically challenged (Met-C) category
based on these well-established clinical parameters of hepatocellular disease (Met-
H, n = 18; Met-C, n = 30; clinical phenotypes provided in Supplementary Table 7).
Recruitment and study protocols were approved by the institutional review board
at CCHMC.

Human primary adipocytes. Omental WAT was collected, minced and digested
with Type II collagenase (40 mg/ml in Phosphate Buffered Saline (PBS) with 2%
Bovine Serum Albumin (BSA)) for 45 min at 37 °C%3. Digested tissues were filtered
and centrifuged at 250 x g to isolate the SVF. SVF was subjected to Ack lysis buffer.
SVF was cultured (in expansion media (DMEM/F:12, 15% FBS, 1% Pen-strep))
until confluence and subjected to human adipocyte differentiation media (DMEM/
F:12, 1% Pen-strep, 2mM glutamine, 15 mM HEPES buffer solution, 10 mg/ml
transferrin, 33 uM biotin, 0.5 uM insulin, 17 uM pantothenate, 0.1 uM dex-
amethasone, 2 nM T3, 500 uM IBMX, 1 uM ciglitazone) for 14—16d, followed by
7—10d in human adipocyte maintenance media (DMEM/F:12, 1% Pen-strep,
2mM glutamine, 15 mM HEPES, 10 mg/ml transferrin, 33 uM biotin, 0.5 uM
insulin). For stimulation studies, adipocytes were treated with saline (NS) or IFNB
(250 U/ml) for 3 h, followed by LPS (100 ng/ml) for 4 h. Stimulated adipocytes
were utilized for downstream processes.

Reciprocal bone marrow transfer and in vivo cytokine quantification. Reci-
procal bone marrow transfers were generated using 8-week-old WT or IFNAR~/~
recipient mice!. 5 x 10° bone marrow cells were derived from the femurs of WT or
IFNAR/~ mice and transferred into whole-body irradiated WT or IENAR~/~
recipient mice. Peripheral blood chimerism was assessed by flow cytometric ana-
lysis 10 weeks after bone marrow reconstitution. In vivo cytokine capture assay
(IVCCA) was utilized to quantify systemic IL-6 and TNF levels via biotinylated
capture antibodies against IL-6 (clone MP5-32C11) and TNF (clone TN3) (both
eBioscience) were given via intraperitoneal injection 3 h prior to LPS challenge and
4 h later serum cytokine levels were determined!?.

Epididymal WAT (eWAT) and liver immune infiltration isolation and analysis.
e€WAT and liver was isolated from obese WT and IFNAR~/~ mice. eWAT-isolated
SVF cells and liver immune cells were stimulated for 4 h with PMA (50 ng/ml;
Sigma-Aldrich) and Ionomycin (1 ug/ml; Calbiochem). Briefly, cells were stained
with Live/dead stain (Zombie UV Dye; 1:250; Biolegend), B220 (clone RA3-6B2;
1:100; Biolegend), CD45 (clone 104; 1:500), CD11b (clone M1/70; 1:100), F4/80
(clone BMS; 1:100), Grl (clone RB6-8C5; 1:100), CD4 (clone GK1.5; 1:50), CD8
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(clone 53-6.7; 1:100), IFNy (clone XMG1.2; 1:100) TNF (clone MP6-XT22; 1:100),
and IL-6 clone (MP5-20F3; 1:100) (all ebioscience). Data were collected using a
LSR Fortessa flow cytometer (BD Biosciences) and analyzed by Flow]Jo software
(Tree Star).

Adipocyte cytokine quantification. Murine primary adipocytes were cultured in
the presence or absence of IFNB (250 U/ml) for 3 h and thereafter stimulated with
saline, LPS (100 ng/ml), Pam2 (100 ng/ml) or Poly(I:C) (25 pg/ml) for 4 h. IL-6 was
quantified by ELISA (BD biosciences) as per the manufacturer’s instructions.

Type | IFN quantification. IFNp levels in adipocyte culture supernatants was
quantified with reference to a recombinant mouse IFNp using an L-929 cell line
transfected with an interferon-sensitive luciferase construct!®. Luciferase activity
was quantified on a SpectraMax L luminometer (Molecular Devices).

qRT-PCR. Adipocytes were homogenized in TRIzol (Invitrogen) followed by RNA
extraction, reverse transcription to cDNA (Verso cDNA Synthesis Kit; Thermo
Scientific) and gPCR analysis (Light Cycler 480 II; Roche)—according to the
manufacturer’s instruction®.

The following primer pairs were used for mouse studies: Ifnbl For
TCCAGCTCCAAGAAAGGACG Rev TTGAAGTCCGCCCTGTAGGT; Ifnarl
For ACACTGCCCATTGACTCTCC Rev TTGGGTGCTACCCTCAGC; Irf9 For
ACAACTGAGGCCACCATTAGAGA Rev CACCACTCGGCCACCATAG; Oasla
For AGCAGGTAGAGAACTCGCCA Rev CTGCATCAGGAGGTGGAGTT; Isgl5
For GTCACGGACACCAGGAAATC Rev AAGCAGCCAGCCGCAGACTG; Il6
For TGGTACTCCAGAAGACCAGAGG Rev AACGATGATGCACTTGCAGA;
Pfkl For CATGGGGAGAGAGGACAGA Rev AGTTCGGGAACAAGACGTTG;
Pgkl For CAGCCTTGATCCTTTGGTTG Rev CTGACTTTGGACAAGCTGGA;
Pkm2 For GTCTGAATGAAGGCAGTCCC Rev GTCCGCTCTAGGTATCGCAG;
Ccl2 For TGTCTGGACCCATTCCTTCTTG

Rev AGATGCAGTTAACGCCCCAG; Ccl3 For ACCATGACACTCTGCAAC
CAAG

Rev TTGGAGTCAGCGCAGATCTG; Cxcll0 For CCTATGGCCCTCATTCT
CAC Rev CGTCATTTTCTGCCTCATCC; Cxcl9 For TAGGCAGGTTTGATCT
CCGT Rev CGATCCACTACAAATCCCTCA; Cxcll3 For GGCCACGGTATTC
TGGAAGC Rev GGGCGTAACTTGAATCCGATCTA; Ltb4r For GATGCAGA
AACGCACGGTC Rev GACATAGTGGCACAGGCGG; Actb For GGCCCAGAG
CAA GAGAGGTA Rev GGTTGGCCTTAGGTTTCAGG. Arbitrary units of
mRNA expression of each mouse gene were compared to Actb.

The following primer pairs were used for human studies: hIRF1 For CATGA
GACCCTGGCTAGAGATG Rev TCCGGAACAAACAGGCATCC; hOASI For
TGAGGTCCAGGCTCCACGCT Rev GCAGGTCGGTGCACTCCTCG; hISG15
For GAGAGGCAGCGAACTCATCT Rev CTTCAGCTCTGACACCGACA; hIL6
For CATTTGTGGTTGGGTCAGG Rev AGTGAGGAACAAGCCAGAGC; hUB
IQ For CACTTGGTCCTGCGCTTGA Rev CAATTGGGAATGCAACAACTTT
AT. Arbitrary units of mRNA expression of each human gene were compared
Ubiquitin (human) expression.

Lactate quantification assay. Lactate levels in adipocyte culture supernatants
were quantified by colorimetric assay kit (Sigma-Aldrich) as per the manufacturer’s
instructions.

RNA sequencing and gene expression quantification. Gene expression of pri-
mary adipocytes and macrophages was determined by running 50 base pair single-
end reads (~20 million reads per sample). All transcriptomic analyses were per-
formed in StrandNGS. Following the removal of barcodes and primers, raw reads
were aligned to the mm10 genome using annotations provided by UCSC with the
following parameters: (1) minimum percent identify = 90; (2) maximum percent
gaps = 5; (3) minimum aligned read length = 25; (4) number of matched to output
per read = 1; and (5) ignore reads with more than five matches. The proprietary
aligner (COBWeb) is based on the Burrow Wheeler Transform method. Aligned
reads were used to compute reads per kilobase per million (RPKM) using the
Expectation-Maximization algorithm for the maximum likelihood estimation of
expression. Further, RPKM were thresholded at 1 and normalized using the
DESeq algorithm, which computes a normalization factor (NF) for each sample.
Within each sample, each transcript is divided by that transcript’s geometric mean
across samples. The within-sample median of these values is that sample’s NF. To
obtain normalized counts, a sample’s raw RPKM are divided by that sample’s NF.
Finally, normalized per-transcript RPKM were baselined to the median of all
samples. Reasonably expressed transcripts (raw RPKM > 3 in 100% of samples in at
least one condition) were included for differential analysis. Differential expression
was determined through two-way ANOVAs with an FDR-corrected p value
cutoff of 0.05 and a fold change requirement of >1.5. For pathway analysis, the
database at toppgene.cchmc.org was employed, which amasses ontological data
from over 30 individual repositories®®>. RNA-sequencing raw data that support the
findings of this study in Figs. 2, 3, Supplementary Figs. 2 and 3 can be accessed at
GSE110236.

Transcription factor binding site enrichment analysis. To identify TFs that
might be regulating genes expressed in adipocytes or macrophages treated with
IFNB (250 U), LPS (100 ng/ml) or IFNp + LPS, we utilized the RNA-sequencing
analysis (above) coupled with a computational method that overlaps the genomic
coordinates of a set of gene promoters with a large library of TF-genome inter-
actions. We created the dataset library by compiling 510 mouse ChIP-seq and
DNase-seq datasets from a variety of sources, including modENCODE®®,
PAZAR®, and the UCSC Genome Browser®. As input, our method takes a set of
genomic regions of interest (e.g. promoters of genes whose expression changes
upon stimulation), and systematically overlaps them with each ChIP-seq/DNase-
seq dataset. The observed overlap of the input set with each dataset is calculated by
counting the number of input regions it overlaps by at least one base. Next, a

P value describing the significance of this overlap is estimated using a simulation-
based procedure. A distribution of expected overlap values is created from 2000
iterations of randomly choosing RefSeq gene promoters with the same length as the
input set (e.g. if 50 promoters of length 100 bp are used as input, then 50 randomly
chosen promoters of length 100 bp will be used in each simulation). The dis-
tribution of the expected overlap values from the randomized data resembles a
normal distribution and is used to generate a Z-score and P value estimating the
significance of the observed number of input regions that overlap each dataset. The
resulting data thus provide ranked lists of datasets (TFs, histone marks, or open
chromatin), based on experimentally determined data located in the promoters of
each gene set. We applied this procedure to each input gene list using three
different promoter definitions: (—1000, +500), (—1000, +-1000), and (—2000, +1),
relative to the transcription start site. Results were similar regardless of promoter
length. Additionally, we examined the underlying promoter sequences by calcu-
lating TF binding site motif enrichment scores (using the same promoter defini-
tions). For this, we used the HOMER motif enrichment algorithm®?, and a large
library of mouse position weight matrices obtained from the CisBP database’".
HOMER was run using the default null model.

Cellular bioenergetics quantification. Primary adipocytes were plated at 1 x 104
cells per well in a polyethylenimine precoated XF96 Cell culture microplate. Prior
to bioenergetics analysis, adipocytes were treated with saline, IFNp (250 U/ml),
etomoxir (250 uM), and/or 2-DG (2 uM). An XF Analyzer (Seahorse Bioscience)
was used to measure bioenergetics. Briefly, a XF96 extracellular flux assay cartridge
(Seahorse Bioscience) was hydrated overnight at 37 °C according to the manu-
facturer’s instruction. XF assay medium supplemented with 25 mM glucose, 10
mM pyruvate and 0.3% fatty free acid BSA (pH 7.4) and incubated at 37°C in a
non-CO, incubator for 1h. For mitochondrial stress tests, Oligomycin (2 pg/ml)
and carbonyl cyanide p-trifluoromethoxy-phenylhydrazone (FCCP; 1 uM) were
sequentially injected and cellular oxygen consumption rate (OCR) and ECAR were
quantified. For glycolysis stress test, sequential injection of glucose (2mM), oli-
gomycin (2 pug/ml), and 2-DG (10 mM) was performed and OCR and ECAR were
quantified.

Human adipocyte cytokine quantification. Human primary adipocytes were
cultured in the presence or absence of IFNp (250 U/ml) for 3 h and thereafter
stimulated with saline, LPS (100 ng/ml), for 4 h. IL-6 (Biolegend) and IFNB (R&D
Systems) were quantified by ELISA as per the manufacturer’s instructions.

Human systemic cytokine quantification. Human IFN, TNFa, IL-6, CXCL9,
CCL3, and CXCL10 plasma concentrations from Met-H and Met-C patients were
determined by ELISA using Milliplex™ Multiplex kits (MilliporeSigma) according
to the manufacturer’s protocol. Briefly, 25 ul of plasma, plated in duplicate on a 96-
well black plate, was incubated with 25 pl of antibody-coated beads. Plates were
washed and 25 pl of secondary antibody was incubated, followed by 25 pl of
streptavidin-RPE. Sheath fluid (150 pl) was added to plates that were washed and
then read using luminex technology on a Milliplex Analyzer (milliporeSigma). Data
analysis was performed by the Cincinnati Children’s Medical Center Research Flow
Cytometry Core.

Statistical analysis. Statistical tests were utilized for all datasets with similar
variance and analyzed by Graph. Choice of test was dependent on number of
groups and whether normal distribution exists. For all normally distributed data,
unpaired two-tailed Student’s ¢ test was used to determine differences between
groups. All data presented as means + EM. Outlier analyses included the ROUT
and Grubbs tests. Analysis was performed via GraphPad Prism Software’s. Sig-
nificance is indicated as *P < 0.05, ¥*P < 0.01, ***P <0.001, and ****P <0.0001.
Sample sizes were determined based on preliminary data with respect to type I IFN
studies in myeloid cells (e.g., myeloid cell inflammatory vigor) and obesity mod-
eling (e.g., weight gain, immune cell infiltration and severity of obesity-associated
sequelae). Our laboratory’s previous studies demonstrate that a minimal sample
size of six mice in each group has a 99% power to detect a twofold difference
between means with a significance level (alpha) of 0.05 (two-tailed). No animals
were excluded from the analyses and none of the studies were blinded.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability

RNA-sequencing data supporting the findings have been deposited in GEO database and
can be accessed at GSE110236. Functional enrichments of differentially expressed genes
were assessed through ToppGene (https://toppgene.cchmc.org). Publicly available ChIP-
seq data used in this study were obtained from mouse ENCODE®® (https://www.ncbi.
nlm.nih.gov/geo/info/ENCODE.html#Mouse), PAZARY (http://www.cisreg.ca/), and the
UCSC Genome Browser® (http://genome.ucsc.edu/). Transcription factor binding site
motif data were obtained from the CisBP database”? (http://cisbp.ccbr.utoronto.ca/). The
source data underlying Figs. la—g, 2f, 3b, d, f, g, h, 4a—e, g—k, 5¢—j, 6a—j, 7a—m and
Supplementary Figs. 1la—f, 2c, 3b—d, 4a—e, 5, 6a—e, 8, 9a, b, 10b, ¢, 11, 12a, 13 are
provided as a Source Data File.
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