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SUMMARY
Transcription factor MAFB regulates various homeostatic functions of macrophages. This study explores the
role of MAFB in brown adipose tissue (BAT) thermogenesis using macrophage-specific Mafb-deficient
(Mafbf/f::LysM-Cre) mice. We find that Mafb deficiency in macrophages reduces thermogenesis, energy
expenditure, and sympathetic neuron (SN) density in BAT under cold conditions. This phenotype features
a proinflammatory environment that is characterized by macrophage/granulocyte accumulation, increases
in interleukin-6 (IL-6) production, and IL-6 trans-signaling, which lead to decreases in nerve growth factor
(NGF) expression and reduction in SN density in BAT. We confirm MAFB regulation of IL-6 expression using
luciferase readout driven by IL-6 promoter in RAW-264.7 macrophage cell lines. Immunohistochemistry
shows clustered organization of NGF-producing cells in BAT, which are primarily TRPV1+ vascular smooth
muscle cells, as additionally shown using single-cell RNA sequencing and RT-qPCR of the stromal vascular
fraction. TreatingMafbf/f::LysM-Cre mice with anti-IL-6 receptor antibody rescues SN density, body temper-
ature, and energy expenditure.
INTRODUCTION

Brown adipose tissue (BAT) is an important organ for cold-

induced thermogenesis. During cold exposure, nonshivering

heat production is induced via sympathetic neuron (SN)

signaling from the hypothalamic preoptical area cold-specific

neurons.1 Previous studies have shown that prolonged cold

acclimatization in mice alters sympathetic neuronal density in

adipose tissue via the upregulation of uncoupling protein-1

(UCP-1) expression in BAT.2 UCP-1 is responsible for BAT ther-

mogenic function via the b3-adrenergic receptor signal sensing

from SN-derived norepinephrine.3 Other reports have shown

that macrophages regulate BAT cold-induced thermogenesis
This is an open access article under the
by other functional pathways. Mice having macrophage-spe-

cific deletion of the methyl-CpG binding protein 2 (MECP2)

gene exhibit reduced sympathetic innervation of BAT due to

increased plexin A4, which regulates the repulsion of sympa-

thetic axons.4 The M2 polarization of macrophages was also

shown to promote the activation of brown adipocytes following

cold induction.5–7 In addition, crosstalk between adipose tissue

macrophages and neurons has been reported, showing that

SN-associated macrophages mediate the clearance of norepi-

nephrine and inhibit the energy expenditure of BAT and white

adipose tissue (WAT).8 Other innervation-regulating factors

have been reported to be expressed in BAT such as nerve

growth factor (NGF),9 calsyntenin 3b,10 and CREB-regulated
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transcription coactivator 3.11 However, detailed molecular

mechanisms have not been elucidated.

Musculoaponeurotic fibrosarcoma oncogene homolog B

(MAFB) is a basic-leucine zipper transcription factor that belongs

to the large MAF oncogene family and binds to a specific DNA

sequence called Maf-recognition elements in the regulatory re-

gions of target genes.12 MAFB is specifically expressed in the

macrophage lineage of hematopoietic cells.13 Recent studies

have shown that MAFB is essential for the various homeostatic

functions ofmacrophages14 and regulates the uptakeof apoptotic

cells by regulating the C1q genes.15 MAFB expression in WAT

macrophages affects adipocyte lipogenesis in high-fat diet

(HFD)-fedmice.16 It has a role in atherosclerosis progression in hy-

perlipidemic conditions and inhibits foam cell apoptosis.17 These

studies suggest that MAFB may be related to energy metabolism

and homeostasis in adipose tissue under specific conditions. We

hypothesized, therefore, that it may also play a previously un-

known, key role in BAT metabolism.

In this study, we used macrophage-specific Mafb knockout

(KO) mice (Mafbf/f::LysM-Cre) to examine the activity of BAT in

detail, under cold conditions, expanding the understanding of

the transcriptional regulation of macrophages and the role of

MAFB during macrophage-induced thermogenesis in BAT. We

found that the loss of MAFB in macrophages decreased sympa-

thetic neuronal density and lowered body temperature inMafbf/f::

LysM-Cre mice compared to Mafbf/f. These results suggest that

MAFB is a key factor regulating body temperature and could be

a therapeutic target for increasing the metabolism in BAT during

thermogenesis.

RESULTS

Mafb expression in BAT increased upon cold exposure
To investigate the role of MAFB in BAT thermogenesis, we

exposedC57BL/6Jmice littermates tomild cold (8�C) on alternate
days for 1 week, and the other group was maintained at standard

laboratory temperature. We collected interscapular BAT (iBAT)

samples for RT-qPCR and immunohistochemistry (IHC) analysis

and found increased Mafb expression, Ucp-1 levels, and MAC2+

(also known as galectin-3 [served as adipose tissue macrophage

marker]18–20) macrophages in cold-exposed mice (Figures 1A–

1C). In addition, analysis of single-cell RNA sequencing data

from BAT-stromal vascular fraction (BAT-SVF) lineage-positive

sorted cells frommice exposed to cold for 4 days21 showed an in-

crease in MAFB+ macrophages (Figure 1D; Table S1), confirming

the role of MAFB in cold acclimatization. Functional analysis of

theMAFB+ versusMAFB�macrophages in the BAT-SVF using In-

genuity Pathway Analysis showed downregulation of several in-

flammatory signaling pathways. These pathways include classical

activation of macrophages (M1), neuroinflammation, interleukin-6

(IL-6), and oxidative stress signaling pathways compared to

MAFB� macrophages (Figure S1A). Conversely, MAFB+ macro-

phages demonstrate increased activation of anti-inflammatory

pathways (Figure S1A). This suggests that the observed increase

in MAFB+ macrophages during cold exposure has an anti-inflam-

matory role. Interestingly, norepinephrine (a sympathetic neuro-

transmitter released after cold sensation in BAT) treatment

induced the expression of Mafb in an in vitro culture of bone
2 Cell Reports 43, 113978, April 23, 2024
marrow-derivedmacrophages (BMDMs) or thioglycolate-induced

peritoneal-derived macrophages (Figures 1E and 1F). Moreover,

b2 adrenergic receptors (ADRB2) for norepinephrine sensing

were increased in macrophage-specific Mafb-deficient (Mafbf/f::

LysM-Cre) mice macrophages, possibly due to a compensatory

mechanism (Figures S1B and S1C). This suggests that MAFB is

possibly regulated by sympathetic stimuli in cold-acclimated

mice BAT macrophages.

Susceptibility of mice with macrophage-specific Mafb

deletion to cold-induced thermogenesis
To investigate the functional role of MAFB in BAT macrophages

during cold acclimatization conditions, we followed a previously

established protocol by Murano et al.2 We subjected Mafbf/f and

Mafbf/f::LysM-Cre littermates to 10 days of continuous cold expo-

sureoracutecoldexposureafter intermittentcoldhabituation.The

Mafbf/f::LysM-Cre mice group had lower rectal and skin tempera-

tures than Mafbf/f mice only after exposure to cold conditions

(Figures 2A–2C and S2A–C). Reduced body temperature could

be attributed to reduced BAT thermogenic activity or muscle

shivering. We confirmed BAT thermogenic activity in Mafbf/f::

LysM-Cre phenotype by injecting b3 agonists (CL-316243 diso-

dium) into the mice after a 10-day cold exposure or room temper-

ature exposure via indirect calorimetry. Cold-exposed Mafbf/f::

LysM-Cre mice administered with the drug had a decreased rela-

tive VO2max compared with the Mafbf/f control mice group (Fig-

ure 2D), whereas there was no difference in relative VO2max be-

tween the Mafbf/f control and Mafbf/f::LysM-Cre maintained at

room temperature (Figure S2D). In addition, we observed that

the 10-day cold-exposed Mafbf/f::LysM-Cre mice group had

increasedbodyweightcompared to theMafbf/fgroupwhile having

similar food consumption (Figures 2E, 2F, andS2E–S2G). Further-

more, after a 10-day cold exposure followed by 1 day’s rest at

room temperature, indirect calorimetry showed differences in

the respiratory quotient (RQ)without having significant differences

in relative VO2max. The Mafbf/f::LysM-Cre mice had a higher RQ,

suggesting less fat utilization formetabolismcompared to thecon-

trol Mafbf/f (Figures 2G and S2H). These results indicate that

Mafbf/f::LysM-Cre has reduced BAT metabolic activity and body

temperature compared to Mafbf/f in cold environments, leading

to increased body weight.

Inefficient thermogenic function of BAT in
Mafbf/f::LysM-Cre mice
Our phenotypical analysis showed that Mafbf/f::LysM-Cre mice

exhibited reduced heat production in cold environments; this

reduction is likely due to impaired thermogenic function in

BAT, which contributes a significant amount of heat production

for maintaining the body temperature of rodents. To explore the

role of MAFB in BAT thermogenesis, we used an inducibleMafb

deletion mouse model, Mafbf/f::Cag-Cre ERT2. In 8-week-old

mice, we induced Mafb deletion with 5 consecutive tamoxifen

injections and analyzed their BAT 7 days postinjection. RNA

analysis revealed significant downregulation of Mafb and

Ucp1 expression in the iBAT ofMafbf/f::Cag-Cre ERT2 mice

compared to Mafbf/f littermate controls (Figure S3A), with com-

plete suppression ofMafb expression in the iBAT of these mice

(Figure S3A).



Figure 1. MAFB is increased in BAT after cold expression

Wild-type (C57BL/6J) mice were exposed at 8�C on alternate days for 8 h for cold acclimatization, followed by exposure to 8�C for up to 4 h. iBAT was collected

and processed for RT-qPCR or IHC.

(A) RT-qPCR of Mafb (n = 4 per group).

(B) RT-qPCR of Ucp1 (n = 4 per group).

(C) IHC of iBAT using MAC2 macrophage marker. scale bars, 50 mm.

(D) Single-cell RNA sequencing analysis of Database: GSE207706 data (Burl et al., 2022a21) of BAT SVF from control and cold-exposed mice, t-SNE plots for cell

classification, and Mafb expression (n = 2).

(E) BMDM cultured from wild-type mice; on day six, the cells were treated in culture with norepinephrine (NE) for 12 h and RT-qPCR for Mafb.

(F) Thioglycolate-stimulated Peritoneal macrophages isolated from mice were cultured with NE treatment for 12 hours and RT-qPCR forMafb performed(n = 4).

Data presented as mean ± SEM. *p < 0.05, Welch’s t test, yp < 0.05, Mann-Whitney test, zp < 0.05, zzzp < 0.001; 1-way ANOVA with least significant difference

(LSD) test; ns, not significant.
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Furthermore, we used Mafbf/f::LysM-Cre for macrophage-

specific Mafb deletion and Mafbf/f::Adipoq-Cre for adipose tis-

sue-specific Mafb deletion. Both models, along with their
Mafbf/f littermate controls, were subjected to 10 days of

continuous cold exposure. The iBAT of the Mafbf/f::LysM-Cre

BAT model showed a 35% decrease in Mafb expression and
Cell Reports 43, 113978, April 23, 2024 3
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Figure 2. Body temperature and energy metabolism of Mafbf/f::LysM-Cre are reduced following cold exposure

Littermates ofMafbf/f andMafbf/f::LysM-Cre mice were subjected to continuous cold for 10 days. The acute cold exposure, after intermittent cold acclimization,

then mice were exposed at 8�C for up to 3 h.

(A) Rectal temperature after 10 days of exposure (n = 7 per group).

(B) Rectal temperature during a 3-h acute cold exposure at 8�C (Mafbf/f n = 4; Mafbf/f::LysM-Cre; n = 3).

(C) Surface temperature measured after 10 days of cold exposure.

(D) Relative VO2 on day 10 after b3 agonist injection (1 mg/kg of body weight); area under the curve quantified at right for dark phase (n = 4 per group).

(E ) Body weight was monitored during 10 days of cold exposure(n = 6 per group).

(F) Percent body weight was calculated after the 10 days of cold exposure (n = 6 per group).

(G) Relative quotient (RQ; VCO2/VO2) measured after 10 days of cold exposure and 1 day of rest at room temperature (n = 4 per group).

Data are presented as mean ± SEM. *p < 0.05, **p < 0.01; Welch’s t test.
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Figure 3. Inefficient BAT function in Mafbf/f::LysM-Cre mice

Littermates of Mafbf/f and Mafbf/f::LysM-Cre mice were exposed to cold for 10 days; iBAT was collected for histology, IHC, and RT-qPCR.

(A) Mafb and Ucp1 mRNA expression (n = 4 for each group).

(B) IHC with anti-Ucp1 (red) and DAPI (blue), quantifying Ucp1+ area/tissue area (n = 4 for each group). Scale bar, 100 mm.

(C) H&E staining of iBAT and lipid droplet size quantification (n = 4 for each group).

(D) BAT-specific gene mRNA expression (n = 4 for each group).

(E) Volcano plot differentially expressed genes following RNA sequencing in iBAT from mice exposed to 10 days of cold (n = 3 per group).

(F) Heatmap plot of differentially expressed genes following RNA sequencing in iBAT from mice exposed to 10 days of cold (n = 3 per group).

Data are presented as mean ± SEM. *p < 0.05, Welch’s t test; yp < 0.05, yyp < 0.01; 2-way ANOVA with LSD Fisher test.
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reduced Ucp1 RNA levels compared to controls (Figure 3A). In

contrast, the Mafbf/f::Adipoq-Cre model exhibited a tendency

to decrease in Mafb without affecting Ucp1 levels (Figure S3B),

suggesting that macrophage-specific MAFB expression signif-

icantly affects BAT thermogenesis, whereas adipocyte MAFB

expression does not. To further clarify the LysM-Cre efficiency

in the Mafbf/f::LysM-Cre mice, we analyzed Mafb RNA in epen-

dymal WAT (eWAT) and inguinal WAT (iWAT) after the 10 days

of cold exposure, BMDM and peritoneal macrophages culture,

and BAT’s CD45+CD11b+Gr-1� macrophage populations. We

observed a 98% reduction in Mafb RNA, indicating the high ef-

ficiency of LysM-Cre in deleting Mafb in macrophages (Figures

S3C and S3D). Ucp1 RNA levels in iWAT and eWAT remained

unchanged after cold exposure (Figure S3D). However, histo-

logical analysis showed decreased browning of iWAT in

Mafbf/f::LysM-Cre mice compared to controls (Figure S3E);

this could be attributed to MAFB regulation of apoptosis inhib-

itor of macrophages (AIM) in WAT, which could decrease lipol-

ysis of WAT16 and could further affect overall thermogenesis.

Furthermore, IHC, histology, and RNA analysis using RT-

qPCR of iBAT showed that Mafbf/f::LysM-Cre mice UCP-1

protein levels were decreased (Figure 3B), iBAT having larger

lipid droplets (Figure 3C) and reduced expression of functional

BAT markers Pparg, Cidea, Adrb3, Prdm16, and Lxra reported

in earlier studies4,22 (Figure 3D). RNA sequencing of the iBAT
from the Mafbf/f::LysM-Cre and Mafbf/f littermate mice

exposed to cold for 10 days identified 109 downregulated

and 191 upregulated genes, including Mafb and Ucp1 (Figures

3E and 3F). Kyoto Encyclopedia of Genes and Genomes

pathway analysis of the downregulated genes highlighted sig-

nificant enrichment in thermogenesis and oxidative phosphor-

ylation pathways (Figures S3F–S3G), confirming impaired ther-

mogenic function in the BAT of Mafbf/f::LysM-Cre mice and

that in Mafbf/f mice.

Decreased SN density in BAT in Mafbf/f::LysM-Cre mice
In the RNA sequencing data of mice continuously exposed to

10 days of cold, we observed some of the neurogenesis-related

and neuronal signaling-related genes to be downregulated in

Mafbf/f::LysM-Cre mice compared with those in Mafbf/f mice

(Figures S3H and S3I). To obtain further insights, we evaluated

the density of SNs in BAT after 10 days of cold exposure using

conventional IHC and 3-dimensional IHC (3DISCO) with an

anti-tyrosine hydroxylase (TH) antibody (a widely used marker

of sympathetic axons). We observed an �35% decrease in SN

axons inMafbf/f::LysM-Cremice compared toMafbf/f (Figure 4A).

Interestingly, we found a marginal but significant decrease in SN

density in Mafbf/f::LysM-Cre mice housed under room tempera-

ture conditions (Figure 4B). 3DISCO imaging of iBAT of Mafbf/f::

LysM-Cremice exposed to cold for 10 days also showed that the
Cell Reports 43, 113978, April 23, 2024 5



Figure 4. Reduced sympathetic nerve density in Mafbf/f::LysM-Cre

Littermates of Mafbf/f and Mafbf/f::LysM-Cre mice were exposed to cold for 10 days; iBAT was analyzed by IHC and 3DISCO staining.

(A) IHC with anti-Th antibody, quantifying Th+ area/tissue area (Mafbf/f, n = 6; Mafbf/f::LysM-Cre, n = 8). Scale bar, 100 mm.

(B) IHC with anti-Th antibody, quantifying Th+ area/tissue area (Mafbf/f, n = 6; Mafbf/f::LysM-Cre, n = 7). Scale bar, 100 mm.

(C) Three-dimensional (3D) full-focus images of iBAT, labeled with anti-Th antibody, imaged on Ultra Microscope-II, quantifying Th+ area/tissue area relative to

controls (n = 3 for each group). Scale bar, 2 mm.

Data are presented as mean ± SEM. *p < 0.05, Welch’s t test.
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Figure 5. Mafb deficiency in macrophages has induced IL-6-mediated inflammation and accumulation of immune cells

Littermates of Mafbf/f and Mafbf/f::LysM-Cre mice were exposed to 4�C cold for 10 days or 24 h 4�C or maintained at room temperature.

(A) iBAT, RT-qPCR of Il6 for room temperature (n = 8,7 per group), and 24-h cold-exposure group (n = 3 per group); ELISA for the IL-6 protein of iBAT, room

temperature, and 24-h cold-exposure group (n = 4 per group).

(B) Cytometry of iBAT-SVF fraction for 24-h cold exposure. Quantification of total CD45+ cells and CD45+IL-6+ cells.

(C) Further gating of CD45+IL-6+ and quantifying IL-6+ macrophages and granulocytes (n = 8 per group).

(D) In vitro culture of peritoneal macrophages fromMafbf/f andMafbf/f::LysM-Cremice, andRT-qPCR for Il6with or without LPS, followed byRT-qPCRanalysis for

IL-6-signaling-related genes and chemokines responsible for the infiltration of monocytes and granulocytes without LPS (n = 3, per group).

(E) Luciferase reporter assay for IL-6 promoter activity in RAW 264.7 cells with or without LPS.

Data are presented as mean ± SEM. *p < 0.05, Welch’s t test; yp < 0.05, yyp < 0.01, yyyyp < 0.0001; 2-way ANOVA with Holm-Sidak multiple comparison test; ns =

not significant.
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density of SN branching (marked by yellow arrow) was �30%

reduced compared with the Mafbf/f mice group (Figure 4C).

Overall, these findings suggest that MAFB in macrophages has

an impact on SN plasticity, particularly in regard to cold-induced

axon branching, in BAT during cold acclimatization. In addition,

we examined Adrb2 RNA expression in our RNA sequencing

data, which showed a trend toward upregulation (Figure S4D).

This suggests that our hypothesis about MAFB regulation by

sympathetic signaling may also hold true in vivo, particularly in

conditions in which SN density decreases and Mafb deletion

occurs in macrophages.

Suppression of IL-6 and inflammation in BAT byMAFB in
macrophages
To explore the reduction in SNdensity inMafbf/f::LysM-Cremice,

we used the Enrichr tool to analyze RNA sequencing data for

differentially upregulated genes in iBAT of Mafbf/f::LysM-Cre

mice and Mafbf/f mice after 10 days of cold exposure. The top

three significant enriched terms in the mouse gene atlas data-

base were related to inflammatory macrophages, and the en-

riched terms in Gene Ontology Molecular Pathway 2018 sug-

gested neutrophil-mediated inflammation (Figures S4A and

S4B). To further investigate this, we analyzed classical macro-

phage and adipose tissue inflammatory genes in iBAT using
RT-qPCR. We observed a tendency for increase in Il6, Il1b, in-

flammatory genes, including Arg1 and Mac1 macrophages

markers in Mafbf/f::LysM-Cre mice compared to Mafbf/f mice

(Figure S4C), indicating an inflammatory environment in BAT af-

ter 10 days of cold exposure.

Considering the slowpaceof cold-induced increase inMafbf/f::

LysM-Cre SN axon in mice during 10 days of cold exposure,

which is accompanied by a mild inflammatory signature in BAT,

we aimed to further assess BAT inflammation and investigate

the adaptational and immunological changes at an early time

point in BAT. For this purpose, we adopted a 24-h cold-exposure

protocol, gradually decreasing the temperature during the first

4 h, followed by a constant 4�C.We found that Il6mRNAand pro-

tein were increased in Mafbf/f::LysM-Cre mice after 24-h cold

exposure compared toMafbf/fmice; although therewasnodiffer-

ence in IL-6 protein expression at room temperature, the il6 RNA

showed a tendency toward an increase (Figure 5A). To identify

IL-6-producing cells, we analyzed SVF from iBAT of 24-h cold-

exposed mice, using flow cytometry between Mafbf/f::LysM-

Cre and Mafbf/f mice groups. The results revealed an overall in-

crease in CD45+ cells, and among CD45+ cells, IL-6-expressing

cells increased by 3.4-fold (Figures 5B and S5A–S5C). Further

gating of CD45+IL-6+ cells revealed that IL-6-expressing cells

were mainly macrophages or granulocytes (Figures 5C and
Cell Reports 43, 113978, April 23, 2024 7
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S5A–C). This suggests that Mafb-deficient macrophages in

Mafbf/f::LysM-Cre express a higher amount of IL-6, which further

leads to the infiltration of IL-6-expressing granulocytes in the

BAT. To further demonstrate the accumulation of macrophages

using IHC,we first characterized theMAFBmacrophagemarkers

using an Mafb+/gfp mice BAT-SVF fraction using flow cytometry,

which showed Mac2 as an appropriate marker for MAFB ex-

pressing macrophages (Figures S6A–S6D). The results showed

that�31%ofmacrophages expressMAFBat room temperature,

whereas at cold temperatures, >50% of macrophages express

MAFB (Figure S6A–S6C). Similarly, IHC results of BAT sections

fromMafbf/f::LysM-Cremice showedMAFB deficiency, resulting

in an increased accumulation of macrophages (Figure S6E). To

investigate the phenotype characteristic of these increased

macrophages in Mafb-deficient mice, we looked at the RNA

sequencing analysis of the upregulated genes, as described in

Figure S4A, and identified the top enriched termas ‘‘macrophage

peritoneal LPS (lipopolysaccharide) macrophage 1 h, 0 h, and

7 h’’ in cold-exposedmice BAT. Thus, we conducted in vitro peri-

toneal macrophage cultures and treated them with LPS. LPS

treatment notably increased IL-6 expression in the peritoneal

macrophages derived from Mafbf/f::LysM-Cre mice (Figure 5D).

Moreover, we detected upregulated gene expression related to

IL-6 signaling in the peritoneal macrophages of Mafbf/f::LysM-

Cre. This upregulation included A disintegrin and metalloprotei-

nase domain (ADAM)-containing proteins 10 and 17 (Adam10,

Adam17), IL-6 receptor a (Il6ra), and IL-6 signal transducer

(Il6st, also known as gp130) (Figure 5D). In addition, we observed

elevated levels of chemokine C-X-C motif ligand 2, chemokine

C-Cmotif ligand5, and intercellular adhesionmolecule 1, chemo-

kines implicated in the recruitment and infiltration of monocytes

and neutrophils (Figure 5D). ADAM10 and ADAM17 are known

to cleave IL-6Ra from membrane-bound to soluble form. The

soluble IL-6Ra can bind to inflammatory cells expressing only

IL-6ST, enhancing IL-6 inflammatory signaling and macrophage

accumulation in the tissue.23 Interestingly, a previous study using

luciferase reporter assay showed that MAFB directly binds to the

IL-6 promoter, suppressing its expression in MIN6 cells.24 Simi-

larly, we investigated the effect of MAFB on the IL-6 promoter

in a macrophage cell line (RAW 264.7), with or without LPS treat-

ment, for 12 and 24 h. Our findings revealed that MAFB consis-

tently reduces luciferase activity for the IL-6 promoter under all

of the tested conditions (Figure 5E), suggesting that MAFB may

regulate IL-6 in macrophages in both inflammatory and nonin-

flammatory states. These results indicated that Mafb deficiency

led to IL-6+ macrophage-mediated inflammation, granulocyte

infiltration, and BAT dysfunction.

Reduced NGF-expression in Mafbf/f::LysM-Cre mice,
due to IL-6-mediated inflammation in BAT
A previous study demonstrated that IL-6 suppresses NGF

expression in adipocytes differentiated from 3T3-L1 cell lines.25

To evaluate the cause of the decrease in SN density in iBAT of

our mouse model having IL-6-mediated proinflammatory condi-

tions, we quantified the Ngf mRNA in the iBAT of the control

Mafbf/f::LysM-Cre mice, 24 h of cold-exposed, and 10 days of

cold-exposed mice and compared them with similarly treated

Mafbf/f mice (Figure 6A). The mRNA expression at room temper-
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ature was similar for the two groups (Figure 6A, left panel). In

comparison, it was significantly decreased (Figure 6A, center

panel) and showed a tendency to decrease (Figure 6A, right

panel) in the Mafbf/f::LysM-Cre mice iBAT after 24 h and

10 days of cold exposure, respectively. To identify the specific

BAT cell type expressing Ngf, we analyzed Ngf mRNA levels

in the SVF fraction of the 24-h cold-exposed mice. The mRNA

level of Ngf was dramatically higher in the iBAT SVF fraction

compared to that in the whole iBAT of Mafbf/f mice, and it was

downregulated in the Mafbf/f::LysM-Cre mice iBAT SVF fraction

(Figure 6A, center panel). IHC of the BAT of 24-h cold-exposed

mice revealed NGF-expressing cells organized in several clus-

ters (indicated by the yellow arrow, Figure 6B, left panel of IHC

image), potentially clusters of immature adipocytes, which

were enriched in the SVF fraction. These cluster formations

were smaller in size in Mafbf/f::LysM-Cre mice iBAT compared

with Mafbf/f mice, with increased macrophage populations (Fig-

ure 6B, right panel of IHC and quantification). Western blot anal-

ysis for NGF of iBAT of 24-h cold-exposed mice showed an NGF

dimer band at 26 kDa, further confirming the RNA and IHC re-

sults (Figures 6C and S7A)

To explore NGF-expressing cell features, we analyzed single-

cell RNA sequencing data from Gene expression omnibus Data-

base: GSE207706.21 The BAT-SVF fraction was sorted for

adipocyte precursors by removing lineage-positive immune

cells. We performed graph-based clustering, plotted the

t-distributed stochastic neighbor embedding (t-SNE) plot for

cell clusters, and classified them according to their gene expres-

sion markers (Figures 6D and S7B–S7E; Table S2). Notably, we

identified Ngf expression in mainly two clusters of cells, Trpv1+

vascular muscle smooth muscle cells (VSMCs) and Pdgfrbhigh

pericytes (Figure 6D, clusters 5 and 6, and Figures S7B–S7E),

whereas some of the Pdgfra+ adipose tissue stromal cells

(ASCs) were also positive for Ngf expression (Figure 6D, cluster

1). Cold conditions increased NGF expression, especially in

clusters 5 and 6 (Figure 6D). Trpv1+ VSMCs are the progenitors

of highly thermogenic brown adipocytes, in addition to Pdgfra+

ASC progenitors,26 whereas in the Pdgfrbhigh pericytes, NGF

production may be required for neurovascular coordination.27

Although NGF expression in WAT eosinophils has been shown

to respond to thermogenesis,28 there is no NGF expression in

lineage-positive immune cells in the BAT (Figure S7F). These re-

sults suggest that NGF expression reduction in Mafbf/f::LysM-

Cre could be linked to the abnormality of SN innervation.

Mafbf/f::LysM-Cre mice phenotype associated with
inefficient thermogenesis improved by treatment with
anti-IL-6 receptor a antibodies
Our findings thus far suggested that increased IL-6 expression

suppresses thermogenesis. To verify this, we administered an

anti-IL-6 receptor a antibody (aIL-6Ra), which can block both

cis- and trans-signaling of IL-6, and hypothesized that this treat-

ment would rescue the Mafbf/f::LysM-Cre phenotype. After

10 days of cold induction, the aIL-6Ra-treated group showed

increased rectal temperature, decreased body weight change,

increased relative VO2, and enhanced energy metabolism (Fig-

ures 7A–7D). UCP-1 expression in iBAT was higher in the aIL-

6Ra-treated group (Figures 7E and 7F). These results suggest

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE207706


Figure 6. IL-6-mediated inflammation in BAT reduced the NGF expression inMafbf/f::LysM-Cremice, which is important for cold-induced SN

plasticity
Littermates ofMafbf/f andMafbf/f::LysM-Cre mice were exposed to cold for 10 days or 24 h, or maintained at room temperature. Single-cell RNA sequencing data

were analyzed for lineage-negative room temperature and 4-day cold-exposed mice.

(A) iBAT, RT-qPCR for Ngf in various conditions and iBAT-SVF (n = 3–5 per group).

(B) IHC of NGF and quantification of iBAT, of 24-h cold-exposed mice (n = 8 per group). Scale bar, 100 mm.

(C) Western blot NGF of iBAT of 24-h cold-exposed mice (n = 3).

(D) t-SNE plot for lineage-negative cells, Ngf expression, and violin plot of Ngf+ cells for each cell type.

Data are presented as mean ± SEM. Welch’s t test, *p < 0.05.
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that aIL-6Ra antibody treatment could rescue the effect ofMafb

deficiency in macrophages by blocking IL-6 signaling leading to

the upregulation of Ucp1 expression and increasing body tem-

perature in Mafbf/f::LysM-Cre mice.

Furthermore, 3DISCO and conventional IHC using the anti-

TH antibody in iBAT showed an increase in SN density by

>1.5-fold (Figures 7G and 7H). IHC results showed increased

NGF+ cell clusters and decreased macrophages in aIL-6Ra-

treated iBAT (Figure 7I). RT-qPCR results showed that Ngf

RNA levels moderately increased (Figure 7J). These results

suggest that aIL-6Ra antibodies restore sympathetic axon den-

sity by blocking IL-6 inflammatory effects from Mafb-deficient

macrophages in Mafbf/f::LysM-Cre mice iBAT.

DISCUSSION

Our findings suggest that MAFB increases NGF expression by

suppressing IL-6 expression in macrophages following cold
stimulation, subsequently promoting SN density and inducing

thermogenesis. NGF belongs to the family of neurotrophic fac-

tors that includes Neurotrophin-3 (NT-3), brain-derived neuro-

trophic factor, and NT-4/5. It is expressed in the CNS and

non-neuronal cells of the peripheral nervous system to promote

the survival and growth of neuronal axons. NGF and NT-3 have

been reported to regulate SN density in BAT.9,27,29–31 NGF

expression is induced after cold exposure in both BAT and

WAT.9,31,32 NT-3 does not increase in BAT after cold exposure

and remains unchanged in iWAT, whereas NGF levels

increased, and neutralizing the NGF resulted in the loss of

cold-induced increase in SN in the iWAT.29,32 This suggests

that NGF is required for cold-induced SN plasticity, whereas

both NGF and NT-3 are also required for the developmental

plasticity of SN innervation. In our study, we observed an in-

crease in NGF expression in BAT after 24 h of cold exposure,

with a significant difference between control and Mafbf/f::

LysM-Cre mice.29,33 These findings suggest that the decreased
Cell Reports 43, 113978, April 23, 2024 9



Figure 7. Mafbf/f::LysM-Cre mice thermogenesis is improved with increase in SN density by aIL-6Ra treatment

Mafbf/f::LysM-mice were divided into aIL-6Ra treatment and rat immunoglobulin G1 (IgG1) isotype/PBS as control groups and exposed to 4�C for 10 days.

(A) Rectal temperature on day 10 (n = 8,7 per group respectively, control = rat IgG1).

(B) Percentage body weight change on day 10 (n = 4 per group, control = PBS).

(C) Average daily food consumption during the 10 days of cold exposure (n = 4 per group, control = PBS).

(D) Relative VO2 on day 10 after b3 agonist injection (1 mg/kg of body weight) and area under the curve quantification for dark phase (n = 4 per group, control =

PBS).

(E) iBAT Ucp1 gene expression after cold exposure (n = 7 per group, control = rat IgG1).

(F) iBAT analyzed by IHC for Ucp1 expression (control = rat IgG1).

(G) 3D full-focus images of iBAT, immunolabeled by anti-Th antibody (n = 3 for each group, control = rat IgG1). Scale bar, 2 mm.

(H) IHC with anti-Th antibody and Th+ area quantification (n = 5,7 per group respectively, control = rat IgG1). Scale bar, 100 mm.

(I) IHC using an anti-NGF antibody (control = rat IgG1). Scale bar, 100 mm.

(J) RT-qPCR results for Ngf (control = rat IgG1).

Data are presented as mean ± SEM. *p < 0.05 Welch’s t test, yp < 0.05 Mann-Whitney test, zp < 0.05 Welch’s t test 1-tailed.
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SN density in Mafbf/f::LysM-Cre mice can be attributed to a

decrease in NGF levels.

The NGF-producing cell types in BAT were unknown; IHC of

BAT showed that NGF+ cells were organized in several clusters

throughout the tissue. Moreover, the enrichment of NGF

expression in SVF, from which large cells were removed, sug-

gested that the expressing cells may be derived from relatively

small undifferentiated adipocytes. Single-cell RNA sequencing
10 Cell Reports 43, 113978, April 23, 2024
analysis of SVF of BAT26 showed that the NGF-expressing cells

were Trpv1+ VSMCs, Pdgfrbhigh pericytes, and some of the

Pdgfra+ ASCs. A recent report indicated that Trpv1+ VSMCs

were the progenitors of highly thermogenic brown adipocytes

other than the Pdgfra+ ASCs.34 NGF expression by these cell

populations may be the reason for increased neurite growth

during cold exposure. Furthermore, NGF expression by

pericytes could be required for neurovascular coordination.
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A recent study reported NGF-TrkA signaling in BAT/WAT for

neurovascular coordination.27 However, we could only detect

clustered cells positive for NGF, a characteristic of Trpv1+

VSMC or Pdgfra+ ASC populations. The pericytes possibly

secrete NGF immediately after expression, and their scattered

distribution throughout BAT makes it challenging to be de-

tected by IHC, whereas NGF expression by clustered cells

could be detected.

IL-6 has diverse functions, and its effects depend on the cells

expressing it and the presence of membrane-bound or soluble

IL-6Ra. However, the role of IL-6-expressing cell types in BAT

remains unclear. Global Il6-KO mice showed lower oxygen

consumption and body temperature at low temperatures.35 In

addition, Il6-KO in the lateral parabrachial nucleus led to

decreased heat production in BAT and increased body

weight.36 Thus, IL-6 secretion in the CNS enhances adipose tis-

sue metabolism. In BAT, both adipocytes and macrophages

express IL-6. Under sympathetic stimuli, BAT adipocytes pro-

duce IL-6 in response to stress, aiding insulin sensitivity and

gluconeogenesis for the fight-or-flight response.37–40 In patho-

logical conditions such as obesity, IL-6 contributes to inflam-

mation, whereas under normal circumstances, it promotes in-

sulin sensitivity and lipolysis.41–43 Recent studies revealed

that ADAM10/17 play an essential role in immune cell accumu-

lation by increasing soluble IL-6ST and promoting IL-6 trans-

signaling.23,37 IL-6 signaling can further recruit neutrophils in

inflammatory conditions.44 Our study indicates that Mafb defi-

ciency increases IL-6 production and signaling molecules,

including IL-6Ra and ADAM10/17. Increased IL6-Ra and

ADAM10/17 contributed to inflammation by promoting IL-6

trans-signaling and the recruitment of neutrophils and macro-

phages in BAT through the induction of chemokines that facil-

itate neutrophil and monocyte trafficking. A recent study by

Amin et al. showed that the loss of ADAM17 in adipocytes at-

tenuates thermogenesis through the cleavage of semaphorin

4B, thereby suppressing thermogenesis-related genes directly

in adipocytes.45 Our previous finding that Mafbf/f::LysM-Cre

mice resulted in increased body weight in HFD-fed mice with

an increase in macrophages further suggests that Mafb defi-

ciency in macrophages results in the accumulation of inflam-

matory M1-like macrophages in adipose tissue.16 Furthermore,

in the present study, we found that the decrease in sympathetic

tone observed in Mafbf/f::LysM-Cre mice was restored by treat-

ment with anti-IL-6Ra antibodies, indicating that IL-6 is

involved in the regulation of cold-induced SN density of BAT

by decreasing NGF. Notably, a study published in 2004 re-

ported that NGF expression was suppressed when IL-6 was

added to 3T3-L1 mouse progenitor adipocytes in vitro.25 We

hypothesize that IL-6 signaling may act on Trpv1+ VSMCs,

Pdgfra+ ASCs, or Pdgrbhigh pericytes to suppress NGF expres-

sion directly or indirectly by creating an inflammatory environ-

ment in the BAT.

We demonstrated that Mafb deficiency in macrophages re-

sulted in a substantial upregulation of IL-6 expression. Intrigu-

ingly, a previous study reported that MAFB has a binding site

within the IL-6 promoter region and, upon direct binding to

this region in insulinoma MIN6 cells, suppresses IL-6 expres-

sion.46 Similarly, our IL-6 promoter analysis using the luciferase
assay suggests that MAFB in RAW 264.7 macrophages also re-

presses the IL-6 expression. In addition, MAFB can repress the

function of interferon regulatory factor 3 (IRF3); however,

because IRF3 regulates IL-6,47 IL-6 production may be

increased by the activation of IRF3 in Mafbf/f::LysM-Cre mice.

In addition, we demonstrated that cold stimulation nearly

doubled Mafb expression in BAT. Our in vitro experiments

showed that Mafb expression in macrophages increased in

response to noradrenaline stimulation, potentially via adren-

ergic b2 receptor activation. The expression of adrenergic b2

receptors in macrophages increased because noradrenaline re-

ceptors regulate the polarization of immunostimulatory M1

macrophages into immunosuppressive M2 macrophages.48

This observation is consistent with previous studies showing

that MAFB is highly expressed in M2 macrophages.49 Interest-

ingly, when we treated Mafb-deficient macrophages with

noradrenaline, the noradrenaline signaling failed to increase

MAFB expression in these macrophages, resulting in the dysre-

gulation of b2 receptor expression. Furthermore, IL-6 expres-

sion is suppressed in macrophages that receive noradrenaline

b2 receptor signals.50 Therefore, macrophages receive norad-

renergic stimulation via b2 receptors to induce Mafb expres-

sion, suppress IL-6 expression, and increase NGF expression,

thus leading to sympathetic development. Because NGF in-

creases IL-6 expression in bone marrow stromal cells,51

MAFB could probably suppress IL-6 expression under severe

conditions, such as cold stimulation, thereby activating NGF

and promoting sympathetic nerve development.

MAFB inmacrophages isproposedasbeingcrucial for homeo-

static functions related to inflammation suppression, apoptotic

cell removal, and metabolic syndrome,14 indicating that MAFB

is recruited as response molecules to bodily abnormalities, and

its expression can be upregulated by various nuclear receptor

transcription factor agonists.14 MAFB-mediated homeostatic

and adaptive mechanisms in macrophages may enable the

development of therapeutic tools to treat obesity and metabolic

diseases. By targeting MAFB, we could address metabolic dis-

eases through multiple mechanisms—in thermoneutral environ-

ments by inhibiting lipogenesis in WAT via AIM16 and in cold

environments by enhancing SN density and regulating anti-in-

flammatory homeostasis via IL-6 suppression in BAT, as demon-

strated in this study.

Limitations of the study
Although our study has provided significant insights into the reg-

ulatory role of MAFB in macrophage-mediated BAT thermogen-

esis, it is important to note certain limitations. Tomitigate estrous

cycle-related hormonal variations, we exclusively used male

mice for our macrophage-specific and adipose tissue-specific

Mafb-deficient models. This choice was aimed at reducing result

variability during cold exposure, although similar Ucp1 de-

creases were observed in the BAT of inducible whole-body

Mafb-deficient mice even at room temperature, suggesting

similar results may be observed in both sexes. In addition,

although our focus was primarily on BAT thermogenesis, we

acknowledge the potential contributions of subcutaneous WAT

in thermogenesis, which were not extensively explored in our

research.
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ImageJ http://imagej.net N/A

CytExpert software 2.4 Beckman coulter, Brea, California 2.4

Qiagen Ingeunity Pathway Analysis QIAGEN, Redwood City, California Version 107193442

Cytoflex flow cytometer Beckman coulter, Brea, California V2-B5-R3

CytExpert software 2.4 Beckman coulter, Brea, California 2.4

Other

Rodent Rectal thermistor skSATO, Tokyo, Japan Cat# SK-1260

IR camera compact pro Seek thermal, Inc. Santa Barbara, USA N/A

Mlx90614ESF IR-Sensor Melexis, Ypres, Belgium Cat# Mlx90614ESF

Indirect calorimeter for mice Muromachi Kikai Co., Ltd., Tokyo, Japan Cat# MK-5000RQ

Keyence BZ-X 810 fluorescence microscope Keyence Corporation, Osaka, Japan BZ-X 810

Ultra microscope II Miltenyi Biotec, Bergisch

Gladbach, Germany

N/A

iBright Imaging Systems Thermofisher Scientific,

Waltham, Massachusetts

N/A
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RESOURCE AVAILABILITY

Lead contact
Michito Hamada, Ph.D., Department of Anatomy and Embryology, Faculty of Medicine, University of Tsukuba, 1-1-1 Tennodai, Tsu-

kuba 305-8575, Japan; Phone: +81-298-53-7516, Fax: +81-298-53-6965, E-mail: hamamichi@md.tsukuba.ac.jp (Lead Contact)

Materials availability
This study did not generate new unique reagents.
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Data and code availability
d RNA sequencing data generated for this study is submitted to Gene Expression Omnibus (GEO), under the accession number

GSE225421 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE225421).

d This study did not generate any original code.

d Any other data presented in this manuscript can be obtained by contacting the lead author upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Macrophage-specificMafb-deficient mice (Mafbf/f::LysM-Cre) were generated by matingMafbf/f and LysM-Cre Knockin to obtain

Mafbf/f:LysM-Cremice. TheMafbf/f and LysM-Cre Knockin mice were created in our laboratory as previously described.16,52 Mice

were shifted from light to dark phase at 19:00 and 05:00. The genotypes were detected by PCR using tail tissue DNA with the

following primer sequences: Cre8, 50-CCCAGAAATGCCAGATTACG-30; NLSCre: 50-CCCAAGAAGAAGAGGGTGTCC-30; LysM-

forward 50-CCATTATTTCACAGCAGCATTGC-30; and LysM-rev 50-GCTGACTCCATAGTAGCCAG-30. Mafbf/f::CAG-Cre ERT2

generated by Mafbf/f crossing with CAG-Cre ERT2 transgenic mice (The Jackson Laboratory, Bar Harbor, ME, USA) to obtain

Mafbf/f:CAG-Cre ERT2 mice.53 The Cre recombinase had been fused to a mutated ligand binding domain of the human estrogen

receptor (ER), resulting in a tamoxifen-dependent Cre recombinase, Cre-ER(T), that is activated by tamoxifen, but not by estradiol.

After the injection of tamoxifen at 8weeks of age, we obtainedMAFB tamoxifen-inducible global KOmice.Mafbf/f::Adipoq-Crewas

generated by crossingMafbf/f with Adipoq-Cre transgenic mice (The Jackson Laboratory).54Mafb+/gfp animals were created in our

laboratory aspreviously described.13Wild-typeC57BL/6Jmicewerepurchased fromSLC.Weusedonly age- andweight-matched

8–12-week-old mice for our experiments. All mice were maintained under specific pathogen-free conditions, in controlled temper-

ature, humidity, food access, and water access environment, and with minimum and maximummice per cage defined as per rele-

vant Japanese institutional Regulations and guidelines at the Laboratory Animal Resource Center of the University of Tsukuba. All

animal experiments were performed in compliance with the relevant Japanese institutional laws and guidelines and have been

approved by the University of Tsukuba Animal Ethics Committee.

METHOD DETAILS

Cold exposure experiments
The protocol for mouse cold exposure experiments was pre-approved by the University of Tsukuba Animal Ethics Committee. An

acute cold exposure study for 4–8 h at 8�C was performed after intermittent cold exposure on alternate days at 8�C for up to 8 h

for habituation. The 24-h cold exposure experiments were conducted by slowly decreasing temperatures to 4�C (first 2h 12�C,
8�C for 2h, and then 4�C for the remaining 20h. Continuous cold exposure experiments were performed for 10 days with slight mod-

ifications from the previously published protocol of Murano et al.2 Mice were subjected to cold exposure for 10 days with three days

of gradually decreasing temperature to 4�C (first day at 12�C, second day at 8�C, day 3–10 at 4�C).
Bone marrow-derived macrophage culture

BMDMwas cultured as previously described.15 Mice were euthanized, and the bone marrow from both hind paws was collected un-

der sterile conditions. After RBC lysis, 13 107 per 10 mL of cells cultured in Dulbecco’s modified Eagle medium (DMEM) containing

10% fetal bovine serum (FBS; FB-1380, Biosera, Nuaille, France), 1% MEM-NEAA (MEM-NEAA; 11140050, GIBCO; Thermo Scien-

tific INC, Massachusetts), 1% penicillin-streptomycin (15140122, GIBCO), 2 mM L-glutamine (25030081, GIBCO), 0.05 mM beta-

mercaptoethanol (133–14571, Fujifilm Wako, Osaka, Japan), and M-CSF 10 ng/mL/day (416-ML-050, R&D system, Minneapolis).

On day three, non-adherent cells were removed, and adherent cells were detached using Accutase (A1110501, GIBCO), then

washed, counted, and cultured for another three days. Norepinephrine (NE) treatments for 500nM, 1000nM, & 5000nM were per-

formed 12 h before experiments.

Peritoneal macrophage culture

Peritoneal macrophages were cultured as previously described.15 We injected thioglycolate into the abdominal cavities of the mice,

and after four days, mice peritoneal cells were collected. Cells were plated at 53 105–13106 cells per 4mL in a 6 cmdish usingmedia

described in the BMDM culture. NE treatments for 500nM, 1000nM, & 5000nM/100 ng LPS treatment were performed 2–24 h before

experiments.

RT-qPCR
The total RNA of desired tissue or cells was extracted using ISOGEN (Nippon Gene, Tokyo, Japan). cDNA was synthesized using a

QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany). RT-qPCRwas used to examine the desired mRNA levels on a Ther-

mal Cycler Dice Real-Time System (Takara Bio, Shiga, Japan) using THUNDERBIRD SYBR qPCR Mix (TOYOBO, Osaka, Japan).

mRNA abundance was normalized to that of mouse 36b4 mRNA. The specific primer sequences used are listed in Table S3.
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Measurement of rectal and skin temperature
The rectal temperature inmicewasmeasuredwith a thermistor (SK-1260, skSATO, Tokyo, Japan) lubricated and inserted 2 cmdeep.

Skin temperature was assessed using an IR camera compact pro (Seek thermal, Inc. Santa Barbara, USA).

Intracapsular BAT temperature recording
Mlx90614ESF (Melexis, Ypres, Belgium) medically calibrated IR sensors were programmed using the Adfruit GitHub online libraries

to read on the Aurdino device. A Python program was written to handle multiple devices initiating and reading their data in an Excel

file. The sensor was attached to the mouse skin using a 3D-printed adapter and skin glue. The system was designed such that the

mice could freely move as the sensor was attached to a freely rotating pulley circuit with an ultrathin wire. Intracapsular temperature

was recorded using this self-made device for up to 4 h.

Relative VO2 measurement
Metabolic parameters were measured using an indirect calorimeter (MK-5000RQ; Muromachi Kikai Co., Ltd., Tokyo, Japan) under

cold conditions and after administering CL316243, a b3 agonist drug (ab144605, Abcam, Cambridge, U.K.), to compare BAT function

betweenMafbf/f andMafbf/f::LysM-Cre mice. The instrument outputs were VO2 [mL/min], VCO2 [mL/min], and RQ; we converted ab-

solute VO2 [mL/min] into relative VO2 [mL/kg/min].

RNA sequencing
RNA was processed using Qiagen RNeasy Plus Universal Mini Kit. RNA quality control and library preparation from 500 ng of RNA

and paired-end RNA sequencing using NextSeq500 (Illumina) were performed by a sequencing facility service at Tsukuba Univer-

sity. Raw data were aligned and mapped to the mouse reference genome mm-10 using STAR_2.6.1a_08–27 default parameters,

followed by feature count. The RNA sequencing data were analyzed by empirical analysis of differential gene (edgeR) package

of R software,55 and differentially expressed genes (p < 0.05 and q < 0.2) were analyzed using an online Enrichr tool for KEGG

Pathway, WikiPathway, GO Molecular Function, and Mouse Gene Atlas.56–58 Sequencing data were deposited in the NCBI GEO

public database GSE225421.

Single cell RNA sequencing analysis
Single-cell RNA sequencing data of iBAT SVF sorted into lineage positive and negative was downloaded from GSE207706 and

analyzed using Partek Flow software version 10.0.22.1111Data ref. 21. QA/QCwere used to remove dead cells, empty reads, duplets,

and batch differences. Data were normalized and processed with PCA, graph-based clustering, and tSNE plot. Biomarkers were

identified for cell populations, and Enrichr tools were used for cell population definition using various databases such as Mouse

Gene Atlas, Azimuth Cell Types 2021, PanglaoDB Augmented 2021, CellMarker Augmented 2021, and Tabula Muris.56–58

Immunohistochemistry (IHC)
Brown adipose tissues were fixed, dehydrated, paraffin-embedded, sectioned, and deparaffinized. Antigens were retrieved using TE

buffer (pH 9.0) by autoclaving for 2–10 min at 110�C with slow cooling. Non-specific blocking was performed using 10% serum,

including 1% bovine serum albumin (BSA), 3% skimmed milk, 0.02% sodium azide, and 0.1% Triton X-100. Primary antibodies

were incubated for 2–3 h at room temperature or for 8–48 h at 4�C in the blocking buffer. The secondary antibody was incubated

for 1 h at room temperature. The slideswerewashed andmounted in FluoromountTm (Diagnostic Biosystem, California) media. Nuclei

were stained with Hoechst (2 mg/mL, 1368-F, Diagnostic Biosystem). Images were acquired using a Keyence BZ-X 810 fluorescence

microscope, analyzed, and quantified using BZ-X810 analyzer software as described previously or ImageJ (Fiji).59 The list of primary

and secondary antibodies is provided in (Key resource table).

3DISCO staining and imaging
Following the 3DISCO protocol established by Jiang et al. for adipose tissue,60 mice iBAT was collected after perfusion with PBS

containing 10 mg/mL of heparin. Blocking for non-specific binding was performed using donkey serum and Fc-block for 24 h.

Anti-tyrosine hydroxylase staining for SN was performed for 72 h, followed by washing and secondary antibody incubation

for 48 h (Appendix Table S4). The tissue was washed for 10 h, mounted in agarose, and a delipidation step was performed

for 72 h at 4�C. The agarose block was cleared by using dibenzyl ether (Fujifilm Wako, Osaka, Japan) and sent to Miltenyi Biotec,

Tokyo, for volume imaging using an ultra microscope II. Volume imaging was optimized, and full 3-D images were provided for

comparison.

Hematoxylin and eosin (HE) staining
HE staining was done as previously described,61 with optimization for BAT. Paraffin sections of 5 mm thickness were deparaffinized,

and Mayer’s hematoxylin (131–09665, Fujifilm Wako, Osaka, Japan) staining was performed for 20 min. Sections were washed in

flowing tap water for 1 min and differentiated using a differentiation solution (A3179, Sigma) for 30 s. Sections were washed serially

in tap water for 5 min and 2 min in Scott tap water (S5134, Sigma-Aldrich, Missouri) and again for 1 min in tap water. Sections were

dehydrated using ethanol 95–100% for 5 min each and stained with eosin (050–06041, Fujifilm Wako, Osaka, Japan) for 2 min.
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Sections were washed in ethanol, cleaned with xylene, and mounted using D.P.X. (317616, Sigma-Aldrich, Missouri). Images were

acquired using a Keyence BZ-X 810 fluorescence microscope, analyzed, and quantified using BZ-X810 analyzer software as

described previously.59

IL-6 cytokine ELISA
Tissue lysates were prepared in RIPA buffer, and IL-6 concentration was measured using a Cedarlane CL89136K-96 ELISA kit,

following the manufacturer’s protocol. Detection was performed at 450 nm using a plate reader.

Western blot
One-half of the complete iBAT of mice that underwent cold exposure was lysed in RIPA buffer containing complete protease inhibitor

cocktail (Roche). The protein lysate was measured using the BCA assay, and 20mg of total protein was loaded into SDS page. After

running and transferring the gel onto a PVDFmembrane, blocking and staining for primary antibody for NGF and secondary antibody

conjugated with HRP were performed. Signals were developed using Immobilon western chemiluminescent horseradish peroxidase

substrate (Millipore) and visualized using the iBright imaging system (Thermo Fisher Scientific). The primary antibody was rabbit anti-

mouse/human NGF (ab6199, abcam), and the secondary antibody was goat anti-rabbit HRP (Biosource International).

Isolation of BAT SVF
BATSVFwas isolated through enzymatic digestion using Liberase (5401119001, Roche, Basel, Switzerland). iBATswereminced and

digested in Hanks’ balanced salt solution containing Liberase 0.5 U/mL, 2% FBS, and 10 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]

ethanesulfonic acid by incubating in a shaker with 150 rpm speed at 37�C. The reaction was stopped by adding 10 volumes of

PBS containing 0.5%BSA and filtered using a 70 mmfilter. The filtrate was centrifuged at 3003 g for 5min, and the pellet waswashed

using PBS containing 0.5% BSA, followed by RBC lysis using an ammonium-chloride-potassium (ACK) lysis buffer. After the final

wash, cells were counted and used for cytometry or RNA analysis.

Flow cytometry and intracellular IL-6 staining
SVF of iBAT of mice was collected as described above and stained for Zombie VioletTm (423114, Biolegend, California) for 15 min,

followed by surface antibodies for 20 min at 4�C. The cells were fixed with 5 N formalin in PBS, permeabilized using 0.1% saponin,

stained for 20min, washed twice with 0.1% saponin, and analyzed using Cytoflex (Beckman Coulter Life Sciences, Indianapolis) with

CytExpert software 2.4. Gating is shown in Appendix Figure S6. For intracellular staining of IL-6, mice were injected 250 mg of Bre-

feldin A (420601, Biolegend, California) 6 h before the experiment, and all reagents for SVF isolation and staining were included in

Brefeldin A 1x injection.

Luciferase reporter assays
IL-6 promoter region up to 1153BP upstream of the transcription start site of IL-6 was amplified from C57BL6/J mice genomic DNA

using PrimeStar GXL (Takara). The PCR product was ligated into the EcoRV site of the promoter-less luciferase Luc2 vector

(pGL4.10, Promega) using In-Fusion HD cloning Kit (Takara). This promoter region contained two MAFB binding sites: 3’–AGTTTG

ACCCAGCCTA–50, and 30—AGTGCTGAGTCACTTT—50, Zhu M. et al. reported and demonstrated in the MIN6 cell line that MAFB

binding to this region led to suppression of IL-6 expression.24 To examine whether MAFB could suppress the IL-6 promoters in mac-

rophages, the IL-6 luciferase vector was co-transfected with the MAFB-expressing vector into RAW264.7 cells at 0 ng and 50 ng

concentrations. The transfection was performed using FuGENE6 transfection reagent (Promega). The cells were then cultured for

12 or 24 h, with or without 100 ng of LPS treatment. The luciferase assay was performed with the Dual-Luciferase Reporter Assay

System (Promega). Briefly, after transfection for 12 or 24 h, the cells were lysed, and 20 mL of cell lysate was transferred to

100 mL of Luciferase Assay Reagent II (LARII). The samples were then measured using a luminometer. A 100-mL quantity of Stop&Glo

reagent was added to the samples, and they were again measured. The pRL-TK (Promega)-expressing vector was co-transfected

into RAW264.7 cells. A pRL-TK vector expressing Renilla reniformis luciferase was used to normalize the transfection efficiency.15

The results were further normalized with an empty vector.

Anti-IL-6Ra rescue experiments
A 200 mg loading dose of anti-IL-6Ra antibody (MR16-1, Chugai Pharmaceutical Co., Ltd., Tokyo, Japan) was injected intraperito-

neally before cold exposure, with a 50 mgmaintenance dose after seven days, while an equivalent amount of Rat IgG1 isotype control

(1–1195, Leinco Technology, St Louis, Missouri) or PBS was used as control. For the 24-h cold experiment, the loading dose was

given eight days earlier, and the maintenance dose a day before starting the experiment.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean ± SEM of at least two independent experiments. We used Prism10.1.0 software for our statistical

calculation. The relevant statistical analysis for individual plots is mentioned in the figure legends. Results for each statistical test with

p value <0.05 were considered significant.
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