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Abstract

The sympathetic nervous system innervates peripheral organs to regulate their function and
maintain homeostasis, whereas target cells also produce neurotrophic factors to promote
sympathetic innervationl2, The molecular basis of this bi-directional communication remains to
be fully elucidated. Here we use thermogenic adipose tissue as a model system to show that T
cells, specifically y8T cells, play a critical role in promoting sympathetic innervation, at least in
part through driving TGFB1 expression in parenchymal cells via IL-17 Receptor C. Adipose-
specific ablation of IL-17 Receptor C reduces TGFP1 expression in adipocytes, impairs local
sympathetic innervation and causes obesity and other metabolic phenotypes consistent with
defective thermogenesis; innervation can be fully rescued by restoring TGFB1 expression.

Reprints and permissions information is available at www.nature.com/reprints.Users may view, print, copy, and download text and
data-mine the content in such documents, for the purposes of academic research, subject always to the full Conditions of use:http://
www.nature.com/authors/editorial_policies/license.html#terms

Correspondence and requests for materials should be addressed to Dr. Bruce Spiegelman. bruce_spiegelman@dfci.harvard.edu.
Author contributions

B.H. and B.M.S. conceived and directed the study. B.H., C.J., X.Z., J.R., Z.Y., B.B.L., D.M. and B.M.S designed and performed
experiments and analyzed the data. M.P.J. performed mass spectrometry analysis. J.R., Z.Y. and B.B.L. helped with chemogenetic
experiment. B.N.D and A.B. helped with CLAMS studies. B.H., C.J., X.Z. and B.M.S wrote the manuscript with comments from all
authors. All authors provided input and reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Statistics and reproducibility
All experiments have been successfully repeated with similar results for at least two to three times.

Data Availability Statements
Any relevant data are available from the corresponding author upon reasonable request.


http://www.nature.com/reprints

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 2

Ablating 8T cells and the IL-17 Receptor C signaling pathway also impairs sympathetic
innervation in salivary glands and the lung. These findings demonstrate T cell/parenchymal cell
coordination to regulate sympathetic innervation.

Results

The sympathetic nervous system controls various physiological processes, such as vascular
tone, cardiac output, glandular secretion and thermogenesis, to maintain homeostasis in
response to environmental cues!. Whereas sympathetic nerves modulate the activity of end-
organs via the release of various neurotransmitters, target cells of innervation also produce
factors to influence the development, maturation or activity of sympathetic nerves2. The
staggering complexity of target cells of innervation, coupled with the emerging picture of
distinct populations of sympathetic neurons?, suggests that a multitude of such factors or
pathways may be employed in a context-dependent manner. Given the limited known cases
of target-derived factors that contribute to neuronal development, maturation and activity, the
molecular basis of the bi-directional communication between sympathetic nerves and target
cells remains to be fully elucidated.

Thermogenic adipose tissue is richly innervated by sympathetic nerves*~’. Local
sympathetic axon terminals release the neurotransmitter norepinephrine (NE) to stimulate
lipolysis in brown and beige adipocytes via the canonical p-adrenergic receptor/cCAMP/PKA
pathway. The released free acid is then oxidized in mitochondria and the harnessed chemical
energy is dissipated in the form of heat via both uncoupled and coupled respiration, a
process known as adaptive thermogenesis®8-11, Importantly, previous studies have shown
that sympathetic innervation of thermogenic adipose tissue is regulated by adipocyte-
expressed genes, including the transcription regulator PRDM16, the ER membrane protein
CLSTN3p and a neurotrophic factor S100B; thus, suggesting that thermogenic adipose
tissue is an appropriate system to study how peripheral targets communicate with the
sympathetic nervous system12-14,

Adipose tissue is infiltrated by various types of innate and adaptive immune cells. Previous
studies have uncovered the contribution of innate immune cells, particularly anti-
inflammatory macrophages, eosinophils, and type 2 innate lymphoid cells (ILC2s), to
adipose thermogenesis!®. Here we show that T cells, specifically y8T cells, play a key role
in sympathetic innervation of thermogenic adipose tissue, thereby maintaining whole-body
energy homeostasis. Mechanistically, y8T cells and IL-17F drives TGFB1 expression in
adipocytes via IL-17 Receptor C signaling. Adipocyte-derived TGF1 in turn promotes
sympathetic innervation. Importantly, this pathway is found to be functionally important in
multiple types of target tissue of sympathetic innervation other than BAT, and thus likely
represents a neurotrophic mechanism of general implication.

v8 T cells promote adaptive thermogenesis

To evaluate the role of lymphocytes in adaptive thermogenesis, wild-type (WT) and Rag2~/~
mice, which lack both B cells and T cells, were subjected to a cold tolerance test. Rag2~/~
mice exhibited significantly impaired cold tolerance compared with WT littermates (Fig.
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1a). To further delineate the contribution of different lymphocyte compartments to this
phenotype, we then examined the cold tolerance of Tcra ™=, muMT~~ and TCR& ™~ mice,
which lack ap T cells, B cells and y8 T cells respectively. muMT~/~ and Tcra ™~ mice have
either a normal or only a mildly compromised cold tolerance; in contrast, Tcrs ™~ mice
showed markedly compromised cold tolerance, similar to the Rag2~/~ mice (Fig. 1b, ¢ and
d). Importantly, Tcr&~/~ mice displayed reduced oxygen consumption upon acute cold
challenge and increased lipid content in brown adipose tissue (BAT) compared with WT
littermates, both of which suggest BAT dysfunction (Extended Data Fig. 1a and b). There
was no significant difference in food intake, motor activity or cold-induced shivering
between Tcr6™~ and WT mice (Extended Data Fig. 1c and d).

Flow cytometry analysis revealed a significant population of -y8T cells in BAT are Vy6+
v8T cells (Extended Data Fig. 1e and f). Contrary to Tcr6~/~ mice, the Vy6V&1 transgenic
mice, in which Vy6+*V&81* 8T cells are overrepresented1®, displayed enhanced cold
tolerance compared with WT littermates, providing further evidence that y8T cells promote
BAT thermogenesis (Fig. 1e).

IL-17A and IL-17F are the key effector cytokines produced by Vy6+ y8T cells1’-20,
Interestingly, we found cold exposure significantly induced the expression of IL-17F in BAT,
whereas IL-17A expression was below detection in the same context (Extended Data
Fig.1g). To further identify the functional importance of these two cytokines in BAT
thermogenesis, we subjected 1117a~/~ and 1117/~ mice to acute cold challenge and found
1127/~ but not 1117a~/~ mice exhibited markedly impaired cold tolerance (Fig. 1f and g).
Taken together, these data-suggest that IL-17F but not IL-17A plays a critical role in
adaptive thermogenesis.

Adipocyte IL-17RC promotes thermogenesis

Two IL-17 receptors, IL-17 RA and IL-17RC, exist in mice, while IL-17RC binds only
IL-17F21-24 |L-17RC is more abundantly expressed in thermogenic adipocytes at the
MRNA level than IL-17RA (Extended Data Fig. 2a and b). Whole-body deficiency in
IL-17RC but not IL-17RA phenocopied 1117f~/~ mice in cold tolerance test (Fig. 1h and
Extended Data Fig. 2c), suggesting IL-17RC is the cognate receptor for IL-17F in the
context of adaptive thermogenesis.

To further dissect whether IL-17RC signaling in adipocytes contributes to thermogenesis, we
generated adipocyte-specific IL-17RC knockout mice (adiponectin-cre; il17réfl. hereby
named AdlI17RC KO). Upon acute cold exposure, the AdII17RC KO mice exhibited
impaired cold tolerance compared with control mice, phenocopying Rag2~'~, Tcr™~ and
1127f~/~ mice (Fig. 1i). AdII17RC KO also displayed higher lipid content in their BAT in
comparison with control (Extended Data Fig. 2d). Importantly, restricting IL-17RC deletion
to thermogenic adipocytes by using vcpi-cre; //17rc™" mice caused a similar cold-intolerant
phenotype (Extended Data Fig. 2e), which further confirms that IL-17RC signaling in the
UCP1-positive thermogenic adipocytes is important for adaptive thermogenesis.
Furthermore, AdII17RCKO;Vy6V81 transgenic mice phenocopied AdII17RC KO upon cold
challenge, providing further evidence that IL-17RC signaling in adipocyte is required for the
thermogenesis-enhancing activity of Vy6*V&1* 8T cells (Extended Data Fig. 2f).
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Defective adipose thermogenesis is often associated with susceptibility to diet-induced
obesity and glucose tolerance. Indeed, when we challenged AdII17RC KO mice with a high
fat diet, they gained weights more rapidly than their WT littermates (Fig. 1j). AdII17RC KO
mice exhibited reduced oxygen consumption in comparison to their littermate controls,
before the divergence in their body weights (Extended Data Fig. 2g); no significant
differences in food intake or physical movements were observed (Extended Data Fig. 2h and
i), suggesting the increased weight gain is caused by reduced energy expenditure. AdII117RC
KO also displayed impaired glucose tolerance, increased lipid accumulation in BAT,
aggravated liver steatosis, and enlarged inguinal and epididymal WAT depots on high fat diet
(Fig. 1k, I and m and Extended Data Fig. 2j and k). These metabolic phenotypes support an
important role of adipocyte IL-17RC in promoting thermogenesis.

IL-17RC promotes adipose innervation

We then examined the underlying causes of the impaired adaptive thermogenesis in
AdII17RC KO mice. The decreased cold tolerance of AdII17RC KO mice was associated
with lower oxygen consumption rates compared with WT littermates (Fig. 2a). Surprisingly,
we did not observe altered oxygen consumption rate in AdlI17RC KO receiving stimulation
via a p3-adrenergic agonist (CL316, 243) injection (Fig. 2b); this suggests that the impaired
thermogenesis of the AdII17RC KO mice might result from deficiencies upstream of the p3-
adrenergic receptor.

Because sympathetic nerves are the major source of NE in BAT, we performed tyrosine
hydroxylase (TH) and tubulin 3 (TUBB3) staining to assess sympathetic nerves in WT and
AdII17RC KO BAT. The volume and intensity of both TH and TUBB3 staining were
significantly reduced in the BAT of AdII17RC KO compared with the WT (Fig. 2c and d).
These observations indicate there is both reduced growth of sympathetic axons and protein
levels of TH and TUBB3 in those axons, possibly suggesting a deficiency in neurotrophic
factors promoting both growth and maturation of sympathetic axons. Importantly, Tcr6™-,
Rag2~/~ and 1117/~ but not 1117a~/~ mice exhibited similarly reduced TH and TUBB3
staining in BAT (Fig. 2e, f and Extended Data Fig. 3a and b); Vy6V61 transgenic mice
displayed the opposite phenotype (Fig. 2g and h). Decreased TH staining was also observed
in subcutaneous fat of AdII17RC KO mice (Extended Data Fig. 3c). These results indicate
that the y& T cell/adipocyte IL-17RC signaling pathway promotes sympathetic innervation
of thermogenic adipose tissue.

To investigate whether 1117rc governs functional sympathetic innervation of BAT, we
chemogenetically activated sympathetic premotor neurons and assessed the downstream
BAT response using a previously established VGLUT3(S/c17a8)-ires-cre mouse modell2.
We crossed the VGLUT3(S/c17a8)-ires-cre mouse ling2® to 1117rc KO and Vy6V61
transgenic lines and then stereotaxically injected Cre-dependent AAV-hM3Dg-mCherry into
the medullary raphe region of the brain stem to drive stable expression of the transgene
specifically in the VGLUT3-expressing neurons. Injection of clozapine-N-oxide (CNO), a
ligand of hM3Dq but not the control vehicle to mice receiving AAV-hM3Dg-mCherry,
induced c-fos expression in the medullary raphe region, thus confirming that CNO
specifically activates sympathetic premotor neurons in the medullary raphe region (Extended
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Data Fig. 3d). We next examined BAT thermal response of 1117rc KO and transgenic mice to
CNO. The response was dampened from 1.0°C in WT mice to 0.4°C in KO mice but
enhanced from 0.9°C in control mice to 1.6°C in transgenic mice (Fig. 2i and j). Taken
together, these findings strongly suggest that ablation of 1117rc impairs functional
sympathetic innervation of thermogenic adipose tissue, whereas over-representation of
Vy6+*V81* 8T cells has the opposite effect.

In support of the notion that the thermogenic defect in the AdII17RC KO mice is caused by
impaired adipose innervation, we found that the cold intolerance of the AdII17RC KO mice
could be rescued by enhancing the fat-specific neurotrophic pathway of CLSTN3p/S100B2,
Specifically, forced expression of S100b or Clstn3p in BAT of AdII17RC KO mice led to
reduced lipid accumulation in BAT, enhanced cold tolerance, and increased BAT innervation
compared with controls (Extended Data Fig. 3e—g for S100b-AAV and h—j for Clstn3p-
AAV).

IL-17RC in innervation of other tissues

IL-17RC is widely expressed in multiple murine tissues. This prompted us to ask whether
the IL-17F/IL-17C pathway represents a neurotrophic mechanism generally implicated in
additional tissues. Indeed, we observed decreased TH and TUBB3 volume and intensity in
the salivary gland of 1117rc™/~, Tcr8~/~, Rag2™/~, 1117f~ mice but not 1117a~/~ mice, and in
lung bronchi of 1117rc™/~, Ter8™/~ and Rag2~~ mice (Extended Data Fig.3 k-m and 0). In
contrast, no reduction in TH and TUBB3 staining was observed in the salivary gland of the
AdII17RC KO mice (Extended Data Fig. 3n). Taken together, these data strongly suggest
that the y&T cell/IL-17RC pathway contributes to sympathetic innervation in multiple
tissues.

IL-17RC promotes TGFB1 expression

To understand mechanistically how the IL-17F/IL-17RC pathway promotes sympathetic
innervation, we analyzed the proteomic and transcriptomic profiles of WT and AdII17RC
KO BAT by protein mass-spectrometry and RNA-seq respectively (Fig. 3a and b). Pathway
enrichment analysis of genes downregulated both at the RNA and the protein level in the KO
compared with controls revealed the Epithelial Mesenchymal Transition and the TGFB
signaling pathways (Extended Data Fig. 4a). We confirmed the downregulation of a set of
collagen genes (Collal, Col3al, and Col5al), (known targets of TGFR), and TGFB1 itself in
the AdII17RC KO BAT by gPCR (Fig. 3a, b and Extended Data Fig. 4b). IL-17F has been
shown to drive TGFB1 expression in endothelial cells26. Here we observed reduced TGFB1
expression in the adipocytes from AdII17RC KO BAT (Fig. 3c), suggesting IL-17F is also
important to drive TGFB1 expression in adipocytes. Furthermore, reduced Tgfb1 expression
was observed in the salivary gland and lung of 1117rc™~ mice, as well as in the BAT, salivary
gland and lung of Rag2~/~, Tcr6~/~ and 1117/~ mice (Extended Data Figure 4c—e). Taken
together, these results showed that ablation of the IL-17F/IL-17RC pathway leads to
downregulated expression of TGFB1 in multiple tissues.
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TGFB1 promotes sympathetic innervation

Previous studies have shown TGF possesses neurotrophic activity in certain contexts?7:28,
We therefore hypothesized that downregulation of TGFp1 signaling might explain, at least
in part, the defective sympathetic innervation in multiple tissues as a result of IL-17RC
ablation. To test this idea, we examined whether forced expression of TGFB1 is sufficient to
alleviate the defect in BAT sympathetic innervation and thermogenesis of AdlII17RC KO
mice. Indeed, restoration of TGFB1 expression specifically in brown adipocytes of
AdII17RC KO mice lead to strongly reduced lipid accumulation, increased TH/TUBB3
staining in BAT, and enhanced cold tolerance compared with controls (Fig. 3d—f and
Extended Data Fig. 5a). Consistent with this, blocking TGFp signaling with a neutralizing
antibody or a small-molecule inhibitor sensitized WT mice to cold exposure (Extended Data
Fig. 5b and c). Furthermore, AAV-driven expression of TGFB1 also increased TH/TUBB3
staining in salivary gland of 1117rc KO and Rag2 KO mice. (Extended Data Fig. 5d—g).
Taken together, these results support the idea that the IL-17F/IL-17RC pathway plays a
critical role in promoting sympathetic innervation. At least a substantial part of this appears
to be through the TGFp1 signaling pathway.

Discussion

Sympathetic innervation of peripheral organs regulates their function and maintains
homeostasis. These nerves are, in turn, also under influence of factors produced by the target
cells of innervation. The molecular basis of this important bi-directional communication
remains to be fully elucidated. By using thermogenic adipose tissue as a model system, we
show that T cells, through an axis defined by 6 T cells and IL-17RC, plays a critical role in
promoting sympathetic innervation, at least in part through driving TGF1 expression in
parenchymal cells. Our conclusion is supported by highly consistent phenotypes across a
comprehensive set of mouse genetics models, including Rag2~/~, Tcrs™~, IL-17F~/~, global
and tissue-specific IL-17RC KO. y& T cells have been previously linked to body
temperature control through IL-17A29; however, our data clearly showed that IL-17F
deficiency, but not IL-17A deficiency, caused a profound defect in BAT thermogenesis.
Consistent with this finding are the phenotypes displayed by adipose-specific KO of
IL-17RC, which binds and is activated by only IL-17F but not IL-17A in mice. More
importantly, our findings demonstrate the y6 T cells /IL-17RC/TGFp1 axis as a critical
mechanism involved in the sympathetic innervation of multiple tissues. Moving forward, it
will be interesting to see whether the human y8T cell compartment and IL-17RC signaling
plays an important role in the sympathetic innervation.

TGFp1 plays an important role in multiple aspects of central nervous system development
and function?8, Although TGFB1 is reported to be involved in peripheral nerve repair, its
role in the peripheral nervous system development and function has not been extensively
explored3C. Our data support a critical role of 1L-17F-driven TGFp1 signaling in controlling
sympathetic innervation in multiple peripheral tissues. Our observations that viral or
pharmacological intervention in the TGFp1 pathway could modulate sympathetic
innervation in adult mice suggest that TGFp1 could dynamically regulate the growth and
maturation level of sympathetic nerves in a post-developmental manner. This mode of action
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is rather distinct from known target-derived neurotrophic factors, such as NGF, and may
therefore reveal a new mechanism of crosstalk between sympathetic nerves and end-organs.
The direct target and molecular mechanism of TGFp1’s effect on sympathetic nerves are
unclear at this stage; TGFpB1 may act directly on neuronal receptors, or indirectly via
remodeling the extracellular matrix or modulating the abundance/activity of additional
neurotrophic factors. Further investigation is required to distinguish between these
possibilities.

In summary, our data uncovered an unexpected immuno-regulatory mechanism of
sympathetic innervation in multiple tissues, including thermogenic adipose tissue, and might
provide a therapeutic opportunity of promoting thermogenic fat activity for treating obesity
and associated metabolic disorders.

Methods

Mouse

Rag2-/- mice (008449), Tcr6—/- mice (002120), muMT-/- mice (002288), Tcra—/- mice
(002116), l117a-/- mice (016879) were from Jackson Lab. 1117f-/- mice were from Dr.
Sarah L. Gaffen and Dr.Yoichiro Iwakura’s lab, 1117rc—/- and 1117ra—/- were from Amgen,
l117RClox/flox mjce were from Dr. Jay K. Kolls’ lab3. Vy6V81 Tg mice were from Dr.
Diane Mathis’ lab. Adiponectin Cre mice (028020) and UCP1 Cre mice (024670) were from
Jackson lab32, VGLUT3-ires-Cre mice were from Dr. Bradford Lowell’s lab33. TGF@
antibody (Bioxcell # BE0O057 Clone 1D11.16.8) and Isotype control antibody (Bioxcell #
BE0083) were i.p. injected to WT B6 mice for 3 weeks at 10mg/kg 3 times a week.
sh431542 was i.p. injected to WT B6 mice at 4.2mg/kg/day for 3 weeks. All animal studies
were approved by the Institutional Animal Care and Use Committee of Beth Israel
Deaconess Medical Center.

Cold tolerance assay

Mice were pre-acclimated at thermoneutrality (28-30°C) for 1wk and then shifted to 4°C.
Body temperature was measured with a rectal probe (Physitemp, RET3) and a reader
(Physitemp, BAT-12) and implanted temperature probes (Bio Medic Data Systems,
IPTT-300) with a transponder (Bio Medic Data Systems, DAS-7007R)34:35,

Whole-mount immunofluorescence

Th whole-mount immunostaining of subcutaneous inguinal WAT was performed as
described in Chi et al4.

Cryo-section immunostaining

Tissue was harvested immediately after euthanizing mice and fixed with 4%
paraformaldehyde overnight. Tissue was then washed with PBS for 5 times, 10 min each and
incubated in PBS/30% sucrose for 8 h and then frozen in Tissue-Tek O.C.T. Compound
(Sakura Finetek, 4583). Frozen tissue was cut into 30 pm sections on a Leica CM3050 S
cryostat. Sections were briefly rinsed with PBS and blocked with PBS/0.3% Triton
X-100/5% FBS overnight. Sections were then stained with Th antibody (AB1542, EMD
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Millipore, 1:200) and Tubb3 antibody (ab52623, Abcam, 1:200) for 2 days. Sections were
washed with PBS/0.03% Triton X-100/5% FBS for 5 times, 1 h each and then stained with
anti-sheep Alexa Fluor 488, anti-sheep Alexa Fluor 568, anti-sheep Alexa Fluor 647
(Thermo Fisher, A-11015, A-21099 and A-21448,1:500) and anti-rabbit Alexa Fluor 647
(Thermo Fisher, A-21245, 1:500) for 2 days. Sections were washed with PBS/0.3% Triton
X-100/5% FBS for 5 times, 1 h each and then mounted in ProLong Diamond Antifade
Mountant (Thermo Fisher, P36965). Images were taken on a Nikon A1R point scanning
confocal microscope.

Image analysis

For each animal, at least six sections of adipose tissues were imaged and analyzed. Images
were imported to Imaris (Bitplane) and surface renderings of Th or Tubb3 fluorescence were
generated using the “surface” function. Signals on and around blood vessels were manually
selected and removed from the final quantifications. Volume measurements of Th/Tubb3
signals were normalized to the volume of the imaging field. In each experiment, the function
parameters were kept the same between genotypes.

Flow cytometry

BAT were collected, cut into small pieces, and digested with collagenase 11 (Sigma) and
DNase | for 30 minutes at 37°C. Dissociated tissues was then filtered with a 100 um cell
strainer. Spleen and lymph node samples were grinded up and passed through a 70 um cell
strainer. After blocking FcgRIII/11 with an anti-CD16/CD32 mAb (eBioscience), single cell
suspensions were stained with the following antibodies: CD45.2 (104), TCRpB (H57-597),
TCRYy6 (GL3), CD3(17A2), IL-17F (9D3.1C8), CD27 (LG.3A10), purchased from
eBioscience, BD or Biolegend. Biotinylated antiamphiregulin antibody was purchased from
R&D Systems. For staining of the Vy6V81+ TCR, cells were labeled first with the anti-
TCRy8 mAb (GL3), and then incubated with the supernatant from the 17D1 hybridoma
followed by staining with the goat-anti-rat IgM (Jackson Immunoresearch Laboratories)
secondary antibody as previously described38. Flow cytometry was performed on the LSR 11
or LSRFortessa (BD), and data were analyzed by the FlowJo software (Treestar).

Mass spectrometry analysis

Quantitative whole tissue proteomics analysis was performed as below.

Protein Digestion and Isobaric Labeling—Protein elutions were precipitated in 20 %
trichloroacetic acid on ice overnight, spun for 30 minutes at 15,000 RPM and washed three
times with 500 pL of HPLC grade acetone. Protein pellets were further dried under vacuum
centrifugation until they were completely dried. Pellets were resuspended in 8 M urea
containing 50 mM HEPES, pH 8.5(75 pL), diluted to 4 M urea and digested with 1 pg of
LysC (Wako) overnight at room temperature. Digests were diluted further to a 1.5 M urea
concentration and 0.5 pg of trypsin (Promega) for 6 hours at 37 °C. Digests were acidified
with 5 UL of 20% formic acid (FA) to a pH ~2 and were subsequently desalted by C18
StageTips (3M Empore).

Nature. Author manuscript; available in PMC 2020 August 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 9

Digested elutions were resuspended in 25 pL of 200 mM HEPES, pH 8.5. The TMT6
reagents (Thermo Fisher) (0.8 mgs) were dissolved in 40 L of dry acetonitrile (ACN), and 2
pL of the solution was added to each tube. After incubating for 1 h at room temperature (23
°C), the reaction was quenched by adding 2 uL of 5% w/v hydroxylamine. Labeled peptides,
were combined and subsequently desalted by C18 StageTips prior to injection onto the mass
spectrometer.

BAT tissue was extracted and snap frozen in liquid N, until further use. BAT tissues were
lysed with 3 mL SDS lysis buffer (2.0 % SDS wi/v, 200 mM NaCl, 5 mM DTT, EDTA free
protease inhibitor cocktail (Promega) and 50 mM HEPES, pH 8.5) using an Omni tissue
homogenizer. Extracts were reduced with at 57 °C for 30 minutes and cysteine residues
alkylated with iodoacetamide (14 mM) in the dark (45 min). Extracts were purified by
methanol/chloroform precipitation and pellets were washed with ice cold acetone. Pellets
were resuspended in 8 M urea containing 50 mM HEPES, pH 8.5, and protein
concentrations were measured by BCA assay (Thermo Scientific) prior to protease digestion.
200 pg of protein was diluted to 4 M urea and digested overnight with 5 pg LysC (Wako).
Digests were diluted further to a 1.5 M urea concentration and 5 pg of trypsin (Promega)
was added for 6 hours at 37 °C. Digests were acidified with 50 UL of 20% formic acid (FA)
and subsequently desalted by C18 solid-phase extraction (SPE) (50 mg, Sep-Pak, Waters).
Digested BAT peptides were resuspended in 100 pL of 200 mM HEPES, pH 8.5. Ten pL of
TMTG6 reagents was added to each solution for 1 h at room temperature (23 °C). After
incubating, the reaction was quenched by adding 4 uL of 5% w/v hydroxylamine. Labeled
peptides, were combined and subsequently desalted by C18 solid-phase extraction (SPE) (50
mg, Sep-Pak, Waters) prior to basic pH reversed-phase separation (bpHrp).

Basic pH reversed-phase separation (bpHrp)—TMT labeled peptides were
solubilized in 500 pL solution containing 5% ACN/10 mM ammonium bicarbonate, pH 8.0
and separated by an Agilent 300 Extend C18 column (5 mm particles, 4.6 mm ID and 220
mm in length). An Agilent 1100 binary pump coupled with a photodiode array (PDA)
detector (Thermo Scientific) was used to separate the peptides. A 40 minute linear gradient
from 20% to 40% acetonitrile in 20 mM ammonium bicarbonate pH 8 (flow rate of 0.8 mL/
min) separated the peptide mixtures into a total of 96 fractions (33 seconds). A total of 96
Fractions were consolidated into 12 samples in a checkerboard fashion, acidified with 20 pL
of 20% formic acid and vacuum dried to completion. Each sample was re-dissolved in 5%
FA/5% ACN, desalted via StageTips prior to LC-MS/MS analysis.

Liquid chromatography and tandem mass spectrometry (LC-MS/MS)—AII LC-
MS/MS experiments were performed on an LTQ Orbitrap Fusion (Thermo Fisher) coupled
with Agilent 1200 binary HPLC pump (Agilent Technologies) and a Famos auto sampler
(LC Packings). Peptides were separated onto an 75 pm 1.D. microcapillary column packed
first with ~1 cm of Magic C4 resin (5 pm, 100 A, Michrom Bioresources) followed by ~20
cm of Maccel C18AQ resin (3 um , 200 A, Nest Group). Peptides were separated by
applying a gradient from 10 to 25% ACN in 0.125% FA over 180 min at ~250 nL/min.
Electrospray ionization was enabled through applying a voltage of 1.8 kV using an inert
gold electrode.
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The instrument was operated in data-dependent mode with a 60 s (+/- 10 ppm window)
expiration time, FTMSL1 spectra collection at 120,000 resolution, an AGC target of 500,000
and a max injection time of 200 ms. The ten most intense ions were selected for MS2
fragmentation and precursors were filtered according to charge state (required >1 2).
Isolation width was set at 0.7 m/z. ITMS2 spectra were collected at an AGC of 18,000, max
injection time of 120 ms and CID collision energy of 35%. For the FTMS3 acquisition, the
Orbitrap was operated at 30,000 resolution with an AGC target of 50,000. The max injection
time was set to 250 ms incorporating an HCD collision energy of 55%. Synchronous-
precursor-selection (SPS) was enabled to include up to 10 MS2 fragment ions in the FTMS3
spectra.

MS data processing and spectra assignment—A compendium of in-house
developed software was used to convert acquired mass spectrometric data from the . RAW
file to the mzxml format. Erroneous assignments of peptide ion charge state and
monoisotopic m/z were also corrected by the software. The Sequest algorithm was used to
assign MS2 spectra by searching the data against a protein sequence database including
Mouse Uniprot Database (download date June, 2013) and known contaminants such as
porcine trypsin and human Kkeratins. A forward (target) database component was followed by
a decoy component including all listed protein sequences. Searches were performed using a
30 ppm precursor ion tolerance and requiring both peptide termini to be consistent with
trypsin specificity. Six-plex TMT labels on lysine residues and peptide N termini (+
229.16293 Da) were set as static modifications and oxidation of methionine residues (+
15.99492 Da) as a variable modification. An MS2 spectra assignment false discovery rate
(FDR) of less than 1% was achieved by applying the target-decoy database search strategy3’.
Filtering was performed using a linear discrimination analysis method to create one
combined filter parameter from the following peptide ion and MS2 spectra properties: XCorr
and ACn, peptide ion mass accuracy, and peptide length. Linear discrimination scores were
used to assign probabilities to each MS2 spectrum for being assigned correctly and these
probabilities were further used to filter the dataset with an MS2 spectra assignment FDR to
obtain a protein identification FDR of less than 1 %38,

Determination of TMT reporter ion intensities—For reporter ion quantification, a
0.03 m/z window centered on the theoretical m/z value of each reporter ion was monitored
for ions, and the maximum intensity of the signal to the theoretical m/z value was recorded.
Reporter ion intensities were de-normalized by multiplication with the ion accumulation
time for each MS2 or MS3 spectrum and adjusted based on the overlap of isotopic envelopes
of all reporter ions. Following reporter ion signal extraction, the isotopic impurities of the
TMT reagent were corrected using the values specified by the manufacturer. Total signal to
noise values for all peptides were summed for each TMT channel and all values were
adjusted to account for variance. For each identified peptide, a total minimum signal to noise
value of 100 was implemented.

RNAseq library preparation and sequencing

Libraries were prepared using lllumina TruSeq stranded mRNAseq kit from 500ng of
purified total RNA according to the manufacturer’s protocol. The finished dSDNA libraries
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were quantified by Qubit fluorometer, Agilent TapeStation 2200, and RT-qPCR using the
Kapa Biosystems library quantification kit according to manufacturer’s protocols. Uniquely
indexed libraries were pooled in equimolar ratios and sequenced on an Illumina NextSeq500
with single-end 75bp reads by the Dana-Farber Cancer Institute Molecular Biology Core
Facilities.

RNAseq Analysis

Sequenced reads were aligned to the UCSC mm9 reference genome assembly and gene
counts were quantified using STAR (v2.5.1b)3°. Differential gene expression testing was
performed by DESeq2 (v1.10.1)%° and normalized read counts (FPKM) were calculated
using cufflinks (v2.2.1)*1. RNAseq analysis was performed using the VIPER snakemake
pipeline®2.

Indirect Calorimetry

Animals were housed individually in metabolic chambers under a 12 hr light/dark cycle with
free access to food and water. Whole body metabolic rate was measured using the Oxymax
open-circuit indirect calorimeter, Comprehensive Lab Animal Monitoring System (CLAMS,
Columbus Instruments). Cold exposure or CL 316,243 (Sigma-Aldrich; 1 mgkg™2) i.p.
injection into mice started at the indicated time.

Electromyography (EMG)

Mice were individually restrained to limit non-shivering muscle activity and two EMG
needle electrodes were inserted subcutaneously above the nuchal muscles in the back of the
neck. EMG leads were connected to a computerized data acquisition system via a
communicator. EMG data were collected and burst activity was determined as described
previously#3. Briefly, EMG data were collected from the implanted electrodes at a sampling
rate of 2 kHz using LabChart 8 Pro Software (ADInstruments). The raw signal was
converted to root mean square activity. Root mean square activity was analysed for shivering
bursts in 10 s windows.

AAV injection

Six-week old male mice were anesthetized with isoflurane and an incision was made above
the interscapular area to expose the underlying adipose tissue. About 3*10"11 AAV particles
were injected into each BAT lobe and the incision was closed with suture. Mice received one
injection of meloxicam (2 mg/kg) 24 h before surgery and another injection immediately
after surgery. Mice were allowed to recover for 3 weeks before analysis. AAV8-Tgfbl,
AAV8-DIO-TGFp1, AAV8-S100b and AAV8-DIO-Clstn3p were packaged at the Boston
Children’s Hospital ViralCore.

Stereotaxic surgery and viral injections

For viral injections into the medullary raphe, six- to eight-week-old male VGLUT3-ires-Cre
+ mice were anesthetized with a ketamine (100 mg kg-1) and xylazine (10 mg kg™1) cocktail
diluted in 0.9% saline and placed into a stereotaxic apparatus (David Kopf model 940). An
incision was made to expose the skull and a small hole was drilled 5.9 mm posterior and 0
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mm medial/lateral from bregma. A pulled glass micropipette (20-40 um diameter tip) was
used for stereotaxic injections of adeno-associated virus (AAV). Three injections, 6.0 mm
ventral to bregma, at medial/lateral —0.15 mm, 0 mm, and +0.15 mm were used to target the
medullary raphe. Virus was injected (15 nl per injection) by an air pressure system using
picoliter air puffs through a solenoid valve (Clippard EV 24VDC) pulsed by a Grass S48
stimulator to control injection speed (20 nl min~1). The pipette was removed 1 minute after
each injection and, upon completion of the final injection, the incision was closed using
Vetbond tissue adhesive (3M). Subcutaneous injection of sustained release Meloxicam (4 mg
kg™1) was provided as postoperative care. Chemogenetic experiments utilized AAV8-hSyn-
DIO-hM3Dg-mCherry packaged at the Boston Children’s Hospital Viral Core (Addgene
plasmid 44361; donating investigator, Dr. Bryan Roth). Animals were allowed to recover
from stereotaxic surgery a minimum of 21 days prior to initiation of any experiments.
Following each experimental procedure, accuracy of AAV injections was confirmed via
post-hoc histological analysis of mCherry fluorescent protein reporters. All subjects
determined to be surgical “misses” based on little or absent reporter expression were
removed from analyses.

Mice were terminally anesthetized with 7% choral hydrate (500 mg kg™1; Sigma Aldrich)
diluted in saline and transcardially perfused first with 0.1 M phosphate-buffered saline
(PBS) then 10% neutral-buffered formalin solution (NBF; Thermo Fisher Scientific). Brains
were extracted and post-fixed overnight at 4° C in NBF. The next day brains were switched
to PBS containing 20% sucrose for cryoprotection. Finally, brains were sectioned coronally
at 30 um on a freezing microtome (Leica Biosystems), and stored in cryoprotectant solution
at —20° C until used for immunofluorescence. For immunofluorescence, Brain tissue
sections were washed 3X in PBS prior to a blocking step containing 3% normal donkey
serum and 0.4% Triton X-100 in PBS for one hour at room temperature. Primary antibody
was prepared in the same blocking solution and incubated overnight at the following
concentrations: Rat anti-mCherry (Life Technologies - M11217) 1:3,000, Rabbit anti- c-Fos
(EMD Millipore - ABE457) 1:3,000. The next day sections were washed 5X in PBS, then
incubated for 2 hours at room temperature in Alexa Fluor fluorescent secondary antibody
(Life Technologies; 1:1,000) prepared in blocking solution. Finally, sections were washed
3X in PBS, mounted on gelatin-coated slides, and coverslipped with Vectashield mounting
media containing DAPI (MVector Labs). Fluorescent images were captured using an Olympus
VS120 slide-scanning microscope.

Chemogenetic activation of BAT assay

To monitor BAT response in real time, temperature probes (Bio Medic Data Systems,
IPTT-300) were implanted into the interscapular region of mice and temperature was read
with a transponder (Bio Medic Data Systems, DAS-7007R). To activate sympathetic
neurons, mice were i.p. injected with saline or Clozapine N-oxide (Sigma, C0832) at 1
mg/kg.
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Quantitative PCR

The following primers were used for gPCR analysis of gene expression: TGFp1-
fwd,CCTGTCCAAACTAAGGC; rev,GGTTTTCTCATAGATGGCG; Ncor2 fwd
ACTGCCGCCCCTAAACGCAC; rev GGACCTCGGGATGCCTTGCG; Collal F TAG
GCC ATT GTG TAT GCA GC; Collal R: ACATGT TCA GCT TTG TGG ACC; Col3al
F: TAG GAC TGA CCA AGG TGG CT; Col3al R: GGAACC TGG TTT CTT CTC ACC,;
Col5al F: AAG CGT GGG AAA CTG CTC TCC TAT; Col5al R: AGC AGT TGT AGG
TGA CGT TCT GGT; IL17F-F: CTG GAG GAT AAC ACT GTG AGA GT; IL17F-R: TGC
TGA ATG GCG ACG GAG TTC; lIL7TA F: CTC CAG AAG GCC CTC AGA CTAC; lI17A
R: AGC TTT CCC TCC GCA TTG ACA CAG; Actb F: GGTCCACACCCGCCACCA; R:
CACATGCCGGAGCCGTTGTC; Cyclophilin F: F:-GGAGATGGCACAGGAGGAA,
R:GCCCGTAGTGCTTCAGCTT:; Primers for other genes were described previously*4.

Data reporting

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to allocation during experiments and
outcome assessment.

Extended Data
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Extended Data Fig. 1.
v8T cells promote adaptive thermogenesis.

a, Reduced oxygen consumption (VO2) of Tcr8™/~ mice during cold exposure measured by
indirect calorimetry (n=9 mice). Data are mean + SEM and analyzed by Two-way ANOVA.
b, Increased lipid accumulation in the BAT of Tcr6™~ mice (H&E histology), scale
bar=100um. Data represent at least 2-3 independent experiments with similar results. c, No
significant difference of food intake and physical movement in WT and Tcré KO mice by
indirect calorimetry (n=9 mice). d, No significant change of EMG RMS muscle activity in
WT and Tcré KO mice during cold exposure (n=4 mice). e, A significant population of y8T
cells in BAT are V-y6V&1+ (n=6 mice). f, Flow cytometry analysis of y& T cells in BAT. g,
cold exposure (6hr) upregulate IL-17F mRNA in BAT (n=5 mice). Data represent at least
2-3 independent experiments with similar results. Data are mean = SEM and analyzed by
unpaired Student’s two-sided t-test and Two-way ANOVA
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Extended Data Fig. 2.
IL-17RC deficiency predispose mice to cold sensitivity and obesity.

a, b, 1117rc MRNA expression level shown by translating ribosomal affinity purification
(TRAP) from (a) ADIPONECTIN positive cells (ADIPONECTIN-TRAP) (n=3 mice)and
(b) UCP1-positive cells (UCP1-TRAP, BAT) (BAT, iWAT n=3 mice; eWAT n=2 mice); c,
1117ra~/~ mice are not sensitive to cold exposure (WT n=13, 1117ra~"n=10 mice). d,
Increased lipid accumulation in the BAT of AdII17RCKO mice (H&E histology), scale bar
=100um. Data represent at least 2-3 independent experiments with similar results. e, UCP1-
Cre; 11 7rcfl/fl KO mice are sensitive to acute cold exposure (WT n=7, UCP1-Cre; 117 rcfl/fl
KO n=6 mice). f, AdII17RCKO;V-y6V81 transgenic mice are sensitive to acute cold
exposure (WT n=8; AdII17RCKO;Vy6V6&1, AdlI17RCKO n=5 mice). g, Decreased high fat
diet-induced oxygen consumption (VOZ2) by indirect calorimetry (2wks after the start of high
fat diet feeding) (n=8 mice). h, i, Physical movement (X-total counts) and food intake are
not different in WT and AdII17RCKO mice (n=8). j, k, iIWAT (j) and eWAT (K)H&E
histology of HFD treated WT and AdII17RCKO mice (n=8 mice). Scale bar =50um. Data
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represent at least 2-3 independent experiments with similar results. Data are mean + SEM
and analyzed by unpaired Student’s two-sided t-test and Two-way ANOVA.
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Extended Data Fig. 3.
IL-17RC signaling deficiency impairs sympathetic innervation in adipose and multiple tissue

a, Reduced sympathetic innervation of BAT in Rag2 KO mice by TH (green) and tubb3
(yellow) staining (n=6 mice). b, Reduced sympathetic innervation of BAT in 1117f/~ but not
11272~ mice by TH (green) and tubb3 (yellow) staining (WT n=6, 117f 7/~ n=5, 1117a™/~
n=3 mice). Data are mean £ SEM and analyzed by One-way ANOVA and Bonferroni’s
multiple comparisons test. Scale bar=50um. ¢, Reduced sympathetic innervation of iWAT in
AdII17RCKO mice by TH staining (n=6 mice). Scale bar=100um. d, FOS immunoreactivity
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and thermogenic response to CNO administration. Scale bars, 100 um. Data represent 2-3
independent experiments with similar results. e, Forced expression of S100b by s100b-AAV
rescues the cold sensitivity in AdlIIL7RCKO mice (n=5 mice). f, Decreased lipid
accumulation in the s100b-AAV treated BAT (H&E histology). Data represent 2 independent
experiments with similar results. g, Forced expression of S100b by s100b-AAV increases
adipose innervation in AdI117RCKO mice by TH (green) and TUBB3 (yellow) staining (n=6
mice). h, Forced expression of Clstn3p by clstn3p-DIO-AAV rescues the cold sensitivity in
AdII17RCKO mice (n=5 mice). i, Decreased lipid accumulation in the clstn3p-AAV treated
BAT (H&E histology), scale bar =100um. j, Forced expression of clstn3p by clstn3p3-DIO-
AAV increases adipose innervation in AdlI17RCKO mice by TH (green) and TUBB3
(yellow) staining (n=6 mice). scale bar=50um. Data represent 2 independent experiments
with similar results. k, Reduced sympathetic innervation of salivary glands (SG) in 1117rc
KO mice by TH staining (green) and TUBB3 immunostaining (yellow) of WT and 1117rc
KO SG (n=6 mice). |, Reduced sympathetic innervation of SG in Tcré KO, 1117f KO but not
1117a KO mice by TH (green) and TUBB3 (yellow) staining (WT n=6, Tcré KO n=6, I117f
KO n=6, 1117a KO n=3 mice). Data are mean + SEM and analyzed by One-way ANOVA
and Bonferroni’s multiple comparisons test. m, Reduced neuronal innervation of SG in Rag2
KO mice by TH (green) and TUBB3 (yellow) staining. (n=4 mice). n, No significant
difference of sympathetic innervation of SG in AdlI17rcKO mice by TH (green) and TUBB3
(yellow) staining (n=3 mice). Scale bar=50um. Data represent at least 2-3 independent
experiments. Data are mean + SEM and analyzed by unpaired Student’s two-sided t-test and
Two-way ANOVA. o, Reduced sympathetic innervation of bronchi in Rag2~/~ and Tcrs/~
mice by TH and TUBB3 staining (WT n=8, Rag2 KO n=3, Tcré KO n=4, 117rc KO n=3
mice). Data represent at least 2 independent experiments with similar results. Scale
bar=50um. Data are mean = SEM and analyzed by unpaired Student’s two-sided t-test and
Two-way ANOVA.
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Extended Data Fig. 4.
Reduced Tgfbl and collagen genes in AdII17rcKO mice

a, Pathway enrichment analysis of genes downregulated both at the RNA and the protein
level in the AdII17RCKO BAT compared with littermate controls. b, Reduced TGFp1,
Collal, Col3al, Col5al and Ncor2 mRNA expression in BAT of AdII17rcKO mice (n=3
mice). Data represent at least 2-3 independent experiments. ¢, d, e, Reduced TGFB1 mRNA
expression in BAT, SG and Lung of 1117rc KO, Tcrd KO, 1117f KO and Rag2 KO mice (BAT
(WT n=7, lI117rc KO n=6; WT n=5, Tcr§ KO n=6, 1117f KO n=6; WT, Rag2 KO n=4 mice);
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SG (WT n=4, l117rc KO n=4; WT, Tcrd KO, 1117f KO n=3; WT, Rag2 KO n=3 mice); Lung
(WT n=5, l117rc KO n=4; WT n=6, Tcrd KO n=4, 1117f KO n=6; WT, Rag2 KO n=6 mice)).
Data are mean £ SEM and analyzed by unpaired Student’s two-sided t-test, One-way
ANOVA and Bonferroni’s multiple comparisons test.
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Extended Data Fig. 5.
TGFp blocking sensitize mice to acute cold exposure

a, Decreased lipid accumulation in the TGFB1-AAV treated BAT (H&E histology). Data
represent 2 independent experiments with similar results. b, WT mice treated with TGFB
neutralizing antibody for 3 weeks are sensitive to cold exposure(n=6 mice). ¢, WT mice
treated with TGFp inhibitor for 3 weeks are sensitive to cold exposure(n=8). d, e, Forced
expression of TGFB1-AAV increases the SG TH (d) and TUBB3 (€) immuno-staining in
[117rc KO mice (n=6 mice). f, g, Forced expression of TGFp1-AAV increases SG TH and
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TUBB3 immuno-staining in Rag2 KO mice by TH(f) and TUBB3 (g) staining (n=6 mice).
scale bar=50um. Data represent 2-3 independent experiments. Data are mean + SEM and
analyzed by unpaired Student’s two-sided t-test and Two-way ANOVA.
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Figurel.y8 T cellsand adipocyte |117rc control adaptive ther mogenesis.
a, b, c,d, Rag2™/~, Ter8~/~, Tera ™~ but not muMT ™/~ mice are sensitive to acute cold

exposure (WT littermate n=13, Rag2~/~ n=10; WT littermate n=15, muMT~/~ n=10; WT
littermate n=13, Tcra ™~ n=9; WT littermate n=10, Tcr6~/~ n=9 mice). Data are mean +
SEM and analyzed by Two-way ANOVA. e, Vy6V81 transgenic mice are protected from
cold exposure (Vy6V81- n=8, Vy6V81+ n=7 mice); [117f~/~ mice (f) but not 1117a~/~ mice
(9) are sensitive to acute cold exposure (WT littermate n=10, 1117f/~ n=10, WT littermate
n=11, 1117a~"~ n=13 mice). Data represent at least 2-3 independent experiments. Data are
mean + SEM and analyzed by Two-way ANOVA. h, 1117rc™~ mice are sensitive to cold
exposure (n=9 mice); i, AdII17RCKO mice are sensitive to cold exposure (WT littermate
n=11, AdII17RCKO n=9 mice). j, AdlII17RCKO mice are more obese on HFD; k,
AdII17RCKO mice have impaired glucose tolerance on HFD; I, m, AdlI17RCKO mic have
increased lipid droplet deposition in BAT and liver on HFD (n=8 mice). Data represent at
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least 2-3 independent experiments with similar results. Data are mean + SEM and analyzed
by Two-way ANOVA.
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Figure 2. IL-17RC signaling deficiency impairsinnervation in brown fat.
a, AdII17RCKO mice have reduced oxygen consumption (VO2) after acute cold exposure

by indirect calorimetry (n=8 mice). b, No significant change of oxygen consumption (VO2)
after CL 316,243 injection indirect calorimetry (n=6 mice). Data are mean = SEM and
analyzed by Two-way ANOVA. ¢, d, Reduced sympathetic innervation of BAT in
AdII17RCKO mice by TH (c) and TUBB3 immunostaining; (d) of WT and AdII17RCKO
BAT (n=6 mice). Data represent at least 3 independent experiments with similar results e, f,
Reduced sympathetic innervation of BAT in Tcré KO mice by TH (€) and TUBB3 (f)
staining. Data represent at least 3 independent experiments with similar results g, h
Increased sympathetic innervation of BAT in Vy6V61 Tg mice by TH (g) and TUBB3 (h)
staining (n=6 mice). Data represent at least 3 independent experiments with similar results. i,
j» Thermogenic response to CNO administration in wild-type and 1117rc-knockout mice (WT
littermate n=>5, 1117rc KO n= 8 mice) (i), and wild-type and Vy6V8&1 Tg mice (WT
littermate n=7, V-y6VV81 Tg n=6 mice). (j). Scale bar=50um. Data represent at least 2-3
independent experiments with similar results. Data are mean £ SEM and analyzed by
unpaired Student’s two-sided t-test and Two-way ANOVA.
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Figure 3. IL-17RC promotes sympathetic innervation in BAT through TGFB1 signaling
a, b, Reduced TGFp1 and Collal, Colla2, Col3al, Col5al, Col5a3 and Ncor2 protein

expression (a) (n=5 mice) and RNA (b) (n=3 mice) in AdII17RCKO BAT. Data are analyzed
by unpaired Student’s two-sided t-test and as described in the method section ¢, Reduced
TGFP1 mRNA in isolated mature adipocytes from AdII17RCKO BAT (n=3 mice). Data are
mean + SEM and analyzed by One-way ANOVA and Bonferroni’s multiple comparisons
test. d, Forced expression of TGFR1 by TGFpP1-DIO-AAV rescues the cold sensitivity in
AdII17RCKO mice (n=6 mice). e, f, Forced expression of TGFB1 by TGFp1-DIO-AAV
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increases adipose innervation in AdlI17RCKO mice by TH(e) and TUBBS3 (f) staining (n=6
mice). scale bar=50um. Data represent 2-3 independent experiments. Data are mean + SEM
and analyzed by unpaired Student’s two-sided t-test and Two-way ANOVA.
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