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Abstract

Beiging of white adipose tissue (WAT) is capable adaptivethermogenesis and
dissipating energy. e beiging processes have beesociated with the increase of
antrinflammatory M2 mamphags, however the function of M2Znacrophageon
beiging and the underlying mechaniamenot fully understoodHere weidentified a
macrophage cytokine Slit3 by analyzing the transcriptome of M2 macraphage
collected with FACS innguinal WAT (iWAT) of mice after cold exposureOnce
released from macrophagyeSlit3 ound to the ROBO1 receptor on sympathetic
neuron and activatetyrosine hydrolase (TH)hroughPKA and GMK signaling
andthus stimulaed norepnephring(NE) synthesis and releadsE acts on adipocyte
and stimulate thermogenesis.Adoptive transfer of Slitdverexpressing M2
macrophageto iIWAT depotacquired local adipocysewith beiging phenotype and
entanced thermogesis In addition, mice bearinghe myeloid inactivation o8lit3
were cold intolerant and gaed more weight due to the lowered metabolic rate.
Collectively, we demonstrat&lit3 is a macrophage cytokine apdomotesbeiging
and thermogeneés through intensifying the sympathetic nerve function. As the
expanded M2 macrophagere integral cell populatiorin adipose tissue, the
macrophageslit3-sympathetic neuronadipocyte axis asses the longterm cold

adaption

Key waovacg 0 pdhl&iempat het;i A peidhyaogemo ggenesi s

Bei ging
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I ntroducti on

Adipose tissues are important organs for maintaining energy homeostasis. For
energydealt purpose, adipose tissues have developed into different tybete
adipose tissue stores egg in forms of triglycerides after nutrients load, and readily
mobilizes to release fatty acids upon energy deméhds contrast, brown adipose
tissue dissipates energy by msinivering thermogene&s The thermogenic function

is fulfiled by mitochadrionassociated uncoupling protein 1 (UCP1), which
uncouples oxidative phosphorylation to generate heat instead of! ATRssical

BAT in human beings concentrates at interscapular area in infants and disappears in
adulthood!. Intriguingly, for the st two decades, studies have revealed a third type
of adipose tissue which is aroused in white fat dépdtsSuch type of adipose tissue

is termed as beige adipose tissue due to its btikeractivity and phenotype®l. As

beige adipocyt®contain albbndant mitochondria anare active in dissipating energy

by thermogenesishey havedrawn much attention as a therapeutic target for obesity.

Beige adipose tissue is induced by responding to stimuli such as cold,
exerciseinduced hormorg® 14, Upon cotl exposure, sympathetic activity in adipose

tissue at subcutaneous depatseffectively enhanced and norepinephrifidE) is

released from nerve terminBf!3l. NE binds to adrenergic receptofAR) on

adipocytes and activates downstream cyclic AMP/pnotenase A (CAMP/PKA)

signaling. PKA phosphorylates hormone sensitive lipase (HSL), which releases

glycerol and fatty acid from lipid to fuel thermogeng&&isMoreover, PKA activates

UCP1 transcription t hrough phosphyor yl atin
transcription ceactivator for mitochondrial biogene8®. As a result, sympathetic

activation acquires adipocygwith beigng appearance.

In adipose tissue, sympathetic nerves are thought to be the main source of NE. It is
very interesting that ongtudyreported adipose tissue macrophsagieo released NE

and promoted beigif§!. However,the conclusion was then questioned by another
study which demonstrated that deletion of tyrosine hydroxylase (TH) expression and
inhibiting NE synthesis in magpbage failed to impair thermogenesis of adipose
tissué*”). Notwithstandingwhether macrophagerelease NEis controversial the

association between the expansion of -arftammatory macrophage (M2) and
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beiging has been shown in several stutfiéd. So far, most studi focus on
revealing the wayM2 macrophages activated however how M2 macrophage

promot beiging is less studied.

Adipose tissue is composed of heterogeneous cellular popul&tidhsso the
macrophage regulatiam beiging may inolve communication between macrophages
and adipocytes, macrophagend sympathetic nerves, or even other cell types. Here,
we found that M2 macrophages in subcutaneous adipose tissue of mouse were
activated by cold exposure and were able to synthesizeeteabeSiit3, a secretive
protein. Slit3 activate TH activity in sympathetic nerves and stimulated NE synthesis
and release, which promote thermogenesis in adippeyt@ helpto maintain body
temperature. Considering other therkeeping responses (e.gshivering and
vasoconstriction) are transient, the expansion of resident M2 macreprad)Slit3
may represent a loagrm prothermayenicway, which can help the bodyith cold
acclimation Thereforeour study revea a way thamacrophageregulate bging and
thermogessis, andyeta newinsight into the role of adipose tissue tmid adaption.

Resul ts

SI'it3 is a cold induced protein secreted b
To identify the change in the proportion c
cold exposur e, w e i solated the stromal Vo

wil dt Mili)ce housed axpafedr tdd4d foll owed b
cytometry ( FCIMepearcainyt sagse of M2 macr opha
significantly afteTlepwel ds oe xt peads uM2e ftnpakci rgo. p hlaA
t wo gby ufplsuoca cetsiceantceed celaldt ser RNAgof{ FAESHh , g
was extracted for Totd9®I9c giemtes metes leapugiraitnmd
by more thad whiIXhf dl2d wecel kel expoedr @ ng r
versus nthem2e mRBgrad wp e( Tapd refearym © Wee nt

anal ysis of KEGG pathway for prtitoeimogt ng
significantly changednplht@wgegnes Thrkeoeg. gl BY
of thdegoemgsto theamewhieclortiyhé aexpar essi on
of Slit3 is thileuwe] gphreospto s(erdi ¢S.| icty@)oiks na& . macr
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Tovertihdeer i wdt itohne Sl it members in adipose t
expression in adimpo eyt dap @loidteISNViF gelisl sye de x p r

in SVF of adipose tissues, espSelcmRBMIA y 1 n i
| eswdrnenduci ble in SVF of i WAT after cold e
the expression ofV2Slaist veg mo va@ss rMilp hmges opha
i WA of mi ce homunsexpadfear2t dd 4dwer e sorted by
MRNA expr@®lswa@®mdwdi bl e in M2 macrioMlhages (F
macrophages. ThEng.weS1iIG)Il at ed bone marr ow

(BMDM) and induced t heidr Mo Imaarcirzogpthiaogre st owv a
or néedlpect SheniRB Aes(eHi g. 1E) asidch mromtde itn olne

medi um ( CM) (Fig. 1F) were bothiMl evated
macr ophamgeasr ed t o MO smagards s agesug ssshieodn

pat bér snl iM23 macr ophages. llre veed sc &l ba, ( BI gt
and CM (Fig. 1H) secreted by M2 macr opha

stimul ation timealimersoe. dadt 81l point to a phys
SI'it3 in adipose tissue and are suggestive

M2 macrophages witihng8creasoevéehexmogesni c ¢
i WAT

To assess whetlyemM2SIimatc3 opdagetseednhances th
we first coneveuexpdesase8l| iatd3ienovi r us, wh i
i ncrtehaes ee x pf e & deisted o MRc e I( IF$ g . 2A) and CM (F
M2 macropha@Gé&EPorbedobwee pmegyges e | abel ed with
bi oactive fluorescent dye PKH26 (Fig. S1A)
WT mice by contral ater al s .-lcabeilngde cadalolns W
analyzed by FCM and accounpheadg efsori n~ i3VOA% @fl
one week (Fig. S1C), suggesting exogenous

The ther mal i mage showed that the I WAT | oc
S|l iotvrexpressed M2 macrophages wabhesignif
contralateral side of Atthea h@FP aocmen ttriore ,c elhle
adi pocytes in theowdrdex prng sesceede dM2wi mahc rSd p h a3c¢

as shown in histological section$ UEPG, 2D
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adi pose triacylglyceride | ipase (ATGL) and
SI'it3 with changes in total HSL (Fig. 2 E)
increased the mRNA | eP&IAdP RDMI6h,eommBigR ni ¢
Cyrs lyispcsl- g6 HSL abOki dat i 0@QP Tylé €&
VLCANMd CAD Meiagwh2Flei.t 3 i nduced a signific
oxygen cons@ufipd. ohGr.at®o study the metaboli
M2 macrophgersg oSleirteepoere SI@HPect ed i nto the i
bi | altyanahol e body energy expenditu6@® was a
houussing a comprehensive | aboratory ani mal
i nduceedowlyoloexygen ©conkRiM@gltewvat gd heat gene
(FigKk)Taken together, these results demons
macr ophagest teammpgemedies i n vivo.

M2 macr espltagd ed S$y mpBataocaiiwdWAS i n

We next aské&diwBetclam directly promote the
conditioned rmevkirempokesSeédt B2 macrophages
added ctud mede um of dadif poeypteat el FFgom3EKEBHI1C
However, UCPsi oBBHililemTh/ 2eadi pocytes remaine
suppl e@éntiBngn coehltidnpo imepm@atwmens ATGL and HS
3B). Si mmRMA I|lygfv dathlsee r mo g € R P 6 AlyPeRDeMsh G d
PPMARvermrot altered (Fig. 3C) . These resul't

pronwodieppobgrenogenesi s through certain other

Since sympathetic activation plays a criti
i WA we t hus ksmoowhlett he-ov Srléax®Bressed M2 macr

stimulate | ocal isrympWATIoe ttihd sa cetnidv,atweo nf i r s
expression of tyrosine hydroxylase (TH), t
i WAT. Intefesnhdng!l gy awmati c i ng(rFaas e 3iDn bamtdl
protesihFilgvedE) of THandntcowal nHHpihosipWAT o
Sl iotv2rexpressed M2 macrophages injected. !
by wimouat | HC-THwvi & mt ieabnottdig, resul ts showed a
increase in sympathetic nerve density wupon

(Fi gG) . 3FAs anticipatedf MWE, fwhindh tihe 4 ywteh
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released by sympsetdriafnt | gyebrgher wn i WAT (|
ismerum (Fig. 3l )-owvér exipcree safetde rM2S Imatc3r o p h ¢
i ndicating t he | ocal activation of t he :
macrophages.

Thermogeni c activity i ndauccreodo hbge SHep8d8ndsr
N EB 3A R

Since NE triggers the downm&3tdreaer gignaeéc e,
pat hway, we next examined the expression |
data indicated sbhbh&ARAGreb 8mseN#ANt avtelly i ncr ea
wher eassdfhei tlse veed u ntAedrrbbedtrienghpageéde¢ Fi g. 4/
further confirm b3RKR cirnigniad alngr olne Sdfi t RE/me ¢
i mprovement s, we bl ocked the peabt3h R a y by
antagoni st SR59230A to miicep.lmyl i aheapelryt o
S. cC. Il njection of M2 macrophages.the f ounc
SlitmIucing hbhody e & € enmédnraa ma téi | coacl(klFeydg . 4B) .
Hitsol ogi cal |l vy, we f & 8AnRd  btyh a $ R 591 203cOkAa den | cafr ¢

adi pocyte size in mice with SlIit3 overexpr

We next turned to PKA signaling, a pat hway
downstream elvaetnetd osfy mptaitmeti ¢ t ome.f We f o
phosphoryl at ederRefAmadbctad dtyes mpt eamstehd i n i
S|l iotv®r expM2 sgnacrophages, whi ch was signi
SR59230A (Fig. 4D). Co,nstihset einntc rwa asshd PoKIA parcd
UCPlerwr amatically suppressed upon SR5923(
anticipated, the |lipolytic effecht3BARNnduced

as shown by the downregulation of the crit
4D) . Consegqueint pypdgttyicon induced by Slit3
reduced after SR59230A treat-medy Obkygen 4E
consumpt i e@) (amidg . h edar gelnNerandooaed Fbyg. SHKUIHt
significantly suppr eerste.d Q@amlolne cStR5v9e2I3y0, A oturre
t hat tbr,eR NoEat hway I s necessary-i mehwalc esduf f i

metabolic I mprovement .
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Myeldeéldet i onmpéi ShentmBogenesbedwend hitncr eases
We wused floxed)'Sicidto3ws shihc et héelSéliyssBorzdfirme ( Ly z :
which has been shown to target cells of m
macr o pthgpegreesr at e gehdetdebnah omf Sl it3 mice r
as Slfiyt?8i ce. The peraemdmlgaegest rM2mam ned un
the i WAT/'ofzf®Iciet ompared to camédr Fi goi ce ai
S3A) .

The mRNA(Fiegel 5A) ard Fpgot &iB) lodvedlit3 i
S| i/f3fz¥ ce were both significantly reduced,
change in sAtumhéFsegme5C) svef|] iStBe i mr gtWAT n ( F
S3B) were also signfiffLliyczéantcley meduac erde siunl t
presence of considerable macrophages in th
| esien BAT waysedsliding ftifLiiz8i oeFi g) mMGSE | i kely
because there was only a smhhi eraenotuinr g loyf,
f outnhdat’/ S If¥izttisever e more easily to gain weigh
5D) suggesting a | ower met.abMhleine derxgpboesd i n S|
cold challenge, the abilithylLiyfaRiscusstwas® co
significantly i mpaired ( Fimgumotf5 B)h e rsmogeeensetsii
in micgebdbeéldet imon of Sl it 3.

Morepvbrstologncaévealednlaai ger | ipid dropl
top), 9gWAT (Fig. S3C) anWdLyE#Trcé Fag. b68FK, 22
and , and the beiging process in i WAT after
top) . We nextc tiesmnerdv styimprmatihretti he adi pose
showed reduced TH | evel i n both i WAT (Fig.
of ©S/'iyz8Ri ce. Consi st e-natnidy,t obtoatlh Tpth owerhe dr
reduced in the BAVAT( HiFg.g. S®®)). aksd anticipa

PKA substrates were dramatically reduced i
BAT (Fig. '9Y3lGHziRiod e ShangBohor e evi dent when e
td . I n additisom, i WEP1( Fiegel 5G) but not B
dr anadltyi a educed after Slit3 deletion, and t
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phosk®lo were al so reducedFiigq. iSMAD) (&nhd. BAT)

S3G) JfL@Ritce a&t2 @t hAs anti ci paafedNE t he |
we rder amadltyi ¢ educed I[/ALYWAMAT eofat Sthiot h(@F22g .

5H). N&fwveleelved reduced "fThy=i®cemaptfhdAlgiht 3
remai ned atch(aFnigged 51 ) , i mplying compensat
sources /LyizBIlc@obBsequaéytkeyol production was
reduced in t'he yuiAdTe owh &l i ¢ Bpalstettcordegghs4tn o
significant diFf ger &39de &tow22er, the i WAT o
was significantl/lilyfziedac ai2 bod B(Fitg3. 5K) .
Furt her meroa,y who/lgeen ¢ onM)ungpnd ome atFigeneéerLat
5N-O) were both "If'mpatwirceed ilm Slgigirlegate, thes
t hat SIit3 mai nt ains t hermogeni c capacit
sympathetic nerve function.

SI'it3 stimulates the phosphor ylpaattihoent | @f T
neur on

Next, we sought to investigate the mechani
induced by Slit3. The conditioned medium
cells was collecué¢dnedandn adde&BHLA Fillge adi p
6A). piibepholrH | att e8swda8 begeificantly induc
PC12 <cell s, t hough tot al TH remained wunch
phosphoryl-athas cadlsnoidwm i at ed protein kinase
Thr 28i6gh whan then phosphoryl ate2PH ae Ser 4/
set our sights on the regulation of PKA/
phosphoryl at ed PKA substrates anallyhospho
induced by Sle ti3n wtihdé Inevelhamfg Er k (Fi g. 6
kinase phosphorBKll afTheg phidsphoSelr&8tled PKA s
and | i@aKBEGT I /n2 wvaedriep obcoytthe ssi gni f itcraenattleyd i nd
PCl12 CM (Fig. 6D).

To gai ni nitnos iwghhett her t hael i PMKJA/iCsa MKrl il t iscd agl I n
TH activation and NE production in sympat|
with Slit3 foll o8&d \a3 gPdkcAt friea t imre mitdb3igtf o rH, or
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a CaMKlelci fiitcori.nhWe found t hat i nhi biting
significantl ystsgumudrad de dp h®Isipthdr yl ati on of
production (Fig. 6F), suggesting that PKA/
and sphay mpor t anitchurceelde NEn pSloidtuxti on i n sym
Consequentl vy, phosphoryl atedi RKA3IBWDIALY At ¢
adi pocydesed -thyeatSédt PC12 CM were signific
PKA/ CaMKI | pat h®Re€¢y 2 i (oRil@.58 t6Eambhe, to study
effect of Slit3 directly secreted by M2 ma
the conditi oneodv emmeedxipurne scsfe dSIM2t 3macr ophages
added ctud memde um of PC12 <cell s, lolfecwheidc ha ntdh e
added cud memle um of C3H10T1/ 2 adipocytes (Fi

phosgido in PC12 <cells was significantly in
macrophages CM and ¥®8s (SFupgpr eSHsBed blyheKN hc
PKA satbesst,r UCP1l and | ipases in C3H10T1/ 2 a

CM of PC12 cellsovenrenxnprassved hMSI ma@d8rophage
Taken together, these results suggest that
and NE pr PKWAJtCiadKIMi ssi gnaling pathway in s

ROBO1 is the receptor for Slit3 to stimula
producti on

Gi ven tRhatdadBReOBPare canoni cal P% e ovepttohruss f c
determined whetlept oROBO®m #ICd2r sympat heti c
The qPCR data i ndi catRehloetcheaBotbttetxeprre swasd o ml
PC12 <cells (Fig. 6 AWROBN@IXti,n weClkxhoc&lelds b
interference, t he phosapnhdor NE apir odu otfi oTnH ((F
i nduced by Sl i tallywesruep plroetshs edlr abnga tsiicROBO1 s
as phosphoryl ated PKA substrat eBo awmdar ipfhyos p
cel Il wlcarl ot aROBO@Lviwer formed | H6dofMTHROBO11 he
t wo sequenti al ,s eacntdipofecsunrdes pet taisthotwg do f RC
umat TH poéFtgwhT&E€ht esmndi cate ROBO1 are expr
ner Cosd .l ectively, our r-®ROBOILs ssgyggevayggt Bat
necessary for NE production in sympathetic
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Since there are some controver si¥ds vwaedbout w
examined TH expression in macrophages. The
t ot awverieblt eeipbetMhand2t ypes of mac BAojphages

suggesting that sympathetic neurons are a

| nhi bofcaboistummul atkdncNFSISiegex pr es sMd n i n
macrophage

We then explore hpefdbactodscandnsofgn&lit3
We f oalndl ichRlrietaPees swhoastor r el attheesh cwebabed

| evedhoosfphouygl mtweadbach i vat e [TNEATCZX or NFAT
shown by weFitge.r n8iA)lcoet-phoonslpyh omoyn at ed NFAT1 ¢
nucl eact amasgnascriptional factori,s tahenecgoartrievlie
regul aSloittr3mdscr iSptiwem knockdown the NFAT1
macrophage t9I] iste3e owehret Bastrhs tdg fnvR adedn bl ot
showed NFAT1 were effectitvred rysaciqiwmio € iegul at ¢
S|l iwter e upr(eFgiugl.at@®) cal cium inthUugi rmeudr iint
phospmlataseting for NAFT1 activation, we s
cal ciiwmmi Eh-BoAtMOo show the intracellul ar cal
result showed the | €BBg,am8d€ hishi dvieecl adtdisn@gr e s c
amount of calcium in M2 3mMatoophadtgeéeaft Ve i
treat eldl sM2wicteh pr yt3r, arntshiee nbtl orcekceerp toofr pot ent
subfamily C membheori ®&T (NTRRBBYySatl mant t o t he
enhancemenfNFAT1 baortd Pl it3 | evel Fshow8d) by
Col |l ect i vned i ctahntéddld pa BlUBATtl pat hway was i nvol

cod dduced SlIlit3 expression.

Discussion

Hemwe reépatt when encountered with col d, pe
i WAT was increased and more Sliitgnwhsngecr
pat hway in sympathetic neurons through th

synthesis and release of NE thravmMghl the p
pat hway. NE asub sveaqg wealnttitye PKA signaling p
t hr cdbwdgdhr eincerrgeceippocyt én, aacti Vaped yBKA amh
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30 gl ycerol rel ease throug® purddorsopthend ytl hae | eoxp roe
341 of UCP1 for uncoupling respiration, Sso as
342 under cold g8v.ironment (Fi

343

344  Adipose tissues are highly dynamic and readily change in order to adapt to the
345 environmental alteration such as nutrients load and cold exp8stiréSinceadipose

346 tissues are heterogeneous and composeiifferent types of cell€?2 the function

347 as a metabolic organ should be fulfilled by orchestrating the different cell populations
348 including adipocyts immune cel, endothelial cef, neuros, fibroblast and other

349 undefined cells. Upon cold challenge, white adiptssueare remolded tdeiging

350 and adipocytes gain browike activity with high thermogenic capachy!, which are

351 associated with changes represented by other cells, such as a denser vasculature,
352 higher sympathetic nerve function, and increased type2 immune cells including
353  antiinflammatory M2 macrophag@?%3*3l, Those cells communicate with each

354  other and construct a complicated network. Studies have been carried out and clarified
355 some parts of the network. For example, sympathetic nevetgase NE to function

356 on adpocytes, and beige adipocyteecretes cytokines to stimulated angiogenesis or

357 regulate immune respon¥e33436l |n the present studywe reported M2

358 macrophage are able to intensify sympathetic nerve function by paracrine way

359 relying on a secretiveprotein Slit3. So Slit3 servers as the mediator for

360 communications between macrophage and sympathetic nerves.

361

362 In the KEGG analysis of the differential expressed genes, Slit3 is included in axon

363 guidance pathway. It was reported that Slit3 secreted finacrophages interacts with

364 ROBO1 on schwann cells and fibroblasts in the nerve bridge to control axon

365 guidanc€’. Its identity and adion as a macrophagederived cytokine are also

366 indicated by another report that Slit®m osteoclast stimulateosteoblat migration

367 and proliferatio®. The Sl it family in mammaSliiatnl,cons

368 Slit2 and Slit3, al | o f which are secret

369 approxi mabel yDa3adm choa i peypitg de ébiroml assi
370 Sl its ar e | i gawidshh &loirt RGCGBOap@aomni ng a S i

37). transmembrane -BOB@i s8i gdalei IS ihas been st ucf
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372 developing RW&¥rvHaweegsteimn recentotyheearr s t h
373 ti ssugrsadawael |y di sco8kred, Fecr exadnpf eom b
374 regul ates adiposti 40sFThuese hree sBoljten ef samsi il cya
375 members might have the dihtringui shed funct|
376

377 The signaling activated by Slit3 in sympathetic neuron is PKKKa . Consider i ng
378 PKA activation is also involved in adipocytes by coilduced beiging, the signaling

379 appears to be conserved in both sympathetic neuron and adipocytes, which might be

380 an easier way to coordinate the different cell types. Although Slit3 activates PKA in

381 sympathetic neurons, Slit3asno effect on adipocytes and cannot induce UCP1 or

382 lipases (HSL and ATGL). The absence of ROBO1 on mature adipocyight be a

383 cause,since the mRNA of ROBO1 cannot be detected in C3H107dg@ved

384 adipocyts by gPCR.

385

386 White adipose tissue is innervated by postganglionic sympathetion&'42, By

387 using a viral transneuronal tract tracer, innervation of WAT has been demonstrated to

388 originae from central nervousystentfll. After sensing cold, the sympathetic system

389 is activated. Except for promotinthermogenesiof adipose tissue, sympathetic

390 activation also drives muscle shivering for heat generation, as well as causes

391 vasoconstriction dr restricting heat transfer from the core to #evironmeritd.

392 These responses may represent the acute adaption to cold. However, shivering and

393 vasoconstriction shouldndét I ast for too | o
394 metabolic burden or gh blood pressure respectively. Adipose tissue macrophage

395 through expansion may provide a sustained way to keep thetbogheraturethus

396 adapt bodyfor cold acclimationIn our experiment, adoptive transfer of macropbage

397 overexpressing Slit3 increake¢he local NE concentration, but did not obviously

398 increase the levelin blood ( F i3gH), suggesting the sympathetic activity is

399 restricted at local site. Therefore, increase thermogenesis activation of adipose tissue

400 through macrophage and Slit3 candbgafe and efficient way.

401

402 The ability to maintain stable body temperature is essential for mammiale n

403 encounteredwwitcht e@elgdooe®8i mattople cell ty
404 adi poseHetries s uwe pr opos-8e drhett andereat | witdtpah a g e

13/ 34



405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437

ROBOL1 onsympathetic neuron® intensify sympathetic nerve functioand enhance
thermogenesis in adipocytes toaintain baly temperature Our findings have
revealed an important macrophagecreted Slit3 function in adipose tissue
metabolism This promising functiorof macrophage andsitsecretive cytokin&lit3

could potentially be manipulated in the future for the treatment of obesity and related

metabolic disorders.

Met hods
Ani mal s
Al | ani mal experiments wertey aShparnogvheadi bMe dti |
Coll ege (NOD10)2018I0BO0OBI ce were congenic to
and purchased from Nanjing Uni versity Mo

experiments at 22AC (room temperature), mi
aiFFar experi ments at 4AC, mi ce -ovemter diloluesc d
chambers set to the indicated temperature.
the mouse vivardamk unydeéllost.2 dSdaimghmye & wer e
purséench from Nanjing University Model Ani ma

vivarium todlgegméecat e UBI ies3 ot herwi-9e indic
weeks of age were used in these studies. F
orualf to three mice per treatment or geno

were repeated two to three independent ti mi
Met abol i c cage study

For the indirect calorimetry study, we h
met abol i c cages (Compmalhen$Mownet orLiarbg AS

OXY MAGL AMS, Columbus I nstruments) at 22AC.
and maintainagddr&kncygclzhwiitdhhtti ghts on from
36 hours is used for mice tozadclil henadorygen
consumpti on (vOo2) and heat generation dur
consumption (ml/kg/ h) and heat generation

according to its body weight.

Cold tolerance tests
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454
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457
458
459
460
461
462
463
464
465
466
467
468
469
470

Mi c e wer e houspdr astioutrher o | lae dt eavtha mber ( MMM
Germany) set to 4AC, three mice per cage,
rect al temperature was me a s ulr2e d miecvrea pyr 0b
t her momet e twhearhmoReEoTupl e (Physitemp).

Cetul ture

C3H10T1/ 2 mesenchymal stem cells were dona
Hopkins University, and we tested for my C ¢
cultured & nmddi bée doekd qulme ( DME M) ( Gi bco) S
with 10%cdlvff vseArrumi chi)gmander a | ow density
reaching confluence, the day was mar ked as
into adipocytes with DMEM, suppl emented w
(Gibco) ,-i QolEumevtIBy | x Akt dermamel gambnensul i n
anidM rosiglitazone for two days. The cell s
suppl emebglechLwinddll rmsamgd i tazone for anoth
day 4, adi pocytes wemeéacual ngr a0 %wiFBIs, DEEB Kl

was replaced every other day until adipocy!

Rattus norvegicus pheochromocytoma PC12 ce
Type Cul ture Coll ection (ATC6ABDeadn du mwa s

(Siemarich) supplemented with 10% heat i na
5% FBS. PCl1l2 <cells were-Apldatcooda) e dolshage:l
di fferentiate into sympathetic nerve <cel |

(Bi os)enfsor 5 days, and during this period,

replaced every other day.

Al | cell s wer e cultured and mai nt ai ned at

medi um was supplemented with 1% penicillin

|l sol ation and culture of bone marrow deri v
Bone marrow <cells were i sol art ewe efkrso mmatl hee
C57BL/ 61 WT mi ce and di fferentiated t o m
desclfli bBdi efly, ceht sDMEMewmahntt@pon&E®BS, co
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481
482
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484
485
486
487
488
489
490
491
492
493
494

495
496
497
498
499
500
501
502
503

ng/ mCSM (Peprotech). On day 7, 100 ng/ ml |
(Peprotech) were added for M1 or M2 polari .
considered complete after24 hours of maint

M2 maocphages transfer assay

BMDMs were isolated and cultured accordincg
into M2 macrophages by | L4or( 1Sdg/Balv) r iel |
treatment, and then enzymatically (#X4d9o0ci a

of @GFdPenovirus or -@ldiemdvoversextpraseadd M2 ma (
injected into subcutaneous site adjacent t
of three times. The mice were théehecatheed
third M2 macrophages transfer. At day 9, t

ti ssues and sera were collected for furthe

Treat ment of SR59230A
For ttrleemat ment wi blhAdrkeeoscepteati a@at agoni st S
were i .p. injected with 1 mg/ kg body weig
di met hyl sul-pbrbs ppludttd®dME®) sal ine (PBS) pl &
along with theaM2f enacr9R"A 22 G A1 cdampcchu n dwa(sS
di ssol ved -PBS 1B DMSIO.

Mat ure adipocytes and SVF isolation
Freshly isolated adipose tissue was finel
di gest buffer a«woinltageeanage O0OFADpdes | ¢ h¥ Bif gma 30

min at 37AC with shaking and occasional \
filtered tihrougai merl,00t hen centrifuged at
adi pocytes in the upper | ayer werthemmoved

centrifuged at 1700 rpm for 5 minutes for
(SVF) in the bottom | ayer were resuspend
(1.5M NH4CI, 100nM KHCO3, 10nM Na2EDTA), t |

mi nut o4 | fexrt i ® n.

FIl ow cytometric analysis of SVF of i WAT
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517
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521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

Fresh SVF isolated fromal WABeweaeme (fCiSy ed nwiP

mi nut es. Cell s were washed wi t-dho nlPjBuSg aatnedd i r

antibodies againstCSPBISt aSeéaanedgeres| snwer e

a BD FAG3IVVew sceyt ometer. The data was analyz
Gat escowregteructed to identify target popul at
M2 macrophages wefFel/'B®D20H 6 iafnide MlasnaCbDdbHP hage
identi fi ed4/@8D1ICDAHhe-CBé&bcpvas purchased fr
Bi osci ene&eld 8 0-FD ZIRE6 anCD1APBPC wer e pur chased
Bi ol egend.

RNA extraction a#d mpud®@rCtRi t ative real

RNA was extracted from cultured <cells or
(I'nvent)rrogNor mali zed RNA was reversed transc
cDNA Synthesis kit (Thermo Fi-PEBRr )} haodglk DN
the 7500TiFmet PBRabBbystem (Applied Biosystem
were <calcul ampdr atsimg €hemetwohod and nor ma
MR NA. The average of the control group wa:
relative mRNA expression was represented.

sequences in Supplemental Table S1.

West dront b

For western blotting, homogeni zed tissues,
free conditioned medium were |lysed in 2%
containing protease inhibitor cocktail (R

(Roch@®)P0g protein was -PAdEa raantde dt hbeyn SDSnsf er
polyvinylidene fluoride (PVDF, 0.220m) tra

met hod. Membr anes were blocked with 5% fa
saline plu£O0D.oh®r hweuern at room temperature
were diluted (1:12000) in 3% bovine serum
membr anes were incubated i4n Tphrei mmaerxyt admatyi, b o
me mbranes were washed iIinenBShcyBaxtl®dd mwintuh
conjugated secondary antibody (1:120000 1in
temperatur e. Af ter TBST washes (4x10 mi nt
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564
565
566
567
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569

substrate was added onto the membrane and

chemil uminescent signal

Antibody for SlIit3 and ROBO1l wetraed fTrH nwaR&D
from EMD Miliphbareti Anandod/gPflowere from ab
ph o s fiHQ p hPoksA hu b st r aHtSe,, phdsad h éHH&ENMK ,phosph
tot al CaMKERK ,p htostpdlo ERK, aP2 and ATGL wer
Technol ogy.

Hi stol ogy

Freshly isolatedxeaedi posel t% spsaureafwasnafl dehy
room temperature. Ti ssues were embedded i n
deparaffinized and rehydrated through gr a
Sections were then steaisnad (WMi&EDHd HiSa@mmax ¥ o 1

i mmunohistochemistry (I HC) staining, secti
against TH (Abcam), foll owed by biotinyl at
antibodies was visualized bgmoagemgAd(i ame nm
Fi sher) .

Measurement of NE | evels

The NE |l evels in serum and conditioned med
enzyymenked i mmunosorbent assay (ELI SA) kit
Co. KG) according tuwcttihoen sma nTuof aecx aamierré st h &
adi pose tissue, i WAT was homogenized in ch
0.25 M EDTA, S®Onidn 1PBW)Nawi th proteinase i |
supernatants were collectedi byatertrremgoat
the fat cake at the top. The NE | evels wer
total tissue.

Measurement of glycerol producti on

The gl ycerol |l evel s in serum were detecte
(Appl ygeng taocctomeali manufacturer's instruct.i
production in adipose tissue, i WAT was hom
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i nhi bitor s, and the supernatants were coll

l evel s after fae mecwkle a@aft the top. The gl yce
the protein concentration of total tissue.
Construction and infection with cells of a

Recombi nant adenovirus -Sfloirt 331 iwa3s ogvoenrset xrpurce

t he ViraPower Adenoviral Expression Syst
manufacturer's instructions-GFPhe wabBP usedom
a negative control. The M2 macrophages in

crude viediswigdhmiplpiol ybrene (Sigma) for e |

infection efficiency. The medium was repla
another two days and then collected for an
RNAs eq

M2 macrophages in i WAT wemansomof éd Byt FAGS
(Beckman) flow cytometer, the sBYyA WwWas tf
constructiseemg dfi bREAI es, a TruSeq Stranded
('l umina) was used according b6 the amaRNH

wasedisas the stardamtgainmuaitreg i RNA wWeos ypAur i fi e
foll owed by first and second strand c¢cDNA
amplification (15 cyX0®shp wad i bemarrfyi esed zley
el ectr oapnhdo rleisbirsary concentration was measu
Sensitivity Assay Ki t and a Qubit 2.0 fl
Li braries were pooled (up to 24 per run),
and sequenced oeaqguwmenNeixntgSe$y s5t0eOm S I | | umi na)
500/ 550 High Output v2 krigdad 7Moce.cl es, I I

Whol e body thermal i maging
Mi c e wer e anest hetized wi t h i sofl ur ane an

temperature was FKFlelcR ridrefdr awi d ch caaameréad.

Oxygen consumption rate of i WAT
We used an OxygenMeter (Strathkelvin Instr.
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chamber to investage the oxygen consumpti o
460mg of i WAT intdhemalslubpeected fBhédm to
recorded the oxygen concentration for 2
version 4.0 software to calculate the OCR

wei ght .
Statistical analysis
Al data are represemlmsedneiam wvkaé udés N SEM

significance was a@alty zteeds tu sfionrg c chnep asrtiundge r
ANOVA for multiple groups. OP Ov5al ute*sOfa,re i n

*** ®. 001 andO0O*0001lpon grraphs. aWheerneot | abe

an asteri sk, any differences between the

nosi gni ficant.
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Figure 1: |l denti fication of SI'it3 as a ¢
macrophages in i WAT

A. FIl ow cytometry anal ysk4/"GDRM 6 M2n maWArTo pfhraogne smi (
hous@@ osetxposded dddo 6HS
B-C. Ememtchanal ysis of KEGG pathway(B) and heat m
in M2 macrophages i n 2i2WAGx p o edend mirec 68 dh d msseld patr gr
The heat map based on fragments per kid obase of
(FPKM) .
D Gene eXpiidvs imarcrofphages in i RToéxpmsend ceohou
4 for 3d (n=3 per group). M2 macrophages were co
30 mice in each group, the experiment was repeat
EGene expBeEBBMA, oML and (M265Maer.oprh@awgme)s
F. SI'it3 levels in conditioned medium (CM) from
by ELI SAmanhSapgrzegroup)
GWestern blotting agai rcgtopdlaigtes,, aP2 in M1 and M
HWestern blotting against SlIit3 from concentrate
Data are presenteddas$s meanh WaSEMseSB8t@Goentomparis
0.01, *** p < 0.001, **** p < 0.0001
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