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Irisin is an exercise-induced myokine that confers multiple physiological
benefits, including browning of subcutaneous adipose tissue in mice.
However, the underlying cellular and molecular mechanisms of irisin’s
effects on obesity are unclear. Here, we show that irisin modulates adipose
tissue inflammation by increasing interleukin (IL)-33 production and
preserving ST2" regulatory T cells in white adipose tissues. Administered
chronically to high-fat-diet-fed male mice, irisin preserves visceral adipose
tissue (VAT) levels of ST2" regulatory T cells, an important immunomod-
ulatory population that usually contracts after long-term high-fat-diet
feeding. This protection results fromincreasesin IL-33-producing
mesenchymal stromal cells and IL-33 levels in VAT. These effects are primary,
asirisin directly induces IL-33 expression in cultured VAT mesenchymal
stromal cells. Irisin-mediated changes in VAT IL-33 dynamics are accompa-
nied by IL-33-dependent upregulation of thermogenic gene expressionin
subcutaneous adipose tissue. These irisin-driven cell-cell and inter-tissue
interactions improve obesity and glucose intolerance, and increase energy
expenditure, with no reduced food intake and muscle loss in obese mice.

Obesity affects more than 40% of adults in the United States, and its
prevalence worldwide involves over abillion people'. Individuals with
obesity are prone to develop metabolic comorbidities such as type 2
diabetes and cardiovascular diseases”. These metabolic syndromes
derive, at least in part, from chronic, low-grade inflammation of the
adipose tissues, which disrupts tissue and glucose homeostasis™*.
Adipose tissue inflammation further impedes the development and
activation of thermogenic fat’, the specialized fat depot within which
adipocytes transform fuel into heat via running futile chemical cycles®’.

There are two types of characterized thermogenic fat: brown and beige
fat. The latter arises within white adipose tissue, and confers a variety of
metabolicbenefits, including increased energy expenditure, improved
glucose homeostasis and insulin sensitivity. Restoring the activity
of thermogenic fat is a promising strategy to combat the metabolic
defectsinduced by obesity®.

Exercise improves several metabolic features associated with
obesity, including promoting glucose and insulin sensitivity®'°, as well
asloweringadipose tissue inflammation. Our labidentified afunctional
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polypeptide termed irisin from peroxisome proliferator-activated
receptor y coactivator la-expressing and exercised muscle over 10
years ago; irisin recapitulates certain aspects of endurance physical
training, including stimulating beiging of subcutaneous white adipose
tissue'. Irisin is the cleaved product from a type-1 membrane protein
FNDCS (fibronectin domain Il (FNIII) containing 5), whose levels are
increased with exercise™ ™. Its effects are mediated via aV integrins, and
irisin binding and signalling requires activation of integrin receptors
by astress-induced co-factor heat-shock protein 90a (HSP90a)™. This
molecular linkbetweenirisin action and stress motivated us to examine
indetail the role of chronicirisin administration on the metabolic and
immunological parameters of diet-induced obese mice.

VAT, compared with other fat depots, is most closely associ-
ated with the metabolic pathologies that develop in individuals with
obesity". VAT is more resistant to ‘beiging’ compared to subcutaneous
adipose tissue (SAT); yet it is highly metabolically active and presents
a unique repertoire of immunocytes and immunomodaulatory cells
that maintain adipose tissue homeostasis'®. This repertoire includes
anti-inflammatory macrophages, type 2 innate lymphoid cells (ILC2s),
regulatory T (T,,) cells and specialized stromal cells that modulate
the activity and dynamics of the immunocytes. VAT-T,, cells are a
well-characterized T,., population that keepsimmunocytes and adipo-
cytesincheck to maintain metabolic homeostasis”. While preserving
the T, lineage-defining transcription factor, FOXP3, and the classic T,.,
signature, VAT-T,, cells differ from their lymphoid-organ counterparts
by adistinct transcriptome and T cell antigen receptor repertoire®*?.,
Furthermore, VAT-T,., cells have distinct growth and survival factor
dependencies, most notably PPARY?” and the cytokine IL-33 and its
receptor ST2 (refs. 21,23,24). IL-33 is mainly produced by a subset of
mesenchymal stromal cells (mSCs) in VAT that have poor adipogenic
potential, and locally produced IL-33 is a key determinant of VAT-T,,
accumulation and function®?,

IL-33 is known for its role in inducing type 2 immunity in allergic
diseases. It also modulates VAT inflammation and improves metabolic
indicesin obese mice through regulating ST2" immunocytes, including
ST2' T, cells and ILC2s”. In addition, several studies have demon-
strated a role for IL-33 in promoting adipose tissue thermogenesis,
although the detailed mechanismis under some debate. IL-33-mediated
UCP1 expression primarily occurs during beiging of white adipose
tissue in adult animals, and the involvement of ST2* immunocytes,
including SAT-ILC2s, requires further investigation®°,

Here, we demonstrate thatirisin modulates adipose tissue inflam-
mation and promotes thermogenesisin obese mice throughanIL-33-
ST2 axis in white adipose tissues, largely operating through ST2" T,
cells. These irisin-induced pathways collectively reduce fat content
without loss of muscle mass and greatly improve glucose tolerance
and insulin sensitivity in diet-induced obese mice.

Results

Chronicirisin treatment increases energy expenditure, and
improves obesity and glucose homeostasis in HFD-fed mice

We previously showed that short-termirisin treatment stimulated beig-
ing of white adipose tissue and improved glucose intolerance in mice.
However, whether promoting thermogenesis is the only irisin action
accounting for all irisin-mediated effects in glucose homeostasis and
insulin insensitivity and what are the cellular pathways stimulated by
irisin are not known. Here, we investigated the effects and underlying
mechanisms of chronic irisin treatment in diet-induced obese mice.
We used adeno-associated virus 8 (AAV8) to express FLAG-tagged irisin
or GFP (control) in the mouse liver. Prior studies indicated that this
route of administration stably elevatesirisin concentrations to levels
approximately 20-fold above basal levels in the plasma from 4 weeks
until at least 6 months after AAV injection®. To observe any potential
irisin-mediated effects at different stages of obesity progression, we
assessed the effects of irisinina prevention model with mice challenged

by a high-fat-diet (HFD). Thus, we injected 4-week-old C57BL/6 male
mice with the AAVs via the tail vein and then switched toaHFD Sweeks
later. The AAV injections resulted in increased plasmairisin levels,
which were stable throughout the course (18 weeks) of HFD feeding
(Extended Data Fig. 1a).

To study irisin’s actions in this model, we conducted meta-
bolic and tissue analyses at the indicated time points (Fig. 1a). Both
groups of animals were rendered obese by feeding a HFD; however,
the weights of mice that received AAV-irisin were lower than those
of control mice after 8 weeks of HFD feeding, without a significant
changeinfoodintake (Fig. 1b,c). Body composition analysis by mag-
netic resonance imaging (MRI) suggested that the lower body weight
of theirisingroup was largely due to areduction in fat mass (Fig. 1d)
withnoloss in lean mass. Adipose tissue weights suggested that the
subcutaneous depots were largely responsible for the irisin-mediated
reduction in fat mass at this stage (Extended Data Fig. 1b,c). There
was also improved glucose tolerance and insulin sensitivity in the
irisin compared with the GFP group, as measured by intraperitoneal
glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs),
respectively (Fig. le,f). These effects were not linked to changes in
physical activity (Extended DataFig. 1e,f). Interestingly, differences
in body weight, glucose tolerance and insulin sensitivity between
theirisinand GFP groups were not detected either at the early stage
(8 weeks) of HFD feeding (Extended Data Fig. 1g,h) or in age-matched,
normal chow-fed mice at the late stage (corresponding to 18 weeks of
HFD feeding; Extended Data Fig. 2a-g). These data show that chronic
elevation of circulating irisin reduces diet-induced obesity and its
closely linked metabolic defects.

Thestrongincreaseinenergy expenditureinresponseto elevated
irisin levels may be suggestive of activation of thermogenesisin the fat
depot(s), given that short-term irisin treatments were shown to pro-
mote adipose tissue thermogenesis (Extended DataFig. 1d). Therefore,
we examined the gene expression profiles of brown adipose tissue
(BAT), inguinal white adipose tissue (iWAT) and epididymal adipose
tissue (eWAT) from the mice fed a HFD for 18 weeks using whole-tissue
RNA sequencing (RNA-seq). Pathway analysis (fold change > 2; adjusted
Pvalue < 0.05) revealed that afew processes were upregulated by irisin,
exclusively iniWAT, including thermogenesis (Extended Data Fig. 1k).
Several years ago, we identified a UCP1-independent thermogenic
pathway, the futile creatine cycle (FCC)*. This pathway involves the
repeated phosphorylation and dephosphorylation of creatine and is
largely catalysed by mitochondrial creatine kinase CKB and the creatine
phosphatase TNAP***, To investigate if thermogenic programmes were
stimulated by irisinin the adipose tissues, we investigated the expres-
sion of the key mediators of different futile cycles using quantitative
PCRwithreverse transcription (RT-qPCR). Irisin elevation significantly
increased expression of both Ucpl (-1.9-fold) and the key FCC genes
Ckb (3.3-fold) and Alpl (gene encoding TNAP; 2.4-fold), specifically in
iWAT (Extended Data Fig. 11). These changes were not observed in eWAT
and BAT, nor in age-matched, normal chow-fed mice at the late stage
(corresponding to 18 weeks of HFD feeding; Extended Data Fig. 2h-j).
Nosignificant changesinlipolysis-related gene expression events were
detected (Extended DataFig. 2k).

Irisin inhibits inflammation and enhances the survival of ST2*
T, cellsin eWAT of obese mice

Obesity inbothmice and humansis associated with chronic, low-grade
inflammation, which impairs glucose homeostasis and insulin sensi-
tivity as well as impeding thermogenesis®*. To explore whether the
metabolic benefits of irisin reflected immunomodulatory processes,
we performed acomprehensive flow cytometric analysis of eWAT, iWAT
and BAT from HFD-fed versus normal chow-fed mice administered
either AAV-irisin or AAV-GFP. This analysis encompassed both the adap-
tiveand innate arms of theimmune system (see Extended Data Fig. 3a,b
for gating).
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Fig. 1| Chronicirisin treatmentincreases energy expenditure, and improves
obesity and glucose homeostasis in the HFD-fed mice. Four-week-old male
C57BL/6) mice were intravenously (i.v.) injected with AAV-GFP (n = 15) or AAV-
irisin (n =15). Five weeks later, the mice were fed a HFD. After 8 weeks of HFD
feeding, half of the mice were euthanized for tissue analysis, and the other half
ofthe mice were kept until 18 weeks of HFD feeding. a, Schematic of the HFD
experiment. b, Body weight measurements (n =15,15 until week 17;n =10,

10 after week 17). Unpaired two-sided ¢-test was used for calculating Pvalues.

¢, Food consumption measurements (n =10, 10). Unpaired two-sided ¢-test was
used for calculating Pvalues. d, Body composition analysis by MRI (n =8, 8).

Unpaired two-sided t-test was used for calculating P values (**P = 0.0047).

e, Intraperitoneal GTTs (n =8, 5). Two-way analysis of variance (ANOVA) was
used for calculating P values (**P= 0.0011, ***P < 0.0001 and ****P < 0.0001).

f, Intraperitoneal ITTs (n =5, 5). Two-way ANOVA was used for calculating
Pvalues (**P=0.0018, ***P < 0.0001and **P=0.0003). CLAMS, comprehensive
lab animal monitoring system. Mean +s.d. *P < 0.05,**P < 0.01, **P< 0.001,
P < (0.0001, NS, not significant. Significant but irrelevant Pvalues are not
indicated. Unless specifically mentioned, experiments were repeated twice

with similar results. Mouse illustrationin a created in BioRender; A, M.
https://biorender.com/5vé6fzeu (2026).

We first profiled immunocyte populations at the 18-week time
point, concurrent with the metabolic changes illustrated in Fig. 1e,f.
There were no changes in the representation of either total immu-
nocytes (CD45" cells) or total macrophages (CD64" cells) under any
of the four experimental conditions (Fig. 2a,b). In contrast, CD11c"
pro-inflammatory macrophages were more frequent in HFD-fed mice
administered either control AAV or AAV-irisin (Fig. 2b). Irisin did not
influence the representation of total T cells in normal chow-fed mice;
T cellstrended higher in HFD-fed mice injected with control AAV, which
was largely normalized when they were administered AAV-irisininstead
(Fig.2c).Irisintreatment decreased the fraction of CD8" (although not
non-T,,CD4") T cellsunder both feeding regimes (Fig. 2c). As was previ-
ously reported®, and was recapitulated in this experiment, the total
eWAT-T,, (Foxp3'CD4") population, in particular the ST2* subtype, is
typically strongly reduced in mice fed a HFD long term. Importantly,
irisin treatment strongly attenuated these T, cell reductions, almost
totally inthe case of ST2" T, cells (Fig. 2d), known to be important for
controlling metabolicindices**.

Foramore detailed analysis, we converted the 13-parameter T cell
datainto at-distributed stochastic neighbour embedding plot, which
allowed us to quantify ten distinct clusters (Extended Data Fig. 3c).
Eighteen weeks of HFD feeding increased the representation of acti-
vated CD4" conventional T cells and CD8" T cells, while decreasing
that of T, cells, specifically the ST2* subtype; the fraction of acti-
vated yd T cells was also reduced (Extended Data Fig. 3d). Irisin pre-
vented the increase in CD4"and CD8" effector T cells, coincident with
astrong enrichment in ST2" T, cells and a trending increase in the
fraction of naive CD8" T cells (Extended Data Fig. 3d). A differential
density plot between the immunocyte landscapes of mice on a HFD
treated with AAV-GFP versus AAV-irisin highlighted theirisin-induced

decreases in CD4" and CD8" effector T cells and increases in ST2" T,
cells and naive CD8" T cells (Extended Data Fig. 3e). Thus, the two
approaches to screening the effects of irisin on immunocyte profiles
gave similar results.

Next, we assessed whether the irisin effects were confined to
long-term HFD feeding. At an 8-week time point, mice treated with the
control AAV showed a twofold increase in total immunocytes (CD45"
cells) when fed a HFD compared with normal chow; this increase did
not occur in AAV-irisin-treated mice (Extended Data Fig. 3f). Unlike
at the 18-week time point, irisin reduced the representation of total
macrophages and T cells that accumulated with HFD feeding but did
not preferentially affect the pro-inflammatory macrophages, CD8"
T cells or non-T,,, CD4" T cells (Extended Data Fig. 3g,h). At 8 weeks,
representations of total T, cells were similar under the four condi-
tions, although there was aslight decreasein the dominant ST2" subset
inirisin-treated, normal chow-fed mice (Extended Data Fig. 3i). The
differentimmunocyte profiles at the 8-week and 18-week time points
alignwith previous observations on the dynamics of eWAT-T, cellsin
response to HFD feeding, that is, an initial expansion phase followed
by asharp contraction®.

For anin situ view, we quantified crown-like structures (CLSs),
a classical marker of inflammation and adipocyte death’, in eWAT or
iWAT of HFD-fed mice administered AAV-irisin or control AAV-GFP.
Irisin-treated mice on a HFD for 8 weeks showed a significant reduction
ineWAT CLS counts compared with those of control-treated littermates
(Supplementary Fig. 1a). As anticipated, CLS counts were higher at
18 weeks than at 8 weeks of HFD feeding in control-treated mice; irisin
treatment reduced this number by 40% (Supplementary Fig. 1a). In
contrast, no significant irisin-mediated reduction of CLS counts was
observediniWAT at either 8 or 18 weeks of HFD (Supplementary Fig. 1b).
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Fig. 2|Irisin inhibits inflammation and enhances the survival of ST2" T, cells
in eWAT of obese mice. Four-week-old male C57BL/6) mice were intravenously
injected with AAV-GFP or AAV-irisin. Five weeks later, the mice were fed either a
normal chow (NC) or HFD for 18 weeks (a-d, n=3, 3, 8, 8). a-d, Flow cytometric
analysis of the number of total CD45" cells (a), and percentages of total and
CD11c" macrophages (b), as well as total T, CD8* and Foxp3 CD4" T cells (c)

in eWAT from mice fed aNC or HFD for 18 weeks. d, Representative gating

strategy for analysing total (black) and ST2" (red) eWAT-T,, cells (left); summary
quantification of their percentages (right). One-way ANOVA was used for
calculating Pvalues (b: *P=0.0459 and *P = 0.0464; c:**P=0.0167, ***P=0.0086
and*P=0.0252;d:*P=0.0299,*P=0.0335,*P=0.0207 and ***P= 0.0002). MFs,
macrophages; CD11c", CD11c". Mean + s.d.*P < 0.05, **P < 0.01, **P < 0.001,
***+p < 0.000L1. Significant butirrelevant Pvalues are notindicated. Unless
specifically mentioned, experiments were repeated twice with similar results.

Interestingly, the immunomodulatory effects of irisin were
not observed in iWAT or BAT at either 8 or 18 weeks of HFD feeding
(Extended Data Fig. 4a-d).

Irisindirectly induces IL-33 expression in eWAT stromal cells
To ascertain whether irisin affected ST2" T, cells in eWAT directly
or indirectly, we cultured cytofluorimetrically sorted total T,
cells from eWAT with either HSP90a plus irisin or control buffer
(phosphate-buffered saline or PBS) and compared their ability to
expand the ST2" T, subset (Fig. 3a). HSP90a, an important co-factor
thatis required foririsin receptor activation, was supplemented here
toallowirisinactions. No significant difference was observed between
the two groups, suggesting that irisin’s effect on eWAT-T ., cells may
notbe direct.

Previous studies have shown that IL-33 secreted by eWAT mSCs
is a crucial driver of ST2* T,,, accumulation in that fat depot®. There-
fore, we assessed IL-33 expression by mSCs (CD45"CD31"'PDGFR
o'Sca-1" cells) in eWAT, iWAT and BAT of mice treated as per Fig. 1a
(see Extended Data Fig. 5a for gating). Irisin treatment resulted in an
~3-fold increase in the numbers of IL-33-producing mSCs in eWAT of
irisin-treated, compared with control-treated, mice after 18 weeks of
HFD feeding (Fig. 3b). This effect was not evident in mice on a HFD for
only 8 weeks, nor in those on normal chow (Extended Data Fig. 5b).
We also measured IL-33 concentrations in whole-tissue lysates of the
three fat depots under the four conditions. Consistent with previous
findings®*®, 18 weeks of HFD induced a twofold increase in the IL-33
concentration of eWAT, while irisin treatment boosted this increase
by another twofold compared with control AAV treatment (Fig. 3c).
Irisin did not significantly influence the numbers of IL-33-producing
mSCsiniWAT or BAT at either time point (Extended Data Fig. 5c). This
findingaligns with the comparable ST2" T,., cellnumbersin these two
fat depots from irisin-treated and control AAV-treated obese mice
(Extended DataFig.3d-g). However, we did detect about twofold more

IL-33 in iWAT (but not BAT) of irisin-treated versus control-treated
obese mice (Extended Data Fig. 5d). Plasma concentrations of IL-33
were also significantly higher (-2-fold increase) in obese mice treated
with AAV-irisin (Fig. 3d). Importantly, theirisin-IL-33 axis appeared to
selectively influence ST2" eWAT-T,, cells, as there was no significant
impactonILC2s, another ST2-expressing cell type, inany adipose depot
ateither time point (Extended Data Fig. Se).

These findings raised two important questions: does irisin act
directly oneWAT mSCstoinduceIL-33 expression? And, if so, does it
induce immunocyte-promoting IL-33* mSCs to proliferate, or does
itdirect adipocyte-generating IL-33" mSCs to produce IL-33 de novo
(and perhaps change fate)*? To address these questions, we cytofluor-
imetrically sorted EGFP" or EGFP” mSCs from eWAT of /[33-Ires-Egfp
reporter mice, incubated them with irisin plus HSP90« or PBS for
3 days and quantified numbers of IL-33-expressing cells and their
levels of IL-33 expression (Fig. 3e). Concerning the cultures of sorted
IL-33" mSCs, irisin did not increase their numbers but did enhance
l[33transcription, evidenced by the higher mean fluorescence inten-
sity of their /133 transcript reporter, EGFP (Fig. 3e). With respect
to the cultures of sorted IL-33" mSCs, irisin induced an increase in
both their numbers and /[33 transcript (EGFP) expression levels in a
dose-dependent manner (Fig. 3e). In the absence of HSP90q, irisin
failed to induce /[33 in eWAT mSCs (Extended Data Fig. 5f), consist-
ent with our previous findings that HSP90a is necessary for irisin to
bind toits receptor®.

The above findings raised the question of whether irisin/
HSP90a-treated mSCs from eWAT acted directly onthe ST2 T, popula-
tiontoinduce its expansion. We co-cultured eWAT-T,, cells with control
IgG-treated conditioned medium from PBS-treated IL-33 (EGFP)” mSCs
from eWAT, or with either control IgG-treated or anti-IL-33-treated con-
ditioned medium from irisin/HSP90a-treated counterparts (Fig. 3f).
Conditioned medium from irisin/HSP90a-treated mSCs induced a
>2-fold increase in the numbers and fractional representation of ST2*
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1133.Egfp mice were cultured with PBS or the indicated concentrations of irisin/
HSP90« for 3 days, followed by flow cytometric analysis. Left, experimental
scheme; right, summary data for numbers and mean fluorescence intensity
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(*P=0.0019, **P=0.0006, ***P < 0.0001).f, Freshly isolated IL-33 (EGFP) mSCs
from 12-week-old male /[33.Egfp mice were cultured with PBS or 10 nM irisin/
HSP90a for 3 days, and the conditioned medium treated with either control

1gG or anti-IL-33 antibody (2 pg ml™) was subsequently used for culturing
freshlyisolated eWAT-T,, cells for another 3 days followed by flow cytometric
analysis. Top, experimental scheme; bottom, summary data for fractions (left)
and numbers (right) of ST2" T, cells (n=2, 3, 5). One-way ANOVA was used

for calculating Pvalues (left: ****P < 0.0001, **P= 0.00156 and ****P < 0.0001;
right: ***P < 0.0001, *P = 0.0122 and ****P < 0.0001). g, Volcano plot showing
transcripts differentially expressed (fold change > 2, P< 0.05) by IL-33 (EGFP)~
mSCs cultured with PBS or 10 nM irisin/HSP90a for 3 days (left). Transcripts
from an adipogenesis up-signature are highlighted in magenta (right). Triplicate
samples. Mean + s.d.*P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001. Significant
butirrelevant Pvalues are not indicated. Unless specifically mentioned,
experiments were repeated twice with similar results. Mouseillustrationsina, e
and fcreated in BioRender; A, M. https://biorender.com/5v6fzeu (2026).
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Fig. 4 |Irisin controls the accumulation of ST2" eWAT-T,, cells through IL-33.

a, Flow cytometric analysis of IL-33* mSCs from 16-week-old male Fndc5"* (n = 6)
or Fndc5™ (n=>5) littermates. Left, representative gating strategy for analysing IL-
33" mSCs; right, summary data for numbers of total and fractions of IL-33* mSCs.
Unpaired two-sided ¢-test was used to calculate Pvalues (****P < 0.0001). b, Flow
cytometric analysis of eWAT-T,,, cells from 16-week-old male FndcS™* (n=6) or
FndcS™ (n=35) littermates. Left, representative gating strategy for analysing total
(black) and ST2* (red) eWAT-T,, cells; right, summary data for numbers of CD4"
cells, as well as fractions of total and ST2" T, cells. Unpaired two-sided ¢-test was
used to calculate Pvalues (**P=0.0031and **P=0.0083). c,d, Eight-week-old
male FndcS** or FndcS™" littermates were intraperitoneally (i.p.) injected with

PBS or IL-33 (40 ng per gram body weight) twice a week and were euthanized

3 days after the lastinjection. n = 6-9. ¢, Experimental scheme. d, Upper,
representative gating strategy for analysing total (black) and ST2" (red) eWAT-T,,
cells; Lower, summary data for numbers of CD4" cells, as well as fractions of total
and ST2' T, cells n=9,9, 6,8. One-way ANOVA was used to calculate Pvalues
(left:**P=0.0027 and **P = 0.0037, middle: ****P < 0.0001 and ****P < 0.0001,
right: ***P < 0.0001, *P=0.0102 and ****P < 0.0001). Mean +s.d.*P< 0.05,
*P<0.01,**P<0.001, ***P < 0.0001. Significant but irrelevant P values are not
indicated. Unless specifically mentioned, experiments were repeated twice

with similar results. Mouse illustrations in ¢ created in BioRender; A, M.
https://biorender.com/5v6fzeu (2026).

eWAT-T,, cells (Fig. 3f), demonstrating that irisin-treated mSCs can
directly affect ST2" T, cells.

Our previous studies discriminated two major lineages of eWAT
mSCs: IL-33"PPARY” immunocyte-promoting cells and IL-33"PPARy"
adipocyte-generating cells®. To determine whether irisin simply
induced IL-33 expression in IL-33" cells or instead modified their
adipogenic potential, we performed populational-level RNA-seq on
irisin/HSP90a-treated versus PBS-treated IL-33 (EGFP)” eWAT mSC
cultures. Consistent with the flow cytometric analysis, irisin induced
atenfoldincreasein/[33transcripts, along with those encoding other

immunomodulatory cytokines and chemokines suchas /16, Fgf23, Ccl2,
Ccl7 and CxclS. Conversely, expression of 75% of an adipogenesis up
geneticsignature (147 of 195 genes), including Fabp4, Adipoq, Cd36 and
Pparg, was attenuated by irisinaddition (Fig. 3g). This finding suggests
apotential shiftin cell fate or at the least atranscriptionalimpact much
greater than simply turning on IL-33 expression.

Our group identified integrin aVPB5 as the major irisin receptor
in bone™. To investigate the role of this integrin in irisin-mediated
IL-33 production, we first checked expression of transcripts encoding
VPS5 in visceral adipose tissue mesenchymal stromal cells (VmSCs)
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Fig. 5| Loss of FNDCS5 decreases IL-33 levels and exacerbates diabetic
phenotypes, while chronicirisin treatment can rescue these effects.

a, Schematic of HFD feeding experiment with male FNDC5 null mice. Four-
week-old FndcS** or Fndc5™ littermates were injected with AAV-irisin or
AAV-GFP viatail vein and then started HFD feeding after 5 weeks. Experiments
were performed at the indicated time points. b, Body composition analysis by
MRl after 17 weeks of HFD feeding (n =6, 5, 6, 5). Two-way ANOVA was used for
calculating Pvalues (*P=0.0200, **P=0.0005 and *P=0.0357).¢,GTT and
ITT analysis of the indicated mice fed a HFD for 16 weeks (n =4, 5, 7, 8). Two-way
ANOVA was used to calculate Pvalues (GTT:***P=0.0001, ***P < 0.0001 and

GFP lIrisin GFP lIrisin

P < (0.000LITT: *P=0.0163, ****P < 0.0001and ***P< 0.0001). d, ELISA
measurements of IL-33 concentration in eWAT lysates (left,n=7,6,7,4) and in
plasma (right, n=4,4, 4, 4) fromindicated mice fed a HFD for 18 weeks. Brown-
Forsythe and Welch ANOVA was used for calculating P values (left: **P=0.0072,
*P=0.0147 and ***P = 0.0004; right: *P = 0.0498, *P = 0.0399 and **P = 0.0097).
Mean +s.d.*P<0.05, **P< 0.01, **P< 0.001, ***P < 0.0001. Significant but
irrelevant Pvalues are not indicated. Experiments were repeated three times
with similar results. Mouse illustrationin a created in BioRender; A, M.
https://biorender.com/5v6fzeu (2026).

from existing RNA-seq data®. VmSCs expressed transcripts encod-
ing both the aV and 5 subunits, with two IL-33-producing VmSC
subtypes (VmSC1 and VmSC2) expressing significantly higher levels
of the 5 subunit (Extended Data Fig. 6a). We next performed RT-
qPCR and fluorescence imaging with cytofluorimetrically sorted
EGFP~ VmSCs that had been treated with irisin plus HSP90a or PBS in
the presence of an anti-aVpB5 antibody*° or isotype-control IgG for 3
days. Theirisin-induced increase inlevels of IL-33 mRNA and the num-
bers of IL-33-expressing cells were largely blocked by aV35 antibody
but not control IgG treatment (Extended Data Fig. 6b,c). Moreover,
irisin-stimulated integrin signalling (pFAK/FAK ratio) in these cells was
ablated (Extended Data Fig. 6d).

Irisin controls the accumulation of ST2* eWAT-T,, cells
throughlIL-33

We then performed loss-of-function and complementation experi-
ments with whole-body FNDC5-deficient (Fndc5”") mice. Flow cyto-
metric analysis revealed that 16-week-old mutant mice had anormal
number of eWAT mSCs but fewer of them expressed IL-33 in comparison
with their wild-type littermates (Fig. 4a). Not surprisingly, then, these
mutant mice, while hostinga CD4" T cell compartment of normal size,
had a deficitin both total and ST2" T,,, cells in eWAT, but not in spleen
(Fig. 4b and Extended Data Fig. 7a).

To determine whether the reduction in ST2" eWAT-T,, cells in
Fndc5” mice was primarily due to their deficitin IL-33 expression, we
conducted aninvivocomplementation experiment. We administered
recombinant IL-33 or PBS vehicle to 8-week-old Fndc5”~ and Fndc5**

reg

littermates and performed comprehensive cytofluorometric immu-
nophenotyping (Fig. 4c). We chose this young age because it precedes
the characteristic expansion of the ST2* eWAT-T,,, compartment begin-
ningataround12 weeks, thusleaving an openniche for IL-33 to manifest
its growth/survival effects. Administering IL-33 to both wild-type and
mutant mice led to increases in total CD4", total T, and ST2" T, cells
in eWAT (Fig. 4d). The reduction in ST2" eWAT-T,., cells observed in
PBS-treated Fndc5”~ mice compared with their Fndc5"" littermates was
completely reversed by IL-33 treatment, suggesting that this cytokine
is a key mediator through which irisin regulates the ST2* eWAT-T,.,
population. IL-33 failed to promote the accumulation of total T, cells
iniWAT of Fndc5” mice, asit did in Fndc5"" littermates, although there
was anincreaseintherepresentation of the ST2" subtypeinboth cases
(Extended DataFig. 7b).

In line with this restoration of ST2" T, cells in eWAT by IL-33, we
observed comparable fold changes of ST2* conventional (Foxp3~) CD4"
Tcells, ILC2s and eosinophils in IL-33-treated versus PBS-treated mice
regardless of their FNDCS status (Extended Data Fig. 7c-e). However,
IL-33 had no effect on the accumulation of these IL-33-responsive cell
types iniWAT of Fndc5™ mice (Extended Data Fig. 7f).

Loss of FNDCS5 decreases IL-33 levels and exacerbates

diabetic phenotypes, while chronic irisin treatment can rescue
these effects

Lean FNDC5-deficient mice did not show obvious metabolic defectsin
our previous studies'. We further investigated therole of irisinin regu-
lating IL-33 and its downstream effects in Fndc5” mice challenged by
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HFD feeding. The same experiment as described in Fig. 1 was performed
with diet-induced obese mice that did or did not express FNDCS5 (Fig. 5a
and irisin levels in Extended Data Fig. 7g). Fndc5” mice gained more
fat mass after 17 weeks of HFD feeding than control mice, and replen-
ishing irisin via AAV administration prevented further fat deposition
duetothe absence of FNDCS (Fig. 5b). Furthermore, Fndc5” mice dis-
played decreased glucose sensitivity and increased resistance toinsulin
after 16 weeks of HFD feeding, which was almost completely rescued
by AAV-mediated chronic irisin treatment (Fig. 5c). Pearson analysis
(r=-0.6370,P=0.0080) revealed aninverse correlation between the
areaunder theITT curves and body weights (Extended DataFig. 7h). Of
note, inthe absence of FNDCS, tissue levels of [L-33 in eWAT and plasma
were significantly lower, while ectopic irisin expression successfully
restored the disrupted IL-33 levels (Fig. 5d). These data collectively
demonstrate thatirisin, the functional moiety cleaved from FNDCS, is
sufficient tocomplement ablation of the Fndc5 gene by stimulating IL-33
production and promoting a healthy metabolic tenor in obese mice.

Inhibition of IL-33 abolishes irisin-mediated metabolic
benefits in HFD-treated mice

To critically examine the role of this irisin-IL-33 axis inimproving meta-
bolicdefectsinthe adipose tissues, we inhibited IL-33 function with an
IL-33trap protein (Fig. 6a); thisis arecombinant soluble ST2-based con-
struct that was previously shown to bind IL-33 and inhibit IL-33-induced
inflammatory responses both in vitro and in vivo™*. The IL-33trap was
produced and purified under endotoxin-free conditions from HEK293
cells (Extended Data Fig. 8a,b). We then performed a HFD experiment
similar to Fig. 1a along with long-term IL-33trap treatment. As illus-
trated in Fig. 6a (seeirisin levels in Extended Data Fig. 8c), weinitiated
twice-a-week administration of IL-33trap (100 pg per mouse) immedi-
ately after the diet was switched.

Theaction of IL-33trap was first evaluated by quantifyingimmuno-
cyte populations that respond to IL-33 in eWAT. Flow cytometric analy-
sis revealed a complete reversal of the characteristic irisin-induced
expansionof the ST2" T, eWAT compartment (Fig. 6b). Irisin-mediated
contraction of other immunocyte populations was also completely
reversed by thelL-33trap (Fig. 6¢). Notably, while no significant changes
in the number of total mSCs were found, the irisin-mediated increase
of IL-33" mSCs was fully suppressed by IL-33trap, strongly suggesting
that the expansion of IL-33* mSCs involves a positive feedback loop
requiring locally active IL-33 (Fig. 6d). Taken together, these results
show thatlong-termIL-33trap treatment inhibits the accumulation of
IL-33" stromal cells and ST2" T, cells in eWAT.

Theinfluence of IL-33 inhibition onirisin-mediated improvements
in systemic metabolism was studied next. Indeed, without changing
lean mass, IL-33trap treatment reversed the irisin-mediated reduction
of fat mass and whole-body mass (Fig. 6e and Extended Data Fig. 8d).

Similarly, the improvements in glucose homeostasis and insulin sen-
sitivity in response to irisin treatment, as determined by GTTs and
ITTs, were abolished completely by IL-33trap in mice fed a HFD for
17 weeks (Fig. 6f). Control PBS-treated mice that received AAV-irisin
again exhibited increased energy expenditure and elevated expres-
sion of thermogenic signature genes in the iWAT, both of which were
ablated by IL-33trap administration (Fig. 6g,h). The food intake and
activity of the animals were not significantly altered by IL-33trap
(Extended Data Fig. 8e-g). Interestingly, IL-33trap did not alter the
fraction of IL-33* mSCs in the control mice that received AAV-GFP, yet it
resultedinadecreased accumulation of eWAT-ST2" T, cells (Fig. 6b,d).
However, the changes in the metabolic effects mediated by IL-33trap
aligned with the changesin IL-33" mSCs as the metabolic defects did not
worsen with IL-33trap treatmentin the control GFP group (Fig. 6e-h).
Thereduction ofbody weight and iWAT massin theirisin-treated group
was largely gone with IL-33trap treatment (Extended Data Fig. 8h—j).

Irisinimproves metabolic health largely through ST2* T, cells
Prior studies show that global ablation of IL-33 results in a significant
reduction in the eWAT-T,, compartment, while lymphoid-organ T,
cellsarelargely unaffected”**'. Neutralization of IL-33 selectively inhib-
ited theirisin-induced accumulation of ST2" T, cells in eWAT of obese
mice without affecting other ST2" cell types, suggesting that T, cells
mightbe akey conduit of the irisin—IL-33 axis. To test this hypothesis, we
ablated /lIrl1, the gene encoding ST2, specifically in T, cells by generat-
ing Foxp3-Cre.ll1r{1"" mice (referred to as l[1r/1*"*¢ mice) and examined
theirimmunological and metabolic properties after HFD feeding (Fig. 7a
and irisin levels in Extended Data Fig. 8k). Flow cytometric analysis
confirmedanearly complete absence of ST2* eWAT-T,, cells in /[1ri1*"*
mice (Fig.7b).Importantly, irisin’s ability to suppress the accumulation
of immunocytes, particularly CD11C" macrophages and CD8* T cells,
in eWAT was attenuated in the mutant mice (Fig. 7c). Moreover, the
irisin-induced increase of IL-33-producing eWAT mSCsin the wild-type
mice was comparable with thatin the mutant mice (1.5-fold increase for
the wild-type and 1.7-fold increase for the mutant; Fig. 7d).

Inaddition, the absence of ST2" T, cellslargely reversed the meta-
bolic benefits mediated by irisin. Theirisin-induced improvementsin
insulin sensitivity and glucose tolerance typical of wild-type mice were
strongly reduced in littermates lacking ST2" T,., cells, evidenced by a
>50%reductioninbothITTsand GTTs, respectively (Fig. 7e). Expression
of Ucpl and FCC genes were further induced by irisin in the absence
of ST2" T, (2.8-fold versus 3.3-fold for Ucpl, 2.6-fold versus 6.7-fold
for Ckb, and 2.3-fold versus 2.8-fold for Alpl; Fig. 7f). Consistent with
Fig. 1i, irisin had no impact on the thermogenic gene expression in
eWAT of either /l1rl{1*"¢ or /l1r[I"* mice, although several adipogenic
genes (Fabp4, Adipoq and Lep) were upregulated in /[1r[1*" mice as
expected*’ (Extended Data Fig. 8I).

Fig. 6 | Inhibition of IL-33 abolishes irisin-mediated metabolic benefits in HFD-
treated mice. a, Schematic of HFD feeding experiment with long-term IL-33trap
treatment. IL-33trap treatments (twice a week, 100 pg per mice per time point)
started in the same week of diet switch, and the flow analysis was performed
with male mice fed a HFD for 18 weeks. b-d, Flow cytometric analysis of the
number of total CD4" T cells (b, left), the fractions of total (b, middle) and ST2*
(b, right) T, cells, the number of total mSCs (d, left) and the fraction of IL-33"
mSCs (d, right).n=6, 6, 6, 6. One-way ANOVA was used for calculating P values
(b: left: ***P < 0.0001 and **P < 0.0001; middle: ***P < 0.0001, ***P < 0.0001
and ***P<0.0001; right: ***P < 0.0001, ***P < 0.0001 and ***P< 0.0001; c:
*P=0.0026 and ***P < 0.0001; d: ****P < 0.0001 and ****P < 0.0001). e, Body
composition analysis of the indicated mice by MRI after 18 weeks of HFD feeding
(n=6,6,6,6).0ne-way ANOVA was used for calculating P values (*P = 0.0108
and*P=0.0202).f, GTT and ITT analysis of the indicated mice fed a HFD for

17 weeks (n =6, 6, 6, 6). Two-way ANOVA was used for calculating Pvalues
(GTT:***P<0.0001and ***P< 0.000L; ITT:***P < 0.0001and ***P<0.0001).
g, Energy expenditure measured in CLAMS cages over one week.n=4,4,4,4.

Thelast 4 days of measurement are shown on the left and the averaged values
inthe lightand dark periods are summarized on the right. Two-way ANOVA was
used for calculating Pvalues (P values between AAV-irisin PBS and AAV-irisin
IL-33trap: left: **P < 0.0046, *P < 0.0162, **P < 0.0036 nd **P < 0.0011; right:
**P=0.0045and *P = 0.0285). h, RT-qPCR measuring mRNAs associated with
thermogenesis and adipogenesis in iWAT of the mice that received AAV-irisin
or AAV-GFP, treated with IL-33trap and fed a HFD for 18 weeks (n =3, 3, 3, 3).
Two-way ANOVA was used for calculating Pvalues (Pvalues between AAV-

GFP PBS and AAV-irisin PBS, as well as AAV-irisin PBS and AAV-irisin IL-33trap:
Fabp4:*P=0.0222 and *P=0.0488; Ucp1:***P < 0.0001and ****P< 0.0001;
Alpl:**P=0.0064 and *P = 0.0127; Dio2:****P < 0.0001 and ***P < 0.0001;
Elov[3:****P < 0.0001and ***P < 0.0001; Cox8b: **P=0.0027 and **P= 0.0063;
Cidea:***P=0.0003 and ***P=0.0008). Mean + s.d.*P < 0.05, *P < 0.01,

***P < 0.001, ***P < 0.0001. Significant but irrelevant Pvalues are not indicated.
Unless specifically mentioned, experiments were repeated twice with similar
results. Mouseillustrationin a created in BioRender; A, M. https://biorender.
com/5v6fzeu (2026).
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Fig.7|Irisinimproves metabolic health largely through ST2* T, cells.

a, Schematic of HFD feeding experiment with male ST2 T, null mice (/[1r(1*"*¢)
and their littermates (/[1r(1"*). Mice received AAV-irisin or AAV-GFP at 4 weeks

old and were then fed a HFD for 17 weeks. GTTs and ITTs were performed with
mice fed a HFD for 12 weeks. Flow cytometric analysis was performed with mice
fed aHFD for 17 weeks. b-d, Flow cytometric analysis of the number of total T,
cellsand the fraction of ST2" T, cells (n=11,10, 4, 7) (b), the number of total
CD45" cells, the percentages of total and CD11c" macrophages (c, top), the
percentages of total T cells, CD8* T cells and Foxp3 CD4" cells (c, bottom) and
the number of total mSCs and the fraction of IL-33*mSCs (d) One-way ANOVA was
used for calculating Pvalues (b: ***P < 0.0001, ***P < 0.0001 and ****P < 0.0001;
¢, top: **P=0.00011, **P=0.00074, *P=0.038; ***P < 0.0001, *P= 0.031and
***p < 0.0001; ¢, bottom: ****P < 0.0001, *P=0.036, ****P < 0.0001, ***P < 0.0001
and **P=0.0015; d: ***P < 0.0001,*P< 0.027 and *P< 0.018).e,GTTand ITT
analyses of the indicated mice fed aHFD for 12 weeks (n =11,10, 4, 7). Two-way

ANOVA was used for calculating P values (GTT: ****P < 0.0001, and **P=0.0093;
ITT:***P<0.0001, and **P=0.0015). Note, normalized values are presented for
this plot because multiple independent cohorts were examined at diverse times.
f, RT-qPCR measuring mRNAs associated with thermogenesis and adipogenesis
iniWAT of the indicated male mice received AAV-irisin or AAV-GFP, and fed
aHFD for 17 weeks (n=11,10, 4, 7). Two-way ANOVA was used for calculating
Pvalues (Pvalues between /l1r{1"* AAV-GFP and /[1r[1"* AAV-irisin, as well as /l1r[1**
AAV-irisin and /l1rl1*" AAV-irisin: Ppargcla: ***P = 0.0004 and ***P= 0.0006;
UcpI:***P<0.0001and **P = 0.0043; Ckb: ***P=0.0002 and NS P=0.6285;
Alpl:**P=0.0050 and NS P=0.9976; Dio2:**P = 0.0048 and *P = 0.0123; Elovl3:
***+p < 0.0001and **P < 0.0001). Mean + s.d.*P < 0.05, **P < 0.01, **P< 0.001,
***++p < (0.0001. Significant but irrelevant Pvalues are not indicated. Unless
specifically mentioned, experiments were repeated twice with similar

results. Mouseillustrationin a created in BioRender; A, M. https://biorender.
com/5v6fzeu (2026).

Irisin’s effects on obesity in a therapeutic setting

Toassessirisin’s effectsin a therapeutic setting, we fed 6-week-old male
C57BL/6 mice on a HFD. We then administered AAV-irisin or AAV-GFP
to them after 14 weeks of HFD feeding, and analysed them 10 weeks

after AAV administration (Extended Data Fig. 9a and irisin levels in
Extended Data Fig. 9b). We did not observe significant differences
between the two groupsinbody and fat mass, GTT, ITT, energy expendi-
ture, thermogenic gene expression iniWAT and immunocyte profiles
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Fig. 8| Mechanistic model of irisin actions in adipose tissues. Adipose tissues
inmale obese mice secrete irisin co-factor under stress, which activatesirisin
integrin receptor on the mSCs. Irisin binds and signals through the activated
receptor for IL-33 production. In visceral fat tissue, the secreted soluble form of
IL-33 acts on ST2" T, cells to protect the visceral fat T, population and keep
the visceral fatinflammationin check; in SAT, IL-33 targets the ST2" adipocytes
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(and/or other ST2" cell types) to stimulate thermogenesis and control the fat
mass. None of the data exclude the possibility of the role of elevated circulating
IL-33 in mediating effects in SAT. APCs, adipose precursor cells. Cell illustrations
created in BioRender: top row, A, M. https://biorender.com/syavjpa (2026);
bottomrow, A, M. https://biorender.com/ywnwq02 (2026).

in eWAT (Extended Data Fig. 9c-0). Given that this protocol did not
resultinirisin-induced expansion of total or ST2" T, populations, the
absence of irisin-induced metabolic benefits, at least in eWAT, is to be
expected. Thelack of T, expansion likely reflects the very few ST2 T,
cells available for expansion at the time of irisin administration, both
because few eWAT-T,, cells existed at the earlier onset of HFD feeding™
and because of the prolonged HFD exposure in the absence of irisin.

Therole of the IL-33-ST2 axis inirisin-mediated effects in iWAT
As we observed increased IL-33 levels in iWAT without changes in the
representation of total or ST2* T, populations (Extended Data Fig. 3e),
we examined the role of IL-33 inirisin-mediated thermogenesis using
primary iWAT cultures. The stromal vascular fraction (SVF) was iso-
lated from iWAT of 4-week-old male C57BL/6 mice, and the culture
was treated with irisin/HSP90« either before induction of adipo-
cyte differentiation or throughout the culture at the indicated time
points (Extended Data Fig. 10a). Total RNAs were extracted 4 h after
norepinephrine (a hormone molecule that potently induces ther-
mogenesis) treatment on the last day. IL-33 mRNA levels were signifi-
cantly upregulated by irisin treatment compared with PBS treatment
for both methods. However, continuous irisin treatment showed a
much more significant increase, which cannot be further induced by
noradrenaline treatment. ST2 is expressed at the cell surface during
adipogenesis of 3T3-L1 cells, with mRNA level peaking on day 2 after
induction of differentiation and the protein level accumulating in the
mature adipocytes*. We then tested levels of l{1rlI and /{33 transcripts
and thesignature genes of different thermogenic pathways (Ucpl and
Alpl) indifferent batches of our iWAT cultures. /lIrl1 transcripts levels
seemed to be positively correlated with transcripts encoding IL-33

and TNAP, and negatively correlated with transcripts encoding UCP1
(Extended Data Fig.10b). Furthermore, alow dose of recombinant IL-33
(1ng ml7?) significantly induced Alpl expressionin differentiated iWAT
cultures (Extended Data Fig. 10c). Therefore, we proposed a mecha-
nistic model underpinningirisin action through the IL-33-ST2 axis in
iWAT based on these ex vivo data (Fig. 8).

Discussion

Previous studies have shown beneficial effects of irisin on obese mice
and ex vivo slices of human adipose tissues'****, However, no clear
mechanism of action was elucidated, except that the expression of
genes of the classical thermogenic pathway, like UCP1, was elevated.
Here, we demonstrate that chronic irisin treatment restrains weight
gain in mice exposed to a HFD, as it markedly improves glucose intol-
erance and insulin resistance. An interesting and unusual feature of
this response is that a divergence in both body weight and metabolic
dysfunction does not take place for the first 8 weeks of exposure to
HFD, because this time course correlates roughly with the develop-
ment of substantial adipose tissue inflammation. At a later stage of
HFD treatment (18 weeks), body weights diverged without changesin
lean mass. Although body weight and fat mass correlate with improved
metabolicindices, changesinadiposity under control of irisin may not
reflect the full extent of the irisin-mediated increase of glucose toler-
ance and insulin sensitivity, as irisin treatment still increases these
metabolic effects compared with the weight-matched GFP-treated mice
(Extended DataFig.1l).Sofar, there is no acceptable quantitative way
to address the direct relationship of body weight and fat mass to the
metabolic changes. We then asked whether irisin might affect these
critical metabolic parameters through actions onimmunocytesinthe
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adipose tissue itself. Numerous studies have shown that modulation of
the immunocyte complement can have profound effects on metabolic
disease in experimental models®**°.

We also assessed the effects of chronicirisin treatment in healthy
lean mice. Our prior mechanistic study on irisin-integrin interaction
demonstrated that irisin action requires stress-induced co-factor
HSP90«, suggesting that irisin would function only when there is a
substantial challenge, such asin the diseased state’®. In this study, the
observation thatirisin did not furtherimprove metabolic health of the
lean mice supports these previous findings.

Evidence presented here indicates thatirisin-stimulated improve-
ments in obesity and diabetes require processed soluble IL-33, most
of which appears to come from stromal cells in the eWAT*. Moreover,
irisincanactdirectly onthese stromal cellsin vitro (Fig. 3e), activating
their IL-33 production and secretion, providing a direct link between
irisinand acriticalimmunomodulatory pathway. Suchimmunological
changes are not associated with body weight or tissue mass changes
(Extended Data Figs. 1c,i,j and 8i). IL-33 itself has been previously
showntoplayaroleinadipose tissue biology; forinstance, global and
mSC-specific ablation of IL-33 resulted in a significant decrease of
T, cells in eWAT, and administration of external IL-33 to obese mice
reduced VAT inflammation and improved metabolic indices?>>>,
As shown in this study, IL-33 clearly functions on adipose tissues in at
least two distinct ways. First, IL-33 acts on ST2" T, cells to promote
theirsurvival. T, cells are critical to suppress inflammationin adipose
tissues, especially in VAT, and are also known to have directimpacts on
adipocytes and their precursors (for example, onlipolysis and terminal
maturation), and thereby systemic metabolism*>*"=°, Secondly, IL-33
neutralization appears to have metabolic effects that are greater than
those that can be explained by its actions on T, cells. This observa-
tion suggests that IL-33 might also act directly on mature adipocytes,
especiallyinthe iWAT.

IniWAT, irisininduces thermogenesis through IL-33 (Fig. 6h), and
irisinupregulates IL-33 protein levels in iWAT (Extended Data Fig. 5d).
Itis very likely that iWAT IL-33 is produced by stromal adipocyte pre-
cursors analogous to those in eWAT (IL-33” VmSCs). However, we did
not observe a significantincrease in the total or ST2* T ., populations
in iWAT with irisin treatment. This may reflect a deficiency in ST2
co-receptors or their downstream signalling, or inhibition of ST2 and its
wired signallinginiWAT given different cytokine milieux at the different
fatdepots. Of note, HFD feeding did not significantly reduce these T,.,
populations (Fig. 2i and Extended Data Fig. 3e), making irisin-mediated
T.., changes difficult to be detected. Extended Data Fig. 10 and
refs. 51,52 suggest that IL-33 might directly act on ST2" adipocytes to
induce thermogenesis in iWAT.

In this study, we primarily investigated the effects of irisin in
obesity and diabetes in male mice. It has been previously established
that female mice are protected against HFD-induced metabolic
syndrome®***, This is unlike humans, where both males and females
show adipose tissue inflammation in obesity™.

The mechanisms uncovered here have importantimplications for
othertissues and other diseases. Chronicirisin treatments prevent neu-
rodegeneration in multiple models of Alzheimer’s disease and Parkin-
son’sdisease. Some of these effects appear to be through directactions
on neurons and glial cells®**~%, However, IL-33, expressed mainly in
endothelial cells, astrocytes and oligodendrocytes in the brain, can
regulate cognition®’. ModerateincreasesinIL-33 levels reversed mem-
ory deficits in APP/PS1 mice (an Alzheimer’s disease mouse model),
whereas administration of IL-33 in wild-type mice induced neuroin-
flammation that further led to impaired memory®®'. Whether similar
mechanisms demonstrated in this study can contribute to some of
the irisin-mediated benefits in neurodegeneration will be important
toinvestigate.

It will also be important to understand how irisin increases
IL-33 expression in stromal cells. While it has been reported that the

adipocyte precursor cells that respond to irisin abundantly express
integrin aV, Bl1and B5 (ref. 62), the subclass of integrins that function
asirisin receptorsin this context remain to be determined.

Lastly, the ability of irisin to affect body weight and metabolic
dysfunction without decreasing food intake, suggests an approach
different from the current glucagon-like peptide-1-based drugs, which
have primary effects on food intake. Whether irisin can be used as a
complement to these other therapies remains to be determined.

Methods

Mouse strains and husbandry

Mouse husbandry and experimentation were performed according
to protocolsapproved by the Institutional Animal Care and Use Com-
mittee of the Beth Israel Deaconess Medical Center under protocol
072-2020-23 and Harvard Medical School under protocol 1257. Male
mice were used for this study. Unless otherwise noted, mice were
housed at 22 °C with40-50% humidity under a12-hlight-dark cycle,
with free access to food and water. Mice were fed with either normal
chow (Formulab Diet, 5008) or a HFD (Research Diets, D12492i). All
strains were on a C57BL/6) background unless otherwise stated.
FndcS floxed mice were developed with the Texas A&M Institute
for Genomic Medicine and crossed with Ella-cre mice to generate
germline deletion of Fndc5 (exons 2 and 3). Experiments were per-
formed with sex- and age-matched global FNDC5-deficient and lit-
termate wild-type control mice. B6.Foxp3-Cre (016959) mice were
purchased from The Jackson Laboratory. /l1r{I" mice were donated
by V. Kuchroo. B6.Foxp3-Thyl.l mice were obtained from A. Ruden-
sky. B6./[33-Egfp mice were donated by P. Bryce (now commercially
available at The Jackson Laboratory with stock no. 30619). /[1r{1*"¢
mice were generated by crossing /lIrl1" mice with B6.Foxp3-Cremice,
and this mouse line was bred and utilized in the animal facility of the
New Research Building at Harvard Medical School. The age, strain
and number of mice used in the individual experiments are noted in
the corresponding figure legends.

Production of AAV

Mouse irisin (open reading frame 1-140, containing the N-terminal
signal peptide) plus a five-amino-acid linker and a C-terminal
FLAG-tag was cloned into the pENN.AAV.CB7.Cl.pm20d1flag.WPRE.
rBG vector (Addgene plasmid no. 132682) to replace pm20diflag
(pENN.AAV.CB7.CI.PM20D1flag.WPRE.rBG was a gift fromJ. Long;
132682). The final plasmid was sequenced to confirm the correct
insertion ofirisinopenreading frame. AAV (serotype 8) was packaged
atthe Boston Children’s Hospital Viral Core with a titre of 3.15 x 10"
genome copies (GCs) per ml. AAV8-GFP (pENN.AAV.CB7.Cl.eGFP.
WPRE.rBG) was used as control, obtained from Addgene (105542),
and packaged at the Boston Children’s Hospital Viral Core with a titre
0f2.10 x 10" GCs per ml.

Tail vein injections
Mice wereinjected into the tail vein with AAV8-GFP or AAV8-irisin-FLAG
(1x10™ GCs per mouse) diluted in PBS to a final volume of 100 pl.

IL-33 treatment

Fight-week-old Fndc5”~ male mice and their wild-type littermates were
administered recombinant mouse IL-33 (BioLegend, 580506; 200 ng
per mouse inatotal volume of 100 pl) or PBS (100 pl) viaintraperitoneal
injection onday O and day 4. Tissues were analysed on day 7.

IL-33trap treatment

Nine-week-old male C57BL/6 mice were injected with AAV8-irisin or
AAVS8-GFP and switched to a HFD (day 0). The IL-33trap (100 pg per
mouse with a total volume of 100 pl) or PBS (100 pl) were injected
intraperitoneally on day 2 and day 5. Injections were continued twice
aweek for atotal of 18 weeks until the animals were euthanized.
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ELISA

For irisin-FLAG ELISA, blood was collected via the submandibular
vein in heparin-coated tubes (365985, BD Microtainer) and then cen-
trifuged. The plasma fraction was collected and stored at -80 °C until
analysis. Ninety-six-well plates (R&D, DY990) were coated with an
anti-irisin capture antibody (R&D, MAB8880) in PBS overnight at
4 °C. The next day, plates were washed four times with 0.1% PBST and
blocked with1% BSA for1hatroomtemperature (RT). After four washes
with 0.1%, PBST, standards (0-1,000 ng ml™) and plasma samples
were added to the plate and incubated for 2 h at RT. Plates were incu-
bated with ananti-FLAG detection antibody for 2 hin RT after washing
4x with 0.1% PBST. Next, the samples were incubated in horseradish
peroxidase-linked secondary antibody for 30 min following 4x PBST
wash. 3,3,5,5-Tetramethylbenzidine chromogen (ab171522, Abcam)
was used as adetection systemand, finally, the absorbance was meas-
ured at 450 nm after adding stop solution (ab171529, Abcam). Measure-
ment was done using a plate reader (FLUOstar Omega, BMG Labtech).
Irisin-FLAG concentration was quantified from a standard curve of
recombinantirisin-FLAG (AG-40B-0136-C010, Adipogen).

For the IL-33 ELISA, blood was collected via the submandibular
vein in heparin-coated tubes (365985, BD Microtainer) and then cen-
trifuged. The plasma fraction was collected and stored at -80 °C until
analysis; adipose tissues were homogenized in RIPA buffer (Sigma) and
centrifuged at45,000gfor 30 minat4 °C. Supernatants were taken and
measured using the pre-coated 96-well microplate as outlined in the
manufacturer’s protocol of the mIL-33 kit (Abcam, ab213475) and was
read ona plate reader (FLUOstar Omega, BMG Labtech).

Recombinant protein production
Mouse IL-33trap protein was produced in suspension HEK293 cells
(Expi293F cells; Life Technologies, A14527). The cell line was authenti-
cated by maintaining cells below 5 x 10 cells per ml with viability > 95%.
Mouse IgGl control mammalian expression plasmid was used for tran-
sient transfection, and the produced IgGlin the cell culture mediumwith
glycosylation was probed using western blot and SDS-PAGE followed
by silver staining. Mycoplasma contamination was tested ona monthly
basis toensure the cell lineis mycoplasmafree. Expi293F (11) cells grown
in expression medium (Life Technologies, A1435101) at a density of
2.8 x 10° were transfected with 1 mg pEF-mIL-33-trap DNA plasmid (gift
fromBeyaertlaboratory in Belgium)*, and 3 mg sterile 25-kDalinear PEI
mix in Opti-Plex Complexation Buffer (Life Technologies A4096801).
Proteins were expressed at 37 °C, 8% CO,, >80% humidity with shak-
ing at 125 rpm for 4 days. Enhancers (Life Technologies, A14524) were
added 22 h after transfection to boost protein expression. For IL-33trap
protein purification from the Expi293F culture, all the following steps
were performed at4 °Coronice. Cells were pelleted at 600gfor 20 min,
and the medium was subjected to an additional 2 h of centrifugation at
1,000g. The supernatant was filtered through a 0.22-pm filter unit and
was concentrated tenfold using the Tangential Filtration System with
a50,000-Da molecular weight cut-off (Paul) before being applied toa
Ni-Excel affinity column (Cytiva, 17371201) equilibrated in phosphate
buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 20 mM imidazole). After
thoroughwashes with wash buffer (10 mMHEPES pH 7.4,150 mM NaCl,
30 mM imidazole), the column was eluted with elution buffer (10 mM
HEPES pH 7.4,150 mM NacCl, 500 mM imidazole). The eluent was con-
centrated with a using an Amicon Ultra-15 filter Unit (Millipore) with a
50,000-Damolecular weight cut-offbefore further purification through
aSuperdex 200 10/300 GL gel-filtration column (Cytiva, 17517501)
equilibrated with PBS buffer. The level of endotoxin was measured using
the Toxin Sensor Chromogenic LAL Endotoxin Assay Kit (GeneScript,
L00350). Protein was further concentrated to >1 mg ml™ before being
aliquoted, frozen in liquid nitrogen and stored at =80 °C. In all cases,
the HEPES pH givenisat23 °C.

Irisin was purified from Expi293 cells, and HSP90« was purified
from Escherichia coli as previously described™.

mRNA expression analysis

Total RNA was isolated from inguinal fat or epididymal fat tissues using
TRIzol reagent (Invitrogen,15596018) and RNeasy Mini purification kit
(Qiagen, 74104) according to the manufacturer’s protocol. Tissues were
homogenized in TRIzol reagent using abead homogenizer for 20 min
atmaximum speed (Qiagen, TissueLyser II). DNA was digested ona col-
umn using the RNase-Free DNase Set (Qiagen, 79254). RNA was reverse
transcribed using the High-Capacity cDNA Reverse Transcription kit
with RNase Inhibitor (Applied Biosystems, 4374966). The resulting
cDNA was analysed by RT-qPCR using SYBR green fluorescent dye 2x
qPCR master mix (Promega) in a QuantStudio 6 Flex Real-Time PCR Sys-
tem (Applied Biosystems). Briefly, cDNA was mixed with 250-500 nmol
primersand the GoTaq qPCR System (Promega, A6002). Relative mRNA
levels of the gene of interest were normalized to the mRNA level of
Rplp0O, and fold change was calculated using the AACt method. Unless
stated otherwise, primer sequences (Supplementary Fig. 2) were cho-
sen from PrimerBank®°° and have been validated in ref. 16.

Whole-tissue and populational RNA-seq library preparation
and data analysis

For adipose tissue RNA-seq, RNA integrity was assessed using the
Bioanalyzer 2100 system (Agilent Technologies). Messenger RNA was
purified from total RNA using poly-T oligo-attached magnetic beads.
After fragmentation, the first-strand cDNA was synthesized using
random hexamer primers, and then the second-strand cDNA synthesis
was either the same way as the first strand (for non-strand-specific
library) or synthesized using dUTP, instead of dTTP to generate the
directional library (for strand-specific library). The library was ready
afterendrepair, A-tailing adaptor ligation, size selection, amplification
and purification. The library was checked with Qubit and real-time PCR
for quantification and bioanalyzer for size distribution detection. After
library quality control, different libraries were pooled based on the
effective concentration and targeted data amount, then subjected to
Illumina sequencing (Illumina NovaSeq 6000). The basic principle of
sequencingis ‘Sequencing by Synthesis’, where fluorescently labelled
dNTPs, DNA polymerase and adaptor primers are added to the sequenc-
ing flow cell for amplification. As each sequencing cluster extends its
complementary strand, the addition of each fluorescently labelled
dNTP releases a corresponding fluorescence signal. The sequencer
captures these fluorescence signals and converts them into sequenc-
ing peaks through computer software, thereby obtaining the sequence
information of the target fragment.

Raw data (raw reads) of FASTQ format were firstly processed
through in-house Perl scripts. In this step, clean data (clean reads)
were obtained by removing reads containing adaptors, reads con-
taining ploy-N and low-quality reads from raw data. At the same time,
Q20, Q30 and GC content of the clean data were calculated. All the
downstream analyses were based on the clean data with high quality.
Reference genome and gene model annotation files were downloaded
from the genome website directly. Anindex of the reference genome
was built using Hisat2v2.0.5, and paired-end clean1reads were aligned
to the reference genome (GRCm38/mm10) using Hisat2 v2.0.5. We
selected Hisat2 as the mapping tool because Hisat2 can generate a
database of splice junctions based on the gene model annotation file
andthus abetter mapping result than other non-splice mappingtools.
FeatureCounts v1.5.0-p3 was used to count the read numbers mapped
toeachgene. Andthenfragments per kilobase of transcript per million
mapped reads of each gene was calculated based on the length of the
gene and reads count mapped to this gene. The expected number of
fragments per kilobase of transcript sequence per millions base pairs
sequenced considers the effect of sequencing depth and gene length
for the reads count at the same time, and is currently the most com-
monly used method for estimating gene expression levels.

Differential gene expression testing was performed using the
DESeq2 R package (1.20.0). Differential expression analysis for two
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conditions/groups was performed. DESeq2 provides statistical pro-
grammes for determining differential expressionin digital gene expres-
sion data using models based on negative binomial distribution. The
resulting Pvalueis adjusted using the Benjamini and Hochberg method
to control the error discovery rate. The corrected P value < 0.05 and
[log,(fold change)| > 1was set as the threshold of significant differential
expression. KEGG is adatabase resource for understanding high-level
functions and utilities of the biological system, such as the cell, the
organism and the ecosystem, from molecular-levelinformation, espe-
cially large-scale molecular datasets generated by genome sequencing
and other high-throughput experimental technologies (https:/www.
genome.jp/kegg/). We used cluster Profiler R package to test the statis-
tical enrichment of differentially expressed genes in KEGG pathways.

FormSCs, 1,000 cellswere lysed in 5 pl Buffer TCL (QIAGEN) with
1% 2-mercaptoethanol (Sigma). Library construction and sequencing as
well as data processing were performed according to standard Immu-
nological Genome Project protocols (https://www.immgen.org/img/
Protocols/ImmGenULI_RNAseq_methods.pdf). Smart-seq2 libraries
were prepared and sequenced as previously described. Briefly, RNA was
captured and purified using RNAClean XP beads (Beckman Coulter),
and polyadenylated mRNA was selected using an anchored oligo(dT)
primer (5"-AAGCAGTGGTATCAACGCAGAGTACT30VN-3"). Polyade-
nylated mRNA was converted to cDNA by the reverse-transcription
reaction followed by limited PCR amplification of first-strand cDNA.
The Nextera XT DNA Library Preparation Kit (Illumina) was used for
TnS transposon-based fragmentation followed by PCR amplification
for an additional 12 cycles using barcoded primers such that each
sample carried a specific combination of llumina P5and P7 barcodes.
Paired-end sequencing was performed on an Illumina NextSeq 500
(two full NextSeq runs per plate for an average of 10 M raw reads per
sample) using two 38-base-pair reads with no further trimming. Reads
were aligned to the mouse genome (GENCODE GRCm38/mm10 primary
assembly and gene annotations vM16) using STAR 2.7.3a. Transcripts
annotated as ribosomal RNA were removed, and gene-level quantifica-
tionwas calculated using the Subread 2.0 command featureCounts. The
DESeq2 package from Bioconductor was used to normalize raw read
counts according to the median of ratios method (samples with <1 M
uniquely mapped reads or with fewer than 8,000 genes with over 10
reads were excluded from normalization). Normalized data were con-
verted to GCT and CLSfiles, which were used in downstream analyses.
Additional quality control after normalization included removal of
biological replicates with a poor Pearson’s correlation (<0.9) and/or
poor congregation by principal component analysis of the top 1,000
variable genes. Normalized reads were further filtered by minimal
expression over 10. Data were analysed by Multiplot Studio in the
GenePattern software package. The adipogenesis up-signature came
from gene-set enrichment analysis.

Cellisolation and flow cytometry

Adipose tissue was dissected, minced and digested for 20 min with
1.5 mg ml™ collagenase type Il (C6885, Sigma) in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) supplemented with 2% FCS ina 37 °C
water bath with shaking. The digested material was filtered through
a100-pum nylon cell strainer, digested with ammonium-chloride-
potassium lysing buffer, and then filtered through a 40-um nylon cell
strainer. The SVF was collected after centrifugation at 650g for 5 min.
For immunocyte analysis, cells were stained with anti-CD45 (30-F11),
anti-TCRp (H57-597), anti-CD4 (RM4-5), anti-CD8a (53-6.7), SiglecF
(S17007L) and anti-Thyl.1 (OX-7) monoclonal antibodies (all from
BioLegend); anti-ST2 (RMST2-2) (eBioscience); and LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Invitrogen) or DAPI. For mSC analysis, cells
were stained with anti-CD45 (30-F11), anti-CD31 (390), anti-PDGFRa
(APAS), anti-Sca-1 (D7) monoclonal antibodies (all from BioLegend);
and LIVE/DEAD Fixable Violet Dead Cell StainKit (Invitrogen) or DAPI.
Forintracellular staining, cells were fixed, permeabilized and incubated

with anti-Foxp3 (FJK-16s, eBioscience) monoclonal antibody at RT
for 30 min, or anti-IL-33 (AFS626, R&D) monoclonal antibody at 4 °C
overnight followed by donkey anti-goat IgG secondary antibody
(Jackson ImmunoResearch) at RT for 1 h according to the manufac-
turer’'sinstructions (eBioscience). Cells were acquired using FACSym-
phony A5 flow cytometers (BD Biosciences) and were sorted using a
FACSAria (BD) cell sorter. Data were analysed using FlowJo 10 soft-
ware. Detailed antibody informationis listed in Supplementary Fig. 3.

Cell culture

Sorted mSCs from eWAT of 12-week-old /[33-Egfp mice were cultured
in growth medium (DMEM/F12 supplemented with 10% FBS and 1%
penicillin-streptomycin) with PBS or HSP90a for 30 min followed by
irisinfor 3 days. Supernatant from the cultured mSCs was collected as
mSC conditioned medium. Forintegrinagonist antibody treatment,1h
before irisin/HSP90a or PBS treatment, the cultures were pretreated
with1ngmil?ofacontrollgG (Abcam,206200) or anti-aVB5 antibody
(Abcam, 177004).

eWAT-T,, cells were sorted from 12-week-old Foxp3-Thyl.1
mice, cultured in RPMI 1640 supplemented with 10% FBS, 50 pM
B-mercaptoethanol, 1% penicillin-streptomycin, 2,000 Uml human
recombinant IL-2 (200-02, PeproTech) and were stimulated with
anti-CD3/anti-CD28 dynabeads (11452D, ThermoFisher) in the presence
of conditioned medium treated with either control IgG or anti-IL-33
antibody (2 pg ml™, AG-27B-0013PF-C100, AdipoGen Life Sciences)
frommSCs for 3 days at 37 °C in a 5% CO, atmosphere.

For the primary iWAT culture, the SVF of iWAT was isolated from
4-week-old male mice. iWAT was dissected and washed in Hank’s Buff-
ered Saline Solution (HBSS) without calcium or magnesium (Corn-
ing). It was then minced and digested in HBSS containing 10 mg ml™
Collagenase D (Roche), 3 U mI™ Dispase Il (Roche) and 10 mM CacCl,
for 45 min at 37 °C. After digestion, the cell suspension was combined
with adipocyte culture medium (DMEM/F12 supplemented with
2.5 mM L-alanyl-L-glutamine, 10% FBS (GeminiBio), 100 U ml™ penicil-
lin (Gibco),100 ug ml™ streptomycin (Gibco) and 0.1 mg ml™ Primocin;
Invivogen) and filtered through a100-mm cell strainer. Cells of the SVF
were pelleted by centrifugation at 600g for 5 min, after which they
were resuspended in adipocyte culture medium, filtered through a
40-mm cell strainer, pelleted as above and resuspended in adipocyte
culture medium. The cells were plated on tissue culture plates and
cultured at 37 °C with10% CO,. Primocin was removed from the culture
medium after 4 days and withheld during subsequent differentiation
and experiments. Preadipocytes were cultured until 2 days after reach-
ing confluency, then differentiated by addition of fresh adipocyte
culture medium supplemented with 1 mM rosiglitazone (Cayman
Chemical), 0.5 mMisobutylmethylxanthine (Sigma), 1 mM dexametha-
sone (Sigma) and 870 nMinsulin (Sigma). Two days later (‘day 2’), and
every 2 days thereafter, medium was replaced with fresh adipocyte
culture medium supplemented with 1 mM rosiglitazone and 870 nM
insulin. Beginning on day 8 (day 4 of differentiation), rosiglitazone
was omitted from the medium. Depending on assay, experiments were
performed at day 10 (day 6 of differentiation) asnoted in the individual
experiments. Cells were treated with 1 ng ml” mouse IL-33 (BioLegend,
580506) as indicated and analysed 4 h after 500 nM norepinephrine
(Sigma, A9512) treatment.

Immunofluorescence imaging and analysis

Cells were plated on 35-mm Matek dishes (Thermo Fisher) and were
fixed by 4% paraformaldehyde (1 volume of 16% paraformaldehyde
(Electron Microscopy Sciences) diluted with three volumes of PBS) for
15 min at RT, washed three times with PBS, permeabilized by permea-
bilization solution (PBS supplemented with 0.25% Triton X-100) for
10 minatRT and blocked by blocking solution (PBS supplemented with
0.1% Triton X-100 and 5% FBS) for 1 h at RT. For immunofluorescence
staining, anti-pFAK (rabbit, Invitrogen 700255) and anti-FAK (mouse)

Nature Metabolism


http://www.nature.com/natmetab
http://www.genome.jp/kegg/
http://www.genome.jp/kegg/
https://www.immgen.org/img/Protocols/ImmGenULI_RNAseq_methods.pdf
https://www.immgen.org/img/Protocols/ImmGenULI_RNAseq_methods.pdf

Article

https://doi.org/10.1038/s42255-026-01491-2

antibodies (mouse, Invitrogen 39-6500) at adilution of 1:500 in block-
ing solution were used for primary labelling of phosphorylate FAK and
total FAK, respectively; and anti-rabbit Alexa Fluor 488 (Invitrogen
A-11008) and anti-mouse Alexa Fluor 568 (Invitrogen A-11004) at a
dilution of1:1,000 were used for secondary labelling. DAPI (3 uM; Bio-
Legend) was used to stain nuclei. All fluorescence images for whole-dish
scans were acquired at the DFCI Molecular Imaging Core using LASX
Office1.4.527713 onaLeica THUNDER Imager wide-field microscope. A
Zeiss 980 confocal/spectral/Airyscan microscope was used to acquire
high-magnificationimages. Nikon Elements 4.2 and Fiji®” were used for
image processing and profile quantification. For IL-33-GFP-positive cell
quantification, three dishes for each condition were scanned, and total
GFPintensity was normalized against total DAPlintensity ineachlarge
image, and different conditions were normalized against PBS control.
For pFAK/FAK ratio quantification, cellsin different regions of interest
were analysed, and ratiometric analysis was performed using total pFAK
and FAK intensity from each cell.

Body composition measurement
Fatand lean mass composition of living mice was assessed using a 3-in-1
Echo MRI Composition analyzer (Echo Medical Systems).

Diet-induced obesity

Age-matched littermates and group housing were used for high-fat
feeding experiments. At 8 weeks of age, mice were given a 60 kcal%
fatrodentdiet (D12492, Research Diets) ad libitum. Mouse weight and
consumed food weight were assessed once per week.

Intraperitoneal GTT

Mice were fasted overnight, after which their weight and fasting blood
glucose values were measured using tail nick blood and a OneTouch
UltraMini glucose meter. Glucose was administered by intraperitoneal
injection at adose of 1 g per kilogram body weight, followed by blood
glucose measurements over the next 2 h (0,30, 60,90 and 120 min).

Intraperitoneal ITT

Mice were fasted for 4 h, after which their weight and fasting blood
glucose values were measured using tail nick blood and a OneTouch
UltraMini glucose meter. Human insulin (Humulin R U-100 Insulin;
HI-210) was administered via intraperitoneal injection at adose of 1U
per kilogram body weight, followed by blood glucose measurements
over thennext2 h (0,30, 60,90 and 120 min).

Indirect calorimetry

Mice were individually housed in Promethion metabolic cages (Sable
Systems International) at 23 °C with a12-hlight-dark cycle with ad libi-
tum food and water consumption. Mice were fed a 60 kcal% fat rodent
diet forthe duration of the experiment. After atleast 2 days of acclima-
tization to the cages, energy expenditure, VO,, VCO,, food intake and
movement were assessed using the Sable Systems’ Promethion appa-
ratus, comprising a rack of 16 metabolic cages and another of 8 meta-
bolic cages. This apparatus was enclosed in atemperature-controlled
chamber, and during the experiment the temperature was adjusted
as depicted in the graphs at RT (23 °C). For the IL-33trap experiment,
mice wereinjected intraperitoneally with IL-33trap (100 pg per mouse)
or the same volume of PBS (100 pl) as depicted. Macro 13 (data were
binned every 30 min), from the ExpeData software system, was used
toexport metabolic variables of interest at each reading for each cage.
Data collected by Promethion metabolic cages were analysed using
CalR (version1)® and normalized by body weight.

Histology

Tissues were fixed in formalin fixative and embedded in paraffin
and then passed over to Harvard Medical School Rodent Histopa-
thology Core for tissue sectioning, staining and quantification.

Fifty-micron-thick sections were cut, baked at 60 °C for 1 h, deparaffi-
nizedinxylene, rehydratedinagraded ethanol series and then stained.
H&E staining was performed with Harris” haematoxylin for 30 s and
eosinfor2 min.Images were acquired at DFCIMolecular Imaging Core
using LASX Office 1.4.5 27713 on a Leica THUNDER Imager wide-field
microscope. Zen 3.7 microscopy software was used forimage process-
ingand profile quantification. Images were processed in the same way
and made into masks using CellProfiler.33 for automated quantifica-
tion. Cropped images for presentation were prepared using Fiji®. CLSs
were quantified automatically from blinded images, and their density
was expressed as cells or CLS per mm? of tissue section.

Statistical analysis

Replicate numbers are described in the figure legends. For cellular
assays, n corresponds to the number of experimental replicates
(for example, independent treatments). For animal assays or tissue
extracted from animals, n corresponds to the number of mice used per
genotype or condition. Sample sizes were determined on the basis of
previous experiments using similar methodologies. Unless otherwise
stated, data are presented as the mean, and error bars indicate the
standard error. Graphing and statistical analyses, including two-tailed
Student’s t-test, one-way ANOVA and Fisher’s least significant dif-
ference test, were performed using Prism (GraphPad). To assess the
significant enrichment of gene signatures in RNA-seq datasets, we
used a chi-squared test.

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

Data availability

The whole-tissue and populational RNA-seq data have been depos-
ited to the Gene Expression Omnibus database under GSE283234
for the 27-week-old HFD-fed (18 weeks of HFD feeding) male C57BL/6
mouse adipose tissue dataset and GSE282942 for the eWAT mSC (iso-
lated from10-week-old male C57BL/6 mice) dataset. Raw microscopy
images are deposited on Figshare (https://doi.org/10.6084/m9.figsh
are.31151524)%. Source data are provided with this paper.
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Extended Data Fig. 1| Chronicirisin treatment increases energy expenditure,
and improves glucose homeostasis of high-fat-diet-fed mice. (A) ELISA
measurements of irisin plasma concentrations in mice fed a HFD for 8 weeks

(13 weeks after AAV injection;n=12,12,5,5,5,5) and 18 weeks (23 weeks after
AAVinjection;n=12,12,5,5,5,5). One-way ANOVA was used for calculating p
values (***p <0.0001, ***p < 0.0001, *** p < 0.0001, and ****p < 0.0001).

(B, C) Measurements of tissues from male mice fed a HFD or normal chow for 8
weeks (B) (n=8,8,4,4) or18weeks (C) (n=8, 8, 3, 3) after AAV-Irisin or AAV-GFP
administration.n =8, 8,4, 4. Two-way ANOVA was used for calculating p values
(B:***p<0.0001,*p =0.0299,and * p = 0.0110; C: ***p < 0.0001, and
**p=0.0012). (D) Energy expenditure measured in CLAMS cages over one
week.n =5,5. Thelast 4.5 days of measurement were shown on the left and the
averaged valuesin the light and dark periods were summarized on the right.
Two-way ANOVA was used for calculating p values (left: * p = 0.0161, * p = 0.0285,
*p=0.0277,and *p = 0.0308; right: ** p = 0.0064). (E) Total distance that animal
traveled was measured in CLAMS cages over the last 4.5 days of the monitoring
week.n=5,5,5,5. Thelast 4.5 days of tracking were shown on the left and the
average values in the light and dark periods were summarized on the right.
n=>5,5. Two-way ANOVA was used for calculating p values. (F) Locomotive
activity measured in CLAMS cages over one week.n =5, 5. The last 4.5 days of
measurement were shown on the left and the averaged valuesin the light and
dark periods were summarized on the right. Two-way ANOVA was used for
calculating p values. (G) Intraperitoneal glucose tolerance tests (GTTs) of mice

fed a HFD for 8 weeks (n = 15,15). Two-way ANOVA was used for calculating p
values. (H) Intraperitoneal insulin tolerance tests (ITTs) of mice fed aHFD for
8weeks (n=15,15). Two-way ANOVA was used for calculating p values. (I) Body
weight (left), intraperitoneal glucose tolerance tests (GTTs, middle) and insulin
tolerance tests (ITTs, right) of mice with similar weights from a re-run of Fig. 1a
cohort fed aHFD for 18 weeks (n =4, 4). Unpaired two-sided T test (body weight)
or two-way ANOVA (GTTs and ITTs) was used for calculating p values (GTT:
*p=0.0486,* p=0.0094,and *p = 0.0123; ITT: *p = 0.0120, ** p = 0.0085, and
***p=0.0008). (J) Fraction of ST2" Treg cells in total Treg cells in eWAT from mice
in (I). Unpaired two-sided T-test was used for calculating p values (*** p = 0.0001).
(K) KEGG pathway enrichment analysis from the transcripts prepared from
iWATSs. The significant pathways (FDR < 0.05) for differentially expressed

genes (FC >2; FDR < 0.05) between mice received AAV-irisin and mice received
the control AAV-GFP were indicated (n =3, 3). (L) RT-qPCR measuring mRNAs
associated with thermogenesis and adipogenesis in BAT (n=7,8),iWAT (n=6, 6),
and eWAT (n =5, 8) of the mice received AAV-irisin or -GFP and fed a HFD for

18 weeks. Two-way ANOVA was used for calculating p values (BAT: * p = 0.0134,
**p=0.0004,*p=0.0170, * p = 0.0099,*p = 0.0159; iWAT: ** p = 0.0016,
***p=0.0007,*p=0.0024,***p <0.0001, **p = 0.0002, *p < 0.0017,
***p=0.0003; eWAT: *p = 0.0336). Abbreviations as per Fig. 1. Mean + SD.
*p<0.05,*p<0.01,**p<0.001,***p <0.0001, ns: not significant. Significant
butirrelevant p values are notindicated. Unless specifically mentioned,
experiments were repeated twice with similar results.
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Extended Data Fig. 2| See next page for caption.
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Extended DataFig. 2| Chronic irisin treatment has no effects on energy
expenditure and glucose homeostasis in normal-chow-fed mice. 4-week-old
male C57BL6/) mice were intravenously injected with AAV-GFP or AAV-Irisin.

The mice were fed a normal chow continuously without switching diet. Mice were
analyzed in CLAMS cages after another 12 weeks of continuous normal chow
feeding, and gene expression analysis was performed after another 18 weeks

of continuous normal chow feeding. (A) Body weight measurements in CLAMS
cages over one week (n =8, 8). The last 3.5 days of measurement were shown on
theleftand the averaged valuesin the light and dark periods were summarized on
the right. Unpaired two-sided T-test was used for calculating p values. (B) Food
consumption measurements in CLAMS cages over one week (n =8, 7). The last
3.5days of measurement were shown on the left and the averaged values in the
light and dark periods were summarized on the right. Unpaired two-sided T-test
was used for calculating p values. (C) Energy expenditure measured in CLAMS
cages over one week (n =8, 8). The last 3.5 days of measurement were shown on
the left and the averaged valuesin the light and dark periods were summarized on
the right. Two-way ANOVA (left) or unpaired two-sided T-test (right) was used for
calculating p values. (D) Locomotive activity measured in CLAMS cages over one
week (n =8, 8). Thelast 3.5 days of measurement were shown on the left and the
averaged valuesin the light and dark periods were summarized on the right. Two-
way ANOVA (left) or unpaired two-sided T-test (right) was used for calculating p

values. (E) Intraperitoneal glucose tolerance tests (GTTs) of mice fed anormal
chow for 18 weeks (n =15, 15). Two-way ANOVA was used for calculating p values.
(F) Intraperitoneal insulin tolerance tests (ITTs) of mice fed a normal chow

for 18 weeks (n =15,15). Two-way ANOVA was used for calculating p values. (G)
Distance traveled measured in CLAMS cages over one week.n =8, 8. Thelast 3.5
days of measurement were shown on the left and the averaged values in the light
and dark periods were summarized on the right. Unpaired two-sided T-test was
used for calculating p values. (H-J) RT-qPCR measuring mRNAs associated with
thermogenesis and adipogenesis in BAT (H) (n =15,15), iWAT (I) (n =15,15),and
eWAT (J) (n=9,12) of the mice received AAV-irisin or -GFP and fed a normal chow
for 5weeks followed by another 18 weeks of feeding without diet switch. Two-way
ANOVA was used for calculating p values (BAT: * p = 0.0211, ****p < 0.0001,
*p=0.0276,*p = 0.0294, ***p < 0.0001, ** p = 0.0006, and ** p = 0.0046; iWAT:
*p =0.0420; eWAT: *** p = 0.0002). (K) RT-qPCR measuring mRNAs associated
with lipolysis in iWAT of the indicated mice received AAV-irisin or -GFP, and

fed a HFD for 18 weeks (n = 7, 8). Two-way ANOVA was used for calculating p
values. Abbreviations as per Fig. 1. Mean + SD.* p < 0.05,**p < 0.01, *** p < 0.001,
****p <0.0001, ns: not significant. Significant but irrelevant p values are not
indicated. Unless specifically mentioned, experiments were repeated twice with
similar results.
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Extended DataFig. 3 | Irisin selectively protects ST2* Treg cellsin the T cell
compartment of eWAT in obese mice. (A, B) Representative gating strategy for
analyzing lymphocytes (A), as well as CD11c"&" macrophages (B). (C-E) t-SNE
analysis of the T cell compartment from the flow cytometry data in Fig. 2a.

(C) t-SNE plot depicting T cell clusters across all samples. (D) Summary data
showing the fractions of each T cell cluster.n =3, 3, 8, 8. Two-way ANOVA was
used for calculating p values (* p = 0.0479, * p = 0.0314, and * p = 0.0058).

(E) Individual (top, middle) and differential density plots (bottom) comparing
AAV-Irisin with AAV-GFP under HFD conditions. (F-1) 4-week-old male C57BL6/)
mice were intravenously injected with AAV-GFP or -Irisin. 5 weeks later, the mice
were fed either anormal chow (NC) or HFD for 8 (n =4, 4, 8, 8). Flow-cytometric
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analysis of the number of total CD45" cells (F), percentages of total and CD11c"e"
macrophages (G), percentage of T, CD8"and CD4" T cells (H), and percentage of
Foxp3™ CD4' T cellsand ST2" Treg cells (I) in eWATs from mice fed a NC or HFD for
8 weeks. One-way ANOVA was used for calculating p values (F: * p = 0.0107,and
*p=0.0051;G:**p=0.0009,*p =0.033,**p=0.0007 and ** p = 0.0002; H:
*p=0.0255;1:*p =0.0116, and * p = 0.0313). Tconv, conventional CD4+T cells;
other abbreviations as per Fig. 2. Mean + SD.*p < 0.05,**p < 0.01, **p < 0.001,
****p < 0.0001, ns: not significant. Significant but irrelevant p values are not
indicated. Unless specifically mentioned, experiments were repeated twice with
similar results.
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Extended DataFig. 4 | Irisin has no effects on inflammation and ST2* Treg cells pvalues (A:*p = 0.0365,***p < 0.0001, * p = 0.0436, and * p = 0.0445; B:
iniWAT and BAT of obese mice. (A-D) Flow-cytometric analysis of the number *p=0.0386;C:*p=0.0134, *p = 0.0210, and *p = 0.0129; D: * p = 0.0429,
of total CD45" cells, and percentages of total and CD11c"&" macrophages, as well **p=0.0019,and *p = 0.0166). Abbreviations as per Fig. 2. Mean + SD.* p < 0.05,

astotal T,CD8", Foxp3 CD4" T cells, total and ST2" Treg cells in iWATs and BATs **p<0.01,**p<0.001,**p<0.0001, ns: not significant. Significant but
from mice fed a HFD for either 8 weeks or 18 weeks as Extended Data Fig. 3F irrelevant p values are not indicated. Unless specifically mentioned, experiments
(n=4,4,8,8)andFig.2 (n=3,3, 8, 8). One-way ANOVA was used for calculating were repeated twice with similar results.
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Extended DataFig. 5|Irisin directly induces IL-33 expression in stromal
cells from eWAT but not in those from iWAT or BAT. (A) Representative gating
strategy for analyzing IL-33* mSCs. (B) Summary data for numbers of IL-33"
mSCs in eWATs from the male mice in Extended Data Fig.3F (n=4, 4, 8, 8).(C)
Summary data for numbers of IL-33* mSCs in iWATs and BATs from the mice in
Extended Data Fig. 3F and Fig. 2 (left,n =4, 4, 8, 8; right,n =3, 3, 8, 8). (D) ELISA
measurements of IL-33 concentration in iWAT and BAT lysates from a subset of
miceinFig.3c(n=3,3,3,3). One-way ANOVA was used for calculating p values
(*p=0.0159, **p =0.0002, and ** p = 0.0050). (E) Summary data for numbers of

ILC2s in eWAT, iWAT and BAT from the mice in Extended DataFig. 4 (top,n=4, 4,

8,8; bottom,n=3,3,8,8). (F) Freshly isolated IL-33 (EGFP)" mSCs from 12 wk-old
male /[33.Egfp mice were treated with PBS or 10 nM/Hsp90at irisin for 3 days,
followed by flow-cytometric analysis. Left: experimental scheme; right: summary
data for numbers and fractions of IL-33 (EGFP)" mSCs. n = 3. Abbreviation:

mSCs, mesenchymal stromal cells; ILC2s, type 2 innate l[ymphoid cells; other
abbreviations as per Figs.1and 2. Mean + SD.* p < 0.05, **p < 0.01, **p < 0.001,
****p <0.0001, ns: not significant. Significant but irrelevant p values are not
indicated. Unless specifically mentioned, experiments were repeated twice

with similar results. Mouse illustration in fcreated in BioRender; A, M.
https://biorender.com/5vé6fzeu (2026).
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Extended DataFig. 6 | Irisininduces IL-33 expression in adipose tissues via
integrin aVP5 receptor. (A) Normalized read counts of integrin aV and 5
subunits from prior RNA-seq data*’. One-way ANOVA was used for calculating p
values (ns p =0.7013,* p = 0.0234, and ** p = 0.0081). (B) RT-qPCR measuring IL-
33 mRNAs in flow cytometrically sorted IL-33 (EGFP)" mSCs from 12 wk-old male
1133.Egfp mice treated with PBS or 10 nMirisin/Hsp90a for 3 days in the presence
of anti-aVPS5 or control IgG. One-way ANOVA was used for calculating p values
(***p <0.0001, ns p=0.9930, and *** p < 0.0001). (C) Fluorescence imaging
and quantification of IL-33-GFP expression of flow cytometrically isolated IL-33
(EGFP)” mSCs from 12 wk-old male //33.E£gfp mice treated with PBS or 10 nM
irisin/Hsp90a for 3 days in the presence of anti-aVB5 or control IgG. Left:
representative images of the treated mSCs, Scale bar =100 pm; Right: normalized

GFP signals from each wells. One-way ANOVA was used for calculating p values
(***p <0.0001, ns p=0.9948, and **p = 0.0002). (D) Fluorescence imaging and
quantification of integrin signaling of flow cytometrically isolated IL-33 (EGFP)"
mSCs from 12 wk-old male /[33.Egfp mice treated with PBS or 10 nM irisin/Hsp90a
for 3 daysin the presence of anti-aVf35 or control IgG. Left: representative images
of the treated mSCs, Scale bar =100 pm; Right: quantification of pFAK/FAK

ratios from each wells. One-way ANOVA was used for calculating p values

(***p <0.0001, ns p=0.8338, and **** p < 0.0001). Abbreviations as per
Figs.1and 2. Mean + SD.* p < 0.05, **p < 0.01,**p < 0.001, ***p < 0.0001, ns:
notsignificant. Significant but irrelevant p values are not indicated. Unless
specifically mentioned, experiments were repeated twice with similar results.
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Extended DataFig. 7 | Irisin promotes IL-33 response iniWAT. (A) Summary
data of the number of total CD4" T cells, as well as the percentages of Treg cells
and ST2' Treg cellsin the spleen of the indicated mice from the flow-cytometric
analysis. (B-E) 8 wk-old male FndcS™* or Fndc5™" littermates were treated as per
Fig. 4c. (B) Summary data for the number of total Treg cells and the fraction of
ST2" Treg cellsiniWAT. n =3, 4, 3, 3. One-way ANOVA was used for calculating p
values (*p=0.0269). (C, D) Representative gating strategy for analyzing ILC2s
(C) and Eosinophils (D). (E, F) Summary data for numbers of ST2*Foxp3 CD4"
cells, ILC2s, and Eosinophilsin eWAT (n=9,9, 6, 8) (E) and iWAT (n=3,4,3,3)
(F). Brown-Forsythe and Welch ANOVA (E) or one-way ANOVA (F) was used for
calculating p values (E: *p = 0.0238, **p = 0.0011, * p = 0.0426, ****p < 0.0001,
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and**p =0.0011; F:*p=0.0333,*p = 0.0293, and *p = 0.0161). (G) ELISA
measurements of irisin plasma concentrations in male Fndc5”* and Fndc5” mice
fed aHFD for 17 weeks after AAV injection; n =10,11,13,13. One-way ANOVA was
used for calculating p values (*** p=0.0001, and *** p = 0.0006). (H) Pearson
correlation analysis of area under ITT curves and body weight of male Fndc5™”~
mice fed a HFD for 17 weeks after AAV injection; n =16. Abbreviations as per
Figs.4 and 5.Mean = SD.*p < 0.05, * p < 0.01, ** p < 0.001, ***p < 0.0001, ns: not
significant. Significant butirrelevant p values are not indicated. Experiments in
B-F were repeated three times with similar results, and the rest of the experiments
were repeated twice with similar results.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 |IL-33/ST2 axis is not required for regulating food intake,
physical activities or thermogenic gene expression in eWAT of HFD-treated
mice. (A, B) Purification of recombinant IL-33trap (A) and measurement of
endotoxin content (B). (C) ELISA measurements of irisin plasma concentrations
in male mice fed a HFD for 17 weeks after AAV injection w and w/o chronic IL-
33trap treatment (n =13,13,13,13). One-way ANOVA was used for calculating

p values (**** p < 0.0001, *p = 0.0255, and **** p < 0.0001). (D) Body weight
measurements of male mice fed a HFD for 17 weeks after AAV injection w and
w/o chronicIL-33trap treatment (mice used for CLAMS); n = 6, 6, 6, 6. One-way
ANOVA was used for calculating p values (** p = 0.0049, ** p = 0.0064, and

**p <0.0033). (E-G) Accumulated food intake (E), locomotive activity (F) and
total distance the animal traveled (G) measured in CLAMS cages over one week.
n=4,4,4,4.Thelast4 days of measurement were shown on the left and the
averaged values in the light and dark periods were summarized on the right.

Two-way ANOVA was used for calculating p values. (H-J) Body weight (H),

eWAT weight (I) and iWAT weight (J) measurements (n =11,10, 4, 7). One-way
ANOVA was used for generating p values (H: ****p < 0.0001, ns p = 0.9928, and
*p=0.0330;): ***p < 0.0001,**p=0.0002, and ns p = 0.4604). (K) ELISA
measurements of irisin plasma concentrations in mice; n =12, 7. Unpaired two-
sided T-test was used for calculating p values (ns p = 0.2468). (L) Related to Fig.
7f.RT-qPCR measuring mRNAs associated with thermogenesis and adipogenesis
in eWAT of ST2 Treg null mice (/lIrl1*"*¢) and their littermates (/[1r{1"") received
AAV-irisin or -GFP and fed a HFD for 17 weeks (n =11, 10, 4 7). Two-way ANOVA was
used for calculating p values (**** p < 0.0001, **** p < 0.0001, and **** p < 0.0001).
Abbreviations as per Fig.1.Mean + SD.*p < 0.05,**p < 0.01, **p < 0.001,

****p <0.0001, ns: not significant. Significant but irrelevant p values are not
indicated. Unless specifically mentioned, experiments were repeated twice with
similar results.
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Extended DataFig. 9| Irisin’s effects in obese mice in a therapeutic setting.
6-week-old male C57BL6/J mice were switched to HFD feeding. After 14 weeks,
mice were intravenously injected with AAV-GFP (n =15) or AAV-Irisin (n =15).
After another 10 weeks of HFD feeding, mice were subjected to metabolic analysis
and finally sacrificed for tissue analysis. (A) Schematic of the HFD experiment.
(B) ELISA measurements of irisin plasma concentrations in mice; n =15, 15.
Unpaired two-sided T-test was used for calculating p values (*** p = 0.0004).

(C) Body weight measurements (n =15,15). (D) Body composition analysis by
MRI (n=15,15). Unpaired two-sided T-test was used for calculating p values.

(E) Intraperitoneal glucose tolerance tests (GTTs) (n =15,15). Two-way ANOVA
was used for calculating p values. (F) Intraperitoneal insulin tolerance tests
(ITTs) (n=15,15). Two-way ANOVA was used for calculating p values. (G-1) Energy
expenditure measured (G), accumulated food intake (H) and distance traveled
(I) in CLAMS cages over one week. n = 8, 8. The last 4.5 days of measurement

were shown on the left and the averaged valuesin the light and dark periods were

summarized on the right. Unpaired two-sided T-test was used for calculating

p values. (J) RT-qPCR measuring mRNAs associated with thermogenesis and
adipogenesis in iWAT (left) (n = 8, 8) and eWAT (right) (n = 7,7) of HFD-induced
obese mice received AAV-irisin or -GFP for 10 weeks. Two-way ANOVA was used
for calculating p values (* p=0.0170,**p = 0.0061, and ** p = 0.0036). (K-O) Flow-
cytometric analysis of the number of total CD45" cells (K), percentages of total
(L) and CD11c"e" (M) macrophages, and total T, CD8*and Foxp3~CD4" T cells (N),
aswellas Treg cells and ST2" Treg cells in eWATs from obese mice administered
AAV for 10 weeks (n =8, 8). Unpaired two-sided T-test was used for calculating
pvalues (*p=0.0173). Abbreviations as per Figs.1and 2. Mean + SD.*p < 0.05,
*p<0.01,**p<0.001,***p<0.0001, ns: not significant. Significant but
irrelevant p values are not indicated. Unless specifically mentioned, experiments
were repeated twice with similar results. Mouse illustrationin a created in
BioRender; A, M. https://biorender.com/5v6fzeu (2026).
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Extended Data Fig. 10 | Irisin’s action in iWAT through IL-33. (A) RT-qPCR
measuring mRNAs of ST2, IL-33 and genes associated with thermogenesis in
different batches of differentiated primary iWAT cultures prepared from stromal
vascular fraction (SVF) of 4-week-old male C57BL6 mice; n =3, 3, 3, 3. Two-way
ANOVA was used for calculating p values (left: **** p < 0.0001, ***p = 0.0001,

and ***p <0.0001; right: ns p=0.9632,**p=0.0019, and **p = 0.0021). (B) SVF
from 4-week old male mice iWAT was differentiated in vitro with indicated Irisin/
HSP90a and NE treatments (left). IL-33 mRNAs were measured using RT-qPCR
(right) (n=4, 4,4, 4). Two-way ANOVA was used for calculating p values (/l1rl1:
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*p=0.0160,* p = 0.0016,and **p < 0.0022; /[33:*p = 0.0436, * p = 0.0309,

**p=0.0042,and **p = 0.0032; Alpl:** p = 0.0080, and ** p = 0.0059; Ucp1:
*p=0.0010,* p=0.0043,*p = 0.0276, and *** p = 0.0003). (C) RT-qPCR
measuring ALPL mRNA in differentiated primary iWAT cultures in the presence or
absence of NE treatment; n = 4, 4, 4, 4. Two-way ANOVA was used for calculating

p values (** p=0.0028, ****p < 0.0001, and *** p < 0.0001). Abbreviations: NE:
norepinephrine; as well as per Figs.1and 2.Mean + SD.*p < 0.05,*p < 0.01,

***p < 0.001, *** p < 0.0001, ns: not significant. Significant butirrelevant p values
arenotindicated. Unless specifically mentioned, experiments were repeated
twice with similar results.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

/a | Confirmed

>

{| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

O X O

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

X

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Indirect calorimetry data was collected using the Sable Systems’ Promethion apparatus with Expedata software system. Imaging data was
collected using LASX Office 1.4.5 27713 on a Leica THUNDER Imager wide-field microscope. Flow cytometry data was collected using BD
FACSymphony A5 flow cytometer with FACSDiva software.

Data analysis Graphing and statistical analyses, including two-tailed Student’s t-test, one-way ANOVA, two-way ANOVA, and Brown-Forsythe and Wich
ANOVA were performed using Prism (GraphPad10). Fluorescent images were analyzed using either Nikon Elements 4.2 or Fiji (Imagel-
win32). Zen 3.7 microscopy software was used for processing and profile quantification of H&E images. Masks were generated using
CellProfiler.33 for automated quantification. Indirect Calorimetry analysis was perform with CalR1. FlowJo10 was used for flow cytometry
data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The whole-tissue and populational RNA-seq data have been deposited to the GEO database with the GSE283234 for the 27-week old HFD-fed (18 weeks of HFD
feeding) male C57BL6 mice adipose tissue dataset and GSE282942 for the e WAT mSC (isolated from 10-week-old male C57BL6 mice) dataset. Raw microscopy
images are deposited to Figshare (DOI: 10.6084/m39.figshare.31151524)
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We included 10-15 mice for each experimental group in the animal cohort, and randomly divided them into different subgroups for flow
cytometric analysis, metabolic characterization, tissue-level gene expression analysis or RNA sequencing. Each cohort was run either two
times or three times as mentioned in the figure legends. For flow cytometric analysis, 4-10 mice from each cohort were analyzed as most of
the published Mathis lab papers (e.g: Langston et al, 2024 Sci Immunol, Wang et al, 2024 Immunity and Zammit et al, 2025 Sci Immunol). For
all the metabolic data, we generally have 5-15 samples in which the controls are smaller in number and the stimulated samples are in bigger
number. Although the changes of the metabolic effects were highly consistent , the baseline of the measurements in the individual cohort
with the same experimental design varied slightly. As we reported absolute values (instead of normalized values), we didn't combine
experimental data from the repeated cohort(s) (except for Fig 7E which we combined the data from the repeated cohort and plotted with the
normalized values). We do have low N numbers (n=3) in all the normal-chow-fed mouse groups which are not even necessary for the points
we are making. The mechanistic discoveries were drawnf rom the HFD groups, and the conclusions would not be affected even if the normal
chow groups were left out. We included the normal-chow groups just to show the baselines of the various immunocyte populations in healthy
lean mice.

Data exclusions | We did not exclude any data.

Replication Except for IL-33 injection cohort (Fig 4) which we ran three times, mouse experiments were ran two times with each data point generated
from one experimental animal. All the reported data in the manuscript were highly reproducible.

Randomization  We randomly tagged the mice housed in the same cage as the treatment and control groups.

Blinding All the experiments were blinded in a way that sample preparation and data analysis were performed blindly by two difference teams
(Spiegelman team vs Mathis team).




Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI D ChIP-seq
Eukaryotic cell lines |:| |Z| Flow cytometry
Palaeontology and archaeology IZI D MRI-based neuroimaging
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Plants

Antibodies

Antibodies used Brilliant Violet 510™ anti-mouse CD45 (clone 30-F11), Biolegend, Cat#f 103138, Lot# B455443, 1:200; BUV737 anti-mouse TCR B chain
(clone H57-597), BD Bioscience, Cat# 612821, Lot# 3303842, 1:200; Brilliant Violet 711™ anti-mouse CD4 (clone RM4-5), Biolegend,
Cat# 100557, Lot# 3208168, 1:200; Brilliant Violet 785™ anti-mouse CD8a (clone 53-6.7), Cat# 100749, Lot# 3145938, 1:200; Alexa
Fluor™ 488 anti-mouse Foxp3 (clone FJK-16s), ebioscience, Cat# 53-5773-82, Lot# 3171164, 1:200; PE/Cyanine7 anti-mouse ST2
(clone RMST2-2), ebioscience, Cat# 25-9335-82, Lot# B455629, 1:200; Pacific Blue™ anti-mouse Thy1 (clone 30-H12), Biolegend, Cat#
105324, Lot# B374726, 1:200; Brilliant Violet 605™ anti-mouse PDGFRa (clone APAS), Biolegend, Cat# 135916, Lot# B423697, 1:200;
PerCP/Cyanine5.5 anti-mouse Sca-1 (clone D7), Biolegend, Cat# 108124, Lot# B436045, 1:200; FITC anti-mouse TCR y/8 (clone GL3),
Biolegend, Cat# 118106, Lot# B434062, 1:200; APC/Cyanine7 anti-mouse CD31 (clone MEC13.3), Biolegend, Cat# 102534, Lot#
B427395, 1:200; Goat polyclonal anti-mouse IL-33, R&D Systems, Cat# AF3626, Lot# YJE0922071, 1:200 or 1ug/ml in culture; Cy™3
AffiniPure™ Donkey Anti-Goat IgG (H+L), Jackson Immunoresearch, Cat# 705-165-003, Lot# 163323, 1:200; Brilliant Violet 421™ anti-
mouse CD64 (clone X54-5/7.1), Biolegend, Cat# 139309, Lot# B457998, 1:200; Brilliant Violet 785™ anti-mouse CD11c (clone N418),
Biolegend, Cat# 117336, Lot# B474080, 1:200; PerCP/Cyanine5.5 anti-mouse CD11b (clone M1/70), Biolegend, Cat# 101228, Lot#
B423267, 1:200; PE anti-mouse Siglec-F (clone S17007L), Biolegend, Cat# 155506, Lot# 3331756, 1:200; Anti-FAK, Cell Signaling, Cat#
3285, Lot 9; Anti-pFAK (Y397), Cell Signaling, Cat# 3283, Lot 6; 1gG1 Isotype Control, R&D Systems, Cat# MAB0OO2, Lot# 1X2922022,
lug/mlin culture; Anti-alphaV+beta5, R&D Systems, Cat# ab177004, Lot# GR3284114-1, 1ug/ml in culture; Anti-hlIrisin/FNDC5, R&D
Systems, Cat# MAB8880, Lot# CKBN0124031, 4 ug/ml; Anti-FLAG M2, Cell Signaling, Cat# 2368, Lot# 12, 1:1000; Anti-Rabbit 1gG,
HRP-Linked, Cell Signaling, Cat# 7074P2, Lot# 33, 1:1000.

Validation All antibodies used in this study are commercially available and validated in the listed publications on the referred websites; anti
integrin aVb5 and control IgG antibodies are commercially available and validated in the cell culture experiment in the reference
mentioned below; anti-hlrisin, anti-FLAG M2 and anti-Rabbit |gG HRP-linked antibodies are commercially available and validated in
the ELISA experiment in the reference mentioned below. B. Brilliant Violet 510™ anti-mouse CD45 (clone 30-F11), Biolegend, Cat#
103138, Lot# B455443, 1:200, https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-cd45-antibody-7995;
BUV737 anti-mouse TCR B chain (clone H57-597), BD Bioscience, Cat# 612821, Lot# 3303842, 1:200, https://
www.bdbiosciences.com/en-eu/products/reagents/flow-cytometry-reagents/research-reagents/single-color-antibodies/buv737-
hamster-anti-mouse-tcr-chain.612821?tab=product_details; Brilliant Violet 711™ anti-mouse CD4 (clone RM4-5), Biolegend, Cat#
100557, Lot# 3208168, 1:200, https://www.biolegend.com/en-us/products/brilliant-violet-711-anti-mouse-cd4-antibody-7925;
Brilliant Violet 785™ anti-mouse CD8a (clone 53-6.7), Cat# 100749, Lot# 3145938, 1:200, https://www.biolegend.com/en-us/
products/brilliant-violet-785-anti-mouse-cd8a-antibody-7957; Alexa Fluor™ 488 anti-mouse Foxp3 (clone FJK-16s), ebioscience, Cat#
53-5773-82, Lot# 3171164, 1:200, https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-FJK-16s-
Monoclonal/53-5773-82; PE/Cyanine7 anti-mouse ST2 (clone RMST2-2), ebioscience, Cat# 25-9335-82, Lot# B455629, 1:200, https://
www.thermofisher.com/antibody/product/IL-33R-ST2-Antibody-clone-RMST2-2-Monoclonal/25-9335-82; Pacific Blue™ anti-mouse
Thy1 (clone 30-H12), Biolegend, Cat# 105324, Lot# B374726, 1:200, https://www.biolegend.com/en-us/products/pacific-blue-anti-
mouse-cd90-2-thy1-2-antibody-5159; Brilliant Violet 605™ anti-mouse PDGFRa (clone APAS), Biolegend, Cat# 135916, Lot# B423697,
1:200, https://www.biolegend.com/en-us/products/brilliant-violet-605-anti-mouse-cd140a-antibody-15109; PerCP/Cyanine5.5 anti-
mouse Sca-1 (clone D7), Biolegend, Cat# 108124, Lot# B436045, 1:200, https://www.biolegend.com/en-us/products/percp-
cyanine5-5-anti-mouse-ly-6a-e-sca-1-antibody-4285; FITC anti-mouse TCR y/6 (clone GL3), Biolegend, Cat# 118106, Lot# B434062,
1:200, https://www.biolegend.com/en-us/products/fitc-anti-mouse-tcr-gamma-delta-antibody-2420; APC/Cyanine?7 anti-mouse
CD31 (clone MEC13.3), Biolegend, Cat# 102534, Lot# B427395, 1:200, https://www.biolegend.com/en-us/products/apccyanine7-
anti-mouse-cd31-antibody-19419; Goat polyclonal anti-mouse 1L-33, R&D Systems, Cat# AF3626, Lot# YJE0922071, 1:200 or 1ug/ml
in culture, https://www.rndsystems.com/products/mouse-il-33-antibody_af3626; Cy™3 AffiniPure™ Donkey Anti-Goat 1gG (H+L),
Jackson Immunoresearch, Cat# 705-165-003, Lot# 163323, 1:200, https://www.jacksonimmuno.com/catalog/products/705-165-003;
Brilliant Violet 421™ anti-mouse CD64 (clone X54-5/7.1), Biolegend, Cat# 139309, Lot# B457998, 1:200, https://www.biolegend.com/
en-us/products/brilliant-violet-42 1-anti-mouse-cd64-fcgammari-antibody-8992; Brilliant Violet 785™ anti-mouse CD11c (clone
N418), Biolegend, Cat# 117336, Lot# B474080, 1:200, https://www.biolegend.com/en-us/products/brilliant-violet-785-anti-mouse-
cdllc-antibody-7963; PerCP/Cyanine5.5 anti-mouse CD11b (clone M1/70), Biolegend, Cat# 101228, Lot# B423267, 1:200, https://
www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-human-cd11b-antibody-4257; PE anti-mouse Siglec-F (clone
S$17007L), Biolegend, Cat# 155506, Lot# 3331756, 1:200, https://www.biolegend.com/en-us/products/pe-anti-mouse-cd170-siglec-f-
antibody-16372; Anti-FAK, Cell Signaling, Cat# 3285, Lot 9, https://www.cellsignal.com/products/primary-antibodies/fak-
antibody/3285?srsltid=AfmBOorzCt58ly81TvKpYKWXBVTdFabQ-1Af3sbKd8ldazPfd4Ar2u3k; Anti-pFAK (Y397), Cell Signaling, Cat#




3283, Lot 6, https://www.cellsignal.com/products/primary-antibodies/phospho-fak-tyr397-antibody/3283; 1gG1 Isotype Control, R&D
Systems, Cat# MABOO2, Lot# 1X2922022, 1ug/ml in culture, see Estell et al , Elife 2020, Figure 1g; Anti-alphaV+beta5, R&D Systems,
Cat# ab177004, Lot# GR3284114-1, 1ug/ml in culture, see Estell et al , Elife 2020, Figure 1g; Anti-hlrisin/FNDC5, R&D Systems, Cat#
MAB8880, Lot# CKBN0124031, 4 ug/ml, see Islam et al, 2021 Nature Metabolism, Fig 6e&h; Anti-FLAG M2, Cell Signaling, Cat# 2368,
Lot# 12, 1:1000, see Islam et al, 2021 Nature Metabolism, Fig 6e&h; Anti-Rabbit IgG, HRP-Linked, Cell Signaling, Cat# 7074P2, Lot#
33, 1:1000, see Islam et al, 2021 Nature Metabolism, Fig 6e&h.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Life Technologies #14527

Cells were maintained below 5x10e6/ml with viability>95%, and mouse 1gG1 control mammalian expression plasmid was
used for transient transfection and the produced IgG1 in the cell culture medium with glycosylation was probed using
western blot and SDS/PAGE followed by silver staining.

Mycoplasma contamination Cell line is tested negative for mycoplasma contamination.

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

4-8 weeks old wild-type C57BL6, Fndc5-/-, and ll1rl1ATreg male mice were used in HFD treatment experiment with or w/o IL-33trap
administration in this study. 8-week-old Fndc5-/- male mice were used for IL-33 treatment for one week. 12-week-old IL-33-Egfp
male mice were sued for isolating IL-33 negative and positive VmSCs for cell culture experiments. Mice were housed at 22T with
40-50% humidity under a 12 h light-dark cycle, with free access to food and water. Mice were fed with either normal chow (Formulab
Diet #5008) or high-fat diet (Research Diets # D12492i). All strains were on a C57BL/6J background unless otherwise stated. Fndc5
floxed mice were developed with the Texas A&M Institute for Genomic Medicine and crossed with Ella-cre mice to generate germline
deletion of Fndc5 (Exon 2 and 3). Experiments were performed with sex- and age-matched global FNDC5-deficient and littermate
wild-type control mice.B6.Foxp3-Cre (016959) mice were purchased from the Jackson Laboratory.ll1rl1fl mice were donated by V.
Kuchroo. B6.Foxp3-Thy1.1 mice were obtained from Dr. A. Rudensky. B6.1133-Egfp mice were donated by Dr. P. Bryce (now
commercially available at Jackson with stock number 30619).1 11rl1Atreg mice were generated by crossing I11rl1fl mice with B6.Foxp3-
Cre mice, and this mouse line was bred and utilized in the animal facility of the New Research Building at Harvard Medical School.
The age, strain and number of mice used in the individual experiments were noted in the corresponding figure legends.

N/A

Findings were apply to male mice and sex was not considered in study design. Information on data disaggregated for sex has not
been collected. Male mice were used for this study because the association between VAT state and metabolic abnormalities, as well
as the underlying inflammatory antecedents, are found in males, not females

N/A

Mouse husbandry and experimentation were performed according to protocols approved by the Institutional Animal Care and Use
Committee of the Beth Israel Deaconess Medical Center under protocol 072-2020-23 and Harvard Medical School under protocol
1257.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software
Cell population abundance

Gating strategy

Adipose tissue was dissected, minced, and digested for 20 min with 1.5 mg/ml collagenase type Il (C6885 Sigma) in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 2% fetal calf serum (FCS) in a 37°C water bath with
shaking. The digested material was filtered through a 100 um nylon cell strainer, digested with ACK (Ammonium-Chloride-
Potassium) Lysing Buffer, and then filtered through a 40 um nylon cell strainer. The stromal vascular fraction (SVF) was
collected after centrifugation at 650 g for 5 min. For immunocytes analysis, cells were stained with anti-CD45 (30-F11), -TCRB
(H57-597), -CD4 (RM4-5), -CD8a (53-6.7), SiglecF (S17007L) and -Thy1.1 (OX-7) mAbs (all from BioLegend); anti-ST2
(RMST2-2) (eBioscience); and LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Invitrogen) or DAPI. For mSC analysis, cells were
stained with anti-CD45 (30-F11), -CD31 (390), -PDGFRa (APAS), -Sca-1 (D7) mAbs (all from BioLegend); and LIVE/DEAD Fixable
Violet Dead Cell Stain Kit (Invitrogen) or DAPI. For intracellular staining, cells were fixed, permeabilized, and incubated
withanti-Foxp3 (FJK-16s, eBioscience) mAbat room temperature for 30 minutes, or anti-IL-33 (Cat#: AFS626, R&D) mAbat 4?
overnight followed by donkey anti-goat IgG secondary antibody (Jackson Immunoresearch) at room temperature for 1 hour
according to the manufacturer’s instructions (eBioscience).

Cells were acquired using FACSymphony A5 flow cytometers (BD Biosciences) and were sorted using a FACSAria (BD) cell
sorter.

Data were analyzed using FlowJo10 software.
The purity of post-sort samples was > 90%. It was determined by re-analysis of the post-sort cells using FACSAria cell sorter.

mSCs were gated by CD45--CD31--PDGFRa+-Scal+; Macrophages were gated by CD45+-CD11b+-CD64+; Treg cells were
gated by CD45+-TCRB+-CD4+-Foxp3+; ILC2s were gated by CD45+-TCRB--TCRyS--CD4--CD8--Thy1+-ST2+; FSC/SSC gating was
based on the clear separation of lymphocytes and myeloid/stromal cells with debris/dead cells, which were labeled by Live/
Dead dye (ThermoFisher) or DAPI. For the samples without clear boundaries between the positive and the negative cells, we
used the antibody isotype control staining to define the populations.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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