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Group 2 innate lymphoid cells promote beiging of
white adipose tissue and limit obesity
Jonathan R. Brestoff1,2, Brian S. Kim2{, Steven A. Saenz2{, Rachel R. Stine3, Laurel A. Monticelli1,2, Gregory F. Sonnenberg1,
Joseph J. Thome4,5, Donna L. Farber4,5,6, Kabirullah Lutfy7, Patrick Seale3 & David Artis1,2

Obesity is an increasingly prevalent disease regulated by genetic and
environmental factors.Emerging studies indicate that immunecells,
includingmonocytes, granulocytes and lymphocytes, regulatemeta-
bolic homeostasis and are dysregulated in obesity1,2. Group 2 innate
lymphoid cells (ILC2s) can regulate adaptive immunity3,4 and eosin-
ophil and alternatively activated macrophage responses5, and were
recently identified inmurinewhite adipose tissue (WAT)5where they
may act to limit the development of obesity6. However, ILC2s have
not been identified inhumanadipose tissue, and themechanismsby
which ILC2s regulatemetabolic homeostasis remainunknown.Here
we identify ILC2s in humanWAT and demonstrate that decreased
ILC2 responses inWAT are a conserved characteristic of obesity in
humans and mice. Interleukin (IL)-33 was found to be critical for
themaintenance of ILC2s inWATand in limiting adiposity inmice
by increasing caloric expenditure. This was associated with recruit-
ment of uncoupling protein 1 (UCP1)1 beige adipocytes in WAT,
a process known as beiging or browning that regulates caloric
expenditure7–9. IL-33-induced beiging was dependent on ILC2s, and
IL-33 treatment or transfer of IL-33-elicited ILC2s was sufficient to
drive beiging independently of the adaptive immune system, eosin-
ophils or IL-4 receptor signalling. We found that ILC2s produce
methionine-enkephalin peptides that can act directly on adipocytes
to upregulateUcp1 expression in vitro and that promote beiging in
vivo. Collectively, these studies indicate that, in addition to respond-
ing to infection or tissue damage, ILC2s can regulate adipose func-
tion andmetabolichomeostasis inpart viaproductionof enkephalin
peptides that elicit beiging.
Group 2 innate lymphoid cells (ILC2s) respond to the cytokine inter-

leukin (IL)-33 (refs 3,10,11), andboth IL-33 and ILC2shavebeen impli-
cated in the regulationofmetabolic homeostasis inmice5,6,12. Toaddress
whether ILCs are present in human white adipose tissue (WAT) or
dysregulated in obese patients, we obtained abdominal subcutaneous
WAT from non-obese human donors and identified a lineage (Lin)-
negative cell population that expresses CD25 (IL-2Ra) and CD127
(IL-7Ra) (Fig. 1a, ExtendedDataFig. 1a). This cell population expressed
GATA binding protein 3 (GATA-3) and the IL-33 receptor (IL-33R)
(Fig. 1b), consistent with ILC2s in other human tissues13,14. A Lin2

CD251 CD1271 cell population that expresses GATA-3 and IL-33R
was also identified in epididymal (E)-WAT of mice (Fig. 1c, d). These
cells were developmentally dependent on inhibitor of DNA binding
2 (Id2), transcription factor 7 (TCF-7) and the common gamma chain
(cc) andproduced the effector cytokines IL-5 and IL-13 (ExtendedData
Fig. 1b–e), similar to murine ILC2s as described previously3,5,10,11,14,15.
We compared ILC2 frequencies in abdominal subcutaneous WAT

from non-obese versus obese donors (Extended Data Table 1). WAT
fromobese donors exhibited decreased frequencies of ILC2s compared

tonon-obese controls (Fig. 1e, f). The obese groupwas enriched inolder
females compared to thenon-obesegroup,but ageandsexdidnot explain
thedifference in ILC2 frequencies betweenobese andnon-obese donors
(Extended Data Fig. 1f, g). To test whether ILC2s inWAT are also dys-
regulated inmurine obesity,micewere fed a control diet or high-fat diet
(HFD).HFD-induced obesemice exhibited decreased frequencies and
numbers of ILC2s in E-WATcompared towild-typemice fed a control
diet (Fig. 1g, h).Together, thesedata suggest that decreased ILC2popula-
tions inWAT is a conserved characteristic of obesity inmice andhumans.
Weemployed IL-33-deficientmice to testwhether endogenous IL-33

regulates ILC2 responses and the development of obesity. Il332/2mice
exhibited decreased basal frequencies andnumbers of ILC2s inE-WAT
and inguinal (i)WATcompared to Il331/1 controls (Fig. 2a–c, Extended
Data Fig. 2a), and expression of IL-5 and IL-13 by WAT ILC2s was
decreased in Il332/2mice compared to controls (ExtendedDataFig. 2b).
Notably,when fedanormaldiet,mice lacking IL-33gainedmoreweight,
accumulatedmoreE-WATand iWATandhad increased adipocyte size
and whole-body adiposity compared to controls (Fig. 2d–f, Extended
Data Fig. 2c). In addition, Il332/2mice exhibited dysregulated glucose
homeostasis as evidenced by fasting euglycaemic hyperinsulinaemia,
increased HOMA-IR index (homeostatic model assessment of insulin
resistance) values and impairedglucose and insulin tolerance (Extended
Data Fig. 2d–h). Together, these results indicate that endogenous IL-33
is required tomaintain normal ILC2 responses inWATand to limit the
development of spontaneous obesity.
Incontrast,wild-typemice treatedwith recombinantmurine (rm)IL-33

exhibited increased accumulation of ILC2s in E-WAT and iWAT
(Fig. 2g–i). Although body weight did not differ between groups
(Fig. 2j),mice treatedwith rmIL-33haddecreasedadiposity and increased
lean mass compared to controls (Fig. 2k). Remarkably, HFD-fed mice
treated with rmIL-33 displayed increased E-WAT ILC2 numbers in
associationwithdecreasedbodyweight and fatmass and improved glu-
cosehomeostasis compared toHFD-fedmice treatedwithPBS (Extended
Data Fig. 3a–f). These beneficial metabolic effects are consistent with
studies showingaprotective role for IL-33 inobesity12andmaybe related
toobesity-associated pathologies suchas atherosclerosis that are limited
by IL-3316.
To examine the mechanisms by which IL-33 regulates adiposity

we assessed energy homeostasis in control and rmIL-33-treated mice.
Treatment ofmicewith rmIL-33 for 7 days resulted in increased caloric
expenditure compared to controls (Fig. 2l). Food intakewas unchanged
following chronic rmIL-33 treatment (Fig. 2m), and the absence of
hyperphagia in the setting of increased caloric expenditure seemed to
be related to decreased activity (Fig. 2n, Extended Data Fig. 4a). How-
ever, rmIL-33 did not appear to have direct suppressive effects on food
intake or activity levels (Extended Data Fig. 4b–d). These data suggest
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that increased caloric expenditure following 7 days of rmIL-33 treat-
ment could not be explained by the thermic effect of food or physical
activity levels, but was regulated by other physiologic processes.
An emerging cell type that is critical for regulating caloric expendi-

ture is the beige adipocyte (also known as brite, brown-like or inducible
brown adipocyte)7,9,17,18. These specialized adipocytes produce heat by

uncoupling energy substrate oxidation fromATP synthesis7,17,18, a ther-
mogenic process that expends calories and is dependent on uncoupling
protein 1 (UCP1)8,17. Previous work has linked brown and beige adipo-
cyte function to thepreventionofweight gain inmice andhumans9,19–21.
To test whether IL-33 regulates beiging, we examinedWATmorphol-
ogy of Il331/1 versus Il332/2mice. iWAT from Il331/1mice exhibited
unilocular white adipocytes with interspersed paucilocular beige adi-
pocytes that have multiple small lipid droplets and increased UCP11

cytoplasm (Fig. 3a). In contrast, iWATfrom Il332/2micehad fewbeige
adipocytes (Fig. 3b) and increased white adipocyte size compared to
controls (Fig. 3a, b, ExtendedData Fig. 2c). ExpressionofUcp1was also
lower in iWAT of Il332/2 mice compared to controls (Fig. 3c), sug-
gesting that IL-33maybe a critical regulator of beiging. Consistentwith
this, mice treated with rmIL-33 exhibited increased UCP11 beige adi-
pocytes and elevated expression of Ucp1 messenger RNA in E-WAT
and iWAT (Fig. 3d–f) compared to controls, indicating that IL-33 can
promote beiging of WAT. Notably, the stimulatory effect of rmIL-33
treatment on UCP1 expression was restricted to WAT and was not
observed in brown adipose tissue (BAT) (Extended Data Fig. 5a–e).
To test whether IL-33-elicited ILC2s promote beiging, congenic

CD45.11 ILC2s from E-WAT of IL-33-treated donor mice were sort-
purifiedand transferred intowild-typeCD45.21 recipientmice (Extended
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Figure 1 | Human andmurine white adipose tissue contains group 2 innate
lymphoid cells that are dysregulated in obesity. a, Identification of lineage
(Lin)-negative CD251 CD1271 innate lymphoid cells (ILCs) in human
abdominal subcutaneous white adipose tissue (WAT) of a lean donor.
Pre-gated on live CD451 Lin2 cells that lack CD3, CD5, TCRab, CD19, CD56,
CD11c, CD11b, CD16, and FceRIa. b, Histograms of GATA-3 and IL-33R
expression by human WAT ILCs (line). Shaded histogram, isotype control.
c, Identification of Lin2 CD251 CD1271 ILCs in murine epididymal
(E)-WAT. Pre-gated on live CD451 Lin2 cells that lack CD3, CD5, CD19,
NK1.1, CD11c, CD11b and FceRIa. d, Histograms of GATA-3 and IL-33R
expression by murine E-WAT ILCs (line). Shaded histogram, isotype control.
e, Representative plots and f, frequencies of human WAT ILC2s from donors
stratified into non-obese (body mass index (BMI), 30.0 kgm22, n5 7)
and obese (BMI$ 30.0 kgm22, n5 7) groups. g, Representative plots and
frequencies of murine E-WAT ILC2s from mice fed a control diet (CD,
10%kcal fat, n5 5) or high-fat diet (HFD, 45%kcal fat, n5 4) for 12weeks.
h, Numbers of murine ILC2s per gram of E-WAT in mice fed a CD (n5 8)
or HFD (n5 6) for 12weeks. Student’s t-test, *P, 0.05, **P, 0.01,
***P, 0.001. Data are shown asmean6 standard error and are representative
of 2–3 independent experiments. Sample sizes are biological replicates.
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Figure 2 | IL-33 critically regulates ILC2 responses in white adipose tissue
and limits adiposity. a–f, Il331/1 (n5 6) or Il332/2 (n5 5) mice were fed
a control diet (10%kcal fat) for 12weeks starting at 7weeks of age.
a, Frequencies and b, numbers of live CD451 Lin2 CD251 IL-33R1 ILC2s in
epididymal (E)-WAT. Plots pre-gated on CD451 Lin2 cells that lack CD3,
CD5, CD19, NK1.1, CD11c, CD11b and FceRIa. c, Numbers of ILC2s in
inguinal (i)WAT. d, Body weight, first 10weeks of feeding. e, Absolute and
relative E-WAT and iWATweights. f, Body composition. g–n, Wild-type mice
were treated with phosphate buffered saline (PBS, n5 10) or recombinant

murine IL-33 (12.5mg per kg body weight per day, n5 12) by intraperitoneal
injection for 7 days. g, Frequencies and h, numbers of ILC2s in E-WAT.
i, Numbers of ILC2s in iWAT. j, Body weight and k, body composition.
l, Caloric expenditure over a 24-h period, days 6-to-7 of treatment.Non-shaded
area, lights on. Shaded area, lights off.m, Food intake andn, total activity (beam
breaks) over the 24-h period in l. Student’s t-test or ANOVA with repeated
measures. *P, 0.05, **P, 0.01, ***P, 0.001. Data are shown as
mean6 standard error and are representative of 2 independent experiments.
Sample sizes are biological replicates.
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Data Fig. 6a). CD45.11 donor ILC2s could be identified in iWAT
(Fig. 3g) and E-WAT (Extended Data Fig. 6b) of mice that received
ILC2s but not in control mice that received PBS, and total ILC2 num-
bers were significantly increased in iWAT of mice receiving CD45.11

ILC2s compared to controls (Fig. 3h). Transferred ILC2s could not be
identified in BAT, mesenteric lymph nodes or lung (Extended Data
Fig. 6b), indicating selective accumulation of WAT-derived ILC2s in
WATof recipientmice. Transfer of ILC2swas associatedwith increased

UCP11 beige adipocytes, augmented expression ofUcp1 and elevated
oxygen consumption in iWAT (Fig. 3i–k).
To testwhether IL-33promotesbeigingofWATinan ILC2-dependent

manner,we treated ILC2-deficientRag22/2
cc2/2micewith IL-33 in the

presence or absence of adoptively transferred congenic ILC2s (Extended
Data Fig. 6c).Rag22/2

cc2/2 (cc is also known as Il2rg)mice supported
accumulation and IL-33-induced population expansion of transferred
E-WAT-derived ILC2s in host E-WAT(Fig. 3l, ExtendedData Fig. 6d).
IL-33 treatment increased expression of Ucp1 in E-WAT of ILC2-suf-
ficient Rag22/2 controls but not ILC2-deficient Rag22/2

cc2/2 mice
(Fig. 3m). Strikingly, rmIL-33-induced increases in expression ofUcp1
and beiging were restored in ILC2-reconstituted Rag22/2

cc2/2 mice
(Fig. 3m, Extended Data Fig. 6e). Collectively, these results indicate
that IL-33-induced beiging ofWATrequires a cc-dependent cell popu-
lation and that ILC2s are sufficient to rescue this defect, suggesting that
IL-33-induced beiging is critically dependent on ILC2s.
ILC2shavebeenshowntopromote theeosinophil/IL-4Ra/alternatively-

activatedmacrophage (AAMac) pathway that can elicit beiging through
IL-4Ra-dependent production of noradrenaline by AAMacs5,22–24. In
addition, regulatory T (Treg) cells inWAT are known to be critical for
regulating glucose homeostasis in mice25 and are increased following
rmIL-33 treatment (Extended Data Fig. 3g, h). Therefore, we sought
to test whether the IL-33/ILC2 pathway could promote beiging in the
absenceof eosinophils, IL-4Raor the adaptive immune system.Remark-
ably, delivery of rmIL-33 to DblGata1 (also known as Gata1tm6Sho;
eosinophil-deficient), Il4ra2/2 or Rag22/2 mice elicited beiging of
WAT (Fig. 3m, ExtendedData Fig. 7a–f), and transfer of IL-33-elicited
ILC2s to DblGata1, Il4ra2/2 or Rag12/2 mice resulted in accumula-
tion of ILC2s in iWAT and recruitment of UCP11 beige adipocytes
(Extended Data Fig. 7g–l). Therefore, although eosinophils, AAMacs
and adaptive immune cells may contribute to optimal beiging under
some physiologic settings, these data indicate that the IL33/ILC2 axis
can promote beiging independently of the eosinophil/IL-4Ra/AAMac
pathway and the adaptive immune system.
Obesity is associatedwithbothdecreased ILC2s (Fig. 1) anddefective

beige adipocytes5,9,21. To address whether ILC2s produce factors that
could directly regulate beiging, we employed genome-wide transcrip-
tional profiling of ILC2s versus group 3 ILCs (ILC3s) to compare gene
expression enrichment scores of 69 genes previously linked to human
obesity (Extended Data Table 2)26,27. This analysis identified one gene,
proprotein convertase subtilisin/kexin type 1 (Pcsk1) (also known as
prohormone convertase 1, PC1), to be significantly enriched in ILC2s
butnot ILC3s (Fig. 4a,P, 0.01). PCSK1 is an endopeptidase involved in
processing someprohormones into active forms28, and loss-of-function
mutations in bothmice and humans are associatedwith increased sus-
ceptibility to obesity and decreased caloric expenditure29. The most
differentially expressed PCSK1 target in ILC2s versus ILC3s was pro-
enkephalin A (Penk) (Fig. 4b), which encodes endogenous opioid-like
peptides suchasmethionine-enkephalin (MetEnk).Productionof MetEnk
by ILC2s was confirmed by flow cytometric analysis of sort-purified
ILC2s (Fig. 4c). Following IL-33 stimulation, ILC2productionof MetEnk
peptides was increased (Fig. 4d). In vivo delivery of MetEnk peptides
intowild-typemice elicitedUCP11beige adipocytes, upregulated expres-
sion ofUcp1 and increased oxygen consumption in iWAT (Fig. 4e–g),
indicating the formation of functional beige fat. Consistent with this,
MetEnk treatment decreased iWATmass (Fig. 4h). These changeswere
not associatedwith increased expression of Il4 or Il13 (Fig. 4i) or altered
eosinophil or AAMac numbers in iWAT (Fig. 4j).
Gene expression analyses in wild-typemice at steady state indicated

that Il33 andPenk expression levels were increased in iWAT compared
to BAT (Fig. 4k). In addition, expression of the MetEnk receptor d1
opioid receptor (Oprd1)washigher in iWATcompared toBAT,whereas
expression of the other knownMetEnk receptor Opioid growth factor
receptor (Ogfr) was lower in iWAT compared to BAT (Fig. 4l), sug-
gesting that there may be tissue-specific effects of MetEnk in iWAT
compared to BAT. Consistent with this, MetEnk stimulation induced
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Figure 3 | IL-33 and ILC2s contribute to beiging of white adipose tissue.
a–c, Il331/1 (n5 6) or Il332/2 (n5 5) mice were fed a low-fat diet (10%kcal
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ILC2s. Plots pre-gated on live CD451 Lin2 CD251 IL33R1 cells. Lineage
cocktail: CD3, CD5, CD19, NK1.1, CD11c, CD11b and FceRIa. h, Total
numbers of ILC2s per gram iWAT. i, iWAT UCP1 IHC. Scale bars, 100mm.
j,Ucp1 expression in iWAT. k, iWAT oxygen consumption. PBS, n5 14; ILC2,
n5 15. l, m, Sort-purified congenic CD45.11 ILC2s (3105) from E-WAT
of IL-33-treated mice were transferred into Rag22/2

cc2/2 mice once by
intraperitoneal injection. ILC2-sufficient Rag22/2 mice, ILC2-deficient
Rag22/2

cc2/2mice and ILC2-reconstituted Rag22/2
cc2/2mice were treated

with PBS or recombinantmurine IL-33 (12.5mg per kg bodyweight per day) by
intraperitoneal injection for 7 days (n5 4 mice per group). l, ILC2 numbers
per gram E-WAT.m, Ucp1 expression in E-WAT. Student’s t-test or two-way
ANOVA. *P, 0.05, **P, 0.01, ***P, 0.001. Data are shown as
mean6 standard error and are representative of 2–4 independent experiments.
Sample sizes are biological replicates.
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Ucp1 expression in cultured primary adipocytes from iWAT (Fig. 4m)
but not BAT (Fig. 4n). Taken together, these results identify that ILC2s
express MetEnk that can directly promote beiging ofWAT (Extended
Data Fig. 8).
Toour knowledge, thesedata collectivelyprovide the first demonstra-

tion that dysregulated ILC2 responses inWAT are a conserved feature
of obesity in humans and mice and that the IL-33/ILC2 axis regulates

metabolic homeostasis by eliciting beiging of white adipose tissue. Pro-
duction of enkephalin peptides is a previously unrecognized effector
mechanismemployedbyILC2s to regulatemetabolic homeostasis. From
an evolutionary perspective, coupling ILC2-dependent innate immune
effector functions with the maintenance of systemic metabolic home-
ostasis couldprovide a rapid, integratedmulti-organ response that allows
mammals to surmount multiple environmental challenges including
infection, nutrient stress or changes in temperature.Given that impaired
beige adipocyte function is associated with increased weight gain and
obesity inmice9,19 and that activity of brown/beige17,30 adipose tissue is
dysregulated in obese patients20,21, targeting the IL-33/ILC2/beiging
pathway could represent anewapproach for treating obesity andobesity-
associated diseases.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in theonline versionof thepaper; referencesunique
to these sections appear only in the online paper.
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Figure 4 | ILC2s produce methionine-enkephalin, a peptide that promotes
beige fat formation. a, Gene expression enrichment analyses of 69
obesity-associated genes in ILC2s (x axis, n5 4) versus ILC3s (y axis, n5 4).
Genes significantly enriched in one cell type but not the other are red.
b, Differential expression of PCSK1 target genes in ILC2s versus ILC3s.
c, Intracellular staining of MetEnk (black line) or rabbit IgG isotype control
(shaded histogram) in ILC2s sort-purified from E-WAT and re-stimulated
in vitro with IL-2 and IL-7 (10 ngml21) for 4 days. d, MetEnk mean
fluorescence intensity (MFI) in sort-purified E-WAT ILC2s re-stimulated
in vitrowith IL-2 and IL-7 (10 ngml21) with or without IL-33 (30 ngml21) for
4 days. Isotype control MFI for each group was subtracted before calculating
relative expression. Shown are averages from 4 independent experiments,
each representing pooled cells from n5 3-5mice andmeasured in duplicate or
triplicate. e–j,Wild-typemice were treatedwith PBS (n5 7) orMetEnk (n5 9)
by subcutaneous injection (10mg per kg body weight per day) for 5 days.
e, Uncoupling protein 1 (UCP1) immunohistochemistry (IHC) in inguinal
white adipose tissue (iWAT). Scale bars, 100mm. f, iWAT Ucp1 expression;
g, iWAT oxygen consumption; h, iWAT relative mass; i, iWAT Il4 and Il13
expression and j, numbers of eosinophils (Eos, live CD451 SiglecF1 SSChi) and
alternatively activated macrophages (AAMacs, live CD451 SiglecF2 F4/801

CD2061) per gram of iWAT. k, Il33 and Penk mRNA and l, Ogfr and Oprd1
mRNA in iWAT versus brown adipose tissue (BAT), n5 8.m, n, Stromal
vascular fraction (SVF) cells fromm, iWAT or n, BAT of 4-week-old C57BL/6
mice were differentiated into primary adipocytes for 2 days, treated with PBS or
50mMMetEnk from days 2–8 and harvested on day 8 (iWAT: n5 7 PBS, n5 8
MetEnk; BAT: n5 6 PBS, n5 6 MetEnk). Student’s t-test or ANOVA,
*P, 0.05, ***P, 0.001. Data are shown as mean6 standard error and
are representative of 2–3 independent experiments. Sample sizes are
biological replicates.
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METHODS
Mice. C57BL/6, CD45.11 C57BL/6, Rag12/2 and DblGata1 (Balb/c background)
mice were obtained from Jackson Labs. Rag22/2, Rag22/2

cc2/2, Il331/1, Balb/c
and Il4ra2/2 (Balb/c background)mice were obtained fromTaconic. Il332/2mice
were provided by Amgen Inc. via Taconic. Id22/2 bone marrow chimaeras14 and
Tcf72/2mice15were generated as described previously. Unless otherwise noted, all
micewere onaC57BL/6background.Allmiceweremales andhadad libitumaccess
to food and water and were maintained in a specific-pathogen free facility with a
12 h:12 h light:dark cycle. Animals were randomly assigned to groups of n5 3–5
mice per group per experiment, and at least two independent experiments were
performed throughout. In all in vivo experiments, a single technical replicate per
mouse was performed except in glucose homeostasis tests described below, in
which 2–4 technical replicates were performed permouse for each time point. For
all mRNA analyses, biological replicates were measured in duplicate or triplicate.
For all in vitro experiments, 2–3 technical replicates were performed in each inde-
pendent experiment. Sample sizes in each independent experiment were selected
tohavepower of at least 90%using published sample size/power formulas31. Studies
were not blinded. All experiments were carried out under the guidelines of the
Institutional Animal Care and Use Committee at the University of Pennsylvania.
Human samples. Subcutaneouswhite adipose tissue (S-WAT) from the abdominal
region was obtained from human donors via the NewYorkHumanOrganDonor
Network (NYODN) and via the Cooperative Human Tissue Network (CHTN)
Eastern Division, University of Pennsylvania. Donor characteristics are summa-
rized in Extended Data Table 1. NYODN samples were from recently deceased
organ donors at the time of organ acquisition for clinical transplantation through
an approved research protocol and MTA with the NYODN. All NYODN donors
were free of cancer and were hepatitis B, hepatitis C and human immunodefi-
ciency virus-negative. Tissues were collected after the donor organs were flushed
with cold preservation solution and clinical procurement process was completed.
Samples from CHTN were collected from non-deceased adults undergoing pan-
niculectomies, andwereharvested fromdiscarded connective tissue byCHTNstaff.
All human samples from NYODN and CHTNwere stored in DMEM on ice or at
4 uC for 24–48 h before processing.Donorswere defined as non-obese if their body
mass index (BMI)was,30.0 kgm22 (n5 7)orobese if theirBMIwas$ 30.0 kgm22

(n5 7). Sample sizes per group were selected to have power .95% using pub-
lished sample size/power formulas31. There were no differences in the proportion of
donors from NYODN or CHTN between non-obese and obese groups (Extended
Data Table 1). ILC2 frequencies were also compared for all characteristics shown
in ExtendedData Table 1, and those characteristics that had a P value, 0.10 were
interrogated to testwhether they could explain the differences in ILC2 frequencies
observedbetweennon-obese versusobesedonors.Thehumansamples fromNYODN
do not qualify as ‘human subjects’ research, as confirmed by the Columbia Uni-
versity IRB, and the human samples fromCHTNwere de-identified and were not
obtained for the specific purpose of these studies and therefore are not considered
‘human subjects’ research.
Diet-inducedobesity.Where indicated,micewere fed a control diet (CD, 10%kcal
fat, Research Diets, New Brunswick, New Jersey) or high fat diet (HFD, 45% or
60%kcal fat as indicated, Research Diets) for the indicated period of time start-
ing at 6–8weeks of age. CD and HFD were gamma-irradiated (10–20 kGy). In all
experiments that did not employ HFD or CD, mice were fed a standard autocla-
vable rodent chow (5%kcal fat, 5010, Lab Diets, St. Louis, Missouri).
In vivo cytokine and enkephalin peptide treatments. Mice were administered
12.5mg per kg bodyweight carrier-free recombinantmurine IL-33 (rmIL-33, R&D
Systems, Minneapolis, Minnesota) in sterile phosphate buffered saline (PBS) by
intraperitoneal (i.p.) injection for 7 days at the indicated dose. InHFD studies,mice
were treated with 12.5mg per kg body weight recombinant murine IL-33 or PBS
once every 4 days by i.p. injection. In some studies, mice were treated with a pre-
viously reported32 dose of 10mg per kg bodyweight [Met5]-enkephalin acetate salt
hydrate (MetEnk, amino acid sequence YGGFM,$ 95.0% purity byHPLC, Sigma
Aldrich, St. Louis, MO) in PBS or with PBS alone by bilateral subcutaneous injec-
tion near the iWAT daily for 5 days (approximately 200ml per side). MetEnk or
vehicle injections were performed under isoflurane anaesthesia.
Sort-purificationand transferof ILC2s.E-WATwasharvested frommaleCD45.11

C57BL/6mice that received daily injections of rmIL-33 (12.5mg per kg body weight)
for 7 days by intraperitoneal injection. Live CD451 Lin2 CD251 IL-33R1 ILC2s
were sort-purified using an Aria Cell Sorter (BD) to$ 98% purity, and 105 ILC2s
were immediately transferred to the indicated recipient mice by intraperitoneal
injection (53 104 cells) and by subcutaneous injection near iWAT (53 104 cells
split evenly for bilateral injections). Daily transfers were performed for 4 consec-
utive days, and tissueswere harvested onday5. In ILC2 reconstitution experiments
involving Rag22/2

cc2/2 recipient mice, 105 ILC2s were transferred by a single
intraperitoneal injection, and the next daymice were treated with PBS or rmIL-33
(12.5mg per kg body weight) by daily intraperitoneal injection for 7 days.

In vivo metabolic phenotyping. Mice were single-housed in an OxyMax Com-
prehensiveLaboratoryAnimalMonitoringSystem(CLAMS,Columbus Instruments,
Columbus,Ohio) for 24h.Micewere acclimated to theCLAMScages for 24hbefore
measurements commenced. Fat mass and adiposity were measured by 1H-nuclear
magnetic resonance (NMR) spectroscopy. For glucose tolerance tests, mice were
fasted overnight for 14–16 h and injected with 2 g per kg body weight D-glucose by
i.p. injection. Bloodglucose valuesweremeasured just before injection (time0) and
at 20, 40, 60, 90 and 120min post-injection. For insulin tolerance tests, mice were
fasted for 4–6 h and then injected with bovine insulin (0.5U per kg body weight).
Blood glucose valuesweremeasured just before injection (time 0) and at 20, 40 and
60minpost-injection.Tomeasure fastingbloodglucose and insulin concentrations,
mice were fasted overnight for 14–16 h, and blood glucose values were measured
followedby collection of approximately 20–30ml blood for serum insulin concentra-
tiondeterminationusing theUltraSensitiveMouse InsulinELISAKit (CrystalChem).
Homeostaticmodel assessment of insulin resistance (HOMA-IR) index valueswere
calculated as described previously33. All blood glucose measurements were per-
formed using FreeStyle Lite handheld glucometer (Abbot) in duplicate or triplicate.

Histologic analysis.Tissues were fixed in 4%paraformaldehyde in PBS for at least
48 h at 4 uC and embedded in paraffin before cutting 5-mm sections and staining
with haematoxylin and eosin (H&E) or performing immunohistochemistry (IHC)
with rabbit anti-UCP1 antibody (Abcam, ab10983). For IHC, rehydrated sections
were microwaved in 10mM citric acid buffer (pH6.0) for antigen retrieval, and
endogenousperoxidaseswerequenchedwith 3%hydrogenperoxide. Sectionswere
blocked with Avidin D, biotin and protein blocking agent in sequential order fol-
lowed by application of the anti-UCP1 antibody (1:500). A biotinylated anti-rabbit
antibodywasusedas a secondary antibody.Horseradishperoxidase-conjugatedABC
reagent was applied, and then DAB reagent was used to develop the signal before
counterstaining in haematoxylin and dehydrating the sections in preparation for
mounting. Stained sectionswere visualized andphotographedusing aNikonE600
bright field microscope.

Adipocyte area quantification. Inguinal white adipose tissue (iWAT) sections
were H&E stained and imaged at 340 magnification. White adipocyte area was
calculated using ImageJ software by drawing ellipses circumscribing white adipo-
cytes. The scalewas set to 8pixels permmbasedon the pixel length of a 100-mmscale
bar at340magnification. Two to three images, each froma different area of a given
sample, were captured per animal. Adipocyte area was measured in 10–20 adipo-
cytes per image (25–40 adipocytes permouse) and averaged on a per-mouse basis.

Isolation of immune cells and flow cytometry.Murine epididymal white adipose
tissue (E-WAT), inguinalWAT (iWAT) or brown adipose tissue (BAT) or human
subcutaneous abdominalWATwere harvested anddigestedwith 0.1% collagenase
type II (Sigma-Aldrich, USA) at 37 uC with shaking at 200 r.p.m. for 60–90min.
Digested tissueswere filtered through a 70-mmnylonmesh and centrifuged at 500g
for 5min. Floating adipocytes were removed, and the stromal vascular fraction
(SVF) pelletwas resuspended in redblood cell lysis buffer (ACKRBCLysis Buffer).
Recovered cells were washed and stained with live/dead stain (Molecular Probes)
followedby standard surface staining for flowcytometric analysiswith fluorochrome-
conjugated antibodies. Murine cells were stained with combinations of the follow-
ing antibodies: anti-mouse CD45-eFluor 605NC (clone 30-F11), CD45.1-eFluor
450 (A20), CD45.2-AlexaFluor 700 (104), F4/80-eFluor 450 (BM8), CD3e-PerCP-
Cy5.5 (145-2C11), CD5-PerCP-Cy5.5 (53-7.3), CD19-PerCP-Cy5.5 (1D3),NK1.1-
PerCP-Cy5.5 (PK136), CD11c-PerCP-Cy5.5 (N418), FceRIa-FITC (MAR-1),
Foxp3-FITC (FJK-16 s), GATA-3-PE (TWAJ) and CD25-PE-Cy7 (clone PC61.5)
from eBioscience (San Diego, CA); CD11b-PE-Texas Red (M1/70.15) from Life
Technologies (Grand Island, NY); CD90.2-Alexa Fluor 700 (30-H12) and CD4-
Brilliant Violet-650 (RM4-5) from BioLegend (San Diego, CA); SiglecF-PE (E50-
2440) and CD3e-PE-CF594 (145-2C11) from BD Biosciences (San Jose, CA);
IL-33R-biotin (T1/S2, clone DJ8) fromMD Bioproducts (St. Paul, MN); CD206-
AlexaFluor 647 (MR5D3) fromAbDSerotec (Raleigh,NC); andStreptavidin-APC
from eBioscience. Foxp3, GATA-3 and CD206 staining was performed following
fixation and permeabilization with the Foxp3 Staining Buffer Set (eBioscience).
Human cells were stainedwith anti-humanGATA-3-PE (TWAJ), TCRab-PerCP-
Cy5.5 (IP26), CD5-PerCP-Cyanin5.5 (L17F12), CD19-Alexa Fluor 700 (HIB19),
CD11c-AlexaFluor700 (3.9),CD127-eFluor 780 (eBioRDR5),CD45-eFluor 605NC
(HI30), FceRIa-biotin (AER-37) and Streptavidin-eFluor 650NC from eBioscience;
CD56-Alexa Fluor 700 (B159), CD16 (3G8), CD3 (SP34-2) and CD25-PE-Cy7
(M-A251) from BD Pharmingen; CD11b-PE-Texas Red (M1/70.15) from Life
Technologies; and ST2L-FITC fromMDBioproducts. Stained cells were acquired
onaBDLSRII flowcytometer (BDBiosciences), anddatawere analysedusingFlowJo
software version 9.6.4 (Tree Star, Inc.).

Intracellular cytokine analysis. To examine ILC2 effector cytokine production,
single-cell suspensions of E-WAT or iWAT SVFwere stimulated for 4 h ex vivowith
phorbol 12-myristate 13-acetate (PMA) (100ngml21) and ionomycin (1ngml21) in
thepresenceof brefeldinA(10mgml21) (all fromSigma-Aldrich) ina37 uCincubator
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(5% CO2). Cells were then surface-stained, fixed and permeabilized using Cyto
Fix/Perm(BDPharmingen) according tomanufacturer’s instructions before intra-
cellular staining for IL-5 (APC-IL-5, cloneTRFK5, eBioscience) and IL-13 (PE-IL-13,
eBio13A, eBioscience). Monensin (1:1500) was also used for intracellular staining
with rabbit anti-mouseMetEnk (bs-1759R,BiossUSA,Woburn,MA)or rabbit anti-
mouse IgG (Isotype control, Bioss USA) followed by staining with goat anti-rabbit
PE (sc-3739, Santa Cruz Biotechnology, Dallas, TX).
Real-timePCR.Adipose tissueswere snap-frozen inTRIzol (Invitrogen)andhomog-
enized using a Tissue Lyser (Qiagen). RNA was isolated from the aqueous phase
using theRNeasykit (Qiagen) in accordancewith themanufacturer’s instructions.
cDNA was synthesized from 1.0mg RNA using Superscript II Reverse Transcrip-
tase (Invitrogen) and oligo(dT) (Invitrogen). Real-time PCRwas performed using
SYBR Green technology (Applied Biosystems) with previously published primer
sequences for murine Ucp117 and Qiagen QuantiTect real-time PCR primers for
b-actin, Il33, Penk,Oprd1 andOgfr. Reactions were run on the 7500 Fast Real-Time
PCR System (Applied Biosystems) or the QuantStudio 6 Flex Real-Time PCR
System (Applied Biosystems). Results were normalized to the housekeeping gene
b-actin, and the DDCt method was employed for all real-time PCR analyses.
Microarrays and ILC2 versus ILC3 gene enrichment analyses.Microarray ana-
lyses (,25,000 genes) were performedusing previously publishedmicroarray data
sets (GEOGSE46468)14. In brief, Lin2CD901CD251 IL-33R1 ILC2s from the lung
(4 biological replicates each comprising 6 pooled lungs) and Lin2 CD901 CD251

CD41 ILC3s from the spleen (4 biological replicates each comprising 10 pooled
spleens) were sorted using a FACS Aria (BD) directly into TRIzol LS (Invitrogen)
at a purity of.97% (1.5–2.03 104 cells per replicate). mRNA was isolated, amp-
lified, labelled and hybridized to Affymetrix GeneChip (Mouse Gene 1.0 ST) as
described previously14. Gene expression Z-scores were calculated for each of 69
obesity-associated genes in ILC2s or ILC3s (see Extended Data Table 2 for a com-
plete list of genes). Genes that were significantly enriched compared to the aver-
age gene expression level of the entire microarray data set) in one cell population
(Z. 2.20)but not the otherwere considered tobedifferentially enriched in that cell
population.Bonferroni correction (alpha5 0.05,k5 69)was applied formicroarray
analyses to account for multiple testing.
Tissue oxygen consumption.A,20mgbiopsy of iWATwas isolated fromdirectly
below the lymph node and minced in PBS containing 2% BSA, 1.1mM sodium

pyruvate and 25mM glucose. Samples were placed in an MT200A Respirometer

Cell (Strathkelvin), and oxygen consumption was measured for approximately
5min. Oxygen consumption rates were normalized to minced tissue weight.

Primary adipocyte culture. iWATor BATwas dissected from4week-oldC57BL/
6 mice (n5 5 per experiment, pooled) and digested as described above. Stromal
vascular fraction (SVF) cells were plated in 12-well CellBind plates, and adherent
cells were grown to confluence. Cells were differentiated into adipocytes as previ-
ously described34. Briefly, cells were cultured for 2 days with 850nM insulin, 1 nM
3,39,5-triiodo-L-thyronine (T3), 1mMrosiglitazone, 125 nM indomethacin (125mM
for BAT primary adipocytes), 0.5mM isobutylmethylxanthine (IBMX) and 1 mM
dexamethasone in adipocyte culture media (DMEM:F12 [50:50] supplemented
with 10% heat-inactivated FBS, penicillin, streptomycin and L-glutamine). Cells

were thenmaintained inadipocyte culturemedia supplementedwith 850nMinsulin
and 1nMT3with either PBS or 50mMMetEnk for 6 days, with freshmedia replace-
ment every 2 days. Cells were harvested on day 8 in TRIzol.

Statistical analyses. Data are expressed as mean6 standard error of the mean
(s.e.m.). Statistical significance was determined for normally-distributed data by
using the two-tailed Student’s t test or a one-way or two-way analysis of variance
(ANOVA) followed by Sidak or Tukey post-hoc tests. If variance differed between
groups, the appropriate statistical correctionwas applied (for example,Welch’s cor-
rection). Correlation analyses were conductedusing Pearson linear regression. Pro-
portions among human samples were compared by Chi-squared tests. Significance
was set at P, 0.05. Statistical analyses were performed with Prism 6 (GraphPad

Software, Inc.) or SPSS Statistics version 22 (IBM).

31. Brestoff, J. R. & Van den Broeck, J. in Epidemiology: Principles and Practical
Guidelines (eds Van den Broeck, J. & Brestoff, J. R.) pp. 137–155 (Springer,
2013).

32. Zagon, I. S., Rahn, K. A., Bonneau, R. H., Turel, A. P. & McLaughlin, P. J. Opioid
growth factor suppresses expression of experimental autoimmune
encephalomyelitis. Brain Res. 1310, 154–161 (2010).

33. Matthews, D. R. et al. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentrations in
man. Diabetologia 28, 412–419 (1985).

34. Seale, P. et al. Prdm16 determines the thermogenic program of subcutaneous
white adipose tissue in mice. J. Clin. Invest. 121, 96–105 (2011).
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Extended Data Figure 1 | Identification of human innate lymphoid cell
(ILCs) in WAT and developmental and functional characterization of
murine ILCs in WAT. a, Gating strategy to identify human ILCs. Stromal
vascular fraction (SVF) cells from human abdominal subcutaneous white
adipose tissues (WAT) were isolated and subjected to flow cytometric analyses.
First plot pre-gated on singlets. Lineage cocktail 1 (Lin1): CD3, CD5, TCRab.
Lineage cocktail 2 (Lin2): CD19, CD56, CD11c, CD16. ILCs are identified
as Lin-negative cells that are CD251 CD1271. Plots shown are from an obese
donor. b–e, SVF cells from murine epididymal (E)-WAT were isolated and
subjected to flow cytometric analyses. ILCs were defined as live CD451 Lin2

CD251 CD1271 cells. The lineage (Lin) cocktail included CD3, CD5, CD19,
NK1.1, CD11c, CD11b and FceRIa. Comparison of Lin2CD251CD1271 cells
in E-WAT of b, Id21/1 versus Id22/2 bone marrow chimaeras, c, Tcf71/1

versus Tcf72/2mice and d, Rag22/2 versus Rag22/2
cc
2/2mice. n5 3–8 mice

per group from 2 independent experiments. e, E-WATSVF cells fromC57BL/6
mice were treated with PMA (100 ngml21) and ionomycin (1mgml21) in
the presence of Brefeldin A (10mgml21) for 4 h and stained for ILCs. Live
CD451 Lin2CD251CD1271 cells were pre-gated, and IL-5 and IL-13 protein
levels were assessed. Plot shown is representative of n5 12 mice from 3
independent experiments. f, HumanWAT ILC2 frequencies were compared in
the 7 youngest donors (36.06 3.5 years old) versus the 7 oldest donors
(55.96 1.9 years old). g, Human WAT ILC2 frequencies in female non-obese
donors with bodymass index (BMI), 30.0 kgm22 versus female obese donors
with BMI$ 30.0 kgm22. Student’s t-test. **P, 0.01, ***P, 0.001. Data
are shown as mean6 standard error and are representative of 2 independent
experiments. Sample sizes are biological replicates.
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Extended Data Figure 2 | IL-33-deficient mice exhibit dysregulated group 2
innate lymphoid cells (ILC2s) in association with increased adipocyte size
and impaired glucose homeostasis. Il331/1 (n5 6) or Il332/2 (n5 5)
mice were fed a low-fat diet (10%kcal fat) for 12weeks starting at 7weeks of
age. a, Representative plots and frequencies of live CD451 Lin2 CD251

IL-33R1 ILC2s in epididymal (E)-WAT (data are from Fig. 2a) and iWAT.
Plots pre-gated on CD451 Lin2 cells that lack CD3, CD5, CD19, NK1.1,
CD11c, CD11b and FceRIa. b, Frequencies of IL-51 IL-132 and IL-51 IL-131

ILC2s in E-WAT and iWAT of wild-type and IL-33-deficient mice. E-WAT
stromal vascular fraction cells were treated with PMA (100ngml21) and
ionomycin (1mgml21) in the presence of brefeldin A (10mgml21) for 4 h
before staining for ILC2s and intracellular cytokines. Pre-gated onCD451Lin2

CD251 IL33R1 ILC2s. c, Inguinal white adipose tissue (iWAT) sections were

haematoxylin and eosin stained and imaged at340 magnification. Adipocyte
area was calculated from 25–40 adipocytes total from 2–3 images per mouse.
d, 16-h fasting blood glucose concentrations. e, 16-h fasting serum insulin
concentrations. f, Homeostatic model assessment of insulin resistance
(HOMA-IR) index values. g, Glucose tolerance test (GTT) with 2 g per kg body
weight glucose following a 16-h fast. h, Insulin tolerance test (ITT) with 0.5U
per kg body weight insulin following a 5-h fast. For panels a–f, groups were
compared using Student’s t-test, *P, 0.05, ***P, 0.001. For panels g–h, a
two-way ANOVA with repeated measures was performed followed by Tukey
post-hoc test. *P, 0.05, **P, 0.01, ***P, 0.001. Data shown are from a
single cohort and are representative of 2 independent experiment. Sample sizes
are biological replicates.
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Extended Data Figure 3 | IL-33 increases E-WAT ILC2s and regulatory
T cells (Tregs) and abrogates the development of obesity and glucose
intolerance in mice fed a high-fat diet (HFD). Male C57BL/6 mice were
placed on a control diet (CD) or HFD (60%kcal fat) at age 8weeks. On the first
day of feeding, CDmice were treated with PBS andHFDmice were treatedwith
PBS or recombinant murine (rm)IL-33 (12.5mg per kg body weight) once
every 4 days by intraperitoneal injection for 4weeks. a, E-WAT ILC2 numbers
per gram of adipose, b, body weight, c, relative E-WAT weight and d, relative
iWAT weight atweek 4. e, 16-h fasting blood glucose concentrations and
f, glucose tolerance testing during week 3. g, Frequencies and representative

plots of E-WAT Tregs defined as live CD451 CD31 CD41 Foxp31 cells. Plots
are gated on live CD451 CD31 CD41 cells, and numbers are the percentage
of CD41 T cells that are Foxp31 Tregs. h, Numbers of Treg cells per gram of
adipose. All panels include n5 10mice per group from 2 independent cohorts,
except panel A which includes n5 16 CD PBS and n5 18 HFD PBS from 4
independent cohorts. a–e, One-way ANOVA with Tukey post-hoc test,
*P, 0.05, **P, 0.01, ***P, 0.001. f, Two-way ANOVA with repeated
measures, ***P, 0.001 comparing CD PBS versus HFD PBS, ^^^P, 0.001
comparing HFD PBS versus HFD IL-33. Data are shown as mean6 standard
error. Sample sizes are biological replicates.
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Extended Data Figure 4 | Decreased ambulatory activity may limit
hyperphagia following IL-33 treatment, but IL-33 does not appear to have
direct suppressive effects on food intake or ambulatory activity. a, Male
C57BL/6 mice were treated with PBS or recombinant murine (rm)IL-33
(12.5mg per kg body weight) daily for 7 days (PBS n5 10, rmIL-33, n5 12).
Over a 24 h period between days 6 and 7, food intake and ambulatory activity
were measured over 15-min intervals. The average difference in food intake
or ambulatory activity between PBS- and rmIL-33-treated mice was calculated
for each 15-min interval, and the differences in food intake and ambulatory
activity were related by linear regression. Solid line, best-fit line. Dashed curves,
upper and lower 95% confidence intervals around the best-fit line. Data are
shown as mean differences for each interval and are representative of 2
independent experiments. b–d, Male C57BL/6 mice were treated with PBS or
recombinant murine (rm)IL-33 (12.5mg per kg body weight) once and
monitored for the first 3 h post-treatment using CLAMS cages (n5 4 per
group). b, Energy expenditure, c, food intake and d, ambulatory activity (beam
breaks) were measured over of the first 3 h post-treatment. Student’s t-test.
***P, 0.001. Data are shown asmean6 standard error and are representative
of 1 independent experiment. Sample sizes are biological replicates.

LETTER RESEARCH

Macmillan Publishers Limited. All rights reserved©2014



CD25 

IL
-3

3
R

 
63.1 ± 4.4 76.0 ± 4.3* 

3.0 

1.5 

0 

#
 I
L

C
2

s
/g

 B
A

T
 (

1
0

3
) 

 

PBS IL-33 

BAT 

1.2 

0.6 

0 

F
o

ld
 c

h
a

n
g

e
 

(n
o

rm
a

liz
e

d
 t
o

 
-a

c
ti
n

) Ucp1 

* 

*** 

PBS IL-33 PBS IL-33 

a b c 

d e 

UCP1 UCP1 

***

*

Extended Data Figure 5 | Brown adipose tissue (BAT) contains Lin2

CD251 IL-33R1 ILC2s that expand in response to IL-33 in association with
decreased Ucp1 expression. C57BL/6 male mice (10weeks old) were treated
with PBS (n5 8) or IL-33 (12.5mg per kg body weight, n5 8) daily by
intraperitoneal injection for 7 days. a, Representative plots and frequencies of
Lin2 CD251 IL-33R1 ILC2s in interscapular BAT. Gated on live CD451 Lin2

cells. b, Numbers of ILC2s per gram of BAT. c, Ucp1 expression in BAT by
real-time PCR. d, UCP1 immunohistochemistry of BAT at310magnification.
Scale bars, 100mm. e,340 magnification of d. Scale bars, 100mm. Student’s
t-test, *P, 0.05, ***P, 0.001. Data are shown as mean6 standard error
and are representative of 2 independent experiments. Sample sizes are
biological replicates.
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Extended Data Figure 6 | ILC2s from E-WAT accumulate in white adipose
tissue of recipientmice and expand in response to IL-33 to promote beiging.
a, Experimental design for panels a, b. Live CD451 Lin2 CD251 IL-33R1

ILC2s were sort-purified from E-WAT of CD45.11 mice treated with 12.5mg
per kg body weight recombinant murine (rm)IL-33 daily for 7 days by
intraperitoneal injection. PBS (n5 8) or ILC2s (13 105 total, n5 8) were
transferred to CD45.21 recipient mice daily for 4 days by subcutaneous
injection near iWAT (53 104 ILC2s, split evenly bilaterally) and
intraperitoneal injection (53 104 ILC2s). Tissues were harvested on day 5 for
analyses.b, Donor and recipient ILC2s in E-WAT, brown adipose tissue (BAT),
mesenteric lymph nodes (mLN) and lung. iWAT ILC2 plots from this
experiment are shown in main Fig. 3g. Pre-gated on Live CD451 Lin2 CD251

IL-33R1 ILC2s. Donor ILC2s are defined as CD45.11 CD45.22, whereas
recipient ILC2s are defined as CD45.12 CD45.21. Representative plots shown.
Frequencies represent percent of ILC2s that are recipient or donor cells.

Student’s t-test, ***P, 0.001. c, Experimental design for panels c–e.
Sort-purified CD45.11 ILC2s (3105) from E-WAT of IL-33-treated mice
(as described above) were transferred into Rag22/2

cc2/2 recipients by a single
intraperitoneal injection. ILC2-sufficient Rag22/2 mice, ILC2-deficient
Rag22/2

cc2/2mice and ILC2-reconstituted Rag22/2
cc2/2mice were treated

with PBS or rmIL-33 (12.5mg per kg body weight) by intraperitoneal injection
daily for 7 days. There were n5 4 mice per group. This experimental design
corresponds to main Fig. 3l-m. d, Representative plots of live CD45.11 Lin2

CD251 IL33R1 ILC2s in E-WAT. Blue, recipient cells. Red, donor cells.
Lineage cocktail includes CD3, CD5, CD19, NK1.1, CD11c, CD11b and
FceRIa. e, iWATUCP1 IHC. Scale bars, 100mm.ANOVAwith Tukey post-hoc
test, ***P, 0.001. Data are shown as mean6 standard error and are
representative of 2 independent experiments. Sample sizes are biological
replicates.
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Extended Data Figure 7 | IL-33 treatment and ILC2 transfer can elicit
beiging independently of eosinophils and IL-4Ra signalling. a–f, Wild-type
(Balb/c), DblGata1mice that lack eosinophils or Il4ra2/2 mice that have
dysregulated alternatively activated macrophages (AAMacs) (both mutant
strains on a Balb/c background) were treated with PBS or recombinant murine
(rm)IL-33 (12.5mg per kg body weight) daily by intraperitoneal injection for
7 days. a, iWAT ILC2 numbers per gram of adipose and b, iWAT UCP1
immunohistochemistry (IHC) in Balb/c mice (PBS, n5 4; rmIL-33, n5 3).
c, iWAT ILC2 numbers per gram of adipose and d, iWAT UCP1 IHC in
DblGata1mice (PBS, n5 5; rmIL-33, n5 6). e, iWAT ILC2 numbers per gram
of adipose and f, iWAT UCP1 IHC in Il4ra2/2 mice (PBS, n5 4; rmIL-33,
n5 6). g, h, Live CD451 Lin2 CD251 IL-33R1 ILC2s were sort-purified
from E-WAT of C57BL/6 mice treated with rmIL-33 (12.5mg per kg body
weight) daily for 5–7 days by intraperitoneal injection to Rag12/2 mice on a

C57BL/6 background. ILC2s (13 105 total) were transferred to recipient
mice daily for 4 days by subcutaneous injection (PBS, n5 8; ILC2, n5 8).
g, iWAT ILC2 numbers per gram of adipose and h, iWATUCP1 IHC. i–l, Live
CD451 Lin2CD251 IL-33R1 ILC2swere sort-purified fromE-WAT of Balb/c
mice treated with rmIL-33 (12.5mg per kg body weight) daily for 5–7 days
by intraperitoneal injection. ILC2s (13 105 total) were transferred to recipient
mice daily for 4 days by subcutaneous injection. i, iWAT ILC2 numbers per
gram of adipose and j, iWAT UCP1 IHC in DblGata1 recipients (PBS, n5 6;
ILC2, n5 6). k, iWAT ILC2 numbers per gram of adipose and l, iWAT UCP1
IHC in Il4ra2/2 recipients (PBS, n5 3; ILC2, n5 4). Scale bars, 100mm.
Student’s t-test, *P, 0.05. Data are shown as mean6 standard error and are
representative of 2 independent experiments. Sample sizes are biological
replicates.
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Extended Data Figure 8 | Summary model linking the IL-33/ILC2/MetEnk
pathway to the regulation of beiging and obesity. Interleukin (IL)-33 acts
on group 2 innate lymphoid cells (ILC2s) to upregulate production of the
effector molecules IL-5, IL-13 and enkephalin peptides. ILC2-derived IL-5
promotes eosinophil homeostasis in WAT, and eosinophils in turn produce
IL-4 to sustain alternatively activated macrophages (AAMacs) in WAT.
ILC2-derived IL-13 can also promote AAMac responses. In the setting of
chronic exposure to a cold environment, eosinophil-derived IL-4 stimulates
AAMacs to produce catecholamines such as noradrenaline, which acts directly
on beige adipocytes to upregulate uncoupling protein 1 (UCP1) expression and
promote mitochondrial biogenesis. Although it remains unknown whether
ILC2-derived IL-5 and IL-13 contribute to cold-stress-induced beiging,
ILC2-derived enkephalin peptides can act directly on beige adipocytes to
upregulate UCP1 and promote beiging. This results in increased energy
expenditure and decreased adiposity that may counteract weight gain. In the
setting of obesity, IL-33 expression inWAT is increased; however,WAT ILC2s
are paradoxically decreased in both mice and humans, suggesting that the
IL-33/ILC2 axis is dysregulated in obesity. Thismay impede the ability of ILC2s
to contribute to the function of beige fat, resulting in a vicious cycle that
promotes weight gain.
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Extended Data Table 1 | Characteristics of non-obese and obese human donors

Characteristic 
Non-obese  

(n=7) 
Obese  
(n=7) 

P-value* 

Source of tissue  
(% CHTN/% NYODP) 

29%/71% 43%/57% P=0.43 

Age 39.3 +/- 5.2 52.6 +/- 2.7 P=0.042 

Sex, % female 43% 87% P=0.094 

BMI (kg/m
2
) 23.5 +/- 1.4 42.6 +/- 3.9 P=0.0006 

History of Type 2 diabetes 14% 43% P=0.24 

History of liver disease 0% 0% n/a 

History of cardiovascular disease 0% 13% P=0.30 

BMI, body mass index; CHTN, Cooperative Human Tissue Network; NYODP, New York Organ Donor Program.

*Proportions were compared by x
2 tests. Continuous variables were compared by Student’s t-test. Exact P values are shown.
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Extended Data Table 2 | List of genes with single nucleotide polymorphisms associated with human obesity

Genes are derived from references 26 and 27.
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