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Group 2 innate lymphoid cells promote beiging of
white adipose tissue and limit obesity
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Obesity is an increasingly prevalent disease regulated by geneticand
environmental factors. Emerging studies indicate that immune cells,
including monocytes, granulocytes and lymphocytes, regulate meta-
bolic homeostasis and are dysregulated in obesity">. Group 2 innate
lymphoid cells (ILC2s) can regulate adaptive immunity>* and eosin-
ophil and alternatively activated macrophage responses’, and were
recently identified in murine white adipose tissue (WAT)® where they
may act to limit the development of obesity®. However, ILC2s have
not been identified in human adipose tissue, and the mechanisms by
which ILC2s regulate metabolic homeostasis remain unknown. Here
we identify ILC2s in human WAT and demonstrate that decreased
ILC2 responses in WAT are a conserved characteristic of obesity in
humans and mice. Interleukin (IL)-33 was found to be critical for
the maintenance of ILC2s in WAT and in limiting adiposity in mice
by increasing caloric expenditure. This was associated with recruit-
ment of uncoupling protein 1 (UCP1)* beige adipocytes in WAT,
a process known as beiging or browning that regulates caloric
expenditure’®. 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 upregulate Ucp1 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 and metabolic homeostasis in part via production of enkephalin
peptides that elicit beiging.

Group 2 innate lymphoid cells (ILC2s) respond to the cytokine inter-
leukin (IL)-33 (refs 3,10,11), and both IL-33 and ILC2s have been impli-
cated in the regulation of metabolic homeostasis in mice>*'>. To address
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-7Rar) (Fig. 1a, Extended Data Fig. 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 tissues'>'*. A Lin~
CD25" CD127" 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 (1d2), transcription factor 7 (TCF-7) and the common gamma chain
(v.) and produced the effector cytokines IL-5 and IL-13 (Extended Data
Fig. 1b-e), similar to murine ILC2s as described previously®>'*!*+15,

We compared ILC2 frequencies in abdominal subcutaneous WAT
from non-obese versus obese donors (Extended Data Table 1). WAT
from obese donors exhibited decreased frequencies of ILC2s compared

tonon-obese controls (Fig. 1e, f). The obese group was enriched in older
females compared to the non-obese group, but age and sex did not explain
the difference in ILC2 frequencies between obese and non-obese donors
(Extended Data Fig. 1f, g). To test whether ILC2s in WAT are also dys-
regulated in murine obesity, mice were fed a control diet or high-fat diet
(HFD). HFD-induced obese mice exhibited decreased frequencies and
numbers of ILC2s in E-WAT compared to wild-type mice fed a control
diet (Fig. 1g, h). Together, these data suggest that decreased ILC2 popula-
tions in WAT is a conserved characteristic of obesity in mice and humans.

We employed IL-33-deficient mice to test whether endogenous IL-33
regulates ILC2 responses and the development of obesity. I133 '~ mice
exhibited decreased basal frequencies and numbers of ILC2s in E-WAT
and inguinal (i) WAT compared to I133™/* controls (Fig. 2a-c, Extended
Data Fig. 2a), and expression of IL-5 and IL-13 by WAT ILC2s was
decreased in I133™/~ mice compared to controls (Extended Data Fig. 2b).
Notably, when fed a normal diet, mice lacking IL-33 gained more weight,
accumulated more E-WAT and iWAT and had increased adipocyte size
and whole-body adiposity compared to controls (Fig. 2d-f, Extended
Data Fig. 2¢). In addition, II33™" " mice exhibited dysregulated glucose
homeostasis as evidenced by fasting euglycaemic hyperinsulinaemia,
increased HOMA-IR index (homeostatic model assessment of insulin
resistance) values and impaired glucose and insulin tolerance (Extended
Data Fig. 2d-h). Together, these results indicate that endogenous IL-33
is required to maintain normal ILC2 responses in WAT and to limit the
development of spontaneous obesity.

In contrast, wild-type mice treated with recombinant murine (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 treated with rmIL-33 had decreased adiposity and increased
lean mass compared to controls (Fig. 2k). Remarkably, HFD-fed mice
treated with rmIL-33 displayed increased E-WAT ILC2 numbers in
association with decreased body weight and fat mass and improved glu-
cose homeostasis compared to HFD-fed mice treated with PBS (Extended
Data Fig. 3a—f). These beneficial metabolic effects are consistent with
studies showing a protective role for IL-33 in obesity'* and may be related
to obesity-associated pathologies such as atherosclerosis that are limited
by IL-33'°.

To examine the mechanisms by which IL-33 regulates adiposity
we assessed energy homeostasis in control and rmIL-33-treated mice.
Treatment of mice with rmIL-33 for 7 days resulted in increased caloric
expenditure compared to controls (Fig. 21). Food intake was 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

1Jill Roberts Institute for Research in IBD, Joan and Sanford I. Weill Department of Medicine, Department of Microbiology and Immunology, Weill Cornell Medical College, Cornell University, New York, New
York 10021, USA. 2Depar‘(ment of Microbiology and Institute for Immunology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA. 3|nstitute for Diabetes,
Obesity and Metabolism, Department of Cell and Developmental Biology, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania 19104, USA. *Columbia Center for
Translational Immunology, Columbia University Medical Center, New York, New York 10032, USA. *Department of Microbiology and Immunology, Columbia University Medical Center, New York, New York
10032, USA. ®Department of Surgery, Columbia University Medical Center, New York, New York 10032, USA. ” Department of Pharmaceutical Sciences, College of Pharmacy, Western University of Health
Sciences, Pomona, California 91766, USA. tPresent addresses: Division of Dermatology, Department of Medicine, Washington University School of Medicine, St Louis, Missouri 63110, USA (B.S.K.);

Immunology Research, Biogen Idec, Inc., Cambridge, Massachusetts 02142, USA (S.A.S.).

242 | NATURE | VOL 519 | 12 MARCH 2015

©2015 Macmillan Publishers Limited. All rights reserved



a 100
0 Isotype
80 yp
—ILCs
< 60
2 5 40
8 B 2
[$) I e e —
CDb127 —> GATA-3 » IL-33R >
c d
100
T 80
o) 60
£ 3
=1 ~E
2 = 40
8 8 %
[$) g 0 e
CD127 —M8 > GATA-3 IL-33R >
e Non-obese Obese f 24
o
S
=£
] 5912 .
£ ER
=3 =}
T T
Jie
[l
(3o}
3 0
& L
CD25 > léoe, &
&
9 HFD h
O
5O
g2
) RS
£ SE 3 o
=1 a4
= =
Su
0
> QL
S &

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)”*!”'8. These specialized adipocytes produce heat by
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Figure 1| Human and murine white adipose tissue contains group 2 innate
lymphoid cells that are dysregulated in obesity. a, Identification of lineage
(Lin)-negative CD25" CD127" innate lymphoid cells (ILCs) in human
abdominal subcutaneous white adipose tissue (WAT) of a lean donor.
Pre-gated on live CD45 ™" Lin™ cells that lack CD3, CD5, TCRa,, CD19, CD56,
CDl11c, CD11b, CD16, and FceRlIa. b, Histograms of GATA-3 and IL-33R
expression by human WAT ILCs (line). Shaded histogram, isotype control.
¢, Identification of Lin~ CD25% CD127" ILCs in murine epididymal
(E)-WAT. Pre-gated on live CD45" Lin" cells that lack CD3, CD5, CD19,
NK1.1, CD11c, CD11b and FceRlIo. 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 kg m 4 n=7)
and obese (BMI = 30.0kgm ™2, n = 7) groups. g, Representative plots and
frequencies of murine E-WAT ILC2s from mice fed a control diet (CD,
10% keal fat, n = 5) or high-fat diet (HFD, 45% kcal fat, n = 4) for 12 weeks.
h, Numbers of murine ILC2s per gram of E-WAT in mice fed a CD (n = 8)
or HFD (n = 6) for 12 weeks. Student’s t-test, *P < 0.05, **P < 0.01,
*#**P < 0.001. Data are shown as mean * standard error and are representative
of 2-3 independent experiments. Sample sizes are biological replicates.
uncoupling energy substrate oxidation from ATP synthesis”'"', a ther-
mogenic process that expends calories and is dependent on uncoupling
protein 1 (UCP1)>". Previous work has linked brown and beige adipo-
cyte function to the prevention of weight gain in mice and humans®'*-'.
To test whether IL-33 regulates beiging, we examined WAT morphol-
ogy of 133"/ versus I133 ™/~ mice. iWAT from II33™/" mice exhibited
unilocular white adipocytes with interspersed paucilocular beige adi-
pocytes that have multiple small lipid droplets and increased UCP1™"
cytoplasm (Fig. 3a). In contrast, iWAT from II33~/~ mice had few beige
adipocytes (Fig. 3b) and increased white adipocyte size compared to
controls (Fig. 3a, b, Extended Data Fig. 2¢). Expression of Ucpl was also
lower in iWAT of 1133~/~ mice compared to controls (Fig. 3c), sug-
gesting that IL-33 may be a critical regulator of beiging. Consistent with
this, mice treated with rmIL-33 exhibited increased UCP1* beige adi-
pocytes and elevated expression of Ucpl 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
CD45.1" ILC2s from E-WAT of IL-33-treated donor mice were sort-
purified and transferred into wild-type CD45.2™" recipient mice (Extended
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Figure 2 | IL-33 critically regulates ILC2 responses in white adipose tissue
and limits adiposity. a-f, 1133"" (n=6) or 1133™~ (n = 5) mice were fed
a control diet (10% kcal fat) for 12 weeks starting at 7 weeks of age.

a, Frequencies and b, numbers of live CD45" Lin~ CD25" IL-33R* ILC2s in
epididymal (E)-WAT. Plots pre-gated on CD45" Lin~ cells that lack CD3,
CD5, CD19, NK1.1, CD11¢, CD11b and FceRlIa. ¢, Numbers of ILC2s in
inguinal (i)WAT. d, Body weight, first 10 weeks of feeding. e, Absolute and
relative E-WAT and iWAT weights. f, Body composition. g-n, Wild-type mice
were treated with phosphate buffered saline (PBS, #n = 10) or recombinant

murine IL-33 (12.5 pug per kg body weight per day, n = 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.

1, 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 and n, total activity (beam
breaks) over the 24-h period in 1. Student’s ¢-test or ANOVA with repeated
measures. *P < 0.05, **P < 0.01, ***P < 0.001. Data are shown as

mean * standard error and are representative of 2 independent experiments.
Sample sizes are biological replicates.
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Figure 3 | IL-33 and ILC2s contribute to beiging of white adipose tissue.
a—c, [133"" (n=6) or I133™/~ (n = 5) mice were fed a low-fat diet (10% kcal
fat) for 12 weeks starting at age 7 weeks. Uncoupling protein 1 (UCP1)
immunohistochemistry (IHC) in iWAT from a, 11337* orb, 1337/~ mice.
Scale bars, 100 pm. ¢, Ucp1 transcript levels in iWAT. d-f, Wild-type mice
were treated with PBS or recombinant murine IL-33 (12.5 pg per kg body
weight per day) by intraperitoneal injection for 7 days. d, E-WAT and e, iWAT
UCP1 IHC. Scale bars, 100 um. f, Ucp1 transcript levels in E-WAT and iWAT.
g-k, Sort-purified CD45.1" ILC2s (X10°) from E-WAT of IL-33-treated
mice were transferred into 12-week-old CD45.2" wild-type recipients by
subcutaneous and intraperitoneal injection daily for 4 days (PBS, n = 8; ILC2,
n = 8 except panel k). g, Representative plots identifying donor and recipient
ILC2s. Plots pre-gated on live CD45" Lin~ CD25" IL33R™ cells. Lineage
cocktail: CD3, CD5, CD19, NK1.1, CD11c, CD11b and FceRIo. h, Total
numbers of ILC2s per gram iWAT. i, iWAT UCP1 IHC. Scale bars, 100 pm.
j» Ucp1 expression in iWAT. k, iWAT oxygen consumption. PBS, n = 14; ILC2,
n = 15.1, m, Sort-purified congenic CD45.1" ILC2s (X10°) from E-WAT

of IL-33-treated mice were transferred into Rag2™’~ yc™/~ mice once by
intraperitoneal injection. ILC2-sufficient Rag2 ™'~ mice, ILC2-deficient
Rag2™’~ y¢™’~ mice and ILC2-reconstituted Rag2™’~ yc¢ ™/~ mice were treated
with PBS or recombinant murine IL-33 (12.5 pg per kg body weight per day) by
intraperitoneal injection for 7 days (# = 4 mice per group). 1, ILC2 numbers
per gram E-WAT. m, Ucpl 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

mean = standard error and are representative of 2-4 independent experiments.
Sample sizes are biological replicates.

Data Fig. 6a). CD45.1" 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 CD45.1 "
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
WAT of recipient mice. Transfer of ILC2s was associated with increased
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UCP1™ beige adipocytes, augmented expression of Ucp1 and elevated
oxygen consumption in iWAT (Fig. 3i-k).

To test whether IL-33 promotes beiging of WAT in an ILC2-dependent
manner, we treated ILC2-deficient Rag2 "~ y¢~/~ mice with IL-33 in the
presence or absence of adoptively transferred congenic ILC2s (Extended
Data Fig. 6¢). Rag2~/~ yc~ '™ (ycisalso known as I12rg) mice supported
accumulation and IL-33-induced population expansion of transferred
E-WAT-derived ILC2s in host E-WAT (Fig. 31, Extended Data Fig. 6d).
IL-33 treatment increased expression of Ucpl in E-WAT of ILC2-suf-
ficient Rag2™~ controls but not ILC2-deficient Rag2™"~ ¢/~ mice
(Fig. 3m). Strikingly, rmIL-33-induced increases in expression of Ucpl
and beiging were restored in ILC2-reconstituted Rag2™"~ ¢~/ mice
(Fig. 3m, Extended Data Fig. 6e). Collectively, these results indicate
that IL-33-induced beiging of WAT requires a y.-dependent cell popu-
lation and that ILC2s are sufficient to rescue this defect, suggesting that
IL-33-induced beiging is critically dependent on ILC2s.

ILC2s have been shown to promote the eosinophil/IL-4Ro/alternatively-
activated macrophage (A AMac) pathway that can elicit beiging through
IL-4Ra-dependent production of noradrenaline by AAMacs™>**. In
addition, regulatory T (T.eg) cells in WAT are known to be critical for
regulating glucose homeostasis in mice* and are increased following
rmlIL-33 treatment (Extended Data Fig. 3g, h). Therefore, we sought
to test whether the IL-33/ILC2 pathway could promote beiging in the
absence of eosinophils, IL-4Ra. or the adaptive immune system. Remark-
ably, delivery of rmIL-33 to DblGatal (also known as Gatal™®";
eosinophil-deficient), Il4ra~’~ or Rag2™’~ mice elicited beiging of
WAT (Fig. 3m, Extended Data Fig. 7a-f), and transfer of IL-33-elicited
ILC2s to DblGatal, Il4ra™’~ or Ragl '~ mice resulted in accumula-
tion of ILC2s in iWAT and recruitment of UCP1™" beige adipocytes
(Extended Data Fig. 7g-1). 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 associated with both decreased ILC2s (Fig. 1) and defective
beige adipocytes®**'. 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)***”. This analysis identified one gene,
proprotein convertase subtilisin/kexin type 1 (PcskI) (also known as
prohormone convertase 1, PC1), to be significantly enriched in ILC2s
but not ILC3s (Fig. 4a, P < 0.01). PCSK1 is an endopeptidase involved in
processing some prohormones into active forms?®, and loss-of-function
mutations in both mice and humans are associated with increased sus-
ceptibility to obesity and decreased caloric expenditure®. The most
differentially expressed PCSKI1 target in ILC2s versus ILC3s was pro-
enkephalin A (Penk) (Fig. 4b), which encodes endogenous opioid-like
peptides such as methionine-enkephalin (MetEnk). Production of MetEnk
by ILC2s was confirmed by flow cytometric analysis of sort-purified
ILC2s (Fig. 4c). Following IL-33 stimulation, ILC2 production of MetEnk
peptides was increased (Fig. 4d). In vivo delivery of MetEnk peptides
into wild-type mice elicited UCP1 " beige adipocytes, upregulated expres-
sion of UcpI and increased oxygen consumption in iWAT (Fig. 4e-g),
indicating the formation of functional beige fat. Consistent with this,
MetEnk treatment decreased iWAT mass (Fig. 4h). These changes were
not associated with increased expression of 114 or I113 (Fig. 4i) or altered
eosinophil or AAMac numbers in iWAT (Fig. 4j).

Gene expression analyses in wild-type mice at steady state indicated
that 1133 and Penk expression levels were increased in iWAT compared
to BAT (Fig. 4k). In addition, expression of the MetEnk receptor 81
opioid receptor (Oprd1) was higher in iWAT compared to BAT, whereas
expression of the other known MetEnk receptor Opioid growth factor
receptor (Ogfr) was lower in iWAT compared to BAT (Fig. 41), sug-
gesting that there may be tissue-specific effects of MetEnk in iWAT
compared to BAT. Consistent with this, MetEnk stimulation induced

©2015 Macmillan Publishers Limited. All rights reserved



ILC2
Isotype — o-MetEnk

a Obesity-associated genes b Targets of PCSK1 processing (]

_ 5- T
= —~
o] cm
E 29
& L%§> 1 5
8 = O' ‘q‘—:;
Q 8
= 24 -05++—TF—"F—""—"T—"T—+—— 5
2-101 2 3 DEGNUSELTHB & Mettnk —>
Ox nwuxc I~
ILC2 enrichment (Z-score) C5EER S § &:’m &
d ILC2 e f
— 3 = L L] L) g 10 T
g UCP1- S
=2, Y 25
x O Gt 28
c O % Qc 5
ET - 30
D 5 1o eeee - 0
S E 30
JdE A G Sared farmanl PR o
1 [*a, £ - i S 0
PBS IL-33 D &
Ee oY & @@*
IL-2 + IL-7 K
9 h i i
- 2 N = 1.0 271 m PBS o 50 m PBS
ST =t [} MetEnk = MetEnk
a2 32 ol 2 T 30
ES g = g 0 %30
351 Egos 51 TE 6
5o 28 2 I © é I
ce =% 2 2=
O § 0 0
QQ’% (é{b 114 13 Eos AAMacs
Qé‘
k | m IWAT n BAT
3.0 - . 30
9 g 5= S
2 2 og1s g515
© ° 3 ° D 5
el ) ) ~3
e} <} QL =
[ g o= S
0 9ot Oprd1 z 0 ) 0 )
133 Penk 9fr - Opr SE SE
L L&
X

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, n = 4) versus ILC3s (y axis, n = 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.

¢, 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 ng ml 1Y) for 4 days. d, MetEnk mean
fluorescence intensity (MFI) in sort-purified E-WAT ILC2s re-stimulated

in vitro with IL-2 and IL-7 (10 ng ml ") with or without IL-33 (30 ng ml™ ") 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 n = 3-5 mice and measured in duplicate or
triplicate. e—j, Wild-type mice were treated with PBS (1 = 7) or MetEnk (n = 9)
by subcutaneous injection (10 mg per kg body weight per day) for 5 days.

e, Uncoupling protein 1 (UCP1) immunohistochemistry (IHC) in inguinal
white adipose tissue (iWAT). Scale bars, 100 pm. f, iWAT Ucp1 expression;
g, iWAT oxygen consumption; h, iWAT relative mass; i, iWAT I/4 and 1113
expression and j, numbers of eosinophils (Eos, live CD45" SiglecF™ SSC™) and
alternatively activated macrophages (AAMacs, live CD45" SiglecF~ F4/80™"
CD206™) per gram of iWAT. k, 133 and Penk mRNA and 1, Ogfr and Oprd1
mRNA in iWAT versus brown adipose tissue (BAT), n = 8. m, n, Stromal
vascular fraction (SVF) cells from m, iWAT or n, BAT of 4-week-old C57BL/6
mice were differentiated into primary adipocytes for 2 days, treated with PBS or
50 LM MetEnk from days 2-8 and harvested on day 8 i(WAT: n =7 PBS,n =8
MetEnk; BAT: n = 6 PBS, n = 6 MetEnk). Student’s t-test or ANOVA,

*P <0.05, ***P < 0.001. Data are shown as mean * standard error and

are representative of 2-3 independent experiments. Sample sizes are
biological replicates.

Ucpl 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 of WAT (Extended
Data Fig. 8).

To our knowledge, these data collectively provide the first demonstra-
tion that dysregulated ILC2 responses in WAT are a conserved feature
of obesity in humans and mice and that the IL-33/ILC2 axis regulates
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metabolic homeostasis by eliciting beiging of white adipose tissue. Pro-
duction of enkephalin peptides is a previously unrecognized effector
mechanism employed by ILC2s to regulate metabolic homeostasis. From
an evolutionary perspective, coupling ILC2-dependent innate immune
effector functions with the maintenance of systemic metabolic home-
ostasis could provide a rapid, integrated multi-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 in mice™" and that activity of brown/beige'”*° adipose tissue is
dysregulated in obese patients®®*, targeting the IL-33/ILC2/beiging
pathway could represent a new approach for treating obesity and obesity-
associated diseases.

Online Content Methods, along with any additional Extended Data display items
and Source Data, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS

Mice. C57BL/6, CD45.1" C57BL/6, Ragl ~/~ and DblGatal (Balb/c background)
mice were obtained from Jackson Labs. Rang/ o, Rag27/ B ycf/ ~,I133%/% Balb/c
and Il4ra~’~ (Balb/c background) mice were obtained from Taconic. 11337/ mice
were provided by Amgen Inc. via Taconic. Id2~’~ bone marrow chimaeras'* and
Tef7~'~ mice' were generated as described previously. Unless otherwise noted, all
mice were ona C57BL/6 background. All mice were males and had ad libitum access
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 n = 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 per mouse 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
to have power of atleast 90% using published sample size/power formulas®'. 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. Subcutaneous white adipose tissue (S-WAT) from the abdominal
region was obtained from human donors via the New York Human Organ Donor
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, and were harvested from discarded connective tissue by CHTN staff.
All human samples from NYODN and CHTN were stored in DMEM on ice or at
4 °C for 24-48 h before processing. Donors were defined as non-obese if their body
mass index (BMI) was <30.0 kg m 2 (n = 7) or obese if their BMI was = 30.0 kg m 2
(n =7). Sample sizes per group were selected to have power >95% using pub-
lished sample size/power formulas®'. 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 Extended Data Table 1, and those characteristics that had a P value < 0.10 were
interrogated to test whether they could explain the differences in ILC2 frequencies
observed between non-obese versus obese donors. The human samples from NYODN
do not qualify as ‘human subjects’ research, as confirmed by the Columbia Uni-
versity IRB, and the human samples from CHTN were de-identified and were not
obtained for the specific purpose of these studies and therefore are not considered
‘human subjects’ research.

Diet-induced obesity. Where indicated, mice were 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 6-8 weeks 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
12.5 pg per kg body weight carrier-free recombinant murine 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. In HFD studies, mice
were treated with 12.5 pg 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 reported* dose of 10 mg per kg body weight [Met’]-enkephalin acetate salt
hydrate (MetEnk, amino acid sequence YGGFM, = 95.0% purity by HPLC, Sigma
Aldrich, St. Louis, MO) in PBS or with PBS alone by bilateral subcutaneous injec-
tion near the iWAT daily for 5 days (approximately 200 pl per side). MetEnk or
vehicle injections were performed under isoflurane anaesthesia.
Sort-purification and transfer of ILC2s. E-WAT was harvested from male CD45.1"
C57BL/6 mice that received daily injections of rmIL-33 (12.5 pg per kg body weight)
for 7 days by intraperitoneal injection. Live CD45™ Lin~ CD25™ IL-33R™ ILC2s
were sort-purified using an Aria Cell Sorter (BD) to = 98% purity, and 10° ILC2s
were immediately transferred to the indicated recipient mice by intraperitoneal
injection (5 X 10* cells) and by subcutaneous injection near iWAT (5 X 10* cells
split evenly for bilateral injections). Daily transfers were performed for 4 consec-
utive days, and tissues were harvested on day 5. In ILC2 reconstitution experiments
involving Rag2™"~ yc™’ recipient mice, 10° ILC2s were transferred by a single
intraperitoneal injection, and the next day mice were treated with PBS or rmIL-33
(12.5 pg per kg body weight) by daily intraperitoneal injection for 7 days.
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In vivo metabolic phenotyping. Mice were single-housed in an OxyMax Com-
prehensive Laboratory Animal Monitoring System (CLAMS, Columbus Instruments,
Columbus, Ohio) for 24 h. Mice were acclimated to the CLAMS cages for 24 h before
measurements commenced. Fat mass and adiposity were measured by "H-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. Blood glucose values were measured just before injection (time 0) and
at 20, 40, 60, 90 and 120 min post-injection. For insulin tolerance tests, mice were
fasted for 4-6 h and then injected with bovine insulin (0.5 U per kg body weight).
Blood glucose values were measured just before injection (time 0) and at 20,40 and
60 min post-injection. To measure fasting blood glucose and insulin concentrations,
mice were fasted overnight for 14-16 h, and blood glucose values were measured
followed by collection of approximately 20-30 pl blood for serum insulin concentra-
tion determination using the Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem).
Homeostatic model assessment of insulin resistance (HOMA-IR) index values were
calculated as described previously®. 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
48h at 4 °C and embedded in paraffin before cutting 5-um 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 10 mM citric acid buffer (pH 6.0) for antigen retrieval, and
endogenous peroxidases were quenched with 3% hydrogen peroxide. Sections were
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
antibody was used as a secondary antibody. Horseradish peroxidase-conjugated ABC
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 sections were visualized and photographed using a Nikon E600
bright field microscope.

Adipocyte area quantification. Inguinal white adipose tissue (iWAT) sections
were H&E stained and imaged at X40 magnification. White adipocyte area was
calculated using Image]J software by drawing ellipses circumscribing white adipo-
cytes. The scale was set to 8 pixels per um based on the pixel length ofa 100-pum scale
bar at X40 magnification. Two to three images, each from a different area of a given
sample, were captured per animal. Adipocyte area was measured in 10-20 adipo-
cytes per image (25-40 adipocytes per mouse) and averaged on a per-mouse basis.
Isolation of immune cells and flow cytometry. Murine epididymal white adipose
tissue (E-WAT), inguinal WAT (iWAT) or brown adipose tissue (BAT) or human
subcutaneous abdominal WAT were harvested and digested with 0.1% collagenase
type II (Sigma-Aldrich, USA) at 37 °C with shaking at 200 r.p.m. for 60-90 min.
Digested tissues were filtered through a 70-pm nylon mesh and centrifuged at 500g
for 5min. Floating adipocytes were removed, and the stromal vascular fraction
(SVF) pellet was resuspended in red blood cell lysis buffer (ACK RBC Lysis Buffer).
Recovered cells were washed and stained with live/dead stain (Molecular Probes)
followed by standard surface staining for flow cytometric analysis with 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), FceRIo-FITC (MAR-1),
Foxp3-FITC (FJK-16 s), GATA-3-PE (TWA]J) 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) from MD Bioproducts (St. Paul, MN); CD206-
Alexa Fluor 647 (MR5D3) from AbD Serotec (Raleigh, NC); and Streptavidin-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 stained with anti-human GATA-3-PE (TWA]J), TCRap-PerCP-
Cy5.5 (IP26), CD5-PerCP-Cyanin5.5 (L17F12), CD19-Alexa Fluor 700 (HIB19),
CD11c-Alexa Fluor 700 (3.9), CD127-eFluor 780 (eBioRDR5), CD45-eFluor 605N C
(HI30), FceRIo-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 from MD Bioproducts. Stained cells were acquired
onaBD LSRII flow cytometer (BD Biosciences), and data were analysed using FlowJo
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 SVF were stimulated for 4 h ex vivo with
phorbol 12-myristate 13-acetate (PMA) (100 ngmlfl) and ionomycin (1 ngml™~ Yin
the presence of brefeldin A (10 pg ml™") (all from Sigma-Aldrich) ina 37 °C incubator
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(5% CO,). Cells were then surface-stained, fixed and permeabilized using Cyto
Fix/Perm (BD Pharmingen) according to manufacturer’s instructions before intra-
cellular staining for IL-5 (APC-IL-5, clone TRFKS5, eBioscience) and IL-13 (PE-IL-13,
eBiol3A, eBioscience). Monensin (1:1500) was also used for intracellular staining
with rabbit anti-mouse MetEnk (bs-1759R, Bioss USA, 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-time PCR. Adipose tissues were snap-frozen in TRIzol (Invitrogen) and homog-
enized using a Tissue Lyser (Qiagen). RNA was isolated from the aqueous phase
using the RNeasy kit (Qiagen) in accordance with the manufacturer’s instructions.
cDNA was synthesized from 1.0 ug RNA using Superscript II Reverse Transcrip-
tase (Invitrogen) and oligo(dT) (Invitrogen). Real-time PCR was performed using
SYBR Green technology (Applied Biosystems) with previously published primer
sequences for murine Ucpl' and Qiagen QuantiTect real-time PCR primers for
B-actin, 1133, Penk, Oprdl and Ogfr. 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 AAC; method was employed for all real-time PCR analyses.
Microarrays and ILC2 versus ILC3 gene enrichment analyses. Microarray ana-
lyses (~25,000 genes) were performed using previously published microarray data
sets (GEO GSE46468). In brief, Lin~ CD90" CD25™" IL-33R " ILC2s from the lung
(4 biological replicates each comprising 6 pooled lungs) and Lin~ CD90™ CD25™"
CD4" 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% (1.5-2.0 X 10* cells per replicate). mRNA was isolated, amp-
lified, labelled and hybridized to Affymetrix GeneChip (Mouse Gene 1.0 ST) as
described previously'’. 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 other were considered to be differentially enriched in that cell
population. Bonferroni correction (alpha = 0.05, k = 69) was applied for microarray
analyses to account for multiple testing.

Tissue oxygen consumption. A ~20 mg biopsy of iWAT was isolated from directly
below the lymph node and minced in PBS containing 2% BSA, 1.1 mM sodium

pyruvate and 25 mM 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. iWAT or BAT was dissected from 4 week-old C57BL/
6 mice (n =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 described**. Briefly, cells were cultured for 2 days with 850 nM insulin, 1 nM
3,3',5-triiodo-L-thyronine (T5), 1 uM rosiglitazone, 125 nM indomethacin (125 pM
for BAT primary adipocytes), 0.5 mM isobutylmethylxanthine (IBMX) and 1 pM
dexamethasone in adipocyte culture media (DMEM:F12 [50:50] supplemented
with 10% heat-inactivated FBS, penicillin, streptomycin and L-glutamine). Cells
were then maintained in adipocyte culture media supplemented with 850 nM insulin
and 1 nM T} with either PBS or 50 uM MetEnk for 6 days, with fresh media replace-
ment every 2 days. Cells were harvested on day 8 in TRIzol.

Statistical analyses. Data are expressed as mean * standard error of the mean
(s.e.m.). Statistical significance was determined for normally-distributed data by
using the two-tailed Student’s ¢ 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 correction was applied (for example, Welch’s cor-
rection). Correlation analyses were conducted using 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).
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33. Matthews, D. R. et al. Homeostasis model assessment: insulin resistance and
beta-cell function from fasting plasma glucose and insulin concentrations in
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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, TCRuf.
Lineage cocktail 2 (Lin2): CD19, CD56, CD11c, CD16. ILCs are identified

as Lin-negative cells that are CD25" CD127". 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 CD45" Lin~
CD25% CD1277 cells. The lineage (Lin) cocktail included CD3, CD5, CD19,
NKI.1, CDl11¢, CD11b and FceRIo. Comparison of Lin CD25" CD127" cells
in E-WAT of b, Id2™" versus Id2~~ bone marrow chimaeras, c, ch7+/ *

versus Tcf7 ’~ miceand d, Rag2™’~ versus Rag2™’~ 7./~ mice. n = 3-8 mice
per group from 2 independent experiments. e, E-WAT SVF cells from C57BL/6
mice were treated with PMA (100 ng ml™") and ionomycin (1 pg ml™Y) in
the presence of Brefeldin A (10 ugml ™) for 4 h and stained for ILCs. Live
CD45" Lin~ CD25" CD127" cells were pre-gated, and IL-5 and IL-13 protein
levels were assessed. Plot shown is representative of n = 12 mice from 3
independent experiments. f, Human WAT ILC2 frequencies were compared in
the 7 youngest donors (36.0 = 3.5 years old) versus the 7 oldest donors

(55.9 = 1.9years old). g, Human WAT ILC2 frequencies in female non-obese
donors with body mass index (BMI) < 30.0 kg m ™~ 2 versus female obese donors
with BMI = 30.0 kg m™ 2 Student’s t-test. **P < 0.01, ***P < 0.001. Data

are shown as mean = 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. 133" (n=6) or 11337/~ (n=5)

mice were fed a low-fat diet (10% kcal fat) for 12 weeks starting at 7 weeks of
age. a, Representative plots and frequencies of live CD45" Lin~ CD25"
IL-33R™ ILC2s in epididymal (E)-WAT (data are from Fig. 2a) and iWAT.
Plots pre-gated on CD45" Lin~ cells that lack CD3, CD5, CD19, NK1.1,
CD11¢, CD11b and FceRlIa. b, Frequencies of IL-5" IL-13~ and IL-5" IL-13"
ILC2s in E-WAT and iWAT of wild-type and IL-33-deficient mice. E-WAT
stromal vascular fraction cells were treated with PMA (100 ngml ™ ) and
ionomycin (1 pg ml ') in the presence of brefeldin A (10 ug ml ") for 4h
before staining for ILC2s and intracellular cytokines. Pre-gated on CD45 " Lin~
CD25" IL33R™ ILC2s. ¢, Inguinal white adipose tissue (iWAT) sections were
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haematoxylin and eosin stained and imaged at X40 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 ¢-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 (T,.g,) 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 8 weeks. On the first
day of feeding, CD mice were treated with PBS and HFD mice were treated with
PBS or recombinant murine (rm)IL-33 (12.5 pg per kg body weight) once
every 4 days by intraperitoneal injection for 4 weeks. a, E-WAT ILC2 numbers
per gram of adipose, b, body weight, ¢, relative E-WAT weight and d, relative
iWAT weight at week 4. e, 16-h fasting blood glucose concentrations and

f, glucose tolerance testing during week 3. g, Frequencies and representative

& D o>
Q@Qa,
‘2\~2~

plots of E-WAT T, defined as live CD45" CD3" CD4 " Foxp3™ cells. Plots
are gated on live CD45" CD3™ CD4™ cells, and numbers are the percentage
of CD4" T cells that are Foxp3 Thregs- h, Numbers of T, cells per gram of
adipose. All panels include n = 10 mice per group from 2 independent cohorts,
except panel A which includes n =16 CD PBS and n = 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, AMAAP < 0.001
comparing HFD PBS versus HFD IL-33. Data are shown as mean = 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
(12.5 pg per kg body weight) daily for 7 days (PBS n = 10, rmIL-33, n = 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 (12.5 pug per kg body weight) once and
monitored for the first 3 h post-treatment using CLAMS cages (n = 4 per
group). b, Energy expenditure, ¢, 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 as mean * standard error and are representative
of 1 independent experiment. Sample sizes are biological replicates.
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Extended Data Figure 5 | Brown adipose tissue (BAT) contains Lin~ cells. b, Numbers of ILC2s per gram of BAT. ¢, Ucp1 expression in BAT by
CD25* IL-33R™ ILC2s that expand in response to IL-33 in association with  real-time PCR. d, UCP1 immunohistochemistry of BAT at X 10 magnification.
decreased Ucpl expression. C57BL/6 male mice (10 weeks old) were treated ~ Scale bars, 100 pm. e, X40 magnification of d. Scale bars, 100 pm. Student’s
with PBS (n = 8) or IL-33 (12.5 pg per kg body weight, n = 8) daily by t-test, *P < 0.05, ***P < 0.001. Data are shown as mean * standard error
intraperitoneal injection for 7 days. a, Representative plots and frequencies of  and are representative of 2 independent experiments. Sample sizes are

Lin~ CD25" IL-33R* ILC2s in interscapular BAT. Gated on live CD45" Lin~  biological replicates.
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Extended Data Figure 6 | ILC2s from E-WAT accumulate in white adipose
tissue of recipient mice and expand in response to IL-33 to promote beiging.
a, Experimental design for panels a, b. Live CD45"% Lin~ CD25" IL-33R*
ILC2s were sort-purified from E-WAT of CD45.1" mice treated with 12.5 ug
per kg body weight recombinant murine (rm)IL-33 daily for 7 days by
intraperitoneal injection. PBS (n = 8) or ILC2s (1 X 10° total, n = 8) were
transferred to CD45.2™ recipient mice daily for 4 days by subcutaneous
injection near iWAT (5 X 10* ILC2s, split evenly bilaterally) and
intraperitoneal injection (5 X 10* 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 CD45" Lin~ CD25"
IL-33R™ ILC2s. Donor ILC2s are defined as CD45.1" CD45.27, whereas
recipient ILC2s are defined as CD45.1~ CD45.2". Representative plots shown.
Frequencies represent percent of ILC2s that are recipient or donor cells.

Student’s t-test, ***P < 0.001. ¢, Experimental design for panels c-e.
Sort-purified CD45.1" ILC2s (X 10°) from E-WAT of IL-33-treated mice

(as described above) were transferred into Rag2™"~ yc ™/~ recipients by a single
intraperitoneal injection. ILC2-sufficient Rag2™’~ mice, ILC2-deficient
Rag2™"~ y¢™’~ mice and ILC2-reconstituted Rag2™’~ yc¢ ™/~ mice were treated
with PBS or rmIL-33 (12.5 pg per kg body weight) by intraperitoneal injection
daily for 7 days. There were n = 4 mice per group. This experimental design
corresponds to main Fig. 31-m. d, Representative plots of live CD45.1" Lin~
CD25" IL33R™ ILC2s in E-WAT. Blue, recipient cells. Red, donor cells.
Lineage cocktail includes CD3, CD5, CD19, NK1.1, CDl11¢, CD11b and
FceRlo. e, iWAT UCP1 IHC. Scale bars, 100 pm. ANOVA with Tukey post-hoc
test, ***P < 0.001. Data are shown as mean * 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), DblGatal mice that lack eosinophils or I l4ra~’~ 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 (12.5 pg 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, n = 4; rmIL-33, n = 3).
¢, iIWAT ILC2 numbers per gram of adipose and d, iWAT UCP1 IHC in
DblGatal mice (PBS, n = 5; rmIL-33, n = 6). e,iWAT ILC2 numbers per gram
of adipose and f, iWAT UCP1 IHC in Il4ra™’~ mice (PBS, n = 4; rmIL-33,
n==6).g h, Live CD45" Lin~ CD25" IL-33R™ ILC2s were sort-purified
from E-WAT of C57BL/6 mice treated with rmIL-33 (12.5 pg per kg body
weight) daily for 5-7 days by intraperitoneal injection to Ragl ’~ mice on a

#ILC2/g IWAT (10%) =

C57BL/6 background. ILC2s (1 X 10° total) were transferred to recipient
mice daily for 4 days by subcutaneous injection (PBS, n = 8; ILC2, n = 8).

g, iWAT ILC2 numbers per gram of adipose and h, iWAT UCP1 IHC. i-1, Live
CD45" Lin~ CD25" IL-33R™" ILC2s were sort-purified from E-WAT of Balb/c
mice treated with rmIL-33 (12.5 pg per kg body weight) daily for 5-7 days

by intraperitoneal injection. ILC2s (1 X 10° 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 THC in DbiGatal recipients (PBS, n = 6;
ILC2, n = 6). k, iWAT ILC2 numbers per gram of adipose and 1, iWAT UCP1
IHC in Il4ra™"" recipients (PBS, n = 3; ILC2, n = 4). Scale bars, 100 pm.
Student’s t-test, *P < 0.05. Data are shown as mean = 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 in WAT is increased; however, WAT ILC2s
are paradoxically decreased in both mice and humans, suggesting that the
IL-33/ILC2 axis is dysregulated in obesity. This may 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

Non-obese Obese

Characteristic (n=7) (n=7)

P-value*

Source of tissue

o [+ o o =
(% CHTN/% NYODP) 29%/71%  43%/57%  P=0.43

Age 39.3+/-52 52.6+/-2.7 P=0.042
Sex, % female 43% 87% P=0.094
BMI (kg/m?) 23.5+/-1.4 426 +/-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 z? 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

Human gene Murine ortholog Inclusion in
symbol Human gene name gene symbol Microarray
A disintegrin-like and metallopeptidase (reprolysin type) with
ADAMTS9 thrombospondin type 1 motif, 9 Adamts9 Yes
BCDIN3D BCDIN3 domain containing Bcdin3d Yes
BDNF Brain-derived neurotrophic factor Bdnf Yes
CADM2 Cell adhesion molecule 2 Cadm?2 Yes
CNR1 Cannabinoid type 1 receptor Cnri Yes
CPEB4 Cytoplasmic polyadenylation element binding protein 4 Cpeb4 Yes
CTNNBL1 Catenin, beta like 1 Ctnnbl1 Yes
DLK1 Delta-like homologue 1 DIk1 Yes
ENPP1 Ectonucleotide pyrophasphatase/phosphodiesterase 1 Enpp1 Yes
ETV5 Ets variant 5 Etvb Yes
FAIM2 Fas apoptotic inhibitory molecule 2 Faim2 Yes
FANCL Fanconi anemia, complementation group L Fancl Yes
FTO fat mass and obesity associated Fto Yes
GHSR Growth hormone receptor secretogogue receptor Ghsr Yes
GIPR Gastric inhibitory polypeptide receptor Gipr Yes
GNPDA2 Glucosamine-6-phosphate deaminase 2 Gnpda2 Yes
GPRC5B G protein-coupled receptor, family C, group 5, member B Gpre5b Yes
GRB14 Growth factor receptor-bound protein 14 Grb14 Yes
HMGA1 High mobility group AT-hook 1 Hmga1 Yes
HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase Hmgcr Yes
HOXC13 Homeobox C13 Hoxc13 Yes
ITPR2 Inositol 1,4,5-trisphosphate receptor, type 2 Itpr2 Yes
KCTD15 Potassium channel tetramerization domain containing 15 Kctd15 Yes
KLF7 Kruppel-like factor 7 KIf7 Yes
LEP Leptin Lep Yes
LEPR Leptin receptor Lepr Yes
LMNA Lamin A/C Lmna Yes
LRP1B Low density lipoprotein receptor-related protein 1B Lrp1b Yes
LINGO2
(LRRN6C) Leucine rich repeat and Ig domain containing 2 Lingo2 Yes
LY86 Lymphocyte antigen 86 Ly86 Yes
LYPLAL1 Lysophospholipase-like 1 Lyplalt Yes
MAF v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog Maf Yes
MAP2K5 Mitogen-activated protein kinase kinase 5 Map2k5 Yes
MC4R Melanocortin 4 receptor Mc4r Yes
MSRA Methionine sulfoxide reductase A Msra Yes
MTCH2 Mitochondrial carrier 2 Mitch2 Yes
MTIF3 Mitochondrial translational initiation factor 3 Mtif3 Yes
MTMR9 Myotubularin related protein 9 Mtmr9 Yes
NAMPT Nicotinamide phosphoribosyltransferase Nampt Yes
NCR3 Natural cytotoxicity triggering receptor 3 Ner3 No
NEGR1 Neuronal growth regulator 1 Negr1 Yes
NFE2L3 Nuclear factor, erythroid 2-like 3 Nfe2l3 Yes
NPC1 Niemann-Pick disease, type C1 Npc1 Yes
NPY2R Neuropeptide Y receptor Y2 Npy2r Yes
NRXN3 Neurexin 3 Nrxn3 Yes
PCSK1 Proprotein convertase subtilisin/kexin type 1 Pcsk1 Yes
PIGC Phosphatidylinositol glycan anchor biosynthesis, class C Pigc Yes
POMC Proopiomelanocortin Pomc Yes
PRKD1 Protein kinase D1 Prkd1 Yes
PRL Prolactin Prl Yes
PTBP2 Polypyrimidine tract binding protein 2 Ptbp2 Yes
PTER Phosphotriesterase related Pter Yes
RSPO3 R-spondin 3 Rspo3 Yes
SDCCAGS8 Serologically defined colon cancer antigen 8 Sdccag8 Yes
SEC16B SEC16 Homolog B Sec16b Yes
SH2B1 SH2B adaptor protein 1 Sh2b1 Yes
SLC39A8 Solute carrier family 39 (zinc transporter), member 8 Slc39a8 Yes
SNRPN Small nuclear ribonucleoprotein polypeptide N Snrpn Yes
SOCS1 Suppressor of cytokine signaling 1 Socs1 Yes
SOCS3 Suppressor of cytokine signaling 3 Socs3 Yes
STAB1 Stabilin 1 Stab1 Yes
TBC1D1 TBC1 (tre-2/USP6, BUB2, cdc16) domain family, member 1 Tbc1d1 Yes
TBX15 T-box 15 Tbx15 Yes
TFAP2B Transcription factor AP-2 beta (activating enhancer binding protein 2 beta) Tfap2b No
TMEM160 Transmembrane protein 160 Tmem160 Yes
TMEM18 Transmembrane protein 18 Tmem18 Yes
TNNI3SK TNNI3 interacting kinase Tnni3k Yes
TUB Tubby bipartite transcription factor Tub Yes
VEGFA Vascular endothelial growth factor A Vegfa Yes
ZNF608 Zinc finger protein 608 Zfp608 Yes
ZNRF3 Zinc and ring finger 3 Znrf3 Yes

Genes are derived from references 26 and 27.
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