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Adiponectin restrains ILC2 activation by
AMPK-mediated feedback inhibition of
IL-33 signaling
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Feng Liu’®, Xuexian O. Yang**®, and Meilian Liu**@®

ILC2s are present in adipose tissue and play a critical role in regulating adipose thermogenesis. However, the mechanisms
underlying the activation of adipose-resident ILC2s remain poorly defined. Here, we show that IL-33, a potent ILC2 activator,
stimulates phosphorylation of AMPK at Thr'’2 via TAK1 in primary ILC2s, which provides a feedback mechanism to inhibit
IL-33-induced NF-kB activation and IL-13 production. Treating ILC2s with adiponectin or an adiponectin receptor agonist
(AdipoRon) activated AMPK and decreased IL-33-NF-kB signaling. AdipoRon also suppressed cold-induced thermogenic gene
expression and energy expenditure in vivo. In contrast, adiponectin deficiency increased the ILC2 fraction and activation,
leading to up-regulated thermogenic gene expression in adipose tissue of cold-exposed mice. ILC2 deficiency or blocking ILC2
function by neutralization of the IL-33 receptor with anti-ST2 diminished the suppressive effect of adiponectin on cold-induced
adipose thermogenesis and energy expenditure. Taken together, our study reveals that adiponectin is a negative regulator of

ILC2 function in adipose tissue via AMPK-mediated negative regulation of IL-33 signaling.

Introduction

Beige or brite adipocytes, which are enriched in subcutaneous
fat such as inguinal fat, have high thermogenic capacity and
have become a new therapeutic target for the treatment of
obesity (Bostrom et al., 2012; Fisher et al., 2012; Petrovic et al.,
2010). Group 2 innate lymphoid cells (ILC2s) were first discov-
ered in the lymphoid structure associated with adipose tissues in
the peritoneal cavity (Moro et al., 2010) and are activated by the
epithelial cell-derived cytokines IL-33 and IL-25, as well as
thymic stromal lympoiphoidin, in response to allergens (Cayrol
and Girard, 2014; Koyasu and Moro, 2013; Licona-Limén et al.,
2013). It was recently shown that ILC2s are present in murine
and human adipose tissue and play a critical role in regulating
beige adipocyte development, referred to as browning of white
adipose tissue (WAT), by producing the opioid peptide
methione-enkephalin (Penk) and the type 2 cytokines IL-5 and
IL-13 (Moro et al., 2010; Lee et al., 2015; Brestoff et al., 2015).
Moreover, decreased ILC2 population and response in adipose

tissue were considered as conserved characteristics of obesity
and its related diseases, such as atherosclerosis (Brestoff et al.,
2015; Lee et al., 2015; Newland et al., 2017; Ding et al., 2016). In
contrast, activation of ILC2s promotes WAT browning and acts
to prevent obesity (Brestoff et al., 2015; Lee et al., 2015).
However, how adipose-resident ILC2s are recruited and regu-
lated is poorly understood.

IL-33 plays an essential role in the activation of ILC2s in
adipose tissue, as well as in the lung and intestine (Brestoff et al.,
2015; Lee et al., 2015). Adipose tissue contains relatively high
amounts of IL-33 compared with the lung and spleen (Miller
et al,, 2010; Vasanthakumar et al., 2015; Zeyda et al., 2013).
Multiple types of adipose tissue-residing cells, including endo-
thelial cells, fibroblasts, and adipocytes themselves, produce IL-
33 (Molofsky et al., 2015; Odegaard et al., 2016; Li et al., 2018). As
a member of the IL-1 family, IL-33 binds to the IL-1 receptor-
related protein ST2 coupling an IL-IRAcP (IL-1 receptor accessory
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protein) unit, by which it promotes TGFp-activated kinase 1
(TAK1) binding to TNF-receptor-associated factor 6 (TRAF6) and
activates the canonical IxB kinases (IKKs) IKKa and IKKB, leading
to the phosphorylation and degradation of I«B, releasing NF-«B
(Cao et al., 1996; Takaesu et al., 2000; Wang et al., 2001). Acti-
vated NF-«B promotes transcription of GATA binding protein 3
(GATAS), ST2, and consequently IL-5 and IL-13, leading to the
activation of ILC2s and the type 2 immune response (Ali et al.,
2013; Lloyd, 2010; Guo et al., 2012; Lee et al., 2015; Brestoff et al.,
2015). Hypoxia-inducible factor o was recently found to suppress
ST2 expression and ILC2 function by regulating the glycolytic
enzyme pyruvate kinase M2 (Li et al., 2018). In addition, IL-33
was shown to induce the ILC2 function via the intercellular cell
adhesion molecule 1 (ICAM-1)-mediated activation of ERK1/
2 that stabilizes GATA3 (Lei et al., 2018). However, the feedback
regulation of IL-33 signaling to control ILC2 activation remains
largely unknown.

The energy sensor AMP-activated protein kinase (AMPK) is
activated by a deficit in nutrients and stimulates cellular meta-
bolic pathways such as glucose uptake and fatty acid oxidation
(Long and Zierath, 2006). AMPK is a heterotrimeric protein
and consists of a catalytic a subunit and regulatory B and y
subunits (Hardie, 2004; Carling, 2004; Long and Zierath,
2006). Each a, B, and y subunit is encoded by its own genes
(a1 and a2, B1 and B2, or y1, Y2 and v3, respectively; Hardie,
2004; Carling, 2004; Long and Zierath, 2006). The elevation
of intracellular levels of AMP, as well as an increased ratio of
AMP to ATP, due to nutrient deprivation activates AMPK al-
losterically, inducing phosphorylation of AMPK at Thr'”2,
within the activation domain of the a subunit, by liver kinase
1 (LKBL; Hardie, 2004; Carling, 2004; Long and Zierath, 2006).
AMPK is also activated by calcium/calmodulin-dependent
protein kinase kinase (CaMKK) when the intracellular Ca®*
level is elevated (Woods et al., 2005; Hawley et al., 2005).
While it has been well established that AMPK controls sys-
temic energy and glucose homeostasis in skeletal muscle,
liver, adipose tissues, and pancreatic B cells, all of which are
insulin-target or producing tissues (Hardie, 2004; Carling,
2004; Long and Zierath, 2006), little is known about
whether AMPK also plays an important role in immune re-
sponses. Very recently, Blagih et al. (2015) showed that AMPK
is a key regulator of T cell bioenergetics and viability and
subsequent T cell-mediated adaptive immunity. Whether
AMPK is critical for the activation and function of ILC2s re-
mains elusive.

In the present study, we observed that AMPK is activated
upon IL-33 treatment, and feedback inhibits IL-33-stimulated
phosphorylation of IKKa/B and IkBa in ILC2s. Adiponectin
treatment, via synergistic activation of AMPK, inhibits the IL-
33-stimulated NF-«B pathway and IL-13 production in ILC2s.
Adiponectin deficiency enhanced cold-induced thermogenic
gene expression and energy expenditure, which was associated
with decreased ILC2 apoptosis and increased cytokine produc-
tion by ILC2s; the antithermogenic effects of adiponectin were
diminished by ILC2 deficiency or blocking ILC2 function. These
results demonstrate that adiponectin plays a critical role in
regulating ILC2s and energy expenditure through an AMPK-
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dependent negative regulation of IL-33 signaling, a potential
adverse effect of adiponectin-based therapeutics.

Results

Adiponectin inhibits IL-33 signaling via an AMPK-dependent
mechanism in ILC2s

We recently showed that leptin, an adipokine, promotes prolif-
eration and survival of proallergic ILC2s and production of type
2 cytokines in the lung (Zheng et al., 2018; Zheng et al., 2016).
We asked if adiponectin, the most abundant adipokine, is in-
volved in the regulation of ILC2 function and whether
adiponectin-ILC2 communication (if it exists) occurs in the local
adipose tissue. Using flow cytometry analysis, we found that both
adiponectin receptor 1 (AdipoR1) and adiponectin receptor 2
(AdipoR2) were present in ILC2s, as well as in macrophages and
adipocytes (Fig. 1 A and Fig. S1 A). As expected, treatment with
5 pg/ml adiponectin stimulated phosphorylation of AMPK at
Thr'” in adipose-resident ILC2s (Fig. 1 B). Surprisingly, adipo-
nectin treatment suppressed IL-33-induced production of IL-13
in the stromal vascular fraction (SVF) of WAT (Fig. 1 C). Con-
sistent with this, treatment of adiponectin also suppressed IL-33-
induced production of IL-13 in primary ILC2s (Fig. 1 D), sug-
gesting an inhibitory effect of adiponectin on IL-33-stimulated
ILC2 activation. In support of this, treatment with 10 uM adipo-
nectin receptor agonist (AdipoRon) suppressed IL-33-induced
phosphorylation of IKKa/B at Ser'’6/180 and IxBa at Ser®*/3¢, two
well-known kinases in NF-kB signaling, in ILC2s (Fig. 1, E and F).
In addition, IL-33 activated AMPK, as indicated by the phospho-
rylation of acetyl-coenzyme A (acetyl-CoA) carboxylase, whereas
AdipoRon treatment further enhanced AMPK activation and
suppressed IL-33-stimulated phosphorylation of IKKa/B in pri-
mary differentiated type 2 helper T cells (Th2 cells; Fig. 1 G), a
lymphoid cell type closely related to ILC2s with the ability to
produce the type 2 cytokines IL-5 and IL-13 (Zhu, 2015). However,
the suppressive effects of AdipoRon on phosphorylation of IKKa/[3
were attenuated by knockdown of AMPK in Th2 cells (Fig. 1 H).
These results suggest that adiponectin inhibits ILC2 function via
AMPK activation.

AMPK is activated by IL-33, and feedback inhibits
IL-33-induced NF-kB signaling

To dissect the role of AMPK in IL-33 signaling, we treated pri-
mary Th2 cells with 10 ng/ml IL-33 at various time points. We
found that IL-33 treatment stimulated phosphorylation of AMPK
as well as IKKa/p (Fig. 2 A). IL-33 treatment also stimulated the
phosphorylation of Unc-51-like autophagy-activating kinase 1
(ULK1) at Ser®" (Fig. 2 A), a site that is phosphorylated following
AMPK activation. In addition, the phosphorylation of AMPK and
IKKa/B occurred at 5 min and reached its peak at ~10 min upon
IL-33 treatment (Fig. 2 A). Consistent with this, IL-33 treatment
for 10 min stimulated phosphorylation of AMPK in adipose-
resident ILC2s (Fig. 2 B), suggesting the activation of AMPK
by IL-33 in ILC2s. To determine whether AMPK plays a role
in regulating ILC2 function, we cotreated isolated ILC2s with
IL-33 and compound C, an AMPK-specific inhibitor. Inhibiting
AMPK enhanced IL-33-stimulated phosphorylation of IKKa/p in
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Figure 1. Adiponectin inhibits IL-33 signaling in an
* AMPK-dependent manner in ILC2s. Adipose-resident
ILC2s were isolated from SVFs of WAT and cultured in a
fresh RPMI medium with 1% FBS for 1 h for the following
studies (A-F). (A) AdipoR1 and AdipoR2 were expressed
in adipose-resident ILC2s. Two mice were used for each
independent experiment. Representative data are pre-
sented from two independent experiments. (B) Adipo-
nectin treatment stimulated AMPK phosphorylation in
primary ILC2s. Starved cells were treated with 5 pg/ml
full-length adiponectin for 20 min followed by flow cy-
tometry analysis. ADPN, adiponectin. Three to six mice
were used for each independent experiment. Data are
shown as means + SEM. *, P < 0.05, Student’s t test.
Each experiment was conducted three times indepen-
dently. (C) Adiponectin treatment decreased the release
of IL-13 induced by IL-33 in adipose SVF. SVFs were
cultured in the medium containing 10% FBS and treated
with 5 pg/ml full-length adiponectin for 1 h, followed by
treatment with 10 ng/ml IL-33 for 18 h. The medium was
collected for ELISA analysis. Three to six mice were used
for each independent experiment. Data are presented
as means + SEM. *, P < 0.05, Student’s t test. Each
experiment was conducted three times independently.
(D) Adiponectin treatment suppressed IL-33-induced
IL-13 production in primary ILC2s. ILC2s were treated as
described in C. Three to six mice were used for each
independent experiment. Data are presented as means
+ SEM. *, P < 0.05; **, P < 0.01, Student’s t test. Each
experiment was conducted three times independently.
(E and F) Treatment with 10 uM AdipoRon suppressed
IL-33-stimulated phosphorylation of IKKa/B (E) and
IkBa (F). Starved ILC2s were treated with 10 uM Adi-
poRon for 1 h, followed by treatment with 10 ng/ml IL-
33 for 10 min and flow cytometry analysis. Four to six
mice were used for each independent experiment. Data
are presented as means + SEM. ¥, P < 0.05. Student’s
t test. Each experiment was conducted three times in-
dependently. (G) AdipoRon treatment suppressed IL-
33-stimulated phosphorylation of IKKa/f in Th2 cells.
One mouse was used for each independent experiment.
Representative data are presented from three indepen-
dent experiments. ACC, acetyl-CoA carboxylase; p-ACC,
phosphorylation of acetyl-CoA carboxylase. (H) Sup-

Ctrl  ADPN

pressing AMPK by siRNA diminished the inhibitory effect of AdipoRon on IL-33-stimulated phosphorylation of IKKa/f in Th2 cells. Two mice were used
for each independent experiment. Data are presented as means + SEM. ¥, P < 0.05; **, P < 0.01; Student’s t test. Each experiment was conducted three
times independently. Ctrl, control; MFI, mean fluorescence intensity; No Ab, without treatment of antibodies; P, phosphorylation.

primary ILC2s (Fig. 2 C), indicating AMPK-mediated feedback
inhibition of IL-33 signaling. Consistent with this, inhibiting
AMPK increased IL-33-induced secretion of IL-13 in primary
ILC2s, again suggesting a suppressive effect of AMPK on ILC2
function (Fig. 2 D). Moreover, compound C treatment or AMPK
suppression enhanced IL-33-stimulated phosphorylation of
IKKo/B in primary Th2 cells (Figs. 2 E and 1 H). To address how
IL-33 activates AMPK, we blocked IL-1 receptor-associated ki-
nase 1 (IRAK1) and TAK! by pretreatment of Th2 cells with their
specific inhibitors, IRAK1/4 inhibitor and 5Z-7-oxozeaenol (5Z),
respectively. We found that inhibiting IRAK!1 or TAKI attenuated
IL-33-stimulated phosphorylation of AMPK in Th2 cells (Fig. 2, F
and G). Because TAKI is downstream of IRAKI, we suppressed
TAKI using siRNA by electroporation in Th2 cells (Fig. 2 H).
Suppressing TAK1 diminished IL-33-stimulated activation of
AMPK in Th2 cells (Fig. 2 H), suggesting that TAKI mediates the
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activation of AMPK by IL-33. These results suggest that AMPK
is activated upon IL-33 stimulation and that feedback inhibits
IL-33-induced ILC2 activation.

Adiponectin deficiency enhances cold-induced ILC2 and type

2 immune responses in adipose tissue

Our results above suggest an important role of adiponectin in
the negative control of IL-33-driven ILC2 responses. To deter-
mine the in vivo role of adiponectin in regulating ILC2s, we
assessed ILC2 and other immune cell types in 10-wk-old adi-
ponectin KO mice exposed to cold stress, a condition where
ILC2s are activated (Lee et al., 2015; Brestoff et al., 2015). Despite
a slight increase in ILC2 fraction in inguinal WAT (iWAT) at
room temperature (22°C; Fig. S1 B), the frequency of ILC2s
(CD45'Lin"CD90.2*ST2* cells or CD45*Lin"CD90.2'RORCST2*GATA3"
cells) as well as M2 macrophages (CD206*/CD11b*), but not eosinophils
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presented as means + SEM. *, P < 0.05; **, P < 0.01. Student’s t test. Each experiment was conducted three times independently. (H) Suppressing TAK1 using
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(CD11b*Siglec-F*), in iWAT and epidydimal WAT (eWAT) was
significantly increased by adiponectin deficiency under cold
conditions (6°C for 48 h; Fig. 3, A and B; and Fig. S1, C and D). The
fractions of ILC2, but not eosinophils and macrophages, were
significantly increased by adiponectin deficiency in brown adi-
pose tissue (BAT; Fig. 3, A and B; and Fig. S1, C and D). Moreover,
adiponectin deficiency up-regulated basal and/or cold-induced
expression of the type 2 cytokines IL-4 and IL-13 in iWAT and
BAT despite an increase in IL-1, IL-10, and TNFa in iWAT as well
as an increase in IL-1, IL-6, IL-10, and TNFa in BAT by adipo-
nectin KO (Fig. 3 C and Fig. S1 E). Consistent with this, adipo-
nectin deficiency led to an increase in the M2 macrophage
markers CD206 and arginase 1 and the ILC2-derived factor Penk
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in iWAT without significant effects on the macrophage marker
F4/80 or the glucocorticoid receptor Nr3cl (Fig. 3 D). In addition,
adiponectin deficiency suppressed apoptosis of ILC2s despite no
significant effect on proliferation (Figs. 3 E and Fig. S1 F). The
inhibitory effect of adiponectin on ILC2 and Th2 cells was sup-
ported by the evidence of aggravated allergic asthma-stimulated
ILC2/Th2 cell activation and type 2 immune response in the
airways of adiponectin KO mice (Fig. S1, G-M).

Adiponectin deficiency enhances cold-induced thermogenesis
and energy expenditure

Given the promoting effect of ILC2 on thermogenesis (Lee et al.,
2015; Brestoff et al., 2015), we performed indirect calorimetry
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experiments in adiponectin KO mice. 10-wk-old male adi-
ponectin KO and WT littermates were housed individually in
the metabolic phenotyping system coupled with an envi-
ronmental chamber. Adiponectin KO mice displayed slightly
increased room temperature O, consumption throughout the
light and dark cycle compared with WT littermates despite
no significant differences in body mass, lean mass, fat mass,
food intake, respiratory quotient, or beam-break counts
(Fig. 4 A; and Fig. S2, A-D). This effect became more pro-
nounced when the mice were exposed to both acute cold
(6°C, for 48 h; Fig. 4 A) and chronic cold (6°C, for 6 d; Fig. 4
A). Consistently, adiponectin KO mice exhibited increased
protein levels of the thermogenic markers UCP1, C/EBPf,
and PGCla and mRNA levels of UCP1 and PGCla in iWAT and
BAT (Fig. 4, B-E; and Fig. S1 E). Furthermore, adiponectin
deficiency protected mice from the cold stress-induced de-
cline of core body temperature, with little effect on loco-
motor activity (Fig. 4 F and Fig. S2 E). Together, the results
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BWT (n=6)

BWT (n=6)
BKO (n=6) i)

Figure 3. Adiponectin deficiency increases
adipose-resident ILC2 frequency and type
2 immune response. For the following studies,
3-mo-old adiponectin KO and WT mice were
exposed with or without cold stress (6°C) for
48 h. SVFs were isolated from iWAT, eWAT, and
BAT; labeled by incubation with conjugated
antibodies; and analyzed by flow cytometry.
(A and B) Representative dot plots of ILC2s
(CD45*Lin"CD90.2*ST2*; A) and M2 macro-
phages (CD206*/CD11b*; B) of brown (BAT),
inguinal (IWAT), and epididymal (eWAT) fat pads
from adiponectin KO and WT mice under cold
stress condition. Statistical analysis of cell fre-
quency was performed using the cell number per
gram tissue. n = 6/group. Data are presented as
means + SEM. ¥, P < 0.05; **, P < 0.01; Student’s
t test. (C) Adiponectin deficiency up-regulated
mRNA levels of IL-4 and IL-13 in iWAT under ba-
sal conditions. n = 5-8/group. Data are presented
as means + SEM. *, P < 0.05; **, P < 0.01; Stu-
dent’s t test. GAPDH was used as an internal
control. (D) Basal and cold-induced mRNA levels
of Penk and M2 macrophage markers were up-
regulated in iIWAT of adiponectin KO mice com-
pared with the WT mice. n = 5-8/group. Data are
presented as means + SEM. *, P < 0.05; **, P <
0.01; Student’s t test. (E) Adiponectin deficiency
protected adipose-resident ILC2s from cell death
induced by plate-bound anti-CD3 restimulation
under room temperature conditions. n = 5/group.
Data are presented as means + SEM. *, P < 0.05;
** P < 0.01; Student’s t test.
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B WT no cold (n=5)
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0O KO cold
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from our study suggest that adiponectin exerts an antith-
ermogenic effect.

Administration of AdipoRon inhibits ILC2 activation and
cold-induced thermogenesis in adiponectin KO mice

To determine if adiponectin deficiency is the primary cause of
increased energy expenditure and thermogenesis in adiponectin
KO mice, we administered an adiponectin receptor agonist,
AdipoRon, by i.p. injection to 10-wk-old adiponectin KO mice
(Okada-Iwabu et al., 2013). AdipoRon administration for 5 d
significantly decreased O, consumption while having little effect
on food intake and activity under basal and cold stress con-
ditions (Fig. 5 A; and Fig. S2, F and G). Moreover, the thermo-
genic markers UCP1, C/EBPB, and PGCla were suppressed by
AdipoRon administration in iWAT, whereas the suppressive
effects of AdipoRon in BAT were not significant (Fig. 5, B and C).
In addition, the frequencies of ILC2s and M2 macrophages
in iWAT were decreased by AdipoRon treatment under cold
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Figure 4. Adiponectin deficiency increases energy expenditure and browning of WAT in vivo. (A) Adiponectin KO mice displayed increased acute cold
(6°C, for 48 h)- and chronic cold (6°C, for 6 d)-induced O, consumption throughout the light and dark cycle (n = 9/group). The average O, consumption was
normalized to whole-body mass and analyzed by ANOVA. n = 9/group. Data are presented as means + SEM. *, P < 0.05. (B and C) Cold (6°C, for 48 h)-induced
expression levels of UCP1, C/EBPB, and PGCla were significantly up-regulated in iWAT (B) and slightly up-regulated in BAT (C) in adiponectin KO mice
compared with WT mice. Representative data are presented. (D) The transcription of thermogenic genes and beige markers was up-regulated in adiponectin
KO mice compared with WT mice under cold stress conditions. n = 5-8/group. Data are presented as means + SEM. *, P < 0.05, Student’s t test. (E) The
staining of UCP1 in iWAT and BAT in the adiponectin KO and WT mice with/without cold stress. Arrowheads indicate UCP1* beige adipocytes. Representative
data are presented. Scale bars, 50 um. (F) Adiponectin deficiency prevented a decline in body temperature in mice exposed to cold (6°C) in the feeding
condition. n = 4/group. Data are presented as means + SEM. *, P < 0.05, Student’s t test. P-AMPK, phosphorylation of AMPK.

conditions (Fig. 5, D and E). In support of this, AdipoRon treat-
ment decreased the fraction of eosinophils and total macro-
phages in iWAT, although the difference did not reach
significance (Fig. S2, H and I). AdipoRon treatment also de-
creased the frequency of ILC2s and M2 macrophages in eWAT,
while the difference did not reach significance accompani-
ed with little effect on BAT (Fig. 5, D and E). However,
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intracerebroventricular (i.c.v.) administration of trimeric adi-
ponectin had no significant effect on energy expenditure, food
intake, and activity (Fig. S2, J-L) or UCP1 expression in either
BAT or iWAT (data not shown), indicating that the suppressive
effect of adiponectin on cold adaptation is mediated at the level
of periphery. In agreement with this, intra-iWAT injection of
AdipoRon significantly suppressed cold-induced UCP1 expression
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Figure 5. AdipoRon administration sup-
presses ILC2 and energy expenditure in adi-
N ponectin KO mice. (A) The effect of AdipoRon
administration (30 mg/kg i.p. once per day for
5 d) on basal and cold-induced O, consumption
in 10-wk-old adiponectin KO mice. 24 h after
administration of AdipoRon, the calorimetry study
was performed. The average O, consumption was
normalized to whole-body mass and analyzed by
ANOVA. n = 7-9/group. Data are presented as

means + SEM. *, P < 0.05. (B and C) Expression
levels of UCPL, C/EBPB, and PGCla were signifi-
cantly down-regulated by AdipoRon administra-
tion in iWAT (B) without significant difference in

BAT (C) in adiponectin KO mice. Representative

- |ucp1

data are presented. (D and E) Administration of

AdipoRon decreased the fractions of ILC2s (D) and
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(Fig. 5, F and G). Our data suggest that adiponectin plays a neg-
ative role in regulating energy expenditure via adipose tissue-
dependent mechanisms.

Adiponectin inhibits cold-induced thermogenesis via ILC2-
dependent mechanisms

To investigate if adiponectin suppresses adipose thermogenesis
through regulating ILC2s, 10-wk-old adiponectin KO mice were
administered ST2 antibody to neutralize IL-33 action as de-
scribed (Fig. 6 A). Flow cytometry data show that administration
of ST2/IL-1 R4 antibody significantly suppressed the fraction of
ILC2s (Fig. 6 B). In addition, despite minor effects at room
temperature, blocking ILC2 function diminished the increase of
cold-induced O, consumption and up-regulation of the ther-
mogenic genes Ucpl, C/ebpf, and Pgcle in iWAT in adiponectin
KO mice under cold conditions (Fig. 6, C-E). Inhibiting ILC2
function, on the other hand, had little effect on food intake and
activity (Fig. S2, M and N). Rag2/IL2rg double-KO mice were
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known to lack ILC2s, and Rag2 KO mice were considered as
ILC2-sufficient mice in previous studies (Brestoff et al., 2015).
ILC2-deficient and sufficient mice were administered with
AdipoRon. We observed that ILC2 deficiency diminished Adi-
poRon suppression of O, consumption and thermogenic gene
expression in iWAT under both room temperature and cold
stress conditions, indicating the mediatory role of ILC2s in adi-
ponectin suppression of energy expenditure (Fig. 6, F and G).
Moreover, the inhibitory effect of adiponectin on IL-4 and IL-13
production in the SVF was alleviated by ILC2 deficiency (Fig. 6,
H and I), suggesting that adiponectin suppresses type 2 immune
response and thermogenesis via ILC2-dependent mechanisms.
However, the role of adiponectin in the regulation of energy
homeostasis and thermogenesis remains controversial in the
field (Qi et al., 2004; Hui et al., 2015; Bauche et al., 2007; Masaki
et al., 2003; Holland et al., 2013; Kubota et al., 2007; Kajimura
et al.,, 2013; Qiao et al., 2014; Kim et al., 2007; Saito et al., 2006;
Quaresma et al., 2016). To further address the controversy about
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Figure 6. Adiponectin negatively regulates thermogenesis via ILC2-dependent mechanisms. (A) A time frame for administration of ST2 antibody in
adiponectin KO and control mice. (B) Administration of ST2 antibody suppressed adiponectin deficiency-increased ILC2 fraction in iWAT and eWAT despite
minor effects in BAT. n = 5-6/group. Data are presented as means + SEM. *, P < 0.05; **, P < 0.01; Student’s t test. (Cand D) Blocking ILC2 function with ST2
antibody decreased adiponectin deficiency-increased O, consumption (C) and expression levels of thermogenic genes Ucpl, C/ebpf, and Pgcla (D) under cold
stress conditions. n = 5-6/group. Data are presented as means + SEM. *, P < 0.05, Student’s t test. (E) Expression levels of UCP1, C/EBPB, and PGCla in D were
quantified and analyzed, and tubulin was used as a loading control. n = 5-6/group. Data are presented as means + SEM. ¥, P < 0.05; **, P < 0.01. Student’s
t test. (F and G) The inhibitory effect of AdipoRon on O, consumption (F) and thermogenic gene expression in iWAT (G) was reversed by ILC2 deficiency. n =
6-9/group. Data are shown as means + SEM. *, P < 0.05, Student’s t test. (H and ) The secretion of IL-4 (H) and IL-13 (I) was enhanced by IL-33 and decreased
by adiponectin treatment in the SVF of iWAT. SVF was cultured in FBS-free medium containing 0.5% BSA and then treated with or without 5 pg/ml adiponectin
for 1h, followed by treatment with or without 10 ng/ml IL-33 for 18 h using two mice for each independent experiment. Data are presented as means + SEM. %,
P < 0.05, Student’s t test. Each experiment was conducted three times independently. ADPN, adiponectin; ST2, ST2 antibody; V and Veh, vehicle.

whether adiponectin exerts an antithermogenic effect, we or-
dered an additional mouse strain, in which adiponectin is also
deficient, from Jackson Laboratory (B6;129-AdipoqtmlChan/],
stock no. 008195; Adipo-; Ma et al., 2002). The mouse model
from Jackson Laboratory has a B6;129 background, while the
model used in the present study has a C57BL/6] background.
Because the genetic background of strains has a considerable
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impact on the metabolic phenotype (Hummel et al., 1972;
Coleman and Hummel, 1973; Mao et al., 2006a; Fontaine and
Davis, 2016), we backcrossed an adiponectin KO mouse model
from Jackson Laboratory with C57BL/6] mice for four gen-
erations. As expected, adiponectin expression level was not
detected in the KO mice, while it was highly enriched in adipose
tissue of WT mice (Fig. S3, D and E). Using the same metabolic
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phenotyping system for the present study, we found that O,
consumption and thermogenic gene expression in iWAT and
BAT were enhanced by adiponectin KO under cold stress con-
ditions despite no significant difference on activity and food
intake (6°C, 48 h; Fig. S3, A-E), confirming the antithermogenic
function of adiponectin (Fig. 4). In addition, expression levels
of ILC2 markers St2 and Penk in iWAT and BAT, as well as ILC2
populations in iWAT, were significantly increased by adipo-
nectin deficiency, although the difference in ILC2 population in
BAT and II5 expression in iWAT and BAT did not reach sig-
nificance (Fig. S3, F-H).

Cold stress suppresses expression levels and circulation levels
of adiponectin in mice

Next, we investigated whether expression and circulating levels
of adiponectin are affected by cold stress. 3-mo-old male C57BL/6
mice were housed in an environmental chamber either at 22°C or
6°C for 48 h. Cold exposure induced expression of UCP1 but
down-regulated adiponectin expression in BAT and iWAT (Fig. 7,
A and B), as well as circulating levels, in vivo (Fig. 7 C). Consistent
with other recent studies (Hui et al., 2015; Dong et al., 2013), the
circulating levels of adiponectin were also down-regulated by
chronic cold stress (6°C, 6 d; Fig. 7 D), suggesting that adiponectin
levels are negatively correlated with thermogenesis. Moreover,
mRNA levels of adiponectin were suppressed by 2-d and 6-d cold
stress in iWAT (Fig. 7, E and F). These results suggest that the
levels of adiponectin in adipose tissue and in circulation are as-
sociated with cold adaptation.

Discussion

ILC2s were recently shown to be present in adipose tissue and
play a critical role in regulating browning of WAT by promoting
IL-4/IL-13-driven type 2 immunity or increasing the ILC2-
derived cytokine Penk (Lee et al., 2015; Brestoff et al., 2015).
Moreover, increased ILC2 response limits the development of
obesity (Lee et al., 2015; Brestoff et al., 2015). However, the
mechanisms underlying the activation of adipose-resident ILC2s
remain largely unknown. Our present study shows that AMPK
is downstream of IL-33 signaling and that feedback inhibits
IL-33-induced activation of NF-«B and production of IL-13 in
adipose-resident ILC2s. In addition, adiponectin suppresses
cold-induced ILC2 activation through AMPK-mediated feedback
inhibition of IL-33 signaling and subsequently suppresses ther-
mogenic gene expression in adipose tissue and energy expen-
diture. Our results reveal a new mechanism underlying ILC2
activation and subsequent WAT browning in response to cold
stress and also provides new insight into the proadipogenic ef-
fects of adiponectin.

IL-33 is an activator of ILC2s and plays a pivotal role in
regulating metabolism (Lee et al., 2015; Brestoff et al., 2015).
Moreover, a shorter, soluble version of IL-33 also has a direct
impact on adipocytes by splicing Ucpl transcripts in the nucleus
and regulating thermogenesis (Odegaard et al., 2016). IL-33 ap-
pears to be produced in adipose tissue, where fibroblasts are the
main IL-33-producing cells (Kolodin et al., 2015; Kuswanto et al.,
2016). Our laboratory and others have shown that IL-33 is
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Figure 7. Adiponectin levels are down-regulated by cold stress. (A and
B) The expression of adiponectin was down-regulated while expression of
UCP1 was up-regulated by cold stress (6°C for 48 h) in BAT (A) and iWAT (B)
of mice. n = 4/group. Data are presented as means + SEM. *, P < 0.05; ***, P <
0.001; Student’s t test. (C and D) The circulating levels of adiponectin were
decreased by acute cold stress (6°C for 48 h; C) and chronic cold stress (6°C
for 6 d; D). n = 5/group. Data are presented as means + SEM. *, P < 0.05,
Student’s t test. (E and F) The mRNA levels of adiponectin were suppressed
by acute cold stress (6°C for 48 h; E) and chronic cold stress (6°C for 6 d; F).
n = 5/group. Data are presented as means + SEM. ¥, P < 0.05, Student’s t test.
ADPN, adiponectin; RT, room temperature.

associated with cold adaptation and obesity development
(Odegaard et al., 2016; Ding et al., 2016). However, little is
known about the regulation of IL-33 signaling in ILC2s. We
show that similar to IKKa/pB, IL-33-stimulated AMPK is also
inhibited by suppressing TAK1 in ILC2s (Fig. 2), indicating that
TAK1 mediates IL-33-stimulated AMPK activation in ILC2s. In
agreement with this, TAK1 was identified as a potential up-
stream kinase of the budding yeast orthologue of AMPK (the
SNFI1 complex) in yeast and phosphorylates Thr'7?, activating
AMPX in vitro (Momcilovic et al., 2006). In addition, TAK1 also
mediates AMPK activation in response to various stimuli, in-
cluding TNF-related apoptosis-inducing ligand, hydrogen per-
oxide, IL-1B, TNFa, and bacterial infection in epithelial cells and
cardiomyocytes (Herrero-Martin et al., 2009; Chen et al., 2013;
Liu et al., 2018; Xie et al., 2006; Antonia and Baldwin, 2018).
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Activation of AMPK by TNF-related apoptosis-inducing ligand
requires TAKI, but not LKB1 and CaMKK-pB, the known up-
stream kinases for AMPK activation under conditions such as
glucose starvation and calcium ionophore (Herrero-Martin
et al., 2009; Xie et al., 2006). In support of this, our data sug-
gest that TAK1 is required for IL-33-stimulated AMPK in ILC2s.
Furthermore, Antonia and Baldwin (2018) showed that IKK
directly phosphorylates AMPK at Thr'”? when its own Thr'’? is
phosphorylated by TAK]1, upon treatment of IL-1B or TNFa in
cancer cells. Which kinase, TAK1 or IKK, catalyzes phospho-
rylation of AMPK may stem from the difference in cell types or
stimuli. On the other hand, although IL-33 is a potent activator
of ILC2, it may display opposite functions in ILC2s under var-
ious physiological conditions. Of note, IL-33 up-regulates PD-
1 expression and intrinsically negatively regulates production
of IL-5 and IL-13 on ILC2s in obese mice (Oldenhove et al.,
2018). Given that TNFa-mediated M1 macrophage polariza-
tion is required for ILC2 dysfunction in obesity (Oldenhove
et al., 2018), IL-33 up-regulation itself may be not sufficient
to promote development as well as activation of ILC2 in adipose
tissue under obese conditions.

AMPK activation provides a negative regulatory mechanism
in IL-33 signaling in ILC2s and Th2 cells. Inhibiting or sup-
pressing AMPK increases IL-33-induced ILC2 activation by en-
hancing the NF-«B pathway and secretion of IL-13 (Fig. 2). In
support of this, both AdipoRl and AdipoR2 are expressed in
primary ILC2s, and adiponectin signaling suppressed the IL-
33-stimulated NF-xkB pathway in both Th2 cells and ILC2s
(Fig. 1). This is also supported by the finding that adiponectin has
been shown to inactivate NF-kB in other cell types (Ajuwon and
Spurlock, 2005). We show that AMPK, a well-known effector of
adiponectin signaling (Petrovic et al.,, 2010; Yamauchi et al,,
2002; Wu et al, 2003; Mao et al., 2006b; Ruan and Dong,
2016), is critical for the inhibitory effect of adiponectin on IL-
33-induced activation of IKK and IL-13 production in ILC2s,
providing new insight into adiponectin inhibition of ILC2
function. However, how AMPK signaling inhibits NF-«B path-
way in ILC2s remains poorly understood. Following AMPK ac-
tivation, phosphorylation of ULKI at Ser®", an activation site of
ULK1 and a marker of autophagy initiation, occurs in response to
IL-33 treatment (Fig. 2 A). It is possible that AMPK/autophagy
pathway inactivates NF-«B through regulating P62, given that
P62 has been suggested to promote NF-«B through multiple
mechanisms: increasing the phosphorylation of IKKp by binding
to atypical PKCs, activation and polyubiquitination of TRAFS,
and promoting ROS-induced RAS expression (Lallena et al.,
1999; Martin et al., 2006; Wooten et al., 2005; Duran et al.,
2008). Future studies will be needed to clarify this possibility.

Adiponectin exerts antidiabetic effects (Ahima, 2006;
Scherer, 2006; Kadowaki and Yamauchi, 2005; Kuswanto et al.,
2016; Nawrocki et al., 2006), and its expression and circulating
levels are down-regulated by obesity in human subjects (Scherer
etal.,, 1995; Abbasi et al., 2004). However, the role of adiponectin
in the regulation of energy homeostasis and thermogenesis re-
mains controversial. Several studies show that adiponectin
promotes energy expenditure and the cold-induced browning
effect through its central and peripheral actions (Qi et al., 2004;
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Hui et al., 2015; Bauche et al., 2007; Masaki et al., 2003; Holland
et al., 2013). However, other studies have suggested that adipo-
nectin may be a negative regulator of energy expenditure and
thermogenesis (Kubota et al., 2007; Kajimura et al.,, 2013; Qiao
et al., 2014; Kim et al., 2007; Saito et al., 2006; Quaresma et al.,
2016). These inconsistent observations highlight the need for
research identifying the true physiological functions and un-
derlying mechanisms of adiponectin in the regulation of energy
metabolism. In addition, there is also a controversy as to
whether adiponectin acts as an anti- or proinflammatory medi-
ator (Maeda et al., 2002; Xu et al., 2003; Kumada et al., 2004;
Ohashi et al., 2010; Tsao et al., 2002; Cheng et al., 2012; Park
et al., 2007; Awazawa et al., 2011; Tang et al., 2007; Ding et al.,
2016). More importantly, it remains largely unknown whether
adiponectin regulates thermogenesis and energy expenditure
through an inflammatory response, which is a key factor of WAT
browning (Molofsky et al., 2013; Lee et al., 2015; Qiu et al., 2014;
Rao et al., 2014). By using adiponectin KO mice, Hui et al. (2015)
found that adiponectin promotes WAT browning by direct
stimulation of M2 macrophage proliferation, with little effect on
ILC2s. This mouse model was shown to display a rather moderate
phenotype in insulin sensitivity (Ma et al., 2002). By using the
adiponectin KO mice that displayed magnified insulin resistance
compared with the controls, when dietarily challenged
(Nawrocki et al., 2006), we found that adiponectin plays an in-
hibitory role in regulating adipose-resident ILC2s, type 2 immu-
nity, and energy expenditure (Figs. 2, 3, 4, and 5), suggesting that
the inhibitory effect of adiponectin on thermogenesis may explain
its proadipogenic properties.

To validate if adiponectin exerts antithermogenic effects, we
ordered another adiponectin KO mouse strain from Jackson
Laboratory and backcrossed this strain of adiponectin-deficient
mice with C57BL/6 for four generations. The results also dem-
onstrate that adiponectin acts as a negative regulator of ILC2s as
well as thermogenesis in adipose tissue (Fig. S3). Using the same
metabolic phenotyping system, we were the first to characterize
two adiponectin KO mouse strains and show that adiponectin
suppresses ILC2 function and thermogenesis. In support of this,
Kajimura et al. (2013) generated one more adiponectin KO
mouse model with a mixed background of C57BL/6] and 129/Sv
and showed that adiponectin deficiency enhanced energy ex-
penditure through the central nervous system. In contrast, ad-
ministration of adiponectin receptor agonist AdipoRon reverses
the increase in ILC2 population as well as energy expenditure in
adiponectin KO mice under cold stress conditions (Fig. 5). Col-
lectively, adiponectin-based therapeutics may bring potential
side effects such as antithermogenic and pro-obesity effects.

On the other hand, it was recently challenged whether al-
ternatively activated macrophages synthetize catecholamine or
contribute to thermogenesis and energy homeostasis (Fischer
et al., 2017). In addition, there is also a controversy regarding
whether IL-4-IL-13 signaling plays an essential role in cate-
cholamine production and thermogenesis (Fischer et al., 2017;
Molofsky et al., 2013; Rao et al., 2014; Brestoff et al., 2015).
Therefore, it remains unknown whether adiponectin suppresses
cold-induced thermogenesis though the IL-4-IL-13 pathway and
alternative activation of macrophage, two well-known pathways
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downstream of ILC2 (Ding et al., 2016). Because expression
levels of Penk are up-regulated by adiponectin deficiency in
adipose tissue (Fig. 3 D), future studies will be needed to address
whether Penk and IL-4-IL-13 pathways mediate the suppressive
effect of adiponectin on thermogenesis. Up-regulation of leptin
may also contribute to the defensive effect against obesity via
ILC2 activation, given that leptin promotes the proliferation and
activity of ILC2s in lung (Zheng et al., 2016; Zheng et al., 2018).
In support of this, although adiponectin deficiency does not
appear to overtly alter insulin sensitivity under normal chow
diet conditions (Ma et al., 2002; Maeda et al., 2002), adiponectin
has been reported to boost appetite, slow energy metabolism,
and promote adipogenesis, all of which are well-defined factors
promoting obesity development (Kubota et al., 2007; Kajimura
et al., 2013; Kim et al., 2007). Similar to administration of per-
oxisome proliferator-activated protein y agonists thiazolidine-
diones that improve insulin sensitivity but lead to severe obesity
(Savage et al., 2003; Ristow et al., 1998), our study suggests that
adiponectin-based treatment may bring the unfavorable effect
of inducing obesity through inhibition of energy expenditure.
In summary, our study demonstrates that AMPK plays a
critical role in regulating ILC2 function and adipose thermo-
genesis. AMPK interacts with the NF-kB pathway by serving asa
target of TAKI and a feedback regulator of downstream path-
ways of TAK], such as IKKa/B and IxBa in ILC2s. Adiponectin
suppresses ILC2 function via the AMPK pathway in vitro and
in vivo. Cold stress down-regulates adiponectin, which alleviates
AMPK-mediated feedback inhibition of IL-33 signaling and
subsequently activates adipose-resident ILC2s and promotes
adipose type 2 immune responses and thermogenesis. There-
fore, our results reveal that adiponectin is a negative regulator of
ILC2s through AMPK-dependent feedback inhibition of IL-33
signaling and that adiponectin exerts antithermogenic effects.

Materials and methods

Materials

Antibodies against phospho-AMPK (2531) at Thr'”2, AMPK
(2603), phospho-IKKa (Ser'7¢)/IKKB (Ser'””; 2078S), IKKa
(2682), IKKP (2370), phospho-IxB at Ser3%/36 (9246), IxB (4814),
phospho-ULKI1 at Ser®"” (6887), and ULKI (8054) were from Cell
Signaling. Anti-PGCla (ST1204) was purchased from Millipore.
Antibodies against AdipoR1 (ab126611), AdipoR2 (ab77612), UCP1
(ab23841), and C/EBPP (ab32358) were from Abcam. Anti-LC3B
(L7543) from Sigma was used for Western blot, analysis and
Anti-LC3 pAb (PMO036) from MBL International was used for
staining. Anti-adiponectin and anti-B-tubulin were kindly pro-
vided by Dr. Lily Dong (University of Texas Health Science
Center at San Antonio, San Antonio, TX) as described previously
(Alsted et al., 2009; Meng et al., 2017). AdipoRon (924416-43-3)
and 5Z (253863-19-3) were obtained from Cayman Chemical
Company. IRAK 1/4 inhibitor I (15409) and rapamycin (R8781)
were from Sigma-Aldrich. 3-MA (189490) was purchased from
EMD Millipore. Two recombinant mouse adiponectin (full-
length and mutated C39A) proteins (ab62957 and ab94676) were
purchased from Abcam. Mouse ST2/IL-1 R4 antibody (MAB10041)
was from R&D Systems.
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Mice

All mice used in this study were males unless specified other-
wise. Adiponectin knockout mice were kindly provided by Dr.
Philipp Scherer (University of Texas Southwestern Medical
Center, Dallas, TX). This mouse line was crossed with C57BL/6]
(stock no. 000664) for >10 generations before the study began.
Both Rag2 KO mice (stock no. 008449) and Il2rg KO mice (stock
no. 003174) with C57BL/6] background were purchased from
Jackson Laboratory. We generated Rag2/Il2rg double-KO mice
by crossing the Rag2 KO mice and I12rg KO mice and then in-
breeding the resulting Rag2/Il2rg heterozygous offspring. An-
other stain of adiponectin-deficient mouse was ordered from
Jackson Laboratory (B6;129-Adipoqtm1Chan/J, stock no. 008195;
Adipo-) and backcrossed with C57BL/6 mice for four generations
to validate the antithermogenic function of adiponectin. All
animals were housed in a pathogen-free barrier facility with a
12-h light/12-h dark cycle with free access to food and water. All
animal experimental protocols were reviewed and approved by
the Animal Care Committee of the University of New Mexico
Health Sciences Center. For cold stress studies, the mice were
housed in an environmental chamber at 30°C followed by 48 h
of either 22°C or 6°C and then euthanized for Western blot
analysis, as described in our previous study (Ding et al., 2016;
Wang et al., 2018).

Isolation and treatment of adipose tissue ILC2s

SVFs were isolated from subcutaneous and epididymal white fat
of 2-3-mo-old male mice and then blocked with fragment
crystallizable region-block (homemade) at 4°C for 20 min. For
the signaling study of ILC2s, F4/80*, Gr-1*, and CD3* cells were
depleted using the indicated antibodies and magnetic beads.
Cells were then incubated with ST2 antibody, and ST2* cells
were pulled down by loading the tube onto the magnetic rack
(Invitrogen) for 5 min. Cell pellets were suspended in medium
containing RPMI 1640 and 1% FBS for the following treatment.
For the signaling study, there were the following three types of
treatment: (1) cells were treated with 10 ng/ml IL-33 only for
10 min; (2) cells were treated with 10 uM AdipoRon or 5 pg/ml
full-length adiponectin for 1 h, followed by cotreatment with IL-
33 for 10 min; and (3) cells were treated with 1 uM AMPK in-
hibitor compound C for 20 min, followed with cotreatment with
IL-33 for 20 min. The phosphorylation of IKKa/f, IxBa, or AMPK
was determined using flow cytometry with specific antibodies.
For the ELISA analysis, fragment crystallizable region-blocked
SVF cells were washed and stained with anti-CD45-PE, anti-Lin
(CD11b, CD11c, B220, CD3, Gr-1)-PerCP, anti-ST2-APC for 20 min
on ice. Then, live CD45*Lin"ST2* ILC2s were sort-purified by a
Sony iCyt SY3200 four-laser cell sorter to 95% purity, and 10°
cells were harvested in TriZol buffer. For the measurement of
IL-13 secretion, ILC2s or SVFs were cultured in the medium
containing 10% FBS and treated with 5 pg/ml full-length adi-
ponectin or 1 uM compound C for 1 h followed by cotreatment
with IL-33 for 18 h, and media was collected for ELISA analysis.

Primary culture and differentiation of Th2 cells
CD45RCD8a~CD62L* naive T cells were isolated from lymph
nodes and spleens in 2-3-mo-old C57BL/6 WT mice using beads.
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Cells were then seeded on a plate coated with a-CD3/a-CD28 and
differentiated into Th2 cells using a RPMI medium containing
10% FBS, 5 pg/ml anti-IFNy, and 10 ng/ml IL-4 for 72 h. To
suppress TAK!L and AMPK in differentiated Th2 cells, siRNA of
TAK1 or siRNA of AMPKal/2 and the control siRNA were in-
troduced into Th2 cells using electroporation with Neon trans-
fection system (1,600 V, 10 mS/pulse, three pulses). 30 h after
transfection, TAK1-suppressed and scramble cells were cultured
in a fresh RPMI medium with 1% FBS for 1 h and then treated
with or without 10 ng/ml IL-33 for 10 min. To determine the role
of AMPK in regulating IL-33 signaling, AMPK-suppressed and
scramble cells were cultured in a fresh RPMI medium with 1%
FBS for 1 h and then treated with (1) 10 ng/ml IL-33 only for
10 min; (2) 10 pM AdipoRon or 5 pg/ml full-length adiponectin
for 1 h, followed by cotreatment with IL-33 for 10 min; or (3)
1 uM AMPK inhibitor compound C for 20 min, followed by co-
treatment with IL-33 for 20 min. In addition, starved Th2 cells
were treated with 10 ng/ml IL-33 only for 10 min, 10 uM Adi-
poRon, or 5 pg/ml full-length adiponectin for 1 h, followed by
cotreatment with IL-33 for 10 min or 1 pM AMPK inhibitor
compound C for 20 min and cotreatment with IL-33 for 20 min.

ELISA analysis of IL-13 and IL-4

For the measurement of IL-13 and IL-4 secretion, SVFs from
adipose tissue were cultured in FBS-free medium containing
0.5% BSA and then treated with or without 5 ug/ml full-length
adiponectin for 1 h followed by treatment with or without 10 ng/
ml IL-33 for 18 h. The media was collected for ELISA analysis of
IL-13 and IL-4. The ELISA assay for IL-13 or IL-4 from ILC2s and/
or SVFs was determined using an ELISA kit (R&D Systems) ac-
cording to the manufacturer’s protocol.

Proliferation and cell death assay of ILC2s

For the proliferation assay, epididymal fat samples from 7-wk-
old adiponectin WT and KO mice were dissected, minced, di-
gested with collagenase A (Roche), and filtered with 70 pm cell
strainer (Falcon). The SVF were isolated and fixed with 4%
polyformaldehyde at 4°C for 15 min. Ki67 expression in ILC2s
was measured by intracellular staining on a CD45*Lin"ST2*gate.
Lin (lineage marker) included CD3, B220, CD11b, CDl1c, and Gr-1.
For the cell death assay, the underlying pellets (SVF) and media
remained. ILC2s were assessed by LIVE/DEAD Green (LIVE/
DEAD Fixable Dead Cell Stain Kit; Invitrogen) reactive to free
amines both in the interior and on the cell surface as we de-
scribed previously (Zheng et al., 2018).

Adiponectin or AdipoRon administration

For i.p. administration, AdipoRon was dissolved in DMSO and
diluted by vehicle solution, which contained 5% Tween 80 and
5% polyethylene glycol 400 in PBS. 10-wk-old adiponectin KO
male mice were administered with AdipoRon or vehicle by i.p.
injection at 30 mg/kg body weight once a day for 5 d. 24 h after
the first administration, the calorimetry study was performed.
The mice were euthanized after 48 h of cold conditions, and fat
tissues were harvested for Western blot analysis. For i.c.v. ad-
ministration, 10-wk-old mice underwent cannula implanta-
tion surgery and recovered for 2 wk. 2 pl trimeric (C39A)

Wang et al.
Adiponectin inhibits ILC2 function

adiponectin (1 mg/ml) or vehicle was pumped into cerebral
ventricle by micro syringe pump at the speed of 1 ul/minute. For
the intra-iWAT administration, the procedure was performed
on 10-wk-old mice as described in the previous study (Murphy
et al., 2013). In brief, AdipoRon or vehicle (3 mg/kg body mass)
was administered at five sites across the inguinal white adipose
depot by a syringe equipped with a 30-gauge needle. Calorim-
etry studies were performed at 6°C, after i.c.v. or intra-iWAT
injection, and fat tissues were harvested for Western blot
analysis.

Administration of IL-33 receptor antibody

10-wk-old male adiponectin WT and KO mice were administered
with or without mouse ST2/IL-1 R4 antibody (R&D Systems) at
100 pg/mice/day by i.p. injection under cold exposure (6°C) for
2 d. The mice were euthanized, and adipose tissues were col-
lected for flow cytometry analysis and Western blot analysis.

Flow cytometry

The suspended SVFs from adipose depots of 10-wk-old male
mice were fixed, blocked, and stained with conjugated anti-
bodies, including anti-CD45, anti-Siglec-5, anti-CD11b, and anti-
CD206 (eBioscience and BioLegend), to identify macrophage
subsets. To detect ILC2s (CD45*Lin-CD90.2*ST2*), SVF cells
were incubated with conjugated anti-CD45, anti-Lin (CD3e,
CD11b, B220, CDllc, and Gr-1), anti-CD90.2, and anti-ST2
(eBioscience and BioLegend) after fixation unless specified
otherwise. In Fig. S1 D, we used additional markers, including
anti-RORC and anti-GATA3 (eBioscience), to gate ILC2s
(CD45*Lin"CD90.2*"RORC-ST2*GATA3"). Anti-AMPK o 1 (phospho-
T183) and AMPK o 2 (phospho-T172) antibody (ab23875; Abcam),
eFluor 660-conjugated anti-phospho-IxBa (S32/S36; eBioscience),
and PE-conjugated phospho-IKKa/B (Serl76/180; Cell Signaling)
were used to detect phospho-AMPK, phospho-IxBo and phospho-
IKK in ILC2. For the staining of GATA3, RORC and phosphorylated
proteins, cells were permeabilized with 0.25% Triton X-100 for
20 min after fixation. FACS analysis was performed on a FACS
Calibur (BD PharMingen), and the data were analyzed with FlowJo
software as described previously (Dong et al., 2013). The gating
strategy used for ILC2s, eosinophils, and macrophages in adipose
tissue is shown in Fig. S3, I-K.

Energy expenditure

10-wk-old male mice were individually housed in eight separate
Promethion Metabolic Phenotyping Systems (Sable Systems
International) coupled with a temperature controllable cham-
ber. O, consumption, carbon dioxide release, food intake, water
intake, and the activity of each animal were monitored at room
temperature (22°C) for 72 h and then in cold stress conditions
(6°C) for 48 h. The data were analyzed using the ExpeData
software associated with the system. O, consumption was nor-
malized by body weight as we described previously (Luo et al.,
2017; Zhang et al., 2018).

Telemetry study
The Mini-Mitter Telemetry System was used for the measure-
ment of core body temperature in adiponectin KO and WT mice
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as we described previously (Liu et al., 2014). Briefly, a Mini-Mitter
implantable biotelemetric thermosensor was surgically implanted
into the peritoneal cavity of 10-wk-old male mice. 10 d after
surgery, mice were individually housed in the cage with free ac-
cess to food and water at room temperature (22°C) for 12 h (8 a.m.
to 8 p.m.) followed by exposure to cold stress (6°C) for 12 h (8 p.m.
to 8 a.m.). The body temperature and locomotor activity were
recorded every 5 min and analyzed with VitalView software.

Western blot

For tissue samples, frozen samples of BAT were sliced and ~1 mg
tissue sample was homogenized for Western blot analysis. For
the iWAT samples, tissue samples around the lymph node in the
inguinal fat was used for the Western blot considering that UCP1*
cells are predominantly in the inguinal region rather than the
dorsolumbar region after a 2-d cold exposure within a posterior
subcutaneous fat pad (Chi et al., 2018). Cell lysates were prepared
in ice-cold lysis buffer, and the general procedures were used for
Western blot as described in our previous study (Liu et al., 2008).
For all Western blot data presented in this study, the x axis in-
dicates the individual mouse or the individual cell treatment.

Induction of allergic asthma

For induction of allergic asthma, age-matched adiponectin KO
and WT male littermates were immunized intranasally with
15 pg papain and 50 pg chicken OVA for three times on days O, 1,
and 14 as we described previously (Zheng et al., 2016). 14 d after
the first-time immunization with papain and OVA, bronchoal-
veolar lavage fluids (BALFs) were collected for analysis of airway
infiltrates. Lung-draining LNs (LLNs) were collected for cyto-
kine expression and proliferation assays. LLN cells (4 x 10° cells/
ml) from the asthmatic mice were cultured with various con-
centrations of OVA for 3 d, and the supernatants were collected for
measurement of cytokine expression by ELISA using a standard
protocol. For the in vivo proliferation assay, single-cell suspen-
sions of LLNs from asthmatic mice were prepared, and Ki67 ex-
pression was measured in Th2 cells (Lin*CD4*GATA3*), ILC2s
(Lin"CD4 GATA3"), and Thl cells (Lin*CD4*IFNY*). Lineage
markers include CD3, CD5, B220, CD11b, CD11c, Gr-1, Terll9, and
IgE. Antibodies to CD3, CD5, B220, CD11b, CDllc, Gr-1, Terl19, IgE,
CD4, GATAS3, IFNy, and Ki67 were purchased from eBioscience.

Statistics

Effects of various treatments on the expression levels of nor-
epinephrine and UCPI in cells were analyzed by t test for com-
parison of two groups or one-way ANOVA for comparison of
more than two groups. ANOVA was used for the statistical
analysis of energy expenditure. For each group, 5-10 animals
were used for in vivo experiments. The individual in vitro ex-
periment was repeated at least three times. Data are presented
as means + SEM. P < 0.05 was considered as significant.

Online supplemental material

Fig. S1 shows that adiponectin deficiency promotes a type 2 im-
mune response in adipose tissue and allergic airway. Fig. S2
indicates that adiponectin inhibits thermogenesis in a periphe-
ral tissue-dependent manner. Fig. S3 demonstrates that adiponectin
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KO also increases O, consumption and up-regulates thermo-
genic gene expression and ILC2 activation in adipose tissue of
another mouse model and describes the gating strategy used for
flow cytometric analysis in adipose tissue.
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Figure S1. Adiponectin deficiency promotes type 2 immune response in adipose tissue and allergic airway. (A) Adiponectin receptor 1 and 2 (AdipoR1
and AdipoR2) were expressed in differentiated adipocytes (Adipo) and primary macrophages (M®). Representative data are presented from two independent
experiments. (B) Adiponectin deficiency slightly increased the population of ILC2 (CD45*Lin"CD90.2*ST2*) in eWAT and iWAT, but not in BAT, at room
temperature, while the difference in eWAT did not reach significance. n = 3/group. Data are presented as means + SEM. *, P < 0.05, Student’s t test.
(C) Adiponectin deficiency significantly increased the population of ILC2 (CD45*Lin"CD90.2*RORC-ST2*GATA3*) in brown (BAT), inguinal (iWAT), and epi-
didymal (eWAT) at 6°C. n = 6/group. Data are presented as means + SEM, *, P < 0.05, Student’s t test. (D) Adiponectin deficiency did not change the population
of eosinophils (CD11b*Siglec-F*) in BAT, iWAT, and eWAT. n = 6/group. Data are presented as means + SEM, *, P < 0.05, Student’s t test. (E) Adiponectin
deficiency up-regulated mRNA levels of thermogenic markers UCP1 and type 2 cytokines such as IL-4 and IL-13 in BAT under both basal and cold stress
conditions, although the up-regulation of IL-6 by adiponectin KO only occurred at room temperature condition, and the thermogenic marker PGCla was only
increased by adiponectin deficiency under cold stress conditions. n = 5-8/group. Data are presented as means + SEM. *, P < 0.05; **, P < 0.01; Student’s t test.
GAPDH was used as an internal control. For the following studies, 15 d after first-time immunization of adiponectin KO and WT mice with papain and OVA,
BALFs and LLNs were collected for the analysis. (F) The intracellular stain of Ki67 in LLNs ILC2s from adiponectin KO and WT mice after induction of ex-
perimental asthma. n = 6/group. Data are presented as means + SEM. Student’s t test. (G) Frequency of Th2 cells (TH2; Lin*CD4*GATA3*), ILC2s
(Lin"CD4-GATA3*) and Thi cells (THL; Lin*CD4*IFNy*) in LLN cells from adiponectin KO and WT mice after induction of experimental asthma. n = 6/group.
Data are presented as means + SEM. *, P < 0.05, Student’s t test. (H) The intracellular stain of Ki67 in LLN Th2 cells, ILC2s, and TH1 cells from adiponectin KO
and WT mice after induction of experimental asthma. n = 6/group. Data are presented as means + SEM. (I-L) Student’s t test. ELISA of inflammatory cytokines
IL-4 (1), IL-5 (J), IL-13 (K), and IFNy (L) released by LLN cells after ex vivo recall with OVA at indicated concentrations. n = 6/group. Data are presented as means +
SEM. * P < 0.05; **, P < 0.01; Student’s t test. (M) Cellular profile of BALFs from immunized adiponectin KO and WT mice. aMac, alveolar macrophages; Eos,
eosinophils; iMac, inflammatory macrophages; Lym, lymphocytes; Mon, monocytes; Neu, neutrophils. n = 6/group. Data are presented as means + SEM. *, P < 0.05;
**, P < 0.01; Student’s t test. ADPN, adiponectin.
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Figure S2. Adiponectin inhibits thermogenesis in a peripheral tissue-dependent manner. (A-D) For calorimetry analysis, mice were individually housed
in the metabolic cages coupled with an environmental chamber. After 24-h adaptation at room temperature (22°C), the mouse was continuously housed in the
system at 22°C for 48 h and then at 6°C for the times indicated. O, consumption, CO; release, food intake, body weight, water intake, break-beam activity, and
wheel activity were monitored using the Sable International Phenotyping System. Given the difficulty in the balance of wheel activity and break-beam activity,
the wheels were dissembled in the rest of studies. CO, release exhibited a same tenancy as O, consumption and was not included in the paper. The body
composition (n = 4-5/group; A), food intake (n = 9/group; B), respiratory quotient (n = 9/group; C), and beam-break counts activity (n = 4/group; D) of
adiponectin KO and WT mice at room temperature (22°C) and under cold stress condition (6°C) are shown. Data are presented as means + SEM. Student’s
t test. (E) Locomotor activity of adiponectin KO and WT mice exposed to room temperature (22°C) and under cold stress conditions (6°C) with telemetry
analysis. n = 4/group. Data are presented as means + SEM. Student’s t test. (F and G) The effect of AdipoRon administration on the food intake (F) and beam
counts (G) of adiponectin KO and WT mice at room temperature (22°C) and under cold stress conditions (6°C). n = 7-9/group. Data are presented as means +
SEM. Student’s t test. (H and I) AdipoRon treatment suppressed the frequency of eosinophils (H) and macrophages (1) in iWAT, but not BAT, in adiponectin KO
mice under cold stress conditions. n = 4-6/group. Data are presented as means + SEM. Student’s t test. V, vehicle; A, AdipoRon. (J-L) O, consumption (), food
intake (K), and beam-break counts (L) of 10-wk-old male adiponectin KO mice that were administered with adiponectin by i.c.v. injection and housed at 22°C
for 48 h and then at 6°C for 48 h. n = 7-9/group. Data are presented as means + SEM. Student’s t test. (M and N) Adiponectin KO and WT mice were
administered with or without mouse ST2/IL-1 R4 antibody by i.p. injection, and food intake (M) and beam-break counts (N) of adiponectin KO and WT mice at

room temperature (22°C) and under cold stress conditions (6°C) were measured. n = 5-6/group. Data are presented as means + SEM. Student’s t test. ADPN,
adiponectin; S, ST2 antibody.
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Figure S3. Adiponectin KO increased O, consumption and up-regulated thermogenic gene expression and ILC2 activation in adipose tissue of
another mouse model (B6;129-Adipoqtm1Chan/J mice from Jackson Laboratory that were backcrossed with C57BL/6 mouse for four generations).
(A-C) Adiponectin KO mice were individually housed for calorimetry analysis in the metabolic cages coupled with an environmental chamber. After 24-h
adaptation at room temperature (22°C), mice were continuously housed in the system at 22°C for 48 h followed by cold exposure (6°C) for 48 h. O, con-
sumption (A), beam-break activity (B) and food intake (C) were monitored at room temperature (22°C) and under cold stress conditions (6°C). The O, con-
sumption data were normalized with body mass and analyzed by ANOVA. n = 7-8/group. Data are presented as means + SEM. ¥, P < 0.05, Student’s t test.
(D-G) The expression levels of the thermogenic genes Ucpl and C/ebpg in both protein and mRNA were significantly up-regulated in iWAT (D and F) and BAT
(E and G) by adiponectin deficiency under cold stress conditions. The mRNA levels of the ILC2 markers St2 and Penk, but not Il5, were significantly increased in
iWAT (F) and BAT (G). n = 7-8/group. Data are presented as means + SEM. *, P < 0.05; **, P < 0.01; Student’s t test. (H) The population of [LC2s was increased
by adiponectin KO in iWAT despite no significant effect in BAT under cold stress conditions. n = 7-8/group. Data are presented as means + SEM. *, P < 0.05.
Student’s t test. For the flow cytometric analysis of adipose tissue, the gating strategy was summarized in the following figures (I-K). The SVFs from adipose
depots were isolated from 10-wk-old male mice and used for the flow cytometry analysis. (I) CD45*Lin-CD90.2*ST2" cells were applied on ILC2s for Fig. 1, A, B,
E, and F; Fig. 2, B and G; Fig. 3, A and E; Fig. 5 D; Fig. 6 B; and Fig. S1 B. (J) CD45"Lin"CD90.2*RORCST2*GATA3" cells were applied on ILC2s for Fig. S1 C.
(K) Eosinophils (CD45*CD11b*Siglec-F*), macrophages (CD45*CD11b*Siglec-F-), and M2 macrophages (CD45*CD11b*Siglec-F~CD206*) were differentiated in
SVF of adipose tissue. ADPN, adiponectin; FSC-H, forward scatter-height; SSC-H, side scatter-height.
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