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Type 2 immune regulation of adipose tissue homeostasis
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Chronic and low-grade inflammation is a hallmark of obesity
and type 2 diabetes, and is primarily derived from the adipose
tissue. Type 1 immunity plays a disruptive role in metabolic
tissues such as heart, liver and fat in the context of metabolic
dysfunction. However, emerging evidence suggests that type
2 immunity has a supportive role for metabolic homeostasis. In
this review, we summarize the recent advances on cellular and
molecular mechanisms by which type 2 immunity orchestrates
adipose tissue development and function. In addition, we touch
upon therapeutic implications of these new findings.
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Introduction

Obesity and overweight have become global epidemics
across industrialized nations as well as developing coun-
tries [1]. This prevalence of obesity and overweight gives
rise to a huge financial burden on health care system
because obesity is highly and positively associated with
many major diseases such as type 2 diabetes, cardiovas-
cular diseases, inflammation-related disorders, and even
certain types of cancer [2,3]. Simply speaking, obesity is
primarily an accumulation of adipose tissue due to chronic
imbalance between energy intake and energy expendi-
ture. Thus it is of the essence to thoroughly understand
adipose tissue development, function, and metabolism.
The adipose tissue is composed of many types of cells
including adipocytes, preadipocytes, adipocyte progeni-
tors, fibroblasts, endothelium, and most abundantly—
immune cells, the latter of which plays a central role in
adipose tissue biology [4].

Over the past two decades, immunometabolism has been
emerged as an interdisciplinary field that can be divided

into two subdisciplines: cellular immunometabolism and
tissue immunometabolism [5°]. The cellular immunome-
tabolism topic has been excellently reviewed by Pearce
et al. [6]. In this review, we focus on one of the frontiers of
the tissue immunometabolism, which is type 2 immune
regulation of adipose tissue metabolism. And we discuss
the therapeutic implications of these new findings and
propose alternative treatment approaches against obesity
and its associated disorders through balanced modula-
tions of type 1 and type 2 immunity.

Three types of adipocytes: white, brown, and
beige

Adipocyte is the major cell component of fat tissues. It
can be divided into three cell types: white, beige, and
brown. Most white and beige adipocytes develop from
Pax77/Myf5~ mesenchymal precursors, while brown adi-
pocytes come from Pax7*/Myf5" precursors [7]. A subset
of adipocytes, including white, beige, and brown, may
derive from Myf5™ precursors [8]. In terms of energy
homeostasis, white adipocytes are specialized to store
energy as fat in lipid droplets, whereas both brown and
beige adipocytes are dedicated to dissipate energy as heat
through UCP-1-dependent or UCP-1-independent adap-
tive thermogenesis [9]. White adipose tissue (WA'T)
shows a UCP-1-negeative staining and a monolocular
structure immunohistochemically, whereas both beige
and brown fat have a UCP-1-positive multilocular mor-
phology [7]. In addition, beige adipocytes are inducible
and reversible upon environmental cold or warm expo-
sure [10].

Brown and white adipocytes locate in brown adipose
tissue (BAT) and WA'T respectively, while beige adipo-
cytes intersperse mainly in subcutaneous depots of WAT
(scWA'T). Visceral depots of WAT (vsWA'T) are resistant
to different beiging stimuli [7]. This reflects distinct
physiologic function between visceral and subcutaneous
depots of WA'T, although they have overlapping ones, for
example, both serve as nutrient reservoir and endocrine
organ [11]. scWA'T and vsWA'T play quite dissimilar roles
in the pathogenesis of metabolic disorders, for example,
visceral obesity has a positive correlation with type 2 dia-
betes development, while subcutaneous obesity is neutral
or even benign [12]. This regional differences might
attribute to: 1) unique local microenvironment shaped
by diverse neuronal innervation and its relationship with
circulation; 2) distinct cell-autonomous programs deter-
mining different responses and outputs [4,13]. Deletion
of PRDM16 in adipocytes causes a subcutaneous to
visceral fat switch, exhibiting less thermogenic capacity,
increased inflammatory gene expression and more

Current Opinion in Physiology 2019, 12:20-25

www.sciencedirect.com


mailto:yifu.qiu@pku.edu.cn
http://www.sciencedirect.com/science/journal/24688673/12
https://doi.org/10.1016/j.cophys.2019.04.018
http://www.sciencedirect.com/science/journal/24688673

Type 2 immune regulation of adipose tissue homeostasis Wu and Qiu 21

macrophage accumulation [14]. This result indicates that
PRDM16 can sustain a transcriptional program to main-
tain the tissue fate identity as subcutaneous fat, which
involves inflammatory pathways.

M1 versus M2 macrophage activation and
their consequences on adipose metabolism
Chronic and low-grade inflammation, also termed
‘metaflammation’, is a hallmark of obesity and type
2 diabetes, which is mediated by pro-inflammatory type
1 immunity [15]. Hotamisligil ez @/. made the ground-
breaking finding that obese WA'T produced pro-
inflammatory cytokines, such as tumor necrosis factor
(TNF), which could induce local and systemic insulin
resistance [16]. Another seminal finding came from
Weisberg er a/. and Xu er al., who independently dem-
onstrated that those pro-inflammatory cytokines were
mainly produced by the adipose tissue macrophages
instead of the adipocytes themselves [17,18]. These
findings elicit explosive follow-up studies, many of
which focus on macrophages as it is the most populous
immune cell in the fat pad. Several other pro-inflam-
matory cytokines, such as interleukin-6 (IL.-6) and IL.-
1B, were subsequently identified in obese fat pad [19].

Furthermore, obesity induces an activation switch from
anti-inflammatory to pro-inflammatory state in adipose
tissue macrophages [20]. Thus macrophages can be
experimentally classified into two types: classically acti-
vated macrophages (CAMs) and alternatively activated
macrophages (AAMs), also termed M1 and M2 macro-
phages [21]. M1 macrophages can be induced by lipopo-
lysaccharides (LPS), saturated free fatty acid or type
1 cytokines such as interferon-y (IFN-y) to produce
pro-inflammatory cytokines like TNF-a, 11.-6, and IL-
1B, which further deteriorate insulin resistance of meta-
bolic tissues via paracrine or endocrine effects. In con-
trast, M2 macrophages are induced by type 2 cytokines
such as ILL-4 and IL-13 to secret anti-inflammatory cyto-
kines like IL.-10, which can maintain insulin sensitivity in
the lean state [19]. The major signaling pathways were
revealed to mediate the M1 activation, including pro-
inflammatory kinases such as IkB kinase  (IKKB) and
JUN N-terminal kinase (JNK), inositol-requiring enzyme
la (IREla) and their associated transcriptional factors
including nuclear factor kB (NF-«kB), c-JUN, interferon
regulatory factor 3 (IRF3) and IRF5 [22,23°]. 'The pre-
dominant signaling components were identified for M2
activation and maintenance, including IL.-4R, and tran-
scriptional factors such as signal transducer and activator
of transcription 6 (STAT6), peroxisome proliferator-acti-
vated receptor y (PPARYy), PPARS, Kriippel-like factor 4
(KLF4), IRF4, and HIF 1« [22]. It warrants more detailed
cellular and molecular mechanism studies to depict the
crosstalk network among M1/M2 macrophages and their
client adipocytes, and how the network responds to and is
shaped by metabolic fluctuations.

Type 2 immune regulation of adipose
development and function

Almost all kinds of immune cells have been observed in
adipose tissues, including innate immune cells, B cells
and T cells [24]. Most of these cells can be categorized
into two groups: type 1 and type 2 immune cells. Accord-
ingly, type 1 immune cells and their corresponding cyto-
kines are referred to as type 1 immunity, while type
2 immune cells and their associated cytokines are termed
type 2 immunity [25]. Type 1 immune cells including M1
macrophages, CD11c* cells, B cells, CD4 Th1 cells, CD8
T cells and natural killer (NK) cells, are recruited and
activated to exert a pro-inflammatory response in the
obese state [24,26]. By contrast, type 2 immune cells
including M2 macrophages, regulatory B (Breg) cells,
CD4 Th2 cells, regulatory T (Treg) cells, invariant
NKT (iNKT) cells, eosinophils and group 2 innate-like
lymphoid cells (ILLC2s), are resident or recruited and
activated to present an anti-inflammatory response in
the lean state [24]. Similar to the M2 to M1 activation
switch of macrophages, obesity reduces the ratio of type
2 over type 1 immune cells in adipose tissues, leading to
impaired insulin sensitivity and metabolic fitness. This
raised an intriguing question whether and how type
2 immunity regulates adipose tissue homeostasis.

Most type 2 responses converge on M2 macrophage
activation in adipose tissues. M2 macrophages are tradi-
tionally considered to be involved in tissue repair by
disposing of dead cells and promoting angiogenesis and
extracellular matrix remodeling [27]. However, M2
macrophages sustain adipose tissue homeostasis in mul-
tiple aspects. First, they promote insulin sensitivity by
directly secreting IL.-10 or indirectly restraining type
1 immune responses [20]. Second, they communicate
with adipocytes to modulate insulin sensitivity by secret-
ing extracellular vehicles (EVs) [28]. Third, they reduce
adipocyte ion-overload to relieve insulin resistance by
sequestering and processing excess ion in WA'T [29].
Fourth, M2 macrophages activate adaptive thermogene-
sis in both brown and beige fat. We discuss the fourth part
in great detail. In 2011, Nguyen ¢ @/. demonstrated that
M2 macrophages could coordinate adaptive thermogene-
sis upon cold exposure by producing and secreting cate-
cholamines in BAT and WAT. The secreted catechola-
mines, majorly norepinephrine, directly stimulate
adaptive thermogenesis in brown adipocytes and lipolysis
in white adipocytes as well [30]. However, Fischer ez a/.
and Spadaro ¢7 a/. recently reported opposite results that
WA'T macrophages do not express tyrosine hydroxylase
(TH) to produce catecholamines [31,32]. In contrast,
supportive evidence also accumulates, including: 1) Flierl
et al. reported that exposure of phageocytes to lipopoly-
saccharide induces TH expression to produce and release
catecholamines [33]; 2) Qiu ¢# a/. demonstrated that cold
exposure recruits eosinophils to adipose tissues to secrete
IL-4 which alternatively activates macrophages for

www.sciencedirect.com

Current Opinion in Physiology 2019, 12:20-25



22 Obesity

catecholamine production and resultant beige fat devel-
opment [34]; 3) Luo ez a/. found that TH is expressed and
phosphorylated by CaMKII in adipose-resident macro-
phages to produce catecholamines for adaptive thermo-
genesis [35]; 4) Zhao ez al. reported that exosomes derived
from adipose-derived stem cells induce macrophage alter-
native activation to increase 'T'H expression and resultant
catecholamine release [36]; 5) Staedtke ¢ @/. demon-
strated that oncolytic bacteria and lipopolysaccharide
elicit a self-amplifying loop of catecholamine expression
in macrophages, which is inhibited by myeloid-specific
deletion of tyrosine hydroxylase [37]. The source for the
discrepancy is unknown. Interestingly, Pirzgalska ez a/.
and Camell ¢z a/. found that sympathetic neuron-associ-
ated macrophages (SAMs) and nerve-associated macro-
phages (NAMs) uptake and catabolize catecholamines to
modulate thermogenesis and lipolysis under obese or
aged state respectively [38°°,39°°]. These findings raise
two important questions: whether there is an alternative
activation of SAMs/NAMs, and whether this M2 activa-
tion inhibits the expression and/or activity of norepineph-
rine-degrading enzymes like MAO since obese SAMs
show higher M1 but lower M2 marker expression when
compared to lean SAMs [39°°]. If itis the case, then it may

add another regulation axis on thermogenesis/lipolysis
upon M1/M2 activation of a subset of macrophages via
modulating catecholamine pool in BAT and WA, which
are secreted by sympathetic nerves. Both the macro-
phage-autonomous and macrophage-non-autonomous
pathways may operate independently or synergistically
under different contexts such as cold exposure, obesity
and ageing. Supplementing another regulation layer, ER
stress sensor IREla functions as a critical switch of
macrophage M1/M2 activation to control BAT activity
and beiging [23°].

Eosinophils are primarily associated with helminth
immunity and allergic inflammation until Wu ¢z 2/. impli-
cated them in WA'T homeostasis. They found that eosin-
ophils are the major IL.-4 source in WAT to induce M2
activation and maintain glucose homeostasis, and eosino-
phil deficiency impairs glucose tolerance while helminth-
induced adipose tissue eosinophilia enhances it [40]. Qiu
et al. demonstrated that cold exposure recruits eosinophils
to secret IL.-4 and then stimulate alternative macrophage
activation, which promotes local catecholamine produc-
tion and beige adipogenesis in an IL.-4R dependent
manner [34]. Unexpectedly, this efferent beige fat
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Type 2 immunity boosts brown and beige adipose tissue development and function.

Cold exposure triggers sympathetic nerves to induce brown and beige adipose activation and development. Type 2 immunity forms a core
immune-thermogenic circuit to complement this response. The circuit is composed of type 2 immune cells (ILC2s, eosinophils and M2
macrophages) and type 2 cytokines (IL-33, IL-5, IL-13 and IL-4), and it converges on M2 macrophages to secret NE and promote thermogenesis.
Three additional regulation axes are supplemented, including: 1) obesity and/or ageing-induced SAMs/NAMs activation inhibits beiging via
degrading NE imported from sympathetic nerves; 2) ER stress-induced IRE1a activation suppresses M2 activation and the attendant BAT
activation and beging; 3) macrophages sustain brown adipocyte innervation and local norepinephrine production to maintain homeostatic
thermogenesis, which may work in beige adipocyte innervation as well. Three potential upstream stimuli for ILC2s activation in the setting of
thermoregulation are suggested: TSLP, IL-25 and neuropeptide neuromedin NMU.
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thermogenic circuit by eosinophils-M2 macrophages axis
might be a common pathway in response to different
physiological stimuli. To support this notion, resistance
exercise drives muscle to secret meteorin-like hormone,
while cold exposure induces adipocytes to secret this
hormone as well, and then the meteorin-like activates
eosinophils-M2 macrophages axis to drive beiging [41]. In
addition, microbiota depletion or caloric restriction
increases and activates eosinophils-M2 macrophages axis
to promote beige fat growth as well [42,43]. Moving
upstream further, exogenous IL.-33 or cold exposure
induces eosinophils and I1.C2s production of IL-4 and
IL-13, respectively, which triggers the proliferation and
commitment of adipocyte precursors toward the beige
lineage [44]. ILC2s, a recently identified innate immune
cell type, are the major cell source of I11.-5 and I1.-13 [45].
For the maintenance of WAT homeostasis, ILC2s can
secret IL-5 to regulate the proliferation, activation and
survival of eosinophils and then sustain adipose tissue M2
macrophage activation to promote beige fat growth [46].
However, Brestoff ¢ a/. found that exogenous I1.-33
activates ILC2s to produce methionine-enkephalin pep-
tides, primary endogenous ligands of the 8-opioid recep-
tor, which directly promote beiging and limit obesity [47].
Recently, Odegaard ¢z a/. found an unexpected role of IL-
33 and its receptor ST2, which functions as a develop-
mental switch to license brown and beige fat for
uncoupled respiration during the perinatal period [48°].
So far, a core immune-thermogenic circuit has been
established, which is 1L-33—I1LC2s—IL.-5/
13—-ecosinophils—IL.-4—M2 macrophages—thermogen-
esis (Figure 1).

Although the core immune-thermogenic axis is nicely
structured, it is not the end of the story. Another signifi-
cant advance on this topic came from Wolf e7 /. who
found that macrophages are required for brown adipocyte
sympathetic innervation and local norepinephrine pro-
duction to maintain homeostatic thermogenesis [49°°].
And Withers er a/. identified eosinophils as a novel cell
source of catacholamines in the regulation of normal
perivascular adipose tissue (PVAT) anti-contractile func-
tion, which may supplement another regulation aspect for
eosinophils-mediated beiging [50]. 11.-33, I1.-25 and thy-
mic stromal lymphopoietin (T'SLP) have been demon-
strated to activate ILLC2s to protect the host from hel-
minth infection but promote allergy inflammation when
dysregulated [51]. It would be interesting to examine
whether these additional type 2 cytokines play a role in
brown/beige fat development and function. This hypoth-
esis is supported by a recent study posted on bioRxiv,
which proposed that I1.-25 induces beiging in WAT by
releasing 1L.-4/IL.-13 to activate M2 macrophages and
then enhance nerve-beige adipocyte innervation just like
what macrophages do in BAT innervation (https://www.
biorxiv.org/content/10.1101/474288v1). With regard to
the immune-neuronal circuits, three recent studies have

demonstrated that the neuropeptide neuromedin U
(NMU) stimulates ILC2s-driven type 2 inflammation
in lung and intestine [52-54]. It is worthy of exploring
whether NMU expresses in fat tissues and this NMU-
ILC2s axis also functions in the regulation of WAT and
BAT homeostasis.

Therapeutic implications

From a point view of energy homeostasis, when energy
intake chronically exceeds energy expenditure, the
remained energy is stored as fat and obesity ensues. Thus,
at the level of an individual, we have two fundamental
ways of fighting against obesity: to decrease energy intake
or to increase energy expenditure. Current anti-obesity
drugs aim to reduce energy intake by either suppressing
appetite or inhibiting fat absorption. However, most of
them have been associated with different degree of
psychiatric and/or cardiovascular side effects, urging a
search for alternative approaches [55]. In accordance with
what we have learned above, we may consider three
related alternative approaches, aiming at increasing
energy expenditure via fine modulation of type 1 and
type 2 immunity.

The first alternative approach is to improve insulin sen-
sitivity in a proper way of controlling type 1 immunity but
not just simply to inhibit it. Since pro-inflammatory
responses impair insulin sensitivity, many efforts have
been put to search anti-inflammatory agents to treat
insulin resistance and type 2 diabetes, however this
strategy has largely been disappointing [56]. This is
because pro-inflammatory responses exhibit beneficial
roles on the metabolic homeostasis under certain condi-
tions by disposing of dead adipocytes to avoid necrosis
and the attendant M1 activation or promoting healthy
expansion and proper remodeling of WAT [5°,57].

The second approach aims to increase BAT/beige fat
mass and activity. People typically thought that BAT
only presents in infants and disappears in adults, until
several studies demonstrated that adults do have active
BAT/beige fat upon mild cold exposure, and a 10-day cold
acclimation in humans increases non-shivering thermo-
genesis by recruiting human brown fat [58]. Since type
2 immunity is capable of promoting brown and beige fat
development and thermogenesis, it is a rational strategy
to increase the BAT/beige fat mass and activity by
boosting an anti-inflammatory microenvironment in fat
tissues.

The third one is to leverage the ‘good’ characteristics of
scWA'T for metabolic fitness. As mentioned above, the
functional differences between subcutaneous and visceral
adipose tissue may ascribe to distinct cell-autonomous
programs and unique microenvironment shaped by neu-
ronal innervation. Immune party might be a key contrib-
utor to the unique microenvironment of scWAT, as
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scWAT are prone to beiging compared with vsWA'T'. This
notion is also supported by an observation that beige
adipocytes are enriched in the middle region of scWA'T
near the lymph nodes [59,60]. In addition, PRDM16
deletion in adipocytes generates a pro-inflammatory
microenvironment and leads to a subcutaneous to visceral
fat switch, which indicate anti-inflammatory microenvi-
ronment plays a key role in maintaining scWA'T identity
[14]. It would not be surprised if one could improve
metabolic fitness by enhancing the ‘good’ characteristics
of subcutaneous WA'T.
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