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Abstract

Growing evidence suggests that components of the innate immune system play a crucial role in regulating metabolic homeostasis.
Macrophages were the primary immune cells to be described in both the white adipose tissue and the pancreatic islets. Therein,
their functions, beneficial or detrimental, are extending under steady state and in the context of obesity-induced type 2 diabetes.
Other populations, including innate lymphoid cells, are emerging as key sentinels of metabolic tissues and privileged partners of
macrophages. The present review will thus explore the phenotype and the role of innate immune cells in metabolic physiology
and dysfunction. Discussion will tackle pending questions and future perspectives in the field of immunometabolism.
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Introduction

In physiology, immune cells reside in all organs, including
metabolic tissues. The immune system is now recognized as
a major regulator of metabolism, a function not related to
classical immune responses of defense. As the major immune
cells inside metabolic tissues, macrophages remain the most
important cells in these novel immunometabolic interactions.
At steady state, they represent around 30-50% of total im-
mune cells in the white adipose tissue and up to 80-90% in
the pancreatic islets, depending on the mouse strains. In the
liver, macrophages predominate as Kupffer cells a specialized
macrophage population, which role in liver physiology and
pathology has been reviewed elsewhere [1].

For two decades now, experimental and clinical data have
clearly established that intra-abdominal white adipose tissue is
a site of inflammation during obesity and type 2 diabetes.
Since the seminal discovery of increased production of tumor
necrosis factor (TNF)-« in adipose tissue of obese mice, spe-
cific upregulation of genes encoding inflammatory factors
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have become key features of enlarged adipose tissue [2].
This local inflammation is associated with a marked accumu-
lation of macrophages within the adipose tissue, especially in
the intra-abdominal depot, during the course of obesity [3, 4].
More recently, macrophages were also shown to reside inside
pancreatic islets, wherein an inflammatory response develops
during obesity and type 2 diabetes [5]. However, the events
that initiate metabolic inflammation in these tissues are un-
clear and could involve different, but synergetic, mechanisms
including cell death of hypertrophic adipocytes or insulin-
secreting {3 cells, lipotoxicity and glucotoxicity, endoplasmic
reticulum and oxidative stress, and local hypoxia [6, 7]. A link
between inflammation, macrophage accumulation, and meta-
bolic dysfunction is suggested, whether it is at the level of
insulin resistance, i.e., impaired cell response to insulin, or 3
cell dysfunction, i.e., impaired insulin secretion. However,
this association is more and more challenged. The alternative
view proposes that immune cells beneficially contribute to the
maintenance of tissue integrity and that macrophage accumu-
lation may be one body’s protective mechanism to face met-
abolic stress. Consequently, the study of macrophage influ-
ence on metabolism during physiology and pathology is still
a relevant question.

The present review will thus explore the phenotype and the
role of innate immune cells in metabolic physiology and dys-
function, focusing on macrophages and their privileged im-
mune partners, the newly described innate lymphoid cells
(ILCs). Special attention will be given to the most up-to-date
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publications on innate immune regulation of the white adipose
tissue and the pancreatic islet functions in mice. Discussion
will tackle pending questions and future perspectives in the
field of immunometabolism.

Innate immune cell phenotypes
and interactions in metabolic tissues

Spectrum of macrophage activation

Macrophages are well known to be versatile cells that can
adopt specialized functions at particular tissue locations and
actively respond to the local microenvironment. In metabo-
lism, macrophages were initially described based on the M1/
M2 paradigm of macrophage activation, extrapolated from
in vitro polarization studies [8]. Classically activated M1 mac-
rophages, characterized by a pro-inflammatory secretory pro-
file, are polarized by stimulation with bacterial stimuli (e.g.,
lipopolysaccharide) and type 1 immune cytokines such as
interferon (IFN)-y. These macrophages are pro-inflammatory,
expressing cytokines such as TNF-« and interleukin(IL)-13,
and are typically associated with pathogen clearance. In con-
trast, type 2 immune signals such as IL-4 and IL-13 induce an
alternatively activated M2 macrophage subset. They secrete
regulatory factors such as IL-10 and transforming growth fac-
tor (TGF)-3 and promote angiogenesis, tissue homeostasis,
and wound healing. However, recent studies suggest that mac-
rophages residing inside metabolic tissues do not recapitulate
the M1/M2 classification in vivo. Macrophages may rather
adopt a metabolic activation state during weight gain and that
the term “macrophages” represent heterogeneous subpopula-
tions that differ in their origin, tissue localization, and func-
tion. Moreover, macrophages are also highly involved in
interacting with other innate immune cells, including innate
lymphoid cells (ILCs) and eosinophils that coordinate their
polarization and viability under steady state and during meta-
bolic stress.

Macrophage heterogeneity in white adipose tissue

Since 2003, macrophages are known to reside inside adipose
tissue and accumulate during the course of obesity through
circulating monocyte recruitment or in situ proliferation [3,
4,9, 10]. In mice, manipulation of the chemotactic monocyte
chemoattractant protein (MCP)-1/C-C chemokine receptor
(CCR)2 system affects macrophage recruitment and/or prolif-
eration in some [10—13] but not all models [14, 15]. These
observations leave debated the pathophysiological relevance
of MCP-1 to promote adipose tissue inflammation. Adipose
tissue macrophage number significantly correlates with adipo-
cyte size and body mass in obese mouse and subjects [3]. In
mice, adipose tissue macrophages (ATM) express pan
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macrophage markers including F4/80, cluster of differentia-
tion (CD)64, and MERTK. Extensive studies have focused on
defining the identity and phenotype of these cells under both
the lean and obese conditions. Based on the expression of the
M1 marker CD11c and the M2 marker CD206 mannose re-
ceptor, it was suggested that a switch from an anti-
inflammatory M2 phenotype to a pro-inflammatory M1 acti-
vation state was occurring during weight gain [16, 17].
Therefore, macrophages are the major source of innate inflam-
matory factors including IL-1f3 and TNF-« in the visceral
adipose tissue during obesity [18]. Indeed, selective ablation
of CD11c¢" cells leads to a decrease in adipose and systemic
inflammation during high-fat feeding [19]. Yet, more studies
have highlighted the heterogeneity and plasticity of adipose
tissue macrophage phenotypes, further demonstrating that the
M1/M2 paradigm may not be applicable to in vivo tissues
[20-22]. Instead, macrophages from mouse and human obese
adipose tissue adopt a distinct metabolic activation state in
response to metabolic stimuli, i.e., high glucose, high insulin,
and the saturated fatty acid palmitate [20]. This metabolic
phenotype is characterized by upregulation of both intracellu-
lar glycolysis and oxidative phosphorylation, increased ex-
pression of pro-inflammatory factors including IL-13 and
TNF-o in association with markers of lipid transport and stor-
age such as the fatty acid translocase CD36, the cholesterol
transporter Abcal, and the lipid droplet-associated protein
Plin2 [20, 21].

In the context of obesity, insulin resistance in hypertrophic
adipocytes promotes a continuous and excessive exposure of
macrophages to lipid species. Therefore, ATM store surplus
lipid flux, leading to lipid droplet formation and foam cell-like
lipid-laden macrophages [23, 24]. These cells greatly accumu-
late during obesity at sites known as crown-like structures
around dead or dying adipocytes. In response to increased
adiposity, ATM activates a program of lysosomal biogenesis,
associated with lipid accumulation and catabolism [25]. This
metabolic program was initially associated with M2-like mac-
rophage activation and suggests that a major function of ATM
is to clear dead adipocyte lipid reservoir [26]. In parallel, ATM
also express high levels of the very low-density lipoprotein
(VLDL) receptor, potentiating their pro-inflammatory profile
via the uptake of ceramides during diet-induced obesity [27].

To refine the phenotypes of ATM, Hill and colleagues per-
formed single-cell RNA sequencing and identified the trans-
membrane glycoprotein CD9 and the monocyte marker Ly6C
as novel macrophage markers in the adipose tissue [28].
Reconciling previous publications with their novel findings,
they conclude that three main populations of macrophages co-
exist within the adipose tissue. The CD11b*Ly6c* freshly re-
cruited macrophages accumulate in the adipose tissue during
obesity in interstitial spaces and are associated with potential
adipogenic functions. The F4/80"°¥CD64*Ly6c CD9 macro-
phage population, expressing CD206, predominates in the
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lean adipose tissue but are maintained during obesity, hence
recapitulating the phenotype of resident macrophages. Finally,
the F4/80ME"CD64*Ly6c CD9* cells are pro-inflammatory
ATM with a high intracellular lipid content contained in lyso-
somes, resembling the initially described CD11c"e"
phage population [28]. The transcriptional regulation of adi-
pose tissue macrophage phenotype is reviewed by Venteclef
and colleagues in this issue. As an example, we have shown
that the transcription factor interferon regulatory factor (IRF)5
controlled the pro-inflammatory polarization of ATM during
diet-induced obesity. Therefore, preventing IRF5-dependent
M1 macrophage polarization prevented adipose tissue inflam-
mation and promoted a type 2 immune regulatory environ-
ment during obesity [29].

In humans, macrophages were also shown to accumulate
and proliferate in adipose tissue during obesity [10, 28].
Several groups have examined their phenotype and came to
the conclusions that ATM, including those localized into
crown-like structures, express a mixed of M1 and M2 markers
including CD206, CD163, CDl11c, and pro-inflammatory cy-
tokines [30-32]. Adipose tissue lipid-laden macrophages were
also found to be CD9* and accumulate proportionally to body
mass [28].

macro-

The surprising phenotype of pancreatic islet
macrophages

Distributed within the exocrine pancreas, the pancreatic islets
are micro-organs that are essential for glucose homeostasis. 3
cells are the major cellular component of islets. In response to
glucose, they produce within seconds the amount of insulin
required for optimal energy supply to the insulin-sensitive
tissues. Innate immune cells also reside inside pancreatic islets
and are mainly composed of macrophages in mice and
humans under steady state [5, 33-35]. Islet macrophages orig-
inate from definitive hematopoiesis, strongly depend on colo-
ny stimulatory factor (CSF)-1, and are self-maintained by in
situ proliferation [34, 36]. More than 20 years after their dis-
covery, the phenotype of these cells remains unclear. Contrary
to adipose tissue, islet macrophages mitigate the M2 versus
M1 immune paradigm associated with metabolic protection
and dysfunction, respectively. Indeed, macrophages of healthy
islets constitutively express M1-like markers including
CDl1lc and class II histocompatibility molecules (MHCII)
while expressing high levels of IL-13, TNF-«, and the tran-
scription factor IRFS [33, 34, 36]. Plus, they do not express
M2-like markers such as CD206, in comparison to the neigh-
boring stromal macrophages from the exocrine pancreas [34].
Islet-resident macrophages thus adopt an M1-like activated
phenotype at steady state.

During obesity, pancreatic islets also undergo inflammation
with elevated production of inflammatory cytokines and
chemokines, such as IL-13, TNF-¢, and CCL2, contributing

to 3 cell dysfunction and progression towards type 2 diabetes
[37-42]. Local inflammation is associated with an increased
number of islet macrophages in diet-induced or genetically
obese rodents and in type 2 diabetic patients [5, 38, 40, 43,
44]. Two studies suggest the existence of different subsets of
islet macrophages, differentiating the resident from the pro-
inflammatory ones. The islet-resident CD11b"Ly6C™ or F4/
80MECD11¢'Y macrophages predominate at steady state and
the CD11b*Ly6C* or F4/80"°“CD11c"&" macrophages accu-
mulate inside islets during the course of obesity [38, 44].
While the CD11b"Ly6C™ macrophages are recruited from cir-
culating monocytes, F4/80"°CD11c"e" macrophages were
shown to proliferate in situ. Furthermore, despite an increase
in macrophage number, diet-induced obesity does not seem to
markedly alter islet macrophage phenotype in opposition to
ATM [34, 44]. Endocrine cells themselves, including {3 cells,
are a source of inflammatory factors and may orchestrate islet
inflammation. Indeed, RNA sequencing analyses comparing
islet cells from type 2 diabetic patients and healthy controls
revealed an important inflammatory signature associated with
3 cell dysfunction and described that not only immune cells
but also endocrine cells fuel local inflammation [45, 46].
These results, sometimes contradictory, suggest that macro-
phages may not be solely responsible for islet inflammation
during obesity, and more studies are warranted to fully define
their phenotype in physiology and in pathology.

A metabolic reservoir of innate lymphoid cells

ILCs have emerged as an important family of innate immune
cells over the past decade [47]. Being lymphocytes that do not
express adaptive antigen receptors, ILCs are largely tissue-
resident cells and react promptly to stress signals, secreting
large amounts of effector cytokines. As such, ILCs play im-
portant roles in early inflammatory responses during infec-
tions, but also contribute to tissue development, function, pro-
tection, and repair processes. The ILC family is divided into
three groups: group 1 (ILC1 and NK cells), group 2 (ILC2),
and group 3 (ILC3) based on their transcriptional and secre-
tory characteristics as well as the resemblance with their adap-
tive T helper (Th) cell counterparts [47]. While group 1 and 2
ILCs have been largely involved in metabolic homeostasis,
group 3 ILCs have not yet been described.

Group 1 ILCs

Group 1 ILCs have been divided into two main populations,
conventional NK cells and ILC1 cells, expressing the recep-
tors NK1.1 and NCR1 (also known as NKp46 in humans).
They are early potent producers of IFN-y and are capable of
carrying out major cytotoxic actions. As such, group 1 ILCs
are important sentinels of the body that survey tissues for
infected or tumor cells. Besides, they were shown to
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accumulate inside the white adipose tissue of obese mice com-
pared to controls [48—50]. On contrary, one study have shown
a decrease in group 1 ILC number during long-term diet-in-
duced obesity and in human obese patients compared to con-
trols [51]. Group 1 ILCs represent the second biggest innate
immune populations in adipose tissue after macrophages,
through local proliferation in an IL-12-dependent manner
[48-52].

Obesity promotes the expansion of a specific myeloid
gene-expressing NK cell subpopulation characterized by high
expression of the receptors for IL-6 and CSF-1 [52]. During
the course of high-fat diet, abdominal adipocytes increased
expression of ligands for NCR1, a potent activating receptor
on group 1 ILCs, stimulating them to produce IFN-y [48].
Based on the expression of the transcription factor Eomes
and the integrin CD49b (also known as DX5), adipose tissue
group 1 ILCs were further classified as circulating
DX5"Eomes* mature NK cells, tissue-resident DX5 Eomes*
immature NK cells, and DX5 Eomes specific ILC1 subset
[50]. All three cell populations are increased in the adipose
tissue during obesity, ILC1s being the most poised to produce
IFN-y. Since cytokines are required to activate macrophages,
group 1 ILC—derived IFN-y appears to be fundamental for the
polarization of M1-like macrophages in the visceral adipose
tissue during obesity. Indeed, adoptive transfers or depletion
of group 1 ILCs show that these cells are necessary and suf-
ficient to regulate CD11¢* M1-like macrophage number and
activation [48-51, 53]. In return, adipose tissue CD11¢* mac-
rophages may produce IL-12, further activating group 1 ILCs.

Recently, Boulenouar and colleagues proposed that group
1 ILCs display cytotoxic activity and control macrophage
death, primarily M2 macrophages, at steady state. After
engulfing dying adipocytes or other potential hazardous extra-
cellular material, ATM may get killed by groupl ILCs,
preventing the development of inflammation. In contrast, this
property may be lost during chronic obesity, contributing to
the increase in pro-inflammatory ATM number during weight
gain [51]. In humans, adipose tissue group 1 ILCs also show
an activated phenotype in adipose tissue of obese subjects
compared to lean controls, accumulating preferentially in the
intra-abdominal omentum compared to other adipose depots
[51,53].

Group 2 ILCs

Group 2 ILCs (ILC2s) are rare yet potent resident cells
that mediate tissue protection and repair processes. ILC2s
respond to epithelial signals such as the IL-1 family
alarmin IL-33 and coordinate type 2 immune responses
by producing type 2 cytokines including IL-5 and IL-13.
While IL-5 is required for eosinophil accumulation, IL-13
is a major upstream regulator of M2-like macrophage po-
larization. It is now acknowledged that ILC2 reside in the
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white adipose tissue of lean mice and nonobese individ-
uals [54, 55]. Notably, IL-33 is locally expressed in adi-
pose tissue in fibroblast-like adventitial stromal cells, en-
dothelial cells, or adipocyte precursors depending on the
studies [56—58] (Dahlgren et al., Immunity, 2019). In con-
trast, adipose ILC2 number drastically declines during
diet-induced obesity and in obese patients [54, 55].
Mechanistically, the loss of ILC2s in the obese adipose
tissue may result from the conversion of plastic ILC2s
into pro-inflammatory counterparts via IL-13 [59] or from
repression of ILC2 function. Indeed, group 1 ILC-derived
IFN-y may repress ILC2 activation in the adipose tissue
[57]. ILC2 were also shown to up-regulate the expression
of the inhibitory receptor programmed death (PD)-1 while
M1-like macrophages express its ligand PD-Ligand 1 dur-
ing diet-induced obesity. Therefore, the engagement of
PD-1 on ILC2s with PD-L1 on macrophages may desta-
bilize ILC2 function, decreasing their IL-13 production
and subsequently M2-like macrophage number [58].
Conversely, type 2 immune pathologic conditions, such
as helminth infections, or recombinant IL-33 injections
were shown to restore the number of ILC2s and down-
stream immune cells in the adipose tissue of obese mice
[55, 60, 61].

Beside macrophages, pancreatic islets also contain
other cells from specific branches of innate immunity,
including ILCs [33]. While very few NK cells were de-
tected, ILC2s were found to reside inside islets isolated
from C57BL/6 and BALB/c mice under steady state and
associated with local IL-33 production from islet mesen-
chymal cells. In diet-induced obese mice, both islet ILC2
number and IL-33 gene expression were found to be
decreased compared to lean controls. Upon IL-33 activa-
tion, the number of ILC2s is also increased, inducing
eosinophil and dendritic cell accumulation and polarizing
neighboring myeloid populations into regulatory retinoic
acid-producing cells [33].

Other innate immune cells

Beside the initial description of ATM, a major break-
through in immunometabolism was the discovery of res-
ident eosinophils located between adipocytes under
steady state [62]. This paved the way to the study of
the implication of type 2 immunity in metabolism. As
downstream target of IL-5-secreting ILC2s, eosinophil
number is decreased in adipose tissue during obesity
[62]. Surprisingly, eosinophils seem to accumulate back
in the adipose tissue beyond 16 weeks of high-fat feed-
ing [63]. Other granulocytes including neutrophils and
mast cells were also described in adipose tissue contrib-
uting to adipose tissue inflammation [64—66].
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Less explored than macrophages, dendritic cells also
reside inside adipose tissue. Both ATM and dendritic cells
express CD11c and MHC-II. It has been difficult to clearly
differentiate the phenotypes and roles of dendritic cells in
adipose tissue from those of macrophages. Selective abla-
tion of CD11c" cells therefore impacts both the number of
M1-like macrophages and dendritic cells [19]. Appropriate
study of adipose tissue dendritic cells requires the absence
of expression of the macrophage markers MERKT and
CD64 on their surface [67]. In mice, dendritic cells (as
defined by CD11c™e" and F4/80"" or CD64™ cells) were
shown to accumulate in the adipose tissue during obesity
[68, 69]. Similarly, the presence of dendritic cells in the
adipose tissue of obese patients correlates with the body
mass. Adipose tissue dendritic cells were originally asso-
ciated with the polarization of pro-inflammatory Th17 cells
[69]. More recently, Macdougall and colleagues identified
two subsets of adipose tissue dendritic cells. These cells
show an anti-inflammatory phenotype under steady state,
following activation of the 3 catenin and PPARYy path-
ways, which was impaired during a high-fat feeding.
Indeed, deletion of these pathways in dendritic cells accel-
erated obesity-induced inflammation in the adipose tissue
[70]. In pancreatic islets, a subset of dendritic cells was
also identified in mice under steady state [33]. While it is
clear that dendritic cells populate metabolic tissues, further

studies are required to fully evaluate their contribution to
the maintenance of metabolic homeostasis and during
obesity-induced inflammation.

Immunoregulation of metabolic functions

A protective type 2 immune axis in adipose tissue
homeostasis

Type 2 immune cells including ILC2s and eosinophils are
enriched in the white adipose tissue under steady state but
are lost during obesity. As IL-5 producer, ILC2s regulate the
accumulation of adipose tissue-resident eosinophils [54].
Together ILC2s and eosinophils produce IL-13 and IL-4
which are upstream signals promoting M2-like macrophage
polarization. Indeed, experimental loss of ILC2s and eosino-
phils decreased the number of M2-like ATM and favors glu-
cose intolerance in obese mice [54, 62]. Thus, ILC2s are a
prerequisite for the maintenance of adipose tissue M2-like
macrophages and subsequent insulin sensitivity in physiology
(Fig. 1). Alteration of the M2 polarization in macrophages by
targeting transcriptional programs including IRF4, Trib1, and
Kruppel-like factor-4 (KLF4) also predispose to developing
obesity-induced insulin resistance and adipocyte lipolysis, and
the progression toward type 2 diabetes [71-73]. However, a

ILC1
Eosinophil 1LC2 , IFN-y NK coll
@ I
@ IFN-y —
IL-13 .
\|L4 Cytotoxic killing?
PDL1
M2-like R
CD206*CD9" IL-1B CD11C“'9f'CDQ
resident TNF-a metal?ollcally
mactophage 2 wtacrptings
Lipid uptake by lysosomal
TGF-B exocytosis or TG release
iL40 Adipocyte by adipocytes
NRC1 ligands

Insulin sensitivity

Obesity

Fig. 1 Interactions between adipose tissue-resident macrophages, innate
lymphoid cells (ILCs), and adipocytes. At steady state, ILC2s and eosin-
ophils coordinately promote M2-like macrophage polarization that pre-
dominate in the lean adipose tissue. These type 2 immune cells maintain
adipocyte insulin sensitivity by the secretion of regulatory factors includ-
ing TGF-f3 and IL-10 and yet unknown mechanisms. Upon sustained
weight gain, adipocytes become hypertrophic, insulin resistant, hypoxic,
and eventually apoptotic. In parallel, macrophages become metabolically
activated (by high glucose, insulin, and palmitate concentrations) and
stimulated by upstream group 1 ILCs (NK cells and ILCls) secreting

high amounts of IFN-y. Macrophages produce pro-inflammatory factors
such IL-13 and TNF-o and upregulate a lysosomal program to internalize
and catabolize lipid species from moribund adipocytes. This is mediated
by exocytosis in “lysosomal synapse” between the adipocyte and macro-
phages or the active release of triglyceride (TG)-filled vesicles by adipo-
cytes. When required, group 1 ILCs may kill lipid-laden macrophages
upon signs of inflammation. Group 1 ILC1s and metabolically activated
macrophages both contribute to the loss of ILC2s during obesity, via IFN-
7y secretion and upregulation of PDL1
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recent study showed that adipose tissue CD206" M2-like mac-
rophages create a microenvironment that inhibits differentia-
tion of adipocyte progenitors and, thereby, impairs systemic
insulin sensitivity [74]. The complete mechanisms by which
adipose tissue M2 macrophages not only limit excessive type
1 inflammation but also influence metabolic homeostasis in
adipose tissue require further study.

In parallel, type 2 immunity has also been involved in cold-
induced subcutaneous adipose tissue beiging. While the pri-
mary function of white adipose tissue is to store excess nutri-
ents, beige adipose tissue aims at maintaining thermal homeo-
stasis. Indeed, upon prolonged cold stress or adrenergic stim-
ulation, de novo recruitment of beige adipocytes occurs main-
ly in the subcutaneous depot to support thermogenesis [75].
Cold-induced adipose tissue beiging was found to be depen-
dent on the presence of ILC2s, eosinophils, and the IL-4/IL-13
pathway [55, 76]. Upon activation, ILC2s promote the prolif-
eration of adipocyte precursors and their subsequent commit-
ment to the beige fat linage [76]. ILC2s were also found to
produce methionine-enkephalin peptides that can target adi-
pocytes and favor beige fat formation [55]. Recombinant IL-
33-driven activation of ILC2s is sufficient to promote adipose
tissue beiging and whole-body glucose tolerance in lean and
obese mice [33, 55]. Helminth parasitic infections that are also
associated with high IL-33 production levels recapitulate the
same metabolic phenotype [60—62]. Conversely, 1L-33-
deficient mice are prone to develop increased adiposity asso-
ciated with decreased energy expenditure and impaired glu-
cose tolerance [33, 55].

Thus, it is now acknowledged that type 2 immunity sus-
tains metabolic homeostasis during physiology, and this pro-
tective environment is lost during weight gain [54, 55, 62].
Because beige adipocytes have the capacity to consume glu-
cose to produce heat, it is likely that type 2 immunity-driven
beiging mediates blood glucose-lowering effects, indepen-
dently of insulin sensitivity. Furthermore, when type 2 immu-
nity was promoted by myeloid deletion of IRFS, we observed
that M2-like macrophages could orchestrate beneficial remod-
eling in the intra-abdominal adipose tissue in a TGF-f3-
dependent manner. This resulted in lipid partitioning in favor
of healthy subcutaneous fat depots and an insulin-sensitizing
effect despite obesity [29]. Altogether, these observations fur-
ther confirm the capacity of type 2 immune cell subsets to
actively regulate metabolism.

Macrophages as scavengers of adipocyte demise

White adipocytes store triglycerides in the form of a single
large lipid droplet. During weight gain, adipocytes enlarge
and eventually become insulin resistant and moribund. As a
result, obesity promotes excessive release of triglycerides and
nonesterified fatty acids in the extracellular milieu, through
adipocyte lipolysis or death. ATM seem to play an active role
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in the clearance of lipids and adipocyte debris. As such, they
preferentially encircle dead or dying adipocytes in crown-like
structures [77, 78]. While CD11¢* M1-like macrophages accu-
mulate in the adipose tissue from the first weeks of high-fat
diet, the number of lipid-laden macrophages peaks when the
frequencies of hypoxic and apoptotic adipocytes are the highest
after 16 weeks of regimen [78—80]. In both human and mouse
adipose tissue, CD11¢* macrophages were the main lipid-laden
cells compared to CD11c macrophages and dendritic cells
[79]. Transgenic model of adipocyte apoptosis or caloric
restriction-induced weight loss both led to increased lipid re-
lease and the concomitant influx of M2-like macrophages in
the remnant adipose tissue [81, 82]. Conversely, alteration of
macrophage capacities to recognize apoptotic cells impairs ad-
ipose tissue remodeling during diet-induced obesity and in-
duces a massive M2-like macrophage accumulation [83].
Thus, the presence of ATM dynamically corresponds to adipo-
cyte dysfunction and lipid surplus (Fig. 1).

Recent studies propose that ATM do not internalize lipids
through standard endocytic mechanisms. Moreover, they
seem to store lipid in vesicles and not typical lipid droplets
like cholesterol-laden foam cells in atherosclerosis (Flaherty
etal., Science, 2019). In response to increased adiposity, ATM
activate a program of lysosome biogenesis associated with
lipid uptake and catabolism but independently of their inflam-
matory status and autophagy [25, 84]. Such lysosomal path-
way was shown to be essential for fatty acid mobilization and
the M2 activation program in macrophages, questioning the
in vivo phenotype of lipid-laden CD11¢* macrophages during
obesity [26]. Inhibition of these lysosomal functions increased
lipid storage in ATM and reduced the release of lipids from
adipocytes. Indeed, ATM seem to actively participate in lipid
liberation from the dying adipocytes. Macrophages located
inside crown-like structures were shown to form an extracel-
lular acidic hydrolytic compartment containing lysosomal en-
zymes delivered by exocytosis [80, 85]. In this “lysosomal
synapse”, catabolism of the dead adipocyte begins allowing
macrophages to internalize debris and lipid species from the
adipocytes [85]. Indeed, loss of ATM increased the release of
nonesterified fatty acids by adipocytes [25]. More specifically,
inhibition of macrophage lysosomal exocytosis impaired mac-
rophage lipid uptake and induced the accumulation of dead
adipocytes in the adipose depot. This phenotype was observed
after 16 weeks of high-fat feeding, when adipocytes undergo
apoptosis, and not 8 weeks, amplifying local inflammation
and metabolic dysfunction [80, 85]. Another study found that
myeloid deletion of the neurolipin-1 (NRP1, the co-receptor
for VEGF) blocked lipid internalization and (3-oxidation in
ATM. These macrophages shifted their metabolism towards
a pro-inflammatory glycolitic profil, resulting in an exagger-
ated obese and glucose-intolerant mouse phenotype [86].
Thus, during adipose tissue expansion, macrophages upregu-
late a specific program of lysosomal exocytosis to internalize
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and catabolize adipocyte lipid surplus and extracellular mate-
rial, preventing weight gain and ectopic lipid deposition.

Adipocytes also actively participate in supplying lipids
to macrophages by releasing exosome-sized triglyceride-
filled vesicles that are taken up intact by endocytosis
(Flaherty et al., Science, 2019). These adipocyte-derived
vesicles are increased during obesity and detectable in the
circulation (Flaherty et al., Science, 2019). Thus, lipid in-
ternalization by ATM may represent a protective mecha-
nism to prevent lipid species to target and activate adjacent
immune cells, limiting adipose tissue inflammation during
obesity. But it may also be an adipocyte-driven mechanism
to locally control macrophage differentiation. Plus, if the
intracellular lipid load triggers a maladaptive and inflam-
matory response in ATM, they might regulate “kill me”
signals and program their own death with the help of cy-
totoxic group 1 ILCs [51].

Role of macrophages in adipose tissue angiogenesis

Increased adiposity requires a dynamic and sufficient adipose
tissue vascularization, supporting adequate energy and oxy-
gen supply to growing adipocytes or proliferating pre-adipo-
cytes. Thus, healthy adipose tissue expansion relies on angio-
genesis, i.e., when new blood vessels develop from those pre-
existing within the tissue [87]. Conversely, inappropriate an-
giogenesis may lead to adipocyte dysfunction, local hypoxia,
and inflammation, increasing the risks to develop insulin re-
sistance and type 2 diabetes. ATM have been proposed to
stimulate new capillary and vessel formation during the course
of obesity. Indeed, they express numerous pro-angiogenic fac-
tors including matrix metalloproteases, platelet-derived
growth factor (PDGF), and vascular endothelial growth factor
(VEGF) [88-90]. Clodronate-derived depletion of macro-
phages or NRP1 deficiency in macrophages reduced the for-
mation of adipose tissue blood vessels and inhibited local
angiogenesis [86, 88]. This phenotype was associated with
local hypoxia and inflammation and compromised insulin
sensitivity. These studies further demonstrate that macrophage
presence is required to license appropriate adipose tissue re-
modeling and expansion [86].

A possible link to obesity-induced insulin resistance

In animal models, a role for ATM in inducing insulin resis-
tance has been demonstrated through diet-induced, genetic, or
pharmacological manipulations of macrophage numbers in
adipose tissue. In these studies, increased numbers of macro-
phages in adipose tissue have been associated with deteriorat-
ed glucose homeostasis [3, 4, 11-13]. Depletion of ATM
using clodronate-loaded liposomes or the inducible CDl11c
knockout mice underlies that macrophages are mainly respon-
sible for obesity-induced inflammation and impairment of

insulin sensitivity and glucose tolerance [19, 63, 91, 92].
This association only holds true in the context of chronic
diet-induced obesity since clodronate treatment did not have
any effect after only 1 week of high-fat diet [92]. Most of pro-
inflammatory factors secreted by M1-like ATM, including
TNF-« and IL-1f3, trigger insulin resistance in adipocytes by
interfering with insulin signaling through activation of serine/
threonine kinases [7]. Thus, preventing pro-inflammatory M1
polarization during obesity by targeting /rf5 in myeloid cells
maintained glucose homeostasis in obese mice [29]. Similarly,
selective Tnfa silencing in intra-abdominal ATM through ad-
ministration of glucan shell-encapsulated siRNA significantly
improved glucose tolerance in obese mice [93]. A study
showed that ATM also secreted miRNA-containing exosomes
that may target adjacent adipocytes and promote insulin resis-
tance [94]. Thus, adipose tissue macrophage number, activa-
tion state, and secretory profile are key determinants of local
inflammation and insulin sensitivity during increased adipos-
ity (Fig. 1).

As upstream regulators of macrophage activation, ILCs
orchestrate adipose tissue inflammation. On one side, de-
creased number and impaired function of ILC2s during obe-
sity lead to diminished M2-polarizing IL-13 and eosinophil-
derived IL-4 production in adipose tissue [54]. As already
mentioned, in the absence of ILC2s or eosinophils, the num-
ber of M2-like macrophages is reduced in the adipose tissue
while the glucose tolerance is markedly impaired in diet-
induced obesity [54, 62]. On the other side, accumulation
of NK cells and ILCls is responsible for massive IFN-y
production, favoring an M1-like polarizing adipose milieu
during weight gain. Ablation of NK cells or ILC1 in obese
mice reduced the density of pro-inflammatory M1 macro-
phages in the adipose tissue and promoted metabolic ho-
meostasis and inversely with adoptive transfer experiments
[48-50, 52, 53]. Altogether, these results propose that
adipose-resident group 1 ILCs are sufficient to contribute
to obesity-associated insulin resistance through IFN-y-
mediated polarization of adipose tissue M1 macrophages.
However, in humans, the pathological consequences of
macrophage (or any other innate immune cell) infiltration
into adipose tissue are more difficult to prove and are main-
ly based on correlative studies.

Innate immune priming of insulin secretion
under steady state

Islet-resident macrophages harbor an M1-like activated phe-
notype at steady state. As such, their phenotype resembles
barrier macrophages as characterized in the lung and the
gastro-intestinal tract [95], questioning their physiological role
in 3 cell function. In situ imaging of mouse islets showed that
macrophages are in close contact with both {3 cells and blood
vessels. Thanks to their long filopodia, resident macrophages
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can dynamically probe whole islet area [96]. They were
shown to monitor 3 cell secretory activity by detecting endog-
enous levels of ATP via their purinergic receptors [97]. ATP is
co-released with insulin in response to glucose and may trig-
ger important processes in islet macrophages. It has long been
recognized that acute but not chronic exposure of islets to IL-
13 promotes insulin secretion in mouse and human islets [98,
99]. The underlying mechanisms are still unclear but may
involve increased exocytosis subsequent to enhanced insulin
granule docking at the plasma membrane [98]. Importantly, 3
cells have the highest expression of the signaling IL-1 receptor
1 (IL-1R1) of any other tissues, pointing to a physiological
role of IL-1f3 in islet function [37, 100]. Using transgenic
mouse models, two studies confirmed this hypothesis.
Specific deletion of IL-1R1 on 3 cells impaired whole-body
glucose tolerance via the reduction of glucose-stimulated in-
sulin secretion [101]. Furthermore, feeding was found to in-
duce a physiological rise in circulating IL-13 that potentiates
postprandial insulin secretion [102]. In this context, macro-
phages from the peritoneal cavity produced IL-1f3 in response
to bacterial products and glucose metabolism, acting back on
the (3 cells [102]. As macrophages are likely to be the main
source of IL-1f inside islets, it is not ruled out that islet-
resident macrophages may also produce local IL-13 during
this postprandial window. Thus, IL-1{ at physiological doses
appears to play a critical role in potentiating insulin secretion.
Notably, islets express all members of the IL-1 regulatory
system, highlighting the needs for subtle control of IL-1(3

signaling. As such, deletion of the IL-1R antagonist IL-1Ra
in 3 cells disrupts 3 cell function and proliferation [103].

Pancreatic islets also produce IL-33 in mesenchymal cells.
Both endogenous IL-33 expression and the presence of its
target cell ILC2s inside islets were correlated with an optimal
{3 cell insulin secretion in different mouse models [33].
Besides, IL-33 expression was increased in response to acute
metabolic cues and streptozotocin-induced 3 cell death, pro-
posing IL-33 as a new islet stress signal. Conversely, 1L-33-
deficient mice showed impaired glucose-induced insulin se-
cretion. When activated by recombinant IL-33, islet-resident
ILC2s license myeloid cells with retinoic acid-producing ca-
pacities and in turn, the retinoic acid signals to the 3 cells to
promote insulin secretion. This islet IL-33/ILC2 axis may be a
physiological pathway to preserve or restore islet secretory
function in the context of acute metabolic stress. Notably, it
is lost during chronic obesity, which may set the stage for type
2 diabetes development [33]. Overall, the IL-1 family appears
to be an important physiological chaperone of 3 cell activities
(Fig. 2). While macrophage-derived IL-1§ potentiates insulin
secretion, islet IL-33/ILC2-mediated type 2 immune re-
sponses promote {3 cell adaptation to acute metabolic stress
and 3 cell injury.

Dual role of islet macrophages during obesity

Chronic obesity-induced type 2 diabetes is associated with
impaired and insufficient insulin secretion in response to

STEADY STATE
FEEDING
Promotion of Inhibiti 8
, B cell function nhibition o
M1-like i
I e Insulin cell function
macrophage IL- 18 L-1R1 Insulin secretory
. granule uptake
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Insulin
ATP
M2-like \[29 LY6C*CD11Chsh
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ILCZ acid proliferation
IL-13
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TYPE 2 DIABETES

[ ACUTE STRESS | /

Fig. 2 Islet macrophage regulation of insulin secretion. Under steady
state, islet macrophages harbor an M1-like phenotype with high IL-1f3
expression. Upon feeding, glucose and bacterial products trigger IL-1f3
release from macrophages. IL-1f then signals to the 3 cells via the IL-
IR1 to potentiate insulin secretion. In turn, islet macrophage may get
activated by {3 cell-derived insulin and ATP secretion. Upon acute meta-
bolic stress, the IL-33/ILC2 circuit is activated and polarizes islet-resident
macrophages to produce retinoic acid in an IL-13- and GM-CSF-
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dependent manner. In turn, retinoic acid signals to the 3 cells and stimu-
lates insulin secretion. This loop is lost during chronic stress such as
obesity. During obesity, macrophages accumulate inside islets and con-
tribute to 3 cell dysfunction, eventually leading to type 2 diabetes.
Macrophages impair glucose-stimulated insulin secretion by unclear
cell-cell interactions and by internalizing {3 cell-derived insulin secretory
granules. In parallel, islet macrophages also promote 3 cell proliferation
to ensure adequate 3 cell mass
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glucose. This 3 cell failure is associated with local islet in-
flammation and macrophage accumulation [5, 37—40, 42—44].
Indeed, macrophage depletion obtained by in vivo clodronate
liposome treatments rescued glucose-induced insulin secre-
tion in transgenic mouse models of obesity and in palmitate-
infused mice [38]. Similarly, ex vivo clodronate treatment
rescued glucose-induced insulin secretion in islets isolated
from diet-induced obese mice [44]. Conversely, co-culture of
Miné cells (a 3 cell line) with CD11¢" macrophages isolated
from obese mouse islets impaired their function in a cell-cell
contact-dependent manner [44]. In their article, Ying and col-
leagues propose that intra-islet macrophages phagocytize (3
cell insulin secretary granules, which may contribute to the
impaired 3 cell insulin secretion in obese mice.

During weight gain and the development of insulin resis-
tance, mouse pancreatic islets have to increase their insulin
production mainly by 3 cell proliferation [104]. This prolifer-
ation was promoted by macrophages isolated from obese but
not lean mice via the PDGFR signaling pathway [44].
Importantly, 3 cell abilities to proliferate and adapt to meet
insulin needs are crucial. Failure to do so is associated with a
high risk of developing type 2 diabetes [104]. Thus, macro-
phages residing inside islets of obese mice may support 3 cell
adaptation to metabolic stress and maintain an appropriate 3
cell mass. This property was already demonstrated in different
models of experimental 3 cell ablation, wherein M2-like mac-
rophages eliciting a robust proliferative response in surviving
3 cells [105-108]. In humans, macrophages were also de-
scribed to accumulate inside islets during type 2 diabetes [5,
43]. Notably, the physiological insulinotropic effect of IL-1f3
is lost in islets isolated from type 2 diabetic donors and
sustained high levels of IL-13 are associated with 3 cell dys-
function and apoptosis [37, 42, 98]. Clinical studies targeting
IL-1f pathway have shown beneficial effects on 3 cell secre-
tory function [109]. Accordingly, anti-inflammatory drugs are
in development for the treatment of type 2 diabetes [110].

Thus, the phenotype and role of islet macrophages are not
completely unraveled. In the obese context, they may promote
{3 cell proliferation while contributing to their functional de-
cline, and yet their pro-inflammatory activation is not definite
(Fig. 2). Further studies are required to fully explore their
monitoring and detrimental properties. Beside, other immune
compartment may also be involved including the pancreatic
lymph nodes as recently reported in the context of autoim-
mune diabetes [111].

Concluding remarks and future perspectives

Mounting evidence demonstrates that components of the
innate immune system play a crucial role in regulating
metabolic homeostasis. The impact of each innate im-
mune cell subsets is summarized in Table 1.

Immunometabolism is supported by intense communica-
tion and interactions between metabolic cells, i.e., adipo-
cytes and f3 cells, and resident innate immune cells. Under
steady state, studies have shown that immune cells con-
tribute to the maintenance of appropriate metabolic func-
tions including 3 cell secretory function and adipose tis-
sue angiogenesis or beiging when necessary. Yet, more
studies are warranted to fully explore the physiological
role of innate immune cells in everyday life and learn
about intrinsic protective mechanisms when facing nutri-
tional stress. In contrast, in the context of obesity and type
2 diabetes, innate immune cell frequencies are intensively
altered in metabolic tissues and their impact of metabolic
functions are still debated. Indeed, a lot of interrogations
are still pending including the “chicken-and-egg” ques-
tion: does inflammation cause metabolic dysfunction or
vice versa?

With the high-fat diet model, scientists have the op-
portunity to study the different stages of obesity progres-
sion, from early weight gain to established insulin resis-
tance. It appears that obvious glucose intolerance is al-
ready observed by 3 days of regimen, without obvious
signs of inflammation [92, 113]. This phenotype was not
improved by macrophage deletion following clodronate
liposome treatment as it was observed in chronically
obese mice [48, 63, 91, 92]. These results emphasize
the importance of kinetics and suggest that diet-induced
metabolic dysfunction may have different ctiologies in
the course of weight gain, with a negative impact of
innate immunity in the long term only. Surprisingly, in-
flammation may remain elevated in the adipose tissue of
formerly obese mice, despite fat mass and glucose toler-
ance normalization, further dissociating immune activa-
tion from metabolic function [9]. Other studies propose
that insulin resistance would develop first and that the
subsequent hyperinsulinemia may cause inflammation
[114, 115]. In humans, in whom local and systemic in-
flammation, insulin resistance and perhaps type 2 diabe-
tes are already established for a very long time, it is
virtually impossible to decipher a possible causative re-
lationship. Another concept that was recently introduced
in immunometabolism is the notion of cell memory and
“trained immunity.” Christ and colleagues have shown
that Western diet feeding induced long-term epigenetic
reprogramming in myeloid progenitors, which may result
in an exaggerated response of macrophages to new nu-
tritional stress [116]. Trained immunity may play a role
in the pathophysiology of type 2 diabetes and should be
considered in translational research considering the hu-
man tendency for weight variations [117].

Another question that remains is whether obesity-induced
inflammation may only be considered as detrimental. As dem-
onstrated earlier, innate immune cells are involved in
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Table 1 Impact of innate immune cell ablation on metabolism

Cell targets

Mouse models

Metabolic effects

References

Macrophages

Macrophages (but not
islet-resident ones)

CDI1l1c* cells

M1-like macrophages

M2-like macrophages

M2-like macrophages

M2-like macrophages

ILCs

Group 1 ILCs

NK cells

CSF1R* NK cells

NK cells

Eosinophils

Clodronate liposomes in DIO C57BL/6

Clodronate liposomes in Db/Db
and KKay obese mice

CDI11¢-DTR BTM DIO mice

Myeloid IRF5™~ DIO mice

Myeloid KLF4™~ DIO mice

Myeloid IRF4”~ DIO mice

Tribl™~ BMT DIO mice

Anti-CD90.2 in DIO Rag2 ™ “yc™™ mice

Anti-NK1.1 antibody in DIO mice

E4bp4* DIO mice

NK Csflr DTR DIO mice

NKp46-Cre_DTR DIO mice

AdblGATA DIO mice

Improved glucose tolerance and insulin sensitivity in long
term but not short term (< 1 week) DIO mice

Improved glucose tolerance

Improved insulin secretion

No effect on insulin sensitivity
Decreased adipose tissue inflammation
Improved glucose tolerance

Improved insulin sensitivity

Increased adiposity

Decreased adipose tissue inflammation
Improved glucose tolerance

Improved insulin sensitivity

Increased adiposity

Worsened glucose tolerance

Worsened insulin resistance

Worsened glucose tolerance

Worsened insulin resistance

Decreased adiposity

Increased lipolysis

Worsened glucose tolerance

Increased adiposity

Impaired glucose tolerance

Improved glucose tolerance

Improved insulin sensitivity

Less M1 macrophages in adipose tissue
Improved glucose tolerance

Improved insulin sensitivity

Improved glucose tolerance

Improved insulin sensitivity

Less M1 macrophages in adipose tissue
Improved glucose tolerance

Improved insulin sensitivity

Less M1 macrophages in adipose tissue
Worsened glucose tolerance

[48, 63,91, 92]

[38]

(19]

[29]

[72]

[71]

(73]

[112]

[48-50]

[92]

[52]

(53]

[62]

DIO diet-induced obese, BMT bone marrow transfer, DTR diphteria toxin receptor

maintaining metabolic functions by inducing 3 cell prolifera-
tion, buffering lipid surplus of moribund adipocytes, or killing
potential stressed cells during obesity. Beside, metabolic cells
actively participate in regulating local macrophage differentia-
tion and activation by {3 cell release of ATP or adipocyte release
of lipid-filled vesicles [96] (Flaherty et al., Science, 2019).
Indeed, pro-inflammatory signaling may be a prerequisite for
appropriate expansion of mouse adipose tissue in response to
high-fat feeding. Reduced inflammation impaired local adipo-
genesis, leading to increased ectopic fat deposition, and wors-
ened glucose intolerance [118]. Similarly, we have shown that
promoting M2-like macrophages was sufficient to trigger a
drastic intra-abdominal adipose tissue remodeling, redirecting
lipid flux to healthy subcutaneous fat depot [29]. Therefore,
innate immune activation can support the body adaption to
nutritional stress and may be considered as endogenous protec-
tive mechanisms. Of note, publications in immunometabolism
have highlighted the need for thorough study of the different
cell subsets in each innate immune family with the use of

@ Springer

specific markers. The heterogeneity of macrophage and ILC
subpopulations might reflect the wide range of their immune
cell functions, beneficial or detrimental.

Thus, these immunometabolic properties represent a
growing field of interest with innovative therapeutic poten-
tial. Macrophages are still the predominant immune cells in
metabolic tissues but ILCs are emerging as key sentinels to
sense early cell distress. While inflammation has long been
considered as a pathogenic trait of diabetes, it is relevant to
wonder whether a fine-tuning of the immune responsive-
ness, rather than shutting it off with anti-inflammatory
treatments, may be an interesting approach to preserve
metabolic homeostasis. Exciting discoveries are yet to
come, especially with the rise of neuroimmunology that
may disturb our initial view of immunometabolism. For
instance, a novel population of ATM was found located
on adipose sympathetic nerve bundles, suggesting an ad-
ditional role for these cells in the nerve regulation of adi-
pose tissue function [119].
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