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ABSTRACT

Adipose tissue (AT) is composed not only of adipocytes, but also of macrophages,
endothelial cells and preadipocytes. Macrophages are an important component of AT,
and are involved in tissue homeostasis, tissue repair and fibrosis. AT-resident macrophages
are categorized into two subtypes, the M1-like and M2-like macrophages. M2-like macro-
phages are reported to play anti-inflammatory roles, and to be involved in clearing and
removal of dying/dead adipocytes, and recruiting adipocyte progenitors (APs). M2-like
macrophages are also reported to be involved in the promotion of fibrosis in a transform-
ing growth factor-B-dependent manner. However, the precise roles of M2-like macro-
phages in the AT have not yet been clearly delineated. Recently, we generated genetically
engineered transgenic mice in which CD206" M2-like macrophages can be conditionally
depleted. Unexpectedly, we found that the depletion of CD206" M2-like macrophages
resulted in the enhanced generation of smaller adipocytes, improved insulin sensitivity
and proliferation of APs. We further clarified that the CD206" M2-like macrophages directly
interact with the APs to regulate their growth/differentiation and adipogenesis, thereby
controlling adiposity and systemic insulin sensitivity. In the present review, we discuss
how CD206" M2-like macrophages provide a niche for APs and maintain glucose home-

ostasis.

INTRODUCTION

Recently, the prevalence of obesity has been increasing, posing
a burden on the health of the population worldwide'. The
increase in the prevalence of obesity has been attributed to an
increasingly sedentary lifestyle and Westernization of the diet.
Obesity or adipose tissue growth in response to a positive
energy balance can occur through two distinct mechanisms:
increase in the size of existing adipocytes (hypertrophy) or
increase in the number of adipocytes (hyperplasia)®™*. The pre-
sent authors, as well as others, have previously shown that the
size of adipocytes is inversely related to the insulin sensitivity;
namely, insulin resistance is associated with larger adipocytes,
and insulin sensitivity with smaller adipocytes™. When the
pool size of adipocyte progenitors (APs) is sufficiently large, the
adipose tissue undergoes hyperplasia through enhanced recruit-
ment of APs that differentiate into smaller adipocytes in
response to energy excess, thereby maintaining insulin sensitiv-
ity. When the pool size of APs is small, excess nutrients are
taken up by the existing adipocytes, eventually resulting in an
increase in the size of the cells, generation of reactive oxygen
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species, recruitment of macrophages and induction of inflam-
mation, thereby leading to insulin resistance. It would appear
that whether adipose tissue (AT) undergoes hyperplasia or
hypertrophy depends on the pool size of the APs. However,
the cellular and molecular pathways that control the pool size
of the APs, thus regulating the adipocyte size and number
in vivo, are still largely unknown.

AT contains several cell types, including APs, endothelial cells,
fibroblasts, immune cells and so on, that interact with each other
to maintain tissue homeostasis®”*®. AT niches might regulate the
APs pool by expressing some adhesion molecules or other factors
to maintain AT homeostasis and tissue repair®'°. Although AT-
resident macrophages are considered to be metabolically beneficial
macrophages to preserve adipocyte health in a lean state, they are
also involved in AT remodeling during progression of obesity'".
AT-resident macrophages are categorized into two subtypes,
namely, (M1-like) pro-inflammatory macrophages, which cause
AT hypertrophy and worsen insulin resistance, and (M2-like)
anti-inflammatory macrophages, which improve insulin sensitiv-
ity'>"*, In addition, they play a role in adapting to excess energy
states, because M2-like macrophage dysfunction caused by genetic
disruption of the M2 gene results in metabolic disorders under
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high-fat diet conditions that are probably attributable to their anti-
inflammatory functions'. It has also been reported that M2-like
macrophages are involved in the removal of dying adipo-
cytes™'®"7, recruitment of new progenitors'”*'*, and promotion of
white and beige adipocyte differentiation under certain condi-
tions™'”"%, thus maintaining adipose tissue homeostasis and sys-
temic insulin sensitivity.

Previous studies reported that Ml-like pro-inflammatory
macrophages regulate the expression of angiogenic genes in
preadipocytes™?', suggesting the existence of direct interactions
between macrophages and APs. It is still unknown how prolif-
eration and differentiation of APs are regulated by M2-like
macrophages within the white adipose tissue (WAT) to control
insulin sensitivity. We recently showed that conditional deple-
tion of CD206" M2-like macrophages resulted in proliferation
and differentiation of APs, increased the number of smaller adi-
pocytes with upregulated expression of metabolically favorable
genes, and the insulin-sensitive phenotype in vivo’. We further
clarified that CD206" M2-like macrophages in adipose tissue
constitute a microenvironment that inhibits proliferation of
APs by secreting transforming growth factor (TGF)-p.

GENERATION OF CD206DTR TRANSGENIC MICE

To investigate the role of M2-like macrophages in the maintenance
of adipose tissue health, we attempted to generate transgenic mice
in which M2-like macrophages could be transiently depleted at
specific time-points. To achieve this goal, we first attempted to
identify a specific marker of adipose tissue M2-like macrophages.
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We showed that almost all CD206" cells are positive for F4/80%,
showing that CD206 is a specific marker for M2-like AT-resident
macrophages, as shown by flow cytometric analyses of the epididy-
mal WAT (eWAT) of lean mice. Next, we generated genetically
engineered CD206DTR mice based on transgenic expression of
the diphtheria toxin receptor (DTR) under the control of the Mrcl
promoter, to enable specific ablation of the CD206" M2-like
macrophages by administering diphtheria toxin (DT) (Figure 1a).
The site-specific chromosomal integration of the DTR-expressing
unit was confirmed by Southern blotting, and expression of the
DTR protein in the eWAT was determined by immunofluores-
cence confocal imaging and western blotting. Administration of
DT successfully ablated CD206" cells in the adipose tissue of the
CD206DTR mice without affecting the overall health of the mice
(Figure 1b). Thus, CD206 represents an ideal marker to target
M2-like macrophages in the adipose tissue.

DEPLETION OF CD206" M2-LIKE MACROPHAGES
IMPROVED THE INSULIN SENSITIVITY

Obesity is associated with phenotypic transformation of anti-in-
flammatory M2-like macrophages to pro-inflammatory M1-like
macrophages, thereby causing insulin resistance'. As M2-like
macrophages are considered to be metabolically beneficial
macrophages, as compared with the pro-inflammatory M1-like
macrophages'>*, it was expected that depletion of CD206"
M2-like macrophages might impair glucose metabolism. Sur-
prisingly, however, the glucose tolerance and insulin sensitivity
actually improved in the CD206" M2-like macrophage-depleted
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Figure 1 | Generation of CD206DTR transgenic mice. (a) We generated genetically engineered CD206DTR based on the transgenic expression of
diphtheria toxin receptor (DTR) under the control of the Mrc] promoter to specifically ablate CD206" M2-like macrophages. Administration of
diphtheria toxin (DT) successfully ablated CD206-positive cells in adipose tissue of CD206DTR mice without affecting the overall health of the mice.
(b) Representative flow cytometry analysis of F4/80 and CD206 expression (M2-like) in the CD45" stromal vascular fraction of epididymal white
adipose tissue from wild-type (WT) and CD206DTR mice. M2-like macrophages were significantly reduced in CD206DTR mice.
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mice. This unexpected finding was indeed found to be a speci-
fic outcome of depletion of the CD206" M2-like macrophages,
as a glucose tolerance test carried out in the absence of DT
administration showed no difference between the WT and
CD206DTR mice. We observed enhanced phosphorylation of
Akt in the eWAT, liver and skeletal muscle, consistent with the
improved insulin sensitivity in the CD206" M2-macrophage-de-
pleted mice. Then, we evaluated the physiology of the adipose
tissue by examining the size and number of adipocytes. In the
CD206" M2-like macrophage-depleted mice, the adipocytes in
the eWAT were significantly reduced in size, whereas their
number was significantly increased. We previously showed that
smaller adipocytes were associated with enhanced systemic
insulin sensitivity®. The improved insulin sensitivity was associ-
ated with increased glucose uptake in eWAT, and reduced glu-
coneogenesis in the liver and increased glucose disposal in
muscle. Depletion of the CD206" M2-like macrophages in
obese CD206DTR mice also enhanced generation of smaller
adipocytes, reduced crown-like structures and improved sys-
temic insulin sensitivity’. Interestingly, depletion of CD206"
M2-like macrophages in mice exposed to cold was also associ-
ated with further improvement of the insulin sensitivity>’. Col-
lectively, we found that depletion of CD206" M2-like
macrophages was associated with improved glucose metabolism
under both the lean and obese states.

CD206" M2-LIKE MACROPHAGES REGULATE THE
PROLIFERATION OF ADIPOCYTE PROGENITORS

AT is composed of distinct cell types, besides adipocytes and pre-
adipocytes. The cells that are committed to the adipocyte lineage
are termed as preadipocytes, whereas those that are less commit-
ted to this lineage and show proliferative capacity are termed as
APs. Most APs remain quiescent under the basal condition, and
this quiescence might be controlled by various signals from adi-
pocytes and surrounding stromal cells, including endothelial cells,
and macrophages. In addition to the increased number of smaller
adipocytes, we also found an increase in the stromal vascular frac-
tion population in the eWAT. Next, we examined which type of
stromal vascular fraction cells in the eWAT proliferated after
depletion of CD206" M2-like macrophages. As macrophages are
reportedly involved in the regulation of progenitor/stem cell niche
activity****2, we investigated the possible involvement of
CD206" M2-like macrophages in the regulation of APs prolifera-
tion. Non-endothelial and non-hematopoietic (CD317/CD45")
Sca-1"/platelet-derived growth factor receptor o (PDGFRa")
populations showed larger increments in the expression levels of
cell cycling indicator genes in the CD206" M2-like macrophage-
depleted mice, as shown by flow cytometry analysis, indicating
that the proliferation of APs was indeed activated in the CD206"
M2-like macrophage-depleted mice*”®, For further confirmation,
the fate of the proliferating cells was examined by injecting the
mice with 5-ethynyl-2’-deoxyuridine (EdU). Two hours after the
EdU injection, EQU'PDGFRo" cells were detected at higher fre-
quencies in the CD206" M2-like macrophage-depleted mice than
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in the WT mice. We further found that 96 h post-EdU injection,
EdU" nuclei were detected in the cells that were positive for per-
ilipin. Thus, depletion of CD206" M2-like macrophages pro-
moted the proliferation of APs, which finally differentiated into
mature adipocytes.

INVOLVEMENT OF TGF-§ SIGNALING IN CD206* M2-
LIKE MACROPHAGES-BASED PROLIFERATION OF APS
Macrophages have been reported to express large amounts of
TGEF-B1*7! and to be involved in inhibiting proliferation/dif-
ferentiation of various cell types, including adipocytes™ . We
examined the possible involvement of TGF-B signaling in the
upregulated proliferation of APs in the CD206" M2-like macro-
phage-depleted mice. Among the genes involved in TGF-f3 sig-
naling, TGF-Bl was specifically upregulated in the CD206"
M2-like macrophages to the same degree as that of the Mrcl
messenger ribonucleic acid (mRNA). Confocal imaging studies
showed co-localization of the CD206" M2-like macrophages
with TGF-B1 in the eWAT. We also showed that CD206" M2-
like macrophages were even located in close vicinity of the
PDGFRo" APs, consistent with a previous report®. Co-localiza-
tion of APs with p27KiP ! a factor downstream of TGEF-P signal-
ing in cell growth inhibition, was also confirmed in the
PDGFRo-CreER™-eGFP (PRa) mice. Expression of other fac-
tors downstream of TGF-f signaling was downregulated in the
eWAT of the CD206" M2-like macrophage-depleted mice. To
validate this hypothesis, we generated another genetically engi-
neered mouse model with specific knockout of TGF-B1 expres-
sion in CD206" M2-like macrophages (CD206-CreER"*/TGF-
B11¥X mice). The expressions of the cell cycle-associated
genes were upregulated in the APs of TGF-B1 knockout mice.
We also observed the number of APs was increased in the
eWAT of TGF-B1 knockout mice, supporting our hypothesis
that TGF-B1 expressed in CD206" M2-like macrophages is
involved in the inhibition of APs proliferation.

To further confirm the impact of TGF-f signaling, we car-
ried out inhibitor analyses in vitro. We cultured primary adipo-
cytes with M2-induced bone marrow-derived macrophages in
the presence and absence of LY2109761 (TGF-BRI/II inhibitor).
M2-induced bone marrow-derived macrophages inhibited adi-
pogenesis of primary adipocytes, whereas this effect was
reversed by LY2109761. We also found that TGF-$1,2,3 neu-
tralizing antibody (1D11) enhanced proliferation of APs, sug-
gesting that CD206" M2-like macrophages suppressed the
proliferation of APs and subsequent adipogenesis through a
TGEF-B-dependent manner. In this regard, it is expected that
CD206" M2-like macrophage-targeting drugs might be thera-
peutically effective by breaking the interactions between the
M2-like macrophages and APs.

DEPLETION OF CD206* M2-LIKE MACROPHAGES
PROMOTES BROWNING OF WHITE ADIPOCYTES
Whether M2-like macrophages promote or inhibit the prolifera-
tion of beige progenitors is still controversial. There are two
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conflicting reports on the role of M2-like macrophages in the
browning of WAT. Previous reports showed that upon cold
exposure, M2-like macrophages produce catecholamine, hence
enhancing browning of WAT>'*?*"*!, Whereas a recent study
showed that type 2 cytokines/M2-like macrophages upon cold
exposure do not produce catecholamine and have no effect on
browning of WAT**, suggesting that M2-like macrophages do
not promote browning of inguinal WAT. Exposure of the mice
to a cold environment resulted in enhanced browning of in-
guinal WAT in CD206" M2-like macrophage-depleted mice™,
showing that CD206" M2-like macrophages regulate beige adi-
pogenesis, independent of catecholamine synthesis.

ROLE OF CD206* M2-LIKE MACROPHAGES IN THE
REGULATION OF BEIGE PROGENITOR'S
PROLIFERATION

The mechanisms underlying cold-induced beige adipogenesis is
under debate; while some argue that beige adipocytes that are con-
verted into white-like adipocytes at room temperature turn into
beige adipocytes under cold exposure®**, others argue that a cold
environment stimulates the proliferation of beige progenitors, to
increase beige adipogenesis*>*°. Our study showed an increase in
the number of Ki-67" cells in CD206" M2-like macrophage-
depleted mice upon cold exposure, as compared with their control
littermates, indicating an increase in the number of proliferating
cells in the inguinal WAT of the CD206" M2-like macrophage-
depleted mice. Consistent with this, we observed upregulated
expression of cell cycle-related genes in the inguinal WAT of the
CD206" M2-like macrophage-depleted mice. We also observed
upregulated expression of Cd137 and Tmem26, beige progenitor
markers'**¥, in the inguinal WAT of the cold-stimulated
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CD206" M2-like macrophage-depleted mice, indicating that par-
tial depletion of CD206" M2-like macrophages might regulate the
proliferation of brown adipocytes or beige progenitors. Our flow-
cytometric analysis further confirmed a significant increase in the
number of CD137" beige progenitors in the cold-stimulated
CD206" M2-like macrophage-depleted mice, as compared with
their control littermates. Altogether, we showed that depletion of
CD206" M2-like macrophages enhanced proliferation of beige
progenitors.

CONCLUSION

In conclusion, we showed that adipose tissue M2-like macro-
phages provide a niche for APs through the TGF-f pathway,
maintaining their pool, preventing their exhaustion or overpro-
liferation. M2-like macrophages also contribute to the mainte-
nance of functions of APs by placing them in a state of
hibernation, to avoid unnecessary cell division that promotes
cell senescence (Figure 2). When macrophages are low in num-
ber or weak in function, it is possible that the pool of APs is
smaller. In that case, animals might suffer from the lipodys-
trophic diabetes phenotype of insulin resistance under overnu-
trition. In fact, Tribl™™ mice, which lack adipose tissue
macrophages, developed the lipodystrophic phenotype of insu-
lin resistance'”. We presume that the mice develop glucose
intolerance essentially in the same way as mice having a genetic
defect in the development of M2-like macrophages, including
defects in the interleukin-4/13-stat6 pathway, peroxisome prolif-
erator-activated receptor-y pathway, peroxisome proliferator-ac-
tivated receptor-d pathway and Kruppel-like factor 4
pathway*>**~>°, This would also be applicable to AdbIGATA
mice, which lack eosinophils®"?.

M2-like macrophages prevent unnecessary
proliferation of APs

Depletion of CD206™ M2-like macrophages
enhances proliferation of APs and generation of smaller
adipocytes

CD206™ M2-like macrophages

(=5

CD206™ M2-like macrophages depletion

X
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Figure 2 | Schematic diagram. M2-like macrophages prevent unnecessary proliferation of adipocyte progenitors (APs) through transforming growth
factor (TGF)-B signaling. Depletion of CD206" M2-like macrophages enhances proliferation of APs and generation of smaller adipocytes.
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Figure 3 | Summary. Depletion of CD206" M2-like macrophages induces white and beige progenitors proliferation and improves insulin sensitivity.

DT, diphtheria toxin; WT, wild type.

As shown in Figure 2, M2-like macrophages prevent unnec-
essary proliferation of APs by serving as a niche for APs. The
niche formed by M2-like macrophages also responds to the
nutritional state of the organism. When animals are fed HFD
or overnourished, the M2-like macrophages—APs interactions
might be disrupted as a result of activation of peroxisome pro-
liferator-activated receptor-y in the APs through downregula-
tion of some surface molecules involved in the interactions
with the M2-like macrophages. Then, inhibitory action of
CD206" M2-like macrophages through TGF-B is released, and
APs start to proliferate and differentiate into adipocytes, thereby
mitigating nutritional overload of the existing adipocytes, pre-
venting their further enlargement, reducing oxidative stress and
inflammation, a sign of pathological adipose tissue expansion.

It is also a matter of debate as to whether cold exposure
induces proliferation and differentiation of beige progenitors
into beige adipocytes or makes the whitened beige adipocytes
back into beige adipocytes again. Our data are consistent with
the former hypothesis, although our findings do not rule out
the latter hypothesis. How do CD206" M2-like macrophages
regulate browning of inguinal WAT? Various studies suggested
that M2-like macrophages promote browning of white adipo-
cytes %41 Our  findings that depletion of M2-like

macrophages induces browning of white adipocytes seem con-
tradictory. However, if we hypothesized that M2-like macro-
phages also serve as a niche for beige progenitors, we are able
to reconcile our findings with the previous reports. Thus, when
the number and functions of M2-like macrophages are well
preserved, and the pool size of white and beige progenitors is
sufficient, the animals might show healthy adipose tissue expan-
sion, but not pathological expansion, under the HFD condition.
Our “niche theory” explains the homeostatic functions of the
M2-like macrophages in WAT for metabolic adaptations to
excessive nutrient intake, which has long remained a mystery

(Figure 3).
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