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Abstract
Purpose of review

Todiscussrecent findings on therole and regulation of macrophage polarization in obesity and ather oscler osis.
Recent findings

Macrophages infiltrate the vascular wall during atherosclerosis and adipose tissue during obesity. At least two distinct
sub-populations with different functions, the classically (M1) and the alternatively (M 2) activated macrophages, have been found in
these tissues. Reciprocal skewing of macrophage polarization between the M1 and M2 statesis a process modulated by diet, humoral
and transcription factors, such asthe nuclear receptor Peroxisome Proliferator-Activated Receptor gamma (PPARY).

Summary

Recent literature highlights the importance not only of the number of infiltrated macrophages, but also their activation in the
maintenance of the inflammation state. |dentifying mechanisms and molecules able to modify the balance between M1 and M2
representsa promising field of research.

MESH Keywords Adipose Tissue ; immunology ; Animals ; Humans ; Inflammation ; immunology ; Macrophages ; cytology ; metabolism ; Metabolic Diseases ;
immunology
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INTRODUCTION

Monocyte/macrophages are heterogeneous, versatile cells which functionally adapt to specific microenvironmental signals.
Differential expression of selected surface markers is used to identify monocyte and macrophage sub-populations. Many of the used
markers differ, however, between mice and humans.

In humans, the presence of CD16 distinguishes two monocyte subsets. CD14% /CD16™~ monocytes (representing approximately 90% of
circulating monocytes), which express high levels of the chemokine receptor CCR2 (MCP-1 receptor) and low levels of CX3CR1
(fractalkine receptor). CD14* /CD16™ monocytes display high CX3CR1 expression and a pro-inflammatory profile [1 ]. Mouse monocytes
are distinguished on the basis of Ly6C antigen expression [2 ]. The short-lived CXCR1'%¥ CCR2(+)Ly6Chgh inflammatory monocytes are
actively recruited to inflamed tissues, while the CX3CR1hg" CCR2(-)Ly6C'*" subset are characterized by a CX3CR1-dependent
recruitment to non-inflamed tissues.

Diverse macrophage populations have also been described, but the relationship between the monocyte subsets and macrophage
phenotype is unclear. Classically activated M1 macrophages, driven by Thl cytokines (IFNy, TNF) or by LPS recognition, produce high
levels of IL-12 and IL-23 (in humans) [3 ] and low levels of IL-10, secrete pro-inflammatory cytokines (TNF, IL-6, IL1B) and exhibit
potent microbicidal properties, thus conferring a Thl-like response. During the inflammatory response, inflammation is usually spatially
and temporally counteracted by protective mechanisms operated by the alternatively activated M2 macrophages. The M2 aternative
phenotype is typically driven by Th2 cytokines. 3 different sub-classes have been identified: 1L-4 and IL-13 lead to M2a macrophages,
immune complexes in combination with IL-18 or LPS drive the M2b subtype, while IL-10, TGFB or glucocorticoids induce M2c
macrophages. M2 macrophages are characterized by high IL-10 and TGFB (especially prominent in M2c) and low IL-12 production, high
endocytic clearance capacities, protecting surrounding tissues from a detrimental immune response [4 ]. An exception are the M2b
macrophages, which are functionally anti-inflammatory, but till produce high amounts of inflammatory cytokines[5].

Moreover, human monocytes differentiated in the presence of granulocyte-macrophage colony stimulating factor (GM-CSF) or
M-CSF, respectively, display M1 and M2 properties, and have been referred to as Mgl and M@2 [3 ]. More recently, the platelet factor-4
(CXCL4) was shown to induce a unique transcriptional profile generating M4 macrophages, characterized by reduced CD163 and other
scavenger receptor expression as well as phagocytic capacity, while some M1 and M2 markers are over-represented [6 , 7 ]. This
classification system represents the extremes of macrophage activation states and probably simplifies the in vivo situation where the full
phenotypic spectrum between M1 and M2 can exist [8 ]. Moreover, an aternative classification of macrophage populations has been
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proposed based on three different macrophage homeostatic activities: host defence, wound healing and immune regulation [8 ]. This
classification distinguishes classically activated macrophages, wound-healing macrophages (corresponding to the aternatively activated
macrophages) and regulatory macrophages [8 ]. This latter polarization, induced by TLR agonists in combination with other stimuli
(amongst which IgG immune complexes, prostaglandins, apoptotic cells), produces high levels of IL-10, thus resembling the M2b
phenotype.

Although general properties of macrophages are conserved between species, there are some significant differences between mice and
humans. For example markers such as Ym1 (also called chitinase 3-like 3), the transcription factor Found in Inflammatory Zone 1 (FIZZ1)
and arginase 1 (Argl), and more generally arginine metabolism, are characteristic of the M2 phenotype in mouse but not in human
macrophages[9] (seetable 1).

M acr ophage sub-populationsin pathophysiology

The role of alternative macrophages in tumorigenesis is well established. Tumour-associated macrophages (TAM), display an
aternative-like activation phenotype and play a detrimental pro-tumoural role [10 ]. In this review we will focus on the involvement of
alternative macrophages in cardio-vascular and metabolic disorders such as atherosclerosis and obesity (figure 1).

M acr ophage sub-populations and ather oscler osis

Only few data report the presence/characterization of alternative macrophages within atherosclerotic plagues in mice. In
apoE-deficient mice on chow diet, early lesions (20 weeks) contain Argl-positive M2 macrophages, whereas Arg2-positive M1
macrophages appear and prevail in lesions of aged mice (55 weeks). Lesion progression is thus associated with the predominance of the
M1 over the M2 phenotype [11]. M2 to M1 phenotype switching of pre-existing cells rather a direct recruitment of M1 macrophages likely
occurs in this model. High-fat diet feeding of 10 week-old apoE-deficient mice induced the expression of the M2-associated genes,
selenoprotein-1 (SEPPL), stabilin-1 (STAB1) and CD163 molecule-like-1 (CD163L1) in parallel with atherosclerotic plaque development.
In contrast, expression of the M1-related marker, pro-platelet basic protein (PPBP), increased only in very early lesions (6 weeks of diet)
returning to basal levelsin late stages (12 weeks of diet) [12]. A distinct macrophage phenotype, strikingly different from the conventional
M1 and M2 macrophages, has been reported in atherosclerotic lesions of LDL receptor-deficient mice [13-+ ]. This phenotype, called Mox,
isinduced by oxydized phospholipids and is characterized by high expression of heme oxygenase 1 (HO-1), sulforedoxin-1 (Srnx-1) and
thioredoxin-1 reductase (txnrd-1), all redox-regulatory genes under the control of the Nrf2 transcription factor [13-+ ]. Mox macrophages
represent approximately 30% of all macrophages in murine advanced atherosclerotic lesions.

Using the expression levels of different macrophage markers, as well as morphology and phenotypic analysis, several macrophage
sub-populations have been identified in human atherosclerosis. In human coronary arteries, macrophages expressing both CD68 and CD14
appear, while a CD68* CD 14~ sub-population appear predominant in areas devoid of disease [14 . While the CD68 CD14™ cells express
many pro-inflammatory genes, the CD68" CD14™ cells express high levels of genes involved in reverse cholesterol transport (PPARY,
LXRa, ABCGL1) and macrophage emigration (CCR7) from the vessel wall [14 ]. These two populations are similar to monocytes in vitro
differentiated with M-CSF or GM-CSF, respectively [14 ]. Similarly, using the M-CSF (M2) vs GM-CSF (M 1) macrophage model, the M2
phenotype-associated genes, SEPP1, STAB-1 and CD163L 1, were found to be enriched in human atherosclerotic plaques compared to
fatty streaks or normal arteries[121].

We identified CD68* MR~ (M1) macrophages in the lipid core of human carotid atherosclerotic lesions, while CD68* MR* (M2)
macrophages prevail in the shoulder region as well as in the periphery of the plague [15 , 16 ]. CD68" MR™ macrophages appear smaller
and contain several small lipid droplets in their cytoplasm, while CD68" MR™ macrophages contain fewer, but bigger lipid droplets. In
vitro I1L4-polarized M2 macrophages are less competent to captate native and oxidized lipoproteins. Whereas CD68* MR™ macrophages
display lower cholesterol-handling capacity, they are competent for phagocytosis, since the expression of opsonins and receptors involved
in phagocytosis is high in these cells [16-+ ]. Moreover, hemorrhaged atherosclerotic plagues contain hemorrhage-associated macrophages
(HA-mac) [17 ], which contain more iron, express high levels of CD163 and thus highly scavenge the haemoglobin/haptoglobin complex
which induces IL-10 secretion and monocyte differentiation to M2 macrophages. Differentiation to HA-mac was prevented by neutralizing
IL-10 antibodies, indicating that 1L-10 mediates an autocrine feedback mechanism. Whether these different populations represent
completely different polarization states or whether they display overlapping phenotypes, is a challenging question.

M acr ophage sub-populations and obesity

Substantial evidences at the cellular and molecular level indicate that obesity is a chronic low-grade inflammatory disease [18 ].
Monocytes infiltrate adipose tissue during obesity and differentiate in adipose tissue macrophages (ATM) [19 . ATM from lean mice
express many genes characteristic of M2 macrophages, which may protect adipocytes from inflammation, while diet-induced obesity led to
ashift in the activation state to an M1 pro-inflammatory state that contributes to insulin resistance [20 -22 ]. Comparative studies reveaed
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that the majority of adipose tissue-produced cytokines (TNF, IL-6), with the exception of leptin and adiponectin, are secreted by
non-adipocyte cells and in particular by M1 polarized macrophages. These pro-inflammatory cytokines may contribute to the low-grade
inflammatory state. Furthermore, while M2 ATM, which express N-acetyl-gal actosamine specific lectin 1 (MGL1), are localized in the
interstitial space, MGL1~ /CD11ct M1 ATM rather surround death adipocytes thus forming the crown-like structures (CLS) [23 ]. The
CD11c surface molecule is considered as an M1 marker and its expression in ATM is considerably increased upon high-fat diet feeding [20
, 24 1. The obesity-induced switch from the M2 to M1 phenotype was attributed to a CCR2-dependent monocyte recruitment rather than to
the conversion of pre-existing M2 macrophages [23 ].

However, this strict spatiotemporal polarization concept has been challenged more recently. Indeed, mouse epidydimal ATM recruited
in response to a high fat-diet display a mixed M1/M2 phenotype and their transcription profile became more M2-like upon diet duration
extension [25 ]. Using MR and CD11c as markers, three distinct ATM populations have been described [26 ]. Obesity promotes a shift
from a predominant MR* CD11c™ population (expressing marginally M1 and M2 markers, but high levels of MCP-1 and CCL7) to two
MR~ populations: MR~ CD11c* cells exhibiting a M1 inflammatory phenotype and MR~ CD11c™ cells expressing low levels of
inflammatory markers and high levels of M2 markers such as Argl and Ym1 [26 ]. Analysis of chemokine receptors identified CCR2,
CCR5, CCR3 and CX3CRL1 to be expressed on both MR~ CD11c* and MR~ CD11c™ , whereas CCR7 and CCR9 were selectively
expressed in MR™ CD11c* and MR™ CD11¢™ , respectively [26 ]. These data reveal previously unappreciated similarities between the
murine and human ATM phenotypes.

In humans, the amount of ATM correlates with BMI, adipocyte size and total body fat mass [27 ]. Fat mass expansion is associated
with the accumulation of anti-inflammatory or mixed M1/M2 polarized ATM [28 ], characterized by increased MMP activities, indicating
a role in tissue remodelling [29 ]. Human ATM produce the anti-inflammatory cytokines IL-10 and IL-1Ra, but can also secrete
pro-inflammatory cytokines such as TNF, IL-6 and IL-18 supporting a role of ATMs in obesity-induced adipocyte dysfunction and
metabolic disorders [28 ]. Together with increased macrophage numbers, adipose tissue from obese subjects contain increased areas of
fibrosis, when compared to lean subjects [30 ]. The majority of macrophages appear rather associated with fibrosis, than in CLS. CLS

macrophages are predominantly M1, whereas other macrophages, particularly those in fibrotic areas, are CD150% , aM2c marker [30].

Regulation of macrophage polarization in metabolic disorders: lessons from humans and mice
Regulation by lifestyle and diet

In obese mice, progressive lipid accumulation in macrophages with age provokes a M2 to M1 polarization [31 ]. Nearly 50% of the
ATM of obese mice accumulate lipids and resemble atherosclerotic foam cells. Lipid accumulation was associated with increased CD11c*
ATM (M1) and decreased CD209a* ATM (M2). However, a unique subclass of lipid loaded CD209a* /CD11c* has been identified.
Diphtheria toxin-induced death of CD11c* cells reduces CLS formation and improves insulin sensitivity [32 ], emphasizing the pathogenic
role of CD11c* M1 macrophages. Stimulation of obese db/db mice with resolvin D1, a docosahexaenoic acid-derived anti-inflammatory
mediator, reduced the number of M1 macrophages resident in CLS and increased the percentage of MGL 1* macrophages [33].

Gastric surgery of obese subjects modulated the M1/M2 balance by increasing the number of M2 and decreasing the number of M1
macrophages in sub-cutaneous adipose tissue [34 1. Weight stabilization by 6-month of very low calorie diet decreased the amount of
ATM, without changing the relative proportion of M1/M2 macrophages [35 ]. The discrepancies between these two studies can be due to
differencesin the type of patient population and/or cell surface markers used to identify ATM sub-populations.

Exercise training promoted M1 to M2 phenotype switching of adipose tissue macrophages in high fat diet-induced obese mice [36 ]
and enhanced the expression of M2 markers of circulating leukocytes in humans, an effect which may be related to an increased
expression of PPARy and its cofactors [37 ].

Regulation by humoral factors

Macrophage polarization can be modulated by different factors. Among these, C-reactive protein [38- ], angiotensin type 1 receptor [39
] and activin A [40 ] block the M2 phenotype, while adiponectin [41 , 42 ], apolipoprotein E [43- ], interleukin 33 (IL-33) [44 ] and
angiotensin converting enzyme (ACE) [45 ] favour an M2 differentiation. IL-4 is one of the most potent M2-drivers. In adipose tissue,
eosinophils are the major 1L-4 producing cells and in their absence the macrophage M2 phenotype is greatly attenuated [46e- ].

Deficiency in CD40/tumor necrosis factor receptor-associated factor (TRAF)6 signalling skewed the immune response toward an
anti-inflammatory M2 profile, thus preventing atherosclerosis [47 ]. In addition to immune-inflammatory factors, high density lipoproteins
(HDL) also decrease the expression of pro-inflammatory factors and increase M2 markers (Argl, MR, CD163) in mice, in an
apoAl-dependent manner [48-+ ].

Regulation by transcription factors
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Transcription factor networks are important regulators of macrophage polarization. Among these, nuclear receptor family members,
including the Peroxisome Proliferator-Activated Receptors (PPARa, PPARy and PPARB/8) and the Liver X Receptors (LXRa and LXRB)
are highly expressed in macrophages where they control the inflammatory response [49 ]. Glass et a. reported that IL-4 induces PPARy
expression and activity by generating natural PPARYy ligands via the 12/15-lipoxygenase pathway [50 ]. Furthermore, IL-4 signalling
enhances PPARYy activity through an interaction between PPARy and the Signal Transducer and Activators of Transcription (STAT)6 on
promoters of PPARy-target genes [51 ]. In response to IL-4, STAT6 and the PPARy-coactivator-1beta (PGC-18) induce macrophage
programs for fatty acid oxidation and mitochondrial biogenesis[52] (figure 2 ). IL-4 and IL-13 also induce PPARB/5 expression through a
STATG6 sitein its promoter to activate alternative differentiation [53 ].

The first evidence of modulation of macrophage polarization by nuclear receptors came from observations related to obesity.
Macrophage-specific PPARy deletion in Th2-oriented Balbc mice identified a role for PPARYy in the polarization of macrophages toward
an dternative phenotype. Disruption of PPARy in myeloid cells impairs the aternative differentiation, an effect associated with the
development of diet-induced obesity, insulin resistance and glucose intolerance [54 ]. Myeloid PPARB/3-deficiency rendered macrophages
unable to shift toward an aternative phenotype, causing inflammation and metabolic perturbations in adipocytes and hepatocytes leading
to insulin resistance, increased adipocyte lipolysis and hepatosteatosis [53 , 55 ].

However, there is some controversy, since Marathe et al. reported that Thl-oriented C57BL/6 mouse macrophages lacking PPARY,
PPARB/5 or LXRa/p display unaltered expression profiles of aternative macrophage markers and presented normal glucose tolerance
upon bone marrow transplantation [56 ]. This suggests that macrophage alternative polarization is not completely dependent on nuclear
receptor signalling per se, and the effects can be modulated by the genetic background.

In obese mice, treatment with the PPARYy ligand rosiglitazone promotes lipid redistribution from macrophages towards adipocytes thus
restoring a M2 phenotype [31 ]. In line, treatment with PPARYy ligands, rosiglitazone and pioglitazone, as well as telmisartan, an
angiotensin |1 type 1 receptor blocker with PPARy agonist activity [57 1, decreased the number of M1 macrophages in visceral adipose
tissue [58 ] and enhanced the expression of M2 markers thus improving insulin sensitivity [25, 59 ].

Information on the role of nuclear receptors in macrophage polarization in the context of atherosclerosis is scarce. In the Reversa

mouse model (Ldlr™~ Apob09100 Mitpf/f Mx1-Cre*/* ), treatment with the PPARYy ligand pioglitazone during the phase of atherosclerosis
regression significantly enhanced the expression of M2 markersin parallel with areduction of plaque macrophage and lipid content [60 ].

PPARY activation also promotes IL-4 induced M2 differentiation of primary human monocytes resulting in a more pronounced M2
anti-inflammatory activity [15 ]. In vivo administration of pioglitazone to humans increased MR expression in peripheral blood
mononuclear cells [15 ]. In contrast to PPARYy, the expression of PPARa and PPARR/5 does not correlate with the expression of M2
markers in atherosclerotic plaques [61 ]. Moreover, PPARa or PPARB/5 activation does not enhance IL-4-promoted alternative
macrophage differentiation of human monocytes [61 ].

Despite their important role in the inflammatory response, whether L XRs influence macrophage polarization has not yet been reported.
However, LXRa expression and signalling is altered in human IL-4 polarized M2 macrophages [16-- ]. These cells display a reduced
capacity to handle and efflux cellular cholesterol due to low expression levels of LXRa and its target genes, ABCA1 and ApoE [16+- ]. The
decreased L XRa expression and activity in M2 macrophages is likely related to an enhanced 15-lipoxygenase activity. As a consequence,
PPARy activation has no effect on the cholesterol efflux pathways. By contrast, PPARy activation induces the expression of
thrombospondin-1 in M2 macrophages, thus enhancing their phagocytic activity [16- ].

Glucocorticoid receptor (GR) activation induces a unique M2 phenotype, characterized by the high expression levels of CD36, CD163,
IL-10 and IL-1 receptor type |l and enhanced antioxidative homeostasis and iron recycling [62 , 63 ]. Treatment of high-fat diet-fed mice
with dexamethasone prevented ATM accumulation, an effect most pronounced for the F4/80% /CD11b™ /CD11c* M1 subset [64 ].

Other nuclear receptors can aso control macrophage polarization. As an example, the mineralocorticoid receptor (MR) is necessary
for efficient macrophage polarization by inflammatory cytokines [65 ]. Macrophages differentiated from MR-deficient myeloid cells
display atranscription profile of alternative activation and protect against cardiac hypertrophy and fibrosis.

CONCLUSIONS

Although significant progress has been made in characterizing the phenotype and functions of macrophage sub-populations during
obesity and atherosclerosis development, much remains to be discovered. It appears of crucial importance to define a panel of markersin
mice and humans allowing identification of the macrophage sub-types in different microenvironments. |nvestigations on the role of these
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different macrophages in adipose tissue and vascular wall patho-physiology and identification of endogenous as well as novel synthetic
molecules controlling the M1/M2 macrophage balance, among which potential nuclear receptor ligands, represent exciting areas of future
research which may lead to possible therapeutic applications.

KEY POINTS

® Macrophages are a heterogeneous cell population exhibiting a wide spectrum of phenotypes;

¢ Classically M1 and alternatively M2 activated macrophages are found in adipose tissue and atherosclerotic plaques of the vascular
wall;

® M1 and M2 macrophages are phenotypically and functionally different;
* Macrophage M1 to M2 skewing is transcriptionally regulated by nuclear receptors including PPARy
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Figurel
Circulating monocytes can infiltrate the vascular wall during atherosclerosis and adipose tissue during obesity and can differentiate in

different macrophage sub-populations, exemplified by the extreme pro-inflammatory M1 and anti-inflammatory M2 macrophage subtypes
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Figure2
PPARY activation promotes alternative macrophage differentiation. IL-4 induces PPARy expression and activity by generating natural PPARy

ligands via the 12/15-lipoxygenase (12/15 LOX) pathway PPARYy activation by its ligands promotes monocyte differentiation toward M2

macrophages in mice and humans.
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Tablel

Mouse and human macrophage sub-population markers

Some markers are common amongst different macrophage subtypes, suggesting that overlapping phenotypes can exist. Caution is required when a novel macrophage sub-type is identified solely on the

basis of the expression of one or two markers.

Markers

Mouse

Human

M2 macrophages
Arginase 1 (Argl)
Flzz1
Yml
MGL1
AMAC1
MR (CD206)
CD163
Stabilin 1 (stabl)
Selenoprotein 1 (seppl)
CD163L1
Pro-platelet basic protein (ppbp)
IL1R antagonist (IL 1Ra)
IL-10
CD209%
CD150

HA macrophages
CD163
IL-10

Mox macrophages
Heme oxygenase -1 (HO-1)
Sulforedoxin-1 (Srxn-1)
Thioredoxin-1 reductase (Txnrd-1)
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