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Editorial on the Research Topic 


Plasticity and metabolic switching in adipose tissue macrophages


Macrophages are frontier soldiers of innate immunity. Adipose tissue macrophages (ATMs), originally identified by the expression of the macrophage marker F4/80 in murine fat depots, are the most abundant immune cells in adipose tissue, representing more than half of leukocytes in depots from lean and obese animals (1). ATMs have an important role in maintaining adipose tissue homeostasis and contributing to the metabolically harmful chronic inflammation in obesity associated diseases (2). ATMs are a heterogenous population of cells with ‘hard wired’ diversity brought upon by distinct developmental lineages in the adipose tissue of lean and obese animals (3). ATMs exhibit phenotypic plasticity requiring polarization switching between pro- and anti-inflammatory phenotypes and functional diversity between innate and adaptive immunity in lean and obese mice and humans (4). ATMs also have complex functions in metabolism inflammation and important adaptive functions in lipid homeostasis in obesity-related diseases (2). Although research on ATMs is accumulating, there is still much to uncover regarding the developmental origin, phenotypic plasticity, functional diversity, and metabolism regulation of ATMs in obesity-related diseases.

This Research Topic “Plasticity and Metabolic Switching in Adipose Tissue Macrophages” highlights 10 recent studies that investigate the metabolic regulation, phenotype, developmental origin, and polarization regulation of ATMs, and summarize the plasticity, regulatory mechanisms, and therapeutic targets of ATMs in obesity-related diseases.

The study of the mechanisms underlying the conversion from the metabolically healthy obese (MHO) to the metabolically unhealthy obese (MUO) represents a substantial opportunity for the development of personalized stratified risk therapies in obesity-related diseases (5). Johnson et al. investigated the mechanisms underlying the transition from MHO to MUO and found a novel subset of CD95+ proinflammatory macrophages may mediate the switch from MHC to MUC. The authors showed the MHO mice (ApoE-/-miR155-/- mouse model) shift to MUO with increased vascular inflammation and atherosclerosis after extended (24 weeks) high-fat diet (HFD) feeding. Mechanistically, they found the CD95+CD86- subset of proinflammatory ATMs were increased to activate aortic endothelial cells for promoting vascular inflammation in MUO mice.

The heterogeneity, phenotype, and developmental origin of ATMs remain unknown in obese individuals. Felix et al. analyzed white adipose tissue (WAT) during homeostasis and diet interventions using single-cell mass cytometry and genetic lineage tracking models. The authors found there were eight kinetically evolving CD206+ ATMs (defined by TIM4, CD163 and MHCII) and two CD206- ATMs in WAT of lean mice. They showed TIM4-CD163+, TIM4-CD163- and CD206- ATMs were mainly bone marrow-derived, whereas the proliferating TIM4+CD163+ ATMs were of embryonic origin. Additionally, a HFD induced massive infiltration of CD206- ATMs and selective down-regulation of MHC II on TIM4+ ATMs, suggesting that the development origin and environment jointly regulate the functional malleability of resident ATMs.

The underlying mechanisms of tissue remodeling, immunomodulation, and polarization of ATMs in obese patients with tumor are still elusive. Micallef et al. identified the C1q/TNF-related protein family member C1qtnf3 as one of the most regulated genes in tumor-associated inguinal adipose tissue from HFD-induced obese mice. They showed administration of C1QTNF3 neutralizing antibodies inhibited ATMs accumulation in tumor-associated inguinal adipose tissue while tumor growth was unaffected. The C1QTNF3 treatment promoted polarization of M2-type macrophages to M1-like macrophages through activation ERK and Akt pathway. These results suggest the immunomodulatory effects of C1qTNF3 in polarization of ATMs and adipose tissue remodeling. Thibaut et al. reported the relationship of cellular metabolism and macrophage polarization. They showed that disruption of cellular metabolism influenced cytokine secretion and expression of crucial inflammatory genes in M1 and M2 macrophages, highlighting the need for specific metabolic functions in regulating macrophage polarization. Pan et al. reviewed the potential regulatory mechanisms underlying ATMs polarization induced by autocrine and paracrine factors. A better understanding of how ATMs polarize may provide novel therapeutic strategies for obesity-related diseases.

ATMs infiltration into adipose tissue plays pathogenic role in inducing adipose tissue dysfunction and contributes to obesity-induced inflammation and metabolic diseases. Li et al. summarized the latest research on the heterogeneity of ATMs in adipose tissue and presented the identities of the newly discovered ATMs subtypes. They also discussed macrophage-targeting strategies to ameliorate obesity-related inflammation and metabolic diseases. Liang et al. summarized the factors affecting the polarization of ATMs and the pathogenic mechanisms of ATMs in metabolic diseases like obesity and diabetes. They also reviewed the progression of ATMs as a potential therapeutic target for treating obesity and diabetes. Matz et al. reviewed current knowledge on regulatory networks critical to plasticity and multifaceted response of ATMs in the complex adipose tissue microenvironment. This will give a clue on how to target ATMs to lessen obesity-associated health risks.

The above description shows the important roles of ATMs in obesity and metabolic disorders. However, recent studies have identified the unique role and regulation of ATMs in thermogenic adipose tissue to regulate energy expenditure and systemic energy homeostasis. Rahman and Jun summarized the current understanding of ATMs in thermogenic fat niches and the critical roles of four distinct subsets of ATMs in adaptive thermoregulation. Hepatic glucose production (HGP) is fine-regulated to maintain physiological concentration of blood glucose, whereas aberrant HGP leads to hyperglycemia in obesity-associated diabetes. Tao et al. reviewed several pathways by which ATMs remotely regulate HGP and summarized emerging therapeutic targets to treat metabolic disorders in morbid obesity or diabetes based on ATMs-HGP axis.

Finally, we would like to thank all the authors for entrusting us with their discoveries, and all the referees for their careful and insightful review. We believe that all the articles included in this Research Topic will be of interest to all researchers studying the role of ATMs in obesity-related diseases and will make them aware of how a clearer understanding of these mechanisms can guide future therapeutic treatments for obesity-related diseases.
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Metabolically healthy obesity (MHO) accounts for roughly 35% of all obese patients. There is no clear consensus that has been reached on whether MHO is a stable condition or merely a transitory period between metabolically healthy lean and metabolically unhealthy obesity (MUO). Additionally, the mechanisms underlying MHO and any transition to MUO are not clear. Macrophages are the most common immune cells in adipose tissues and have a significant presence in atherosclerosis. Fas (or CD95), which is highly expressed on macrophages, is classically recognized as a pro-apoptotic cell surface receptor. However, Fas also plays a significant role as a pro-inflammatory molecule. Previously, we established a mouse model (ApoE-/-/miR155-/-; DKO mouse) of MHO, based on the criteria of not having metabolic syndrome (MetS) and insulin resistance (IR). In our current study, we hypothesized that MHO is a transition phase toward MUO, and that inflammation driven by our newly classified CD95+CD86- macrophages is a novel mechanism for this transition. We found that, with extended (24 weeks) high-fat diet feeding (HFD), MHO mice became MUO, shown by increased atherosclerosis. Mechanistically, we found the following: 1) at the MHO stage, DKO mice exhibited increased pro-inflammatory markers in adipose tissue, including CD95, and serum; 2) total adipose tissue macrophages (ATMs) increased; 3) CD95+CD86- subset of ATMs also increased; and 4) human aortic endothelial cells (HAECs) were activated (as determined by upregulated ICAM1 expression) when incubated with conditioned media from CD95+-containing DKO ATMs and human peripheral blood mononuclear cells-derived macrophages in comparison to respective controls. These results suggest that extended HFD in MHO mice promotes vascular inflammation and atherosclerosis via increasing CD95+ pro-inflammatory ATMs. In conclusion, we have identified a novel molecular mechanism underlying MHO transition to MUO with HFD. We have also found a previously unappreciated role of CD95+ macrophages as a potentially novel subset that may be utilized to assess pro-inflammatory characteristics of macrophages, specifically in adipose tissue in the absence of pro-inflammatory miR-155. These findings have provided novel insights on MHO transition to MUO and new therapeutic targets for the future treatment of MUO, MetS, other obese diseases, and type II diabetes.
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Introduction

Since the mid-1970s, the United States has seen a consistent rise in obesity in men and women, with rates of approximately 35% and 40%, respectively (1). Likewise, direct and indirect medical costs of obesity have steadily risen from a 39.3 billion dollar estimate in 1986 to 147 billion dollars in recent years (2, 3). Behind much of the high cost of obesity are the commonly resulting ailments, such as type 2 diabetes (T2DM), coronary heart disease, hypertension, dyslipidemia, atherosclerosis, non-alcoholic fatty liver disease (NAFLD), sleep apnea (4), osteoarthritis, gallbladder disease, stroke, several forms of cancer, and depression (2). However, not all obese individuals develop these associated metabolic dysfunctions. While the classical model of obesity (metabolically unhealthy obesity) is often associated with the comorbidities mentioned above, there exists a subset of obese individuals who do not present with these metabolic dysfunction-related comorbidities and are thus referred to as metabolically healthy obese (5).

Defining metabolically healthy obesity (MHO) has proven challenging due to a lack of consensus in the field (6, 7). As a result, determining the prevalence of MHO proves difficult. In 2017, a meta-analysis of 40 population-based MHO studies found the global rate to be an estimated 35% of obese individuals (8). We previously introduced an MHO mouse model, which maintained insulin sensitivity despite obesity. Additionally, our model did not meet the criteria for metabolic syndrome (MetS), which is the presence of at least three of five risk factors: enlarged waistline, hypertension, low high-density lipoprotein (HDL) levels, high triglyceride levels, and high fasting blood glucose level. Apolipoprotein E-knockout (ApoE-/-) mice are a well-accepted atherogenic mouse model (9). As we previously reviewed (10), the discovery of non-coding RNAs, including microRNAs (miRs), has revolutionized the way that we examine the genome, RNA products, and the regulation of transcription and translation. By facilitating mRNA degradation and translation repression, miRs regulate inflammatory responses, endothelial cell activation, atherosclerosis, obesity, non-alcoholic fatty liver disease (NAFLD), and other diseases (11). Our ApoE-/-/miR155-/- (DKO) mice on high-fat diet (HFD) maintained normal plasma triglyceride levels, normal fasting blood glucose level, and had increased plasma HDL level compared with ApoE-/- mice on normal chow diet (NC) and high-fat diet (HFD) as well as with DKO mice on NC (11). Several studies agree that, compared with metabolically unhealthy obesity (MUO), MHO is associated with a reduced risk for developing cardiovascular diseases (CVDs), type 2 diabetes mellitus (T2DM) (12, 13) and with lower mortality (14, 15). However, MHO has an increased risk compared with a metabolically healthy (MH) lean state, which remains the case no matter the stringency of criteria applied (16). Moreover, several studies demonstrate that MHO patients often switch to being MUO. This ranged from approximately 30 to 50% of MHO subjects and took place within approximately three to ten years (8, 17, 18). However, the underlying mechanisms for how MHO transition may occur are unknown.

It is well-documented that obesity is characterized by chronic, low-grade, sterile inflammation, and that macrophages are the predominant immune cells in adipose tissue (6, 19–21). In fact, human adipose tissue macrophages (ATMs) increase from between 5% and 10% in lean adipose tissue to between 40% and 50% in obese adipose tissue. Moreover, macrophages play a key role in adipose tissue inflammation via pro-inflammatory cytokine/adipokine secretion (22) and pro-inflammatory miR155-containing exosomes (23), which contribute to systemic inflammation (24). However, more studies are needed to decipher the many macrophage subtypes and their roles in systemic inflammation.

Fas, or CD95, is a member of the death receptor family, which also includes the tumor necrosis factor α (TNFα) cognate receptor, TNF receptor type 1 (TNFR1). As the family name suggests, Fas was initially discovered as a death receptor, specifically inducing apoptosis (25). However, its role in non-apoptotic inflammation has also been demonstrated (26–29). In fact, several papers document pro-inflammatory cytokine production (interleukin-1β (IL-1β), IL-6, IL-8, TNFα) via Fas signaling in adipocytes and monocytes/monocyte-derived macrophages (30–33). Moreover, Fas mRNA levels are significantly higher in circulating blood monocytes of obese subjects compared with lean subjects. Obese subject stratification into those with normal glucose tolerance versus those with T2DM showed that the latter expressed higher levels of Fas in monocytes (30). In addition, Fas protein showed a trend of increase in the adipose tissue of obese subjects compared with lean subjects, and was more highly expressed in adipose tissue of T2DM obese subjects compared with non-T2DM obese subjects (33). Furthermore, plasma TNFα levels were significantly reduced in myeloid-specific Fas-depleted mice on high-fat diet (HFD). Monocyte-derived Fas mRNA levels and circulating TNFα protein levels were positively correlated in human serum (33), supporting a link between Fas in myeloid cells and increased TNFα levels. These data support the idea of a pro-inflammatory role for Fas in obesity, with and without metabolic diseases. However, issue of whether CD95 serves as a marker for pro-inflammatory macrophages remains.

In our current study, we hypothesized that MHO is a transition phase toward MUO, and that inflammation driven by ATMs is a novel mechanism for this transition. We found that, with extended HFD (24 weeks of HFD), MHO mice became MUO, as judged by increased atherosclerosis. At the MHO stage, DKO mice exhibited increased pro-inflammatory markers in adipose tissue, including CD95, and serum. We found that total adipose tissue macrophages were increased, and that a new CD95+CD86- subset of adipose tissue macrophages (ATMs) was increased. These results highlight a role for CD95+ macrophages as a player in MHO and its transition to MUO. We hope that these findings will propel the field of MHO forward toward greater understanding as well as lead to and enhance clinical therapy.



Methods


Animal Care

All animal experiments were performed in accordance with the Institutional Animal Care and Use Committee (IACUC) guidelines and were approved by the IACUC of Lewis Katz School of Medicine (LKSOM) at Temple University. Apolipoprotein E (ApoE, B6.129P2-ApoEtm1Unc/J, stock no. 002052) knockout mice, microRNA-155 (miR-155, B6.Cg-Mir155tm1Rsky/J, stock no. 007745) knockout mice, and wild-type (WT) mice were of a C57BL/6J background, and were purchased from the Jackson Laboratory (Bar Harbor, ME, United States). Mice were housed under controlled conditions in the LKSOM Animal Facility, where they had ad libitum access to standard chow diet/HFD, water, and were subject to a 12-h light-dark cycle. DKO mice were generated as previously reported (11) by crossing ApoE-/- mice with miR155-/- mice. Mice were age-matched and gender-specific in all experiment groups, unless otherwise stated. At eight weeks old, mice either remained on normal chow diet (10.7% fat, 23.9% protein, 5.1% fiber, 58.7% carbohydrate/other, 200ppm cholesterol; Labdiet 5001) or switched to HFD [20% (w/w) fat, 17.4% protein, 5% fiber, 49.9% carbohydrate/other, 2027 ppm cholesterol (0.15% (w/w) cholesterol); TestDiet AIN-76A] (34) for 12 weeks or 24 weeks, specified in each experiment.



Mouse Genotyping

Mouse genotype was confirmed using end-point polymerase chain reaction (PCR) on genomic DNA obtained from mouse tail sample. Briefly, DNA was extracted using 50μl of extraction solution on tail samples, followed by incubation at 95oC for 30 min. Afterwards, 50μl of stabilization solution was added (Extracta™ DNA Prep for PCR, QuantaBio, cat. No. 97065-350, VWR, Radnor, PA). PCR was then performed (Supplementary Table 1), followed by 1.5% agarose gel electrophoresis. The ethidium bromide-containing gel was then imaged by ultraviolet using Foto® analyst image system (Fotodyne, Fisher Scientific, Hartland, Wisconsin).



Gonadal White Adipose Tissue Single-Cell Suspension

Gonadal white adipose tissue (gWAT) was isolated and mechanically digested, followed by enzymatic digestion with collagenase type II (Sigma, cat. No. C6885, St. Louis, MO) at 37oC. Following filtration steps and centrifugation, the remaining immune cell-containing stromal vascular fraction (SVF) was stained in preparation for flow cytometry.



Flow Cytometry

Following single-cell suspension, SVF cells were stained with live/dead dye (ThermoFisher, Waltham, MA) for 30 min at room temperature in the dark. After washing with Hank’s balanced salt solution (HBSS) (Corning, Corning, NY) supplemented with 2% fetal bovine serum (FBS) (GE Life Sciences, Marlborough, MA), Fc receptor block (ThermoFisher) was added to cells. Following a 5-min incubation, cells were incubated with surface antibodies for 15 min at room temperature in the dark. Intracellular markers: After washing, cells were fixed (ThermoFisher) for 30 min, washed and permeabilized (ThermoFisher) for 15 min. Cells were then incubated with antibodies for 20 min at room temperature in the dark, followed by washing (Supplementary Table 2). Data was collected using BD LSRII flow cytometer and DIVA software (BD Biosci., Woburn, MA). Data were analyzed using FlowJo (BD Biosci.).



Cytokine Array

Mouse blood was allowed to clot for 4 h at room temperature. After centrifuging for 15 min at 2,000xg, supernatant (i.e., serum) was carefully obtained and stored at −80oC until further use. Cytokine array experiment was conducted according to the manufacturer’s protocol (R&D, Minneapolis, MN, cat. No. ARY028). Blots were imaged via chemiluminescence method; X-ray film exposure in a dark room and development with SRX-101A medical film processor (Konica, Tokyo, Japan). Protein levels were quantified using ImageJ software.



Murine Aortic Single-Cell Suspension

After perfusion, whole aortas were isolated and collected in DMEM-low medium (GE Life Sciences) supplemented with 20% FBS. Aortas were rinsed in PBS (Corning), dissected, and then enzymatically digested with cocktail consisting of FBS, HEPES (Gibco, Gaithersburg, MD), hyaluronidase type I-S (Sigma), collagenase types I (Sigma) and XI (Sigma) at 37oC for 30 min. Next, the suspension was filtered, then washed and resuspended in HBSS supplemented with 2% FBS, before staining for flow cytometry.



Human Aortic Endothelial Cell Culture

Human aortic endothelial cells (HAECs) (Lonza, Basel, Switzerland) were cultured on gelatin-coated flask in Medium 199 (GE Life Sciences) supplemented with FBS, PSA (ThermoFisher), ECGS (endothelial cell growth serum, Corning), and heparin (Sigma). The medium was changed every two days and cells were passaged at 70% confluency, not exceeding more than two subcultures.



Adipose Tissue Macrophage Culture

SVF cells were cultured in murine macrophage differentiation medium [RPMI 1640 medium supplemented with 25 ng/ml macrophage colony-stimulating factor (R&D), HEPES (Gibco), sodium pyruvate (Sigma), non-essential amino acids (Gibco), GlutaMAX (Gibco)] for six to seven days at 5x105 cells per well in six-well plates (Falcon, VWR).



Human Adipose Tissue

We acknowledge Dr. Zsolt Bagi for generously donating IRB-approved de-identified human pericardial adipose tissue (Supplementary Table 3).



Human Peripheral Blood Mononuclear Cell Isolation and Culture

Whole blood from healthy male donors (Supplementary Table 4) was collected in anticoagulant solution [aqueous solution of sodium citrate (Fisher Scientific), citric acid (Sigma), and dextrose (Sigma)]. Blood was then gently layered onto Histopaque-1077 (Sigma), followed by centrifugation at room temperature. The peripheral blood mononuclear cell (PBMC)-containing phase was gently isolated then washed with PBS, followed by ammonium-chloride-potassium (ACK) lysis. Following centrifugation, PBMCs were resuspended in human macrophage differentiation medium [RPMI 1640 medium supplemented with 50 ng/ml human macrophage colony-stimulating factor (R&D), HEPES, sodium pyruvate, non-essential amino acids, glutamax] for six to seven days at 1x106 cells per well in six-well plates.



Human Peripheral Blood Mononuclear Cell Stimulation Assay

After six to seven days of culture, human PBMCs remained unstimulated or were stimulated with TNFα (10 ng/ml) (R&D) for 24 h, followed by assessment of Fas expression.



Human Aortic Endothelial Cells Activation With CD95+ Macrophage-Conditioned Medium

HAECs were plated at 5x105 cells per well in six-well plates for 24 h. Following, HAECs were treated with macrophage-conditioned medium, with macrophage differentiation medium, or with endothelial cell medium for 24 h. HAECs were then assessed for EC activation via flow cytometry.



RNA Extraction and Quantification

Briefly, 100 to 200 mg of liquid nitrogen-frozen adipose tissue was homogenized using mortar and pestle, followed by the addition of QIAzol lysis reagent (Qiagen, Hilden, Germany). After homogenate was brought to room temperature, chloroform (Sigma) was added, then solution was vigorously shaken. Following centrifugation and aqueous phase retrieval, 100% ethanol (PHARMACO-AAPER, Thermal Scientific) was added and mixed. Next, following the manufacturer’s protocol (miRNeasy Mini Kit, Qiagen), ethanol-aqueous phase solution was added to RNeasy Mini columns and subjected to a series of buffer washes and centrifugation steps. RNA was resuspended in nuclease-free water. RNA quality and concentration were determined using NanoDrop 2000 (ThermoFisher).



RNA Reverse Transcription and Quantitative Real-Time PCR

Per the manufacturer’s instruction, total RNA was reverse transcribed to generate complementary DNA (cDNA) using the miScript II RT Kit (Qiagen). Briefly, template RNA in tubes containing buffer, Nucleics Mix, Reverse Transcriptase Mix and RNase-free water was reverse transcribed at 37oC for 60 min and 95oC for five min to generate cDNA.

Quantitative PCR (qPCR) was performed using the StepOnePlus PCR System (Applied Biosystems, Foster City, CA), following preparation with miScript SYBR Green PCR Kit for Use with miScript Primer Assays (Qiagen). Primers for human and mouse miRNA-155 and the housekeeping gene RNU6 (miScript Primer Assay) were purchased from Qiagen. Cycling conditions were as follows: 40 cycles at 95oC for 15 min, 94oC for 15 s, 55oC for 30 s, and 70oC for 30 s. Data were analyzed using the delta-delta Ct method.



Atherosclerotic Lesion Analysis

Following perfusion with PBS, mouse aortas were excised and fixed overnight in 4% paraformaldehyde (Sigma). Next, aortas were placed in 20% sucrose (Sigma) for 24 h. Aortas were then stored in PBS at 4°C. For en face staining, aortas were stained in Sudan IV (Sigma) for 40 min at 37°C, followed by incubation in 70% isopropanol for five min. Afterwards, aortas were opened longitudinally and imaged using AxioCam camera mounted to Stemi 2000-C microscope (Carl Zeiss Inc., Jena, Germany).



Protein Extraction and Western Blot

Adipose tissue and aortas were sonicated in an aqueous sample buffer consisting of sodium dodecyl sulfate (SDS, Sigma), Tris-hydrochloride [Tris (Fisher Scientific)-HCl (Sigma)], glycerol (ThermoFisher), PBS, EDTA, phenylmethylsulfonyl fluoride (PMSF, Sigma), and cOmplete Protease Inhibitor Cocktail (Sigma). Following centrifugation and retrieval of the protein-containing supernatant, protein concentration was determined using the Pierce BCA Protein Assay Kit (ThermoFisher). For gel electrophoresis, 15 to 30 μg of protein were loaded into wells and run for 90 min. Next, proteins were transferred onto polyvinylidene fluoride (PVDF) membrane (Bio-Rad, Hercules, CA) for 90 min at 400mA. Following Ponceau S (Sigma) staining, the membrane was blocked with 5% non-fat milk (Lab Scientific) for 1 h at room temperature and washed. The membrane was then incubated with primary antibody in non-fat milk or bovine serum albumin (BSA, Gemini Bioproducts, West Sacramento, CA) overnight at 4°C (Supplementary Table 5). Afterwards, the membrane was washed and incubated with horseradish peroxidase (HRP)-linked secondary antibody at room temperature between 30 and 120 min (Supplementary Table 5). Membranes were washed and incubated in enhanced chemiluminescence substrate (ThermoFisher) for five min prior to imaging. Next, protein bands were imaged on X-ray film (AGFA, Mortsel, Belgium) after development with SRX-101A medical film processor (Konica).



Statistical Analysis

Statistical analyses were performed using the GraphPad Prism software. Two-tailed Student’s t-test was used for statistical comparison between two groups. One-way ANOVA with Tukey Multiple Comparison test was used for three or more groups. Data presented as mean ± SEM (standard error of the mean). Statistical significance was defined as p<0.05.




Results


MicroRNA-155 Transcripts Are Decreased in White Adipose Tissue of Obese Wild-Type Mice Compared With White Adipose Tissue of ApoE−/− Mice

Our previous data showed that miR-155 was significantly increased in the aortas of the well-established atherosclerotic mouse model, ApoE-/- mice, following 12 weeks of HFD versus normal chow (11). In addition, following 12 weeks of HFD, DKO (ApoE-/-/miR155-/-) mice (i.e., our MHO model) showed significant reduction of atherosclerotic plaque deposition in aortas compared with ApoE-/- mice. DKO mice also presented with obesity without insulin resistance (11, 35), as shown by a normal glucose tolerance test (GTT) and insulin tolerance test (ITT) (11). These results led to the classification of these mice as MHO. In our current study, to corroborate our finding of miR-155 suppressing obesity, we found reduced miR-155 transcript levels in the classical obese model (WT mice on 12 weeks of HFD) compared with atherosclerotic mice (Figure 1A), which correlated well with our data mining findings in Figure 3D of our previous report (11). Furthermore, we found that human pericardial adipose tissue from obese patients with T2DM showed a trend of increased miR-155 transcripts compared with obese patients without T2DM (Figure 1B) (see additional information in the Discussion). Taken together, these results demonstrate that WT mice on HFD and obese patients without T2DM have reduced miR-155 levels compared with atherogenic mice and obese patients with T2DM. Since pro-inflammatory miR-155 suppresses adipogenic transcription factors such as peroxisome proliferator-activated receptor gamma (PPARγ), and CCAAT/enhancer-binding protein alpha (C/EBPα), miR155 reduction and/or deficiency allow MHO establishment as we reported (11, 36).




Figure 1 | MicroRNA-155 transcripts are decreased in white adipose tissue (WAT) of obese wild-type (WT) mice compared with WAT of apolipoprotein E (ApoE)-/- mice. (A) Mice were kept on either normal chow (NC) or switched to high-fat diet (HFD) at 8 weeks old and fed for an additional 12 weeks. ApoE-/- NC (n=6); apoE-/- HFD (n=7); WT HFD (n=4). *p < 0.05. (B) Obese patients with or without type 2 diabetes mellitus (T2DM). Donor information detailed in Table 3. Obese (n=2), Obese, T2DM (n=4). p > 0.05.  NS, not significant.





ApoE−/−/miR155−/− (DKO) Mice Exhibit Resurgent Atherosclerosis Following Extended HFD Feeding

As earlier mentioned, at least 30% of obese subjects eventually develop MUO (17, 18). MUO is associated with an inflammatory environment perpetuated by ATMs (36, 37). We sought to uncover, first, whether our MHO model transitioned to MUO over time; and, second, whether DKO mice at the MHO stage have increased pro-inflammatory macrophages and cytokine secretion. In order to define whether MHO mice can transition to MUO, we extended HFD from 12 to 24 weeks (Figure 2A) and determined whether MHO mice developed MUO as judged by atherosclerosis development. We found that there were no significant differences in total body weight or in gWAT weight between ApoE-/- and DKO mice following 24 weeks of HFD (Figures 2B, C). This is in contrast to the significant differences in total body weight as well as gWAT weight following 12 weeks of HFD between the two genotypes (11). Previously, we reported that following 12 weeks of HFD, DKO mice showed a significant reduction in aortic plaque deposition compared with ApoE-/- mice (11). Here, that difference was lost as shown by increased atherosclerosis in DKO mice following 24 weeks of HFD. DKO mice exhibited extensive aortic plaque deposition, signifying a resurgent atherosclerosis phenotype (Figure 2D). Moreover, there were no significant differences in blood glucose levels in response to insulin challenge between ApoE-/- and DKO male mice, which were similar to our previous findings following 12 weeks of HFD. However, DKO mice exhibited a lower blood glucose level at baseline, before insulin challenge (Figure 2E). These data show that MHO status was lost over time as DKO mice developed MUO following 24 weeks of HFD and that miR-155 deficiency in ApoE-/- background with extended HFD promotes obesity.




Figure 2 | miR155-/-/ApoE-/- double gene knock-out (DKO) mice exhibit resurgent atherosclerosis following extended high fat diet (HFD) feeding. (A) Extended HFD experiment design. DKO mice at MHO stage are fed on HFD for 12 weeks beginning at 8 weeks. DKO mice at extended HFD stage (when MUO develops) are fed on HFD for 24 weeks beginning at 8 weeks. (B) Total body weight (grams); ApoE-/- (n=15), DKO (n=12). (C) Gonadal WAT (grams); apoE-/- (n=10), DKO (n=11). (D) En Face analysis of whole aortas; male ApoE-/- (n=5); male DKO (n=8). Previous data showed that aortas from 12 weeks of HFD-fed DKO mice compared with ApoE-/- mice had significantly less plaque deposition (PMID: 27856635). Here, following 24 weeks of HFD, both ApoE-/- and DKO mice have significant plaque deposition. (E) Insulin Tolerance Test (ITT); WT (n=3), ApoE-/- (n=2), DKO (n=3). **p<0.01. NS, not significant.





High-Fat Diet-Fed DKO Mice (Metabolically Healthy Obesity Stage) Exhibit White Adipose Tissue Inflammation

After establishing that MHO mouse on extended HFD becomes MUO and is therefore an appropriate model to study MHO switch to MUO, we assessed whether DKO mice at the MHO stage exhibited a pro-inflammatory profile, which would contribute to these mice developing MUO over time. Cytokine array analysis showed that the pro-inflammatory cytokine, TNFα, and the endothelial cell (EC) activation markers, soluble intercellular adhesion molecule 1 (Icam1) and soluble E-selectin, were induced in the serum of DKO mice, showing a trend of increase with HFD feeding (Figure 3A). Previously, we reported that the pro-inflammatory adipokines, leptin and resistin, were increased in the plasma of DKO mice compared with ApoE-/- mice after 12 weeks of HFD (11). We also previously found that resistin was significantly increased in DKO gonadal WAT (gWAT) compared with WT gWAT and ApoE-/- gWAT (36). However, the changes in leptin were not significant in the gWAT of WT, ApoE-/- and DKO mice after 12 weeks of HFD (Supplementary Figure 1).




Figure 3 | Pro-inflammatory tumor necrosis factor-a (TNFa) and Fas are increased while leptin and Mcp1 show no change. (A) 0W: 8-week old male mice on normal chow (NC). 12W: 20-week old male mice that began HFD at 8 weeks old and continued for 12 weeks; n=3 per sample. Each group is composed of samples from 3 mice combined into 1 sample for analysis. (B–D) 3W: 11-week old male mice that began HFD at 8 weeks old and continued for 3 weeks. 12W: 20-week old male mice that began HFD at 8 weeks old and continued for 12 weeks; n=3 per group. *p<0.05. NS, not significant.



We next examined the pro-inflammatory marker, TNFα, and Fas, which were previously reported to be elevated in obese adipose tissue (33). We also examined monocyte chemoattractant protein 1 (Mcp1/chemokine C-C motif ligand 2, CCL2), a chemokine that recruits macrophages to tissues. We found that TNFα showed higher expression at 12 weeks of HFD compared with 3 weeks of HFD, though this difference was not statistically significant. Fas, but not Mcp1, was significantly increased in gWAT of DKO mice following 12 weeks of HFD versus three weeks of HFD (Figures 3B–D). These data indicate that although DKO mice at the MHO stage are protected from or have delayed atherosclerosis development, a miR155-independent pro-inflammatory and pro-atherogenic environment is present.



High-Fat Diet-Fed DKO Mice (Metabolically Healthy Obesity Stage) Exhibit Increased Macrophages in White Adipose Tissue

Next, we assessed the percentages of various immune cell types within the gWAT. In male ApoE-/- and DKO mice, there was no significant difference in total leukocyte percentage (Figure 4A). Likewise, we found no significant differences in Ly6C+ monocytes (38), CD4+ T cells (39), or CD19+ B cell populations (40) (Figures 4D–F). In contrast, F4/80+ macrophages and F4/80+CD11b+ monocyte/macrophages were significantly increased in DKO gWAT compared with ApoE-/- gWAT (Figures 4B, C). Interestingly, we found that CD5+ T lymphocytes/B lymphocytes showed a trend of decrease in DKO mice (Figure 4G), a finding that correlates well with miR-155’s role in promoting lymphoproliferative B cell disorder (41, 42). When we assessed the total leukocytes and F4/80+ macrophages in female mice, we saw that there were no significant differences (Figures 4H, I). Moreover, we did not find a significant change in total leukocyte population between miR155-/- gWAT and WT gWAT (Figure 4J). However, when we examined F4/80+ macrophages in male miR155-/- gWAT compared with WT gWAT, we saw a significant increase in the former (Figure 4K), suggesting that miR-155 deletion supports macrophage proliferation and/or infiltration.




Figure 4 | Macrophages and monocytes are increased in miR155-deficient, high fat diet (HFD)-fed male mice in the presence or absence of ApoE background. Mice were fed on HFD from 8 weeks old to 20 weeks old. (A) Male mice: Total leukocytes were defined as CD45+. Macrophages/monocytes were defined as (B) CD45+F4/80+ or (C) CD45+CD11b+. (D) Inflammatory monocytes were defined as CD45+Ly6C+. (E) CD4+ T lymphocytes were defined as CD45+CD4+. (F) B lymphocytes were defined as CD45+CD19+. (G) B/T lymphocyte subsets were defined as CD45+CD5+; ApoE-/- (n=7), DKO (n=11). (H) Female mice: Total leukocytes were defined as CD45+. (I) Macrophages were defined as CD45+F4/80+; ApoE-/- (n=5), DKO (n=4). (J) Male mice: Total leukocytes were defined as CD45+. (K) Macrophages were defined as CD45+F4/80+; WT (n=8), miR155-/- (n=9). **p<0.01. NS, not significant.



As previously mentioned, an increase in macrophage number is a hallmark of obesity (20). In addition, macrophages exist as varying subsets in adipose tissue, most notably pro-inflammatory M1 macrophages and anti-inflammatory M2 macrophages (43). We next assessed whether these macrophages could be broadly classified as pro-inflammatory or anti-inflammatory. We found that there were no significant changes in pro-inflammatory (M1) ATMs or anti-inflammatory (M2) ATMs in ApoE-/- and DKO male and female mice as well as WT and miR155-/- male mice (Supplementary Figure 2). Interestingly, we found that the majority of the ATMs expressed both M1 and M2 markers in male ApoE-/- and DKO mice. Previous papers have reported similar findings, where double-positive macrophages are hypothesized to be pro-inflammatory (44, 45). These results—suggesting M1 and M2 double-positive macrophages as a feature of ATMs in obesity conditions—are well correlated with our recent report (37).



High-Fat Diet-Fed DKO Mice (Metabolically Healthy Obesity Stage) Exhibit Increased CD95+CD86− Macrophage Subset in White Adipose Tissue

In our previous publication, we found that pro-inflammatory macrophage markers in metabolic disease were lacking compared with markers for CVD and infectious diseases (46), thereby showing the need for a novel marker. Earlier, we showed that Fas was increased in DKO mice over time with HFD feeding. We examined whether CD95+ (Fas) macrophages in gWAT may be involved as a player in MHO mice. We found that while there was no significant difference in total CD95+ macrophages between ApoE-/- and DKO male and female mice at MHO stage (Figures 5A, C), there was a significant increase in the CD95+CD86- subset of CD95+ macrophages in both male and female DKO mice compared with ApoE-/- mice (Figures 5B, D). However, there was no difference in the CD95+CD86- macrophage population of ApoE-/- and DKO male mice fed on NC for 20 weeks (Supplementary Figure 3). These data identify a potential novel subset of CD95+ macrophages that could play a role in MHO development, maintenance or progression.




Figure 5 | A novel subset of CD95+CD86- macrophages is increased in the white adipose tissues of DKO versus that of ApoE-/- mice on high-fat diet. Mice were fed on HFD from 8 weeks old to 20 weeks old. Macrophages were defined as CD45+F4/80+ and then evaluated for the markers, CD95 and CD86. (A, B) Male mice: ApoE-/- (n=5), DKO (n=4). (C, D) Female mice: ApoE-/- (n=5), DKO (n=4). *p<0.05. NS, not significant.



We also assessed CD95+ macrophages in WT and miR155-/- mice. We found that CD95+ macrophages were lower in miR155-/- gWAT compared with WT gWAT, showing that the WT gWAT may have a more pro-inflammatory environment than miR155-/- gWAT (Supplementary Figure 4A). In contrast, CD95+CD86- macrophage population in WT versus miR155-/- male mice did not show a robust population or significant difference (Supplementary Figure 4B). However, in extended HFD (24 weeks of HFD), we see that miR155-/- gWAT had significantly more CD95+ macrophages than WT mice, unlike the 12-week HFD time point (Supplementary Figure 4C), which emphasized the roles of extended HFD. Additionally, while miR155-/- mice exhibited fewer CD95+CD86- macrophages than WT mice (Supplementary Figure 4D), these mice had a higher percentage of CD95+CD86- macrophages at this extended time point compared with 12-week HFD. We recently reported that many of 28 T cell co-stimulatory receptors (CSRs), such as CD40, 4–1BBL, TL1A, CD30L, SLAM, CD48, SEMA4A, B7–1 (CD80), B7–2 (CD86), and CD155, are significantly upregulated in M1 macrophage polarization (47). This suggests a possibility that missing single CSR CD86, macrophages could still be polarized into pro-inflammatory macrophages such as CD95+CD86- macrophages as demonstrated here; and that although Fas/CD95 induces apoptosis, CD40 expressed in M1 macrophages may rescue pro-inflammatory macrophages from CD95-mediated apoptosis, as reported in B cells (48).

The analyses of the expressions of 1376 innate immune genes in the CD95 KO microarray (NIH-NCBI-Geo Datasets database GSE111244) showed that 34 out of 1376 (2.5%) innate immune genes from the Innate Immune Database (https://www.innatedb.com/) were significantly downregulated (fold changes |log2|>1, p<0.05) compared with WT control cells (Supplementary Figure 5A). Further analysis of the downregulated innate immune genes in CD95 KO with the Ingenuity Pathway Analysis (IPA) showed that the top eight pathways of inflammation, including Th1 pathway, NF-ĸB signaling, systemic lupus erythematosus in B cells, cardiac hypertrophy signaling, production of nitric oxide and reactive oxygen species, neuroinflammation, systemic lupus erythematosus in T cells, and hepatic fibrosis signaling, were significantly downregulated (z score ≤1) compared with WT controls (Supplementary Figure 5B). Taken together, these results have demonstrated that CD95 may promote inflammation signaling in CD95+ macrophages, which were well correlated with our findings in ATM in gWAT in DKO mice and others’ reports (33, 49).



Metabolically Healthy Obesity Aortas Exhibit Higher Expression of IL-1β and Fas Than miR155−/− Aortas, and Metabolically Healthy Obesity Aortas Have No Reduction in Pro-Inflammatory Mediators Compared With Those of ApoE−/− Mice

A pro-inflammatory function for Fas has been discovered in both atherosclerosis and obesity (33, 49). We next examined whether Fas and other pro-inflammatory molecules were changed in the aorta at the MHO stage compared with ApoE-/- aortas. We found that the expression of IL-1b was increased in DKO aortas compared with miR155-/- single KO aortas. DKO aortas showed no reduction in pro-inflammatory mediators, IL-1β, TLR4 (50) [previous studies show a link with atherosclerosis in ApoE-/- mice (51, 52)], and Fas compared with ApoE-/- aortas (Figure 6). To determine whether aortic expressions of Fas and TLR4 were partially contributed by aortic monocytes and macrophages, the mouse aortic single cell RNA-Seq (scRNA-Seq) data were analyzed on the Single CellBeta Portal database (https://singlecell.broadinstitute.org/single_cell) of the Broad Institute of MIT and Harvard. The results in Supplementary Figure 6 showed that aortic expressions of Fas and TLR4 were partially contributed by aortic monocytes and macrophages (53). Taken together, these findings show that MHO mouse aortas have higher expressions of IL-1b than miR155-/- aortas; and MHO aortas are not less pro-inflammatory compared with ApoE-/- mouse aortas. Of note, we previously reported that IL-17A promotes endothelial cell activation but not atherosclerosis (54); that deficiency of mRNA-decaying protein tristetraprolin (TTP) in bone marrow cells promote strong systemic inflammation but not atherosclerosis in low-density lipoprotein receptor (LDLR)-deficient mice (55). Thus, during MHO transition to MUO, inflammatory status and atherosclerosis may not always progress at the same pace. In addition, we recently proposed a new working model that miR-155-suppressed “secondary wave inflammatory state (SWIS)” may be characteristic of MHO transition to MUO (36).




Figure 6 | There are no differences in the expressions of three pro-inflammatory markers such as IL-1b, TLR4 and Fas in DKO aortas compared with ApoE-/- aortas following HFD. The expressions of IL-1b and Fas are significantly increased in DKO aortas compared with miR155-/- single KO aortas. A-C. Male mice were fed on HFD for 12 weeks from 8 weeks old to 20 weeks old. (A) Il-beta. (B) Tlr4. (C) Fas; n=3 per group. *p<0.05.





The Culture Medium of DKO Stromal Vascular Fraction Containing CD95+ ATMs Promotes Aortic Endothelial Cell Activation

We next assessed whether CD95+ macrophages could promote EC activation, which is the early stage of atherosclerotic development (56, 57). Previous studies’ results support a role for ATMs in atherosclerosis development and metabolic vascular disease (23, 58). We first performed a data mining analysis on a dataset of single cell RNA-Seq of mouse SVF from mouse adipose tissue deposited in the scRNA-Seq database (the Single CellBeta Portal database) in the Broad Institute of MIT and Harvard to verify CD95 (Fas) expression on the monocytes and macrophages. As shown in Supplementary Figure 7A, FAS transcript expressions were detected in the scRNA-Seq dataset of the monocytes and macrophages in the SVF of adipose tissues, which were well correlated with our FACS data in Figure 5. In addition, proinflammatory cytokines TNF-α and IL-1β transcript expressions were also detected in the monocytes and macrophages in the mouse adipose tissue SVF (Supplementary Figures 7B, C), which were well correlated with the reported proinflammatory function of FAS in obesity (33, 49). Moreover, as shown in Supplementary Figure 8, the expressions of FAS, TNFα and IL-1β were also found in the scRNA-Seq datasets from the four monocyte clusters in human peripheral blood (59) in the scRNA-Seq database (the Single CellBeta Portal database). Then, using cultured human aortic endothelial cells (HAECs), we found that HAECs incubated with DKO SVF-conditioned medium (which contains CD95+ macrophages) for 24 h resulted in increased EC activation, shown by a significant increase in ICAM1 expression compared with untreated ECs (Figure 7A). Moreover, incubating HAECs with human macrophage-conditioned medium resulted in increased ICAM1 expression compared with HAECs incubated with control EC medium or macrophage differentiation medium only (Figure 7B). Our findings were well correlated with others’ reports (60). Seminal studies of obesity have helped us to understand that macrophages secrete TNFα, which further enhances lipolysis, thereby driving metabolic dysfunction (61). Moreover, when this occurs in the visceral adipose tissue (VAT), collateral damage to nearby organs, such as liver and pancreas, can lead to metabolic dysfunction of these organs (62, 63). Regarding the mechanism of MHO, a previous report showed that TNFα can increase Fas expression (64). Additionally, we showed that TNFα was induced in our DKO mouse WAT at MHO over time. We found that TNFα-treated human peripheral blood mononuclear cells (PBMCs) resulted in increased Fas expression detected by flow cytometry (Figure 8). Taken together, these results suggest that in addition to CD95+ monocytes/macrophages found in aortas and peripheral blood by scRNA-Seq data (Supplementary Figures 7 and 8), DKO ATMs containing CD95+ macrophages may secrete pro-inflammatory cytokines, including TNFα, and induce Fas expression via potential autocrine manner in ATMs and activate aortic endothelial cells. Future work is needed to determine whether CD95+ macrophages are essential for the culture medium of DKO SVF to promote HAEC activation, and to assess what cytokines from DKO SVF-containing CD95+ macrophages are responsible for activating HAECs.




Figure 7 | DKO SVF and human macrophage-conditioned medium promote HAEC activation. (A) Stromal vascular fraction (SVF) from 20-week old DKO male mice on NC was cultured overnight in macrophage differentiation medium. Centrifuged supernatant was incubated with human aortic ECs (HAECs) for 24 hours. Untreated HAECs were incubated with EC medium; untreated (n=3), DKO-treated (n=3). (B) Isolated human peripheral blood mononuclear cells (PBMCs) were grown for 7 days in macrophage differentiation medium. Afterwards, cultured HAECs were incubated with centrifuged supernatant (macrophage-conditioned medium) for 24 hours. HAECs in EC medium group were incubated with EC medium only for 24 hours and HAECs in Mac medium group were incubated with macrophage medium only for 24 hours; EC medium (n=11), Mac medium (n=11), Cond Mac medium (n=12). *p<0.05; **p<0.01.






Figure 8 | TNFα-treated human peripheral blood mononuclear cells (PBMCs) show increased Fas expression. Isolated human PBMCs were grown for 7 days in macrophage differentiation medium. Cells were treated with TNFα (10ng/mL) for 24 hours. Untreated was incubated with fresh medium; Untreated (n=4), TNFα (n=4). *p<0.05.






Discussion

Despite its recognition since the 1980s (65), the mechanisms underlying why some obese individuals maintain MHO status as well as how MHO individuals progress toward MUO remain understudied. Several correlations have been determined to help explain what prompts MHO switch to MUO. For example, Schröder et al. reported that increasing waist-to-hip ratio, waist circumference and BMI are factors (66), in addition to increasing age (6). Moreover, MHO patients more likely to transition to MUO were women (67). Although a molecular mechanism for MHO switch to MUO status (68, 69) has not been discovered, genetic mechanisms have been proposed, since MUO has been linked to genes (70). Likewise, a number of mechanisms have been suggested to explain how some instances of obesity can be MH. Some include reduced immune cell infiltration in adipose tissue; conserved insulin sensitivity; MHO patients’ proclivity to deposit lipids in subcutaneous adipose tissue (SAT) depot along with lower visceral adipose tissue (VAT) and lower ectopic fat (in skeletal muscle and liver). Additionally, greater level of fitness and exercise have been proposed (15). Furthermore, lower levels of C-reactive protein, TNFα, and IL-6 were reported in patients with MHO compared with MUO individuals (71–76). Additionally, MHO individuals had higher adiponectin (anti-inflammatory adipokine) level (71, 77), lower white blood cell count, and lower plasminogen activator inhibitor-1 (PAI-1) level (71). We previously reported the first mouse model of MHO with miR155 deficiency (11) (Figure 9A). As a prototypic master regulator, miR155 promotes inflammation and atherosclerosis but inhibits the adipogenesis of WATs. Thus, the deficiency of miR155 in ApoE-/- background leads to increased obesity, increased non-alcoholic fatty liver disease (NAFLD), decreased atherosclerosis, no insulin resistance and no type II diabetes mellitus (T2DM) (11). Given what is already known, it is clear that there exists the need to improve our understanding of MHO and the underlying mechanisms of its transition to MUO.




Figure 9 | A new working model: Extended high fat diet feeding overcomes the deficiency of proinflammatory miR155, generates CD95+ adipose tissue macrophages and secretes miR155 independent-, or miR155-suppressed proinflammatory cytokines/adipokines (second wave of inflammation), promotes aortic endothelial cell activation and increases atherosclerosis, which makes MHO transition to delayed MUO. (A) MHO is an intermediate stage in the development of delayed MUO. (A1) in the presence of wild-type miR155, cardiovascular metabolic disease risk factors accelerate the progression of MHO from metabolically healthy lean; (A2) In the absence of miR155, development of MUO need to go through an intermediate stage of MHO. (B) (B1) Adipocyte (pale yellow with light blue nuclei)-secreted and macrophage-secreted TNFα (red dots) may promote CD95+CD86- macrophage phenotype (green). This macrophage subset together with peripheral blood CD95+ monocytes/macrophages may secrete pro-inflammatory cytokines and chemokines into the circulation (yellow dots), which in turn induce aortic EC activation, shown by ICAM1 upregulation (B2, gray dots). The CD95+ monocytes/macrophages in aortas may also secrete proinflammatory cytokines and contribute to EC activation (B2b). (C) Over time, EC activation progresses towards atherosclerosis development (B3, bright yellow). Red dots: TNFα. Yellow dots: pro-inflammatory cytokines/chemokines/other molecules.



To this end, we have utilized our miR155-/-/ApoE-/- (DKO) male mice fed on HFD as a suitable MHO model (11). Not only did we find a role for miR-155 in MHO in mice, we found that miR155 transcripts showed a trend of increase in pericardial adipose tissue from obese-type 2 diabetic patients compared with obese patients. A limitation of our study is the difference in visceral adipose tissue depot: in vivo mouse studies utilized gonadal adipose tissue, while our human adipose tissue was pericardial. Although literature comparing the pericardial and gonadal/epididymal fat depots, specifically, were not found, both fat depots exhibit inflammatory and/or metabolic dysfunction parameters (78–80). Future work is needed to verify a similar inflammatory profile between the two adipose tissue depots. Several studies report that approximately one-third to one-half of MHO individuals develop MUO, showing that MHO may not be a stable condition for a significant portion of obese patients. We therefore aimed to better understand how MHO transitions to MUO (36). We determined whether MHO mice develop MUO with extended HFD, which mimics the MHO patient continuing an HFD lifestyle. We saw that over time, extended HFD-fed MHO model developed atherosclerosis, although aortic plaque deposition was not significantly different between ApoE-/- and DKO mice at 24 weeks (Figure 2). This demonstrated MHO transition to MUO, which has been delayed due to miR155 deficiency (Figure 9A2). We recently proposed a new concept of second wave of inflammation status, in which a proinflammatory master regulator such as miR155 promotes the first wave of inflammation but inhibits the second wave inflammation so that when it is deficient, the second wave of inflammation is increased (36). In our recent report (Front. Immunol. doi: 10.3389/fimmu.2020.554301), we further found that proinflammatory cytokine blockages induce inflammatory regulators. In the circulation, we found that TNFα and soluble forms of E-selectin and Icam1 were induced in DKO mice at the MHO stage (Figure 3A). It is possible that TNFα levels may be significantly attributed to gWAT, which we showed produced increasing amounts of TNFα over time (Figure 3B). Additionally, the soluble forms of E-selectin and ICAM1 are signatures of EC activation, suggesting that ECs at the MHO stage may be activated (81, 82) (Figure 9B). We next assessed the pro-inflammatory environment (if any) in DKO mice at the MHO stage and found that TNFα and Fas expression in gWAT were increased in DKO mice at the MHO stage compared with DKO mice at an earlier stage of HFD feeding. The levels of Mcp1, however, were unchanged, suggesting that macrophage recruitment was not changed, at least at this stage (83) (Figures 3B–D). We found that macrophages were significantly increased in male DKO versus ApoE-/- mice as well as miR155-/- vs WT mice, as assessed by flow cytometry (Figures 4B, C, K). Moreover, analysis of the macrophages as pro-inflammatory (CD45+F4/80+CD86+) or anti-inflammatory (CD45+F4/80+CD206+) showed no difference between ApoE-/- and DKO male and female mice. No difference was observed between WT and miR155-/- mice as well (Supplementary Figure 2). Our recent publication highlights that metabolic disease markers for pro-inflammatory macrophages are lacking, especially when compared with markers for CVD and infectious diseases (Table 3a in our recent publication) (46). Therefore, novel markers are needed. Fas (or CD95) is well-known for its pro-apoptotic role (25) but also has a non-apoptotic function as a pro-inflammatory mediator in cells such as macrophages (30–33). We examined whether CD95+ macrophages are increased in MHO mice. We found that while total CD95+ macrophages were not increased in MHO mice compared with ApoE-/- mice, the subset CD95+CD86- was (Figures 5A, B). This was also observed in female DKO mice compared with ApoE-/- mice, albeit with a smaller percentage compared with male mice (Figure 5D). These differences were unsurprising since female DKO mice exhibited a significant yet smaller difference in body and gWAT weights compared with female ApoE-/- mice in our previous report (11). In WT and miR155-/-, we observed that CD95+ macrophages were significantly reduced in miR155-/- mice following 12 weeks of HFD and that there was no difference in CD95+CD86- macrophage population (Supplementary Figures 4A, B). With extended HFD feeding (24 weeks HFD), we saw that CD95+ macrophages significantly increased in miR155-/- mice compared to WT mice (Supplementary Figure 4C). While CD95+CD86- macrophages are significantly lower in miR155-/- mice compared with the population in WT mice after extended HFD, the overall numbers of CD95+CD86- miR155-/- macrophages between 12 weeks and 24 weeks have increased; from approximately 2% to 12.5%, respectively (Supplementary Figures 4B, D). Additional experiment is needed to determine the extent to which CD95+ macrophage deletion can block MHO-MUO transition. Previous study showed that deletion of CD95 in adipocytes did not affect mouse weight, but led to improved insulin sensitivity, reduced plasma free fatty acid level, and reduced plasma pro-inflammatory cytokine IL-6. Also, adipocyte-specific CD95 deletion in mice had decreased Mcp1 and Cd11b mRNA levels, showing macrophages might be reduced (33).

Moving beyond, we found that there were no differences in the expression of pro-inflammatory IL-1β, TLR4 and Fas between the well-established atherosclerotic model, ApoE-/- mice, and our MHO mice (Figure 6). In other words, MHO mice maintained a pro-inflammatory environment, despite very minimal plaque manifestation. We and collaborators recently report a similar finding that deficiency of mRNA-decaying protein, TTP, in bone marrow cells promotes strong systemic inflammation but not atherosclerosis in LDLR-/- mice (55). Macrophages may exert their pro-inflammatory effects in a paracrine manner or via cell-cell contact. Using the culture medium of DKO SVF, which includes CD95+ macrophages, as well as using macrophage differentiation culture medium of PBMCs from human blood (84), we found increased ICAM1 expression on HAECs compared with respective controls (Figures 7A, B). Additionally, we found that treatment with TNFα, which was increased in DKO WAT, for 24 h increased Fas (CD95) detection in PBMCs, showing that TNFα in WAT of DKO model may increase the expression of CD95+ on macrophages (Figure 8). Our single cell RNA-Seq data analysis results showed that CD95, TNF-α and IL-1β are co-expressed in CD95+ monocytes and macrophages in aortas and peripheral blood (Supplementary Figures 7 and 8), and CD95 expressions are increased in MHO aortas in hyperlipidemia conditions (Figure 6). We performed Cytoscape database analysis (https://cytoscape.org/) on four pro-inflammatory molecules identified in our MHO model here (FAS, TNFα, IL-1β, TLR4), as well as on two adipogenesis regulators (C/EBP, PPARγ), and on two adipokines (leptin, resistin) in our reports (11, 36), which indicates that these pro-inflammatory pathways in MHO interplay with lipid storage and adipogenesis (Supplementary Figure 9). Taken together, our study suggests that CD95+CD86- ATMs may represent a novel subset for driving MHO transition to MUO via secretion of proinflammatory adipokines and cytokines in the absence of miR155, as shown in our new working model (Figure 9). Practically, it may represent the degree of transition to MUO in a clinical setting. Furthermore, this subset defines a previously unappreciated role for CD95+ macrophages in obesity, which may have similar pro-inflammatory roles in other disease conditions.
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Supplementary Figure 1 | Leptin is not significantly changed in DKO mice. 20-week old male mice were fed on HFD for 12 weeks beginning at 8 weeks old; n=3 per group. p>0.05. NS, not significant.

Supplementary Figure 2 | There is no significant difference in CD86+ (M1) or CD206+ (M2) ATMs. Pro-inflammatory macrophages were defined as CD45+F4/80+CD86+. Anti-inflammatory macrophages were defined as CD45+F4/80+CD206+. (A) male ApoE-/- (n=4), DKO (n=6). (B) male WT (n=10), miR155-/- (n=8). (C). female ApoE-/- (n=5), DKO (n=4). p>0.05. NS, not significant.

Supplementary Figure 3 | A novel subset of macrophages shows no significant difference in DKO vs ApoE-/- male mice on NC. Male mice were fed on NC and analyzed at 20 weeks old. ApoE-/- (n=5), DKO (n=7). p>0.05. NS, not significant.

Supplementary Figure 4 | CD95+ macrophage percentage increases with HFD feeding. (A, B) Male mice were fed on HFD from 8 weeks old to 20 weeks old. (A) Macrophages were defined as CD45+F4/80+CD95+. (B) Macrophages were defined as CD45+F4/80+CD95+CD86-; WT (n=5), miR155-/- (n=6). (C, D) Male mice were fed on HFD from 8 to 32 weeks old. (C). Macrophages were defined as CD45+F4/80+CD95+. (B) Macrophages were defined as CD45+F4/80+CD95+CD86-; WT (n=7), miR155-/- (n=10). *, p<0.05. NS, not significant.

Supplementary Figure 5 | CD95 (Fas) promotes inflammation signaling pathways. (A) The expressions of 34 genes out of 1376 innate immune genes from the Innate Immune Database (https://www.innatedb.com/) with the methods reported in our recent paper (https://www.frontiersin.org/articles/10.3389/fimmu.2020.554301/abstract) were decreased in the FAS knock-out microarray dataset (NIH-NCBI-Geo Datasets database GSE111244, FAS KO versus control cells). (B) The Ingenuity Pathway Analysis (IPA) with the Fas KO-decreased genes showed that eight inflammation signaling pathways were significantly downregulated (Z score ≥ 1 or Z score ≤ -1).

Supplementary Figure 6 | Fas mRNA transcripts are found in mouse aortic monocyte 1, monocyte 2 and macrophages. The data mining analyses were performed on the Single Cell RNA-Seq database of the Broad Institute of MIT and Harvard (Single CellBeta Portal; https://singlecell.broadinstitute.org/single_cell/study/SCP289/single-cell-analysis-of-the-normal-mouse-aorta-reveals-functionally-distinct-endothelial-cell-populations#study-summary, PMID: 31146585). (A) Fas expressions in monocytes and macrophages were circled in red in the Scatter; (B) Fas expressions in monocytes and macrophages were boxed in red in the Distribution; (C) Toll-like receptor 4 (TLR4) expressions in monocytes and macrophages were also boxed in read in the Distribution.

Supplementary Figure 7 | The expressions of Fas, TNFα, and IL-1b are found in all the four clusters of monocytes/macrophages in mouse adipose tissue stromal vascular fraction (SVF). The data mining analyses were performed on the Single Cell RNA-Seq database of the Broad Institute of MIT and Harvard (Single CellBeta Portal; https://singlecell.broadinstitute.org/single_cell/study/SCP708/mouse-adipose-stromal-vascular-fraction#study-summary). (A) Fas expressions in monocytes and macrophages were boxed in red in the Scatter; (B) TNFα expressions in monocytes and macrophages were boxed in red in the Distribution; (C) IL-1b expressions in monocytes and macrophages were also boxed in read in the Distribution.

Supplementary Figure 8 | The expressions of Fas, TNFα, and IL-1b are found in all the four clusters of monocytes/macrophages in human blood. The data mining analyses were performed on the Single Cell RNA-Seq database of the Broad Institute of MIT and Harvard (Single CellBeta Portal; https://singlecell.broadinstitute.org/single_cell/study/SCP43/atlas-of-human-blood-dendritic-cells-and-monocytes#study-summary; PMID: 28428369). (A) Fas expressions in monocytes and macrophages were boxed in red in the Scatter; (B) TNFα expressions in monocytes and macrophages were boxed in red in the Distribution; (C) IL-1b expressions in monocytes and macrophages were also boxed in read in the Distribution.

Supplementary Figure 9 | Extended high fat diet (HF) feeding-upregulated proinflammatory regulators including Fas (CD95), TNFα, IL-1b, and TLR4 overcome miR155 deficiency and promote resurgence of atherosclerosis. We reported that the expressions of C/EBP, PPARg, leptin (Lep), and resistin are upregulated in HF-fed MHO mice (PMIDs: 27856635; 30369883); and we also found that the expressions of CD95, TNFα, IL-1b and TLR4 are increased in HF-fed MHO mice in this study. The Cytoscape analyses (https://cytoscape.org/; the network data integration, analysis and visualization database) indicate that pro-inflammatory and pro-immune, lipid storage and white adipose tissue differentiation pathways are interplayed and promote resurgence of atherosclerosis and MHO transition to MUO.
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Adipose tissue macrophages (ATMs) regulate homeostasis and contribute to the metabolically harmful chronic inflammation in obese individuals. While evident heterogeneity of resident ATMs has been described previously, their phenotype, developmental origin, and functionality remain inconsistent. We analyzed white adipose tissue (WAT) during homeostasis and diet interventions using comprehensive and unbiased single-cell mass cytometry and genetic lineage tracking models. We now provide a uniform definition of individual subsets of resident ATMs. We show that in lean mice, WAT co-harbors eight kinetically evolving CD206+ macrophage subpopulations (defined by TIM4, CD163, and MHC II) and two CD206– macrophage subpopulations. TIM4–CD163+, TIM4–CD163– and CD206– macrophage populations are largely bone marrow-derived, while the proliferating TIM4+CD163+ subpopulation is of embryonic origin. All macrophage subtypes are active in phagocytosis, endocytosis, and antigen processing in vitro, whereas TIM4+CD163+ cells are superior in scavenging in vivo. A high-fat diet induces massive infiltration of CD206– macrophages and selective down-regulation of MHC II on TIM4+ macrophages. These changes are reversed by dietary intervention. Thus, the developmental origin and environment jointly regulate the functional malleability of resident ATMs.
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Introduction

Obesity and impaired metabolic health are escalating worldwide, and obesity is a significant risk factor for metabolic disorders, including type II diabetes, non-alcoholic fatty liver disease, atherosclerosis, and ischemic cardiovascular disease (1, 2). The tissue most strongly associated with the pathogenesis of obesity is white adipose tissue (WAT). Adipose tissue macrophages (ATMs), the most abundant immune cell type in WAT, have been associated with the development and expansion of adipose tissue, as well as with antigen presentation, iron metabolism, and catecholamine synthesis (3–8). Immunological profiling of obesity has mainly focused on the contribution of the recruited bone marrow-derived macrophages to WAT (9–16), showing that the CCR2-mediated recruitment of monocytes and their differentiation into macrophages (17–19) forms the basis of harmful obesity-associated chronic inflammation of WAT (20, 21). The behavior and identity of the recruited macrophage populations that accumulate in obese adipose tissue are well characterized (15, 18, 19, 22). Diet-induced obesity (DIO) has been suggested to alter ATMs phenotype from an anti-inflammatory (M2) state towards a more pro-inflammatory (M1) activation state that contributes to insulin resistance (15). Inhibition of the accumulation of pro-inflammatory macrophages in WAT results in amelioration of obese conditions and improved metabolic status (18, 23–28). However, further studies are needed to unravel the function and diversity of resident macrophages, especially in steady state lean adipose tissue, to provide knowledge that would shift intervention approaches away from targeting the inflammatory ATMs towards targeting their metabolic reprogramming in order to maintain adipose tissue homeostasis.

Not all tissue-resident macrophages originate from bone marrow-derived monocyte precursors. In numerous tissues, resident macrophages are established during early embryonic development and are self-maintaining locally throughout adult life, with minimal input from circulating monocytes (29–35). Likewise, adipose tissue also contains self-renewing macrophages, which populate adipose tissue independently of the establishment of bone marrow hematopoiesis (10–12, 36, 37). Recently, several studies have addressed the identity of the steady state ATM subpopulations in mice, both at RNA level with single-cell sequencing and protein level with conventional flow cytometry, demonstrating an evident heterogeneity among the resident ATMs in WAT (15, 38–41). However, it is unclear how these different subsets described in various studies using different techniques and markers are related to each other, and detailed analyses of developmental origin and maintenance of resident macrophages in adipose tissue are still lacking. Defining the identity of different resident ATMs in lean WAT is essential to dissect more precisely their role in homeostatic or obesity-related functions.

In the present study, we aimed to unravel the development, identity, and origin of resident ATM populations in lean WAT and their responsiveness to dietary interventions. Using comprehensive and unbiased single-cell analyses in wild type and genetically modified mouse models, we identified the co-existence of multiple distinct resident ATM populations in the lean WAT defined by CD206, TIM4, CD163, and MHC II cell surface markers. The results showed that resident ATMs are a complex pool of embryonic and infiltrating monocyte-derived macrophages. Our analyses reveal for the first time that resident ATM subsets exist both in lean and obese WAT in relatively steady numbers and have unique phenotypic switches compared to the obesity-induced bone marrow-derived macrophages. Our findings provide a unifying approach for using distinct markers to identify resident ATM populations in a lean WAT and suggest a critical role for the origin of macrophages in regulating the function of ATM subpopulations in WAT.



Materials and Methods


Mice

The genetic mouse models used in this study were: Ccr2−/− (stock 004999), Nur77−/− (stock 006187), R26R-EYFP (stock 006148), Cx3cr1CreERT2 (stock 020940), and Csf1rCreEsr1 (stock 019098), purchased from Jackson Laboratories, and Plvaptm1Salm (Plvap−/−) mice (42, 43). Wild type (WT) mice, C57BL/6J and C57BL/6N, were acquired from Janvier labs. All mice were kept under 22°C and 12 hours of light and 12 hours dark cycles at the animal facilities of the University of Turku (Turku, Finland). Unless stated otherwise, the animals were fed with standard pellet chow and reverse osmosis water. Only males were used in all experiments, and age-matched WT mice were used as controls in each experiment. Embryonic development was estimated considering the day of a vaginal plug as embryonic day 0.5 (E0.5). Animal experiments were conducted under the revision and approval of the Regional Animal Experiment Board in Finland, according to the 3R-principle and under Animal license numbers 6211/04.10.07/2017 and 14685/2020. All experiments were regulated according to the Finnish Act on Animal Experimentation (497/2013).



Mass and Flow Cytometry

Both sides of the epididymal white adipose depots (eWAT) were collected to Hank’s Buffered Saline (Sigma-Aldrich, H9394-500ML). The fat depots were minced with scissors and then digested for 1 hour at 37°C, with 1 mg/ml collagenase D (Roche, 1108886601) and 50 µg/ml DNase 1 (Roche, 10104159001). During the digestion, the samples were shaken 2 to 3 times. After homogenization by pipetting, the cell suspension was left for 10 minutes at room temperature (RT) for gravitational separation of the fractions. The stromal vascular fraction (SVF) fraction was filtered through silk (pore size 77 µm), pelleted, washed twice with Hank’s Buffered Saline, and suspended in PBS or FACS buffer.

For mass cytometry analysis, eWAT from both sides of seven 2-week-old and three 5-week-old mice were pooled. For analyses of 8-, 12-, 16- and 23-week-old mice, two donors per data point were used to get a sufficient number of leukocytes. Samples were stained in U-bottom 96-well plates. They were incubated in 2.5 μM Cell-ID Cisplatin (Fluidigm 201064; 5 min, RT) to exclude dead cells and then with anti-CD16/32 (clone 2.4G2, Bio X Cell; 10 min, RT) to block the Fc-receptors. Target antigens were labeled with pools of metal-tagged antibodies listed in Supplementary Table 1 (RT, 30 min). The samples were finally stained with DNA intercalation solution (1:1000 Cell ID Intercalator-103Rh in MaxPar® Fix and Perm Buffer, cat. 201067; Fluidigm; 1 hour, RT), and fixed by 4% paraformaldehyde solution (PFA; Santa Cruz Biotechnology, cat. sc-281692; overnight, 4°C). Before the acquisition, the cells were washed and resuspended in purified H2O.

The samples were run using Fluidigm Helios Mass Cytometer. Data were analyzed using Cytobank software (Cytobank, Inc) or Cytosplore visual analysis system (44, 45). Bead normalized data were gated for single (191Ir+) live (Cisplatin−) cells, analyzed by viSNE (dimensionality reduction algorithm t-SNE), and clustered in an unsupervised manner using FlowSOM algorithm (Cytobank, https://www.cytobank.org) or HSNE [Hierarchical Stochastic Neighbor Embedding (44)] using Cytosplore.

For fluorescent flow cytometry, the Fc-receptors were blocked the same way as for CyTOF. The staining with fluorochrome-conjugated antibodies was performed at 4°C for 20 min (the antibodies used are listed in Supplementary Table 1). Data were acquired with LSR Fortessa flow cytometer (Becton Dickinson) and analyzed using the FlowJo software (FlowJo LLC).



Lineage Tracking Experiments

To study the embryonic origin of macrophages, Csf1rCreEsr1 male mice were crossed with R26R-EYFP female mice. The plugged females were injected intraperitoneally (i.p.) with tamoxifen (1.5 mg) and progesterone (0.75 mg) at E8.5 to fluorescently label the offspring’s CSF1R+ yolk sac (YS) -derived macrophages. Additionally, Cx3cr1CreERT2 male mice were crossed with R26R-EYFP female mice. Pregnant dams were injected i.p. with the same dose of tamoxifen and progesterone as above at E9.5 or E13.5 to induce reporter recombination on the offspring. Both E9.5 and E13.5 tamoxifen pulsings selectively label only YS-derived macrophages since CX3CR1 is not expressed in the fetal liver-derived monocytes or their precursors (31, 46).



Histologic Analysis

Epididymal fat pad samples were fixed for 48 to 72 hours at RT with 10% Normal Buffered Formalin (Sigma, cat.:HT501128-4L). The specimens were then dehydrated in 50% EtOH to 70% EtOH gradient and kept at 4°C in 70% EtOH until paraffin embedding at Histology core facility of the Institute of Biomedicine, University of Turku, Finland. Four µm sections were cut, dried overnight at 37°C, deparaffinized, rehydrated, stained with Periodic Acid Schiff (Sigma-Aldrich, cat.:395B-1KT), and counterstained with hematoxylin. Slides were mounted with Dibutylphthalate Polystyrene Xylene (DPX; Sigma, cat.:06522-100ML). Stained sections were imaged using Pannoramic 1000 (3DHISTECH) scanner (with a 40x lens) and analyzed using CaseViewer software (3DHISTECH – CaseCenter 2.9 SP1).



Proliferation Experiments

5- and 16-week-old mice were injected i.p. with 1.2 mg of bromodeoxyuridine (BrdU, BD Pharmingen, cat.: 51-2420KC). Two hours after injection, fat pads were collected and processed as described above for flow cytometry. After standard FACS staining for leukocyte markers, cells were fixed and stained with FITC-conjugated BrdU antibody (BrdU Flow kit, BD Bioscience).



Diet Experiments

High-fat diet (HFD; Research diets, cat.: D12492, 5.24 kcal/g, 60 kcal% fat) was used to induce obesity, and it was compared with a natural ingredient-based standard diet [Chow; CRM (E), Special Diet Services, cat.: 801730, 3.62 kcal/g, 9.12 kcal% fat] and purified ingredient normal-fat diet (NFD; Research diets, cat.: D12450J, 3.85 kcal/g, 10 kcal% fat). 7 to 8-week-old male mice were weighed and randomly divided into the specific diet groups fed ad libitum. After eight weeks of the experimental diets (at the age of 16 weeks), eWAT from Chow and HFD fed group was analyzed to establish a baseline to study the effects of weight loss in obese mice (n = 8). As weight loss models, last 8 weeks of the experiment (from 16 to 23 weeks), a cohort of HFD-fed mice started a metformin treatment incorporated in the diet (HFD + Met, n = 8; Research diets, cat.: D18120701, 60 kcal% fat, average dose 353 mg/kg calculated based on food intake) and another cohort was reversed to Chow (HFD to Chow, n = 10). The remaining three groups [Chow (n = 8), NFD (n = 8), and HFD (n = 16)] continued with their original diets to the end of the experiment.

All diet experiment mice were weighed every two weeks. Glucose tolerance test (GGT) was performed after 14 weeks of diet interventions (22 weeks of age). Before GTT, mice were fasted for four hours, and the basal blood glucose level was measured. Glucose (2.5 g/kg lean mass) was injected intraperitoneally (i.p.), and glucose was measured from a blood sample using a glucometer (Contour XT, Bayer) obtained from the tail vein 20, 40, 60, and 90 minutes after the glucose injection. The fat mass gain was analyzed two times during the diet interventions (8 and 15 weeks from the beginning of diet intervention) by quantitative nuclear magnetic resonance (NMR) scanning (EchoMRI-700, Echo Medical Systems). After euthanasia, eWAT samples were collected, processed, and analyzed as described above.



Scavenging Experiments

For in vitro endocytosis assays, SVF was isolated from eWAT of 5-week-old WT mice (digested as described in “Flow and Mass Cytometry”). Negative control cells were kept at +4°C for 1 hour before exposure to the fluorescent cargoes. SVF of one animal was diluted to 200 µl of RPMI-1640 (Sigma, cat.: R5886-500mL) supplemented with 10% FCS and 2 mM L-glutamine (Glutamax, Gibco, cat.: 35050-038), and the cells were seeded to U-bottom 96-well plates. Fluorescein-conjugated dextran (1 mg/mL; 500 kDa; Invitrogen, cat.: D7136) or fluorescent beads (1:1000, 0.002% of solids; FluoSpheres carboxylate, 0.5 µm, yellow-green 505/515; Invitrogen, cat.: F8813) were added to cells. The plates were incubated at +37°C or +4°C for 1 h. After that, the cells were washed with ice-cold PBS to inactivate them metabolically. Flow cytometric staining was performed as described before. To calculate the phagocytosis/endocytosis capacity of TIM4+CD163+, TIM4+, CD163+, and TIM4–CD163– ATM subsets, the mean intensity fluorescence (MFI) of samples incubated at +37°C was divided by the MFI of samples incubated at +4 °C.

For in vivo endocytosis assays, 5- or 22-week-old mice were injected in the lateral tail vein, with 0.8 mg of 500 kDa dextran Fluorescein (Invitrogen, cat.: D7136) or with 0.1 mg Ovalbumin Fluorescein (Invitrogen, cat.: O23020) – 0,02mg chicken egg albumin antibody (Sigma, cat.: C6534-2ML) complex (47). One (for dextran) or two (for the immunocomplex) hours after the injections, the fat pads were collected, processed, and analyzed by flow cytometry, as described above.



Antigen Processing Experiment

DQ ovalbumin (DQ-OVA, 1mg/ml; Invitrogen, cat.: D12053) is a self-quenched conjugate of ovalbumin that exhibits green fluorescence after proteolytic degradation in the cells. SVF was isolated from eWAT of 5-week-old WT mice and diet experiment mice (Chow, HFD and HFD to Chow) at 30 weeks of age and incubated with the reporter under the conditions described in the “Scavenging experiments”. Preparation for this assay was performed as mentioned for the in vitro scavenging tests. DQ-OVA was added into 200 μL of cell suspension at a concentration of 10 μg/mL. Flow cytometric staining was performed as described before. To calculate the proteolytic capacity of ATM subsets, the MFI of samples incubated at +37°C was divided by the MFI of samples incubated at +4°C.



Statistics

Adult mice were allocated to experimental groups without specific randomization methods. Numeric data are given as mean ± SEM. Comparisons between the genotypes or treatment groups were made using the nonparametric two-tailed Mann-Whitney test, parametric two-tailed t-test, one- or two-way ANOVA test with Bonferroni post-hoc test. GraphPad Prism 9 (GraphPad Software, LLC) was used for the statistical analyses. P-values ≤ 0.05 are considered to be statistically significant.




Results


TIM4 and CD163 Define the Resident Macrophage Populations in Adipose Tissue

We applied a single-cell mass cytometry (CyTOF) approach for immune profiling of white adipose tissue (WAT) macrophage populations. Based on previous studies (11, 15, 38, 39, 41, 48), we first designed an extensive antibody panel including the signature markers associated with resident macrophages. We then carried out comprehensive profiling of epididymal white adipose tissue (eWAT) immune cell composition in 2, 5, 8, 12, 16, and 23 weeks old wild type (WT) male mice on a standard diet (referred hereafter as Chow; Supplementary Figure 1A). To visualize the overall immune cell profile of eWAT, we applied the t-Distributed Stochastic Neighbor Embedding (tSNE; 49) dimensionality reduction approach to all CD45+ cells (Supplementary Figures 1B, C). Across all samples, CD11b+ myeloid cells, including macrophages (CD64+F4/80+), monocytes (Ly6C+), dendritic cells (CD11c+), granulocytes (Ly6G+), and eosinophils (SiglecF+), were identified as the dominant leukocyte population (together representing 53 to 60% of all CD45+ cells). In addition, T- (CD4+ and CD8+) and B-lymphocytes (B220+), CD11b− dendritic cells (CD11b−CD11c+), and unclassified CD45+ cells were detectable in eWAT at all time points studied (Supplementary Figure 1C).

We then focused on the immunophenotypic characteristics and the kinetics of eWAT tissue-resident macrophages in more detail from juvenile (2- to 5-week-old) to adult (8- to 23-week-old) WT mice. We manually gated the macrophages from CD45+ cells based on the commonly used canonical macrophage markers, CD64+ and F4/80+ (Supplementary Figure 1B). As expected, most steady state eWAT macrophages from 2 to 23 weeks expressed CD206, a well-characterized M2-like macrophage marker, and only a minor fraction of CD64+F4/80+ macrophages were CD206 negative in a lean eWAT (Figure 1A). To avoid bias through manual gating, we performed unsupervised clustering of CD64+F4/80+ cells with the FlowSOM algorithm (50). This self-organizing map on top of tSNE visualization distinguished several macrophage subclusters, each expressing unique surface marker profiles (Figures 1A, B and Supplementary Figure 2). Among the CD206+CD64+F4/80+ tissue-resident macrophages, four main clusters of cells were observed based on their differential expression of TIM4 and CD163. For brevity, the TIM4+CD163+, TIM4+CD163−, TIM4−CD163+ and TIM4−CD163− populations will be called hereafter TIM4+CD163+, TIM4+, CD163+, and TIM4−CD163−, respectively. Each of these four major populations was further subdivided into two clusters based on major histocompatibility complex II (MHC II) expression (Figure 1B and Supplementary Figure 2). All MHC II+ clusters also expressed higher levels of Siglec1 (CD169) than MHC II− sub-clusters (Supplementary Figure 2). Interestingly, CX3CR1 expression was detected mainly in TIM4−CD163−MHC II+ cluster and in a small proportion of cells in the CD163+MHC II+ cluster (Supplementary Figure 2).




Figure 1 | Adipose tissue macrophages (ATMs) evolve during postnatal development. (A) Representative viSNE plots of CD45+CD64+F4/80+ macrophages of epididymal white adipose tissue (eWAT) in 2-, 5-, 8-, 12-, 16- and 23-week-old wild-type (WT) mice. The color code indicates the expression level of a given marker from low (blue) to high (red). (B) Representative unsupervised FlowSOM analysis of eWAT CD45+CD64+F4/80+ macrophage cell clusters at the indicated time points. Each FlowSOM metacluster (subpopulations) is indicated in different colors. (C) Frequencies of the macrophage subpopulations in WT eWAT based on the FlowSOM analyses at the indicated time points. Each FlowSOM metacluster (subpopulation) is represented by an individual color depicted in the columns (from B). Data are from n = 14 (2 wk), 12 (5 wk), n = 6 (8, 12, and 16) or n = 8 (23 wk) mice.



Kinetic analyses showed that several macrophage subpopulations underwent characteristic alterations in frequency between the different time points (Figure 1C and Supplementary Figures 3A–F). In both TIM4+CD163+ and TIM4+ ATM populations, the frequency of MHC II positive macrophages increased from 2 to 5 weeks of age and thereafter started to decrease slowly. In contrast, the MHC II negative TIM4+CD163+ and TIM4+ ATMs, the major subpopulations at juvenile (2- to 5-week-old) time points, strongly diminished throughout the postnatal development (Figure 1C and Supplementary Figures 3A, B). Among CD163+ and TIM4−CD163− macrophages, on the other hand, the frequency of MHC II positive cells grew significantly by age (Figure 1C and Supplementary Figures 3C, D). While the majority of CD64+F4/80+ cells were CD206 positive, a minor percentage of CD206 negative cells were also identified (Figures 1A–C). Consistent with other reports (15, 39), the CD206−CD64+F4/80+ cells in lean mice included a small CD11c and Ly6C+ positive ATM clusters (Figures 1A–C and Supplementary Figure 2), likely representing monocyte-derived cells. The frequency of CD11c+ ATMs remained relatively steady, while the frequency of Ly6C+ ATMs fluctuated throughout the postnatal development (Figure 1C and Supplementary Figures 3E, F). Notably, although most CD11c+ cells were observed to be CD206 negative, low numbers of TIM4+CD163+ and CD163+ cells also expressed CD11c (Supplementary Figure 2).

Previous work has reported that most of the resident ATMs in lean mice are associated with adipose tissue vasculature. The vasculature-associated macrophages (VAMs) were identified with the expression of CD206, TIM4, and MHC II surface markers (11). To compare our data with the identified VAM macrophage populations, we manually gated our mass cytometry data with the same gating strategy used to determine the VAMs (Supplementary Figure 4A). We observed that all the populations recognized previously, VAM1, VAM2, pre-VAM and double positive (DP) macrophages, actually included cells from all main CD206+ (TIM4+CD163+, TIM4+, CD163+, and TIM4−CD163−) clusters identified with our unsupervised computational approach (Supplementary Figure 4B). In many tissues, LYVE1 positive macrophages are assigned to be the vessel-associated macrophages (51), and scRNA-seq experiments have correspondingly shown that the ATMs in adult lean mice express Lyve1 (11, 38). Therefore, we next studied LYVE1 from our data. We found that LYVE1+ macrophages did not represent a separate cluster but were identified in small subpopulations within each of the four major CD206+ ATM populations at all time points studied (Supplementary Figures 4C, D). Likewise, the LYVE1 positivity was found among all VAM1, VAM2, pre-VAM, and DP macrophage populations (Supplementary Figure 4B). Together these single-cell mass cytometric analyses show that the division of ATM subclasses in lean WAT is much more complex than previously appreciated and pointed out the need for higher dimensional flow cytometry and computational methods to capture the full heterogeneity of ATMs. Our mass cytometric analyses provide the first high-resolution map of the development of ATMs in eWAT and identify the optimal surface markers for identifying the distinct macrophage subtypes.



Bone Marrow-Derived CCR2 Dependent Monocytes Account for TIM4 Negative Tissue-Resident Macrophages in White Adipose Tissue

The circulating bone marrow-derived monocytes are known to heavily replenish macrophage pools in WAT in obesity (19). To address the contribution of bone marrow-derived monocytes to eWAT tissue-resident macrophage subpopulations in steady state, we used Ccr2- and Nur77-deficient mice manifesting with low numbers in circulating classical (Ly6CHigh) and patrolling (Ly6CLow) monocytes, respectively (52, 53). The total body weights and eWAT morphology of WT and Ccr2−/− male mice were comparable (Figures 2A, B and Supplementary Figure 5A), except for lighter eWAT fat pads in over 12-week-old Ccr2−/− mice (Supplementary Figure 5B), which is a known phenotype of Ccr2 deficient mice (18). FlowSOM clustering analysis of 5- and 8-week-old Ccr2−/− mice eWAT showed that the frequency of TIM4+CD163+ and TIM4+ ATMs (MHC II positive and negative subpopulations) was increased (Figures 2C–E; and Supplementary Figure 5C). On the other hand, Ccr2 deletion resulted in a striking loss of CD163+MHC II+ and TIM4−CD163−MHC II+ ATM populations that were not recovered upon aging (Figures 2C, F, G). Additionally, CD206−CD11c+ and CD206−Ly6C+ macrophage populations were significantly diminished in Ccr2 deficient mice compared to WT controls (Figures 2H, I). On the contrary, the contribution of bone marrow-derived patrolling Ly6CLow monocytes in the generation of ATMs was not substantial. A slight decrease in the frequency of CD163+MHC II+ and TIM4−CD163−MHC II+ ATMs was seen only at 8-week time point in Nur77-deficient mice. Interestingly, the Ly6C+ cell populations increased in Nur77−/− mice (Supplementary Figures 5C–J). These genetic models collectively show that the bone marrow-derived CCR2 dependent Ly6CHigh monocytes contributed greatly not only to the CD206−CD11c+ and CD206−Ly6C+ ATM populations but also control the generation of the two TIM4 negative ATM populations (CD163+MHC II+ and TIM4−CD163−MHC II+) in lean mice.




Figure 2 | CCR2-dependent trafficking of bone marrow-derived monocytes contributes differentially to eWAT macrophage subpopulations. (A) Representative macroscopic images of eWAT in 5-week-old wild type (WT) and Ccr2-/- mice. Epididymal fat pads are outlined with a dashed line. (B) Representative PAS-stained histology of eWAT in 5- and 8-week-old WT and Ccr2-/- mice. Scale bar 100 µm. (C) Frequencies of macrophage subpopulations in eWAT of 5- and 8-week-old WT and Ccr2-/- mice based on the FlowSOM analyses at the indicated time points. Each FlowSOM metacluster (subpopulation) is represented by an individual color depicted in the columns. (D–I) Frequencies of eWAT macrophage subpopulations in Ccr2-/- and WT mice. The quantitative data are shown as mean ± SEM (*P ≤ 0.0332, **P ≤ 0.0021, ***P ≤ 0.0002, ****P ≤ 0.0001, two-way ANOVA with Bonferroni post-hoc test). Each data point represents a pooled eWAT from 3 mice for 5 wk and 2 mice for 8 wk. All mass cytometry data are from 2 (8 wk WT) or 3 (5 wk WT, and 5 and 8 wk Ccr2-/-) independent experiments.





Adipose Tissue TIM4+CD163+ Macrophages Are Embryonically Derived

The embryonic-derived macrophage progenitors, either yolk sac or fetal liver-derived, contribute to tissue-resident macrophage populations in multiple organs (46, 54–59). Therefore, we carried out the cell-fate mapping experiments to address the contribution of the yolk sac-derived precursor to the ATM populations in lean eWAT. To identify yolk sac-derived macrophages (60), we induced YFP conversion in Csf1rCreEsr1;R26R-EYFP -reporter mice by a single tamoxifen injection at E8.5 (Figure 3A) and used flow cytometry for the disentanglement of YFP positive cells in adult mice (Supplementary Figure 6A). We found YFP+ cells solely in TIM4+CD163+ positive macrophage population in 5-week-old mice (over 80% of YFP+CD64+F4/80+ cells were TIM4+CD163+ macrophages). From the rest of the ATMs, only the TIM4+ population had a small percentage of YFP+ cells, while CD163+, TIM4−CD163−, and CD11c+ ATMs were completely YFP negative (Figure 3B). As an alternative model to label yolk sac-derived macrophages, we pulsed Cx3cr1CreERT2;R26R-EYFP -reporter mice (31, 46, 61) with tamoxifen at E9.5 (Figure 3C). The results confirmed the embryonic origin of TIM4+CD163+ cells and the lack of contribution of yolk sac-derived cells to the other macrophage populations (Figure 3D). When cells were converted later (at E13.5) in Cx3cr1CreERT2;R26R-EYFP (31, 46, 61) mice (Figure 3E), the vast majority of YFP+ cells were still found in TIM4+CD163+ subpopulation, both in 5- and 10-week-old mice (Figure 3F and Supplementary Figure 6B). Interestingly, the conversion at E13.5 resulted in a slight YFP positivity among TIM4−CD163− ATMs in 5-week-old mice (Figure 3F). We noticed that the absolute cell number of YFP+ cells dramatically decreased in the 10-week-old mice (Supplementary Figure 6C), indicating restricted survival of yolk sac-derived macrophages in aging mice.




Figure 3 | Yolk sac-derived macrophages give rise to self-renewing tissue-resident ATMs. (A, B) The experimental outline (A) and representative FACS plot and kinetic quantifications (B) of yolk sac‐derived macrophages in ATMs of Csf1rCreEsr1; R26R-EYFP mice. (C, D) The experimental outline (C) and representative FACS plot and quantifications (D) of yolk sac‐derived macrophages in ATMs with the early conversion of Cx3cr1CreERT2; R26R-EYFP reporter mice. (E, F) The experimental outline (E) and representative FACS plot and quantifications (F) of yolk sac‐derived macrophages in ATMs of the Cx3cr1CreERT2; R26R-EYFP mice with the late conversion of Cx3cr1CreERT2; R26R-EYFP reporter mice. (B, D, F) The plots show the backgating of the YFP+ cells (green) on the different ATM populations. The quantifications show the frequency of CD45+YFP+CD64+F4/80+ cells in each macrophage population. (G) The experimental outline shows i.p. administration of BrdU to 5- and 16-week-old wild type (WT) mice and harvesting of ATMs after 2 hours. (H) Frequencies of BrdU positive cells in ATM populations. The quantitative data are shown as mean ± SEM [*P ≤ 0.0332, **P ≤ 0.0021, ***P ≤ 0.0002, ****P ≤ 0.0001, one-way ANOVA (B, D, F) and two-way ANOVA (H) with Bonferroni post-hoc test]. Each data point represents one mouse. All flow cytometry data are from 2 (B, D, F, and H for 5 wk) or 1 (H for 16 wk) independent experiments.



To gain additional insight into the development of ATMs, we analyzed Plvap−/− mice, which shows a selective reduction of fetal liver-derived macrophages in many tissues (42, 43). At the age of 5 weeks, Plvap−/− mice had significantly lower body weight but comparable relative weight and morphology of eWAT to WT mice (Supplementary Figures 6D–F). We found an overall reduction of CD64+F4/80+ macrophages in Plvap-/- mice eWAT (Supplementary Figure 6G). More detailed analysis revealed that the frequency of the TIM4+CD163+ positive macrophage population was reduced in Plvap deficient mice compared to the WT littermates (Supplementary Figures 6H, I). Together with the lineage tracking experiments, these results indicate that embryonic macrophage precursors, both from the yolk sac and fetal liver origin, enter the eWAT during embryonic development and persist in eWAT after birth. Collectively, the data support the embryonic origin of the TIM4+CD163+ ATMs.

The dynamic changes in ATM subpopulations during aging might be due to local proliferation. To assess this possibility, we quantified the proportion of proliferating ATM cells in vivo with 5-bromo-2`-deoxyuridine (BrdU) labeling (Figure 3G). TIM4+CD163+ and CD11c+ ATM subpopulations consistently had BrdU+ cells at the age of 5 and 16 weeks. At the age of 16 weeks, resident CD11c+ cells proliferated faster than any other ATMs. In contrast, we did not observe any reproducible macrophage proliferation in TIM4+, CD163+, or TIM4−CD163− ATM populations (Figure 3H). The data collectively reveal that TIM4+CD163+ and CD11c+ macrophages in lean eWAT undergo in situ proliferation to retain the population density at a steady state. Conversely, the expansion of TIM4−CD163− and CD163+ populations depends mainly on CCR2-dependent recruitment of bone marrow-derived circulating blood monocytes rather than local proliferation.



The Major Tissue-Resident Macrophage Subpopulations Persist in Adipose Tissue During Metabolic Alterations

To study the influence of different diet interventions on eWAT resident ATM populations, we set up several models. We fed WT male mice for 16 weeks (from 8 weeks to 23 weeks of age) with an obesogenic high-fat diet (HFD) and compared them with mice fed with natural ingredient-based chow diet (Chow) and purified ingredient normal-fat diet resembling chow in the levels of macronutrients, but HFD in the sources of other nutrients (NFD; Figure 4A and Supplementary Figures 7A–C). Moreover, we established two different weight loss models to explore further how weight loss will impact the ATM subpopulations. To this end, mice were first fed with HFD to induce obesity (8-week diet) and, after that, mice were assigned either to metformin treatment (HFD + Met), known to reduce body weight and improve insulin sensitivity (62), or switched to standard chow (HFD to Chow; Figure 4A and Supplementary Figures 7A–C).




Figure 4 | Diet interventions induce alterations in ATMs. (A) Experimental setup of diet interventions. The standard diet is referred to as Chow, normal-fat diet as NFD, and high-fat diet as HFD. In the weight loss models, HFD fed mice were administrated with metformin (referred to as HFD + Met), or the diet was switched to Chow (referred as HFD to Chow) after 8 weeks on HFD (at 16 weeks of age). (B) Overview HSNE level (Level 1) embedding of CD64+F4/80+ ATMs in eWAT at the end of the dietary experiments (cells from all study groups superimposed). HSNE level embedding shows density features (blue, low density; red, high density) depicting the local probability density of cells. The black dots indicate the centroids of identified cluster partitions. Blue encirclement indicates manual selection of the major ATM populations representing TIM4+CD163+, TIM4+, CD163+, and the merged TIM4−CD163− and CD206− ATMs. (C) Expression of the indicated markers. (D) The left-hand blot: Contribution of cells from the five different diet groups (color-coded as indicated) to the different HSNE density clusters (dark orange for Chow, light orange for HFD to Chow, light blue for NFD, light gray for HFD, and dark gray for HFD + Met). In the five other plots: Each diet is embedded individually, and the red color presents the cells in the indicated diet group, and the gray color shows cells in the whole data set. (E) HSNE embedding representing a selection of TIM4+CD163+, TIM4+, and CD163+ ATMs (Zoom level 2), demonstrating different diet groups with different colors as indicated. (F) Selection of merged CD206+TIM4−CD163− and CD206− ATMs in HSNE embedding representing different diet groups with different colors as indicated. (G) Expression of the indicated markers in TIM4+CD163+, TIM4+, and CD163+ ATMs. (H) Expression of the indicated markers in merged CD206+TIM4−CD163− and CD206− ATMs. Indicated markers’ expression intensity is shown from low (blue) to high (red). All mass cytometry data are from n = 8 (Chow), n = 8 (NFD), n = 16 (HFD), n = 8 (HFD + Met), or n= 10 (HFD to Chow) mice.



To identify ATM populations under different diets and to avoid the possible effect of downsampling, we first implemented the Hierarchical Stochastic Neighboring Embedding (HSNE) for the mass cytometry data (44, 63). ATM cells from the diet experiments were analyzed with the Cytosplore single-cell analysis framework. At the overview level, the CD64+F4/80+ ATMs analysis verified that the same major CD206 positive macrophage populations TIM4+CD163+, TIM4+, and CD163+ identified in steady state, also existed in all diet groups (Figures 4B, C). However, in HFD and HFD + Met, the TIM4−CD163− population was merged with a considerably increased inflammatory CD11c cell population (Figures 4B–D).

We then selected and explored all subpopulations separately by generating new higher resolution embeddings (Figures 4E, F). The result showed that the frequency of CD163+ macrophages decreased in HFD and HFD + Met groups and TIM4+CD163+ cells showed a similar tendency compared to Chow (Supplementary Figure 8A). However, this was caused by the influx of inflammatory CD11c+ cells as, despite the large individual variability, the cell number stayed relatively steady in TIM4+CD163+, TIM4+, and CD163+ populations, regardless of the diet intervention (Supplementary Figure 8B). The absolute cell number data suggested that tissue-resident ATMs do not respond to HFD with increased proliferation or apoptosis. Interestingly, only the NFD diet showed a trend towards increased cell counts in TIM4+CD163+ and CD163+ populations (Supplementary Figure 8B).

Overlayed visualization of different diet groups showed several diet-specific regions in TIM4+CD163+, TIM4+, and CD163+ATM subpopulations (Figures 4E, G and Supplementary Figure 8C). For instance, the NFD ATMs clustered separately because of their high Ly6C expression (Figures 4E, G), indicating that monocyte differentiation to macrophages occurs during the NFD diet. In the Chow, NFD, and HFD to Chow groups, we found that the TIM4+CD163+, TIM4+ and CD163+ ATMs had high MHC II expression. In contrast, the HFD and HFD + Met treatment induced a phenotypic switch in ATMs, resulting in a downregulation of MHC II expression (Figures 4E, G). Furthermore, in the HFD, HFD + Met, and NFD groups, the TIM4+CD163+ MHC II− and CD163+MHC II− macrophage populations had higher expression of CD206 (Figures 4E, G), which is commonly considered as an M2-like macrophage marker (64). The TIM4−CD163− together with CD206− ATM populations underwent remarkable remodeling during the diet alterations (Figures 4F, H). Among these cells, HFD induced a vast expansion of inflammatory CD11c+ ATM cells, which is in line with earlier published literature (22, 65, 66). However, a similar effect was also seen in the HFD + Met group (Figures 4F, H).

Interestingly, the expression of CD115 and CX3CR1 was induced within the merged TIM4−CD163− and CD206− ATMs in HDF and HFD + Met groups (Supplementary Figure 8D). In contrast, the switch from HFD to Chow decreased the number of TIM4−CD163− and CD206− ATM cells back to the normal state (Supplementary Figure 8B). Together these results indicate that while the HFD induces a major influx of macrophages, the resident ATMs persist in the eWAT despite the nutritional challenges or dietary or pharmacological anti-obesity treatments.



Obesity Induces TIM4+CD163+ and TIM4+ Macrophages to Undergo MHC II Reprogramming

For quantifying the MHC II expression, we applied viSNE followed by an unsupervised FlowSOM algorithm to cluster the CD64+F4/80+ ATMs from the different diet interventions. FlowSOM identified 13 metaclusters, of which main TIM4+CD163+, TIM4+, CD163+, TIM4−CD163− and CD11c+ ATM populations were identified (Figure 5A and Supplementary Figure 9A). Quantitative analyses revealed the expected increase in the frequency of CD11c positive cell populations, while Ly6C cells stayed steady (Supplementary Figures 9B, C). More interestingly, quantitative analyses showed that all ATM subpopulations were mainly MHC II positive in Chow and NFD diets (Figures 5B–E). In contrast, the HFD induced a robust phenotype switch in TIM4+CD163+ and TIM4+ macrophages with significant downregulation of MHC II expression (Figures 5B, C). This phenotypic change was already detectable after an 8-week HDF diet (Supplementary Figure 9D). This switch appeared to be specific as the alterations in the expression of MHC II in the bone marrow-derived CD163+ and TIM4−CD163− macrophages, although significant, were substantially smaller (Figures 5D, E). Interestingly, we observed that the diet switch from HFD to Chow returned the MHC II expression of TIM4+CD163+ and TIM4+ macrophages to steady state, while the metformin treatment did not (Figures 5B, C). This macrophage phenotype change was associated with a significant decrease in adipocyte size (Supplementary Figure 9E). Together these results suggest that resident ATM populations have an origin-dependent MHC II response to diet-induced obesity.




Figure 5 | Obesity induces reversible down-regulation of MHC II in resident ATMs. (A) Representative FlowSOM maps and frequencies of CD45+CD64+F4/80+ macrophage cell clusters in eWAT of wild type (WT) mice with different dietary interventions; standard diet (Chow), normal-fat diet (NFD), high-fat diet (HFD), or weight loss models; metformin-treated mice on HFD (HFD + Met) or HFD fed mice switched to standard diet after 8 weeks (HFD to Chow). Individual FlowSOM metaclusters (subpopulations) are indicated in different colors. (B–E) Frequencies of MHC II+ and MHC II− cells in different ATM subpopulations of mice on different dietary interventions. The quantitative data are shown as mean ± SEM (*P ≤ 0.0332, **P ≤ 0.0021, ***P ≤ 0.0002, ****P ≤ 0.0001, two-way ANOVA with Bonferroni post-hoc test). All mass cytometry data are from n = 8 (Chow), n = 8 (NFD), n = 16 (HFD), n = 8 (HFD + Met), or n = 10 (HFD to Chow) mice and from 2 independent experiments.





All WAT Macrophage Subtypes Are Phagocytic and Endocytic Cells With the Capacity to Process Antigens

To study the phagocytic and endocytic ability of ATMs in vitro, we incubated the isolated cells with fluorescent beads (0.5µm) or fluorescent dextran (500 kDa; Figure 6A and Supplementary Figure 10A). The results revealed that all four main ATM subpopulations in the eWAT were able to phagocytose the fluorescent beads (Supplementary Figure 10B). Furthermore, when the cells were incubated with dextran in vitro, endocytosis took place in all ATM subpopulations, although the TIM4+CD163+ cells had higher endocytic capacity than the TIM4−CD163− cells (Figure 6B and Supplementary Figure 10C). Within TIM4+, CD163+, and TIM4−CD163− subpopulations, the MHC II positive cells showed higher efficacy in endocytosis of dextran, while in TIM4+CD163+ ATMs, both MHC II+ and MHC II− cells showed equal endocytic capacity (Supplementary Figure 10D). Altogether, these in vitro results support that all populations we have assigned as macrophages in eWAT are indeed genuine macrophages with phagocytic and endocytic capacity.




Figure 6 | TIM4+CD163+ and TIM4+ ATMs are efficient in scavenging and have an antigen processing capacity. (A) The experimental setup for measuring the in vitro engulfment of 0.5 µm fluorescent beads, 500 kDa fluorescent dextran, or DQ ovalbumin by different macrophage subtypes isolated from eWAT of 5 or 30-week-old wild type (WT) mice. (B) Endocytosis of dextran by the different macrophage subpopulations [fold change in mean fluorescence intensity (MFI) at 37°C versus background at 4°C]. (C) Antigen processing capacity of the different macrophage subpopulations (fold change in MFI of DQ-OVA at 37°C versus background at 4°C). (D) Scavenging of dextran in vivo. The experimental setup for studying scavenging (intravenously administered fluorescent 500 kDa dextran). The quantifications show the frequencies of dextran positive and dextran negative cells within TIM4+CD163+, TIM4+, CD163+, and TIM4−CD163− ATM populations of 5- and 22-week-old WT mice. (E) Analyses of the absolute numbers of dextran positive and dextran negative cells from (D) The quantitative data are shown as mean ± SEM (*P ≤ 0.0332, **P ≤ 0.0021, ***P ≤ 0.0002, ****P ≤ 0.0001, one- (B, C) or two-way (D, E) ANOVA with Bonferroni post-hoc test). Each data point represents one mouse in (B, C) Dextran in vivo experiment (D, E) data are from n = 9 (5 wk) or n = 4 (22 wk) mice. All flow cytometry data are from 1 (D for 22 wk, and E for 22 wk) or 2 (B–E for 5 wk) independent experiments.



To study the ability of isolated resident ATMs to process soluble antigens, we used DQ-ovalbumin conjugated with BODIPY FL dye (DQ-OVA) as a surrogate antigen. This self-quenched reporter emits fluorescence upon proteolytic degradation (67). Interestingly, all ATM subsets appeared to have a capacity to endocytose and process antigens when studied in vitro after one-hour incubation with DQ-OVA (Figure 6C and Supplementary Figure 10E). However, at the age of 5 weeks, especially TIM4+CD163+ ATMs degraded DQ-OVA significantly higher degree than CD163+ or TIM4−CD163− cells (Figure 6C). The MHC II+ cells displayed more predominant proteolytic capacity in the TIM4+ resident ATM population, while in all the other resident ATMs, both MHC II+ and MHC II− cells showed equal antigen processing capability (Supplementary Figure 10F). We similarly performed in vitro DQ-OVA experiment with ATMs isolated from different diet experiments. The result revealed that contrary to earlier timepoint, CD163+ and TIM4−CD163− ATMs showed the most active antigen processing in the aged animals (Chow group; Supplementary Figure 10G). However, no difference in antigen processing between resident ATMs in the different diet intervention groups was observed (Supplementary Figures 10G–I). Thus, all ATM subpopulations are capable of antigen processing. While aging impacts the antigen processing capability of resident ATMs, it is not chanced due to metabolic challenges.



Embryonic-Derived TIM4+CD163+ Macrophages Are Superior in Scavenging In Vivo

Unlike in vitro, macrophages’ scavenging properties in vivo are also regulated by the proximity of macrophage subsets to the antigen’s entrance routes into adipose tissue. Therefore, to evaluate possible functional differences of macrophage subpopulations in vivo, we intravenously (i.v.) administered fluorescently labeled 500 kDa dextran or fluorescent immune complex (OVA-SIC) to 5-week-old WT mice (Figure 6D and Supplementary Figure 10J). Interestingly, TIM4+CD163+ and CD163+ populations were the most effective ATMs to scavenge dextran from the blood (Figure 6D). When the total cell numbers were analyzed, only the embryonic-derived TIM4+CD163+ ATM population showed noteworthy scavenging of dextran in vivo at 5 weeks of age (Figure 6E). Notably, the ability of TIM4+CD163+ ATMs to bind/uptake dextran was significantly reduced at 22 weeks of age, indicating an age-dependent adjustment in the functionality of embryonic-derived ATMs (Figures 6D, E). When analyzing in vivo OVA-SIC, the binding/up-take was readily detected in F4/80+ macrophages in the spleen, but there was only minimal OVA-SIC accumulation in eWAT macrophages (Supplementary Figure 10J). Nevertheless, the only OVA-SIC binding cells visible in eWAT were TIM4+CD163+ macrophages (Supplementary Figure 10J). These in vivo findings demonstrate a superior scavenging capacity of embryonic-derived TIM4+CD163+ tissue-resident macrophages in vivo in steady state conditions.




Discussion

Although resident adipose tissue macrophages are central to tissue homeostasis (68), resident ATMs’ origin, identity, and kinetics are still not well-understood. This study determined the development of resident macrophage subsets in adipose tissue at a steady state and their response to metabolic challenges. Using extensive marker selection with unsupervised high-dimensional single-cell analyses, we distinguished six different resident ATM populations in lean mice. Four of them expressed CD206, a classical marker for alternatively activated M2-like macrophages, while the two CD206-negative populations were identified by CD11c and Ly6C positivity. In addition, TIM4 and CD163 were identified as dichotomic markers for separating the four major CD206 positive macrophage populations. All four CD206 positive ATM populations were further subdivided by the MHC II expression status and displayed characteristic kinetic changes during aging. Combining cell-fate mapping and macrophage deficient mouse models, we show that resident ATM macrophages represent in lean mice a mixture of cells originating from the yolk sac, fetal liver, and adult bone marrow. Our diet interventions showed that the numbers of CD206 positive resident ATMs in WAT are largely diet independent, yet obesity induced reversible changes in MHC II expression of resident ATMs.

Adipose tissue forms already in utero, and new adipocytes are generated continuously at a substantial level, even in adults (69). ATMs are critical during the early postnatal life when de novo generation of adipocytes is elevated (12, 69). We found that all major ATM populations were identifiable already at two weeks of age and that the overall number of ATMs grew during postnatal development. While the frequency of the TIM4+CD163+ and TIM4+ subsets decreased upon aging, the two other CD206+ macrophage populations, CD163+, and TIM4−CD163− cells, steadily increased in postnatal mice. Whereas the MHC II negative subpopulations dominated the TIM4+CD163+ and TIM4+ cells at the early postnatal age, MHC II positive subpopulations became dominant in the adults. In contrast, CD163+ and TIM4−CD163− ATMs were mainly MHC II+ throughout postnatal life.

Recently many groups have studied the ATMs in lean mice with different techniques (3, 11, 15, 38–41, 48, 70). While these studies have identified various resident ATM populations in eWAT, comparing the differences between macrophage populations from the different studies has been challenging. Thus, there was an obvious need for a more uniform and precise definition of ATMs before studying the subset-specific function of these heterogenic resident ATMs in the future. Most ATM studies have been done using conventional fluorimetric flow cytometry with a limited set of classical macrophage markers F4/80, CD11b, and CD64 (8, 39, 48), while other studies have used CD11c, CD206, or CX3CR1 instead (3, 15, 41, 71). Major limitations in all of these studies have been the suboptimal marker repertoire for dissecting the true heterogeneity of resident ATMs, challenges in controlling the high autofluorescence of myeloid cells, and the bias introduced by manual gating strategies. More comprehensive but still limited marker selection was used when the vascular-associated macrophage (VAM) nomenclature was proposed (11).

Few RNA studies have also addressed the ATMs in lean mice (38, 40, 70). In scRNAseq analyses of lean mice, Jaitin et al. identified only one macrophage cluster that expressed Cd163 and Lyve-1, markers commonly associated with perivascular macrophages (38, 51). Bulk RNA results of VAM2 confirmed the transcription of the same markers in lean mice (11). In contrast, Weinstock et al. identified six different ATM populations in lean adult mice (40). Two prominent macrophage clusters in lean mice, designed as resident macs and activated macs, prospectively resemble our TIM4+CD163+ (both MHC II+ and MHC II− subpopulations) cells, as Cd163, Lyve-1, and H2-Ab were expressed in these clusters. Interestingly, Tim4 was not present in differentially expressed genes in any of the clusters (40). One of the clusters identified, named stem-like macs, highly expressed genes related to proliferation, such as Ube2c, Top2a, and Mki67. Likewise, we saw that proportion of TIM4+CD163+ and CD11c+ ATM cells consistently proliferated at both 5 and 16 week time points. From our data, we identified a smaller CD206−Ly6C+ macrophage population that was TIM3 and CD43 positive. Similar cells have been previously called B cell-like and Heme macs. Moreover, the monocyte cluster identified in scRNAseq analyses highly expressed Fcgr1 (CD64) and thus likely includes cells similar to our CD206−Ly6C+ macrophages. In obesity, resident macrophages called major macs were found to expand along with newly appearing phagocytic macs (40). Together, these two clusters likely correspond to our TIM4−CD163− ATM population mingling with the incoming CD11c population in obese mice. Weinstock et al. found that only the number of major macs increased in obese animals, while the other resident macrophage clusters remained relatively stable in obese mice, which is consistent with our observations. Clearly, further studies are warranted to precisely correlate RNA and protein levels in ATM macrophages for an unambiguous definition of different subpopulations in lean and obese mice.

Macrophages internalize extracellular antigens through endocytosis and phagocytosis and process them for antigen presentation. Our in vitro analyses showed that each of the four main ATM macrophage subtypes is capable of endocytosing and phagocyting several different cargos and are hence bona fide macrophages. In vitro, TIM4+CD163+ and TIM4+ macrophages, compared to the other main ATMs, showed an approximately two-fold increase in endocytosis of dextran. However, the in vivo binding/endocytosis assays with dextran and immunocomplex revealed TIM4+CD163+ macrophages as the main interacting population. The result may reflect superior scavenging capacity or physiological exposure of TIM4+CD163+ cells to the blood-borne ligands. Nevertheless, all macrophage populations contained LYVE1+ subsets, tentatively identified as vessel-associated macrophages (72, 73), and all populations had cells highly expressing CD206, which is the primary scavenger receptor for dextran (74, 75). Therefore, other mechanisms may contribute to the better capacity of TIM4+CD163+ macrophages for in vivo scavenging. Of note, in vitro endocytosis/phagocytosis assays revealed that also MHC II negative subsets are effective in these processes. It may imply a functional specialization in which the ingested antigens are not presented to boost the immune system but are possibly silently disposed.

Recent studies of macrophage ontogeny have highlighted macrophage heterogeneity and have revealed that various tissue-resident macrophage compartments are already established during embryogenesis (43, 46, 51, 76). Under homeostatic conditions, each adult tissue has its unique composition of coexisting embryonic-derived and adult bone marrow-generated macrophages (55–57, 59, 77). Thus, ATM expansion can be driven by in situ proliferation and/or by the influx of new bone marrow-derived monocytic precursors. Our Ccr2 knockout data collectively suggest that the recruitment of CCR2-mediated monocytes from the blood is crucial for expanding the resident CD163+ and TIM4−CD163− populations. Our results are well in line with lineage tracking studies done with Ms4a3-Cre-dtTomato reporter, labeling all bone marrow-derived monocytes but not embryonically derived macrophages, showing that 50% of ATMs are bone marrow origin (38). Resident ATMs are proposed to be predominantly derived from embryonic yolk sac precursors (12). Using fate mapping models and Plvap deficient mice, we showed that long-lived embryonic-derived, both yolk sac and liver origin, macrophages exist in ATMs but almost solely within the TIM4+CD163+ subpopulation. These results are consistent with a previous study showing that yolk sac-derived macrophages are necessary to expand adipocytes postnatally (12).

The adaptation of adipose tissue to diet variations is critical to the maintenance of metabolic control. In obese adipose tissue, the high influx of recruited monocyte-derived CD11c+ ATMs leads to low-grade systemic chronic inflammation and insulin resistance (19, 66). In line with published data, we observed the HFD induced increase of total macrophages as a cause of the massive expansion of the inflammatory CD11c+ ATM cells. However, the cell numbers of resident TIM4+CD163+, TIM4+, and CD163+ populations remained surprisingly steady despite the diet or treatment interventions, suggesting a homeostatic role for tissue-resident macrophages in white adipose tissue.

Diet-induced obesity promotes the differentiation of ATMs towards a more classically activated M1-like phenotype reflected by an increased MHC II expression. In contrast to previously published papers (48, 78), our studies revealed that although diet-induced obesity might increase MHC II expression in ATMs generally (3), both TIM4+ resident ATM populations decreased their MHC II expression significantly during the HFD. After this phenotypic switch, these cells started to resemble the early postnatal CD206+TIM4+CD163+ MHCII− cells. The loss of MHC II from TIM4+ ATMs during HFD notably did not impact antigen processing capability. Remarkably, after eight weeks of the diet switch from HFD to Chow, the TIM4+CD163+ ATMs had regained the high MHC II expression. Although the functional implications of the phenotypic switch remain to be studied, it may be related to adipose tissue remodeling, to which yolk sac-derived macrophages contribute in early life (79, 80).

In conclusion, we show here that tissue‐resident macrophage subsets in white adipose tissue consist of four main populations defined by CD206, TIM4, and CD163 markers. The contribution of embryonic and adult bone marrow varies in the generation of the distinct macrophage populations, and at least the yolk sac-derived macrophages do not show any tendency towards phenotypic conversion to other macrophage types. Furthermore, tissue-resident macrophage subpopulations respond differently to metabolic challenges. These results imply that both ontogeny-derived and tissue-derived signals control the plasticity of resident ATMs. Moreover, the diet intervention studies suggest that the pro-inflammatory macrophage phenotype induced by HFD is not a fixed state but can be reverted to a normal anti-inflammatory phenotype by dietary therapy. We thus reveal previously unknown heterogeneity of tissue‐resident macrophage subsets in white adipose tissue with advanced single-cell proteomics technology and unbiased single-cell analyses. Our data should be useful for defining individual subsets of resident macrophages when dissecting their metabolic and other functional roles in the future.
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White fat stores excess energy, and thus its excessive expansion causes obesity. However, brown and beige fat, known as adaptive thermogenic fat, dissipates energy in the form of heat and offers a therapeutic potential to counteract obesity and metabolic disorders. The fat type-specific biological function is directed by its unique tissue microenvironment composed of immune cells, endothelial cells, pericytes and neuronal cells. Macrophages are major immune cells resident in adipose tissues and gained particular attention due to their accumulation in obesity as the primary source of inflammation. However, recent studies identified macrophages’ unique role and regulation in thermogenic adipose tissues to regulate energy expenditure and systemic energy homeostasis. This review presents the current understanding of macrophages in thermogenic fat niches with an emphasis on discrete macrophage subpopulations central to adaptive thermoregulation.
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Introduction

Obesity is directly linked to the onset of many diseases, including type 2 diabetes, hypertension, cardiovascular diseases and some types of cancer (1, 2). Therefore, weight loss is suggested as a fundamental approach to ameliorate those disorders (3, 4). Obesity develops when energy intake chronically exceeds energy expenditure, and adipose tissue is the center of the regulation of systemic energy homeostasis. An expansion of white adipose tissue (WAT) in which energy-storing white adipocytes grow in number (hyperplasia) and size (hypertrophy) is the major characteristic of obesity (5). Conversely, brown adipocytes found in brown adipose tissue (BAT) and beige adipocytes inducible in particular WAT depots dissipate excess energy as heat, termed adaptive thermogenesis (5, 6). Since the biological functions of thermogenic adipocytes include regulating lipid and glucose metabolism and insulin sensitivity beyond strengthened energy expenditure, enhancing thermogenic adipocyte activity and amount holds promise to combat obesity and related disorders (7–10).

The distinct biological functions of white and thermogenic adipocytes are directed by their unique tissue microenvironments composed of multiple cell types, including immune cells, adipocyte progenitors, endothelial cells, pericytes and neuronal cells (11). In particular, immune cells have received considerable attention owing to their role in WAT inflammation, key pathophysiology of obesity. Macrophages are the most plentiful WAT-infiltrating immune cells in obesity and are crucial mediators of inflammation in adipose tissues (12). Adipose tissue macrophages (ATMs) are a heterogeneous population but can be conventionally classified as M1 (classically activated or pro-inflammatory) or M2 (anti-inflammatory or alternatively activated) cells. In obese WAT, M1 macrophages are recruited in response to pro-inflammatory mediators (lipopolysaccharides, interferon-gamma among others) and release pro-inflammatory cytokines [tumor necrosis factor-alpha (TNFα), inducible nitric oxide synthase) (13). Oppositely, M2 macrophages are abundantly found in lean WAT, express specific biomarkers (e.g., arginase) and secrete anti-inflammatory cytokines [e.g., transforming growth factor-beta (TGFβ), interleukin (IL)-10, IL-1 decoy receptor] (13).

In contrast to WAT, there was a limited research interest in the role of ATMs in regulating thermogenic adipose tissue characteristics and functions. The accumulation of pro-inflammatory M1 macrophages is observed in thermogenic adipose tissues in the state of obese and impairs thermogenic machinery of brown and beige adipocytes (14). Intriguingly, recent studies identified and highlighted the non-canonical roles of ATMs found in thermogenic adipose niches. Certain ATM subsets are specialized to mediate thermogenic programs of brown or beige adipocytes through driving local noradrenergic or cholinergic tone (15–20). This review covers the roles of ATMs in thermogenic adipose tissues, emphasizing distinct macrophage subpopulations central to adaptive thermoregulation.



A Distinct Role of Thermogenic Fat in Energy Homeostasis

In humans, thermogenic fat was believed to exist restrictively to infancy to generate heat and fight against hypothermia under cold environments. However, in 2009 a series of milestone publications identified the presence of functional thermogenic fat in the upper supraclavicular region of adult humans (21–23). Thermogenic activity, determined by 18F-fluorodeoxyglucose uptake, was induced in the supraclavicular area following short cold exposure, and its biopsy specimens showed the molecular and morphological features of thermogenic fat. So far, adult humans have been known to have thermogenic fat in several anatomic areas, including cervical, axillary, paraspinal, mediastinal, and abdominal, as well as supraclavicular (24). A recent study implied the significance of thermogenic fat in humans by demonstrating a lower prevalence of cardiometabolic disorders, including type 2 diabetes, coronary artery disease, hypertension and congestive heart failure, in individuals with thermogenic fat (25).

To date, three types of adipocytes have been identified in mammals: white, brown and beige adipocytes. While white adipocytes found in WAT possess few mitochondria and a large unilocular lipid droplet to store energy efficiently, brown and beige adipocytes contain multilocular lipid droplets and numerous mitochondria to generate heat. However, despite their similarities, brown and beige adipocytes are distinct cell types due to the main differences in their anatomical location and developmental origin (26). Therefore, brown adipocytes are specified as “classic” in distinction from beige adipocytes. Classic brown adipocytes cluster in dedicated depots, such as interscapular BAT of infants and mice. Thermogenic function of brown adipocytes is active at birth and relatively stable because they develop prenatally from precursors in the dermomyotome that expresses myogenic factor 5 (Myf5), paired-box protein 7 (Pax7) and engrailed 1 (27–29). However, beige adipocytes are inducible in WAT, particularly subcutaneous WAT, in response to cold exposure, catecholamines, thiazolidinediones and exercise. They derive from Myf5-absent precursors during postnatal development in mice, and upon cold exposure, beige adipocytes can be recruited by differentiation of precursors expressing alpha-smooth muscle actin (αSma), Cd81, Pax3 or platelet-derived growth factor receptor, alpha polypeptide (Pdgfrα) (30–33).

The long-standing paradigm in adaptive thermogenic mechanism has held that heat is generated by uncoupling protein 1 (UCP1) located in the mitochondrial inner membrane of brown or beige adipocytes. During mitochondrial respiration, UCP1 uncouples ATP synthesis and catalyzes proton leak across mitochondrial membrane, resulting in heat generation. However, recent studies discovered UCP1-independent adaptive thermogenic pathways mediated by futile creatine or calcium cycling in mammals (34–36). The futile cycles dissipate energy as the form of heat by consumption of ATP derived from lipid or glucose oxidation and are mainly found in beige adipocytes rather than brown adipocytes due to their high ATP synthetase expression. Like traditional UCP1-dependent thermogenesis, the UCP1-independent thermogenic machinery is also sufficient to regulate whole-body energy homeostasis and protect against diet-induced obesity and related metabolic dysfunction (35–38).

Adaptive thermogenic activation is directed by intercellular crosstalk within adipose niches. Neuronal-thermogenic adipocyte communication through catecholamines is the most well-known. The innervation of sympathetic nervous system (SNS) in thermogenic adipose tissues connects the central nervous system (CNS)-originated efferent signals with brown and beige adipocytes. Upon cold environment, catecholamines, particularly norepinephrine, released from sympathetic nerve terminals activates thermogenic programs of existing brown and beige adipocytes via β3-adrenergic receptor (AR) and induce de novo beige fat biogenesis via β1-AR in rodents (39–42). It is of note that in humans, β2 subtype has been recently reported to play a dominant role in β-ARs-dependent thermogenic fat activation (43). Besides sympathetic innervation or denervation, the local noradrenergic tone within thermogenic adipose tissues has been proposed to be mediated by adipose resident immune cells, such as subpopulations of ATM synthesizing or degrading catecholamine (17, 19). Intriguingly, recent studies also identified cholinergic adipose macrophages (ChAMs) that secrete acetylcholine to selectively activate beige fat thermogenesis under cold exposure (15). Hence, the regulation and function of thermogenic fat need to be understood considering its heterogeneity and complexity stemming from the tissue microenvironment as a bona fide platform for developing thermogenic fat-targeting therapeutic interventions.



A Classical View of Macrophages in Thermogenic Adipose Niches: Inflammation

Emerging evidence of macrophages’ involvement in controlling thermogenic fat function has recently drawn enormous attention to the non-canonical roles and regulation of ATMs (discussed details in the next section). However, recruitment of pro-inflammatory macrophages in thermogenic adipose tissues has been accepted as a pathophysiological phenomenon of obesity, even though it is less profound than in visceral WAT − the fat depot containing mainly white adipocytes to store energy (14, 44, 45). Chronic inflammation stemming from prolonged calorie overload contributes to the whitening of thermogenic adipocytes that transforms the cells to possess intensive energy-storing unilocular lipid droplets and lose unique characteristic of energy expenditure (14).

Gene expression landscapes of obese mouse BAT revealed enriched expression of markers for macrophages-derived pro-inflammatory cytokines, such as Tnfα, C-C motif chemokine ligand (Ccl) 2, and Ccl5 (46, 47). Independent studies showed that the activated pro-inflammatory markers were accompanied by reduced expression of thermogenic genes in obese BAT (14, 48–50). As direct evidence, pro-inflammatory macrophage infiltration and related cytokines, such as TNFα and IL-1β, were seen to inhibit the induction of Ucp1 expression in response to thermogenic stimuli in mouse thermogenic adipose tissues and differentiated C3H10T1/2 stem cells (14, 51, 52). Genetic deletion of TNF receptors in obese mice led to reduced apoptosis and induced transcriptional activation of Ucp1 in BAT, suggesting a significant role of TNFα-mediated inflammatory response in thermogenic adipobiology during obesity (53). Besides, TNFα appeared to cause insulin receptor substrate 2-mediated insulin resistance in brown adipocytes, supporting that pro-inflammatory signaling could affect a broad spectrum of metabolic processes beyond thermogenic fat cell activity (54).

M1 macrophage infiltration in subcutaneous WAT in obese mouse models shows deleterious effects on beige thermogenesis. Interestingly, a recent study found a self-sustained cycle of inflammation-driven beiging inhibitory mechanism in which pro-inflammatory macrophages expressing α4 integrin directly interact with beige adipocytes and their precursors through vascular cell adhesion molecule-1 (55). Genetic or pharmacological inhibition of the adhesive interaction enhanced beige adipogenesis and whole-body energy expenditure, thereby attenuating obese phenotype. In addition, genetic ablation of IκB kinase ε that amplifies inflammation signal by its elevation in ATMs enhanced UCP1 expression in subcutaneous WAT of mice (56). Hence, in obesity, recruitment of pro-inflammatory macrophages occurs in thermogenic adipose tissues, as seen in WAT, as a hallmark of obesity and negatively influences the biological functions of brown and beige adipocytes.



The Adipose Macrophages Central to Adaptive Thermoregulation

Since Nguyen et al. first reported catecholamine-producing ATMs in BAT in 2011, non-classical roles of ATMs in the regulation of thermogenesis and systemic energy homeostasis had been received significant attention and extensively studied as an innovative view to explain complex thermogenic mechanisms (17). To date, the research effort discovered four subpopulations of ATMs that played a direct role in controlling thermogenic fat function and broadened our understanding of the significance of adipose resident immune cells in systemic energy homeostasis.


Alternatively Activated Macrophages

In contrast to M1 macrophages, M2 or alternatively activated macrophages are predominant in lean adipose tissues and release anti-inflammatory cytokines, such as TGFβ and IL-10. In an obese state, a phenotypic transformation from anti-inflammatory M2 to pro-inflammatory M1-like macrophages occurs in adipose tissues leading to insulin resistance. M2 macrophages are required for tissue repair, tissue homeostasis and anti-helminthic activities. Interestingly, helminth infection attenuated high-fat diet-induced obesity along with induction of adaptive thermogenic capacity through enhanced M2 macrophage polarization (57).

Accumulated evidence shows the association between the expansion of alternatively activated macrophages and thermogenic activation (58–62). Many studies have highlighted how M2 macrophages are polarized and activated during adipose thermogenesis, such as through C-X-C motif chemokine ligand 14 (CXCL14) and meteorin-like (58, 61). Particularly, it is fascinating that CXCL14 is released from brown adipocytes to recruit M2 macrophages upon thermogenic activation, indicating an active interplay between thermogenic adipocytes and M2 macrophages during adaptive thermogenesis. However, the mechanisms by which M2 macrophages induce thermogenic responses have not been well established. Nguyen et al. first identified that upon cold stress M2 macrophages expressing tyrosine hydroxylase (TH), key catecholamine synthesizing enzyme, release norepinephrine via IL-4 signaling to activate BAT thermogenesis (17). Serial studies from the same group have found catecholamine-producing M2 macrophage-mediated thermogenesis in beige adipocytes as well and completed its whole mechanistic machinery. In mouse subcutaneous WAT, IL-5 secreted from stimulated type 2 innate lymphoid (ILC2) cells by IL-33 were identified to activate and recruit eosinophils, and subsequently, eosinophils activated M2 macrophages by secreting IL-4 (63, 64). Additionally, ILC2- and eosinophil-secreted type 2 cytokines, including IL-13 and IL-4, promoted beige differentiation of PDGFRα+ precursors through IL-4Rα (64). However, in 2017, Fischer et al. presented contradictory data that M2 macrophages do not express TH enough to produce norepinephrine in BAT and subcutaneous WAT (20). It is still controversial whether alternatively activated macrophages synthesize NE during thermogenesis based on published independent studies (60, 65–67). It has been advances in identifying thermogenic ligands for brown and beige adipocytes within adipose niches. However, whether alternatively activated macrophages can produce any known ligands other than NE for thermogenic fat activation is still unclear (68).

A recent study provided a novel aspect of M2 macrophage-dependent catecholamine secretion and beiging by discovering the mechanism by which M2 macrophages enhanced the local SNS activation in subcutaneous WAT upon cold exposure. Slit guidance ligand 3 (SLIT3) secreted from M2 macrophages induced sympathetic innervation and TH activation by binding to sympathetic neurons via roundabout guidance receptor 1 (ROBO1), thereby promoting NE synthesis and beiging to sustain adaptive thermogenesis (16). Consistent with this notion, an independent study found that IL-25-induced M2 macrophage polarization increased outgrowth of sympathetic nerves in subcutaneous WAT (60). It is conceivable that M2 macrophages contribute to adaptive thermogenesis, and dissecting the mechanisms by which M2 macrophages induce thermogenesis and maintain systemic energy homeostasis may empower the specific immune cell type as a novel therapeutic target for obesity.



Sympathetic Innervation-Regulatory Macrophages

Under a cold environment, TH-expressing sympathetic axons are the primary source of NE that binds to β3-ARs on the surface of mature brown and beige adipocytes and activates thermogenic programs. A recent mouse study indicated that beige adipocytes could be differentiated from αSMA-expressing progenitors through β1-ARs in response to NE (39). Of note, beige adipocytes are greatly inducible and heterogeneous due to their remarkable plasticity at the adipocyte and progenitor levels in response to external cues or genetic disposition. In mice lacking β-ARs, beige adipocytes were activated by directly sensing cold temperature or differentiated from myogenic differentiation 1-expressing progenitors (known as glycolytic beige adipocytes) (40, 69).

Local sympathetic innervation and activity in rodent BAT and subcutaneous WAT are enhanced by adipocyte-derived neurotrophic factors, such as nerve growth factor (NGF), neuregulin 4 and S-100 protein β-chain, and by vascular endothelial growth A factor secreted from vascular cells and brown adipocytes (70–74). Recent studies highlight the contribution of immune cells resident in thermogenic adipose niches to sympathetic innervation under cold conditions. In mouse BAT, γδ T cells induced TGFβ1 secretion from adipocytes through IL-17 receptor C signaling and thus increased outgrowth of sympathetic nerves and adaptive thermogenesis (75). Eosinophils maintained by IL-5 also secreted NGF, thereby promoting sympathetic innervation during cold-induced beiging (76).

Methyl-CpG binding protein 2 (Mecp2)-expressing, CX3CR1+ macrophages have been suggested as a subpopulation of BAT-resident macrophages that directly influences sympathetic innervation (18). Mecp2 is well-known to show a mutation in the postnatal neurodevelopmental disorder Rett syndrome. Both Mecp2-null and brain-restricted Mecp2-deleted mice demonstrated neurological defects related to Rett syndrome, such as irregular breathing and hindlimb clasping (77). Wolf et al. genetically depleted Mecp2 in all tissue macrophages using Cx3cr1-Cre mice or in a macrophage subpopulation expressing CX3CR1 using tamoxifen-inducible Cx3cr1-CreER mice (18, 78). Upon chow diet feeding, the mutant mice developed obese phenotypes with excessive body weight gain and enlarged fat mass without Rett-like symptoms in adulthood (18). Thermogenic dysfunction of BAT and resulted decrease in whole-body energy expenditure at a steady-state were seen in the mutant animals due to reduced NE input by impaired local sympathetic innervation. Mechanistically, Plexin A4 overexpressed in Mecp2-deleted CX3CR1+ macrophages seemed to interact with and block outgrowth of Semaphorin 6A-positive sympathetic axons in the tissue.

Interestingly, Mecp2-expressing macrophages were found to be insignificant in coordinating the responsiveness to acute thermogenic stimulation, such as brief cold exposure (18). Instead, it was linked to sustaining sympathetic innervation and adaptive thermogenesis at a steady-state for homeostasis. As discussed, alternatively activated macrophages have also been reported to involve sympathetic nerve outgrowth in subcutaneous WAT during cold adaptation (16, 60). Therefore, available evidence indicates that a discrete subpopulation of ATMs may reshape local sympathetic innervation to mediate energy expenditure and maintain metabolic homeostasis.



Catecholamine-Scavenging Macrophages

Over the controversy surrounding the presence and significance of catecholamine-producing macrophages within thermogenic adipose tissues, Pirzgalska et al. identified a subpopulation of ATMs that contains catecholamine by its uptake, not by its biosynthesis, in both rodents and humans and that mediates thermogenesis and obesity (19). The macrophage subset, named sympathetic neuron-associated macrophages (SAMs), was initially found in sympathetic nerve bundles of subcutaneous WAT and confirmed its existence in BAT macrophages in mice. SAMs have been characterized as hematopoietic lineage cells that have enriched expression of macrophage-specific markers and as a functionally distinct population that uniquely expresses solute carrier family 6 member 2 (Slc6a2) responsible for NE transport. NE was detectable in SAMs, and the NE uptake depended on extracellular catecholamine availability. Additionally, the absence of TH in SAMs supported the notion that intercellular NE accumulation was due to its uptake, not biosynthesis. To coordinate the cellular catecholamine scavenging process, SAMs also highly expressed monoamine oxidase A (Maoa) for NE degradation along with Slc6a2. Previous studies also prove that macrophages are capable of NE uptake and degradation (79, 80). Interestingly, beige adipocytes served as a NE clearance route via organic cation transporter 3 (Oct3) in subcutaneous WAT, and fat-specific Oct3-deleted mice showed enhanced beige thermogenesis in response to NE (81).

Adipose SAMs have been found to be excessively recruited in obese conditions, suggesting their possible role in pro-inflammation (19). However, when SAM-mediated catecholamine uptake was blocked by bone-marrow transplantation from Slc6a2 KO mice into obese recipients, the chimeric mice showed elevated serum NE levels and adaptive thermogenic capacity in both BAT and subcutaneous WAT under cold exposure. Furthermore, SNS activation via food restriction resulted in body weight loss in the chimeric animals due to activation of adipocyte lipolysis, the first step to generate energy substrates for thermogenesis in thermogenic adipocytes. An independent study uncovered a Maoa-enriched macrophage subset within visceral WAT (82). The distinct subpopulation was found to lower the bioavailability of NE and blunt adipocyte lipolysis in the elderly. Mechanistically, its catecholamine-degradation machinery was activated by NLRP3 inflammasome-induced growth differentiation factor 3 (82).

This potential integrative explanation involving the coexistence of catecholamine scavenging and producing ATM subpopulations within thermogenic adipose niches indicates the significance of ATMs in maintaining local noradrenergic tone and related metabolic homeostasis. Furthermore, the catecholamine scavenging ATMs may also play a role in regulating systemic NE homeostasis upon sustained hypernoradrenergic conditions.



Cholinergic Adipose Macrophages (ChAMs)

Acetylcholine is arguably accepted as the most crucial neurotransmitter in the CNS, autonomic nervous system and somatic nervous system. Parasympathetic nerves are the primary source of acetylcholine. However, non-neuronal cell types also contain cellular machinery that modulates acetylcholine availability and utilization, called the non-neuronal cholinergic system (NNCS), to maintain physiological functions and homeostasis of key organs (83–85). Furthermore, dysfunctional NNCS is directly linked to the pathogenesis of diseases (84, 85). Hence, identifying and understanding NNCS in various types of cells provides new insights to treat diseases.

NNCS includes an acetylcholine synthesizing enzyme [choline acetyltransferase (ChAT)], transporters [vesicular acetylcholine transporter (VaChT)], receptors [nicotinic acetylcholine receptors (nAChRs), muscarinic acetylcholine receptors (mAChRs)] and degrading enzymes [acetylcholinesterase, (AChE), butyrylcholinesterase (BChE)] (84, 85). Immune cells have been known to express NNCS components, particularly ChAT. Recent findings highlight distinct biological roles of acetylcholine-synthesizing immune cells, particularly T cells and B cells, in maintaining innate immunity and blood pressure and responding to chronic viral infection (86–88).

ChAT has been reported to be expressed in macrophages; however, the physiological significance of the acetylcholine-producing macrophages has not been elucidated (86, 89–91). Jun et al. recently identified ChAMs responsible for acetylcholine secretion and adaptive thermogenesis in subcutaneous WAT where parasympathetic innervation is absent (15, 92, 93). Using ChAT reporter mice to monitor functional ChAT-expressing cells in vivo, acetylcholine-producing cell populations were defined as CD45+ hematopoietic immune cells, not neurons, and they were composed mainly of B cells, T cells and macrophages (92). Among the ChAT+ immune subsets, macrophages were the only population to show induction in ChAT abundance and acetylcholine secretion in response to cold stress (15). Macrophage-specific ChAT deleted mice showed impaired cold-induced thermogenesis in subcutaneous WAT. ChAMs were activated by NE through β2-AR signaling, demonstrating their role in linking sympathetic signals to thermogenic beige fat activation (15). As suggested by transcriptome analysis, the functionally distinct ChAMs displayed unique molecular machinery fulfilling their role in neurotransmitter metabolism (15).

It has been found that neuronal acetylcholine receptor subunit alpha 2 (CHRNA2) senses ChAMs-produced acetylcholine in beige adipocytes and activates thermogenesis through UCP1- and creatine futile cycling-mediated pathways (92, 94). CHRNA2 has been identified as a unique marker for activated beige adipocytes. However, brown adipocytes do not have functional CHRNA2 to receive acetylcholine (92). Besides, the abundance of ChAT+ macrophages in BAT was very low and not responsive to cold exposure (15). Therefore, CHRNA2-dependent thermogenic activation was not seen in BAT. CHRNA2 signaling was induced during cold exposure, and its deficiency at the whole-body or adipocyte level in mice was unable to fully activate cold-induced thermogenic programs in subcutaneous WAT and systemic energy expenditure (92, 94). Importantly, this acetylcholine-mediated CHRNA2 signaling showed physiological significance to combat obesity and related metabolic dysfunction by demonstrating profound fat accumulation and impaired whole-body glucose metabolism after chronic calorie overload in the absence of Chrna2. The discovery of ChAMs that secrete acetylcholine via β2-AR signaling and induce beige thermogenesis provides novel evidence of the neuro-immune-beige fat axis and may offer a new approach to counteract obesity and metabolic disorders.




Concluding Remarks

Thermogenic fat in adult humans was first found and described as the interscapular gland in 1908 (95). Around a hundred years later, its rediscovery, in which thermogenic fat is inducible and functional in adult humans upon external stimuli, fueled scientific interest in the field and contributed to recent advances in understanding thermogenic adipobiology (21–23). Over the last decade, immune-thermogenic adipose interaction has received particular attention in the field due to its unexpected critical roles in shaping thermogenic fat function. Macrophages have been identified as a major resident immune cell type in thermogenic adipose niches. Four distinct subsets of ATMs central to thermoregulation have been identified so far, as summarized in Figure 1. Secretory response to cold exposure was seen in both M2 macrophages and ChAMs to rapidly stimulate thermogenic machinery in a paracrine manner. Surprisingly, M1 macrophages-derived inflammatory cytokine CXCL5 has been reported to induce beige thermogenesis (96). On the contrary, there are ATM subsets that inhibit adaptive thermogenesis and exert pathogenesis of obesity. The four ATM subpopulations have been characterized as distinct populations that express their unique markers or cellular machinery. However, it is still unknown whether they share their molecular natures or developmental origins, at least in part, and interact with each other in a particular environment. In addition, their distribution across tissues and tissue-specific functions is worth studying to understand their biological significance better at the whole-body level.




Figure 1 | Adipose tissue macrophage-mediated adaptive thermogenesis in brown and beige adipocytes. Distinct macrophage subpopulations within thermogenic adipose tissues, including brown and subcutaneous white fat, support functions of brown or beige adipocytes to dissipate energy and regulate systemic energy homeostasis. Alternatively activated M2 and cholinergic adipose macrophages activate thermogenic responses in brown or beige adipocytes through paracrine mechanisms in a cold environment (red arrows). On the other hand, thermogenic inhibitory ATM subsets that block sympathetic innervation or import/degrade catecholamine have been identified in thermogenic adipose niches (red blunt-ended lines). AR, adrenergic receptor; ChAT, choline acetyltransferase; CHRNA2, neuronal acetylcholine receptor subunit alpha 2; CXCL14, C-X-C motif chemokine ligand 14; MAOA, monoamine oxidase A; MECP2, methyl-CpG binding protein 2; NE, norepinephrine; PLEXA4, plexin A4; ROBO1, roundabout guidance receptor 1; SEMA6a, semaphoring 6a; SLC6a2, solute carrier family 6 member 2; SLIT3, slit guidance ligand 3; TH, tyrosine hydroxylase.



The unexpected discovery of acetylcholine-secreting ChAMs in subcutaneous WAT raises the possibility that existing distinct macrophage subpopulations within thermogenic adipose niches might be more diverse than we think. ChAMs are the only ATM subset so far known to target a non-canonical thermogenic pathway, CHRNA2 signaling, in beige adipocytes among the four thermogenic ATMs. In addition, ChAMs responded to β2-AR agonist or fibroblast growth factor 21 mediated by miRNA-182-5p from beige adipocytes to induce acetylcholine secretion in a cold environment (15, 97). The other three ATM subpopulations are linked to the canonical β-AR mechanism in thermogenic adipocytes via regulating local noradrenergic tone. Further work studying mechanistic details that modulate activation and target thermogenic pathways of the ATM subsets may contribute to defining their distinct features and functions from each other in regulating adipose thermogenesis and metabolism. For example, it is reasonable to question whether and how the thermoregulatory ATMs’ functions are mediated by the dynamic regulators of macrophage activation that control cytokine secretion and innate immunity in response to external cues and also affect the recruitment of subtypes of thermogenic adipocytes (98–100). In addition, since chronic excessive systemic acetylcholine or catecholamine causes disease conditions, such as acetylcholine-induced nicotinic/muscarinic toxicity and catecholamine-induced hypertension, we need to investigate whether their levels mediated by the thermogenic ATM subsets are limited at the local site level or affect systemic levels (101–103). Furthermore, these ATM subsets’ presence and biological significance need to be assessed in human thermogenic adipose tissues.

There is growing awareness that brown and beige adipocytes improve lipid metabolism, glucose metabolism and insulin sensitivity beyond enhanced energy expenditure. However, underlying regulatory mechanisms of thermogenic adipocytes are complex due to their remarkable plasticity and heterogeneity depending on external cues, genetic disposition and microenvironment. Although understanding of adaptive thermogenic mechanisms still remains incomplete, discovering the ATM subpopulations central to thermoregulation has broadened our knowledge of immune-thermogenic adipose interaction in metabolic adaptation and brought new insights into the development of therapeutic strategies to enhance energy expenditure. Further research in dissecting ATM populations to identify a specific subset that supports the functions of thermogenic adipocytes may provide exciting perspectives in the field and establish an immune-targeting metabolic drug to improve systemic energy homeostasis and reverse the pathophysiology of obesity and other metabolic disorders.
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The adipose tissue undergoes substantial tissue remodeling during weight gain-induced expansion as well as in response to the mechanical and immunological stresses from a growing tumor. We identified the C1q/TNF-related protein family member C1qtnf3 as one of the most upregulated genes that encode secreted proteins in tumor-associated inguinal adipose tissue - especially in high fat diet-induced obese mice that displayed 3-fold larger tumors than their lean controls. Interestingly, inguinal adipose tissue C1qtnf3 was co-regulated with several macrophage markers and chemokines and was primarily expressed in fibroblasts while only low levels were detected in adipocytes and macrophages. Administration of C1QTNF3 neutralizing antibodies inhibited macrophage accumulation in tumor-associated inguinal adipose tissue while tumor growth was unaffected. In line with this finding, C1QTNF3 exerted chemotactic actions on both M1- and M2-polarized macrophages in vitro. Moreover, C1QTNF3 treatment of M2-type macrophages stimulated the ERK and Akt pathway associated with increased M1-like polarization as judged by increased expression of M1-macrophage markers, increased production of nitric oxide, reduced oxygen consumption and increased glycolysis. Based on these results, we propose that macrophages are recruited to adipose tissue sites with increased C1QTNF3 production. However, the impact of the immunomodulatory effects of C1QTNF3 in adipose tissue remodeling warrants future investigations.
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1 Introduction

Adipose tissue can dynamically alter its size, cellular composition, and metabolic function in response to hormonal and nutritional changes. This plasticity requires effective tissue remodeling processes in which macrophages are thought to play a key role. For instance, anti-inflammatory M2-type adipose tissue macrophages increase in response to fasting, weight loss or cold temperature, and are suggested to buffer excess lipids and stimulate thermogenesis (1–3). Interestingly, a recent study shows that resident macrophages protect against pathological adipose tissue remodeling in obesity (4). In contrast, increased accumulation of pro-inflammatory M1-type macrophages in obese adipose tissue is considered to contribute to chronic inflammation that causes insulin resistance (5, 6). Macrophages are also well known to infiltrate tumors. A high density of tumor-associated macrophages is correlated with worse prognosis for most cancers and unlike obese adipose tissue most macrophages in late-stage tumors are of the M2-type, which have been shown to stimulate tumor progression and metastasis (7–9). Clearly, macrophage subtypes exist through a continuum and the dichotomous M1-M2 model is often too simplistic to explain all the functional aspects (10–12).

Paracrine crosstalk between adipose tissue and cancer cells has been shown to enhance tumor growth (13–18), and the mechanical pressure from a growing tumor will also trigger substantial tissue remodeling in adjacent adipose tissue. To identify new adipose tissue-derived factors potentially important in subcutaneous adipose tissue remodeling and/or tumor progression, we compared the global gene expression profiles of breast cancer-associated and control inguinal/mammary white adipose tissue (IWAT) from lean and high fat diet (HFD)-induced obese female C57Bl/6 mice. We chose to focus on upregulated secreted factors in breast cancer-associated IWAT that, to our knowledge, have not previously been studied in the context of adipose tissue remodeling and/or breast cancer progression. This approach led us to the cytokine C1Q and TNF related 3 (C1QTNF3, also called CTRP3, CORS26, cartducin and cartonectin) that belongs to the C1q/TNF-related protein-family. C1QTNF3 shares sequence homology with the insulin-sensitizing and anti-inflammatory adipokine adiponectin and is highly expressed in adipose tissue (19, 20). Since its discovery in 2001 (20), a number of experimental in vitro studies have been conducted and C1QTNF3 has been suggested to e.g. stimulate proliferation (21), inhibit LPS-induced inflammatory responses in fibroblasts, adipocytes and macrophages (22–25) and increase the secretion of adiponectin from adipocytes (21). Moreover, C1QTNF3 has been shown to exert beneficial effects on metabolism and inflammation in vivo; administration or transgenic overexpression of C1QTNF3 attenuated diet-induced hepatic steatosis and lowered glucose levels in Ob/Ob mice (26, 27) and C1QTNF3 knockout mice are more susceptible to collagen-induced arthritis in mice (28). Patients with type-2 diabetes have lower circulating C1QTNF3 levels (29) and visceral adipose tissue C1qtnf3 levels are reduced in obesity/insulin resistant conditions (30–32), but less is known about C1qtnf3 regulation in subcutaneous adipose tissue. Here, we found that IWAT C1qtnf3 expression increases in response to both a growing a tumor and to HFD-induced obesity, and this C1qtnf3 expression correlated with the expression of several macrophage markers and chemokines. We thus hypothesized that C1QTNF3 plays a role in macrophage regulation in breast cancer and/or subcutaneous adipose tissue remodeling. In line with this hypothesis, our data show that C1QTNF3 contributes to breast cancer-induced macrophage infiltration in IWAT. We found however no effect of C1QTNF3 neutralization on the macrophages within the tumor. Thus, IWAT C1QTNF3 affects macrophages locally in IWAT, but not in the adjacent tumor. In vitro, we demonstrate that C1QTNF3 is chemotactic for M1- and M2-macrophages and pushes M2 macrophages towards an M1-like phenotype. Thus, we propose that C1QTNF3 exerts immunomodulatory functions in a cell- and physiological state dependent manner.



2 Materials and Methods


2.1 Animals, Breast Cancer Model and IWAT Dissection

Female and male C57Bl/6 mice, obtained from Charles River Laboratories (MA, U.S.A), were allowed to acclimatize for one week upon arrival. The mice were maintained on standard housing conditions of 12-hour light/dark cycle and temperature with ad libitum access to water and regular chow or high fat diet (HFD, 60% kcal from fat, D12492 from Research Diets, NJ, U.S.A.) as indicated.

At the age of about 20 weeks, IWAT of female mice were transplanted orthotopically with the breast cancer cell line E0771 (1×105 cells in 50 µL) derived from a C57Bl/6 mouse (33). Cells were suspended in an equal volume Matrigel (Matrigel Basement Membrane Matrix, Corning Inc, NY, U.S.A) and phosphate buffered saline (PBS). Sham control IWAT received Matrigel alone. The mice were euthanized 2-3 weeks after tumor transplantation, and sham control- and tumor-associated IWAT, and tumors were harvested. In brief, the inguinal lymph node was carefully removed. Thereafter, the tumor was excised containing a 1-2mm-sheet of surrounding adipose tissue. Tumor-associated IWAT were dissected out, and the adipose tissue sheet covering the tumor was carefully removed. Thus, some border material was discarded to avoid contamination. To ensure enough cells in the flow cytometry analysis, most IWAT was included while the most peripheral IWAT was removed in the RNA-sequencing experiment (Supplementary Figure 1). All experiments were approved by the regional Animal Ethics Committee in Gothenburg, Sweden.



2.2 Cell Lines and Cell Culture

The pre-adipocyte cell line 3T3-L1 (ZenBio, Durham, NC, U.S.A.) was maintained in supplemented DMEM growth media containing high glucose (4500 mg L–1), fetal bovine serum (10%, FBS Gold) and penicillin–streptomycin (1%, Thermo Fisher Scientific, MA, U.S.A) (34). The differentiation into adipocytes was carried out according to standard procedures (35). In brief, upon reaching sufficient confluency, cells were treated with a differentiation cocktail (1 μm dexamethasone, 850 nM insulin, and 0.5 mM 3-isobutyl-1-methylxanthine) for 2 days. Thereafter the media was interchanged with fresh media containing a second differentiation cocktail (850 nM insulin) for additional 2 days upon the media was returned to regular supplemented DMEM. The 3T3-L1 adipocytes maturity was determined by the prevalence of lipid droplets and then the cells were assayed, usually between 8 to 10 days from start of differentiation.

The E0771 cell line was maintained in supplemented RPMI containing glucose (2000 mg L–1), supplemented with fetal bovine serum (10%, FBS Gold), penicillin–streptomycin (1%), HEPES (10 mM) and sodium pyruvate (1 mM, Thermo Fisher Scientific, MA, U.S.A.).



2.3 L-929 Conditioned Media

The L-929 fibroblast cell line (ATCC, VA, U.S.A) was cultured in DMEM containing high glucose (4500 mg L–1) supplemented with 10% FBS, 1% Non-essential amino acids (NEAA, Thermo Fisher Scientific, MA, U.S.A.), 1% penicillin–streptomycin during 4 days upon the resulting media was harvested, sterile filtered (0.2 µM) and stored at -80°C until use.



2.4 Isolation of Bone Marrow Derived Stem Cells, Macrophage Differentiation and Activation

Femur and tibia bones were dissected and rinsed in ethanol. The ends of the bones were then cut off using a bone scissor. The bone marrow was flushed out with RPMI using a syringe and needle (26G). Cells of the bone marrow were further dissociated using a wider gauged needle (18G) and then pelleted (1000 rpm, 4 minutes at room temperature). Red blood cells were then depleted by adding lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, pH 7.2, for 5 minutes at room temperature), thereafter the reaction was impeded by adding cell culture media, and bone marrow derived cells pelleted (1000 rpm, 4 minutes at room temperature). The cells were resuspended in DMEM growth media containing low glucose (1000 mg L–1) supplemented with 30% L-929 conditioned media, 1% NEAA and allowed to differentiate for 6 days. At day 6, the cells were re-seeded into appropriate experimental cell culture plates and the differentiation continued for another two days upon the macrophages were activated: M1-type (5 ng/mL LPS and 12 ng/mL interferon (IFN) -γ, Thermo Fisher Scientific, MA, U.S.A.) and M2-type [10 ng/mL interleukin (IL)-4, Thermo Fisher Scientific] polarization was induced during respectively, 24 and 48 h.



2.5 Adipose Tissue Ex Vivo Culture to Measure C1QTNF3 Secretion

Whole adipose tissue was collected in PBS (5 mM glucose) at room temperature. Tissues were manually severed with scissors in petri dishes (5-10 mg fragments). Thereafter, samples were filtered (100 µm mesh) and washed with PBS to remove cellular debris and blood. Samples were then incubated in 12-well plate pre-filled with RPMI (1 mL, serum-free, 2.5 nM dexamethasone, HEPES 10 mM, 0.5 nM insulin, sodium pyruvate 1 mM) for 6 hours. Protease inhibitors were added during the incubation time to minimize protein degradation (Complete™, Mini, EDTA-free Protease Inhibitor Cocktail, Sigma-Aldrich, MO, U.S.A). The tissues were snap frozen in liquid nitrogen while the supernatants were transferred to Eppendorf tubes and centrifuged (1000 rpm, 4 minutes) to pellet cellular debris upon the pure samples were snap-frozen. All samples were stored at -80°C until analysis.



2.6 C1QTNF3 Recombinant Protein

Recombinant human embryonic kidney 293 cells-produced mouse complement C1q tumor necrosis factor-related protein (C1QTNF3) dissolved in sterile Tris-HCL (10 mM), EDTA (1 mM), glycerol (10%) at pH 8 (MyBioSource, CA, U.S.A.) was used in all C1QTNF3 treatment experiments (controls received only this buffer).



2.7 C1QTNF3 Antibody Treatment In Vivo

Obese mice were given goat anti-mCTRP3/C1QTNF3/CORS26 (AF2436, Research and Diagnostic Systems, Inc. MN, U.S.A.) intraperitoneally (0.5 mg/kg) by injection every second day for 14 days after tumor transplantation. An antibody of the same isotype (polyclonal goat IgG) served as control.



2.8 C1QTNF3 Measurement in Supernatant and Serum

C1QTNF3 levels in supernatant from adipose tissue culture and in serum were determined by a commercial ELISA according to the manufacturer’s protocol (CUSABIO, Houston, TX, U.S.A.).



2.9 Mitochondrial Respiration


2.9.1 E0771 Cells, and 3T3-L1 Pre- and Adipocytes

Seahorse cell culture microplates (Agilent Technologies, CA, U.S.A.) were seeded with either E0771 cells (at 40 000/well) or 3T3-L1 cells (at 10 000/well, and adipogenesis was induced as described above). Upon reaching maturity, the cells were treated with C1QTNF3 (1µg/ml) for 24 h, upon the mitochondrial function was assayed with a Cell Mito Stress Test in a Seahorse XFe96 Analyser (Agilent Technologies). In brief, the test utilizes inhibitors of the mitochondrial oxidative phosphorylation: ATPase inhibitor (1 μM oligomycin), proton uncoupler (0.5 μM FCCP) and complex I and III inhibitor (0.5 μM rotenone and antimycin A), are added in the respective order. The obtained oxygen consumption rate (OCR) values in response to these different inhibitors were used to calculate basal, maximal, non-mitochondrial, ATP production- and proton leak-linked respiration, as well as spare respiratory capacity. All Seahorse experiments have been repeated three times and the average in each experiment is based on 5-10 replicates per group.



2.9.2 Bone Marrow Derived Macrophages

Seahorse cell culture microplates were seeded with bone marrow derived macrophages (BMDM) at day 6 of maturation (at 80 000/well). The Cell Mito Stress Test was conducted similarly as described for above for 3T3-L1 cells except for compound concentrations (1 µM oligomycin, 2 µM FCCP, 0.5 µM rotenone and 0.5 µM antimycin A).




2.10 Glycolytic Function

The glycolytic function, as judged by extracellular acidification rate (ECAR), was measured in cultured BMDM by the Glycolytic Stress Test (Agilent Technologies) in a Seahorse XFe96 Analyser (Agilent Technologies, CA, U.S.A.). In brief, this test utilizes the addition of glucose (10 mM), oligomycin (1 µM) and a competitive inhibitor of glucose (50 mM 2-Deoxy-D-glucose), in the respective order. The obtained ECAR values were used to calculate glycolysis, glycolytic capacity, glycolytic reserve, and non-glycolytic acidification.



2.11 RNA-Isolation, cDNA-Synthesis, and Quantitative Real-Time PCR

RNA from tissue and cell lysates were isolated and purified using ReliaPrep RNA Cell MiniPrep System (Promega Corporation, WI, U.S.A) according to manufacturer’s protocol, except for processing adipose tissue, which requires removal of lipids prior the chloroform extraction. The concentration of the total RNA was determined by a NanoDrop (Thermo Fisher Scientific, MA, U.S.A.), and cDNA was generated through reverse transcription (500-1000 ng RNA) using a priming mixed strategy, according to manufacturer’s protocol (qScript Flex cDNA Synthesis Kit, Quanta Biosciences, MA, U.S.A). The gene expression was quantified through quantitative real-time PCR using SYBR-green (Fast SYBR® Green Master Mix, Applied Biosystems, CA, U.S.A) and the relative ΔΔCq method with either Actb or Tbp as endogenous control. The stability of the reference genes was determined from an array of housekeeping genes using NormFinder. Primers (Supplementary Table 1) were used at a concentration of 0.5 μM.



2.12 RNA-Sequencing and Analysis

RNA was isolated from adipose tissue (located as described in Supplementary Figure 1) and provided to the Bioinformatics Core Facility at the Sahlgrenska Academy, University of Gothenburg. The samples were enriched for RNA transcripts by depleting the ribosomal RNA (RiboMinus Technology, Thermo Fisher Scientific). The concentrated samples were then submitted to cDNA synthesis upon the adenylated 3’ ends were allowed to ligate with adapters, amplified and clustered on a chip (bridged PCR amplification). The clusters were then extended with single fluorescent labeled nucleotides and sequenced by imaging (reversible terminator sequencing, Illumina, CA, U.S.A.).

Quality assessment of the sequence reads was performed by generating QC statistics with FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc). RNA-sequencing reads were filtered and trimmed with prinseq (0.20.3). Mapping towards the mouse genome (mm10 from UCSC) was performed with the STAR aligner (2.4.0f) with default parameters (36). Raw gene counts were generated with HTSeq (https://htseq.readthedocs.io/en/release_0.10.0/). DESeq2 was then used to find differentially expressed genes (37). Unsupervised clustering of gene expression profiles was calculated using k-means on genes that were expressed significantly different between chow-fed control adipose tissue and chow-fed tumor associated adipose tissue. RNA-sequencing data have been deposited in NCBI’s Gene Expression Omnibus (38) and are accessible through GEO Series accession number GSE201316.



2.13 Primary Adipocyte and Stroma-Vascular Cell Isolation

Primary adipocytes and stroma-vascular cells (SVF) were isolated as in (39). Briefly, after collection, adipose tissue was minced and digested with 1 mg/ml collagenase type 2 (Sigma Aldrich, MO, U.S.A) in a buffer containing 123 mM NaCl, 5 mM KCl, 5 mM CaCl2 1.2 mM KH2PO4, 1.2 mM MgSO4, 25 mM HEPES, 2 mM glucose, 200 nM adenosine, 1.5% BSA. After digestion (30 min at 37°C), cells were filtered through 100 µm mesh and centrifuged (5min, 500g). Primary adipocytes were collected (floating fraction) and SVF (pelleted fraction) was further processed for red blood cell removal. Red blood cells were removed with RBC lysis buffer (Biolegend, CA, USA) treatment for 2 min at RT. After final wash, cells were resuspended in DMEM 10% FBS, counted on automatic cell counter (Countess 2, Thermo Fisher Scientific, MA, U.S.A.) and stained for flow cytometry analysis.



2.14 Magnetic Activated Cell Sorting

After IWAT and GWAT SVF isolation, cells were further separated into different subsets with magnetic activated cell sorting on OctoMACS™ separator (Miltenyi Biotec, Germany) per manufacturer’s instructions. Briefly, cells were incubated with anti-F4/80 MicroBeads UltraPure (Miltenyi Biotec, Germany) for 15 min in dark and on ice. After two washes in MS buffer (PBS, 0.5% BSA, 2mM EDTA), cells were loaded onto pre-rinsed MS columns (Miltenyi Biotec, Germany) placed in the magnetic field. Columns were rinsed two more times with MS buffer, and entire flow-through containing unlabeled cells was collected. Then, column was removed from magnetic separator and placed on collection tube. After adding MS buffer, magnetically labelled cells were flushed out with plunger. For fibroblast separation, F4/80- cells were first depleted from leukocytes with anti-CD45 MicroBeads (Miltenyi Biotec, Germany). Negative fraction was subsequently incubated with anti-CD90.2 MicroBeads (Miltenyi Biotec, Germany). Cells were resuspended in Qiazol (Qiagen, Germany) for RNA isolation. Purity of all sorted cells (macrophages, F4/80+), fibroblasts (F4/80-CD45-CD90.2+) and all negative cells was confirmed with quantitative real-time PCR.



2.15 Flow Cytometry

Adipose tissue SVF cells were isolated as described above and cell suspensions from spleen and E0771 tumors were prepared by pushing tissue pieces though nylon mesh using a syringe plunger. Cells were resuspended in Fluorescence-Activated Cell Sorting (FACS) buffer and transferred to a round bottom 96-well plate. Samples were blocked with FC-block (4°C, 30 min, darkness) prior to staining with antibody panel (Supplementary Table 2). Samples were pelleted (1000 rpm, 3 min) and resuspended in FACS buffer to remove excess antibodies. Thereafter, samples were fixated and permeabilized prior to staining with intracellular antibodies and then resuspended in FACS buffer to remove additional excess antibodies before analysis (FACSAria and FacsCanto II; BD Biosciences, Franklin Lakes, NJ, USA). Adipose tissue macrophages (F4/80+CD11b+) were subgrouped by their CD206 and NOS2 expression (Supplementary Figure 2). For in vitro studies, C1QTNF3 (1 µg/ml) was added to BMDM during polarization stimulus. Supernatants were collected for nitric oxide measurements and kept on -80°C until analysis. Cells were collected and stained with LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (Thermo Fisher Scientific, MA, U.S.A.) followed by staining with surface and intracellular antibodies as above. For proliferation studies, differentiated BMDM (M0, M1 and M2) were treated with C1QTNF3 (1 µg/ml) for 24h. EdU (5-ethynyl-2’-deoxyuridine, A1004, Invitrogen) in concentration of 10 µM was added for the last 3h of culture. Cells were collected, stained for surface antibodies, EdU with EdU-click it assay (Thermo Fisher Scientific, MA, U.S.A.), intracellular antibodies and analyzed with flow cytometry. Gates were set with Fluorescent Minus One controls. Flow cytometry data was analyzed using FlowJo software version 10.6.0 (FlowJo, LLC, OR, U.S.A.).



2.16 Migration Assay

M0, M1 and M2-polarized BMDMs were seeded (15000/well) on transwell 96-well permeable supports with 8 µm pore size (Corning) in serum-free media (DMEM 0.5% BSA). C1QTNF3 (1µg/ml), MCP1 (positive control, 100 ng/ml) or serum-free media (negative control) were added in the bottom part of the 96-well plate. After overnight incubation, inserts were washed twice with PBS, and the cells on the inside of the insert were gently removed with moistened cotton swabs. Cells on the lower surface of the membrane were stained with crystal violet solution (Sigma Aldrich) for 15 min. Excess dye was removed with extensive washing with dH2O. After drying, bounded crystal violet was eluted with 33% acetic acid and the absorbance was measured at 590 nm on Spectramax i3x multiplate reader (Molecular Devices, CA, U.S.A.).



2.17 Western Blot

Cells were homogenized in lysis buffer (RIPA containing 150 mM sodium chloride, 1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 8.0) and incubated on ice for 1 hour. Thereafter, the samples were centrifuged (12 000 rpm, 20 min, 4°C). The supernatants were collected, and the protein concentration was determined by the Pierce BCA Protein Assay (Thermo Fisher Scientific, MA, U.S.A.). The samples were then further processed by adding reducing agent (4x Laemmli Sample Buffer with β-mercaptoethanol, Bio-Rad Laboratories, CA, U.S.A.) and boiled to destruct the disulfide bonds (95°C, 5 min). Equal amounts of samples were separated on precast gels (Criterion TGX stain-free precast gel, Bio-Rad Laboratories, 100 V, 2 hours). The separated proteins were visualized using the stain free system and transferred to polyvinylidene difluoride (PVDF) membranes (Trans-Blot turbo Mini/Midi PVDF transfer pack, Bio-Rad Laboratories, CA, U.S.A.). To measure the activity of MEK/ERK1/2 and AKT signaling pathways the PVDF membrane was first blocked (TBS-Tween, BSA 5%, 30 min, room temperature). The primary antibodies (Supplementary Table 3) were added and allowed to incubate overnight at 4°C. Thereafter, a secondary antibody was added (room temperature, 60 min) upon the membranes were visualized using the ChemiDoc Imaging System (Bio-Rad Laboratories, CA, U.S.A.). The protein size was confirmed using a protein standard (Precision Plus Protein™ Dual Color Standards, Bio-Rad Laboratories, CA, U.S.A.). Background was subtracted prior data analysis, which was performed in Image Lab 6.0.1 (Bio-Rad Laboratories, CA, U.S.A.).



2.18 Nitric Oxide Measurements

Supernatants were transferred into Costar 96-well black plate with clear bottom (MERCK, Germany) in duplicates. 4,5-Diaminofluorescein (Sigma-Aldrich, MO, U.S.A.) was added in the final concentration of 10 µM. Fluorescence was measured on Spectramax i3x multiplate reader (Molecular Devices, CA, U.S.A.) with excitation wavelength of 495nm and emission wavelength of 525nm. Values were corrected with control sample (pure media).



2.19 Statistical Analysis

Student’s t-test was used for comparisons between two groups, and 1-way and 2-way ANOVA were used for comparisons between several groups and repeated measurements. Dunnett multiple comparison test for one-way ANOVA and Šidák correction for two-way ANOVA were used when multiple comparisons were done within the same analysis. The square of the Pearson’s correlation coefficient was used to measure the linear relation between variables. A p-value of <0.05 was considered significant and data are presented as mean ± SEM.




3 Results


3.1 Inguinal/Mammary Adipose Tissue C1QTNF3 Levels Increase in Response to Breast Cancer

Female mice, fed either regular chow or high fat diet (HFD) for 16 weeks, were injected with E0771 cancer cells resuspended in PBS mixed with Matrigel into their left inguinal/mammary fat pad (tumor-associated IWAT) while their right inguinal fat pad (control IWAT) received PBS-Matrigel solution alone. Tumors, tumor-associated and control IWAT were collected two weeks after cancer cell injections (Supplementary Figure 1). As expected, the HFD-fed mice developed obesity and exhibited almost three times larger tumors than the chow-fed lean controls (Figures 1A, B). This difference in E0771 tumor progression between lean and obese mice agrees with previous studies (18, 40). The global gene expression profiles of cancer-associated and control IWAT were compared using RNA-sequencing. To identify similarly regulated genes, we performed unsupervised cluster analysis of genes that were significantly different between cancer-associated and control IWAT in chow-fed lean mice. This analysis resulted in the identification of five clusters where genes within each cluster were co-regulated across the four groups (Figure 1C and Supplementary Table 4). Thereafter, we chose to take a closer look on the cluster where the genes were upregulated by tumor presence and where this regulation was enhanced by obesity/HFD (green-colored cluster in Figure 1C). Within this cluster, we found several genes that are known to be involved in tumor progression e.g., the acute phase reactant Saa3, several chemokines (Ccl2, Ccl7, Ccl8, Ccl12) as well as several macrophage markers such as Emr1 (F4/80), Ccr5, Itgam (Cd11b) and CD68. One of the most regulated genes (as judged by fold change between control and tumor-associated adipose tissue) within this cluster was however C1qtnf3 (Table 1 and Figure 1D), an adipokine that to our knowledge has not previously been studied in the context of breast cancer progression. Importantly, the increased C1qtnf3 expression in tumor-associated IWAT was associated with increased release of C1QTNF3 protein (Figure 1E). The circulating levels of the C1QTNF3 were however unaffected by both diet-induced obesity and experimental breast cancer (Figure 1F).




Figure 1 | Increased C1qtnf3 levels in tumor-associated adipose tissue. (A) Body weight and (B) E0771 tumor weight of lean and HFD-induced obese C57BL/6 female mice (N = 18-20/group). (C) Unsupervised cluster analysis of genes (detected by RNA-sequencing) that were significantly different between cancer-associated and control (sham) adipose tissue in chow-fed lean mice: Green cluster includes genes that were most upregulated in tumor-associated adipose tissue and where this regulation was enhanced by obesity (Table 1). (D) C1qtnf3 mRNA levels in control (sham) and tumor-associated lean and obese inguinal white adipose tissue (IWAT) as judged by qPCR (N = 4-6/group), (E) C1QTNF3 protein release from control and tumor-associated obese female IWAT (N = 9/group), and (F) serum C1QTNF3 levels in lean and obese female mice with or with E0771 breast tumor (N = 5-10/group). *p < 0.05, ****p < 0.0001 for the indicated comparisons.




Table 1 | Green cluster: Genes most upregulated in tumor-associated compared to control inguinal/mammary adipose tissue. Red numbers indicate significant log2-fold changes.





3.2 C1qtnf3 Is Primarily Expressed in the Stromal Vascular Fraction of Adipose Tissue and Displays an Adipose Depot-Specific Response to HFD-Induced Obesity

To further characterize the regulation of C1qtnf3, we quantified C1qtnf3 levels in different fat depots and cell types. In unchallenged male mice, C1qtnf3 mRNA levels were higher in gonadal (GWAT) and mesenteric white adipose tissue (MWAT) than in IWAT, and C1qtnf3 was much more abundant in the stromal vascular fraction (SVF) than in the adipocyte fraction (Figure 2A). In line with a previous study (41), cultured 3T3-L1 preadipocytes (fibroblasts) displayed relatively high expression of C1qtnf3 and this expression was substantially reduced in mature 3T3-L1 adipocytes (Figure 2B). The C1qtnf3 expression was even lower in peritoneal macrophages than in 3T3-L1 adipocytes and undetectable in E0771 breast cancer cells (Figure 2B). To further clarify the C1qtnf3 expression pattern, we analyzed the expression in sorted adipose tissue resident macrophages (F4/80+cells) and fibroblasts (F4/80-CD45-CD90.2+ cells) from IWAT and GWAT. This confirmed relatively low expression in macrophages compared to fibroblasts, but there was also relatively high expression in cells negative for all markers (Figures 2C, D and Supplementary Figures 3A, B). Moreover, the IWAT SVF expression of C1qtnf3 was increased in HFD-induced obese female and male mice (Figure 2E and Supplementary Figure 3C), while the adipocyte C1qtnf3 expression remained low and unaltered by HFD/obesity. To further elucidate the regulation of adipose tissue C1qtnf3, we analyzed the C1qtnf3 levels in IWAT, MWAT and GWAT after 8- and 16-week-chow versus HFD feeding in male mice. After 8 weeks of HFD-feeding, the C1qtnf3 expression was increased in IWAT, GWAT and MWAT and the expression remained elevated in IWAT and MWAT also after 16 weeks of HFD-feeding. In contrast, 16-week HFD-feeding was associated with reduced GWAT C1qtnf3 expression (Figure 2F). As expected from the cluster analysis (Figure 1C, Table 1), the expression of C1qtnf3 and the pan-macrophage marker Emr1 were positively correlated in IWAT (R2 = 0.53, p<0.0001) and MWAT (R2 = 0.58, p<0.0001). However, no such correlation was found in GWAT (R2 = 0.02, p=0.54). There was no impact of 8- or 16-week-HFD-feeding on circulating C1QTNF3 levels (Supplementary Figure 3D).




Figure 2 | C1qtnf3 is primarily expressed in the stromal vascular fraction of adipose tissue and displays an adipose depot-specific response to HFD-feeding. (A) 
C1qtnf3 expression in the stromal vascular (SVF) and adipocyte fraction from inguinal (IWAT), mesenteric (MWAT) and gonadal white adipose tissue (GWAT) from unchallenged male mice on chow (N = 4/group, 2-way ANOVA: Fcell type (1, 18) = 77.11, p < 0.0001). (B) C1qtnf3 expression in IWAT SVF, primary IWAT adipocytes, peritoneal macrophages, 3T3-L1 preadipocytes, 3T3-L1 adipocytes and E0771 breast cancer cells (N = 4-6/group). (C) C1qtnf3 expression in IWAT macrophages (F4/80+), fibroblasts (F4/80-CD45-CD90.2+) and in remaining F4/80-CD45-CD90.2- SVF cells, and (D) analysis of cell population purity by qPCR. (E) Female IWAT SVF and adipocytes in response to 8- and 16-week (w) high fat diet (HFD) feeding (N = 10/group, 2-way ANOVA: Fcell type (1, 54) = 51.99, p < 0.0001). (F) IWAT, MWAT and GWAT C1qtnf3 expression in response to 8- and 16-week (w) HFD feeding in male mice (N = 6-10/group). *p < 0.05, **p <0.01, ***p < 0.001, and ****p < 0.0001 for the indicated comparisons.





3.3 Antibody-Mediated Blockage of C1QTNF3 Reduces the Infiltration of Macrophages Into Tumor-Associated Adipose Tissue

To study the potential role of C1QTNF3 in tumor immunity and/or progression, we first characterized the macrophage infiltration in E0771 tumors, tumor-associated and control IWAT and spleen of untreated lean and HFD-induced obese female mice (body weight: 23.9±0.5 vs. 36.0±2.1 g, p<0.0001). The macrophage infiltration (% CD11b+F4/80+ of viable cells) was similar between tumors from lean and obese mice, but obesity was associated with an increased proportion of mixed M1-M2-type (% CD206+NOS2+ of CD11b+F4/80+ cells, Supplementary Figures 4A, B). However, neither M2-type-(CD206+NOS2-) nor M1-type-(CD206+NOS2-) tumor associated macrophages were altered by obesity (Supplementary Figure 4B). In line with the global gene expression data (Supplementary Table 4), there was an increased accumulation of macrophages in tumor-associated IWAT compared to control IWAT in obese mice, but this increase was not seen in chow-fed lean mice (Figure 3A). It is possible that we fail to detect tumor-induced IWAT macrophage accumulation in the lean setting as the flow cytometry analysis includes also adipose tissue that is more distant to the tumor (Supplementary Figure 1). 2-way ANOVAs show that HFD/obesity had no effect on IWAT macrophage abundance or polarization (Figures 3A, B), while tumor presence reduced the proportion of M2-type macrophages [Ftumor (1, 6)=11.8, p=0.01] and increased the proportion of mixed M1-M2-type macrophages [Ftumor (1, 6)=16.5, p=0.007] (Figure 3B). In addition, HFD/obesity increased the percentage of total splenic macrophages, but tumor presence had no effect on neither the macrophage abundance nor the subset distribution (Supplementary Figures 4C, D). Led by these data, we chose to study the role of C1QTNF3 on macrophage accumulation and tumor growth in the HFD-induced obese setting. To this aim, we treated HFD-induced obese E0771 tumor-bearing female mice with either C1QTNF3 or isotype control antibody. The mice weighed similar prior to the implantation of tumor and antibody treatment (control IgG: 44.4±0.7 g; C1QTNF3 IgG: 44.7±0.8 g) and at termination (control IgG: 42.7±0.8 g; C1QTNF3 IgG: 44.7±0.9 g). We found that mice treated with isotype control antibody displayed the expected increase in total macrophages (as % CD11b+F4/80+ of viable cells) in tumor-associated IWAT compared to control IWAT, but this increase was absent in C1QTNF3 IgG treated mice (Figure 3C). According to 2-way ANOVAs, tumor presence reduced the proportion of M2-type macrophages [Ftumor (1, 18)=123.4, p<0.0001], increased the proportion of both mixed M1-M2-type [Ftumor (1, 18)=40.8, p<0.0001] and M1-type macrophages [Ftumor (1, 18)=16.0, p=0.0008] (Figure 3D). However, C1QTNF3 IgG treatment had no effect on IWAT macrophage polarization (Figure 3D), and we saw no difference between treatment groups in total, M1- or M2-type macrophages in tumor and spleen (data not shown). The overall higher macrophage infiltration in IWAT in this experiment compared to the HFD-fed group in Figure 3A may be due to the difference in weight gain between these experiments. Moreover, glucose levels changed similarly between groups after tumor implant and antibody treatment (Δglucose: -0.52±0.7 vs. -0.13±0.6 mM, p=0.7) supporting the notion that C1QTNF3, under this experimental condition, acts locally rather than acting as a classical hormone. Finally, there was no difference in the average tumor weight between groups (Supplementary Figure 4E) and we detected no lung metastasis in any of the animals.




Figure 3 | C1QTNF3 neutralization inhibits tumor-induced macrophage infiltration in adjacent inguinal adipose tissue in obese mice. (A) Total macrophages (% F4/80+CD11b+ of viable cells) and (B) % CD206-NOS2-, % CD206+NOS2- (M2-type), % CD206+NOS2+ (mixed M1-M2-type), % CD206-NOS2+ (M1-type) of total macrophages in control and tumor-associated IWAT from lean and HFD-induced obese female mice (N = 4/group, each IWAT sample was pooled from 2-3 mice, #p < 0.05 and ##p < 0.01 for the effect of tumor in 2-way ANOVA) (C) Total macrophages in control and tumor-associated IWAT from isotype control and C1QTNF3-IgG treated HFD-induced obese female mice (N = 5-6/group, 2-way ANOVA: Ftreatment x tumor (1, 9) = 9.222, p < 0.05). (D) % CD206-NOS-, M2-type, mixed M1-M2-type, and % M1-type of total macrophages in control and tumor-associated IWAT (N = 5-6/group, #p < 0.05, ##p < 0.01 and ####p < 0.0001 for the effect of tumor in 2-way ANOVA). (E) MCP1 (100 ng/ml) and C1QTNF3 (1 µg/ml)-induced chemotaxis (N = 5-10/group) and (F) proliferation, measured as % of EdU incorporation, with or without C1QTNF3 (1 µg/ml) of M0-, M1- and M2-polarized bone marrow derived macrophages (N = 3-4/group). *p < 0.05, **p <0.01, ***p < 0.001, and ****p < 0.0001 for the indicated comparisons.





3.4 C1QTNF3 Increases Macrophage Chemotaxis and Alters Macrophage Proliferation in a Subtype-Dependent Manner

To elucidate the mechanism for the inhibitory action of C1QTNF3 neutralization on tumor-induced IWAT macrophage accumulation, we analyzed the effect of C1QTNF3 treatment on chemotaxis and proliferation in bone marrow derived macrophages. We found that C1QTNF3 treatment stimulated chemotaxis of both M1- and M2-type macrophages and a similar trend was seen also for naïve (M0) macrophages (Figure 3E). The effect of C1QTNF3 on proliferation depended on polarization; C1QTNF3 treatment for 24h inhibited the proliferation in M0, whilst not affecting the proliferation of M1- and M2-type macrophages (Figure 3F).



3.5 C1QTNF3 Enhances M1-Like Polarization in Cultured Macrophages

Based on the subtype-dependent effect of C1QTNF3 on macrophage proliferation, we hypothesized that C1QTNF3 also regulates other functional aspects in a subtype-dependent manner. To test this hypothesis, we treated bone marrow derived M0-, M1- and M2-type macrophages with mammalian-produced C1QTNF3 and analyzed oxygen consumption rate (OCR). Non-polarized macrophages were treated with C1QTNF3 during the entire 48h-period of their M1- and M2-type induction (M0-macrophages received either vehicle or C1QTNF3 alone). We found a rather dramatic effect of C1QTNF3 treatment on mitochondrial function in M2-type macrophages; C1QTNF3-treated M2-type macrophages displayed a reduction in most measured respiration parameters (Figure 4A). Similar results, albeit to a lesser extent, were seen in M0 and M1-type macrophages (Figure 4B and Supplementary Figure 5A). The smaller effect on respiration in M1-type macrophages is expected since these cells rely mostly on glycolysis. These data indicate that C1QTNF3 induces a metabolic shift from oxidative phosphorylation towards increased reliance on glycolysis for ATP-production in M2-type macrophages. Indeed, C1QTNF3-treated M2-type macrophages displayed increased basal glycolysis as judged by extracellular acidification rate (ECAR) (Figure 4C). Moreover, the glycolytic capacity and reserve were increased in both M0- and M2-type macrophages indicating that C1QTNF3 induces a macrophage phenotype that can meet an increased demand for ATP production (e.g. during an acute immune response) and/or can sustain in a competitive tumor microenvironment where nutrients are scarce (Figures 4C, D). This metabolic shift was echoed by a phenotype switch; C1QTNF3 treatment led to reduced % of CD206+NOS2- cells in M0- and M2-polarized macrophages and an increased % of CD206+NOS2+ cells in M2-polarized macrophages (Figures 5A, B). Moreover, C1QTNF3-treated M2-type macrophages showed an increased production of nitric oxide (Figure 5C). An M1-like shift in polarization of M0 and M2-macrophages was also supported by an increased expression of M1-type polarization markers, such as Inducible nitric oxide synthase (Nos2) and Interleukin-1b (Il1b) (Figure 5D). Arginase-1 (Arg1), an enzyme that typically is associated with M2-type macrophages, was also increased in C1QTNF3-treated M2-type macrophages (Figure 5E). While this may appear surprising, increased Arg1 expression is seen in LPS-stimulated murine macrophages, possibly as a mean to attenuate NO-mediated inflammation (42, 43). Increased Arg1 may thus in some contexts reflect increased pro-inflammatory signaling. In further support of the increased reliance of glycolysis in C1QTNF3-treated M2-type macrophages, the expression of several genes involved in glycolysis such as Aldolase A (Aldoa), Glucose transporter 1 (Glut1) and Hypoxia-inducible factor 1-alpha (Hif1a) was increased (Figure 5F and Supplementary Figure 5B).




Figure 4 | C1QTNF3 reduces respiration and increases glycolysis in bone marrow derived macrophages. Mitochondrial function, as determined by changes in basal respiration (Basal), maximal respiration (Max), proton leak-related respiration (Leak), ATP production-linked respiration (ATP) and spare respiratory capacity (Spare), was estimated from the oxygen consumption rate (OCR) of cultured bone marrow derived (A) M2- (N = 13-15/group) and (B) M0-type (N = 6-8/group) macrophages in response to subsequent addition of oligomycin (O), FCCP, and rotenone (R)/antimycin A as indicated in the right panels. Data are presented as OCR normalized to total protein levels. (C) Glycolytic function, as determined by basal glycolysis rate (Basal), glycolytic capacity (Capacity), and glycolytic reserve (Reserve), was estimated from the extracellular acidification rate (ECAR) in cultured bone marrow derived (C) M2- and (D) M0-type macrophages in response to subsequent addition of glucose (Glu), oligomycin (O) and 2-Deoxy-D-glucose (2-DG). Data are presented as ECAR normalized to total protein levels (N = 6-12/group). Prior to these OCR and ECAR measurements, the macrophages were treated with or without C1QTNF3 (1 µg/ml) for 48 h along with control (M0) or IL-4 to induce M2-polarization. *p < 0.05, **p < 0.01, ****p < 0.0001 for the indicated comparisons.






Figure 5 | C1QTNF3 enhances M1-polarization and the expression of glycolysis markers in M0- and M2-type bone marrow derived macrophages. (A, B) Flow cytometry analysis of NOS2 and CD206 and (C) nitric oxide (NO) production in cultured bone marrow derived M0-, and M2-polarized macrophages (N = 3-5/group, ###p < 0.001 for the effect of treatment on NO production in 2-way ANOVA). The expression of the (D) M1-markers Nos2 and IL1b, the (E) M2 marker Arg1, (F) the glycolysis-related genes Aldoa, and Glut1 in cultured bone marrow derived M0-, M1- and M2-type macrophages (N = 6/group). NO production and gene expression data are presented as fold change relative to the M0 control. The macrophages were treated with or without or C1QTNF3 (1 µg/ml) for 48 h along with control (M0), IL-4 to induce M2-polarization, or LPS & IFNγ to induce M1- polarization. *p < 0.05, **p < 0.01, ***p < 0.001 for the indicated comparisons.



Given the observed rather potent effect of C1QTNF3 on macrophage metabolism, we asked whether C1QTNF3 exerts acute effect on respiration or whether the observed effects on respiration rely on long-term treatment during the activation process. To answer this question, we treated M0- and M2-type macrophages with C1QTNF3 for only 1h and assessed the effect on respiration. Although long-term treatment was more effective in this regard, we found that 1h C1QTNF3 treatment reduced the maximal respiration and spare respiratory capacity in M2-type macrophages (Figure 6A).




Figure 6 | Short-term C1QTNF3 treatment activates the ERK- and Akt-pathways associated with reduced maximal respiration and reduced spare respiratory capacity in M2-type bone marrow derived macrophages. M2-type bone marrow-derived macrophages were treated with C1QTNF3 (1 µg/ml) for 1 h prior the (A) mitochondrial function analysis (N = 6-8/group). Representative blots and quantification of (B) phosphorylated (p)-ERK and total ERK and (C) p-Akt and total Akt in M2-type bone marrow-derived macrophages in response to 15- and 60-minute C1QTNF3 or vehicle treatment (N = 5/group). ERK and Akt activation are presented as a ratio of phosphorylated over total levels (N = 5/group). *p < 0.05, **p < 0.01, ***p < 0.001 for the indicated comparisons.



The negative effect of C1QTNF3 on macrophage respiration was to us unexpected findings and prompted us to also test the effect of C1QTNF3 on mitochondrial function in cultured pre-adipocytes, adipocytes, and E0771 breast cancer cells. In sharp contrast to the observed effect in macrophages, C1QTNF3 slightly increased the ATP production-coupled respiration in pre-adipocytes while there was no effect of C1QTNF3 on respiration either in adipocytes or in E0771 breast cancer cells (Supplementary Figures 5C-E). These data suggest that C1QTNF3 treatment affects the mitochondrial function in a cell-specific manner.

Previous research shows that C1QTNF3 can activate the MEK/ERK1/2 and PI3K/Akt pathways (26, 44), which can affect a wide a range of processes in macrophages including their viability, development, immunological and metabolic function. We therefore tested whether these pathways are regulated by C1QTNF3 also in our experimental settings. Indeed, we found that 15 minutes C1QTNF3 treatment increased the ERK-activation of cultured M2-type macrophages about 2-fold more than vehicle control treatment (Figure 6B), while there was no effect of C1QTNF3 on Akt-activation at that time point (Figure 6C). However, 60-minute C1QTNF3 treatment led to increased Akt-activation (Figure 6C).




4 Discussion

Here, we show that mRNA and protein levels of C1QTNF3 are upregulated in IWAT in response to breast cancer and that C1QTNF3-neutralizing antibody treatment inhibits the breast cancer-induced macrophage recruitment to IWAT in HFD-induced obese mice. Based on recombinant C1QTNF3 treatment experiments in vitro, we demonstrate that C1QTNF3 stimulates macrophage chemotaxis, and has profound inhibitory effects on M2-type macrophage respiration associated with increased glycolysis and increased M1-like polarization.


4.1 Orthotopic E0771 Breast Cancer – A Mouse Model That Can Reveal New Factors Involved in Subcutaneous Adipose Tissue Remodeling

We found that many macrophage-related genes that were up-regulated in tumor-associated compared to control adipose tissue in lean mice showed an even stronger tumor-induced upregulation in obese adipose tissue indicating that they may be involved in the enhanced tumor progression in obesity. However, contrary to this idea, we did not detect major changes in the percentage or polarization of tumor-associated macrophages between lean and HFD-induced obese mice. Moreover, our recent work shows that interactions between tumor and adjacent adipose tissue stimulate tumor growth to a similar degree in lean and obese mice (18), suggesting that the increased E0771 tumor growth in the obese mice primarily is due to systemic metabolic and/or endocrine alteration. Thus, we interpret the enhanced macrophage accumulation along with many of the enhanced transcriptional changes in obese tumor-associated IWAT rather as a consequence from the faster growing tumors than the cause. While this was disappointing from a breast cancer perspective, the orthotopic E0771 breast cancer model led us to C1QTNF3, thus showing its potential for identifying factors that are involved in subcutaneous adipose tissue remodeling.



4.2 Source of Adipose Tissue C1QTNF3

C1QTNF3 is considered an adipokine as it is highly expressed in adipose tissue. In line with some previous studies (19, 41), we found however, relatively low C1qtnf3 expression in mature (primary and cultured) adipocytes, while the SVF of adipose tissue and cultured pre-adipocytes displayed higher levels. Moreover, our data suggest that fibroblasts, but not macrophages, constitute a major source for adipose tissue C1QTNF3. In support of this, publicly available single cell transcriptomics data show that the highest C1qtnf3 expression within adipose tissue SVF is found in the mesenchymal stem cell cluster while other cell types such as lymphocytes and myeloid and endothelial cells express very modest levels (45). Thus, the C1qtnf3 expression that we detect in CD45-F4/80-CD90.2- cells may originate from mesenchymal cells expressing no or low levels of CD90.2.



4.3 Regulation of Adipose Tissue C1QTNF3 Levels

We found that the elevated C1qtnf3 mRNA levels in tumor-associated IWAT was associated with a ~70% increase in released C1QTNF3 protein. However, serum levels of C1QTNF3 in tumor-bearing mice did not change, indicating that changes in local C1QTNF3 levels are more important than systemic in this context. Also, chronic HFD-feeding/obesity upregulated the IWAT C1qtnf3 expression in both males and females, but to a lesser extent than in tumor-bearing mice. There was also no effect of chronic HFD-feeding on IWAT macrophage accumulation in females as judged by flow cytometry. In an additional HFD/obesity study in males, we found that C1qtnf3 is regulated in an adipose depot-specific manner. 8- and 16-week HFD feeding were associated with upregulated C1qtnf3 expression in both IWAT and MWAT. In contrast, 16-week HFD feeding led to reduced C1qtnf3 levels in GWAT. To our knowledge, previous studies that have reported a downregulation of C1qtnf3 in obese rodent adipose tissue have analyzed GWAT, and our data are thus in line with those observations (30–32). Long-term HFD feeding in male C57Bl/6 mice is typically associated with increased adipocyte death and a dramatic increase in macrophage infiltration in GWAT (46) that is not seen in other fat depots. It is thus possible that the reduction in C1qtnf3 in GWAT (but not in IWAT and MWAT) reflects this pathological tissue remodeling. A potent acute pro-inflammatory response within adipose tissue is essential for healthy adipose tissue expansion (47). Hence, the HFD-induced increase in IWAT C1qtnf3 may play a role in this physiological acute pro-inflammatory response that must occur to effectively remodel the extracellular matrix and vasculature to accommodate the growing adipocytes in this depot. Overall, the immunological responses to HFD/obesity have been studied in detail in the GWAT in male mice. Much less is known about the immunological responses in other fat depots (and in females) – our data suggest that immune responses in subcutaneous adipose tissue may be much more dynamic than previously anticipated, and this warrants further investigations.



4.4 Metabolic and Immunological Effects of C1QTNF3

Pharmacological treatment with C1QTNF3, associated with a 3-fold elevation of circulating C1QTNF3 levels, lowers glucose levels in normal and insulin-resistant ob/ob mice (26). In this study, we were however unable to detect a significant effect C1QTNF3-neutralizing antibody treatment on glucose levels in HFD-fed obese breast cancer-bearing mice. We believe that this lack of glucose-regulatory effect of C1QTNF3 neutralizing antibodies is not surprising; firstly, breast cancer bearing mice did not display altered serum C1QTNF3 levels (this study) and mice lacking C1QTNF3 have unaltered glucose metabolism (48). Moreover, we found no effect on respiration in either cultured E0771 cancer cells or 3T3-L1 adipocytes although there was a small positive effect on respiration in cultured 3T3-L1 preadipocytes in line with a previous study (49). In contrast, we noticed a rather potent negative effect of C1QTNF3 on respiration in cultured bone marrow derived macrophages associated with increased M1-like polarization. The effector function of macrophages is linked to their metabolic function, where M1-type polarization parades with increased aerobic glycolysis, while M2-type polarization is associated with increased oxidative phosphorylation (10, 16). Our data is thus well in line with this concept; C1QTNF3 reduces the capacity for respiration in macrophages and thereby suppresses full polarization towards the oxidative M2-type phenotype (50, 51). The different response in different cell types may depend on the physiological context, whether the cells express a C1QTNF3 receptor or not, and what signaling pathways that dominates in respective cell type.

Previous research suggests that C1QTNF3 exerts anti-inflammatory effects (22, 23, 25, 28), and we were therefore initially surprised to find that antibody-mediated blockage of C1QTNF3 reduced the tumor-induced macrophage accumulation along with the chemotactic and pro-inflammatory effects of C1QTNF3 on bone marrow derived macrophages in vitro. On the other hand, our study shows that C1QTNF3 expression is regulated in a similar manner as many pro-inflammatory chemotactic factors in breast cancer-associated IWAT. Our results are also in line with a recent clinical study where adipose tissue C1qtnf3 levels correlated positively with levels of Tnfa, Ilb and Ccl2 (52). Moreover, neither genetic overexpression nor knockout of C1QTNF3 alters the GWAT and the systemic inflammatory response to a sublethal dose of LPS in vivo, and mice overexpressing C1QTNF3 display increased levels of several chemokines, although this difference between genotype disappears when animals are challenged with HFD/obesity (53). In the obese state, C1QTNF3 overexpression is instead associated with reduced serum levels of IL‐5 and TNF‐α, while soluble gp130 levels increased (53). Thus, C1QTNF3 may both enhance and reduce pro-inflammatory responses dependent on the immunological setting. Nevertheless, our results may be particularly difficult to reconcile with a study by Lin and colleagues where wheat germ-produced C1QTNF3 dose-dependently inhibited TNF-α, IL-6, MCP1, MMP9 and IL-1β release in LPS-stimulated THP-1 macrophages and mouse peritoneal macrophages (24). In our hands, we saw only small effects of C1QTNF3 treatment on LPS/IFNγ-stimulated bone marrow derived macrophages, while a M1-like phenotype was induced in IL-4-stimulated bone marrow derived macrophages. One possible reason underlying this discrepancy may be that bone marrow derived macrophages display a different phenotype in the context of C1QTNF3 treatment than other macrophage in vitro/ex vivo models (54). Also, we did not detect an effect of C1QTNF3 neutralization on macrophage polarization in vivo. It is possible that we fail to detect such an effect as C1QTNF3 attracts both M1- and M2-type macrophages. Alternatively, the effect of C1QTNF3 on macrophage polarization is outruled by more potent macrophage polarizing factors in tumor-associated HFD-induced obese IWAT. Besides differences in macrophage types and experimental settings, the dose, and the source of the recombinant C1QTNF3 protein may play a role. In this study, we have used a relatively high dose (1 µg/ml) of mammalian cell-produced mouse C1QTNF3 resulting in mammalian-type posttranslational modifications such as glycosylation that allows for correct folding and subsequent multimerization into higher-order oligomers (presumably trimeric, hexameric and high molecular weight oligomers) (19). Although the significance of posttranslational modifications and the different C1QTNF3 oligomeric forms is yet to be determined, we believe it is likely to affect the biological function of the protein.

Our current knowledge about potential C1QTNF3-receptors and downstream signaling pathways is very limited. To date, Lysosomal-associated membrane protein 1, Lysosome membrane protein 2 (55) and Adiponectin receptor 2 (56) have been suggested as potential receptors for C1QTNF3 but the significance of these finding are yet largely unknown. However, several studies show that C1QTNF3 activates the MEK/ERK and the PI3K/Akt pathway and its beneficial metabolic and anti-inflammatory effects are thought to primarily depend on the PI3K/Akt pathway (26, 41, 57–59). In this study, we found that C1QTNF3 activates both these pathways in M2-type macrophages. However, the increase in Akt-phosphorylation was not seen until after 60 minutes of C1QTNF3-stimulation indicating that the PI3K/Akt pathway is not an immediate target of C1QTNF3 in this cell type. Moreover, Akt exists in three different isoforms and Akt1 and Akt2 can have opposing effects on macrophage polarization (60). The MEK/ERK1/2 pathway can also lead to opposing effects on macrophage polarization; it can be both a negative regulator of murine and human macrophage M2-type polarization (61) and an enhancer of M2-type polarization (62). While our experimental setting in vitro clearly reveals the pro-inflammatory action of C1QTNF3 as judged by the reduced proliferation of M0-type macrophages and the M1-polarizing effect, we also anticipate that the timing and the concentration of C1QTNF3, as well as the state and the type of the targeted macrophages, will determine whether C1QTNF3 primarily push M1- or M2-type polarization. For instance, the ERK1/2 activation that occur within minutes in response to growth factors leads to proliferation while the slower ERK1/2 activation in response to LPS leads to growth arrest and pro-inflammatory activation in bone marrow-derived macrophages (63). Notably, C1QTNF3 can also activate AMPK, the PKC signaling pathway and the cAMP/PKA pathway (64–68). Thus, we cannot rule out that additional mechanisms besides the ERK- and Akt-pathways are at play.

In conclusion, our data strengthen the notion that C1QTNF3 modulates signaling pathways in a cell- and (patho-)physiological-state-dependent manner as suggested by Petersen and colleagues (53). We propose that locally increased C1QTNF3 levels contribute to increased IWAT macrophage accumulation in response to a growing tumor. While this C1QTNF3-stimulated macrophage population appears not to be involved in tumor progression/rejection, its role in subcutaneous adipose tissue remodeling warrants further investigations.
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Macrophages are a population of immune cells functioning in antigen presentation and inflammatory response. Research has demonstrated that macrophages belong to a cell lineage with strong plasticity and heterogeneity and can be polarized into different phenotypes under different microenvironments or stimuli. Many macrophages can be recruited by various cytokines secreted by adipose tissue. The recruited macrophages further secrete various inflammatory factors to act on adipocytes, and the interaction between the two leads to chronic inflammation. Previous studies have indicated that adipose tissue macrophages (ATMs) are closely related to metabolic diseases like obesity and diabetes. Here, we will not only conclude the current progress of factors affecting the polarization of adipose tissue macrophages but also elucidate the relationship between ATMs and human diseases. Furthermore, we will highlight its potential in preventing and treating metabolic diseases as immunotherapy targets.
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Introduction

Obesity is caused by the excessive accumulation of lipids in adipose tissues. In recent years, obesity has become the causing factor of many chronic diseases, including type 2 diabetes mellitus (T2DM), hypertension, cardiovascular and cerebrovascular diseases, and breast cancer, thus posing a burden on not only patients’ health and finance but also social, medical system (1–4). Apart from storing nutrients, adipose tissue is also an important immune organ containing many immune cells, among which macrophages function in maintaining immune levels. “Obesity is metabolic inflammation” was first proposed by Spiegelman in 1993 (5). It was not until 2003 that researchers discovered macrophage markers in the adipose tissue of obese animals, finding that the higher the macrophage content, the higher the obesity level of the animal (6). The traditional theory holds that macrophages in peripheral tissues are derived from monocytes in the blood (7). Visceral adipose tissue (VAT), a type of white adipose tissue (WAT), is the primary location of inflammatory response in obesity. Although many immune cells participate in the inflammatory response, adipose tissue macrophages (ATM) are considered the most important and characteristic immune cells (8). The proportion of macrophages in total cells in normal adipose tissue is only 10%, but it can reach 50% in obese people (6). Based on the difference in function and activation markers, macrophages are divided into pro-inflammatory M1 and anti-inflammatory M2, with M1 macrophages contributing mostly to the increase in obesity (8–10).

T2DM poses a serious threat to human health, with 80% of its patients caused by overweight or obese. Insulin resistance (Figure 1), a common pathological feature of obesity, occurs when organs are insensitive to insulin stimulation, leading to high blood sugar levels, thus causing diabetes (11–13). Obesity and age-related factors are major risk factors for insulin resistance (14). Obesity stimulates NF-κB, JNK, and other signaling pathways to promote the expression of inflammatory factors, thus influencing the insulin signaling pathway and causing insulin resistance (15). Here, we will summarize the role of ATMs in human diseases and mainly focus on obesity and T2DM, thus providing new insight into the treatment of these diseases as therapeutic targets.




Figure 1 | Mechanisms of insulin resistance.





Overview of ATMs

Macrophages are pivotal in the body’s immune system, and they are distributed in various tissues and organs throughout the body, including adipose tissue. Hematopoietic progenitor cells (HPCs) in the bone marrow can differentiate into monocytes upon being stimulated by various cytokines, which will transfer to VAT through the bloodstream to form ATM, thus producing corresponding inflammatory mediators and promoting HPC differentiation (16). Previous studies have shown that ATM mostly appears during embryonic development and will polarize into different phenotypes based on environment, like body weight (17, 18). When an individual is obese, macrophages are often polarized to a pro-inflammatory type, the M1 type (19, 20). With the induction of lipopolysaccharide and saturated fatty acid, M1 macrophages can activate and secrete tumor necrosis factor α (TNF-α), interleukin-6 (IL-6), interleukin-12 (IL-12), interleukin-1β (IL-1β) and other pro-inflammatory factors, leading to inflammation and insulin resistance (Table 1) (21). ATM manifests as an anti-inflammatory type when the individual is thin, namely the M2 type. Both M1 and M2 types have CD11b molecules on the surface. In addition, the M1 type expresses CD11c molecules, and the M2 type expresses CD206, CD301, and macrophage galactose type C-type lectin 1 specifically (29). Different from the M1 type, ATM undergoes the M2 type polarization with the induction of IL-4 and IL-13 and secretes anti-inflammatory mediators such as IL-10 and IL-1 receptor antagonists to play an anti-inflammatory role and maintain insulin sensitivity (21, 22).


Table 1 | Properties of adipose tissue macrophages.





Mechanisms of ATMs Polarization and Recruitment


M1 Recruitment and Polarization

M1 macrophages are activated by helper T lymphocyte Th1 cytokines such as interferon, TNF, and LPS (lipopolysaccharide). The pathogenesis of obesity is closely related to the recruitment of ATMs polarized to the pro-inflammatory M1 phenotype (23). The proportion of CD11c-positive monocytes in obese patients was higher than that of normal people, which would decrease after a low-fat diet (30). Therefore, identifying the factors that can polarize ATMs to M1 and recruit macrophages to peripheral tissues in the process of obesity is of great significance for the prevention and treatment of obesity. Accumulating studies have indicated that various signaling pathways contribute to the recruitment and polarization of M1 ATMs during the progression of obesity.

MAPK (Mitogen-activated protein kinase) is a family of serine-threonine protein kinases that can be activated by different extracellular stimuli and cell adhesion, including four subfamilies: ERK, P38, JNK, and ERK5, and it is significant in the pathophysiological process of obesity (31). An early study observed the overexpression of the genes involved in p38 and JNK signaling pathways in adipose tissue of obese people (32). An animal study in mice showed that the increase of M1 ATMs proportion is achieved by increasing mRNA transcription and protein expression levels of JNK (33). In a classical study, the researchers constructed a JNK KO mouse, then fed JNK knockout mice and WT mice with a normal diet and a high-fat diet, and found that high-fat feeding increased ATMs in WT mice had few effects on KO mice (34). Moreover, the increase of macrophages in WT mice was attributed to a significant increase of M1 macrophages, while the numbers of M1 and M2 macrophages in KO mice did not show significant changes. Furthermore, the expression of M1-related genes was down-regulated, and the expression of M2-related genes was up-regulated in KO mice. These data together suggest that the activation of the MAPK signaling pathway may be related to the polarization of ATMs towards the M1 type.

Toll-like receptors are a class of innate immune receptors that are widely expressed on the surface of monocytes, macrophages, and lymphocytes, among which TLR-4 contributes to the LPS response (35). A previous study found that the transcription level of TLR4 mRNA in obese patients was remarkably higher than that in normal people, suggesting that the activation of the TLR-4 receptor may be related to the infiltration of ATMs in the process of obesity (36). Results from different labs confirmed that TLR-4 receptor deficiency reduces inflammation in adipose tissue, and TLR-4 has a positive role in the polarization of ATMs towards M1 (37, 38).

The transcription factor NF-κB is the main regulator of immune homeostasis and inflammation, discovered 30 years ago (39). Studies have demonstrated that activation of NF-κB signaling could facilitate the M1 polarization of macrophages in 3T3-L1 cell lines (40, 41). Other studies have shown that inhibiting NF-κB signaling can promote the release of IL-10 and other anti-inflammatory factors from ATMs (42). In addition, Cao et al. also observed this phenomenon in the mouse model (43). These studies strongly demonstrate that NF-κB can mediate the polarization of ATMs towards M1.

In addition to the above signaling pathways, other factors can also lead to the polarization of ATMs towards M1, including lysosomes and the AMPK signaling pathway (44–47), indicating that the polarization of ATMs towards M1 is a complex process with the coordination of multiple pathways, which needs further investigation.



M2 Recruitment and Polarization

Th2 cytokines can activate anti-inflammatory M2 macrophage in three ways: M2a subtypes activated by IL-4 and IL-13; M2b subtype activated by immune complexes combined with IL-1β or bacterial lipopolysaccharide; M2c subtype induced by IL-10, TGFβ or glucocorticoids. During the process of inflammation resolution, M1 phenotype macrophages are polarized towards the M2 phenotype and are accompanied by the recruitment of M2 phenotype macrophages. Nuclear receptor transcription factors are significant in macrophage polarization, such as PPAR family members.

PPARγ is highly expressed in anti-inflammation macrophages and is important (48, 49). Previous research has found that activation of PPARγ can promote the conversion of M1 type macrophages to M2 type macrophages, improve insulin resistance caused by obesity, and reduce the expression of inflammatory factors (50, 51). After specific activation of PPARγ signaling in mice, it was found that the number of M1 macrophages in ATMs decreased along with the expression of M1-related genes, and the number of M2 macrophages increased, along with the expression of M2-related genes (52, 53). Furthermore, the ex vivo therapy model also demonstrated that activation of PPARγ signaling could induce the polarization of macrophages toward M2 macrophages and induce the recruitment of M2 macrophages (54). The above studies demonstrate that PPARγ is involved in ATM polarization towards M2 and M2 macrophage recruitment.

Previous studies also prove that adiponectin can promote the M2 polarization of macrophages (55). After adiponectin knockout in mice, the expression of M1-related genes was up-regulated, and the expression of M2-related genes was down-regulated. In addition, recombinant adiponectin can up-regulate the expression of M2-related genes as well (56). These results suggest that adiponectin can facilitate the polarization of adipose tissue macrophage towards M2.

IL-4 secreted by immune cells in adipose tissue can also mediate M2 polarization (24). Overexpression or knockout of IL-4 was shown to up-regulate or down-regulate the expression of M2-related genes, respectively (25). These studies demonstrate that IL-4 can mediate adipose tissue macrophage polarization toward M2. Some subsequent studies also found that cytokines such as IL-10, IL-13, and IL-33 can also mediate the polarization of macrophages towards the M2 phenotype (26–28).




ATMs and Obesity

In the obese state, the adipose tissue is under low-intensity inflammation, and the infiltration of ATMs in it is significantly increased to a percentage of 41% compared to a normal state, accompanied by M1 polarization (6). The histological method shows that many M1 type ATMs gather around the dying adipocytes, and crown-like structures (CLSs) appear, associated with obesity-related insulin resistance (57). Further studies have shown that Mincle (macrophage-inducible C-type lectin) in ATMs is involved in the formation of CLSs, and its expression level is positively related to adipose tissue interstitial fibrosis, thus promoting liver fibrosis, progression of hepatic steatosis, and insulin resistance (58–60).

During obesity, ATM is stimulated by inflammatory factors such as IFN-γ, leukotriene B4 (LTB4), and monocyte chemoattractant protein-1 (MCP-1) released by fatty tissue, followed by M1 polarization (8, 61). Previous studies also found that the expression of IL-6, monocyte MCP-1, resistin, lipase (Adip-sin), leptin, and other factors in obese adipose tissue is up-regulated, which increases the expression of vascular endothelial cell adhesion molecules, thus recruiting monocytes in the blood, and promoting the infiltration of ATMs (Figure 2). Further studies confirmed that MCP-1 recruits ATMs through CCR2, while LTB4 recruits ATMs through its receptor BLT1 (62–64). The M1 type ATM secretes inflammatory factors such as IL-6, TNF-α, IL-1β, MCP-1, and PAI-1 (plasminogen activator inhibitor-1), which further increase ATM levels and maintain the M1 phenotype, thus forming a vicious circle. Studies have shown that the occurrence of various obesity-related chronic diseases, such as type 2 diabetes and atherosclerosis, are inseparable from inflammatory factors such as IL-6 and TNF-α (65, 66). In addition, in a previous study, Shimizu et al. verified that neuronal guidance molecules are also involved in the recruitment of ATMs, such as Sema3E, which can promote adipose tissue inflammation through its receptor PlexinD1 (67). Other molecules such as osteocalcin are also involved in the recruitment of ATMs and the progression of adipose tissue inflammation and may be targeted for intervention in metabolic-related diseases such as obesity (68). There is also a positive feedback loop between ATMs derived from blood monocytes and myeloid progenitors in bone marrow tissue. The NLRP3 inflammasome of ATMs is activated to stimulate myeloid progenitor cells to differentiate into monocytes and neutrophils by secreting IL-1β, and intervening in this circuit can reduce adipose tissue inflammation (16). Besides, Zhuang et al. found that miR-223 can inhibit the polarization of ATM to M1 type and ultimately inhibit the inflammatory response of adipose tissue while knocking out the miR-223 gene can aggravate the inflammatory response and increase the proportion of M1 type in ATM (69). Other studies have shown that adipose tissue inflammatory response is closely related to the β1 subunit of AMPK, and the results suggest that these molecules and enzymes may provide new entry points for future obesity treatment (70). Another study showed that IL-6 could induce the IL-4 receptor expression of ATM. ATM was significantly polarized towards the M1 type in mice that did not express the IL-6R α chain, suggesting that IL-6 may affect ATM polarization, reducing inflammation in adipose tissue (71).




Figure 2 | Changes of macrophages in adipose tissue in obesity. There are a small number of M2 macrophages in normal adipose tissue. When obesity occurs, blood monocytes accumulate in adipose tissue. Under the induction of the MCP1 factor secreted by adipose tissue, monocytes differentiate into M1 macrophages.



Growing evidence has indicated that macrophages have a greater impact on the remodeling process of adipose tissue. First, the adipose tissue of obese animals has a higher number of macrophages, which are an important component of adipose tissue. In addition, M1 macrophages can produce some inflammatory mediators and reactive oxygen that have a certain impact on the structure and function of adipocytes. These substances will affect the normal metabolism of adipocytes and increase the release of free fatty acids (FFA), leading to increased lipotoxicity and reduction in the synthesis and secretion of adiponectin (72). Compared with normal mice, adipocyte death was significantly increased in mice with higher fat content, and a similar situation occurred in obese people, indicating that an important pathological manifestation of obesity is adipocyte death (73). A study of adipose tissue of obese patients showed that after adipocyte apoptosis, ATM surrounded it with a coronal structure, forming huge multinucleated cells, but this phenomenon was not observed in the adipose tissue of non-obese people (20). Therefore, the infiltration and activation of ATM during obesity is a powerful mechanism of adipose tissue remodeling.

In addition to the abnormal recruitment and polarization of ATMs in the adipose tissue of obese animals, their emigration is also abnormal, which is mediated by signaling molecules such as chemokines and neural guidance molecules. One previous study reported that Netrin-1 was up-regulated in ATMs of obese patients and mouse models, thus inhibiting the migration of ATMs through its receptor Unc5b (74).

M1 type ATMs are considered pro-inflammatory phenotypes in adipose tissue, and M2 type ATMs are considered anti-inflammatory phenotypes, but ATMs cannot be mechanically recognized in practice. A growing number of studies have shown that ATMs have multiple origins, with their functions spanning pure pro- or anti-inflammatory effects, and they are highly plastic and can achieve phenotypic transformation under specific circumstances, which can be therapeutic targets in the future (75, 76).



ATMs and IR, T2MD

More and more studies have demonstrated that ATMs are important in IR and T2MD. Next, we will clarify the relationship between ATMs and IR and T2MD (Figure 3).




Figure 3 | Related mechanisms of adipose tissue macrophages and type2 diabetes mellitus. White adipose tissue acquires insulin resistance under the action of M1 macrophages. When the body is exercising or dieting, M2 macrophages can induce the transformation of white adipose tissue into brown adipose tissue, allowing it to regain insulin sensitivity.



In a previous study, scientists demonstrated that M1 macrophages could aggravate insulin resistance, and CD11c+ cell depletion led to decreased adipose tissue inflammation and rapid normalization of insulin sensitivity (77). In another study, scientists observed that CD11c+ ATM ablation could reduce adipose tissue inflammatory gene expression and improve insulin resistance in the Ccr2 KO mice model (78). It can be seen that CD11c+ ATM infiltration of adipose tissue is one of the reasons for insulin resistance, where increasing FFAs may aggravate insulin resistance. Fetuin-A is a glycoprotein secreted by the liver, and its plasma concentration increases in obesity (79). With the mediation of Fetuin-A, FFAs can indirectly activate TLR4 of CD11c+ ATM so that nuclear factor downstream of TLR4 inhibits the phosphorylation of protein kinase β/nuclear factor-B (IKKβ/NF-κB) and c-Jun N-terminal kinase-activator protein 1 (JNK/AP-1) inflammatory signaling pathway, enhancing inflammatory gene expression and secreting more inflammatory factors like TNF-α, IL-6, and MCP-1. Some studies have found that FFAs also activate TLR2 of ATM to participate in insulin resistance (80). Physiologically, insulin mediates the tyrosine phosphorylation of the insulin receptor substrate (IRS) through the insulin receptor, thus enhancing the downstream PI3K/Akt signaling pathway, promoting glucose uptake, and exerting the hypoglycemic effect. However, activated IKKβ and JNK can cause insulin resistance through IRS serine phosphorylation and blockage of IRS tyrosine phosphorylation and the downstream PI3K/Akt pathway (81). In addition, inflammatory factors secreted by macrophages, such as TNF-α, can further activate inflammatory pathways such as IKKβ/NF-kB, JNK/AP-1, and mTOR signaling pathway, forming a vicious circle (82).

Saturated fatty acids are also involved in insulin resistance. The researchers found that knockout of the CGI-58 (comparative gene identification-58) gene in obese mouse macrophages resulted in mitochondrial dysfunction and reactive oxygen species-mediated oxidative stress in ATM, resulting in the activation of NLRP3 inflammasome and downstream caspase-1, leading to the exacerbation of insulin resistance and hyperglycemia (83). NLRP3 inflammasome is a protein complex in the cell cytoplasm, a member of the NLRs family, and its expression is increased in the adipose tissue of obese diabetic patients (84). Activated NLRP3 inflammasome and downstream caspase-1 do not affect the ratio of M1/M2 in adipose tissue but promote the secretion of IL-1β and IL-18, leading to insulin resistance (84).

Unlike the M1 type, M2 type ATMs secrete the anti-inflammatory factor IL-10, thus inhibiting inflammation and enhancing insulin resistance (85). Therefore, activating factors of M2 macrophages also indirectly affect insulin sensitivity. PPARγ is a fatty acid sensor widely expressed in M2 ATMs, which mediates the activation of monocytes’ polarization towards M2 macrophages (86, 87). With the PPARγ gene knocked out in obese mice, the expression levels of related genes in M2 type macrophages in adipose tissue decreased by 70% to 80%, while the expression levels of inflammatory genes in M1 type macrophages increased, accompanied by insulin resistance and exacerbated hyperglycemia, suggesting that PPARγ is vital in maintaining M2 macrophage phenotype and recovering insulin sensitivity (86). KLF4, as another M2-related cytokine, can synergize with IL-4 to activate STAT6 and inhibit the NF-kB signaling pathway, thus activating M2 type polarization and inhibiting M1 type polarization (88). Knockout of KLF4 in macrophages of obese mice would decrease the proportion of M2 type ATMs and worsen insulin resistance and hyperglycemia (88). In addition, compared with normal people, the expression level of KLF4 in subcutaneous adipose tissue of obese patients decreased by 50%, which may be one of the reasons for the increased M1/M2 ratio in adipose tissue.

In addition, ATM can secrete an exosome (Exos) containing microRNA (miRNA). Intravenous injection of ATM-secreted Exos (ATM−Exos) from obese mice into normal mice for 2 weeks resulted in impaired glucose tolerance and IS, suggesting the occurrence of T2DM. In contrast, when ATM-Exos from normal mice were injected into obese mice, their glucose tolerance and IS were significantly improved, and the overexpression of miR-155 in obese mice ATM-Exos inhibited the expression of its downstream IS-promoting target gene PPARγ, thereby impairing insulin signaling, leading to IR (89). Another study found that miR-29a was overexpressed in ATM-Exos of obese mice and transferred to adipocytes, cardiomyocytes, and hepatocytes, causing IR (90). ATM−Exos can be paracrine to insulin target cells, impacting intracellular insulin and glucose homeostasis. However, there are hundreds of miRNAs in ATM−Exos, and none of them affects IS alone, which may be that multiple miRNAs work together to affect adipose tissue metabolism. The above studies have shown that ATMs secrete exosomes carrying miRNAs, which can be transported to insulin target cells through paracrine or endocrine mechanisms, significantly enhancing the action of intracellular insulin, improving insulin sensitivity and overall glucose homeostasis.

Obesity is closely related to T2MD observed in clinical practice (91). Recent studies suggest that ATMs and the inflammatory response play a bridge role in this process (63, 69). The c-Jun N-terminal kinase (JNK) signaling pathway is significant in obesity-related metabolic responses. In a high-fat diet-induced obesity mouse model, although macrophage-specific JNK knockout did not affect the bodyweight of mice, it reduced ATMs infiltration and improved insulin sensitivity, and JNK knockout could inhibit the polarization of ATMs towards M1 (34). These suggest that ATMs-related inflammatory responses, rather than obesity itself, contribute to the development of obesity-related T2MD.

Further studies have shown that ATMs are involved in obesity-related T2MD by secreting cytokines such as upd3. Studies in Drosophila have shown that depletion of macrophages or macrophage-specific knockout of upd3 can inhibit the activation of the JAK-STAT signaling pathway, thus increasing insulin sensitivity without affecting body weight (92). Mincle in ATMs plays a role in the formation of CLSs and participates in obesity-related insulin resistance (58). Furthermore, the inflammatory cytokines secreted by ATMs may be causative factors leading to insulin resistance and T2MD. In addition, PAI-1 blood levels were significantly increased in obese individuals, and further studies confirmed that it was derived from ATMs stimulated by free fatty acids (93). It is worth noting that breaking the link between ATMs and NK cells, CD8+T cells, and myeloid progenitor cells can inhibit ATMs-mediated inflammatory response and ultimately reduce insulin resistance, which may bring light to the treatment of T2MD (16, 94, 95).



ATMs and Clinical Therapy

Metformin is still the first-line T2MD drug especially caused by obesity. Since macrophages are involved in insulin resistance, they are likely to be ideal targets for treating metabolic diseases. The strategy is to regulate the inflammation-related signaling pathways in macrophages, thus inhibiting their polarization toward M1 and reducing macrophages’ production of inflammatory factors. Some small interfering RNAs and small molecule drugs block the activity of M1 macrophages by inhibiting NF-κB, JNK, and other signaling pathways in macrophages, reducing their infiltration in adipose tissue, thereby improving the body’s sensitivity to insulin (96, 97). Nevertheless, the models used in most studies are mice, which did not enter clinical trials.

However, most clinical research reduces the level of inflammatory factors secreted by macrophages through inflammatory factor inhibitors to treat insulin resistance. TNF-α is the first pro-inflammatory cytokine involved in insulin resistance, but limited data can show that TNF-α is involved in glucose regulation in humans. Early research suggested that short-term administration of a single TNF-α antagonist could not modulate blood glucose homeostasis (98, 99). However, 50 patients with obesity-related metabolic diseases were treated with TNF-α inhibitor etanercept for 6 months, which could significantly improve fasting blood glucose and increase adiponectin content in blood (100). The mechanism by which TNF-α inhibitors improve blood sugar still needs further investigation.

The interaction of CCR2 with its ligand MCP-1 affects monocyte migration into tissues and regulates monocyte-to-macrophage differentiation, producing pro-inflammatory cytokines and amplifying adipose tissue inflammation (20). Accumulating studies in mice have demonstrated that CCR2 selective inhibitors or CCR2/5 inhibitors can significantly improve type 2 diabetes (101–104). Combined with CCR2 inhibitors, metformin can treat diabetes by lowering blood sugar and inhibiting inflammation. A clinical trial involving 332 diabetic nephropathy patients showed that based on standard treatment, taking the CCR2 selective inhibitor, CCX140-B, could further reduce urinary protein and protect the kidneys. Compared with the placebo group, fasting blood glucose levels were significantly lower in the inhibitor group compared to the placebo group, although there was little change in HbA1C level (102). TRIM29 inhibits the secretion of IL6 and CCL2/5 in alveolar macrophages (105). CCL2/CCR2 is not the only pathway affecting the recruitment and differentiation of macrophages. The chemokine regulatory network is very complex, with CCR1-CCL3/4/5, CX3CR1-CX3CL1, and CXCR3-CXCL10 involved in macrophage differentiation. Therefore, utilizing CCR2 inhibitors to regulate macrophages to improve insulin resistance requires the support of more clinical trial data.



Concluding Remarks and Perspectives

The infiltration of pro-inflammatory macrophages in adipose tissue increases in obesity, and many inflammatory factors are secreted, resulting in adipose tissue inflammation. Inflammatory responses inhibit adipocyte insulin signaling, leading to insulin resistance. An adipose tissue macrophage is a key factor in obesity-induced insulin resistance by regulating a series of insulin-related and inflammatory factor-related signaling pathways through paracrine interactions between adipocytes and macrophages. In recent years, adipose macrophages have become a research hotspot based on their important role in insulin resistance. The in-depth study of macrophages has added new insights to the pathogenesis of metabolic diseases. In different microenvironments or under different stimuli, macrophages can show different activation modes and polarize into subtypes with different functions. Each subtype is involved in obesity, insulin resistance, T2MD, and other diseases such as atherosclerosis and severe acute pancreatitis (SAP). Therefore, the polarization direction of macrophages can be induced by regulating various factors affecting the polarization of macrophages, thereby stabilizing the balance between M1/M2 types of macrophages in vivo, which will make macrophages a potential new target for the treatment of metabolic diseases and bring a boon to human health (Figure 4).




Figure 4 | Adipose tissue macrophages can be used as a potential therapeutic target for treating obesity and diabetes.
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Hepatic glucose production (HGP) is fine-regulated via glycogenolysis or gluconeogenesis to maintain physiological concentration of blood glucose during fasting-feeding cycle. Aberrant HGP leads to hyperglycemia in obesity-associated diabetes. Adipose tissue cooperates with the liver to regulate glycolipid metabolism. During these processes, adipose tissue macrophages (ATMs) change their profiles with various physio-pathological settings, producing diverse effects on HGP. Here, we briefly review the distinct phenotypes of ATMs under different nutrition states including feeding, fasting or overnutrition, and detail their effects on HGP. We discuss several pathways by which ATMs regulate hepatic gluconeogenesis or glycogenolysis, leading to favorable or unfavorable metabolic consequences. Furthermore, we summarize emerging therapeutic targets to correct metabolic disorders in morbid obesity or diabetes based on ATM-HGP axis. This review puts forward the importance and flexibility of ATMs in regulating HGP, proposing ATM-based HGP modulation as a potential therapeutic approach for obesity-associated metabolic dysfunction.
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Introduction

Glucose is an essential energy source for most tissue cells in mammals. The circulation levels of glucose are strictly controlled within a stable range in healthy individuals. Abnormally low level of blood glucose, known as hypoglycemia, produces deleterious effects on physiological functions of various tissues and organs. Severe hypoglycemia substantially reduces glucose supply to the brain, resulting in central nervous system damage with consequent seizures, coma and death. In contrast, chronic hyperglycemia, a state of long-term high blood glucose usually in diabetes mellitus, may lead to dysfunction and/or failure of various organs (1). Thus, glucose homeostasis is critical for physiological fasting-feeding cycle particularly in overnutrition state.

During the fed state, dietary intake supplies exogenous glucose to provide energy; while under fasting conditions, endogenous glucose production becomes an indispensable way to maintain blood glucose levels. The liver produces endogenous glucose that accounts for the largest amount of glucose output. As such, the capacity for hepatic glucose production (HGP) plays a crucial role in maintaining blood glucose during fasting. Contrarily, aberrant elevations of HGP lead to hyperglycemia and associated metabolic disorders, particularly in individuals with morbid obesity and associated diabetes mellitus (2, 3). Thus, HGP modulation is a pivotal approach for the treatment of obesity-associated diabetes.

Adipose tissue closely interacts with the liver to regulate energy metabolism. In the fed state, triglycerides synthesized in hepatocytes are packed into VLDL and delivered into adipose tissue for storage (4). In the fasted state, the lipolysis of adipose tissue supplies the liver with non-esterified fatty acids (NEFAs) and glycerol that serve as the precursors of HGP (4–6). Besides metabolic products, adipose tissue communicates with the liver by exchanging diverse information including adipokines and extracellular vesicles (EVs) (5, 7). During these interactions, macrophages exhibit high heterogeneity in dynamic adipose tissue niches, playing flexible roles in metabolic and immune processes. Accumulating studies are unraveling the involvement of adipose tissue macrophages (ATMs) in hepatic glycolipid metabolism. Here, we review their emerging roles in modulating HGP in the context of physiological fasting-feeding cycle as well as obesity or diabetes. Related ATM profiles and regulatory mechanisms for hepatic gluconeogenesis are discussed.



HGP

Hepatocytes produce endogenous glucose relying on gluconeogenesis and glycogenolysis. The former generates glucose from non-carbohydrate substrates, while the latter produces glucose through glycogen breakdown. Both glycogenolysis and gluconeogenesis contribute to HGP during fasting period, whereas glycogenolysis only exists during early fasting stages due to limited glycogen storage (3, 4, 8, 9).


Hepatic gluconeogenesis

Gluconeogenesis is a biological process of glucose generation from non-carbohydrate precursors such as glycerol, lactate, pyruvate and glucogenic amino acids (8, 10). As part of the reverse reaction of glycolysis, gluconeogenesis requires four critical enzymes to bypass the irreversible steps. Pyruvate carboxylase (PC) carboxylates pyruvate derived from glycolysis into oxaloacetate, which is decarboxylated by phosphoenolpyruvate carboxykinase (PEPCK) to form phosphoenolpyruvate. Fructose-1,6-bisphosphatase catalyzes fructose 1,6-bisphosphate into fructose 6-phosphate; while glucose 6-phosphatase (G6Pase) dephosphorylates glucose-6-phosphate (G6P) into glucose (8, 11, 12). Hepatic gluconeogenesis is strictly regulated by hormones in different nutrition states. These hormones regulate gluconeogenic gene expression by promoting or suppressing the binding of specific transcription factors with their promoters. To date, multiple transcription factors including CREB, PGC-1α, FOXO1 have been identified to promote PEPCK and/or G6Pase transactivation (13). In fasting conditions, glucagon secretion is increased whilst insulin levels decreased. Upon binding to their receptors on hepatocytes, glucagon activates cAMP-PKA signaling to mediate CREB activation, thereby promoting PEPCK and G6Pase transcriptions. CREB-mediated hepatic gluconeogenesis can be further enhanced by coactivator p300/CBP and CRTC2. In addition, CREB stimulates PGC-1α expression, another coactivator to cooperate with FOXO1 in promoting PEPCK and G6Pase transcriptions. During the fed state, insulin secretion is stimulated whilst glucagon production is inhibited. Insulin signaling mediates downstream AKT activation that phosphorylates FOXO1 for degradation, thereby reducing PEPCK and G6Pase transactivation (4, 9, 14–16). Fasting-induced glucocorticoid also contributes to hepatic gluconeogenesis through direct transactivation of PEPCK or G6Pase (17, 18). In case of hormone dysregulation, for instance, insulin resistance in human or animals with type 2 diabetes leads to the failure of FOXO1 degradation, causing hyperglycemia via abnormal gluconeogenesis (16, 19).



Hepatic glycogenolysis

Glycogenolysis is a process of breaking down glycogen into glucose. Glycogen phosphorylase breaks down glycogen into glucos-1-phosphate, and the latter is converted into G6P by phosphoglucomutase, which is hydrolyzed into glucose by G6Pase. Glycogenolysis also indirectly contributes to hepatic gluconeogenesis by supplying glycolytic intermediates. A very recent study on mouse models provides evidence that glycogen in liver and muscle tissue supplies glycolytic intermediate lactic acid, hence contributing to gluconeogenesis even in the fed state (20).




ATMs and their influences on HGP

There are two kinds of typical adipose tissue in mammals, white adipose tissue (WAT) responsible for energy storge and brown adipose tissue (BAT) responsible for energy dissipation (21). WAT has a close crosstalk with the liver to regulate metabolism and immune reactions. Under different pathophysiological conditions, heterogenous ATMs constitute special immune microenvironments, producing broad impacts on both adipose tissues and liver. Based on phenotypic characteristics, ATMs can be classified into M1 macrophages expressing high levels of proinflammatory cytokines like TNF-α, IL-1, IL-6, iNOS, and M2 macrophages with high levels of anti-inflammatory IL-10 and arginase 1. M2 macrophages are predominant in lean WAT to maintain immune hemostasis in healthy individuals, whereas M1 macrophages are accumulated in obese WAT and mediate adipose tissue inflammation and insulin resistance in metabolically unhealthy individuals. However, during metabolic switch from homeostasis to disorders, some phenotype markers may be overlapped between M1 and M2 macrophages and some potential markers have not been identified or included. There are still some difficulties to depict full and precise ATM profiles based on this simple classification, we therefore specify the phenotypic characteristics of ATMs related to HGP modulation here.


Cytokines from ATMs on HGP Modulation


IL-10 in concert with insulin action: Physiological control of HGP

Insulin is considered as the primary contributor to HGP suppression in the fed state. A recent study adds ATM-derived IL-10 to the list of HGP suppression, providing an elaborate explanation for feeding-induced HGP reduction. An earlier study showed that in vitro treatment with IL-10 plus IL-1β inhibited glucose production in primary rat hepatocytes through reducing PEPCK expression, but the underlying mechanisms remained unclear (22). Using different myeloid-specific gene knockout mouse models, Toda et al. demonstrated that macrophages, in response to postprandial signals LPS and insulin, produced IL-10 to suppress gluconeogenic gene expression and hepatocyte glucose production. This inhibitory effect was mediated by IL-10-stimulated Stat3 activation. Feeding induced IL-10 from ATMs, whereas obesity markedly decreased IL-10-producing macrophages in epidydimal WAT. Thus, ATM-derived IL-10 contributes to HGP suppression in cooperation with insulin in fed state (Figure 1). Upon obesity, ATMs with low IL-10 production failed to inhibit hepatic gluconeogenesis, resulting in high HGP and hyperglycemia. Importantly, IL-10 restoration successfully lowered the plasma glucose in obese mice, accompanied by the suppression of gluconeogenic genes in the liver (23, 24). Therefore, ATM-derived IL-10 may be a promising indicator to monitor HGP homeostasis during fasting-feeding cycle and a potential therapeutic target for obesity-induced metabolic dysfunction.




Figure 1 | Remote modulation on HGP by ATMs. In the fed state, ATMs in response to insulin and LPS produce IL-10 to control gluconeogenesis-mediated HGP. In overnutrition state, ATMs secret large amounts of IL-6 and TNF-α, which link WAT inflammation with lipolysis, resulting in exacerbated HGP through interfering with insulin action or supplying precursors to stimulate aberrant gluconeogenesis. Lipid-associated ATMs play either protective or detrimental roles in controlling aberrant HGP.





TNF-α in association with insulin resistance: Pathological stimulation of HGP

Insulin resistance is the major cause and typical feature of type 2 diabetes, which is closely associated with abnormal hepatocyte gluconeogenesis that contributes to enhanced HGP (16, 25, 26). An early study provided direct evidence that mice received constant infusion of TNF-α showed significant elevation in HGP together with decrease in insulin action and increase in glucagon secretion (27). Later, it was verified that TNF-α expression was significantly upregulated in WAT from rodents and human with obesity or diabetes, and closely associated with systemic insulin resistance. Importantly, TNF-α deficiency provided protection from obesity-induced insulin resistance in mice (28–30). ATMs are remarkably increased in obese WAT, which produce large amounts of TNF-α to drive insulin resistance and interfere with hepatic glycolipid metabolism (31, 32). TNF-α impairs insulin signaling by blocking tyrosine phosphorylation of insulin receptor substrate-1, the failure of AKT activation may facilitate HGP via glycogenolysis and gluconeogenesis. On the other hand, TNF-α may induce lipid overload in the liver, either from de novo lipogenesis through insulin-independent SREBP1 activation, or from excessive lipolysis of WAT elicited by insulin resistance (31, 33–35). Excessive lipolysis supplies lots of gluconeogenetic precursors like glycerol, NEFAs to promote aberrant HGP. Notably, more lipotoxic intermediators such as saturated palmitic acid and diacylglycerol are generated in these processes, which induce hepatic endoplasmic reticulum stress, inflammation and ensuing insulin resistance (5, 36–39). Therefore, TNF-α from obese ATMs may serve as a strong stimulator for abnormal HGP in obesity and associated diabetes mellitus (Figure 1).



IL-6 in cooperation with lipolysis: Indirect regulation of HGP

Besides TNF-α, IL-6 is another critical cytokine secreted from ATMs in obese condition. But differently, IL-6 regulates HGP in a more complex and flexible manner. To a large extent, the diversity of IL-6 modulation depends on its distinct target organs in different settings, which is more likely influenced by its sources and amounts. In fact, when directly acting on liver or primary hepatocytes, IL-6 at physiological concentrations elicited a suppression in glucagon-stimulated HGP and gluconeogenic genes (40, 41). In line with this, hepatic IL-6 that was induced by insulin action in the brain showed an inhibition on HGP through promoting Stat3 activation and reducing hepatocyte gluconeogenesis via PEPCK and G6pase suppression (42–44). Upon targeting adipocytes, IL-6 plays an indirect role in driving HGP process. In response to exercise or early fasting, skeletal muscle-derived IL-6 promotes lipolysis in WAT, thereby providing materials to support HGP (45–47). Of note, in case of morbid obesity, ATMs produce large amounts of IL-6 to stimulate excess WAT lipolysis, which abrogates insulin action on HGP suppression, resulting in hyperglycemia in rodents or adolescents (48, 49). Using in vivo metabolomics approach in combination with myeloid-specific JNK-deficient mice, and IL-6 neutralization or infusion treatment, Perry et al. provided evidence that insulin failed to suppress hepatic acetyl CoA, PC activity/flux and subsequent HGP in morbidly obese condition. During this process, IL-6 from ATMs played a key role in potentiating abnormal hepatic gluconeogenesis by increasing WAT lipolysis, leading to uncontrolled increases in hepatic acetyl CoA content and PC activity (Figure 1). These findings provide an alternative explanation for ATM-regulated, lipolysis-dependent HGP in diet-induced obesity, and propose a novel therapeutic target based on ATM-derived IL-6 (49). Moreover, the role of IL-6 in suppressing insulin signaling via SOCS3 induction in the liver should also be considered (48, 50, 51), which will not be detailed here.



ATMs on the bridge linking WAT inflammation with hepatic inflammation

As noted above, ATMs make pivotal contribution to hepatic insulin resistance through releasing proinflammatory cytokines. More interestingly, WAT inflammation also triggers hepatic inflammation, producing an overlapped interference on glycolipid homeostasis including HGP process. Through intraperitoneally transplanting visceral WAT from obese mice, Bijnen et al. established evident hepatic inflammation characterized by neutrophil and macrophage accumulation in receipt mice, which contributed to the development of non-alcoholic steatohepatitis (52). When ATMs were deleted from WAT prior to transplantation, this effect could be reversed. This study reveals the key position of ATMs in linking WAT inflammation and hepatic inflammation, in which CD11c+ ATMs that highly express neutrophil chemotactic genes are considered to recruit neutrophils followed by macrophages into the liver (52). In support of this, two earlier studies demonstrated an association of omental ATMs with hepatic inflammation and steatosis in insulin-resistant subjects, as well as the WAT inflammation prior to hepatic inflammation in mice during obesity development (53, 54).




Lipid-laden ATMs on HGP Modulation

Besides the anti- or pro-inflammatory ATMs in lean or obese conditions, a peculiar population of lipid-laden ATMs intersecting metabolism and immunity is significantly upregulated by obesity in human and mouse WAT, particularly visceral WAT (55, 56). These lipid-laden ATMs not only showed an association with human body mass index, but also had an inhibitory effect on insulin signaling of fat explants from lean mice (56). Through analyzing the lipid profiles of ATMs in genetically obese (ob/ob) mice that were treated with or without rosiglitazone, Prieur et al. proposed that the cytotoxic lipid species including free cholesterol and saturated triglyceride could induce the switch of ATMs from M2 toward M1 phenotype, thereby resulting in obesity-induced inflammation and insulin resistance (55). In agreement with this, obese mice that received diet switching from high-fat diet to normal chow diet had a rapid normalization of metabolic parameters including reduced hepatic steatosis and gluconeogenesis-based HPG, accompanied by an obvious reduction in lipid-laden ATMs (57). These findings imply a close linkage of lipid-laden ATMs with liver metabolism. Notably, however, accumulating evidences demonstrated that some lipid-associated ATMs could improve glucose metabolic homeostasis by taking up and sequestering excessive lipids to avoid their damage on both adipose tissue and liver. Silence or deficiency of lipoprotein lipase or Trem2 associated with lipid metabolism abrogated the lipid uptake and storage in ATMs, resulting in insulin resistance and aggravating abnormal HGP via gluconeogenesis in obese mice (58, 59). As such, the lipid-associated ATMs may undergo dynamic changes with the development of obesity and have bidirectional regulation on HGP. It is very likely that ATMs assist in handling lipid during the metabolic adaptation to energy surplus, achieving a fine control of HGP through reducing lipid overload and toxicity on adipocytes and hepatocytes. By contrast, in case of lipid overload, toxic lipid species may stimulate ATMs to induce inflammation, insulin resistance and aberrant HPG, thereby producing deleterious effects on metabolic health (60, 61) (Figure 1). In agreement with this, an exosome-dependent transfer of neutral lipid from adipocytes to macrophages has recently been revealed (62, 63), further elucidation on lipid composition and amounts will help to elucidate their protective or detrimental effects on HGP modulation and consequent metabolic health.



Potential ATM-based Modulators for HGP

Given the diversity of ATMs in different nutrition states, emerging ATM-associated modulators for HGP have been identified, and several potential targets are briefly summarized here.


Osteopontin (OPN)

OPN is a secreted matrix glycoprotein significantly upregulated in human and mouse adipose tissue upon obesity, and ATMs are its important source. OPN contributes to ATM accumulation via recruitment or proliferation in obese WAT, which is therefore closely associated with obesity-induced WAT inflammation, insulin resistance and HGP. Genetic deletion or antibody neutralization of OPN successfully alleviated ATM infiltration, WAT and hepatic inflammation in obese mice, thus improving insulin sensitivity accompanied by normalization of HGP markers. Of note, FOXO1 decrease mediated by AKT activation and Stat3 activation have been involved in HGP correction, confirming that OPN plays critical role in stimulating hepatic gluconeogenesis, though its direct or indirect effects remain to be carefully investigated (64–67). Interestingly, obese mice with selectively silenced OPN in epididymal ATMs showed an improvement in systemic glucose tolerance, further implying the contribution of ATM-derived OPN to the dysregulation of glucose metabolism. In addition, it should be noted that a population of recruited hepatic macrophages expressing OPN has recently been found to promote the development of non-alcohol fatty liver disease (68), which is warranted to be further studied regarding its regulation on HGP.




Dipeptidyl peptidase 4 (DPP4)

DPP4 is a glycoprotein ubiquitously expressed by many cell types. Given its multiple roles in immune activation and metabolic influence, DPP4 has been considered as a potential therapeutic target for type 2 diabetes. DPP4 has a direct role in enzymatic cleavage of incretin hormone glucagon-like peptide-1, thereby interfering with normal glucose homeostasis. In addition, DPP4 is elevated in obese WAT where both adipocytes and ATMs are counted. Factors related to metabolic stress such as glucocorticoids and oxidized LDL have been reported to induce DPP4 upregulation on macrophages, which can stimulate macrophage inflammation and T cell activation, hence potentiating WAT inflammation and insulin resistance (69–72). As DPP4 can function in either soluble or membrane form, and hepatocytes also express DPP4, detailed functions of DPP4 including HGP modulation are yet to be determined.



Retinol binding protein 4 (RBP4)

RBP4 is a serum retinol transporter secreted by the liver and fat. In obese mice, RBP4 stimulates ATM activation dependent on toll-like receptor 2/4, leading to production of proinflammatory cytokines like TNF-α, IL-12, IL-6, IL-1β, and subsequent T cell activation. This action plays a critical role in eliciting obesity-induced WAT inflammation and systemic insulin resistance (73–75). Interestingly, EVs from visceral WAT of obese mice were found to carry RBP4 that possessed the capacity to activate macrophages and elicit insulin resistance (76). More recently, a study on women with obesity linked RBP4 with HGP relying on its stimulation on adipocyte lipolysis. Direct stimulation on basal lipolysis as well as increased lipolysis by indirectly activating ATMs were both included (77). Therefore, RBP4 may act as another promising candidate for ATM-based HGP modulation, particularly in obesity-related glucose dysregulation.




Concluding remarks and perspectives

Fine-regulation of HGP is critical to maintain blood glucose homeostasis in various nutrition states. HGP dysregulation contributes to hyperglycemia in obesity-associated diabetes. During fasting-feeding cycle or metabolic stress like overnutrition, ATMs change their cytokine or lipid profiles to remotely modulate HGP. Feeding induces IL-10 from ATMs, which controls HGP by inhibiting gluconeogenesis in concert with insulin action. While exacerbated HGP usually coincides with large amounts of IL-6 and TNF-α from ATMs, which link WAT inflammation with lipolysis, further interfering with insulin action or supplying precursors to stimulate gluconeogenesis. In response to overnutrition, lipid-associated ATMs play either protective or detrimental roles in controlling aberrant HGP (Figure 1). Therefore, ATM-based HGP modulation may be the promising strategies to treat obesity-associated diabetes.

Regarding ATM-based HGP modulation, more regulatory modes and targets remain to be unraveled, whilst some regulators of macrophages, such as a E3 ubiquitin ligase TRIM29 that inhibits macrophage activation and proinflammatory cytokine production (78), would be the promising candidates. Besides secretary molecules, EVs may be another indispensable remoter for fat-liver crosstalk. It is therefore interesting to explore whether and how EVs regulate the interactions between ATMs, adipocytes and hepatocytes, and their influences on HGP homeostasis. Upon challenged with energy surplus, WAT undergoes the process from metabolic adaptation to maladaptation, in which HGP-related ATM phenotypes and functions need to be carefully determined due to their complexity and flexibility. Given that gluconeogenesis is precisely regulated by circadian clocks, it is yet open but interesting to explore the changes of ATMs in this process. Furthermore, possible HGP regulation by BAT macrophages is also attractive, due to their involvement in energy metabolism (79, 80).
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Macrophages are innate immune cells with high phenotypic plasticity. Depending on the microenvironmental cues they receive, they polarize on a spectrum with extremes being pro- or anti-inflammatory. As well as responses to microenvironmental cues, cellular metabolism is increasingly recognized as a key factor influencing macrophage function. While pro-inflammatory macrophages mostly use glycolysis to meet their energetic needs, anti-inflammatory macrophages heavily rely on mitochondrial respiration. The relationship between macrophage phenotype and macrophage metabolism is well established, however its precise directionality is still under question. Indeed, whether cellular metabolism per se influences macrophage phenotype or whether macrophage polarization dictates metabolic activity is an area of active research. In this short perspective article, we sought to shed light on this area. By modulating several metabolic pathways in bone marrow-derived macrophages, we show that disruption of cellular metabolism does per se influence cytokine secretion profile and expression of key inflammatory genes. Only some pathways seem to be involved in these processes, highlighting the need for specific metabolic functions in the regulation of macrophage phenotype. We thus demonstrate that the intact nature of cellular metabolism influences macrophage phenotype and function, addressing the directionality between these two aspects of macrophage biology.
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Introduction

Macrophages are innate immune cells that populate all tissues and have a number of homeostatic roles (e.g., removing dead cells and cellular debris, recycling iron). One of their main immune functions is to recognize and phagocytose pathogens (1). Following recognition, they also produce cytokines that can recruit and induce differentiation of monocytes and T cells. Additionally, they play an important role in tissue repair once the immune response has been terminated (1).

Macrophages can respond to a variety of molecular cues through activation of Toll-Like Receptors (TLRs), and will secrete cytokines accordingly. Following activation, they will transition from a quiescent state to an activated one. Depending on the cues they receive, they can adopt different activated phenotypes. Based on in vitro experiments, activated macrophages have been historically divided into M1 pro-inflammatory or M2 anti-inflammatory macrophages (2). Stimulating macrophages with lipopolysaccharide (LPS) and interferon-γ (IFN-γ) triggers their differentiation into M1 macrophages whereas interleukin 4 (IL4) and IL13 promote an M2 phenotype (3, 4).

M1 and M2 macrophages display different metabolic properties. M1 macrophages have increased glucose uptake through the Hypoxia Inducible Factor 1α (HIF1α)-dependent upregulation of glucose transporters. This increased glucose uptake is essential to fuel glycolysis and thus produce ATP. M1 macrophages scarcely use mitochondrial respiration as they have targeted breaks in the tricarboxylic acid (TCA) cycle (Figure 1A) (5–7).




Figure 1 | Metabolic inhibitors alter macrophage expression of inflammatory genes in response to LPS or IL4 (A). M1 and M2 macrophage metabolism. FAO: fatty acid oxidation. ETC, Electron transport chain; TCA cycle, tricarboxylic acid cycle. (B) Experimental design: bone marrow-derived macrophages (BMDMs) were treated with metabolic inhibitors for 30 min. BMDMs were then either left untreated (M0 quiescent macrophages) or stimulated with LPS or IL4 to induce M1 and M2 polarizations respectively. Macrophage response was then assessed by quantifying cytokine concentration in the extracellular medium or through mRNA quantification by qPCR. (C) Relative mRNA expression for Tnfa, Il6, Il1b, Mcp1 and Il10 in quiescent BMDMs either left untreated or treated with 2-deoxyglucose (2-DG), oligomycin (Oligo), rotenone/antimycin A (Rot/AA), Etomoxir (Eto) or a combination of 2-DG and Etomoxir (Eto+2-DG). All points are shown in box plots with line at median. One-way ANOVA was used to determine statistical significance between groups within each stimulation condition (untreated, LPS, IL4) *p < 0.05, **p < 0.01, ***p < 0,001, ****p < 0,0001. Unless otherwise stated, differences between groups are not statistically significant. A and B Created with BioRender.com.



M2 macrophages, on the other hand, produce ATP mostly through mitochondrial respiration and have only limited glycolytic activity. Fueling the TCA cycle, M2 macrophages enhance their uptake of fatty acids. Fatty acid oxidation (FAO) provides Acetyl-CoA to a fully functional TCA cycle (8). TCA cycle-derived NADH is then used by the electron transport chain (ETC) to generate ATP through ATP synthase (Figure 1A) (7, 9).

In vivo, environmental factors that vary between different tissues or between homeostasis and disease are increasingly recognized as powerful dictators of macrophage metabolism. Macrophages in inflammatory conditions and inflammatory diseases are predominantly glycolytic. For example, macrophages in rheumatoid arthritis (RA) up-regulate the enolase enzyme, which stimulates production of pro-inflammatory cytokines, and show elevated succinate levels (10, 11). In diet-induced obesity, adipose tissue macrophages are hypermetabolic, up-regulating both glycolytic activity and mitochondrial respiration (12). Yet, these macrophages were long considered M1-like and are known to promote insulin resistance and metabolic syndrome (9). Such environmentally adapted profiles raise the question of precise directionality between macrophage metabolism and inflammatory profile.

Here, we use bone marrow-derived macrophages (BMDMs), with inhibitors of specific metabolic pathways to shed light on the direction of control between cellular metabolism and capacity to mount an inflammatory response. Using cytokine production as a functional read-out for macrophage phenotype, we show that impairing metabolic pathways drastically impacts macrophage phenotype. Some metabolic pathways have differential effects on cytokine secretion profile, suggesting that additional factors may directly influence macrophage phenotype in synergy with metabolic parameters.



Results


Biasing cellular metabolism alters inflammatory marker expression in quiescent macrophages

We first wondered whether biasing macrophage metabolism could per se influence macrophages in their quiescent state. Following treatment with inhibitors of glycolysis, mitochondrial respiration or both, we quantified transcription of inflammatory markers Tnfa, Il6, Il1b, Mcp1 and Il10 in M0 BMDMs or in BMDMs that were subsequently polarized towards a M1 or M2 phenotype (Figure 1B). When pre-treated with 2-deoxyglucose (2DG), a non-metabolizable glucose analog which inhibits glycolysis. Quiescent BMDMs showed decreased Tnfa and Mcp1 transcription compared to cells that were not pre-treated with 2DG, there was no change for Il6, Il1b or Il10 (Figure 1C). Inhibiting the mitochondrial ETC with Rotenone and antimycin A (Rot/AA) resulted in a similar decrease in Tnfa transcription. Oligomycin, an ATP synthase inhibitor, and etomoxir which inhibits carnitine palmitoyl transferase 1a (Cpt1a), FAO’s rate-limiting enzyme, did not show any significant effect on cytokine transcription (Figure 1C). The combination of etomoxir and 2DG (Eto+2DG) did not display any additive effect compared with the single inhibitor setting. These results suggest that cellular metabolism, in particular intact activity of glycolysis and mitochondrial ETC, is important to maintain macrophages in a quiescent state. However, the lack of impact of the different aforementioned metabolic inhibitors on Il6 and Il1b transcription suggests that metabolism only influences specific signals at quiescence. Conversely, some metabolic pathways resulted in increased transcription of inflammatory markers. For example, oligomycin results in increased Il6 expression in quiescent BMDMs (Figure 1C).



Cellular metabolism influences macrophage transcriptional response to M1-like and M2-like polarizing stimuli

We next wondered about the impact of cellular metabolism on macrophage capacity to polarize or sensitivity to polarizing agents. BMDMs were pretreated with metabolic inhibitors then stimulated with bacterial LPS, the main TLR4 ligand known to induce M1-like polarization, or with IL4, a known stimulator of M2-like polarization (Figure 1B).

In cells pretreated with 2DG, LPS-induced expression of Il6 was attenuated. This effect was also observed in cells pretreated with oligomycin for both Il1b and Il6 (Figure 1C). Upon pretreatment with Rot/AA, LPS-induced expression of Mcp1 was decreased. Etomoxir pretreatment did not affect the response to LPS. These data suggest a limited contribution of FAO to the transcriptional response to LPS. (Figure 1C). These results indicate functional specificity in the requirement for glycolysis and ATP synthase activity in LPS-induced expression of Il6, Il1b and Mcp1 versus Tnfa and Il10 (i.e., Il6 expression, but not Tnfa, requires intact glycolytic flux and ATP synthase activity).

Additionally, we confirmed a relative state of quiescence in untreated BMDM through their increased expression of inflammatory markers in response to LPS and through surface expression of MHCII following long-term treatment with LPS (Figure S1).

Following IL4 stimulation, few cytokines were affected at the transcriptional level. Only Mcp1 expression was affected (Figure 1C). Inhibiting any metabolic pathway other than FAO alone strongly decreased Mcp1 transcription in response to IL4. This indicates that FAO does not significantly contribute to the Mcp1 transcriptional response and while glycolysis did not seem to play any role in Mcp1 up-regulation following LPS stimulation, it was pivotal in the response to IL4.



Cellular metabolism influences macrophage cytokine secretion in response to an inflammatory challenge

As a functional readout, focusing on proinflammatory signalling, we measured cytokine secretion into the extracellular medium (Figure 2A). Inhibiting any of the aforementioned metabolic pathways resulted in decreased IL6, TNFα, and MCP1 secretion in response to LPS. Metabolic inhibition, without supplementary stimulation, did not induce significant changes in IL1β secretion. We did however observe a significant increase in IL1β secretion during LPS stimulation in cells that were pre-treated with Eto+2-DG, compared to other pretreatments (Figure 2A). While LPS stimulation alone is not expected to induce significant inflammasome activation, it is possible that the Eto+2DG combination, with LPS, induces cellular stresses that contribute to IL1β secretion.




Figure 2 | Metabolic inhibitors alter macrophage secretory profile in response to LPS or IL4. Bone marrow-derived macrophages (BMDMs) were pretreated with metabolic inhibitors for 30 min before being stimulated with M1 (LPS) or M2 (IL4) stimulus or left untreated for 2 h. Macrophage response was then assessed by quantifying cytokine concentration in the extracellular medium. (A) Concentration of TNFα, IL6, IL1β and MCP1 in cell culture media of BMDMs pretreated with 2-deoxyglucose (2-DG), oligomycin (Oligo), rotenone/antimycin A (Rot/AA), Etomoxir (Eto) or a combination of 2-DG and Etomoxir (Eto+2-DG) and then stimulated with LPS for 2h. (B) Concentration of TNFα and MCP1 in cell culture media of BMDMs pretreated with 2DG, Oligo, Rot/AA, Eto or Eto+2-DG and then stimulated with IL4 for 2h. All points are shown in box plots with line at median. The dashed line indicates detection limit of the assay. One-way ANOVA was used to determine statistical significance between groups within each stimulation condition (untreated, LPS, IL4) *p < 0.05, **p < 0.01, ***p < 0,001, ****p < 0,0001. Unless otherwise stated, differences between groups are not statistically significant.



In response to LPS, inhibiting glycolysis had the most dramatic and consistent effect across measured cytokines. Inhibiting the mitochondrial ETC at multiple levels, NADH:ubiquinone oxidoreductase, coenzyme Q-cytochrome c reductase or ATP synthase (Complexes I, III or V), comparably attenuated cytokine secretion. Inhibiting FAO had the least pronounced effect on cytokine secretion, even if it still decreased IL6 and MCP1 secretion (Figure 2A).

In response to IL4 stimulation, most inflammatory cytokines were secreted at low concentrations that were close to, or below, the detection limit for most samples (Figure 2B). TNFα was the exception that increased with IL4 treatment and its expression was potentiated upon pretreatment with etomoxir or with Rot/AA (Figure 2B). MCP1 expression showed a tendency to a decrease by oligomycin, Rot/AA and Eto+2-DG that did not however reach statistical significance (Figure S2).

These results suggest that targeting metabolic pathways alters macrophage secretory capacity in response to LPS or to IL4. Glycolysis and the mitochondrial ETC are instrumental in cytokine secretion in response to TLR4 ligation, while FAO contributes to a more limited extent. Elements of FAO and OXPHOS do however contribute to regulating TNFα expression in response to IL4. Overall, these findings show that metabolism is important for macrophage secretory profile. However, only specific metabolic pathways are capable of influencing transcriptional profile. Indeed, macrophage cellular metabolism greatly impacts macrophage capacity to polarize and specific metabolic pathways have differential roles in supporting an M1 or M2 phenotype (Table 1).


Table 1 | Summary of effects of metabolic inhibitor pretreatments on gene expression and cytokine concentration in media from macrophages.






Discussion

Metabolism is tightly linked to macrophage polarization as M1 macrophages are predominantly glycolytic while M2 macrophages rely heavily on mitochondria. Here, we studied the impact of macrophage cellular metabolism on macrophage phenotype. We show that macrophage polarization depends on cellular metabolic activities and more particularly on some pivotal metabolic pathways like glycolysis. Interestingly, this dependency is functionally specific with respect to the cytokines affected and alters secretory capacity to a greater extent than transcription.

Additionally, we show that transcription of some cytokines was unexpectedly boosted by metabolic inhibition. It is possible that, following inhibition of a given pathway, metabolites used by this pathway are redirected towards other pathways in which activity is increased. This could be a mechanism of adaptation to the metabolically challenging environment. Such compensatory mechanisms have already been described in monocytes, in which IL6 production is quickly restored after depriving monocytes of ATP and glucose (13).

The impact of cellular metabolism on quiescent macrophage polarization differs between M1 and M2 macrophages. The impact of metabolic inhibition on M2 differentiation seems to be more limited than on M1 differentiation. This is of particular interest in some contexts like metabolic syndrome. In this disease, macrophages face changes in metabolic substrate availability, such as lipid overload. Moreover, in treated individuals, macrophages are also exposed to metabolically active therapeutic agents. Macrophages can accumulate in metabolic organs, adipose tissue and the liver, and exhibit an M1-like phenotype which is central to metabolic decline and the development of insulin resistance (9, 14, 15). Thus, our data suggest that changes in the metabolic environment of the cells could lead to changes in macrophage metabolic status and subsequently in macrophage phenotype. Alternatively, in therapeutic perspectives, altering availability of substrates or functioning of metabolic pathways can profoundly impact macrophage secretory profile. The question remains in defining at-risk groups and controlling cell-specific delivery of metabolically acting drugs. Future preclinical work will shed light on the feasibility of such approaches.

The M1/M2 classification has been challenged since it was first proposed. It poorly recapitulates the diversity of macrophage subpopulations found in vivo. Macrophages display great phenotypic and functional diversity depending on the tissues they populate, their ontogeny, or their states in health and disease (16). Such specificity could also arise in macrophage reliance on metabolic pathways or on adaptability of cellular metabolism. Additionally, recent studies have uncovered diversity in macrophage populations of a given tissue. For instance, 17 showed the existence of two subpopulations of macrophages that are conserved across several tissues and are localized in distinct tissular niches (17). Whether such subpopulations share common metabolic features or whether their different localizations also translate into different metabolic activities remains largely unknown. Differences in metabolic status between tissue-resident and monocyte-derived macrophages are still under investigation.

Future work could decipher the metabolic diversity of macrophages in vivo, adding mechanistic insight and rationale for redeployment of metabolically active therapeutics. Until recently, such investigations were considered technically challenging. However, techniques allowing single-cell resolution in analysis, e.g., SCENITH (18), are gaining accessibility and bring us closer to overcoming the technical challenges encountered when studying cellular heterogeneity across tissues, both in health and disease.

Macrophage polarization is known to play an active role in a number of diseases such as metabolic syndrome, as mentioned above, auto-immune diseases or cancer. While M1-like macrophages are important drivers of the progression of metabolic diseases, a phenotypic shift from M1-like to M2-like macrophages is known to favor cancer progression and eventually metastasis by dampening the anti-tumor immune response (19). Macrophage metabolism could therefore become an interesting therapeutic target in such diseases. Indeed, targeting relevant metabolic pathways could allow reprogramming of macrophage polarization and thus improve the disease. In addition, macrophages themselves are more and more considered as potential therapeutic agents, for example as chimeric antigen receptor (CAR)-macrophages targeting and phagocytosing tumor cells (20, 21). Combinations of such therapeutic macrophages with metabolic drugs aimed at modulating their phenotype could be powerful tools in a wide range of diseases.



Methods


BMDMs production and stimulation

C57BL/6J mice were bred and housed at the “Centre d’Explorations Fonctionnelles” bdof Sorbonne University (UMS-28) on a 12h day/night cycle. All experiments were approved by the French ethical board (Paris-Sorbonne University, Charles Darwin N°5, 01026.02) and conducted in agreement with all French regulations and guidelines. Tibias and femurs from C57BL/6J mice were collected. Bone marrow cells were recovered by flushing the bones with PBS. After red blood cell lysis, cells were plated in culture-treated 12- or 24-well plates at a concentration of 1x106/mL in BMDM medium (DMEM with GlutaMAX supplemented with 10% FCS, 30% L929-conditioned medium and 100U/mL Penicilin, 100µg/mL streptomycin). L929 cell line produces high amounts of macrophage-colony stimulating factor and other proteins stimulating macrophage differentiation (22). L929-conditioned medium thus allows differentiation of hematopoietic stem cells into BMDMs. Culture medium was renewed every two days.

After 6 to 7 days of differentiation, BMDMs were pre-treated for 30 min with either 10mM 2-DG (D8375), 10µM rotenone (R8875), 5µM antimycin A (A8674), 10µM oligomycin (O4876), 10µM etomoxir (E1905) or a combination of several of these drugs for 30min. The cells were then stimulated with LPS (10ng/ml) (L2630) or IL4 (10ng/mL) (130-094-061, Miltenyi Biotech) for 2h in continued presence of metabolic inhibitors. Unless otherwise stated, all compounds were purchased from Sigma Aldrich.



Quantification of cytokine transcription

mRNAs were purified using either Qiagen RNeasy or Macherey-Nagel Nucleospin RNA kits, according to manufacturer’s instruction.

mRNAs were retrotranscribed into cDNAs using M-MLV Reverse Transcriptase kit (Promega). Quantitative RT-PCRs were performed with MESA green mastermix (Eurogentec) and target-specific primers using QuantStudio 3 Real-Time PCR Systems (ThermoFisher Scientific). 18S RNA was used for normalization of mRNA levels. The DNA sequences of primers used for qPCR are listed in Table 2.


Table 2 | Sequences of DNA primers used in RT-qPCR reactions.





Quantification of cytokine secretion

Culture medium from stimulated BMDMs was recovered and cytokine quantification was performed using BioLegend LegendPlex kit according to manufacturer’s instructions. Data were analyzed using Qognit software. Cytokines secreted by LPS-stimulated cells and cytokines secreted by IL4-stimulated cells were quantified using two lots of the LegendPlex kit.



Statistical analysis

Statistical analysis was performed with GraphPad Prism (La Jolla, CA, USA). Data are presented as mean ± SEM. Comparison between groups was performed with either one-way ANOVA followed by Tukey’s test or two-way ANOVA followed by Dunnett’s multiple comparison test.
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Supplementary Figure 1 | Macrophage expression profile at quiescence in response to metabolic inhibitors. Bone marrow-derived macrophages (BMDMs) were pretreated with metabolic inhibitors for 30 min and left untreated in clean cell culture media for 2 h after. Surface expression levels of MHCII by flow cytometry in BMDM that are unstimulated or stimulated with LPS for 2 h or 24 h. All points are shown in box plots with line at median. ns not significant, * p<0.05, *** p<0,001, **** p<0,0001. Unless otherwise stated, differences between groups are not statistically significant.

Supplementary Figure 2 | MCP1 secretion by IL-4-stimulated BMDMs. Concentration of MCP1 in cell culture media of BMDMs pretreated with 2DG, Oligo, Rot/AA, Eto or Eto+2-DG and then stimulated with IL4 for 2h. All points are shown in box plots with line at median. One-way ANOVA was used to determine statistical significance between groups within each stimulation condition (untreated, LPS, IL4) * p<0.05, *** p<0,001, **** p<0,0001. Unless otherwise stated, differences between groups are not statistically significant.
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  Adipose tissue macrophages (ATMs) bolster obesity-induced metabolic dysfunction and represent a targetable population to lessen obesity-associated health risks. However, ATMs also facilitate adipose tissue function through multiple actions, including adipocyte clearance, lipid scavenging and metabolism, extracellular remodeling, and supporting angiogenesis and adipogenesis. Thus, high-resolution methods are needed to capture macrophages’ dynamic and multifaceted functions in adipose tissue. Herein, we review current knowledge on regulatory networks critical to macrophage plasticity and their multifaceted response in the complex adipose tissue microenvironment.
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  1. Introduction.

Obesity is a prevalent health risk to an expanding list of co-morbidities, increasing global rates of disability and mortality (1–3). Obesity induces white adipose tissue (WAT) dysfunction that significantly contributes to obesity-associated health risks through chronic, low-grade tissue inflammation, insulin resistance, hyperlipidemia, and hypertension (4). Studies have demonstrated that controlling obesity-associated WAT inflammation can improve tissue function and systemic health (5–9).

Within white adipose tissue, macrophages are the most abundant immune population. During obesity, the adipose tissue macrophage (ATM) population increases 10-fold in cell number and exacerbates local inflammation. ATMs originate from hematopoietic stem-cell-derived circulating monocytes and self-replicating tissue residents seeded during fetal development (10–12). Inhibiting macrophage expansion by limiting monocyte-derived macrophage recruitment during obesity lessens WAT inflammation (11, 13, 14). However, the ATM population is heterogeneous and critical to tissue function. Indeed, inhibition of specific ATM functions worsens systemic metabolic health (15). Thus, it is essential to understand the molecular signaling pathways that enrich beneficial ATM functions under obesity rather than eliminate them. Several ATM functions have been identified, including dead adipocyte clearance, lipid scavenging and metabolism, extracellular remodeling, and supporting angiogenesis and adipogenesis. In addition, the macrophage population in brown adipose tissue is less defined, but several studies demonstrate their importance in maintaining thermogenesis (16–18). This review summarizes ATM functions important to white adipose tissue and relevant regulatory pathways that promote these actions. Herein, we aim to demonstrate the power of high-resolution investigations to characterize diverse macrophage populations and the need for function-based analysis to deconvolute targetable networks to lessen obesity-induced comorbidity and mortality.


 2. Macrophage diversified responses.

Macrophages can perform an array of functions to diverse stimuli, including pathogen- and damage-associated molecular patterns, cytokines, chemokines, metabolites, and extracellular vesicles (19, 20). Several models have been developed to classify macrophage features. One of the most widely utilized models is the M1/M2 paradigm, which delineates two central functional states: classically activated macrophages (M1) and alternatively activated macrophages (M2) (21). This and other in vitro models have allowed the characterization of regulatory mechanisms and signaling pathways crucial to several macrophage responses. It is now appreciated that these in vitro-based models do not recapitulate the complex stimuli experienced by tissue-resident macrophages but provide a basis to deconvolute the responses seen in vivo. Thus, mapped macrophage responses to stimuli experienced in adipose tissue and other physiologic and pathogenic states will be summarized in the following section ( Figure 1A ).

 

Figure 1 | ATMs experience a complex microenvironment with opposing and compounding signals that results in a spectrum of activity. (A) Key stimuli, receptors, and signaling cascades known to control macrophage actions and implicated in ATM biology. (From Left to Right) M1-polarizing cytokines include TNF-α and IFN-γ. M1-polarizing chemokines are also present in AT and include CCL2, CCL4, and CXCL8. DAMPS= Danger-associated molecular patterns including exogenous (lipopolysaccharide) and endogenous signaling (e.g. apoptotic cells) are recognized through TLR4 to elicit pro-inflammatory signaling (JAK-STAT/NK-κB/MAPK) towards the production of type-1 cytokines (TNF-α, IL-1β, IFN-γ). miR-155 promotes M1-polarization through inhibition of signaling cascades towards PPARγ. FFA= Free Fatty Acids signaling through TLR4 elicits pro-inflammatory activation; CD36 transports FFAs, upregulating fatty acid oxidation and OXPHOS= Oxidative Phosphorylation. CD36 also recognizes DAMPs to activate pro-inflammatory activation. M2-polarizing cytokines (IL-4, IL-13, IL-10, IL-17A, IL-25) activate PPARγ to produce type-2 cytokines (IL-10, TGF-β). miR-223 promotes M2-polarization through the repression of pro-inflammatory signal cascade components. OXPHOS is required for M2 actions. Adipocyte-derived exosomes transport neutral lipids (including TAG=Triacylglycerols) into macrophages, which induce lysosomal biogenesis for lipid metabolism. Trem2 and Tim4 also elicit lysosomal biogenesis, but the ligands and downstream signaling cascades are unclear. (B) Macrophages are plastic, responding to diverse stimuli to provide appropriate action. Due to the plasticity of macrophages, their multifaceted capacity, and the complex microenvironment in AT, a single ATM can perform various actions. The ATM population is best represented as a spectrum of macrophage functions. 



 2.1. Cytokines and chemokines regulating macrophage actions.

WAT is a source of adipokines, including immune modulatory cytokines, chemokines, and growth hormones. Many in vitro studies have detailed cytokines/chemokines that differentially contribute to the polarization of macrophages. Tumor necrosis factor alpha (TNF-α), interferon gamma (IFN-γ), C-C motif chemokine 2 (CCL2), CCL4, and interleukin 8 (CXCL8) can induce the classical activation of macrophages. M1-polarized macrophages provide acute pro-inflammatory effector functions by expressing reactive oxygen species, nitric oxide, and secretion of type-1 cytokines such as TNF-α, IFN-γ, and interleukin 1 beta (IL-1β). In contrast, macrophages are activated towards M2 polarization by IL-4, IL-13, IL-10, IL-17A, IL-25, and CCL5 to resolve acute inflammation and secrete type-2 cytokines, including IL-10 and arginase (21–25). The effect of cytokines on the polarization of macrophages has been investigated through in vivo studies in various contexts relevant to ATM functions (22, 26–28). Administration of IL-25 to obese mice mitigated weight gain through enhanced ATM M2-polarization, mitochondrial respiratory capacity, and lipolysis, demonstrating the therapeutic potential of targeting macrophage actions in obesity-associated disease (22).


 2.2. Pattern recognition receptors relevant to ATMs.

Macrophages are armed with an extensive repertoire of germ-line encoded pattern recognition receptors (PRRs) that recognize conserved molecular patterns that stimulate rapid innate immunity. Macrophages are also phagocytic and respond to particulate ligands from engulfed vesicles. Macrophage PRRs and ligands are summarized elsewhere (29); herein, we focus on those implicated in adipose tissue function. Receptor ligand interactions regulate macrophage responses via the release of stored mediators, transcription activation, and metabolic reprogramming. An important family of PRRs is Toll-like receptors (TLRs), which elicit pro-inflammatory responses to exogenous and endogenous molecular targets. TLR4 can be activated by lipopolysaccharide to initiate classical macrophage polarization (M1), as well as saturated fatty acids (30, 31), which are rich in obese AT. Inhibiting TLR4 signaling in models of obesity improves systemic metabolic function (32). Macrophages also express phosphatidylserine recognition receptors, scavenger receptors, type 3 complement receptors (CR3), β-glucan receptors, Fc receptors, and mannose receptors. Phosphatidylserine recognition receptors are a diverse group of proteins apt for recognizing apoptotic cells (33). Their dynamics in ATMs warrant further investigation, given their role in adipocyte clearance. Within scavenger receptors, CD36 is elevated in ATMs under obese stress (34). CD36 is a receptor for long-chain fatty acid transport (35) and binds various danger-associated molecular patterns (DAMPS) (31, 36, 37). Ligand-dependent activation of signaling cascades through CD36 relies on specific co-receptors and partners (33). Fatty acid binding to CD36 upregulates fatty acid oxidation (38), while DAMP interactions initiate a pro-inflammatory cascade in macrophages (39). CD36-mediated triacylglycerol uptake is necessary to support M2 activation through stimulating lipolysis and elevated oxidative phosphorylation (40). In the case of circulating macrophages, CD36 binding to oxidized low-density lipoproteins initiates a cellular metabolic shift to activate Mitogen-activated protein kinases (MAPK) signaling towards M1-polarization (39, 41, 42).


 2.3. Key signaling pathways in macrophage function.

Various stimuli elicit common downstream signaling pathways and metabolic programs, yielding similar macrophage responses. These signaling cascades’ strength is tuned by small non-coding RNA molecules termed microRNA (miRNAs). The effect of miRNA on the polarization of

macrophages and its impact on ATM function has been extensively researched and is reviewed elsewhere (43). Notably, miR-155 and miR-223 are key regulators of macrophage polarization and profoundly impact systemic metabolism in obesity.

M1 polarization relies on the Janus kinase-signal transducer and activator of transcription (JAK-STAT) pathway via nuclear factor kappa B (NF-κB and MAPK signaling (44). The microRNA miR-155 supports pro-inflammatory activation of macrophages (45, 46) by repressing the translation of potent anti-inflammatory mediators including Socs1, Ship1, and IL13Rα1 (47–50).

In contrast, M2 activation depends on the transcription factor Peroxisome proliferator-activated receptor γ (PPARγ), activated downstream of IL4-IL4R signaling. PPARγ stimulates miR-223 expression, supporting PPARγ in a positive feedback loop (51–53). miR-223 suppresses components of NF-κB signaling, including Nfat5, Rasa1, and PKNOX1, therein reducing pro-inflammatory cytokine production (51–53). Obese mice with systemic deletion of miR-223 had heightened WAT pro-inflammatory macrophage infiltration, inflammation, and worsened systemic metabolism (51).


 2.4. Macrophage cellular metabolism.

Macrophage cellular metabolism is integral to activation and function. For pro-inflammatory activation, macrophages rely on HIF1α-mediated aerobic glycolysis enrichment (40, 54, 55), increasing glucose and oxygen consumption likely to increase the production of reactive oxygen species (40). M2-polarization requires lipolysis and oxidative phosphorylation (56); inhibiting metabolic reprogramming severely weakens M2-mediated responses, including clearance of parasite helminth infections (56). Macrophage lipid metabolism is regulated through lipid uptake, synthesis, and clearance through mediators Sterol regulatory element-binding protein 1 (SREBP) and L-xylulose reductase (LXR). Inhibition of SREBP signaling in ATMs reduces cholesterol efflux, activating M1-polarization cascades and increasing the proportion of pro-inflammatory ATMs (57). In addition, LXR-stimulated fatty acid synthesis represses pro-inflammatory cytokine production in ATMs and increases systemic insulin sensitivity in obesity (58). However, TLR4-mediated signaling inhibits LXR-mediated fatty acid synthesis and downstream Myeloid differentiation primary response protein (MyD88)- and TIR domain-containing adapter molecule (TRIF)- signaling pathways alters the lipid composition of macrophages to intensify inflammation (59). These opposing signaling cascades are likely responsible for the spectrum of ATMs activation states observed in vivo ( Figure 1B ).



 3. Macrophage actions in white adipose tissue.

ATM populations are heterogeneous, containing specialized subsets that can perform pro-inflammatory actions, lipid scavenging and metabolism, extracellular remodeling, and support angiogenesis and adipogenesis ( Table 1 ). Functional characterization of tissue-resident macrophages is necessary to understand their regulation and identify modulatory pathways to promote metabolic health in obesity.

 Table 1 | Macrophage functions in adipose tissue and identified markers/features of specialized cells. 



 3.1. Pro-inflammatory actions.

A primary function of recruited macrophages in WAT is immune activation for the removal of dead adipocytes, accomplished by pro-inflammatory ATMs. ATMs produce pro-inflammatory mediators that bolster tissue and systemic inflammation including TNF-α, IL-6, IL-1β, CCL2, Inducible nitric oxide synthase (iNOS), and others (65). Under obesity stress, WAT remodeling is continual, and the macrophage per adipocyte ratio increases significantly (10, 60, 66). The first characterization of ATM dynamics in lean and obese conditions found a shift from M2-like to M1-like cell predominance under obesity and secrete elevated TNF-α (60, 61). RNA-sequencing identified CD9-expressing, pro-inflammatory ATMs that surround dead adipocytes are abundant in obesity (15). ATMs also contribute to local tissue immune activation through antigen presentation to resident adaptive immune cells. During obesity, ATM express increased major histocompatibility complex II (MHCII) and co-stimulatory molecules to activate CD4+ T cells (67).

Notably, glucagon-like peptide-1 (GLP-1) agonists and GLP-1 analogs are a class of medication utilized in the treatment of obesity and type 2 diabetes (68, 69). Administration significantly reduces fat mass and macrophage per gram of fat in models of obesity (70). ATMs and peritoneal macrophages from treated mice also express less TNF-α and IL-6 (70), suggesting a possible direct role on macrophage activity. Given the impact of GLP-1 on obesity-induced health risk, further investigation into their impact on ATM actions is warranted.


 3.2. Lipid-buffering.

Macrophages support adipose tissue storage capacity by metabolizing lipids through lysosomal lipolysis. While all ATMs upregulate surface expression of the CD36 after a high-fat meal (34), subsets of specialized lipid-handling ATMs have been identified in both lean and obese WAT. In lean WAT, a subset of ATMs delineated by phospholipid-transporting ATPase ABCA1 (Abca1), T-cell immunoglobulin and mucin domain-containing protein 4 (Tim4), and lymphatic vessel endothelial hyaluronic acid receptor 1 (Lyve1) expression are self-replicating and most apt for lipid uptake and metabolism (34). After a meal, Tim4+ ATMs increase their lipid uptake, lysosomal content, and release HDL as part of the reverse cholesterol pathway (34).

During obesity, ATM transcriptomes demonstrate lysosome biogenesis is significantly enriched (66). Lipid-laden ATMs are more abundant and associated with elevated lysosome content (15, 62, 66). While Tim4+ ATMs persist in obesity, a novel lipid-laden ATM subset predominates. High-resolution investigations first delineated obesity-associated lipid-laden ATMs with CD9 expression (15), which were further demarcated by Triggering receptor expressed on myeloid cells 2 (Trem2) expression in both mice and humans (62). Recruited monocyte-derived macrophages are programmed by Trem2 signaling into lipid-laden ATMs (15). While inhibiting infiltration of monocyte-derived macrophages into obese WAT lessened overall tissue inflammation (11, 13, 14), specific inhibition of the Trem2 lipid-laden program of recruited macrophages exacerbates dyslipidemia and adipocyte hypertrophy, worsening overall metabolic health (15). Interestingly, ATMs uptake neutral lipids from adipocyte-derived exosomes, a distinct means of lipid handling for macrophages (71). Adipocyte-derived exosomes can induce ATM features from monocytes in vitro and, during obesity, are released at a significantly higher rate (71). Tim4 and Trem2 are relevant for ATM lysosome biogenesis. However, their ligand and downstream signaling cascades have not been elucidated. Tim4 and Trem2 are receptors for phosphatidylserine, a major component of exosomes (72, 73). Further research into the mechanism of adipocyte exosomes in developing lipid-laden ATMs could yield translatable discoveries for metabolic disease.


 3.3. Extracellular remodeling and supporting angiogenesis and adipogenesis.

WAT angiogenesis, adipogenesis, and extracellular remodeling are tightly linked processes to expand lipid storage capacity. ATMs regulate each process, but it is unclear if specialized subsets persist in WAT to perform these actions or if multifaceted macrophages contribute to these functions. While these cells do not recapitulate the M2 program, tissue remodeling and Transforming growth factor β (TGF-β) production have been described as an action of M2-polarized macrophages (74, 75). Whether important regulatory pathways towards M2 activation are responsible for ATM extracellular remodeling, angiogenesis, and adipogenesis remains unclear.

Angiogenesis is crucial to prevent hypoxia in expanding WAT. Increasing AT capillary density abrogates obesity-induced insulin resistance and metabolic dysfunction (76). A monocyte-derived ATMs expressing Lyve1 are recruited to hypoxic outgrowths of WAT in adolescent, lean mice. Lyve1+ ATMs express angiogenic matrix metalloproteinases (MMPs) and other angiogenic factors to form dense vascular networks that permit subsequent adipogenesis-mediated WAT development (63). MMPs degrade extracellular matrix components and are elevated in models of obesity. However, the extent of Lyve1+ ATM extracellular remodeling has yet to be explored. In addition, examples of macrophage-dependent angiogenesis in other contexts suggest M1 and M2 features are required for different stages of angiogenesis (77).

WAT requires extracellular remodeling to reduce stress on expanding and newly generated adipocytes and allow for proper vascularization. Unresolved remodeling and inflammation can lead to excessive extracellular matrix (ECM) component deposition, known as fibrosis. Obesity-induced WAT fibrosis has been linked to worsened metabolic dysfunction resistant to weight loss (78–80). In models of obesity-associated WAT fibrosis, macrophage depletion ameliorates fibrosis by reducing tissue inflammation and fibroblast activation (74). The primary mediator of macrophage-mediated activation of fibroblasts is TGF-β (63, 74, 81). In contrast, macrophages are also capable of ECM component uptake and degradation; however, these actions have not been explored in WAT.

Adipose tissue undergoes continual adipocyte turnover, refreshing the population through adipogenesis. In addition to adipogenesis within tissue outgrowths, ATMs initiate adipogenesis by expressing osteopontin to recruit pre-adipocytes towards a dying adipocyte (61, 64). In this way, the adipocyte is quickly replaced, and newly differentiated cells have space to develop; however, localization of the progenitor cell to the periphery of pro-inflammatory ATM clearance of a dead cell can be a double edge sword. Pro-inflammatory mediators such as TNF-α repress master adipogenic transcription factor PPARγ in pre-adipocytes (82, 83). During obesity, insufficient adipogenesis forces adipocytes to increase in size, or hypertrophy, and is correlated with increased inflammation, worsened metabolic health, and greater risk for co-morbidities (84–89).



 4. Capturing dynamic ATM actions.

Traditional methods to infer macrophage function rely on detecting a limited number of M1/M2 markers at the RNA or protein levels. Transcriptomic investigations, including microarrays and RNA-sequencing, have demonstrated the diversity of ATMs that cannot be neatly dichotomized into M1/M2 (15, 90) and revealed the importance of lipid-mediated reprogramming (15, 66). The advent of single-cell RNA-sequencing (scRNA-seq) has permitted unparalleled resolution to characterize the diversity in the immune compartment of adipose tissue.

 4.1. Strategies in single-cell RNA-sequencing.

ScRNA-seq generates highly dimensional data, and strategies to analyze begin with performing dimension reduction to facilitate downstream comparisons. Most strategies for dimension reduction utilize the whole transcriptome to establish similarities across cells, such as t-distributed stochastic neighbor embedding (tSNE) (91) and uniform manifold approximation and project (UMAP) (92). Following dimension reduction, cells are typically clustered into groups based on relative distances in the low-dimensional projection and overall transcriptomic similarity. These unsupervised algorithms delineate cells well based on major perturbations in the transcriptome to cluster cells based on lineage or for de novo subset identification. Researchers can then characterize clusters based on known cell markers and differential gene expression. However, due to frequent gene “dropouts” in scRNA-seq data, where expressed genes are not detected, and the variable turnover of marker proteins, traditional biomarker genes are not always reliable. To accommodate the disconnect observed between mRNA and protein levels, semi-supervised tools have been developed that use machine learning-based classifiers or manually curated lists of biomarkers to classify groups of cells based on their transcriptomic profiles (93–95). In addition, multiomic strategies combining scRNA-seq with targeted proteomic analysis (96) or spatial location (97) are becoming more popular. Application of scRNA-Seq in adipose tissue depicted the heterogeneity of ATMs, revealing the lipid-handling Tim4+ and obesity-associated Trem2+ population in mice (34, 62) and tissue immune cell dynamics across lineages in lean and obese humans (98).

Beyond identifying cell subsets, cell function is of great scientific interest in scRNA-seq studies. Several programs have been widely applied for the downstream cluster-based annotation of gene ontology from transcriptomics data, including DAVID (99, 100) and Qiagen Ingenuity Pathway Analysis (IPA) (101). However, these methods are not high-throughput and thus cannot represent the continuum of cell actions. In addition, while traditional whole-transcriptome dimension reduction and clustering techniques work well to distinguish cell lineages, differences in cell function, especially for cells such as macrophages, are often represented by much more subtle transcriptomic changes. Therefore, cell functional annotation in scRNA-seq data is a current technical challenge representing an area of active research.


 4.2. Algorithms for function-guided cell annotation.

Depicting the dynamic actions of macrophages in transcriptomics data has been challenging. Due to the whole-transcriptome input into unsupervised algorithms, functional distinctions are not intentionally utilized for clustering. Further, cells respond to diverse stimuli that induce divergent transcriptomes for multifaceted functions (102). Thus, capturing complex stimulation-induced signaling network changes towards multifaceted actions poses an important technical challenge in bioinformatics (103). To this end, we have designed two programs, MacSpectrum (90) and AtheroSpectrum (104), to depict three actions of macrophages along a spectrum of action intensity: monocyte maturation, macrophage inflammatory polarization, and atherosclerosis-related foaming. Applications of MacSpectrum in ATMs depicted the enrichment of pro-inflammatory ATMs in obesity (90), permitting investigation into obesity-associated macrophage inflammatory programs. Further, MacSpectrum characterized an ATM CD206+CD11c- subset enriched in diabetic obese humans as phenotypically distinct, with terminal differentiation and less pro-inflammatory than lipid-laden cells (105). AtheroSpectrum is tailored to atherosclerotic macrophages. Utilization of AtheroSpectrum revealed two novel macrophage foaming programs: homeostasis foaming and pathogenic foaming, the latter associated with cardiovascular disease. Depicting these distinct programs allowed for a focused investigation into pathogenic foaming that enabled leveraging program-specific genes to improve cardiovascular risk prediction models (104). These programs demonstrate the importance of depicting macrophage plasticity to parse out nuanced regulatory networks driving diversified macrophage function.



 5. Discussion.

Obesity is a major health risk in part due to adipose tissue dysfunction. In the adipose tissue, macrophages potentiate local inflammation through pro-inflammatory cytokine production and immune activation. However, ATMs represent a heterogeneous population that support tissue function through dead adipocyte clearance, lipid-buffering, extracellular remodeling, and supporting angiogenesis and adipogenesis. High-resolution techniques have allowed the identification of ATM subsets best suited to these functions. Leveraging scRNA-seq techniques to capture the spectrum of multifaceted macrophage actions allows for important macrophage programs to emerge that are not evident using traditional macrophage categorization models or low-resolution techniques. Function-guided macrophage annotations are important to understanding tissue heterogeneity and investigating ATM programs correlated with metabolic health.
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Macrophage infiltration into adipose tissue is a key pathological factor inducing adipose tissue dysfunction and contributing to obesity-induced inflammation and metabolic disorders. In this review, we aim to present the most recent research on macrophage heterogeneity in adipose tissue, with a focus on the molecular targets applied to macrophages as potential therapeutics for metabolic diseases. We begin by discussing the recruitment of macrophages and their roles in adipose tissue. While resident adipose tissue macrophages display an anti-inflammatory phenotype and promote the development of metabolically favorable beige adipose tissue, an increase in pro-inflammatory macrophages in adipose tissue has negative effects on adipose tissue function, including inhibition of adipogenesis, promotion of inflammation, insulin resistance, and fibrosis. Then, we presented the identities of the newly discovered adipose tissue macrophage subtypes (e.g. metabolically activated macrophages, CD9+ macrophages, lipid-associated macrophages, DARC+ macrophages, and MFehi macrophages), the majority of which are located in crown-like structures within adipose tissue during obesity. Finally, we discussed macrophage-targeting strategies to ameliorate obesity-related inflammation and metabolic abnormalities, with a focus on transcriptional factors such as PPARγ, KLF4, NFATc3, and HoxA5, which promote macrophage anti-inflammatory M2 polarization, as well as TLR4/NF-κB-mediated inflammatory pathways that activate pro-inflammatory M1 macrophages. In addition, a number of intracellular metabolic pathways closely associated with glucose metabolism, oxidative stress, nutrient sensing, and circadian clock regulation were examined. Understanding the complexities of macrophage plasticity and functionality may open up new avenues for the development of macrophage-based treatments for obesity and other metabolic diseases.
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1 Introduction

Obesity has become a global pandemic, and its prevalence is increasing at an alarming rate (1). The rise in the prevalence of obesity significantly increases the risk of chronic metabolic diseases, such as cardiovascular disease, diabetes, hypertension, and cancer, and have a detrimental impact on both health and quality of life. Clarifying the pathogenesis of obesity is crucial for the prevention, treatment, and management of chronic metabolic diseases associated with obesity.

Obesity is characterized by an increase in the accumulation of macrophages in adipose tissue, which is accompanied by adipose tissue dysfunction, such as reduced adipogenesis and lipid storage capacity, adipocyte necrosis, inflammation, insulin resistance, and fibrosis (2). Adipose tissue stores excess energy in two ways: adipocyte hypertrophy and proliferation. Adipocyte proliferation is the healthy development of adipose tissue driven by preadipocyte proliferation and differentiation, whereas adipocyte hypertrophy is a pathological expansion of existing adipocytes with increased lipid storage and is closely related to adipocyte dysfunction (3). Hypertrophic adipocytes secrete a large number of chemokines, recruit immune cells, particularly macrophages, and cause chronic low-grade inflammation, insulin resistance, and the release of a large amount of free fatty acids into the circulation, eventually leading to obesity-related metabolic disorders (4).

A growing body of studies have indicated that innate immune cells play an important role in modulating adipose tissue activities during obesity (5). Among these cells, macrophages were the first and most important immune cells discovered infiltrating adipose tissue during obesity (6, 7). Macrophage infiltration has a significant impact on adipose tissue function and is a major cause of obesity-related metabolic diseases. Therefore, understanding the molecular mechanisms governing adipose tissue macrophages is critical for the prevention and treatment of obesity and other related metabolic diseases. Here, we review the current literature on adipose tissue macrophages with a particular emphasis on the heterogeneity and polarization of these cells during obesity in adipose tissue. We discuss the fundamental roles of macrophages in adipose tissue, highlighting macrophage-targeting strategies and assessing their therapeutic potential for treating obesity and related metabolic diseases.




2 Adipose tissue macrophages



2.1 Increased macrophage recruitment to adipose tissue in obesity

The primary sources of adipose tissue macrophages are tissue-resident macrophages and monocyte-derived recruited macrophages. Unlike most tissue-resident macrophages, which are derived from yolk sac primitive precursors and function to regulate tissue remodeling and maintain tissue homeostasis (8), a recent fate mapping study revealed that adipose tissue resident macrophages are derived from definitive embryonic hematopoietic precursors (9). These resident ATMs are phenotypically F4/80hiCD11b+CD169+ cells that can be further subdivided into three subtypes: MHCIIlow, MHCII+CD11c-, and MHCII+CD11c+. In response to HFD, the MHCII+CD11c+ ATMs were rapidly increased in adipose tissue and replenished by bone marrow-derived monocytes, implying that recruited monocytes are the major cells contributing to increased ATMs in obesity.

Infiltration of monocyte-derived macrophages into adipose tissue during obesity was firstly reported in mouse models obesity and humans in 2003 (6, 7). The infiltrated macrophages were derived from bone marrow (7) and were contributed by increased diapedesis of blood monocytes (10). In contrast, weight loss by surgery reduced macrophage infiltration in adipose tissue of patients with obesity (11). Chemokine and its receptor interaction play crucial roles in the recruitment of circulating monocytes into adipose tissue during obesity. For example, monocyte chemoattractant protein (MCP-1 or CCL2), a chemokine produced in both adipocytes and the stromal vascular (SV) portion of adipose tissue, is significantly elevated in both blood and adipose tissue in obesity (12–17). Mice lacking CCL2 (18) or its receptor, CC chemokine receptor 2 (CCR2) (19) or using CCR2 inhibitor (20, 21), have lower adipose tissue macrophage infiltration and improved metabolic function in db/db and HFD-induced obese mice. Conversely, mice overexpressing CCL2 in adipose tissue have enhanced macrophage infiltration into adipose tissue and an unfavorable metabolic profile (18, 22). Moreover, mice with CCR2 deficiency in bone marrow cells or macrophages had lower macrophage numbers in adipose tissue after high-fat diet (HFD) feeding, indicating that CCR2 plays a crucial role in macrophage recruitment into adipose tissue during obesity (23, 24).

In addition to CCL2/CCR2, other chemokines and their receptors may play a role in the increased macrophage accumulation in adipose tissue in obesity. For instance, CCL chemokines (such as CCL3, CCL4, CCL5, CCL7, CCL8, CCL11, CCL18) and its receptors (such as CCR1, CCR3 and CCR5) have been linked to increased adipose tissue in obese (25) and human individuals (26, 27). Indeed, a dual CCR2/5 antagonist significantly reduces M1 macrophage infiltration into adipose tissue in HFD-induced obese mice, as well as improving adipose tissue inflammation and insulin resistance (IR) (28). Furthermore, CXCL12 produced by adipocytes interacts with its receptor CXCR4 to mediate macrophage recruitment into adipose tissue during HFD-induced obesity (29). In addition, other chemokines such as haptoglobin and C3a have also been reported to mediate macrophage recruitment into adipose tissue during obesity (30, 31). These studies taken together have demonstrated the therapeutic potential of focusing on macrophage recruitment into adipose tissue.




2.2 Adipose tissue macrophages polarized to pro-inflammatory phenotype in obesity

Increased macrophage infiltration into adipose tissue forms a crown-like structure (CLS) around necrotic adipocytes (32, 33). The number of CLS is strongly correlated with the expression of inflammatory cytokines like TNF-α (32), indicating that infiltrating macrophages have a pro-inflammatory effect on adipose tissue in obesity. Lumeng et al. used PKH26 dye to label resident macrophages in adipose tissue and found that newly recruited adipose tissue macrophages (ATMs) in HFD-induced obese mice had a pro-inflammatory M1 phenotype (F4/80+CD11c+), whereas resident macrophages had an alternative activated M2 phenotype (F4/80+CD206+) (34–36).

Further examination of CD11c+ ATMs from epididymal WAT (eWAT) revealed a mixed M1/M2 profile that was divided into three subtypes: resident ATMs as MGL1+CD11c- expressing cells, CLS-associated MGL1-/CD11c+ ATMs, and MGL1med/CD11c+ ATMs (37). Similar to this work, resident ATMs in human adipose tissue have been shown to display M2 markers like CD206 and CD163, but they are also able to produce inflammatory cytokines (38, 39), indicating that these ATMs are mixed M1- and M2-polarized. Additionally, the number of ATMs in subcutaneous and omental adipose tissue of patients with obesity is higher than in lean subjects (40, 41). These findings collectively indicate that adipose tissue remodeling in obesity is connected to both an M1 and M2 progression.

Moreover, macrophage infiltration into adipose tissue during obesity is preferentially located in visceral adipose tissue in humans (42–44) and mice (33, 45), implying that visceral adipose tissue is the major adipose depot harboring the pro-inflammatory macrophages in obesity. The pro-inflammatory ATMs are one of the key cell types responsible to produce pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, which contribute to obesity-related adipose tissue inflammation. In addition to the recruitment of circulating monocytes into adipose tissue, a local proliferation of macrophages in CLS also contributes to the increased ATMs in adipose tissue during obesity (46–48). These proliferating macrophages express M2 macrophage markers including CD206 and CD301 and form resident ATMs in the interstitial space (49). Even though these proliferating macrophages are M2 phenotype, their presence maintained adipose tissue inflammation in obese mice even after weight loss (50).

The accumulation of macrophages in adipose tissue is not only a defining feature of obesity, but also a major cause of obesity-related metabolic diseases such as liver steatosis and IR (51–57). As a result, reducing the number of macrophages in adipose tissue slows the onset of obesity and improves insulin sensitivity and glucose metabolism (58, 59), indicating that macrophages in adipose tissue play crucial roles in the development of obesity and metabolic disorders.





3 Adipose tissue macrophage subtypes and functions in adipose tissue



3.1 Newly identified macrophage subtypes in adipose tissue

In addition to previously classified pro-inflammatory and alternatively activated macrophages using F4/80 and CD11c or CD206 markers, a new class of ATMs known as M3 ATMs (CD11c-CD206-MGL1-) that also localize to the CLS and uniquely express chemokine receptor Ccr7 has been reported (60). The presence of M3-like ATM suggests that different pathways may contribute to macrophage inflammation in the context of obesity. Additionally, another new type of ATM known as metabolically activated macrophages (MMe) were reported, which is produced when exposed to high levels of glucose, insulin, and palmitate. Rather than expressing classical M1 markers, MMe overexpress ATP binding cassette transporter (ABCA1), cluster of differentiation 36 (CD36), and perilipin 2 (PLIN2), which are regulated by peroxisome proliferator activated receptor gamma (PPARγ) (61). Moreover, MMe macrophages accumulated in CLS showed both beneficial and detrimental effects in response to high-fed diet feeding (62). For example, during the early stages of HFD-induced obesity, MMe macrophages increased adipose tissue inflammation by upregulating inflammatory markers such as TNF-α, IL-6, and IL-1β, as well as genes involved in lipid metabolism. In contrast, despite strong expression of pro-inflammatory and lipid metabolism genes in MMe macrophages, they are more active in the clearance of dead adipocytes via lysosomal exocytosis, hence inhibiting ectopic fat accumulation and IR in late-onset HFD-induced obesity. Mechanistically, TLR2, NOX2 and MyD88 have been proposed to modulate the positive and negative impact of MMe macrophages in HFD-induced obesity. Subsequent research suggested that MMe aggregation in breast adipose tissue may play a role in the development of triple-negative breast cancer (63).

Recent research using single-cell sequencing has revealed a much broader range of ATM phenotypes (Figure 1; Table 1). For example, CD9+ATM, which also localizes in CLS in both mice and humans, was discovered to contain large amounts of intracellular lipids in lysosomal-like structures and to express genes associated with lysosome-dependent lipid metabolism, may have the same capacity as MMe to clear dead adipocytes via the lysosomal pathway. However, CD9+ATM is distinct from MMe because it contains traditional M1/M2 markers like CD206 and CD11b (64). Adoptive transfer of CD9+ ATM to lean mice leads to the up-regulation of genes related with obesity, suggesting that CD9+ ATM may promote the development obesity and metabolic diseases (64). Triggering receptor expressed on myeloid cells 2 (TREM2), a pathologically induced immune signaling in Alzheimer’s disease, metabolic diseases, and cancer, has been found to express in ATMs (69). A new subtype of macrophages termed as lipid-associated macrophages (LAM) was discovered in both mouse and human adipose tissue characterized by TREM2 expression (65). Despite the fact that mice with TREM2 deficiency had fewer LAM macrophages in CLS, they exhibited accelerated obesity with massive adipocyte hypertrophy, insulin resistance, and hyperlipidemia upon HFD feeding (65). In addition, single-cell sequencing studies have shown that CD9+TREM2+ ATMs have more specific surface markers CD45+CD11b+CD11c+CD9+TREM2+ for better identification (70). In addition, a new subset of ATMs expressing Duffy antigen receptors for chemokines (DARC+ ATMs) was also discovered to be recruited to CLS in eWAT under obesity conditions (66). DARC+ATMs were generated in response to IL-22 stimulation and exhibited high levels of IL-22 receptor and M2-like anti-inflammatory properties to reduce adipose tissue inflammation in obesity (66).




Figure 1 | ATMs plasticity in adipose tissue. In lean adipose tissue, anti-inflammatory M2-like macrophages are predominant and maintain homeostasis. In obese adipose tissue, an increase in pro-inflammatory M1 ATMs forms a crown-like structure (CLS) surrounding dead adipocytes. Recent research has uncovered new macrophage subtypes, particularly in CLS.




Table 1 | Newly identified adipose tissue subtypes.



Other than CLS, several distinct ATM phenotypes in adipose tissue have been reported. For instance, in the intercellular space of adipose tissue, a distinct ATMs population known as “MFehi” with higher cellular iron content and an iron-recycling gene expression profile was found (67). These “MFehi” ATMs displayed M2-like alternatively activation markers such as CD163 and MGL1/2 and decreased M1 markers (67). As a result, MFehi ATMs can manage high iron loads by storing iron, regulating iron-handling genes, and protecting adipocytes from iron overload (68). More research is needed to characterized these newly discovered macrophage subtypes and to determine the potential mechanisms that link these cells to obesity and related metabolic disorders.




3.2 Role of ATMs in adipose tissue function

The interactions between recruited pro-inflammatory macrophages and adipocytes are often harmful to the functions of adipocytes, including adipogenesis and lipid metabolism, inflammation, and related metabolic dysfunctions (Figure 2). In contrast, the resident macrophages in non-obese state are considered metabolically ‘favorable’ ATMs, which play important role in maintaining adipose tissue homeostasis via clearance of dead adipocytes. They are also critical for beige adipogenesis and thermogenesis, which lead to improved metabolic functions (Figure 2). Here we focus on reviewing the recent literature on ATMs and major adipose tissue functions.




Figure 2 | Role of ATMs in adipose tissue. In obese conditions, pro-inflammatory macrophages show detrimental effects on adipose tissue function such as inhibition of adipogenesis, promoting inflammation, insulin resistance, and fibrosis. The pro-inflammatory cytokines TNF-α and IL-1β and the protein factor Wnt5a inhibit preadipocyte differentiation when released by pro-inflammatory macrophages. In addition, TNF-α and IL-1β reduce the insulin sensitivity of adipocytes. Through LPS-TLR4 the LPS-induced CB ligands-CB1 signaling pathways, pro-inflammatory macrophages also aggravate adipose tissue inflammation. Moreover, macrophages secrete the enzyme DPP4, which causes both hyperglycemia and inflammation. In addition to inducing preadipocytes to produce abundant ECM, pro-inflammatory macrophages overproduce NO, which increases HIF-1α accumulation and promotes profibrogenic responses in preadipocytes, resulting in adipose tissue fibrosis. In lean conditions, ATMs are anti-inflammatory and play an important role in the formation and activation of beige adipocytes. In response to cold stimulation, ATMs polarize to an alternative activation state and promote the biogenesis of beige adipocytes via macrophage-secreted cytokine Slit3 and a sympathetic neuron-adipocyte signaling axis. Similar to cold stimulation, β3-AR agonists enhance the conversion of existing white adipocytes into beige adipocytes. Furthermore, β3-AR agonists induce alternative activation of macrophages to release osteopontin and the PPARγ ligands 9-HODE and 13-HODE, which stimulates beige adipocyte development.





3.2.1 Role of ATMs in adipogenesis and lipid metabolism

The differentiation of preadipocytes to adipocytes is essential for the growth of adipose tissue in obesity. The expansion of white adipose tissue can dramatically enhance metabolic function and health. However, when immune cells, particularly pro-inflammatory macrophages, infiltrate adipose tissue, its potential to expand is inhibited. In vitro culture of preadipocytes with macrophage-conditioned medium elicits a pro-inflammatory response in both murine and human preadipocytes and impairs their differentiation to adipocytes (71–75), suggesting that macrophage-secreted factors contribute to its inhibitory effect on adipogenesis. Among the pro-inflammatory cytokines produced by macrophages, TNF-α and IL-1β have shown a direct inhibition on preadipocyte differentiation, however, neither TNF-α nor IL-1β neutralization reverses the anti-adipogenic effect of macrophage-conditioned medium (72, 76, 77), suggesting that other soluble factors could play a role. Wnt5a has been demonstrated to be expressed in human ATMs and circulating monocytes, and inhibition of Wnt5a activity in J774A.1 macrophage-conditioned medium improved mesenchymal precursor cells differentiation into adipocytes (78), suggesting that Wnt5a is a possible factor secreted by macrophages to suppress adipogenesis. Mechanistically, pro-inflammatory macrophages suppressed PPARγ activity in adipocytes by S-nitrosylation at cysteine 168, resulting in proteasome-dependent degradation of PPAR and decreased adipogenesis (79).

Beige adipose tissue is an inducible thermogenic type of adipose tissue that resides within white subcutaneous adipose tissue in mice and humans (80). Beige adipocytes can be induced by cold exposure, β3-adrenergic receptor (β3-AR) agonist, and PPAR ligands (81) via beige adipogenesis and white adipocytes conversion. Several studies have found that macrophages are critical players in the formation and activation of beige adipocytes (82–84). For instance, it has been demonstrated that pro-inflammatory macrophages directly interact with beige adipocytes via α4 integrin and VCAM-1, triggering a persistent inflammatory cycle in adipose tissue and inhibiting beige adipogenesis in obesity (85). In contrast, cold stimulation results in the production of the type 2 cytokines IL-4 and IL-13 by eosinophils, which activate macrophages and promotes the biogenesis of beige adipocytes (86). Furthermore, a recent study discovered the cytokine Slit3 secreted from anti-inflammatory macrophages promotes WAT beiging in response to cold via the sympathetic neuron-adipocyte signaling axis (87). In line with this discovery, subcutaneous WAT browning was significantly induced by injecting anti-inflammatory macrophages in obese mice induced by the HFD (88). However, a recent study found that conditionally and partially depleting adipose tissue CD206+ macrophages increased proliferation and differentiation of beige progenitors in normal and cold stimulated conditions (89, 90), suggesting that CD206+ ATMs inhibit beige adipogenesis. This might be as a result of mixed populations of CD206+CD11c+ and CD206+CD11c- ATMs present in CD206+ macrophages. More research is needed to determine which subtype has the inhibitory effect on beige adipogenesis. Similar to cold stimulation, β3-AR agonist is a potent inducer of the conversion of existing white adipocytes into beige adipocytes (91). Recent data also point to a role for resident macrophages in promoting beige differentiation in response to β3-AR activation through the clearance of dead adipocytes, the secretion of the chemokine osteopontin to recruit PDGFRα+CD44+ beige progenitors into subcutaneous adipose depot, and the production of the PPARγ ligands 9-HODE and 13-HODE via ALOX15 activity (92, 93). Overall, resident ATMs support beige adipogenesis and offer a potential therapeutic strategy to enhance metabolic health in obesity. More research is necessary to test these findings in human settings.

The classical function of adipose tissue is to store surplus energy as triglyceride during food intake and release free fatty acids during fasting. Several early in vitro studies reported that LPS-stimulated macrophages activate the lipolysis of 3T3-L1 adipocytes (94), which is accompanied by an inhibition of lipoprotein lipase (95) and a decrease in fatty acids synthesis (96). Moreover, LPS/IFNγ-activated macrophages are related to increased mitochondrial activity in human adipocytes, indicating that macrophage activation state may influence adipocyte bioenergetics (97). A recent study discovered that adipose tissue resident macrophages, rather than recruited CCR2+ macrophages, have an evolutionarily conserved role in lipid storage in adipocytes (98). In response to HFD feeding, these resident macrophages produce higher levels of PDGFcc, which promotes white adipocyte hypertrophy and hence prevents ectopic fat deposition in the liver and other tissues. Blocking PDGFcc reduces lipid accumulation in white adipocytes while increasing thermogenesis in brown adipocytes, indicating a vital role of PDGFcc in regulating lipid metabolism. Further study is needed to evaluate whether pharmacological inhibition of PDGFcc has therapeutic promise for obesity treatment.




3.2.2 Role of ATMs in inflammation and related metabolic disorders

Increased ATM accumulation in obesity is one of the key contributors contributing to obesity-induced inflammation both locally and systemically. Newly recruited pro-inflammatory macrophages release a considerable amount of pro-inflammatory cytokines such as TNF-α, IL-6 and IL-1β and impede insulin signaling transduction in adipocytes (99–101). Consistently, the infiltration of pro-inflammatory macrophages precedes the IR in obese mice in vivo (6, 102), suggesting a causal role for inflammation in the development of IR in obesity. Insulin-resistant adipocytes release more free fatty acids and activate ATMs, resulting in a vicious loop that exacerbates inflammation via TLR4 (103). Moreover, TLR2 and TLR9 deficiency promotes HFD-induced adiposity, visceral adipose inflammatory responses, and IR in mice (104, 105), indicating that TLRs play a significant role in adipose tissue inflammation and IR in obesity. LPS derived from gut microbiota is another potential factor for inducing inflammatory responses in adipose tissue. On the one hand, LPS activates ATMs via TLR4 and amplifies inflammation by adipocyte-macrophage interactions (106). On the other hand, LPS causes robust productions of endogenous ligands for cannabinoid (CB) receptors in ATMs (107), which contributes to chronic inflammation in visceral adipose tissue, hyperglycemia, and IR (108). Furthermore, CB1 receptor blockage reduced LPS-induced pro-inflammatory responses in macrophages, alleviated adipose tissue inflammation and glucose intolerance (108, 109). In addition, other inflammatory mediators or proteins also contribute to adipose inflammation in obesity. DPP4, an enzyme that effectively increases blood glucose levels by degrading incretin peptides, was found to be more abundant in F4/80+ macrophages in CLS in adipose tissue than in adipocytes (110, 111). DPP4 inhibition dramatically reduced pro-inflammatory macrophage migration while producing an anti-inflammatory phenotype shift in adipose tissue macrophages, reducing obesity-induced inflammation and IR (112).

Additionally, pro-inflammatory macrophages play an important role in the development of adipose tissue fibrosis in obesity, which is another important pathogenic feature of obesity. Adipose tissue fibrosis is characterized by an increase in the expression and remodeling of extracellular matrix (ECM) proteins in WAT (113). The fibrotic deposition in adipose tissue has been observed as bundles of collagen fibers (Collagen I, III) in subcutaneous fat and thin fibrous lobule-like bands (Collagen VI) surrounding adipocytes in omental fat from subjects with obesity (114, 115). Collagens and fibronectin are expressed more abundantly in adipose tissue SV fractions than in adipocytes (114), indicating that SV fractions may be the primary cell types for fibrotic protein synthesis. Marcelin et al. have investigated the cellular origins of WAT fibrosis and discovered that pro-fibrotic cells originate from PDGFR+CD9high cells within adipose tissue SV fractions (116). Human preadipocytes cultured in vitro with LPS-activated macrophages had a pro-inflammatory phenotype and produced abundant ECM consisting of collagen 1, tenascin-C, and fibronectin (77, 117). Furthermore, macrophages dramatically increased the levels of ECM breakdown enzymes such as matrix metalloproteinases in both preadipocytes and adipocytes via the pro-inflammatory cytokines TNF-α and IL-1β (118, 119). In contrast to in vitro studies, anti-inflammatory macrophages have been linked to increased adipose tissue fibrosis in individuals with IR (115). Mechanistically, TGF-β has been shown to induce myofibroblast-like cells from adipose tissue progenitor cells (preadipocytes) treated with ATMs (120). Hypoxia is an additional essential component contributing to adipose fibrosis. The expansion of adipose tissue in obesity is associated with adipose tissue hypoxia, as has been demonstrated in adipose tissue of several obese mouse models (ob/ob, KKAy, diet-induced) (121–123) and human subjects with obesity (124). Mechanistically, adipose tissue hypoxia increases HIF-1α expression and stability, which triggers profibrogenic transcription in preadipocytes (125). Furthermore, pro-inflammatory macrophages overproduced NO, which elevated HIF-1α accumulation and promoted profibrogenic responses in preadipocytes, resulting in adipose tissue fibrosis (126). Collectively, these findings suggest to the possibility of targeting pro-inflammatory macrophage-mediated inflammatory pathways to diminish obesity-induced inflammation, IR and fibrosis.






4 Targeting macrophages to improve metabolic health

Given that ATMs play critical roles in both the onset and progression of obesity-related metabolic disorders, strategies that target the phenotypic flexibility of macrophages to fulfill tissue environment needs have demonstrated great therapeutic promise. The following is a summary of the prospective treatment targets for obesity and related metabolic diseases that can be delivered to macrophages (Table 2; Figure 3).


Table 2 | Targeting macrophages for improving metabolic health.






Figure 3 | Targeting macrophages for improving metabolic health. (A) Targeting macrophage polarization. In HFD-induced obesity, transcription factors NFATc3, KLF4 and its coactivator GIRP1 enhance M1 macrophage polarization and infiltration into adipose tissue, inflammation, and insulin resistance. HoxA5 and PPAR, on the other hand, increase M2 macrophage polarization and thereby ameliorate obesity-induced inflammation and insulin resistance. (B) Targeting macrophage inflammatory pathways. TLR4-MyD88-IKK signaling and TRAF3 activation enhance adipose tissue M1 macrophage infiltration, inflammation, and IR in obesity via NF-B. On contrary, overexpression of ERV1 in macrophages reduces adiposity, hepatic and adipose inflammation, and hyperglycemia caused by HFD. (C) Targeting macrophage ROS modulating pathways. NOX2, HIF-1α, and HO-1 in macrophages increase obesity-induced adiposity, inflammation, and insulin resistance, whereas catalase inhibits inflammation via increasing M2 macrophage polarization. (D) Targeting macrophage metabolic pathways. The stimulation of macrophage insulin pathways such as IR-IRS2 and PDK1-FoxO1 signaling promotes HFD-induced obesity and insulin resistance. PTP1B, an insulin signaling negative regulator, induces IR by lowering IL-10. In contrast, mTORC1 activation improves M2 macrophage polarization and protects mice from HFD-induced obesity, inflammation, and insulin resistance. In addition, the ATG7-mediated autophagy pathway reduces CLS numbers and adipose tissue inflammation in obesity. Furthermore, other metabolic pathways regulated by ERα, SIRT1 and SIRT6 enhance M2 macrophage polarization, reducing inflammation and IR in obesity.





4.1 Targeting macrophage polarization

ATMs have been shown to negatively modulate insulin action via CD11c+ pro-inflammatory macrophages (157), indicating that pro-inflammatory macrophages are a target for the treatment of obesity-related insulin resistance. Fatty acids are one of the major factors controlling the activation of ATMs.For example, saturated free fatty acids/TLR signalling, TNF/TNF receptor signalling induce the classically activation of macrophages (158–163), while unsaturated fatty acids like oleic acid, linoleic acid, DHA, and n-3 PUFA induce alternatively activated phenotype. Furthermore, omega-3 PUFA can increase lipolysis and fatty acid re-esterification in alternatively activated macrophages (164). These findings indicate that consuming unsaturated fatty acids may polarize ATMs to alternatively activated phenotype, thereby regulating lipid metabolism or alleviating the symptoms of obesity-related diseases.

Rosiglitazone, a PPARγ activator, also encourages alternatively activated macrophage infiltration into adipose tissue in mice receiving HFD (165–168). PPARγ deficiency in macrophages promotes the predominance of pro-inflammatory macrophages and the decrease of alternatively activated macrophages in adipose tissue in obesity (148, 169), indicating that PPARγ is essential in controlling macrophage alternative activation. Moreover, an intact IL-4 and IL-13 signaling is required for maturation of alternatively activated ATMs and reducing diet-induced obesity and IR in mice (170, 171). However, myeloid cell-specific knockout of IL4R alpha decreased insulin sensitivity in lean mice while improving parameters of glucose homeostasis and partially protecting against adipose tissue inflammation in obese mice (172), indicating IL-4R signaling likely plays a significant role in maintaining the alternative activation of macrophage in lean conditions but not in obesity.

A number of transcription factors have been found to influence ATMs polarization. For instance, Krüppel-like factor 4 (KLF4) has been demonstrated to promote monocyte differentiation in vivo (173). Moreover, KLF4 is strongly induced in alternatively activated macrophages by STAT6 while being reduced in pro-inflammatory macrophages by NF-kB inhibition (150). Consistently, KLF4-deficient macrophages displayed increased pro-inflammatory cytokine expression, and myeloid-specific KLF4 deficiency predisposed mice to diet-induced obesity, glucose intolerance, and IR (150), indicating a crucial role for KLF4 in regulating macrophage polarization and maintenance of adipose tissue homeostasis. Similar metabolic problems were brought on by the knockdown of the protein known as glucocorticoid receptor-interacting protein 1 (GRIP1), which acts as a coactivator for KLF4 (151). Contrarily, nuclear factors of activated T cells (NFATc3) play a different role in controlling the transcription of various genes in immune cells. Nfatc3-/- mice showed adipose tissue macrophage polarization toward alternative activation, which significantly reduced hepatic steatosis and inflammation in HFD mice, indicating the potential role of NFATc3 in promoting adipose tissue inflammation (136). Homeobox A5 (HoxA5), a developmental transcription factor, has been demonstrated to support adipocyte differentiation by inhibiting the PKA/HSL pathway (174). HoxA5 has also been shown to reduce endoplasmic reticulum stress and inflammatory responses in adipocytes by blocking the eIF2/PERK signaling pathway (137). Additionally, Hoxa5 transcriptionally activated the PPARγ pathway to promote alternative activation of macrophage and WAT browning (137), which in turn alleviated obesity-induced chronic inflammation. These findings imply that Hoxa5 may represent a promising therapeutic target for the management of obesity.

Notably, some therapeutic options and drugs have been developed to treat obesity-related metabolic diseases by regulating macrophage polarization. For obese patients who have failed to respond to exercise and dietary changes, bariatric surgery is an option. Studies have shown that after bariatric surgery, ATMs is biased toward the alternative activation with an increase of CD163 expression (40). However, subsequent research expressed concern on this notion, claiming that modifications in CD163-positive cells do not precisely reflect metabolic improvements following weight loss (175). Further research into the mechanism of bariatric surgery is required. Metformin, the most popular anti-diabetic medication, is crucial for macrophage polarization. Metformin was shown to decrease pro-inflammatory markers like CD11c and MCP-1 in the adipose tissue of HFD mice (176). Additionally, in vitro metformin treatment to pro-inflammatory macrophages improved metabolic disorders in brown adipocytes (177). Dipeptidyl peptidase-4 (DDP4) inhibitors Linagliptin and Sitagliptin are both used primarily to control blood glucose levels in patients with type 2 diabetes. These two drugs have been shown to decrease obesity-induced inflammation and IR by inhibiting pro-inflammatory and promoting alternative activated macrophages because DDP4 is largely expressed in pro-inflammatory macrophages and its expression was significantly increased in obese mice (112, 178). Similar mechanisms are shared by a number of sodium-glucose cotransporter 2 inhibitors, including empagliflozin. Through the phenotypic switch of macrophages to alternative activation in the liver and WAT, empagliflozin can reduce body weight by inducing WAT browning and reducing inflammation associated with obesity (179, 180). In conclusion, targeting macrophage polarization is a feasible and worthwhile direction that may benefit the vast majority of patients suffering from metabolic diseases.




4.2 Targeting macrophage inflammatory pathways

Adipose tissue inflammation is a major contributor to obesity-related metabolic diseases such as IR and hepatic steatosis. In adipose tissue, ATMs play dominant role in producing pro-inflammatory cytokines, which cause inflammation in obesity. NF-kB is one of the main masters of inflammatory responses. IKK is a crucial enzyme that activates NF-kB in myeloid cells. Mice with myeloid cell-specific IKKβ deletion preserved insulin sensitivity when fed with HFD (127). Furthermore, mice with hematopoietic cell-specific deletion of TLR4 demonstrated an improvement in peripheral insulin sensitivity after HFD feeding, which is associated with to a notable decrease in macrophage infiltration and inflammatory cytokines in both adipose tissue and the liver (128). MyD88, a TLR4 downstream signaling protein, is crucial in triggering inflammatory response. MyD88 deficiency in myeloid cells reduced macrophage infiltration to adipose tissue and their polarization to pro-inflammatory phenotype (130). Along with this, there is a considerable reduction in atherosclerosis, insulin resistance, and systemic inflammation induced by HFD feeding. Another typical intracellular signaling protein for TLRs is TNF receptor-associated factor 3 (TRAF3), which is anti-inflammatory in lean but pro-inflammatory in obese conditions. This is supported by research showing that myeloid cell-specific TRAF3 deletion reduced the number of macrophages in eWAT, as well as IR and the expression of pro-inflammatory cytokines in the liver and adipose tissue of obese mice (131). In contrast, TRAF3 deletion increased the expression of pro-inflammatory cytokines in the liver and adipose tissue of lean mice. Moreover, activation of the Fas signaling pathway may also be a crucial element of the inflammatory response. In HFD-induced obese mice, ob/ob mice, and mice acutely treated LPS, myeloid/hematopoietic cell-specific Fas-depletion preserved skeletal muscle insulin sensitivity, which was contributed by the decreased TNF-α levels in circulation (129). However, there was no difference in immune cell infiltration or local cytokine expression in adipose, liver, or skeletal muscle, indicating that the protective role of myeloid Fas depletion is more closely linked to a reduction of systemic inflammation.

Contrary to the inflammatory triggers listed above, it has been shown that TLR4 signaling from the triggering receptor expressed on myeloid cells 2 (TREM2) negatively modulates the inflammatory response in macrophages (181). A recent study has found that TREM2 may be involved in the inflammatory response in adipose tissues. Following HFD feeding, mice with TREM2 overexpression showed elevated macrophage and T cell recruitment into adipose tissue as well as increased adiposity, IR, and hepatic steatosis (146). These findings suggest that TREM2 acts as a novel regulator of adipogenesis and that inhibiting TREM2 signaling may be a therapeutic target for obesity and IR. To fully understand the underlying mechanisms of TREM2 in regulating the inflammatory response in adipose tissues, additional research on macrophage-specific deletion of TRME2 is required. Moreover, endogenous lipids known as specialized pro-resolving mediators (SPMs), which include resolvins, protectins, and maresins, mediate the resolution of inflammation (182). Mice overexpressing the human resolvin E1 receptor (ERV1) in myeloid cells displayed reduced adiposity, hepatic and adipose inflammation, and hyperglycemia induced by HFD (132). Resolvin E1, a natural ERV1 agonist, administration replicated the pro-resolving effects obtained from ERV1 overexpression. This protective metabolic impact is in part explained by systemic activation of resolution programs leading to increased synthesis of specialized pro-resolving mediators. Taking together, targeting inflammatory pathways in macrophages offers a great potential for controlling adipose tissue inflammation and the ensuing metabolic disorders induced by obesity.




4.3 Targeting reactive oxygen species modulating pathways in macrophages

Oxidative stress and chronic inflammation are the important underlying factors for obesity-associated metabolic diseases. The imbalance between the oxidative and anti-oxidant systems of the cells and tissues results in the overproduction of oxygen free radicals and reactive oxygen species (ROS). Oxidative stress increases lipid peroxidation products, protein carbonylation which leads to cellular dysfunction. As the NADPH oxidase catalytic subunit, NOX2 has been demonstrated to be involved in obesity-induced IR, hyperlipidemia, and liver steatosis (183). Mice lacking myeloid-NOX2 showed reduced adiposity, adipose inflammation, and macrophage infiltration compared to controls when given a 16-week HFD diet (133). These results support the idea that NOX2 signaling in macrophages plays a role in the pathogenesis of obesity-induced metabolic disorders. Potentially, obesity may be reduced by targeted suppression of monocyte/macrophage NADPH oxidase in adipose tissue to maintain metabolic function.

Hypoxia is also a factor in the increased oxidative stress associated with obesity. The transcription factor hypoxia inducible factor-1 (HIF-1) regulates the expression of numerous hypoxic responsive genes by nuclear translocation and mediates adaptive responses to oxidative stress. HIF-1α has been demonstrated to contribute to oxidative stress and fibrosis in obese people (184). Additionally, macrophages in CLS and adipocytes are both hypoxic and inflammatory (185). In fact, mice with myeloid-specific HIF-1α deletion had enhanced adipose tissue vasculature development, which mitigated systemic IR and HFD-induced inflammation (134). Furthermore, a recent study identified interleukin-1 receptor-associated kinase M as the mechanism underlying HIF-1α-induced adipose tissue dysfunction in obesity (186), supporting the notion that HIF-1α in myeloid cells is crucial to obesity-related pathological growth of adipose tissue and systemic IR.

Additionally, heme oxygenase-1 (HO-1) is a stress-inducible enzyme that is crucial in several pathophysiological conditions, particularly inflammation and oxidative damage. Heme oxygenase (HO-1) expression was highly induced in the visceral adipose tissue, especially the SV fraction of HFD-fed mice. Myeloid HO-1 haploinsufficiency attenuated HFD-induced adiposity, adipose inflammation, and IR, due to impaired macrophage migration toward adipose tissue and reduced angiogenesis (135). Mechanistically, HO-1+/- macrophages displayed decreased chemoattractant-induced p38 phosphorylation and focal adhesion kinase expression (135). These findings point to a unique role of the myeloid cell HO-1 in adipose macrophage infiltration and IR development during obesity.

In contrast to the preceding factors, catalase, an important oxidative stress regulator, has been shown to control ATM polarization under both resting and metabolic stress conditions. Global catalase deficiency or use of the catalase inhibitor 3-aminotriazole causes oxidative stress, increased inflammation and IR in both lean and HFD-induced obese mice (147). Catalase inhibition increased pro-inflammatory macrophage accumulation but decreased alternatively activated macrophage accumulation in eWAT, indicating that endogenous catalase may be a critical regulator of obesity-related inflammation and IR.




4.4 Targeting macrophage metabolic pathways

Obesity-associated metabolic problems appear to be caused by a combination of metabolic endotoxemia and metabolic stress induced by chronic exposure to excessive amounts of nutrients. Because immune cell metabolism and function are inextricably connected, addressing the different metabolic pathways of macrophages could provide a unique opportunity to modify its phenotype and subsequent biological roles in obesity.



4.4.1 Insulin pathway as a target

Despite previous research, the main impact of macrophage insulin action on obesity and related metabolic disorders is still debated. Mice lacking macrophage insulin receptor were protected from the onset of obesity-related IR after HFD feeding (138). This protection was accompanied by lower macrophage counts in WAT and serum tumor TNF-α levels, which reflect a marked decrease in the local and systemic inflammation linked to obesity. These findings suggest that insulin action in myeloid cells plays an unexpectedly important role in regulating macrophage invasion into WAT and the development of obesity-associated IR. In line with this study, mice with macrophage insulin receptor substrate 2 (IRS2) deletion demonstrated protection from HFD-induced obesity and glucose intolerance due to increased energy expenditure via enhanced BAT activity and WAT beiging (140). Additionally, IRS2-deficient macrophages exhibited a transcriptional profile that was anti-inflammatory (140), indicating a crucial role for macrophage IRS2 signaling in ATM polarization and energy homeostasis. These findings may open therapeutic opportunities for the treatment of obesity. However, protein tyrosine phosphatase-1B (PTP1B), an intracellular protein that inhibits insulin and leptin signaling, has been shown to promote inflammation caused by obesity. Mice deficient in macrophage PTP1B displayed improved glucose and insulin tolerance, reduced liver damage and chronic inflammation after HFD feeding (139). The beneficial effect of PTP1B deletion in macrophages is due to increased IL-10 levels, which are inversely related to serum insulin and alanine transferase levels. These findings suggest that inhibiting myeloid PTP1B could be used to treat obesity-related inflammation and diabetes.




4.4.2 Nutrient sensing pathways as a target

Many studies have been conducted on the function of mTORC1 in obesity and associated inflammation. These studies have demonstrated the link between mTORC1 activation and obesity. Despite having no impact on the HFD-induced obesity, pharmacological mTORC1 inhibition by rapamycin worsened the inflammation and glucose intolerance, as shown by the rise in adipose tissue pro-inflammatory macrophages and elevated mRNA levels of pro-inflammatory cytokines such as TNF-α, IL-6, and MCP-1 (187). Additionally, macrophages derived from bone marrow exhibited pro-inflammatory phenotype as a result of in vitro mTORC1 inhibition (187). These results suggest that mTORC1 activity is a key regulator of macrophage plasticity and inflammation in adipose tissue. To further investigate the role of myeloid cell mTORC1 activation in obesity-induced inflammation, mice with myeloid cell specific TSC1 deletion and thus constitutive mTORC1 activation were generated. Mice lacking Tsc1 in macrophages exhibited protection from HFD-induced obesity, glucose intolerance, and adipose tissue inflammation (141). This protection was accompanied by mTORC1-dependent alternative activation of macrophages, indicating a protective role for mTORC1 activation in HFD-induced obesity and metabolic disorders. Unlike mTORC1, myeloid cell deficiency of mTORC2 obtained by Rictor deletion had no impact on HFD-induced obesity, adipose tissue inflammation, or systemic IR (188). However, mice lacking Rictor showed increased susceptibility to LPS-induced septic shock, indicating that mTORC2 is more important in diseases associated with severe inflammation than obesity-induced chronic low-grade inflammation.

Autophagy, a crucial cellular response pathway for sensing nutrient levels, is essential for cell survival and metabolism. When bred to ob/+ mice to induce metabolic stress, mice with myeloid cell-specific deletion of autophagy-related 7 (ATG7) displayed increased CLS numbers, activated NLRP3 inflammasome and IL-1β production in adipose tissue, as well as hyperglycemia (152). This was attributed to mitochondrial dysfunction in autophagy-deficient Macrophages, suggesting a critical role for macrophage autophagy in regulating adipose inflammation and insulin sensitivity in obesity.

As one of the key pathways regulating glucose and energy homeostasis, the 3-phosphoinositide-dependent protein kinase 1 (PDK1)/forkhead transcription factor (FoxO1) pathway has also been investigated in adipose tissue macrophages. PDK1 deletion in macrophages resulted in increased pro-inflammatory macrophages in adipose tissue and IR, which was reversed by inactivating nuclear FoxO1 (153). Furthermore, constitutively activating nuclear FoxO1 increased pro-inflammatory macrophages in adipose tissue via CCR2 and IR on HFD (153). Accordingly, PDK1 inhibits FoxO1 to regulate macrophage infiltration, and the PDK1/FoxO1 pathway in macrophages is essential for regulating macrophage polarization and insulin sensitivity in obesity.

Additionally, estrogen receptor alpha (ERα) plays a significant role in the control of glucose homeostasis (189). Even with a normal diet, mice with myeloid-specific ERα deletion displayed increased adiposity, IR, and atherosclerotic lesion area (154). Moreover, ERα deficiency reduced the response of isolated macrophages to IL-4-mediated alternative activation but promoted the inflammatory response to palmitate (154). This suggests that macrophage ER is important for suppressing inflammation and maintaining insulin sensitivity, making it a potential therapeutic target to combat obesity and IR.




4.4.3 Sirtuins as a target

Myeloid cell Sirtuin 1 (SIRT1) has been shown to play a protective role in studies of metabolic diseases caused by obesity. When given an HFD, mice with myeloid cell Sirt1 deletion exhibited pro-inflammatory macrophage polarization in adipose tissue and increased adipose tissue macrophage hypoxia and inflammatory response (142–144), which impaired glucose tolerance and exacerbated liver steatosis (143, 145). In line with this, dietary quercetin has been demonstrated to reduce macrophage infiltration, control macrophage polarization, and regulate inflammation through the AMPK1/SIRT1 pathway, resulting in a reduction in HFD-induced IR and an increase in glucose uptake in adipose tissue (190). Similar to SIRT1, myeloid cell-specific SIRT6 knockout mice displayed increased pro-inflammatory macrophage infiltration in adipose and liver, as well as decreased insulin sensitivity via the NF-κB/STAT3 signaling pathway (155). These findings indicate that SIRT1 or SIRT6 in macrophages may be potential targets for combating obesity-induced tissue inflammation and IR.




4.4.4 Circadian pathways as a target

Numerous studies have linked metabolic disorders like obesity to circadian clocks. Circadian clock dysregulation induces pro-inflammatory macrophages and potentiates adipose tissue inflammation in mice with Period1 (PER1) and Period2 (PER2) deletion in macrophages, according to a previous study (156). High MCP-1 levels in mice with myeloid cell-specific PER1/PER2 disruption attracted pro-inflammatory macrophage infiltration and increased inflammation and IR in HFD-induced adipose tissue (156). Mechanistically, PPARγ2 levels were decreased in PER1/2-disrupted macrophages and restoration of PPARγ2 levels reduced the infiltration of pro-inflammatory macrophages in adipose tissue, suggesting that PPARγ may link the molecular clock genes and obesity-related inflammation.






5 Concluding remarks and perspectives

Increased ATMs are the major contributor to adipose tissue inflammation in obesity. Efforts have been made to target macrophage recruitment to improve metabolic health and have shown a great promise in obese mouse models. For instance, blocking CCL2-CCR2 has been shown to reduce macrophage recruitment in adipose tissue and mitigated the obesity-induced inflammation and IR. Moreover, a dual CCR2/CCR5 antagonist reduced macrophage-mediated inflammation and prevented IR, providing a therapeutic potential for metabolic diseases linked to obesity. Another promising strategy is to promote the polarization of ATMs toward alternative activation. Several transcription factors, including PPARγ, KLF4, and HoxA5, have been shown to promote alternative activation of macrophages in adipose tissue and could be potential pharmacological targets. Additionally, strategies at targeting myeloid TLR4/NF-κB-mediated inflammatory pathways, ROS generating enzyme NOX2 and hypoxia adaptation factor HIF1α, and factors regulating glucose metabolism also appear to have a positive impact (Table 2; Figure 3). Further research is needed to validate the findings of mouse studies in humans.

The recent single cell RNA-sequencing studies have identified a broad spectrum of ATM subtypes, suggesting a heterogeneity and functional plasticity of ATMs in obesity. It remains to be determined the differences in the development, phenotype, and function of these newly discovered macrophages within adipose tissue. Also, understanding the regulatory factors and intracellular pathways that underpin functional differences between subtypes would provide new molecular targets. Finally, the development of new technologies that can target specific macrophage subtypes would considerably boost the translational potential of the aforementioned findings for the treatment of obesity and metabolic diseases.
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In adipose tissue, macrophages are the most abundant immune cells with high heterogeneity and plasticity. Depending on environmental cues and molecular mediators, adipose tissue macrophages (ATMs) can be polarized into pro- or anti-inflammatory cells. In the state of obesity, ATMs switch from the M2 polarized state to the M1 state, which contributes to chronic inflammation, thereby promoting the pathogenic progression of obesity and other metabolic diseases. Recent studies show that multiple ATM subpopulations cluster separately from the M1 or M2 polarized state. Various factors are related to ATM polarization, including cytokines, hormones, metabolites and transcription factors. Here, we discuss our current understanding of the potential regulatory mechanisms underlying ATM polarization induced by autocrine and paracrine factors. A better understanding of how ATMs polarize may provide new therapeutic strategies for obesity-related diseases.
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1 Introduction

Obesity has become a major public health problem because it increases the risk of many diseases (e.g., type 2 diabetes mellitus, hypertension, osteoarthritis and several cancers) (1). Obesity is characterized by accumulation of adipose tissue (AT), which leads to infiltration of immune cells and chronic low-grade inflammation (2, 3). Being a major portion of AT immune cells, adipose tissue macrophages (ATMs) are key for healthy adipose homeostasis but can also contribute to the pathogenic progression of obesity and other metabolic diseases (4). ATMs can be polarized into distinct phenotypes under different physiological or pathological conditions. In addition to the pro-inflammatory M1 phenotype and anti-inflammatory M2 phenotype (5), several novel ATM subpopulations (e.g., MMe, Mox and LAMs) have been discovered in recent years (6–8). Polarization of ATMs are regulated by organokines and related signaling pathways. In this article, we summarize the characteristics and functions of different ATM subpopulations. In addition, we also highlight the regulatory pathways and mechanisms of ATM polarization, providing novel insights for the treatment of obesity-diseases.




2 Polarization and function of ATMs

Many studies have classified macrophages according to the M1/M2 system, which is revealed by the secretory profile of cytokines and interleukins (9). Previous studies have described a ‘‘mixed’’ M1/M2 phenotype for ATMs that can be activated into a switching phenotype (10, 11). ATMs are mainly polarized towards the pro-inflammatory M1 phenotype in the obesity state, conversely, in the lean state, ATMs are polarized towards the anti-inflammatory M2 phenotype (5, 12). As technologies have advanced, accumulated evidence has suggested that ATM polarization is more variable than the M1 or M2 state. Distinct ATM subpopulations express specific markers and have unique transcriptional profiles and functions (as summarized in Table 1).


Table 1 | Adipose tissue macrophages (ATMs) subpopulations.





2.1 Classical activated macrophages (M1)

Obese AT is recognized as a low-grade, chronic inflammation condition accompanied by accumulation of ATMs and a phenotypic switch (2, 3). Obese adipocytes secrete various chemokines and adipokines (e.g., MCP-1, CXCL12 and Leptin), which recruit and switch macrophages from the M2 state to the M1 state (5). ATMs are recognized as cells that co-express F4/80 and CD11b in mice or CD68 and CD11b in human (2, 15). Moreover, CD11c is used as phenotypic markers of M1-ATMs, which produce pro-inflammatory mediators like IL-1β, TNF-α and nitric oxide (NO), acting as main effectors of inflammatory signals, impaired adipocyte function and insulin sensitivity (13, 14). Ablation of CD11c positive cells alleviated inflammation and improved insulin sensitivity in obese mice (16). The significance of M1-ATMs is also supported in human studies where CD11c positive ATMs has been associated with glucose intolerance and metabolic syndrome (15).




2.2 Alternatively activated macrophages (M2)

Unlike pro-inflammatory M1-ATMs, M2-ATMs attenuate inflammation to maintain adipose homeostasis (5). In the lean state, the dominant ATMs are considered as resident macrophages which express markers of M2 macrophages (e.g., CD206, CD301 and CD163) (2, 5). M2-ATMs are further divided into three major subtypes: M2a, M2b and M2c (17), which express specific markers and have unique functions. M2a-TAMs are characterized by high surface expression of IL-R and FIZZ1, and secrete TGF-𝛽, IGF and fibronectin to contribute to tissue repair (18, 19). M2b-TAMs express high levels of IL-10, CCL1 and TNFSF14, and low levels of IL-12, exhibiting anti-inflammatory and immune-regulated effects (20). M2c-TAMs expressing multiple markers like CD14 and TLR1, have high expression of IL-10, TGF-𝛽 and Mer receptor tyrosine kinase, and are considered as anti-inflammatory and phagocytic macrophages (17).




2.3 Metabolically activated macrophages

ATMs have a particular metabolically activated phenotype called “MMe”, which exhibit a mixture of M1 and M2 characteristics. The MMe phenotype, which can be identified by their surface markers CD36, ABCA1, and PLIN2, is stimulated by high levels of glucose, insulin, and palmitate (6). MMe macrophages not only promote insulin resistance (IR) via producing inflammatory cytokines, but also clear away dead adipocyte through lysosomal exocytosis, which protect AT from the deleterious effects of excess free fatty acids (FFAs) (21). Therefore, MMe macrophages perform both detrimental and beneficial functions during obesity.




2.4 Oxidized macrophages

Recently, a novel macrophage phenotype has been identified, known as Mox, mainly stimulated by oxidized lipids (7). High expression of Txnrd-1, Srnx-1 and HO-1 distinguishes Mox from the M1 or M2 phenotype. Compared with M1- and M2-TAMs, Mox macrophages exhibit restricted bioenergetics and more antioxidant production. Recent study has shown that Mox macrophages are the predominant ATMs in lean AT, while more energetic macrophages like M1- or M2-TAMs predominate during the development of obesity (7).




2.5 Lipid-associated macrophages

Recently, a novel ATM subpopulation defined as lipid-associated macrophages (LAMs) were discovered surrounding apoptotic adipocytes of obese AT (8). LAMs express highly conserved genes, including CD9, CD36, and the lipid receptor Trem2. LAMs utilize Trem2 as an extracellular lipid sensor and perform protective functions to combat adipocyte inflammation, hypertrophy, and metabolic dysfunction (22). In addition, LAMs express many immunosuppression-related genes such as Lgals1/3, suggesting that they may be involved in regulating inflammatory response induced by lipid accumulation (8).





3 Organokines: Integrators of ATM polarization

Accumulating evidences suggest that AT, liver, skeletal muscle and gut function as endocrine organs, producing various organokines (adipokines, hepatokines, myokines and gut cytokines) that are capable of recruiting macrophages or switching ATM phenotypes.



3.1 Adipokines



3.1.1 Pro-inflammatory adipokines



3.1.1.1 Leptin

AT secretes a variety of hormones/cytokines, which are called adipokines. Leptin, the first classical adipokine, is initially considered as a satiety signal that regulates body weight by reducing food intake and increasing energy expenditure (23, 24). Mice with leptin deficiency (ob/ob) or leptin receptor deficiency (db/db) develop morbid obesity due to hyperphagia (23, 25). However, due to leptin resistance, most forms of obesity of animals and human are associated with higher leptin levels rather than leptin deficiency (26).

In addition to its role in energy balance, leptin also functions as an immunomodulatory cytokine, inducing immunologic alterations in different cell types, including ATMs. The immunoregulatory effects of leptin were first assessed in ob/ob mice. Macrophages from ob/ob mice have impaired phagocytic activity and pro-inflammatory cytokine production, and exogenous leptin treatment improves the above defects (27). Leptin treatment in ob/ob mice also ameliorates IR while up-regulating the expression of M2 markers (e.g., Fizz-1, Arg-1 and Mgl-1) (28). Similarly, in vitro leptin treatment, CD14 human macrophages up-regulates typical M2 markers, while being able to increase the expression of M1 markers (e.g., IL-6, IL-1𝛽, and MCP-1) (29). These studies suggest that leptin could be a contributor to the distinct ATMs phenotype. Besides, leptin induces the expression of vascular cell adhesion molecules, which can increase macrophage infiltration into AT (30). Leptin also stimulates macrophage proliferation in a dose-dependent manner (31), meaning obesity-associated hyperleptinemia can increase the proliferation of ATMs. Hence, increased leptin levels in the obese AT are, in part, responsible for accumulation and activation of ATMs.




3.1.1.2 Resistin

The name ‘resistin’ is coined from the original observation that it induces IR and has been proposed to link obesity and diabetes (32). Resistin is a 12.5-kDa peptide hormone, which is predominantly expressed in white adipocytes in rodents whereas in humans its main source is peripheral blood mononuclear cells (PBMCs) and macrophages (33). In mice, circulating resistin levels are positively correlated to obesity and IR, and resistin-treated mice or resistin-overexpressing transgenic mice exhibit glucose intolerance and IR (34). Conversely, resistin knockout or resistin neutralization with antibodies improves insulin sensitivity in diet-induced obese mice (32). However, in humans, the link between increased resistin levels and obesity/IR remains under debate and needs more epidemiological studies (34).

In obese conditions, there is an increase in adipocytes and ATMs leading to increased resistin expression. Resistin induces the expression of chemokines (e.g., CCL2 and CXCL1) as well as adhesion molecules (e.g., ICAM-1 and VCAM-1) to promote monocytes infiltration into a variety of tissues and organs including AT (35). M0 macrophages originated from monocytes can further differentiate into distinct ATM subsets, including LAMs (8), M1 and M2 macrophages (36), under varying circumstances. Resistin originated from adipose resident macrophages stimulates the expression of pro-inflammatory cytokines like IL-6, IL-12 and TNF-α (37), indicating that resistin might promote an M1-like phenotype in ATMs. Thus, resistin works by autocrine, paracrine and endocrine modes, and affects the accumulation and polarization of macrophages in AT.




3.1.1.3 WISP1

Wingless‐type (Wnt)-inducible signaling pathway protein-1 (WISP1), a matricellular protein, is a novel adipokine associated with inflammation in obesity (38–40). WISP1 levels in plasma and subcutaneous AT are elevated in obese subjects and are positively correlated with systemic inflammation and IR (38). WISP1 plays a pro‐inflammatory role in AT inflammation. Stimulation of macrophages with WISP1 induces the secretion of pro-inflammatory cytokines (e.g., TNF-a and IL-6) and promotes M1 macrophage polarization (38). However, in adipocytes, WISP1 neither induces cytokine expression nor affects insulin signaling (38). This suggests that WISP1 contributes to AT inflammation and IR by regulating macrophages rather than adipocytes.





3.1.2 Anti-inflammatory adipokines



3.1.2.1 Adiponectin

As the best-known and most abundant adipokine in circulation, adiponectin is exclusively secreted from adipocytes (41). Unlike pro-inflammatory adipokines, which have a positive trend in conditions of obesity, adiponectin levels are reduced in obesity and are up-regulated after weight loss (42, 43). Many evidences proved that adiponectin shows protective activity in obesity and IR (44, 45).

Adiponectin acts as anti-inflammatory factor and plays important roles in the accumulation and polarization of ATMs. Adiponectin has been reported to promote calreticulin receptor-dependent clearance of apoptotic adipocytes (46). Since apoptosis of adipocytes is a key initial event that contributes to macrophage infiltration into AT (47), the inhibition of adipocyte apoptosis using adiponectin can suppress the infiltration of ATMs. Furthermore, adiponectin induces anti-inflammatory M2 macrophage proliferation in AT by the activation of AKT signaling (48), while suppresses pro-inflammatory M1 macrophage proliferation via inhibiting NF-κB signaling (49). Additionally, adiponectin induces the M1 to M2 macrophage polarization switch in AT. Macrophages from adiponectin deficient mice display increased M1 markers and decreased M2 markers, while systemic administration of adenovirus expressing adiponectin results in an increased expression of M2 markers in AT (50). Overall, adiponectin regulates the infiltration, proliferation, and polarization of ATMs, which accounts for its anti-inflammatory properties.






3.2 Hepatokines



3.2.1 Fetuin-A

Fetuin-A is a fatty acid-binding glycoprotein that is primarily expressed in the liver (51). Circulating Fetuin-A levels are higher in human subjects with obesity, type 2 diabetes mellitus (T2DM) and nonalcoholic fatty liver disease (NAFLD) (52). In obese AT, fatty acid-binding Fetuin-A acts as an endogenous ligand of TLR4 to promote inflammation and IR (53). By binding to the extracellular domain of TLR4, Fetuin-A activates NF-κB signaling to induce pro-inflammatory cytokines release and promote M1 macrophages polarization (53, 54). Moreover, Fetuin-A also serves as a chemoattractant, inducing the infiltration of macrophages into AT (55).




3.2.2 GDF-15

Growth differentiation factor 15 (GDF-15), a distant member of the TGF-β superfamily, is highly expressed in the liver (56) and AT (57). GDF-15 has been shown to be a stress responsive cytokine associated with obesity and diabetes (58). GDF-15 exerts its known anti-inflammatory properties against obesity by regulating at least in part the activation of ATMs. GDF-15 transgenic mice fed a HFD exhibit reduced NLRP3 inflammasome activity and lower levels of macrophage infiltration into AT (59).Recently, a study suggests that GDF-15 plays a role in the polarization of ATMs. GDF-15 expression in macrophages is induced by IL-4, which promotes M2 polarization of ATMs via the upregulation of oxidative metabolism (60).





3.3 Myokines



3.3.1 Irisin/FNDC5

Irisin, a 12 kDa peptide, is a novel myokine that is cleaved from fibronectin type III domain protein 5 (FNDC5) (61). In obese subjects, circulating irisin levels are reduced and are related with insulin sensitivity (62). Irisin has been reported to ameliorate adipose inflammation via up-regulating anti-inflammatory cytokine (e.g., adiponectin) and down-regulating pro-inflammatory cytokine (e.g., leptin and IL-6) (63). FNDC5 overexpression attenuates adipose tissue inflammation in HFD-induced obese mice by inhibiting macrophage recruitment and M1 phenotype polarization (64).Therefore, irisin’s anti-inflammatory effect in AT includes reducing production of pro-inflammatory cytokines, suppressing macrophage proliferation and infiltration, and inducing M2 macrophage polarization.




3.3.2 Myostatin

Myostatin (MSTN), also termed as growth differentiation factor 8, is primarily produced by skeletal muscle, and negatively regulates skeletal muscle mass. A recent study has reported that serum myostatin levels are positively correlated with adipose inflammation, obesity and IR (65). Inhibition of myostatin in mice suppresses HFD-induced infiltration of macrophages and reduces the expression of pro-inflammatory cytokines in AT (66). In addition, myostatin inhibition increases irisin production and induces M2 macrophage polarization in AT, thus suppressing inflammation (66).





3.4 Gut cytokines



3.4.1 GLP-1

GLP-1 is a hormone secreted by intestinal L-cells and is associated with obesity-related inflammation. GLP-1 alleviates macrophage infiltration in AT of ob/ob mice and reduces M1-polarized specific mRNA expression (67). Another study has shown that GLP-1/GLP-1R signaling in macrophages suppresses M1 polarization and triggers M2 polarization (68).In light of these findings, we speculate that GLP-1 alleviates obesity-related inflammation via inhibiting macrophage recruitment and promoting M2 macrophage polarization in AT.




3.4.2 Ghrelin

Ghrelin is a gastrointestinal cytokine that increases appetite and promotes obesity (69). A number of studies have described that ghrelin has strong anti-inflammatory properties, however, the effects of ghrelin in macrophages are complex. In vitro model, ghrelin inhibits LPS-induced production of pro-inflammatory cytokines in macrophages (70). Ghrelin’s function is mediated by its receptors GHSR. In vivo work has demonstrated that GHSR knockout or administration of Des-acyl ghrelin (functions as ghrelin antagonist), in obese mice, reduces macrophage infiltration, promotes macrophage polarization to M2 in AT, thus suppressing adipose inflammation (71, 72). These data suggest that Ghrelin/GHSR axis can act as a pro-inflammatory mediator in AT.




3.4.3 Other organokines

Studies have demonstrated that several other organokines, including adipokines (pro-inflammatory: Chemerin, PGRN and LCN2; anti-inflammatory: Omentin, Spexin, and Sfrp5), Hepatokines (pro-inflammatory: RBP4 and DPP4; anti-inflammatory: FGF21), Myokines (pro-inflammatory: IL-6; anti-inflammatory: DEL-1) and insulin are important players in regulation of the recruitment or polarization of macrophages in AT, and thus promote inflammation associated with obesity and metabolic disease (73, 74) (Figure 1).




Figure 1 | Regulatory mechanisms of ATM polarization. Adipose tissue, liver, skeletal muscle, gut and pancreas secrete various organokines, which are increased or decreased, initiating multiple downstream signaling pathways, thus affecting ATM polarization.








4 Regulatory pathways of ATM polarization

The past decades have revealed several key regulatory pathways of ATM polarization.



4.1 PI3K/Akt signaling pathway

The PI3K singling cascade is a central metabolic regulator, which is activated by metabolic stimuli including insulin, glucose, FFAs and various organokines. ATMs are exposed to increased levels of these stimuli in the obese state and adopts metabolism-dependent phenotypes. Numerous studies have implicated that PI3K/AKT singling plays an inhibitory role in TLRs-mediated inflammation and contributes to M2 macrophage polarization (75). Obesity is associated with increased circulating LPS, which initiates adipose inflammation and macrophage activation by activating TLR4 (76), suggesting PI3K/AKT singling can regulate ATM polarization. Indeed, a recent study has demonstrated that macrophage-intrinsic PI3K signaling promotes a beneficial ATM population characterized by lipid uptake (77). It is worth noting that Akt isoforms differentially contributes to macrophage polarization, with AKT1 ablation induing M1 activation and AKT2 ablation resulting in M2 phenotype activation (78). However, how individual Akt isoforms are activated by PI3Ks in the context of macrophages polarization remains to be elucidated.




4.2 C-Jun N-terminal kinase signaling pathway

Mixed-lineage kinase 3 (MLK3) deficiency attenuates JNK activation, reduces ATM accumulation and M1 activation in HFD-fed mice (79). In macrophages, PPARγ is efficiently phosphorylated by JNK (80). PPARγ knockout in murine myeloid cells induces M1 activation of ATMs, obesity and IR (81). Acute exercise improves insulin signaling in the White AT, at least in part by inducing macrophage polarization to M2 via down-regulating phospho-JNK (82). These studies have demonstrated that JNK signaling plays a pivotal role in both ATM accumulation and polarization.




4.3 JAK/STAT signaling pathway

IFNγ is the best known inducer of JAK-STAT signaling (83). In recent studies, deletion of either TRIM29 or TRIM18 increases the release of IFNγ that enhances inflammatory cytokine production and induces M1 macrophage polarization through activating STAT1 (84–86). SOCS proteins act as feedback inhibitors of the JAK/STAT signaling. Myeloid SOCS3 knockout mice exhibit prolonged activation of JAK/STAT signaling and increased expression of pro-inflammatory cytokines in macrophages (87). In contrast to STAT1, STAT6 promotes M2 macrophage polarization. Activation of STAT6 by IL-4 attenuates adipose inflammation by inducing proliferation of local ATMs and polarization of M2 phenotype (88).





5 Conclusion

The infiltration and polarization of macrophages in adipose tissue are beginning to be recognized as pivotal instigators of metabolic dysfunction and obesity. In response to over-nutrition, endocrine organs change metabolic phenotypes, release distinct secretome profiles, and shift adipose homeostasis into one that promotes macrophage invasion and polarization, and supports downstream chronic inflammation and IR.

Several endocrine organs are involved in regulation of ATM polarization, including adipose tissue, gut, liver, skeletal muscle and pancreas. Various organokines derived from these endocrine organs bind to their respective receptors to initiate multiple downstream signaling pathways (e.g., PI3K/AKT, JNK, and JAK/STAT), which regulate ATM polarization via different transcriptional regulators (e.g., PPARγ, STAT, C/EBP and IRFs) (Figure 1).

It’s worth noting that the increase in the M1/M2 ratio of ATMs during obesity cannot be explained simply by the transformation from M2- to M1-phenotype macrophages but rather by the infiltration of circulating monocytes to AT followed by differentiating into M1 and M2 macrophages (36, 89). Mouse ATMs can be generated from circulating monocytes classified as Ly6C+ and Ly6C− that are generally thought to preferentially differentiate into M1 and M2 macrophages, respectively (17). Human CD14+ CD16− and CD14+ CD16+ monocytes are considered to resemble mouse Ly6C+ inflammatory monocytes, while CD14dim CD16+ monocytes resemble Ly6C− anti‐inflammatory monocytes (17, 90). In human obese AT, pro-inflammatory macrophages have been described as CD14+CD16+ cells with high levels of M1 markers (91). Polarization of inflammatory monocytes has been implicated in the pathogenesis of obesity-related diseases including T2DM and atherosclerosis (92, 93), thus underlying mechanisms and approaches for resolving monocyte polarization conducive to disease regression need to be established.

Despite the great achievements made over the past few decades, a lot of questions on regulatory mechanisms of ATM polarization and its physiological and pathological functions are yet to be answered. Another limitation in the field is that current ATM-markers are ubiquitously expressed in macrophages in different tissues but not specifically in ATMs. More specific markers need to be identified, which will greatly facilitate our understanding on ATMs in health and metabolic diseases. Our understanding of the complexity of ATM subpopulations is inadequate since macrophages are highly plastic and heterogeneous cell populations. New technologies, including single-cell analysis, computational biology and bioinformatics, are being incorporated in this field and are expected to hopefully help address those challenges. With increasing understanding of regulatory mechanisms of ATM polarization, novel insights and treatment strategies should emerge in the prevention of obesity-related diseases.
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DARC, Ly6C(low), M2-related marker(high)
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Coping with iron metabolic disorders
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Pro-inflammatory functions

CD9+, TNF-0. i 15, 60, 61
(Dead adipocyte clearance, Immune activation) expression ( )

Tim4+, Abcal+, Lyve-1+ (Lean)

Lipid-Handling Trem2+, CD9+ (Obese) (G452
Extracellular Remodeling and Angiogenesis Lyve-1+, MMP-9,-12 expression (63)
Adipogenesis Osteopontin expression (61, 64)

While delineated features and markers have been identified for cells that are best equipped to perform these functions, macrophages are multifaceted and plastic in nature and likely perform

multiple actions.
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Bone marrow-derived macrophages were pretreated with metabolic inhibitors for 30 min. Macrophages were either left untreated (M0 quiescent macrophages) or stimulated with LPS or
IL4 to induce M1 and M2 polarizations respectively. Pretreatments were 2-deoxyglucose (2-DG), oligomycin (Oligo), rotenone/antimycin A (Rot/AA), Etomoxir (Eto) or a combination of
2-DG and Etomoxir (Eto+2-DG). Direction of change indicated is relative to the non-pretreated control in each polarization state. Gene expression results are indicated in lower case italics
and proteins secreted are in upper case.
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