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Obesity is a serious public health burden and risk factor for 
metabolic syndrome and co-morbidities, including type 
2 diabetes and cardiovascular and fatty liver diseases. 

Excessive lipid accumulation in white adipose tissue (WAT) leads to 
pathological expansion associated with adipocyte hypertrophy and 
ensuing inefficient lipid storage. Consequently, lipids accumulate 
in peripheral tissues, instigating lipotoxic insults including insulin 
resistance, apoptosis and inflammation1.

Obesity promotes immune cell infiltration of WAT, character-
ized by the accumulation of ATMs2. While the contribution of 
ATMs to systemic metabolically triggered inflammation in obesity 
is established3–5, recent work demonstrates their extensive plastic-
ity, heterogeneity and diversity3,6–8. In obesity, subsets of ATMs 
adopt a metabolic activation state linked to prominent lysosomal 

and phagocytic activity6,9,10. Beneficial functions associated with 
WAT remodelling, including the clearance of dying adipocytes 
and lipid droplets, have been ascribed to distinct metabolically 
activated ATM populations6,11,12. The surrounding adipose micro-
environment and its multiple fluctuating stimuli during disease 
progression have emerged as influencers of ATM plasticity and 
function8,9,11,13. Akin to ATMs, bone marrow-derived macro-
phages that differentiate in the presence of adipose tissue exhibit 
neutral lipid accumulation, lysosomal biogenesis and upregula-
tion of their lipid and general metabolism10,14,15. Despite this prog-
ress, large gaps in knowledge remain. In particular, the signalling 
pathways and triggers governing ATM heterogeneity that may 
drive or protect against obesity-instigated metabolic derange-
ments remain unknown.
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Adipose tissue macrophages (ATMs) display tremendous heterogeneity depending on signals in their local microenvironment 
and contribute to the pathogenesis of obesity. The phosphoinositide 3-kinase (PI3K) signalling pathway, antagonized by the 
phosphatase and tensin homologue (PTEN), is important for metabolic responses to obesity. We hypothesized that fluctua-
tions in macrophage-intrinsic PI3K activity via PTEN could alter the trajectory of metabolic disease by driving distinct ATM 
populations. Using mice harbouring macrophage-specific PTEN deletion or bone marrow chimeras carrying additional PTEN 
copies, we demonstrate that sustained PI3K activity in macrophages preserves metabolic health in obesity by preventing lipo-
toxicity. Myeloid PI3K signalling promotes a beneficial ATM population characterized by lipid uptake, catabolism and high 
expression of the scavenger macrophage receptor with collagenous structure (MARCO). Dual MARCO and myeloid PTEN defi-
ciencies prevent the generation of lipid-buffering ATMs, reversing the beneficial actions of elevated myeloid PI3K activity in 
metabolic disease. Thus, macrophage-intrinsic PI3K signalling boosts metabolic health by driving ATM programmes associated 
with MARCO-dependent lipid uptake.
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Lipid storage in adipose tissue, muscle and liver is promoted by 
pro-lipogenic and anti-lipolytic insulin action16. PI3K signalling 
and its downstream effectors, including protein kinase B (AKT), are 
pivotal for the metabolic and mitogenic effects of insulin16. PI3K 
activity is tightly regulated with several negative feedback loops 
maintaining its homeostasis, including termination by PTEN16. 
Indeed, hallmark phenotypes of mice with deletions or mutations in 
various PI3K isoforms include growth retardation and insulin resis-
tance17–19. Further, despite increases in adiposity and hepatic steato-
sis after conditional PTEN deletion in adipocytes or hepatocytes, 
respectively, these animals exhibit improved glucose tolerance and 
insulin sensitivity20,21. Similarly, beneficial metabolic health after 
caloric excess as a consequence of improved insulin-induced PI3K 
signalling occurs in animals with conditional PTEN loss in pancre-
atic beta cells and muscle22,23.

Here, we hypothesized a central role for myeloid-cell-intrinsic 
PI3K signalling in influencing metabolic disease by impacting 
ATM plasticity through environmental signals from metabolically 
stressed adipose tissue. We identify that PI3K signalling sustains a 
disease-sparing ATM population responsible for lipid scavenging and 
catabolism, assigning a key role for the scavenger receptor MARCO 
herein. Thus, we provide insight into how macrophage-intrinsic 
PI3K activity protects against lipotoxic responses, which may have 
important implications for wide-ranging metabolic diseases.

Results
Myeloid-cell-intrinsic PI3K dictates metabolic health under 
nutrient excess. To understand if adipose tissue-derived signals 
modulate the PI3K–AKT pathway in macrophages, we first sub-
jected C57BL/6J mice to different treatments including short-term 
high fat diet (ST-HFD), long-term high fat diet (HFD) or acute 
lipolysis induced by the β3-adrenoceptor agonist CL316,243 and 
evaluated macrophage AKT phosphorylation (p-AKT). Like many 
macrophages, murine ATMs express the cell surface antigens F4/80 
and CD11b. While both ST-HFD and CL316,243 did not impact 
circulating insulin levels, consistent with previous studies, the 
resulting disruption of adipose tissue homeostasis was linked to 
F4/80+CD11b+ (FB) macrophage infiltration24,25 (Extended Data 
Fig. 1a,b). Compared to animals fed a normal diet (ND), long-term 
(16 weeks) HFD-fed animals exhibited hyperinsulinaemia and  
FB macrophage infiltration within adipose tissue (Extended Data 
Fig. 1a,b). All treatments caused substantial p-AKT loss within FB 
macrophages (Extended Data Fig. 1c). Investigating potential links 
to metabolically stressed adipose tissue, we next stimulated primary 
peritoneal macrophages with adipocyte conditioned media (ACM) 
from epididymal WAT (eWAT) of HFD-fed animals. ACM treatment 
also ablated macrophage p-AKT (Extended Data Fig. 1d). As limited 
PI3K signalling is associated with insulin resistance in metabolic 
tissues17–19, we hypothesized that perturbing myeloid-cell-intrinsic 
PI3K changes the trajectory of metabolic disease.

To examine if limited myeloid PI3K signalling affects meta-
bolic health in obesity, we next utilized transgenic mice over-
expressing PTEN (PtenTg/+). These animals are protected from 
diet-induced-obesity-associated insulin resistance partly by their 
increased energy expenditure26. To circumvent the impacts of 
non-hematopoietic PTEN overexpression and associated reported 
growth retardation26, we performed bone marrow transplantation 
(BMT) of hematopoietic cells from PtenTg/+ or wild-type (WT) lit-
termates into WT animals (Fig. 1a). PTEN overexpression and con-
comitant limited PI3K signalling was observed in adaptive immune 
and monocytic cells from the blood of PtenTg/+ animals versus con-
trols (Fig. 1b and Extended Data Fig. 2a). In contrast to the results 
in whole-body transgenic animals26, following BMT, there were 
no differences in weight, lean or fat mass after a HFD (Extended 
Data Fig. 2b). Hyperinsulinaemic-euglycaemic clamps revealed 
unremarkable effects of hematopoietic PTEN overexpression  

(PtenTg/+ > WT) on insulin sensitivity as glucose infusion rates 
required to maintain euglycaemia were similar in PtenTg/+ animals 
versus controls (Pten+/+ > WT; Extended Data Fig. 2c). Confirming 
this observation, there was equivalent glucose disposal and suppres-
sion of hepatic glucose output (Extended Data Fig. 2d). Strikingly, 
while minimal effects on glucose tolerance between groups occurred 
during ND feeding, HFD-fed PtenTg/+ > WT mice exhibited glucose 
intolerance versus Pten+/+ > WT controls (Fig. 1c). This was associ-
ated with lower serum insulin levels after glucose gavage, sugges-
tive of impaired insulin secretion (Fig. 1d). Concordantly, HFD-fed 
PtenTg/+ > WT mice exhibited lower C-peptide levels (Fig. 1e). 
Decreased insulin secretion after glucose gavage of PtenTg/+ > WT 
mice was not associated with augmented pancreatic CD68 expres-
sion, thus suggesting that increased CD68+ pancreatic macrophages, 
pivotal for pancreatic beta cell lipotoxicity and inflammation, are 
unlikely to be involved27,28 (Extended Data Fig. 2e). In an inde-
pendent BMT cohort, we observed elevated serum triglycerides 
in HFD-fed PtenTg/+ > WT mice, disconnected from accelerated 
weight gain, indicative of disturbances in lipid metabolism (Fig. 1f 
and Extended Data Fig. 2f). Furthermore, as compared to controls, 
obese PtenTg/+ > WT animals displayed increased liver weights and 
clear tendencies towards increased hepatic steatosis (Fig. 1g,h). 
These effects were independent of augmented hepatic transcription 
of key lipogenic mediators, suggesting increased hepatic de novo 
lipogenesis was not responsible for the elevated hepatic steato-
sis of HFD-fed PtenTg/+ > WT mice. In fact, while no differences 
were observed for Ppar-γ and Srebf1, obese PtenTg/+ > WT animals 
exhibited attenuated hepatic Fasn, Acaca and Acacb expression 
(Fig. 1i), possibly explained by decreased insulin-stimulated induc-
tion29. While expected increases in PTEN expression in ATMs of 
PtenTg/+ > WT HFD-fed animals compared to controls was evident, 
their pro-inflammatory cytokine transcription was not augmented 
(Fig. 1j). Together, these observations indicate that lower PI3K 
activity in hematopoietic cells aggravates metabolic dysfunction in 
obesity independently of ATM-instigated inflammation.

We next examined if augmenting myeloid-cell PI3K activ-
ity, facilitated through myeloid LysM-Cre-specific PTEN deletion 
(PtenΔmyel)30, prevented deleterious effects of obesity. PTEN deletion 
and accompanying augmented PI3K signalling were detected spe-
cifically in blood monocytes of PtenΔmyel animals but not controls 
(Fig. 2a and Extended Data Fig. 3a). While no differences in glucose 
tolerance occurred during ND feeding, HFD-fed PtenΔmyel animals 
displayed improved glucose tolerance, independent of serum insulin 
differences, compared to that in PtenWT littermates (Extended Data 
Fig. 3b,c). HFD-fed PtenΔmyel animals further displayed improved 
insulin sensitivity, a phenotype requiring metabolic stress as it was 
absent during ND feeding (Fig. 2b).

We noticed, on average, HFD-fed PtenΔmyel mice were unable to 
reach the same adiposity as their co-housed WT littermates (Fig. 2c).  
We therefore stratified animals into high- (HW) and low- (LW) 
weight gainers to abolish weight and fat mass differences, ensur-
ing testing for weight-independent metabolic effects (Fig. 2d and 
Extended Data Fig. 3d). The LW gainer phenotype after HFD feed-
ing was genotype independent and became apparent at 12 weeks, 
and LW gainers did not display genotype-specific insulin sensitiv-
ity differences (Extended Data Fig. 3d,e). Importantly, stratification 
nullified weight differences in obese HW gainers, revealing that 
augmenting myeloid PI3K exerted protective effects on metabolic 
health independently of weight (Extended Data Fig. 3e).

In contrast to the enhanced hepatic steatosis of PtenTg/+ > WT 
chimeric mice, HW-gaining PtenΔmyel mice were protected from 
liver steatosis and exhibited lower liver damage as evaluated by 
serum indicators of hepatotoxicity, including alanine transaminase 
and aspartate transaminase (Fig. 2e,f and Extended Data Fig. 3f). 
Decreased hepatic steatosis of HFD-fed PtenΔmyel animals was not 
coupled to hepatic lipogenic transcriptional differences (Fig. 2g). 
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Further, tumour-necrosis factor (TNF)-α, interleukin (IL)-1β and 
IL-6 expression was similar between ATMs of PtenΔmyel HFD-fed 
animals and controls, suggesting that the beneficial effects of 
increased myeloid PI3K activity on metabolic health in obesity were 
independent of ATM cytokine profiles (Fig. 2h).

Together, although insulin secretion and hepatic lipogenic tran-
scription were not reciprocally regulated between the PtenTg/+ BMT 
and PtenΔmyel conditional model, possibly due to PTEN overexpres-
sion in adaptive immune cells in the former approach, both HFD-fed 
genetic models clearly demonstrated a reciprocal regulation in hepatic 
lipotoxicity. This suggests potential roles for myeloid PI3K signalling 
in metabolic health, linked to ATM-mediated lipid scavenging within 
adipose tissue, a process governing ectopic lipid deposition1,7,11.

Lipid-laden ATMs are characterized by a CD11c+CD206+ signa-
ture. Therefore, we next characterized ATMs in obesity according 
to their lipid load using BODIPY staining. Dysregulated adipose 

tissue homeostasis heightens lipid exposure of ATMs, induc-
ing a CD11c-positive ATM population10,24,25. During ST-HFD, 
CD11c-expressing (FBC: F4/80+CD11b+CD11c+) ATMs exhib-
ited higher neutral lipids compared to CD11c-negative (FB: 
F4/80+CD11b+CD11c−) ATMs (Fig. 3a and Extended Data Fig. 4a).  
CD206 is a marker for lipid-associated macrophages7, and the 
CD11c+CD206+ signature in humans has been assigned to 
‘crown-like’ structures, handling lipids arising from dead adipo-
cytes31. In line with their higher intracellular lipid load after ST-HFD, 
FBC ATMs displayed enhanced CD206 surface expression (Fig. 3a).  
Prolonged HFD feeding produced identical results, with FBC ATMs 
exhibiting higher intracellular lipids and CD206 expression com-
pared to FB macrophages (Fig. 3b). Importantly, compared to FB 
and FBC populations, FBC ATMs expressing CD206 (FBC206) 
were richest in intracellular neutral lipids (Fig. 3c) and, concor-
dantly, displayed the largest cell size after prolonged HFD feeding 
(Extended Data Fig. 4d–f). Recent reports have identified triggering 
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diet (ND), mice were fed a HFD. b, Histograms depicting PTEN and p-AKT expression in blood monocytes from WT or PtenTg/+ animals. Cells were gated 
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and H&E staining of representative liver sections after 18 weeks on a HFD. h, Relative liver weight and steatosis scoring after 18 weeks of HFD feeding (n = 9 
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receptor expressed on myeloid cells 2 (TREM-2) and CD9 as mark-
ers for lipid-associated macrophages in obesity6,7. Notably, after 
ST-HFD, FBC206 ATMs expressed both markers (Extended Data 
Fig. 4g). In accordance with obesity-associated FBC ATMs exhibit-
ing a lysosomal signature connected to lipid handling10 (Extended 
Data Fig. 4h), FBC206 ATMs displayed the highest lysosomal num-
bers (Extended Data Fig. 4i).

To identify if lipid-rich FBC206 ATMs originated from resident 
ATMs or infiltrating monocytes and to examine which popula-
tion buffered lipids, we utilized Ccr2GFP/GFP animals with defective 
CCR2-dependent monocyte influx and Ccr2GFP/+ animals to track 
monocytes. When injected with CL316,243, weight-matched 
CCR2-sufficient and CCR2-deficient animals showed expected 
increases in serum non-esterified fatty acids (NEFAs) and decreases 
in glucose. There were no differences between genotypes, suggesting 
negligible influences of circulation-derived cells on lipid handling after 
acute lipolysis (Fig. 3d). We next compared GFP+ circulation-derived 
versus GFP− resident macrophages in adipose tissue after lipolysis. 
While the FBC population mainly comprised GFP+ infiltrating cells, 
the majority of FBC206 ATMs were GFP− (Fig. 3e,f).

To exclude insufficient time for infiltrating monocytes to 
give rise to FBC206 ATMs in acute lipolysis, we compared GFP+ 
circulation-derived versus GFP− resident macrophages in adi-
pose tissue after a ST-HFD. Demonstrating comparable effects, 
approximately 40% of FBC206 and 80% of FBC ATMs were GFP+ 
(Extended Data Fig. 4j). Notably, the GFP–ATMs after acute lipoly-
sis were highest in lysosomes, suggesting resident macrophages 
might be ‘imprinted’ to handle and metabolize adipocyte-derived 
lipid spillover (Fig. 3g). In agreement with the results of HFD feed-
ing, after acute lipolysis, FBC206 ATMs displayed substantially 
increased lipid content compared to FBC ATMs (Fig. 3h). Thus, in 
both acute lipolysis and a ST-HFD, although a portion of FBC206 
ATMs originates from circulating monocytes, over half are resident 
and more lipid laden than circulation-derived FBC ATMs.

To characterize the lipid-buffering ability of FBC206 ATMs 
compared to other cells types including blood monocytes and liver 
myeloid cells in obesity, we next injected the fluorescent fatty acid 
C16 BODIPY into HFD-fed animals, assessing how much each cell 
type acquired. Compared to hepatic myeloid cells, ATMs and blood 
monocytes were substantially more C16-BODIPY positive (Fig. 3i,j 
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AUC; two-tailed Student’s t-test). c,d, Weights of HFD mice shown in b stratified for LW and HW and corresponding end-point weights and fat mass (n = 8 
PtenWT ND; n = 10 PtenΔmyel ND; n = 14 PtenΔmyel HFD; n = 17 PtenWT HFD; stratified: n = 4 PtenWT LW; n = 10 PtenWT HW; n = 8 PtenΔmyel LW; n = 9 PtenΔmyel 
HW; **P = 0.0016, ***P = 0.0005 and ****P < 0.0001, two-way ANOVA of HFD groups with Bonferroni’s correction; ***P = 0.0006, one-way ANOVA of 
LW groups with Bonferroni’s correction). e, Liver size and H&E staining of representative liver sections after 18 weeks on a HFD. f, Relative liver weight 
and steatosis scoring after 18 weeks’ HFD feeding (n = 4 PtenWT LW, n = 8 PtenWT HW, n = 4 PtenΔmyel LW, n = 6 PtenΔmyel HW, **P = 0.0073, *P = 0.0175, 
**P = 0.0058; two-tailed Student’s t-test). g, Hepatic transcript levels of lipogenic genes of PtenWT (n = 8) or PtenΔmyel (n = 6) mice after 18 weeks of HFD 
feeding. h. Pten and pro-inflammatory cytokine expression of FACS-sorted F4/80+CD11b+CD11c+ ATMs from PtenWT (n = 6) or PtenΔmyel (n = 10) mice after 
16 weeks’ HFD feeding (****P < 0.0001; two-tailed Student’s t-test). Data are the mean ± s.e.m. and representative of one (a, g and h) or pooled from two 
(b–f) independent experiments.
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and Extended Data Fig. 4b,c). Importantly, compared to FBC ATMs, 
FBC206 ATMs exhibited more C16-BODIPY mean fluorescence 
intensity (MFI; Fig. 3k). To ultimately confirm that FBC206 ATMs 
are most adept at lipid storage in obesity and to identify potential 
lipid preferences, we conducted targeted lipidomics of ATMs after 
HFD feeding. Strikingly, compared to FBC, FBC206 ATMs dis-
played an increased abundance of almost all lipid species examined 
(Fig. 3l). Thus, in the context of a lipid-rich environment, resident 
FBC206 ATMs most efficiently buffer lipids.

PI3K influences FBC206 ATMs generation after metabolic 
stress. We next examined the possible cross-talk among metaboli-
cally stressed adipose signals, FBC206 ATMs and PI3K. We added 
ACM from HFD-fed animals to naïve macrophages, and the findings 
were similar to our in vivo observations, resulting in the generation 
of FBC206-expressing cells (Fig. 4a) associated with increased lipid 
content (Fig. 4a). In obesity, ATMs encounter excessive amounts of 
metabolic stimuli, including glucose, insulin or lipids, triggering a 
metabolically activated phenotype, coined MMe activation9,11. We 
next defined which ACM components induced FBC206 macrophages. 
While glucose, insulin, cytokines and adipokines typically found in 
ACM had no effect, ACM robustly and reproducibly led to their induc-
tion (Extended Data Fig. 5a,b). Further, FBC206-expressing cells were 
not generated from naïve macrophages challenged with cholesterol, 
unsaturated oleic acid or saturated palmitic acid (Extended Data Fig. 
5c), or by the simultaneous addition of glucose, insulin and palmi-
tate (MMe activation)9,11 (Extended Data Fig. 5d). This suggested that 
either unknown ACM components, synergy among cytokines and 
lipids or complex fatty acid mixtures might act as signals. Indeed, free 
fatty acid supplementation (FAS) enhanced both FBC206 relative to 
FBC generation and lipid content (Fig. 4b,c).

Although palmitate did not lead to FBC206 ATM generation  
(Extended Data Fig. 5c), long-chain fatty acids including pal-
mitate reportedly alter the macrophage lipidome and cellular 
metabolism via Toll like receptor 4 (TLR4)32. We therefore exam-
ined if ACM-mediated FBC206 expression occurred via TLR4. 
Treatment of macrophages with the TLR4 antagonist resatorvid 
(TAK-242) exerted no influences on ACM-induced FBC206 expres-
sion (Extended Data Fig. 5e). Together, in macrophages, complex 
mixtures of ACM-derived fatty acids induce FBC206 expression 
through a yet-unidentified upstream mechanism.

Focusing on downstream signalling, we next examined whether 
ACM-mediated FBC206 generation depends on macrophage- 
intrinsic PI3K activity. PI3K inhibition with the US Food and Drug 
Administration–approved PI3Kγ/δ inhibitor duvelisib33 abrogated 
macrophage ACM-induced FBC206 generation and lipid loading 
(Fig. 4d). As confirmation of the involvement of PI3K, Pten-deficient 

macrophages displayed enhanced FBC206 generation after ACM 
(Fig. 4e). We next wondered if increases in this ATM popula-
tion are causally implicated in metabolic health improvements of 
obese PtenΔmyel animals (Fig. 2). Strikingly, PtenΔmyel mice displayed 
a marked shift towards more FBC206 ATMs than FBC ATMs 16 
weeks after HFD feeding compared to controls (Fig. 4f). Increased 
FBC206 ATMs were also observed in PtenΔmyel animals after a 
ST-HFD (Fig. 4g), together with expected PTEN deletion and aug-
mented PI3K signalling within the ATM pool (Fig. 4h). To confirm 
equal PTEN deletion efficiency within the ATM subsets, we iso-
lated ATMs from PtenΔmyelR26tdTomato reporter mice34 after a ST-HFD 
and analysed their tomato expression. Compared with ATMs of a 
Cre− control, 100% of ATM subsets from PtenΔmyelR26tdTomato animals 
were positive for tomato, demonstrating equivalent Cre-targeting 
(Extended Data Fig. 6a). Similarly, PTEN was equally deleted in all 
ATM populations versus the Cre− control (Extended Data Fig. 6a). 
Together, these data indicate that enhanced myeloid-cell-intrinsic 
PI3K activity influences FBC206 ATM generation in response to 
signals from metabolically stressed adipose tissue.

MARCO is a marker of lipid-laden FBC206 ATMs that is regu-
lated by PI3K. We next investigated whether ATMs buffer lipids via 
scavenger receptors that are important for lipid uptake35,36. We mined 
a publicly available dataset, comparing FB and lipid-associated FBC 
populations in leptin-deficiency-induced murine obesity. We found 
a significant induction in macrophage receptor with collagenous 
structure (MARCO) expression in FBC versus FB ATMs, which 
was notably higher than the classic lipid-uptake scavenger receptor 
CD36 (ref. 36; Fig. 5a). MARCO surface levels of ATM subsets of 
obese mice confirmed this, demonstrating that increased MARCO 
levels on FBC versus FB ATMs were surpassed by the previously 
established lipid-rich FBC206 ATMs (Fig. 5b). Elevated MARCO 
expression on FBC206 versus FBC ATMs was unique in obesity 
and not observed in ND-fed animals (Fig. 5c). These data suggested 
a link between myeloid MARCO induction with obesity-induced 
perturbations in adipose tissue homeostasis.

We could reproduce the high MARCO surface expression on 
FBC206 ATMs in the context of a ST-HFD and CL316,243 (Extended 
Data Fig. 6b,c). Although disruption of adipose tissue homeostasis after 
lipolysis led to macrophage p-AKT loss in vivo (Extended Data Fig. 1),  
in comparison to FBC macrophages, the lipid-handling FBC206 
ATMs retained a significantly higher p-AKT signature following 
HFD feeding and acute lipolysis (Fig. 5d and Extended Data Fig. 6d).  
Differences in p-AKT in between ATM populations were absent 
after ND feeding (Fig. 5e), suggesting FBC206 ATMs conserved 
their cell-intrinsic PI3K–AKT signalling and that MARCO induc-
tion coincides with preserved PI3K activity.

Fig. 3 | Resident FBC206 ATMs are induced by lipids and dysregulation in adipose tissue homeostasis and most efficiently buffer lipids in obesity.  
a, MFI of BODIPY and CD206 in macrophages after ST-HFD. Cells were pregated on viable CD45+CD11b+F4/80+ and are displayed as CD11c-negative (FB) 
or CD11c-positive (FBC) populations after a ST-HFD (n = 5 animals; *P = 0.0455 and ****P < 0.0001; two-tailed Student’s t-test). b, MFI of BODIPY and 
CD206 in macrophages after 16 weeks’ HFD feeding (n = 5 animals; ****P < 0.0001 and ***P = 0.0001; two-tailed Student’s t-test). c, BODIPY MFI of the 
CD11c and CD206 double-positive ATM population (FBC206) after 16 weeks’ HFD feeding (n = 8 animals; **P = 0.0086 and **P = 0.0011; one-way ANOVA 
with Bonferroni’s correction). d, Plasma NEFA and glucose levels following CL316,243-induced lipolysis in Ccr2+/+ and Ccr2GFP/+ mice and corresponding 
weights (n = 6 animals per genotype). e, After acute lipolysis, infiltrating and resident eWAT-associated macrophage populations were analysed for 
their FBC206 signature in Ccr2GFP/+ animals, and eWAT was collected from mice injected twice with 1 mg kg−1 CL316,243 at 18 h and 14 h before harvest. 
SVF, stromal vascular fraction. f,g, The percentages of GFP+FBC− versus GFP+ FBC206 ATMs and GFP− FBC− versus GFP− FBC206 ATMs (f) and their 
LysoTracker MFI in eWAT after lipolysis (g) of Ccr2GFP/+ reporter mice. Cells were pregated on CD45+CD11b+F4/80+ (n = 6 animals; ****P < 0.0001 and 
***P = 0.0005, two-tailed Student’s t-test; ****P < 0.0001, two-way ANOVA with Bonferroni’s correction). h, BODIPY MFI of the FBC versus FBC206 
ATM populations (FBC206) after CL316,243 (n = 5 animals; **P = 0.0032; two-tailed Student’s t-test). i, The percentage of C16-BODIPY-positive ATMs, 
monocytes and hepatic myeloid cells (MOs) from 16-week HFD-fed animals (gated as in Extended data Fig. 4a–c) 1 h after injection (n = 3 animals; 
***P = 0.0004 and ***P = 0.0001; one-way ANOVA with Bonferroni’s correction). j, Flow cytometry plots are representative of data shown in  
i. k, C16-BODIPY MFI in FBC and FBC206 ATMs 1 h after injection (n = 4 animals; **P = 0.0080; two-tailed Student’s t-test). l, Lipidomics of FACS-sorted 
FBC and FBC206 ATMs after a ST-HFD (n = 4 animals). Data are the mean ± s.e.m. and representative of one (h–k), two (a, d, f and g) or four (b and c) 
independent experiments. AU, arbitrary units.
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MARCO expression is reportedly regulated by the 
oxidative-stress-sensitive transcription factor nuclear factor ery-
throid 2-related factor 2 (NRF2), described to be triggered by the 
PI3K–AKT pathway37. Confirming this, we observed significantly 
decreased basal MARCO surface expression on Nrf2−/− primary 
peritoneal macrophages in vitro (Fig. 5f). To strengthen the evi-
dence that MARCO expression depends on PI3K activity via NRF2, 
we again used myeloid Pten deficiency to model PI3K overactiva-
tion. PtenΔmyel macrophages displayed increased basal MARCO 
surface expression and strong tendencies towards elevated NRF2 
DNA-binding activity (Fig. 5g,h). Using the opposite genetic 

approach, we confirmed decreased MARCO levels in PtenTg/+ mac-
rophages (Fig. 5i). Pharmacological PI3K inhibition with wort-
mannin decreased MARCO surface levels in WT cells, reversing 
the genotype-specific MARCO increases of PtenΔmyel macrophages 
(Fig. 5j). To demonstrate that MARCO expression relied on NRF2 
activity downstream of elevated PI3K, we inhibited NRF2 activ-
ity via brusatol treatment38 in PtenΔmyel macrophages and observed  
substantially reduced MARCO expression (Fig. 5k). These data 
imply that, in opposition to the roles for PTEN independent of 
PI3K, elevated PI3K catalytic activity in PtenΔmyel macrophages 
regulates MARCO expression via NRF2 activation. Supporting this, 
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macrophages genetically deficient in AKT1/2, which are down-
stream of PI3K, displayed decreased MARCO and its levels were 
also decreased after PI3Kγ/δ inhibition with duvelisib33 (Fig. 5l,m).

To ultimately demonstrate that PI3K catalytic activity regulated 
MARCO expression, we utilized catalytically inactive Pi3kγKD/KD 
macrophages39 and observed decreased MARCO levels (Fig. 5n). 
In agreement with data indicating that PI3K activity influences 
FBC206 ATM generation in obesity and that MARCO expression 
depends on PI3K catalytic activity, MARCO levels were increased 
in HFD-fed PtenΔmyel animals compared to controls (Fig. 5o). 
Together, these data indicate a critical role for PI3K–AKT–NRF2 
signalling in regulating MARCO expression and demonstrate 
that lipid-buffering FBC206 ATMs are characterized by enhanced 
MARCO surface expression.

MARCO is required for efficient lipid buffering. We next 
determined whether MARCO influences the lipid uptake capa-
bility of FBC206 ATMs. MARCO deficiency within macro-
phages was associated with decreased lipid content after in vitro 
ACM and fatty acid challenge, suggesting macrophage MARCO 
expression is associated with buffering lipids (Fig. 6a,b). By 
subjecting Marco−/− and control animals to acute lipolysis, 
we observed higher blood NEFAs and lower blood glucose in 
Marco−/− mice compared to controls (Fig. 6c), independent of 
weight and fat depot mass (Extended Data Fig. 7a,b). Although 
adipocytes did not express MARCO (Extended Data Fig. 7c), to 
exclude contributions of adipose-specific differences, we sub-
jected isolated weight-matched eWAT from both genotypes to 
isoproterenol-induced lipolysis. We did not observe any differ-
ences, suggesting that increased NEFAs of Marco−/− animals after 
β3-adrenoceptor agonism were dependent on impaired macro-
phage lipid uptake (Extended Data Fig. 7d).

We next examined if MARCO deficiency aggravated systemic 
insulin resistance. While no differences were observed during ND, 
long-term HFD-fed Marco−/− animals were less insulin sensitive 
(Fig. 6d), independently of weight gain and adiposity (Extended 
Data Fig. 7e,f). Further, HFD-fed Marco−/− mice displayed impaired 
glucose tolerance compared to weight-matched controls (Fig. 6e and 
Extended Data Fig. 7g). After HFD feeding, we noted equal macro-
phage numbers in eWAT of Marco−/− animals compared to controls, 
but significantly less lipid-buffering FBC206 ATMs (Fig. 6f). Before 
HFD feeding, Marco−/− animals did not exhibit baseline differences 
in ATM content or in FBC206/FBC ATM ratios (Extended Data 
Fig. 7h). Underscoring the importance of MARCO for myeloid 
lipid uptake in obesity, MARCO-deficient FBC206 ATMs con-
tained significantly fewer neutral lipids (Fig. 6g). These data and 
those indicating reduced lipid uptake in Marco−/− macrophages 
(Fig. 6a) suggest that MARCO deficiency might lead to attenu-
ated ACM-mediated FBC206 induction. Indeed, this was the case, 
suggesting that MARCO-dependent lipid uptake sustains FBC206 
ATM generation (Fig. 6h). We therefore identified MARCO as a 
protective factor important for lipid buffering and maintenance of 
metabolic health.

The PI3K pathway boosts macrophage lipid metabolism. As our 
data demonstrated that increased myeloid PI3K signalling in obe-
sity results in more lipid-handling FBC206 ATMs exhibiting high 
MARCO surface expression (Fig. 4f and Fig. 5o), we wondered if 
PI3K drives myeloid-cell-intrinsic lipid uptake and metabolism. 
Supporting this, PTEN-deficient macrophages exhibited enhanced 
fatty acid and acetylated low-density lipoprotein (LDL) uptake 
in vitro, most likely partially via their increased MARCO lev-
els (Figs. 5o and 7a,b and Extended Data Fig. 8a). Intriguingly, at 
baseline, we observed augmented intracellular neutral lipids within 
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PTEN-deficient macrophages (Fig. 7c). To gain further insights, 
we performed lipidomics analysis. We did not identify increases in 
distinct lipids, but rather observed a globally skewed lipid profile 
indicating increased lipid abundance within macrophages featuring 
constitutive active PI3K signalling (Fig. 7d). In accordance with the 
role of PI3K in the formation of FBC206 ATMs (Fig. 4d–g), lipid 
profiles of naïve PTEN-deficient macrophages markedly resembled 
FBC206 ATMs from HFD-fed animals (Fig. 7d and Fig. 3l).

In alternatively activated macrophages, cell-intrinsic lipids 
are taken up via CD36, degraded in the lysosome and fuelled 
into fatty acid oxidation to generate energy40. Concordantly with 
elevated lipid presence, we observed drastic increases in baseline  
oxidative phosphorylation (OXPHOS), independent of mitochon-
drial numbers in PTEN-deficient cells compared to controls (Fig. 7e  
and Extended Data Fig. 8b,c). Although there were significant  

increases in PGC-1α (Ppargc1a) and Ppar-γ baseline transcription 
in PTEN-deficient macrophages, there were no genotype-specific 
differences in other mitochondrial biogenesis or fatty acid 
metabolism/oxidation genes tested (Extended Data Fig. 8d). 
PTEN-deficient macrophages also exhibited an enhanced basal 
extracellular acidification rate (ECAR), a proxy for cellular glyco-
lytic activity (Extended Data Fig. 8e). Although cellular metabolism 
of PtenTg/+ macrophages showed decreased OXPHOS, the ECAR 
was unchanged (Fig. 7f and Extended Data Fig. 8f). Obesity-related 
changes in the adipose tissue microenvironment reportedly shape 
ATM metabolism, driving glycolysis and OXPHOS15. This, along 
with our data, suggests that enhanced PI3K signalling could pre-
pare macrophages to meet metabolic requirements for efficient 
catabolism of excess nutrients, especially lipids, typically encoun-
tered during obesity.
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To further demonstrate that the increases in OXPHOS relied on 
fatty acid oxidation, we performed experiments using the Cpt1α/
fatty acid oxidation inhibitor etomoxir40. Suggesting enhanced 
OXPHOS of PtenΔmyel macrophages solely depended on fatty acid 
oxidation and lipid degradation, etomoxir lowered the spare respi-
ratory capacity of PTEN-deficient macrophages to WT levels, 
while OXPHOS of PtenTg/+ macrophages was not further decreased 
(Fig. 7g,h and Extended Data Fig. 8g,h). In line with studies using 
adipose tissue co-cultures15, lipid-rich ACM derived from HFD-fed 
animals induced macrophage OXPHOS (Fig. 7i). Supporting the 
hypothesis that myeloid PI3K-dependent macrophage lipid han-
dling was linked to surface MARCO levels, Marco−/− macrophages 
were unable to induce OXPHOS after ACM (Fig. 7i), indepen-
dent of baseline differences in representative gene expression of 
mitochondrial respiratory complexes (Extended Data Fig. 8i).  
These data show that PI3K crucially modulates intracellular  
metabolism and drives fatty acid oxidation and identify that 
MARCO-dependent lipid uptake fuels intracellular metabolism.

PI3K-instigated lipid uptake depends on MARCO expression. To 
tease apart MARCO-dependent effects on macrophage metabolism 
and lipid handling from PI3K-instigated ones, we crossed PtenΔmyel 
with Marco−/− mice, generating PtenΔmyelMarco−/− double-deficient 
animals. Remarkably, the lipid content of PtenΔmyelMarco−/− mac-
rophages was nearly identical to that of WT animals after ACM 
(Fig. 8a). This indicates that elevated PI3K-instigated MARCO 
expression (Fig. 5) largely mediated the increased lipid uptake of 
PTEN-deficient macrophages, observations corroborated using 
fatty acid uptake assays (Fig. 8b).

ATMs of obese mice express genes involved in fatty acid oxida-
tion and lipolysis15; however, the metabolic fate of scavenged lipids 
and whether they are consumed, stored or recycled is ill-defined. 
We show that PTEN deficiency results in baseline increases  
in myeloid lipid uptake and intracellular lipid composition  
(Fig. 7a–d and Fig. 8a,b). To determine if these changes were 
dependent on Pten or Marco expression and to uncover lipid spe-
cies specificity, we next performed lipidomics of ACM-treated 
PtenWT, PtenΔmyel and PtenΔmyelMarco−/− macrophages. Compared 
to the results in unstimulated PtenWT controls, ACM stimula-
tion resulted in robust intracellular increases in lipid species, 
including phosphatidylcholines (PCs), phosphatidylethanol-
amines (PEs), sphingomyelins (SMs) or diacylglycerides (DAGs) 
in PtenWT macrophages (Fig. 8c; yellow ribbon). Suggestive of 
enhanced lipid consumption rather than storage, PtenΔmyel mac-
rophages displayed specific high enrichments in PCs, PEs and 
phosphatidylserines (PSs), while other species such as triacyl-
glycerols (TAGs), DAGs and phosphatidylinositols (PIs) were 
decreased (Fig. 8c; blue ribbon). Double deficiency of both Pten 
and Marco lowered PTEN-dependent ACM-induced PC, PE and 
PS accumulation indicating that these lipid increases were largely 
MARCO dependent. The double knockout additionally decreased 
SM and DAG abundance and exhibited specific increases in  
lysophosphatidylcholine (LPC) and lysophosphatidylethanol-
amine (LPE), indicating MARCO-specific effects independent 
of PTEN deficiency (Fig. 8c; red ribbon). Lipidomic analysis 
thereby confirmed that enhanced lipid buffering mediated by 
PTEN-deficient macrophages heavily relied on their increased 
MARCO levels.
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To demonstrate that the beneficial effects of increased lipid 
buffering mediated by myeloid PI3K were critically linked to the 
presence of MARCO, we subjected PtenΔmyelMarco−/− and control 
animals to a prolonged HFD. Remarkably, increased insulin sen-
sitivity of PtenΔmyel mice was reversed in double-deficient animals 
(Fig. 8d). As opposed to PtenΔmyel animals, those that were addition-
ally genetically lacking MARCO displayed elevated weight, a phe-
nomenon perhaps connected to their impaired macrophage lipid 
uptake (Extended Data Fig. 7i). Moreover, improvements in glucose 
tolerance of PtenΔmyel animals were reversed in double-deficient ani-
mals (Fig. 8e and Extended Data Fig. 7j).

Consistent with MARCO-dependent formation of FBC206 ATMs 
in obesity (Fig. 6f), genetic MARCO deficiency completely revoked the 
shift in ATM populations characteristic of PtenΔmyel animals (Figs. 4f  
and 8f). Importantly, double-deficient FBC206 ATMs exhibited 
significantly less intracellular lipids than PtenΔmyel animals (Fig. 8g). 
Verifying the proposition of myeloid PI3K-driven lipid buffering, 
serum lipid profiling of PtenΔmyel animals revealed an overall decrease 

in lipid species that was largely reversed in double-deficient animals 
(Fig. 8h; black dotted line). In accordance with robust intracellular 
lipid accumulation of PCs, PEs and PSs in ACM-challenged PtenΔmyel 
macrophages (Fig. 8c; blue ribbon) after HFD feeding, these species 
were markedly decreased in the serum of PtenΔmyel animals (Fig. 8h;  
bold lines). Consistent with these same lipids being scavenged by 
macrophages dependent on PI3K and MARCO (Fig. 8c), their 
abundance was higher in obese PtenΔmyelMarco−/− relative to PtenΔmyel 
animals (Fig. 8h). This was also true for metabolically detrimental 
serum ceramides41 (Fig. 8h). Further, LPC and LPE levels, previously 
shown to accumulate under ACM stimulation in double-deficient 
macrophages, were selectively increased in PtenΔmyelMarco−/− mice, 
while remaining unchanged in PtenΔmyel mice.

Together, these data demonstrate that, in obesity, myeloid  
PI3K activity exerts protective effects on metabolic health by induc-
ing a FBC206 ATM population with a high lipid-buffering capac-
ity that prevents ectopic lipid spillover in a MARCO-dependent 
manner (Fig. 8i).
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PtenΔmyelMarco−/− animals). i, Schematic illustrating the influence of PI3K on lipid-buffering FBC206 ATMs in obesity. Data are the mean ± s.e.m. and 
representative of one (b, c, g and h), two (a) or are pooled from two (e and f) or six (d) independent experiments.
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Discussion
Exhausted adipose expansion coinciding with ectopic lipid spill-
over are common features of metabolic syndrome and hallmarks 
of unhealthy obesity1. ATMs drastically accumulate in obesity, but 
are heterogeneous, exerting both beneficial and detrimental effe
cts3,7,10,11. The molecular triggers and signalling pathways govern-
ing this heterogeneity are incompletely understood. Here, we show 
myeloid PI3K signalling promotes a metabolically beneficial ATM 
population defined by the markers F4/80, CD11b, CD11c and 
CD206 (FBC206) that is critically characterized by high MARCO 
surface expression, which sustains macrophage lipid uptake and 
intracellular lipid metabolism.

Previous studies have demonstrated that FBC ATMs are derived 
from the circulation, constituting the majority of increased ATM 
content in obesity10,42. CD206 is a marker for alternatively activated 
ATMs, predominantly expressed by FB ATMs in the lean state3,43. 
We demonstrate that, in acute lipolysis, FBC206 ATMs are richest 
in intracellular lipids and lysosomes as compared to FB and FBC 
ATM populations. Further, following a ST-HFD, these cells display 
the highest TREM-2 levels and expression of CD9, two markers 
for obesity-induced lipid-associated macrophages, exhibiting lyso-
somal and phagocytic transcription6,7. Although in acute lipolysis 
resident FBC206 ATMs most efficiently buffer lipids, it is highly 
likely that substantial proportions of them are derived from the 
circulation during prolonged obesity. Regardless, we propose that 
FBC206 ATMs are shaped by a metabolically stressed environment 
to handle, store and catabolize incoming lipids more efficiently, 
thereby maintaining insulin sensitivity and glucose tolerance.

In obesity, ATMs contribute to systemic metabolically triggered 
inflammation and are exposed to a microenvironment rich in lip-
ids, cytokines, chemokines and adipokines3,4,13. While ACM and 
free fatty acid treatment of naïve macrophages induced lipid-laden 
FBC206-expressing cells, any of the single cytokines, adipokines or 
lipids tested here did not. Interestingly, leptin induces lipid-laden 
macrophages via dependency on PI3K, and both TNF-α and IL-1β 
reportedly promote lipid retention in pre-lipid-laden macro-
phages44,45. Although complex mixtures of free fatty acids are clearly 
an upstream signal for FBC206 generation, we hypothesize that syn-
ergy between cytokines and lipids might be critical for the genera-
tion of these cells. Nonetheless, we demonstrate that PI3K triggers 
their generation, functionality and elevates their MARCO levels. 
Further, our data suggest the existence of a feed-forward loop in 
which MARCO-dependent lipid uptake facilitates FBC206 genera-
tion. In line with this, enhanced FBC206 ATM presence in obese 
animals possessing myeloid cells with augmented PI3K activity is 
reversed by MARCO deficiency.

Our findings add another layer to the fundamental role of PI3K–
AKT signalling in metabolic health, which is predominantly ascribed 
to the insulin-dependent regulation of glucose and lipid metabo-
lism. PI3K downregulation is implicated in metabolic dysfunctions 
and obesity-induced insulin resistance17–19. Supporting this, several 
studies have demonstrated that deletion of the PI3K-antagonizing 
PTEN in liver, adipose, muscle and pancreatic beta cells improves 
glucose tolerance and insulin sensitivity by directly facilitating 
insulin-induced PI3K signalling20–23. In obese humans, PTEN hap-
loinsufficiency is associated with profound insulin sensitization46. 
Similarly, here we show that myeloid PTEN deficiency improves 
metabolic health in obesity. Macrophages are considered insu-
lin sensitive, and in the postprandial state, IL-1β promotes insu-
lin secretion47. Although, there were no differences in ATM IL-1β 
levels in PtenTg/+ > WT animals compared to controls, we cannot 
exclude contributions of decreased serum cytokines to their attenu-
ated insulin secretion following glucose gavage. Notably, rather 
than displaying expected profound insulin resistance, obese mice 
that are deficient for the insulin receptor on myeloid cells exhibit 
improved insulin sensitivity48. Thus, the beneficial metabolic effects 

of augmenting PI3K action in myeloid cells are unlikely directly 
connected to improved PI3K-dependent ATM-intrinsic insulin 
signalling. Following disruption of adipose tissue homeostasis,  
we observed p-AKT loss in the total ATM pool, reminiscent of 
macrophage insulin resistance. Nonetheless, we demonstrate that 
FBC206 ATMs display conserved p-AKT as they preserve their 
cell-intrinsic PI3K signalling, which we show sustains lipid uptake 
and metabolism. Future studies are required to determine whether 
PI3K signalling influences this population in humans31. Therefore, 
although moderate pharmacological PI3K inhibition might be a 
therapeutic strategy for obesity and metabolic syndrome49, it could 
also be associated with unforeseen effects on the ATM compart-
ment and dyslipidaemia.

Counterintuitively, insulin-resistant macrophages upregulate 
scavenger receptors, including CD36 and scavenger receptor A, 
partly via receptor shuttling and degradation defects50,51. Scavenger 
receptors bind and engulf modified lipids36. Although extensively 
studied in atherosclerosis52, scavenger receptor-mediated lipid 
engulfment has achieved less attention in studies of obesity. Initial 
work showed that alveolar macrophages expressed MARCO scav-
enged bacteria and modified lipids53,54. This and its hepatic upregu-
lation in obese mice55 are contributing to the evidence for MARCO 
potentially facilitating lipid uptake. Here, we demonstrate that 
MARCO-deficient macrophages display reduced lipid uptake and 
that MARCO buffers lipids in acute lipolysis, preventing NEFA ele-
vations and hypoglycaemia. In contrast to shorter HFD feeding56, 
long-term HFD-fed MARCO-deficient animals displayed insu-
lin resistance and glucose intolerance, associated with decreased 
lipid content in their FBC206 ATMs. The exact mechanisms of 
MARCO-dependent intracellular lipid accumulation remain to be 
elucidated, although they may involve macropinocytosis and/or 
endocytosis, as these pathways regulate MARCO internalization57. 
Critically, we demonstrate that PI3K activity upstream of NRF2 
activation increases myeloid MARCO surface expression and genet-
ically deleting MARCO in PtenΔmyel animals reversed their improved 
insulin sensitivity and glucose tolerance in obesity. Lipidomic anal-
ysis of ACM-challenged macrophages confirmed that enhanced 
lipid buffering mediated by PTEN-deficient macrophages relied on 
their increased MARCO levels. Lipids internalized in macrophages 
through dependency on MARCO were higher in the serum of 
HFD-fed PtenΔmyelMarco−/− animals than HFD-fed PtenΔmyel animals. 
Although these data provide compelling evidence that sustained 
PI3K activity in macrophages prevents lipotoxicity, PI3K-induced 
MARCO-dependent lipid diversion into FBC206 ATMs might not 
solely be responsible for the health improvements of obese PtenΔmyel 
animals. Hypothetically, other beneficial functions of MARCO, 
including its postulated roles in apoptotic cell clearance58,59, might 
also contribute in a PI3K- and MARCO-dependent manner.

As the contributions of macrophages in obesity are still under 
debate, there is an urgent need for a better understanding of the 
pathways governing beneficial versus detrimental ATM actions. We 
propose that improved myeloid metabolic fitness through increased 
lipid scavenging and enhanced energy metabolism contributes 
to the preservation of systemic metabolic health. Concordantly, 
defects in macrophage OXPHOS are reportedly associated with 
increased insulin resistance in obesity60. Our results highlight con-
tributions of myeloid PI3K signalling herein, describing a mecha-
nism whereby cell-intrinsic PI3K signalling boosts beneficial ATM 
phenotypes characterized by elevated MARCO-dependent myeloid 
lipid uptake.

Methods
Experimental animals. Mice were bred and housed in pathogen-free facilities 
at the Medical University of Vienna and kept in a 12-h light cycle, at 21–23 °C 
and 45–65% humidity in cages with a maximum of four male and five female 
animals per cage. All experimental procedures were approved by the Austrian 
Ministry of Sciences under the project numbers 66.009/0066-WF/V/3b/2016, 
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66.009/0097-WF/V/3b/2017, 66.009/0377-V/3b/2019 and 66.009/0264-V/3b/2019 
and were conducted in strict accordance with Austrian law. Animal experiments 
performed in Australia were granted permission under project number 17-04 at 
the Garvan and St. Vincent’s Ethics Committee. WT mice were on the C57BL/6J 
background and purchased from Charles River Laboratories (JAX mice strain 632).  
PtenloxP/loxPLysM-Cre+/− (Mouse Genome Informatics (MGI) nos. 2182005 and 
1934631; PtenΔmyel) mice were backcrossed to a C57BL/6J background for  
at least eight generations30. For deletion efficiency experiments, PtenΔmyel were  
further crossed to R26tdTomato mice (C57BL/6J background; MGI 3813512),  
which were a kind gift from C. Österreicher34. PtenTg/+ mice (MGI 5645732) on a 
C57BL6/CBA background were supplied by the laboratory of M. Serrano26 and 
bred with C57BL/6J females (at least for five generations). The resulting 8- to 
12-week-old male mice were used as donors for BMTs. Marco−/− mice (C57BL/6  
background, MGI 1309998) were backcrossed for at least five generations to a 
C57BL/6J background and were a kind gift from K. Tryggvason61. PtenΔmyel and 
Marco−/− were intercrossed in-house to generate Pten and Marco double-deficient  
mice (PtenΔmyelMarco−/−). Nrf2−/− mice62 (C57BL/6 background; Riken BRC, 
RBRC01390) were kindly provided by M. Yamamoto and F. Gruber. Ccr2gfp/gfp 
mice were bought from the Jackson Laboratory (027619). PI3KγKD/KD (C57BL/6J 
background, MGI 3051886) mice were kindly provided by E. Hirsch39. Akt1loxP/loxP 
Akt2loxP/loxPLysM-Cre+/− mice (C57BL/6J background; Jackson Laboratory, 026474 
and 026475) were a kind gift from C. Tsatsanis.

Eight- to twelve-week-old sex- and age-matched littermates were used 
for in vitro approaches. For in vivo experiments, eight- to twelve-week-old 
age-matched male mice and their respective littermate controls were used unless 
otherwise stated. Mice were maintained on a normal chow diet (Ssniff, V1536). 
Dietary interventions commenced at 6 weeks of age using a diet that contained 
60% calories from fat (Research Diets, D12492), or for ND studies, mice were 
maintained on the chow diet (Ssniff, V1536). Lean body mass and fat mass 
were measured using a 4-in-1 EchoMRI body composition analyser (Columbus 
Instruments). For in vivo lipid uptake experiments, animals were intraperitoneally 
injected with 50 µg BODIPY FL C16 (Thermo Fisher Scientific, D3821), and 
adipose tissue was harvested after 1 h.

Bone marrow transplantations. Bone marrow from PtenTg/+ animals and 
littermates was isolated by flushing out cells from the femur and tibia with  
sterile RPMI. Lethally irradiated (9 Gy) 6-week-old WT C57BL/6J recipient  
mice were injected retro-orbitally with 2 × 106 cells under anaesthesia and were 
allowed to recover for 5–6 weeks on chow diet. As a control, some mice were 
reconstituted with CD45.1 bone marrow, and chimerism was confirmed by flow 
cytometry of the blood. After recovery, mice were given a high fat diet (Research 
Diets, D12492).

Intraperitoneal insulin and oral glucose tolerance tests. Mice were starved for  
2 h (ITT) or 5 h (GTT), after which body weight and basal blood glucose levels 
were measured. Mice were injected with 0.1 U human insulin per gram of body 
weight (0.1 U ml−1 diluted in 0.9% NaCl; ITT) or gavaged with 20% glucose  
(1 g kg−1; GTT). Blood glucose was measured 15, 30, 45 and 60 min after insulin/
glucose administration via tail vein puncture using an Accu-Chek glucometer in 
combination with Accu Check Go Test Strips (Roche, 05182913).

Hyperinsulinaemic-euglycaemic clamps. After 16 weeks of HFD feeding 
of PtenTg/+ > WT and Pten+/+ > WT animals, dual-cannulation surgery was 
performed under aseptic conditions with general anaesthesia (4% isoflurane 
for induction; 1.5–2% maintenance). Catheters were inserted into the left 
carotid artery and right jugular vein63 and, after a 5–7 d recovery period 
during which weights were monitored and catheters flushed every 1–2 d, 
hyperinsulinaemic-euglycaemic clamps were performed63,64. After 5 h of fasting, 
animals received a [3-3H]glucose (0.05 mCi min−1) infusion for 90 min to facilitate 
the calculation of basal hepatic glucose production and whole-body glucose 
uptake. The hyperinsulinaemic clamp was then initiated with all mice getting the 
same dose of insulin (24 mU kg−1 bolus followed by 6 mU kg min−1 continuous 
infusion; based on a 30 g mouse) and the rate of [3-3H]glucose infusion was 
increased to 0.1 mCi min−1. Euglycaemia (8 mM) was maintained during the 
clamp by measuring blood glucose every 10 min and infusing 25% glucose as 
necessary. At the end of the clamp, animals were euthanized. The rate of basal and 
clamp glucose disappearance was determined using steady-state equations. Clamp 
hepatic glucose output was determined by subtracting the glucose infusion rate 
from glucose disappearance.

Acute lipolysis induced by CL316,243 treatment. Indicated mice were 
intraperitoneally injected with 1 mg kg−1 of CL316,243 (Sigma-Aldrich, C5976) 
or with NaCl. Subsequently, blood glucose was measured using an Accu-Chek 
glucometer in combination with Accu Check Go Test Strips (Roche, 05182913) 
at 1, 2, 3 and 4 h after CL316,243 administration, and 5 µl of blood was drawn 
via tail vein puncture. Plasma NEFA levels were measured according to the 
manufacturer’s instructions (Wako Chemicals). For SVF isolation and subsequent 
flow cytometric analysis, mice were injected twice at 18 h and 14 h before the 
harvest with 1 mg kg−1 CL316,243.

Mouse laboratory parameters and ELISAs. Serum alanine transaminase, aspartate 
transaminase and triglycerides were quantified with tests certified for in vitro 
diagnostics at the Department of Biomedicine Research of the Medical University 
of Vienna. Plasma insulin levels were determined using the Ultrasensitive Mouse 
Insulin ELISA kit from Mercodia (10-1249-01) or Alpco (80-INSMSU-E01). 
C-peptide levels were determined using Mouse C-peptide ELISA Kit (Crystal 
Chem, 90050). Free fatty acids were measured in plasma or cellular supernatants 
using the NEFA kit according to the supplier (Wako Chemicals, 91795 and 91995). 
Glycerol levels were determined by using free glycerol reagent (Sigma-Aldrich, 
F6428) according to the manufacturer’s instructions. Wavelengths were assessed 
using Gen5 1.11 software on a Synergy H4 machine (BioTek).

Organ weights, histology and steatosis scoring. Following harvest, livers and 
adipose depots were weighed. Murine fat mass corresponds to combined weights 
of anterior, posterior, perigonadal (eWAT), retroperitoneal (rWAT) and mesenteric 
fat depots. Livers were fixed in 4% formaldehyde, embedded in paraffin, cut in 
2-µM sections and stained using H&E. Images of stained sections were examined 
in bright field and acquired using the Olympus FSX100 all-in-one microscope 
system and FSX-BSW (02.02) software at ×20 magnification. Liver steatosis was 
scored by a blinded, experienced pathologist on H&E sections. Macrovesicular 
steatosis and microvesicular steatosis were both separately scored and graded from 
0–100%. Steatosis was defined by whether the vacuoles displaced the nucleus to the 
side (macrovesicular) or not (microvesicular).

Ex vivo lipolysis. Murine epididymal fat pads were harvested and cut into 50-mg 
pieces. Pieces were individually placed into 500 µl of phenol red-free DMEM 
containing 2% FA-free BSA (Sigma-Aldrich, A8806) with or without 1 µM 
isoproterenol (Sigma-Aldrich, I6504) at 37 °C for 2 h. Subsequently, NEFAs were 
measured according to the manufacturer’s instructions (Wako Chemicals).

Peritoneal macrophage isolation and culture. Animals were killed by cervical  
dislocation and the peritoneal cavity was flushed with sterile 1× PBS. Cells were  
plated, washed after 3 h and supplemented with complete RPMI (10% FBS  
and 1% penicillin–streptomycin). On the following day, cells were stimulated 
as indicated and the following reagents and their concentrations were 
used: etomoxir, 100 µM (Sigma-Aldrich, E1905); wortmannin, 200 nM 
(Sigma-Aldrich, W1628); glucose, 30 mM (Thermo Fisher, A2494001); insulin, 
10 nM (Sigma-Aldrich, I6643); fatty acid supplement, 5 µl ml−1 (Sigma-Aldrich, 
F7050); murine IL-6, 10 ng ml−1 (PeproTech, 216-16); murine IL-1β, 10 ng 
ml−1 (PeproTech, 211-11B); murine TNF-α, 10 ng ml−1 (PeproTech, 315-01A); 
murine leptin, 20 nM (PeproTech, 450-31); murine adiponectin (PeproTech, 
315-26); 1 µg ml−1 Seahorse XF Palmitate-BSA FAO Substrate 400 µM (Agilent 
Technologies, 102720); 0.5 µl ml−1 Oleic Acid-Albumin (Sigma, O3008); 
4 µl ml−1 cholesterol lipid concentrate (LifeTech, 12531018); insulin, 10 nM 
(Sigma, I-6634); glucose, 30 mM (Sigma-Aldrich, G8644); duvelisib, 500 nM 
(MedChemExpress, HY-17044); brusatol, 40 nM (Sigma-Aldrich, SML1868);  
and resatorvid, 10 nM (MedChemExpress, HY-11109). For flow cytometry,  
cells were detached using Enzyme Free (Milipore, S-014-B) and subsequently 
stained (see below). For RNA isolation, macrophages were harvested in TriFast 
(Peqlab, 30-2010).

Adipocyte differentiation. E12.5 pregnant WT and Marco−/− animals were 
euthanized, embryos removed and placed into 10 ml of 1× PBS. Embryos were 
isolated, their heads removed and cut into fine and homogenous pieces. The 
resulting cell suspension was incubated overnight at 37 °C and 5% CO2 in DMEM 
supplemented with 10% FBS and 1% penicillin–streptomycin (Sigma-Aldrich, 
D5796). Subsequently, medium was exchanged. Next, 48 h after isolation, cells were 
harvested using trypsin and split into a 15-cm dish. Primary mouse embryonic 
fibroblast cells (passage 3–8) were harvested at 80% confluence with 1× trypsin 
(Gibco, 15090-046). Preadipocytes were differentiated for 14 d by changing 
the medium to full medium containing 5 μg ml−1 insulin (Sigma, I3536), 5 μM 
troglitazone (Sigma, T2573), 0.5 mM isobutylmethylxanthine (Sigma, I5879) 
and 1 μM dexamethasone (Sigma, D8893). After 48 h, the medium was again 
exchanged to medium supplied with 5 μg ml−1 insulin and 5 μM thiazolidinedione. 
Medium containing insulin and thiazolidinedione was renewed every 3–4 d. After 
differentiation, cells were harvested in TriFast (Peqlab, 30-2010).

Stromal vascular fraction isolation. Epididymal fat pads were harvested 
from indicated animals, cut into small pieces and washed twice with DMEM/
F12 medium (Gibco, 11320-074) followed by centrifugation for 8 min at 500g 
at room temperature. Digestion was carried out in 10 ml of freshly prepared 
collagenase II solution (1 mg ml−1 in 1.5% sterile BSA, in DMEM/F12) at 
37 °C for 1 h. Subsequently, 100 µl of 0.5 M EDTA was added and the digested 
adipose–enzyme solution was filtered through a 100-μm strainer into 20 ml of 
DMEM/F12 medium supplemented with 10% FBS and centrifuged as previously. 
After centrifugation, the pellet was washed twice and resuspended in 1 ml of 
erythrocyte lysis buffer (Qiagen, 79217) for 5 min, after which 12 ml of medium 
was added. The resulting cell suspension was counted, centrifuged and further 
stained for flow cytometric analysis.
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Isolation of liver mononuclear cells. Livers were perfused with HBSS via 
the portal vein, cut into small pieces and digested in RPMI containing 0.05% 
collagenase/dispase (Roche, 10269638001) and 0.01% trypsin inhibitor (Thermo 
Fisher Scientific, 17075029) for 1 h at 37 °C. The resulting liver suspension was 
passed through a 40-μm cell strainer, centrifuged at 800g (10 min at 4 °C), and the 
cell pellet was resuspended in 10 ml RPMI. Cell suspensions were overlayed onto 
15 ml of 33% (vol/vol) Percoll solution (Sigma-Aldrich, P1644) and centrifuged 
for 30 min at room temperature with no brake. The supernatant was removed 
and erythrocytes were lysed by resuspending the pellet in 2 ml of red blood cell 
lysis buffer for 4 min, after which 8 ml of RPMI was added. Cell suspensions were 
spun at 800g (5–10 min at 4 °C), supernatant removed, and the cells were washed 
twice with 10 ml RPMI. Cells were subsequently resuspended in PBS/2% FBS and 
total cell numbers for each liver were enumerated using a haemocytometer (Turck 
chamber) before staining for flow cytometry.

Quantitative PCR with reverse transcription. Total RNA was extracted from 
cells using RNA isolation kits (TriFast and Peqlab, 30-2010). Reverse transcription 
was performed using commercially available kits (Applied Biosystems) and 
Luna Universal quantitative PCR (qPCR) Master Mix (New England Biolabs, 
M3003E) for the qPCR reaction. Water controls and postamplification melting 
curve analysis were included to ensure absence of primer dimers. qPCRs were 
performed on a Step-OnePlus (Applied Biosystems) using Step-OnePlus Real-Time 
PCR Software (v.2.3). Data are shown as the fold change. Normalization to 
hypoxanthine phosphoribosyltransferase 1 (Hprt) or, in Fig. 1i and Fig. 2g, to 
eukaryotic translation elongation factor 1 Alpha 1 (Eef1a1) within each sample 
was performed. Then, 2−ΔΔCt values were calculated (ΔΔCt = ΔCt treatment − ΔCt 
control). RT–PCR was performed using the following primers: Hprt: 5′-CGC AGT 
CCC AGC GTC GTG-3′ and 5′-CCA TCT CCT TCA TGA CAT CTC GAG-3′; 
Marco: 5′-TGA TGC GAC TGT CTT CTG TCG and 3′-CAT TGT CCA GCC 
AGA TGT TCC-5′; Pten: 5′-ACA CCG CCA AAT TTA ACT GC-3′ and 3′-TAC 
ACC AGT CCG TCC CTT TC-5′; Tnf: 5′-CCA CCA CGC TCT TCT GTC TAC-
3′ and 3′-AG GGT CTG GGC CAT AGA ACT-5′; Il6: 5′-CAA GTC GGA GGC 
TTA ATT ACA CAT G-3′ and 3′-ATT GCC ATT GCA CAA CTC TTT TCT-5′; 
Il1b: 5′-GGA CAG AAT ATC AAC CAA CAA GTG ATA-3′ and 3′-GTG TGC 
CGT CTT TCA TTA CAC AG-5′; Ppargc1a: 5′-CCG ATC ACC ATA TTC CAG 
GT-3′ and 3′-GTG TGC GGT GTC TGT AGT GG-3′; Ppargc1b: 5′-CTC CAG 
GCA GGT TCA ACC C-3′ and 3′-GGG CCA GAA GTT CCC TTA GG-5′; Cpt1a: 
5′-GGT CTT CTC GGG TCG AAA GC-3′ and 3′-TCC TCC CAC CAG TCA CTC 
AC-5′; Cpt1b: 5′-CAA GTC ATG GTG GGC AAC TA-3′ and 3′-GCT GCT TGC 
ACA TTT GTG TT-5′; Ppar-γː 5′-ACC CAG AGC ATG GTG CCT TCG C-3′ 
and 3′-CCG AAG TTG GTG GGC CAG AAT GGC A-5′; Eef1a1: 5′-CTG CGT 
TTT GGT CAC TAC TCA GG-5′ and 3′-TCC ACA GGC AGC AAA CAG TG-5′; 
Srebf1: 5′-GCA TGC CAT GGG CAA GTA C-3′ and 3′TGT TGC CAT GGA GAT 
AGC ATC T-5′; Cd36: 5′-GGA GCA ACT GGT GGA TGG TT-3′ and 3′-TTG 
AGA CTC TGA AAG GAT CAG CA-5′; Fasn: 5′-GGA GGT GGT GAT AGC CGG 
TAT-3′ and 3′-TGG GTA ATC CAT AGA GCC CAG-5′; Acaca: 5′-TTG AGA 
AGG TTC TTA TCG CCA AC-3′ and 3′-GAC CAC CGA CGG ATA GAT CG-5′; 
Acacb: 5′-TCC GTA ATG AAC GTG CCA TC-3′ and 3′-CAT CTT GAT GTA 
CTC TGC GTT GG-5′; Cd68: 5′-TGG CGC AGA ATT CAT CTC TTC-3′ and 
3′-GGT CAA GGT GAA CAG CTG GAG-5′; Ndufs1: 5′-TTG GGA ACA ACA 
GGA AGA GG-3′ and 3′-TTC CCA CTG CAT CCA TTA CA-5′; Sdhd: 5′-CTG 
GTG GAA CGG AGA CAA GT-3′ and 3′-GTT AAG CCA ATG CTC GCT TC-5′; 
Uqcr11: 5′-TCC AAC AAC TTG GGA ACC TC-3′ and 3′-GGT GCT GTG GTG 
ACA TTG AG-5′; Cox7c: 5′-AGA ACT TCC AGC AGC GAC AT-3′ and 3′-TAA 
AGA AAG GTG CGG CAA AC-5′; Atp5me: 5′-CGG TTC AGG TCT CTC CAC 
TC-3′ and 3′-TGA CGC CTC ACT TGA GAA TG-5′.

Flow cytometry and cell sorting. Adherent peritoneal macrophages or freshly 
isolated SVF cells were resuspended in cold PBS/1% FBS and stained with fixable 
viability dye (Invitrogen, 65-0865-14) or 7-AAD (SYTOX AADvanced Dead Cell 
Stain; Invitrogen, S10274) for dead-cell detection. The following antibodies and 
their dilutions were used: CD45.2-BV650 (Clone 104; BioLegend, 109836; 1:100), 
CD45-V500 (Clone 30-F11; BD Horizon, 561487; 1:100), F4/80-BV605 (Clone 
BM8; BioLegend, 123133; 1:80), F4/80-FITC (Clone BM8; BioLegend, 123108; 
1:100), CD11b-PeCy7 (Clone M1/70; eBioscience, 25-0112; 1:500), CD11b-PB 
(Clone M1/70; Invitrogen, RM2828; 1:100), CD11c-APC-eF780 (Clone N418; 
eBioscience, 47-0114; 1:100), CD11c-PC5.5 (Clone N418; eBioscience, 35-0114-
82; 1:80), CD206-AF700 (Clone C068C2; BioLegend, 141733; 1:200), CD206-PE 
(Clone C068C2; BioLegend, 141705; 1:100), MARCO-APC (Clone 579511; 
R&D, FAB2956A; 1:25), MARCO-PE (Clone ED31; Invitrogen, 15225929; 1:50), 
CD9-PE (Clone MZ3; BioLegend, 124805; 1:200), TREM-2-PE (Clone 237920; 
R&D, FAB17291P; 1:15), Ly6G-AF700 (Clone 1A8; BioLegend, 127622; 1:200), 
Ly6C-BV605 (Clone HK1.4; BioLegend, 128035; 1:80), Ly6C-PE/Cy7 (Clone 
HK1.4; BioLegend, 128017; 1:100), B220-PE-Cy5 (Clone RA3-6B2; Tonbo,  
55-0452; 1:80), CD3-PerCP-Cy5.5 (Clone 145-2C11; Tonbo, 65-0031; 1:80), 
CD3-APC (Clone 17A2; eBioscience, 17-0032-82; 1:160), CD19-BV605 (Clone 
6D5; BioLegend, 115540; 1:200), CD4-AF700 (Clone RM4-5; eBioscience, 56-
0042-82; 1:100) and CD8-Pe/Cy7 (Clone 53-6.7; BioLegend, 100721; 1:200). 
Intracellular staining was performed using the fixation and permeabilization 

buffer set (eBioscience, 88-8824-00) or True-Phos Buffer Set (Biolegend, 425401) 
according to the manufacturer’s instructions and included p-AKT-APC (Clone 
SDRNR; eBioscience, 17-9715-42; 1:50) and PTEN-BV421 (Clone A2B1; BD, 
566637; 1:30) or isotype control mouse IgG2a-APC (Clone eBM2a; eBioscience, 
17-4724-81; 1:50) and mouse IgG1k-BV421 (Clone X40; BD, 562438; 1:30). 
Mitochondria and lysosomes were assessed by staining the cells with MitoTracker 
Green (Thermo Fisher, M7514) and LysoTracker Deep Red (Life Technologies, 
L12492) as recommended by the manufacturers. Assessment of lipid content 
was performed by incubation of cells with BODIPY 493/503 (Fisher Scientific, 
11540326) for 15 to 30 min at 37 °C. Uptake of differentially labelled lipid species 
was assessed by incubating peritoneal macrophages with AcLDL-Alexa Fluor 488 
(Fisher Scientific, 10287482) or BODIPY-C16 in complete RPMI for the indicated 
amount of time.

For flow cytometric analysis of blood monocytes, EDTA-treated blood was 
stained with antibodies and subsequently fixed with 2% PFA for 15 min. The cell 
suspension was further subjected to red blood cell lysis before processing for 
intracellular staining or flow cytometric analysis. For cell sorting, murine ATMs 
were filtered through a 40-µM cell strainer and sorted as live, CD45+CD3−CD11b+

F4/80+CD11c+CD206+/− on a FACSAria II flow cytometer (BD). Stained cells  
were analysed on the FACSCalibur (BD), LSRFortessa (BD) and CytoFLEX S  
Flow Cytometer (Beckman Coulter) and analysed using CytExpert (v.2.0)  
and FlowJo (v.10).

Adipocyte conditioned media generation. For ACM preparation, epididymal 
fat pads were harvested from animals after 18 weeks of HFD feeding, cut into 
small pieces and washed twice with DMEM/F12 medium (Gibco, 11320-074) 
by centrifugation for 8 min at 500g at room temperature. Digestion was carried 
out in freshly prepared collagenase II solution as for the SVF isolation described 
previously. Subsequently, the digested adipose–enzyme solution was filtered 
through a 100-μm strainer into 20 ml DMEM/F12 medium supplemented with 
10% FBS and centrifuged. Floating mature adipocytes were harvested and plated 
on a 10-cm Petri dish in 10 ml of serum-free DMEM/F12. On the next day, 
medium containing cells was filtered through a 40-µm cell strainer, aliquoted and 
stored at −20 °C. For in vitro ACM stimulations of macrophages, medium was 
changed to ACM diluted at 1:5 in RPMI for the indicated amount of time.

Fatty acid uptake. Peritoneal macrophage fatty acid uptake was performed 
using the Free Fatty Uptake Assay Kit (Abcam, ab176768) according to the 
manufacturer’s instructions. For lipid uptake assays of BODIPY FL C16 (5 µg ml−1; 
Life Technologies, D3821) and Alexa Fluor 488 AcLDL (5 µg ml−1; Fisher Scientific, 
10287482), lipids were added for 3 h at the indicated concentrations and uptake 
was determined by flow cytometry.

Nuclear extracts and NRF2 activity assay. Cells were washed with ice-cold 
PBS and resuspended in ice-cold NE Buffer A (10 mM HEPES (pH 7.9), 1.5 mM 
MgCl2, 10 mM KCl, 1 mM PMSF, 1 µg ml−1 leupeptin, 1 µg ml−1 aprotinin and 
1 mM dithiothreitol). After 5 min of incubation at 4 °C, cells were centrifuged 
and washed with NE Buffer A three times. After washing, 200 µl of NE Buffer A 
containing 0.1% NP40 was added. Cells were incubated for 5 min and subsequently 
centrifuged for 10 min at 4 °C at 9,200g. The cytoplasmatic fraction was discarded 
and the nuclear pellet was resuspended in 75 µl ice-cold NE Buffer C (20 mM 
HEPES (pH 7.9), 1.5 mM MgCl2, 420 mM NaCl and 25% glycerol). After 15 min of 
incubation, pellets were centrifuged for 15 min at 16,000g at 4 °C and the resulting 
nuclear fractions frozen at −80 °C. Nrf2 activity of the obtained nuclear fractions 
was analysed by using the NRF2 activity assay (RayBiotech, TFEM-NRF2-1) 
according to the manufacturer’s instructions.

Metabolic flux measurements. Oxygen consumption rate and ECAR measurements 
were performed on a Seahorse XFe96 Analyzer (Agilent) using the Seahorse XF 
Cell Mito Stress test kit (Agilent, 103015-100) according to the manufacturer’s 
instructions. Seahorse plates were coated for 2 h at 37 °C with 40 µl per well of rat 
tail collagen (Corning, 354236) diluted to 50 mg l−1 in milliQ and 0.02 N acetic acid. 
After coating, wells were washed twice with sterile PBS, and 150,000 peritoneal 
macrophages were seeded per well in serum-free Agilent Seahorse XF Base medium 
(Agilent, 103334-100) and pretreated with respective stimuli for the indicated 
amount of time. During the measurements, oligomycin (1 µM), FCCP (1 µM) and 
rotenone/antimycin A (500 nM) were subsequently injected. Raw data were analysed 
using Wave Desktop Software (Agilent, version 2.6.1).

Lipidomics. Regarding serum samples, the lipid extraction was performed as 
follows: 20 µl of the sample was transferred into a glass vial, and 10 µl internal 
standard solution (SPLASH Lipidomix, Avanti Polar Lipids) and 140 µl 
methanol were added. After vortexing, 500 µl methyl tert-butyl ether was added 
and the mixture was incubated in a shaker for 10 min at room temperature. A 
phase separation was induced by adding 130 µl MS-grade water. After 10 min 
of incubation at room temperature, the samples were centrifuged at 1,000g 
for 10 min. A 450-µl aliquot of the upper phase was collected and dried under 
nitrogen. The samples were reconstituted in 200 µl methanol and used for liquid 
chromatography–mass spectrometry (LC–MS) analysis. For cell culture samples, 
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the lipid extraction was performed as follows: the medium was removed, and 
cells were washed two times with cold PBS. Afterwards, 300 µl of 80% methanol 
solution was added. After scraping, the cell extract was collected and extraction 
with 300 µl of 80% methanol solution was repeated. The cell extract was 
combined and 10 µl of internal standard solution (SPLASH Lipidomix, Avanti 
Polar Lipids) was added. The cell extract was dried under nitrogen. Then, 150 µl 
methanol was added to the dry residue. After vortexing, 500 µl methyl tert-butyl 
ether was added and the mixture was incubated in a shaker for 10 min at room 
temperature. A phase separation was induced by adding 150 µl MS-grade water. 
After 10 min of incubation at room temperature, the samples were centrifuged 
at 1,000g for 10 min. An aliquot of 450 µl of the upper phase was collected and 
dried under nitrogen. The samples were reconstituted in 200 µl methanol and 
used for LC–MS analysis. The LC–MS analysis was performed using a Vanquish 
UHPLC system (Thermo Fisher Scientific) combined with an Orbitrap Fusion 
Lumos Tribrid mass spectrometer (Thermo Fisher Scientific). Lipid separation 
was performed by reversed-phase chromatography using an Accucore C18, 
2.6-µm, 150 × 2 mm (Thermo Fisher Scientific) analytical column at a column 
temperature of 35 °C. As mobile phase A, an acetonitrile/water (50/50, vol/
vol) solution containing 10 mM ammonium formate and 0.1% formic acid was 
used. Mobile phase B consisted of acetonitrile/isopropanol/water (10/88/2, vol/
vol/vol) containing 10 mM ammonium formate and 0.1% formic acid. The 
flow rate was set to 400 µl min−1. A gradient of mobile phase B was applied to 
ensure optimal separation of the analysed lipid species. The mass spectrometer 
was operated in ESI-positive and ESI-negative modes, using the following 
settings: capillary voltage of 3,500 V (positive) and 3,000 V (negative), vaporize 
temperature of 320 °C, ion transfer tube temperature of 285 °C, sheath gas 
of 60 AUs, aux gas of 20 AUs and sweep gas of 1 AU. The Orbitrap MS scan 
mode at 120,000 mass resolution was used for lipid detection. The scan range 
was set to 250–1,200 m/z for both positive and negative ionization mode. 
The AGC target was set to 2.0e5 and the intensity threshold to 5.0e3. The 
data-dependent tandem MS scan using higher-energy collisional dissociation 
and collision-induced dissociation with fixed collision energy mode set to 35% 
with an inclusion list was used to obtain tandem MS spectra. The data analysis 
was performed using the TraceFinder 4.1 software (Thermo Fisher Scientific). 
Lipid-class-specific isotopically labelled internal standards signal was used to 
obtain semi-quantitative values for lipids.

Bioinformatics analysis of lipidomics. Lipidomics analysis was performed in 
Python v.3.7.2. Differences between the addition of ACM or not, were either 
calculated for all lipids individually, or grouped together to lipid families according 
to their chemical structure. The changes are depicted as log2 fold changes between 
the two conditions, and variance within lipid groups is represented by the s.e.m. 
Differences in concentrations of lipids in mouse serum among PtenWT, PtenΔmyel 
and PtenΔmyelMarco−/− are shown as mean normalized abundance of the grouped 
lipid families. Normalized relative abundance values are calculated by normalizing 
each individual lipid concentration between the maximum and minimum 
lipid concentration found within the three conditions, so that the condition 
with the highest and lowest concentration results in one and zero, respectively. 
Lipid-to-gene dependencies are illustrated using circus plots65. The width of the 
ribbons corresponds to the percentage of lipids within a lipid family that were 
significantly upregulated in PtenWT with ACM compared to PtenWT without ACM 
(yellow ribbon), PtenΔmyel compared to PtenWT (both with ACM; blue ribbon) and 
between PtenΔmyelMarco−/− compared to PtenWT (both with ACM; red ribbon). 
Significant upregulation was determined using Student’s t-test (SciPy v.1.2.0) 
with a significance threshold of 0.05 and positive fold change. Differences in lipid 
abundance between FBC and FBC206 ATMs, as well as cellular lipids of PtenWT 
and PtenΔmyel mice, were calculated for lipid families and depicted as z-scores using 
the clustermap function from the Python package seaborn (v.0.9.0). Z-scores were 
calculating using the formula: z = (x − μ)/σ, where x is the lipid concentration for 
one sample, μ is the mean concentration for all samples and σ is the population 
standard deviation.

Image processing. H&E images of murine livers were acquired using FSX-BSW 
(02.02, Olympus) software. Images were cropped and processed using Adobe 
Photoshop CS6, with adjustment for brightness and contrast. Figures were 
prepared using Adobe Illustrator CS6.

Statistics. Data analysis was performed using Microsoft Excel for Mac 16.41 and 
Microsoft Excel 2013 (Microsoft Corporation). Statistical analysis was performed 
using a two-tailed t-test for two groups, an ordinary one-way ANOVA followed 
by Tukey’s multiple-comparisons test for multiple groups and a two-way ANOVA 
followed by Bonferroni’s multiple-comparisons test for curve analysis on Prism 8 
software (GraphPad), unless stated otherwise. In vitro data are representative of 
at least two repeats unless stated otherwise, while lipidomics data correspond to 
biological replicates. Statistical significance is indicated by *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.001. All error bars indicate ± s.e.m.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the 
corresponding authors upon request. The lipidomic datasets generated and 
analysed during the current study are available at https://github.com/menchelab/
Marco. Microarray data of Fig. 5a and Extended Data Fig. 4h that support the 
findings of this study are available in Gene Expression Omnibus under accession 
number GSE8831 (ref. 10). Source data are provided with this paper.

Code availability
All code used in the metabolomic differential analyses and subsequent integration 
is available at https://github.com/menchelab/Marco.
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Extended Data Fig. 1 | Disruptions of adipose homeostasis and metabolic stress ablate myeloid PI3K/AKT signalling. a, Serum insulin levels of animals 
subjected to ST-HFD (n = 4 ND, n = 5 ST-HFD animals), 16 weeks HFD (n = 5 ND, n = 4 HFD animals) or acute lipolysis (n = 6 animals per group)  
(***P = 0.0006; two-tailed student’s t-test). b, Percentage of viable FB (CD45+CD11b+F4/80+) macrophages and in the adipose tissue of mice post 2 or  
16 weeks HFD feeding and acute lipolysis (n = 5 animals; **P = 0.0072, ****P < 0.001, **P = 0.0026; two-tailed student’s t-test). c, Corresponding p-AKT 
MFI of FB-ATMs shown in (b) (*P = 0.027, ***P = 0.0001, **P = 0.0029; two-tailed student’s t-test). d, p-AKT MFI of macrophages post adipocyte 
conditioned media (ACM) treatment for 3 h (n = 5 samples; ***P = 0.001; two-tailed student’s t-test). Data are mean ± SEM and representative of one  
(a) or two (b-d) independent experiments.
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Extended Data Fig. 2 | Adaptive immune cell PTEN and p-AKT, hyperinsulinemic-euglycemic clamps, pancreatic macrophages and weights of BMT 
animals. a, PTEN and p-AKT expression in adaptive immune cells from blood of WT (n = 3) or PtenTg/+ (n = 2) animals. Cells were pre-gated on viable 
CD45+CD3+B220+. b, Weights, fat and lean mass of Pten+/+>WT (n = 12) or PtenTg/+>WT (n = 10) mice as determined using Echo MRI. c, Blood glucose 
levels and glucose infusion rate during clamping of Pten+/+>WT (n = 10) or PtenTg/+>WT (n = 8) mice. d, Basal and insulin-stimulated whole-body glucose 
disposal rates and hepatic glucose production of mice in (c). e, Pancreatic CD68 expression in Pten+/+>WT or PtenTg/+>WT 16 weeks post HFD (n = 9 
animals per genotype; ***P = 0.0003; two-tailed student’s t-test). f, Weights of mice shown in Fig. 1f-i. Data are mean ± SEM and representative of one 
(a-e) or two (f) independent experiments.
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Extended Data Fig. 3 | In vivo effects of modulating myeloid PI3K activity are independent of adiposity differences. a, PTEN and p-AKT expression 
in adaptive immune cells from blood of PtenWT (n = 7) or PtenΔmyel (n = 6) mice. Cells were gated on viable CD45+CD3+B220+. Isotype control samples 
depicted are identical to Extended Data Fig. 2a. b, oGTT and AUC of PtenWT (n = 7 ND, n = 16 HFD) or PtenΔmyel (n = 9 ND, n = 16 HFD) mice, 16 weeks 
post feeding (**P = 0.0057, **P = 0.0031; two-way ANOVA, Bonferroni’s correction, **P for AUC = 0.009; two-tailed student’s t-test). c, Serum insulin 
levels post glucose bolus (n = 9 PtenWT, n = 7 PtenΔmyel animals). d, Weights of HFD mice shown in Fig. 2b,c stratified for low weight (LW) and high weight 
(HW) (n = 4 PtenWT LW, n = 10 PtenWT HW, n = 8 PtenΔmyel LW, n = 9 PtenΔmyel HW). e, Insulin tolerance test (ITT) and area under the curve (AUC) post 16 
weeks feeding of PtenWT (n = 4 LW, n = 10 HW) or PtenΔmyel (n = 8 LW, n = 9 HW) mice stratified for low weight (LW) and high weight (HW)  
(*P = 0.0216, *P = 0.0151, **P = 0.0037; two-way ANOVA, Bonferroni’s correction; **P for AUC = 0.0051; two-tailed student’s t-test). f, Serum AST  
and ALT levels post 16 weeks HFD feeding of PtenWT (n = 12 HFD, n = 4 LW, n = 8 HW) or PtenΔmyel (n = 10 HFD, n = 4 LW, n = 6 HW) mice stratified for 
low weight (LW) and high weight (HW) (*P = 0.0185, *P = 0.0126, *P = 0.0293; two-tailed student’s t-test). Data are mean ± SEM and representative of 
one (a, c) or are pooled from two (d-f) or three (b) independent experiments.
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Extended Data Fig. 4 | Gating strategies and FBC206-ATMs are a large, lipid laden, lysotracker, TREM-2high population, mostly of resident origin post 
ST-HFD. a, Gating strategy of ATMs. b, Gating strategy of monocytes. c, Gating strategy of hepatic myeloid-cells. d, Representative heatmap of BODIPY 
MFI in relation to cell size (FSC) of cells isolated from eWAT post 16 weeks HFD. e, Representative percentages of FBC and FBC206 populations within 
FSC low, intermediate and high low cells are depicted. Cells were pre-gated on live CD45+CD11b+F4/80+. f, Cell size quantification according to forward 
scatter (FSC) of FB-, FBC- and FBC206-ATMs (n = 8 animals; ***P = 0.0001, ****P < 0.0001; one-way ANOVA, Bonferroni’s correction). g, TREM-2  
and CD9 MFI of FB-, FBC- and FBC206-ATMs post ST-HFD (n = 5 animals; ****P < 0.0001, *P = 0.013; one-way ANOVA, Bonferroni’s correction).  
h, Lysosomal gene expression based on KEGG pathway (mmu04142) of microarray data of obese FBs vs FBCs from C57Bl/6 J Lepob/ob mice (GSE8831). 
Data depicted as fold change relative to FB condition. i, Lysotracker MFI of the FBC206-ATM population post 16 weeks HFD (n = 7 animals; **P = 0.011; 
one-way ANOVA, Bonferroni’s correction). j, Post ST-HFD, percentages of GFP- FBC- vs GFP+ FBC-ATMs and GFP- FBC206- vs GFP+ FBC206-ATMs were 
analysed in eWAT of Ccr2GFP/+ animals. Cells were pre-gated on CD45+CD11b+F4/80+ (n = 5 animals; ****P < 0.0001; two-way ANOVA, Bonferroni’s 
correction). Data are mean ± SEM and representative of one (g, i), two (j) or four (d-f) independent experiments.
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Extended Data Fig. 5 | FBC206 generation of naïve macrophages stimulated with the indicated cytokines, adipokines and lipids. a, FBC206/FBC ratio 
of macrophages post stimulation with glucose, insulin and ACM for 24 hours (n = 5 samples; ****P < 0.0001; one-way ANOVA, Bonferroni’s correction). 
b, FBC206/FBC ratio of macrophages post stimulation with various cytokines and ACM for 24 hours (n = 3 samples; ****P < 0.0001; one-way ANOVA, 
Bonferroni’s correction). c, FBC206/FBC ratio of macrophages post stimulation with various lipids and ACM for 24 hours (n = 4 samples; ****P < 0.0001; 
one-way ANOVA, Bonferroni’s correction). d, FBC206/FBC ratio of macrophages post stimulation with glucose, insulin and MMe for 24 hours (n = 5 
samples). e, FBC206/FBC ratio and BODIPY MFI of naïve macrophages treated with Resatorvid and ACM for 24 hours (n = 4 samples). Data are mean ± 
SEM and representative of two (a-e) independent experiments.
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Extended Data Fig. 6 | MARCO and p-AKT post ST-HFD and acute lipolysis in the different ATM populations, where PTEN is deleted equally. 
a, Percentages of Tomato+ and PTEN+ ATMs represented as percentage of their respective parent (FB-, FBC- or FBC206-ATMs) post ST-HFD in 
PtenWTR26tdTomato (cre-) and PtenΔmyelR26tdTomato (cre+) mice (n = 3 animals). b/c, MARCO MFI in macrophages post ST-HFD (b) or acute lipolysis (c). Cells 
were pre-gated on viable FBs (CD45+CD11b+F4/80+) (n = 5 animals; ****P < 0.0001, ***P = 0.0003; one-way ANOVA, Bonferroni’s correction). d, p-AKT 
MFI of FBC- and FBC206-ATMs of mice post ST-HFD or after acute lipolysis (n = 5 ST-HFD, n = 4 CL316,243 animals; **P = 0.0025, ***P = 0.0001; 
two-tailed student’s t-test). Data are mean ± SEM and representative of one (a) or two (b-d) independent experiments.
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Extended Data Fig. 7 | Impaired lipid buffering of Marco-/- mice is not associated with adiposity differences and weights of animals in Fig. 8d,e.  
a, Weight of mice in Fig. 6c. b, Fat depot distribution of lean Marco+/+ and Marcon mice presented as percent of bodyweight (n = 4 mice per genotype). RP: 
retroperitoneal, eWAT: epididymal, VAT: visceral, SAT: subcutaneous, white adipose tissue depots. c, Marco transcript levels measured in macrophages 
(n = 5 samples) and adipocytes (n = 4 samples). d, NEFA and glycerol levels of adipose tissue isolated from lean Marco+/+ and Marco-/- mice, stimulated 
with isoproterenol (ISO) for 2 hours (n = 5 animals; **P = 0.0022, **P = 0.0099, ****P < 0.0001; one-way ANOVA, Bonferroni’s correction). e, Weight of 
mice in Fig. 6d. f, Fat mass and adipose depot distribution of Marco+/+ and Marco-/- mice post 16 weeks HFD. RP: retroperitoneal, eWAT: epididymal, VAT: 
visceral, SAT: subcutaneous, white adipose tissue depots (n = 11 mice per genotype). g, Weights of mice shown in Fig. 6e. h, Macrophage content and 
FBC206/FBC ratios of Marco+/+ (n = 5) and Marco-/- (n = 7) mice prior to HFD feeding. i, Corresponding weights of mice in Fig. 8d (***P = 0.0009,  
****P < 0.0001; one-way ANOVA, Bonferroni’s correction). j, Corresponding weights of mice in Fig. 8e (*P = 0.0181; one-way ANOVA, Bonferroni’s 
correction). Data are mean ± SEM and representative of one (b, c, g, h), two (a, d), or are pooled from two (f, j), four (e) or six (i) independent experiments.
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Extended Data Fig. 8 | PI3K-dependent differences in lipid uptake and catabolism are independent of mitochondrial numbers and mitochondrial 
respiratory chain complex expression of Marco-/- macrophages. a, AcLDL uptake of naïve macrophages from PtenWT (n = 10) and PtenΔmyel (n = 13) mice 
depicted as fold change (FC) increase (**P = 0.0025; two-tailed student’s t-test). b, Spare respiratory capacity (SRC) of data in Fig. 7e (*P = 0.0184; 
two-tailed student’s t-test). c, Mitochondrial numbers in naïve PtenWT and PtenΔmyel macrophages as determined using Mitotracker (n = 4 samples per 
genotype). d, mRNA levels of Pten and selected mitochondrial marker genes in naïve PtenWT (n = 8, for Pparg n = 7 samples) and PtenΔmyel (n = 8 samples) 
macrophages (****P < 0.0001, **P = 0.0091, *P = 0.443; two-tailed student’s t-test). e, Extracellular acidification rate (ECAR) of data in Fig. 7e  
(***P = 0.0007; two-tailed student’s t-test). f, SRC and ECAR of data in Fig. 7f (two-tailed student’s t-test). g, SRC of data in Fig. 7g (*P = 0.0487,  
*P = 0.0173, *P = 0.0111; two-tailed student’s t-test). h, SRC of data in Fig. 7h (**P = 0.0063, *P = 0.0171; two-tailed student’s t-test). i, mRNA levels of 
selected mitochondrial complex genes in naïve Marco+/+ (n = 8 samples) and Marco-/- (n = 9 samples) macrophages. The mitochondrial complex (C) 
represented by each gene is indicated. Data are mean ± SEM and representative of two (b-h), or are pooled from two (a, i) independent experiments.
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