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ABSTRACT 

Foamy macrophages and microglia containing lipid droplets (LDs) are a pathological hallmark of 

demyelinating disorders affecting the central nervous system (CNS). We and others showed that 

excessive accumulation of intracellular lipids drives these phagocytes towards a more inflammatory 

phenotype, thereby limiting CNS repair. To date, however, the mechanisms underlying LD biogenesis 

and breakdown in lipid-engorged phagocytes in the CNS, as well as their impact on foamy phagocyte 

biology and lesion progression, remain poorly understood. Here, we provide evidence that LD-

associated protein perilipin-2 (PLIN2) controls LD metabolism in myelin-containing phagocytes. We 

show that PLIN2 protects LDs from lipolysis-mediated degradation, thereby impairing intracellular 

processing of myelin-derived lipids in phagocytes. Accordingly, loss of Plin2 stimulates LD turnover 

in foamy phagocytes, driving them towards a less inflammatory phenotype. Importantly, Plin2-

deficiency markedly improves remyelination in the ex vivo brain slice model and in the in vivo 

cuprizone-induced demyelination model. In summary, we identify PLIN2 as a novel therapeutic target 

to prevent the pathogenic accumulation of LDs in foamy phagocytes and to stimulate remyelination. 
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INTRODUCTION 

Foamy macrophages and microglia engorged with lipid droplets (LDs) are abundantly present in the 

central nervous system (CNS) of many neurodegenerative disorders, such as multiple sclerosis (MS), 

stroke, and spinal cord injury. Here, they acquire their foamy morphology mainly through the 

clearance of myelin, a protective lipid-rich layer wrapped around axons [1]. Ample evidence indicates 

that ingestion of myelin by phagocytes dynamically shapes their functional phenotype, and, by doing 

so, markedly affects lesion progression in demyelinating disorders. With respect to the latter, early-

stage myelin-containing macrophages and microglia display a protective phenotype, characterized 

by the release of immunosuppressive and reparative factors [2-4]. In contrast, prolonged 

intracellular accumulation of myelin-derived lipids skews phagocytes towards a phenotype that 

suppresses remyelination [5]. We and others demonstrated that disturbances in the breakdown and 

efflux of myelin-derived lipids underlie this disease-promoting phenotype [5-7]. To date, however, 

the molecular mechanisms underlying disturbed lipid processing in foamy phagocytes remain poorly 

understood. Defining these mechanisms is fundamental for our understanding of CNS lesion 

progression, and for the development of reparative therapies. 

Upon internalization by macrophages and microglia, lysosomal processing of myelin results in the 

generation of free cholesterol and fatty acids, which, in excess, are stored as cholesteryl esters and 

triacylglycerol in cytoplasmic LDs [8, 9]. By doing so, LDs not only protect foamy macrophages and 

microglia against lipotoxicity induced by free fatty acids and cholesterol, but also serve as a reservoir 

of non-toxic esterified cholesterol and triacylglycerol for membrane formation and maintenance, and 

for lipid efflux [10]. The main surface proteins on LDs belong to the perilipin/ADRP/TIP47 (PAT) 

family, of which perilipin-2 (PLIN2), also called adipophilin or adipose differentiation-related 

protein/ADFP, is the most important subtype in cholesterol-loaded macrophages [11, 12]. 

Interestingly, few studies indicate that PLIN2 is essential for both LD formation and stability, and its 

absence in a mouse model of atherosclerosis markedly decreases foam cell and lesion formation [13-

16]. In line with these findings, overexpression of Plin2 increases intracellular lipid accumulation and 

prevents efflux of lipids from lipid-laden macrophages in atherosclerosis [17, 18]. Yet, whether PLIN2 

plays a role in the metabolism of LDs in myelin-laden phagocytes, and to what extent PLIN2 controls 

the functional phenotype of foamy phagocytes in demyelinating lesions remains unclear. 

Here, we report that macrophages increase Plin2 in a peroxisome proliferator-activated receptor 

gamma- (PPARγ) dependent manner upon myelin internalization. Loss of Plin2 reduces LD load in 
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macrophages by enhancing lipolysis-mediated LD turnover. In parallel, Plin2-deficiency suppresses 

the expression of inflammatory mediators in foamy phagocytes. By using cerebellar brain slices 

cultures and the in vivo cuprizone-induced demyelination model, we further show that Plin2-

deficiency markedly enhances remyelination. Collectively, these findings identify PLIN2 as a novel 

therapeutic target to promote remyelination. 
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METHODS 

Antibodies 

The following antibodies were used: mouse anti-IBA1 (1:100, Santa-Cruz Biotechnology, 1022-5), 

mouse anti-CD68 (1:100, eBioscience, 14-0688-22), rabbit anti-PLIN2 (1:30, LSBio, LS‑C402989), 

rabbit anti-ADFP (1:500, Abcam, ab52356), rabbit anti-LC3 (1:500, Sigma-Aldrich, L7543; MBL 

#PM036), rat anti-LAMP1 (1:500, Abcam, ab25245), rat anti-MBP (1:250, Millipore, MAB386), rabbit 

anti-NF (1:100, Bio-Rad, Ab8135), rabbit anti-iNOS (1:100, Abcam, ab15323), and mouse anti-

F4/80 (1:100, Bio-Rad, MCA497G). The used secondary Alexa Fluor antibodies were Alexa488 

(1:500, Life Technologies, A21202), Alexa555 (1:500, Life Technologies, A21430), and Alexa647 

(1:500, Life Technologies, A21247). BODIPY® 493/503 (2µM, Thermo Fisher Scientific, D3922) was 

used to stain the LDs.  

Animals  

Wild-type C57BL/6 mice were purchased from Envigo (Venray, The Netherlands). Plin2-/- mice on a 

C57BL/6 background were kindly provided by prof. dr. McManaman (University of Colorado at 

Denver, Aurora, USA) [19]. Mice were maintained on a 12h light/dark cycle with free access to water 

and either a standard chow diet or special formulations as indicated. All studies were conducted in 

accordance with the institutional guidelines and approved by the Ethical Committee for Animal 

Experiments of Hasselt University. 

Experimental autoimmune encephalomyelitis  

Wild-type C57BL/6 females (11 weeks old) were subcutaneously immunized with 200 µg myelin 

oligodendrocyte glycoprotein (MOG35-55) peptide emulsified in 200µl complete Freund’s adjuvant 

containing 5mg/ml Mycobacterium tuberculosis (EK-2110 kit; Hooke Laboratories, Massachusetts, 

USA). Directly after immunization and 24h later, mice received an intraperitoneal injection of 100ng 

pertussis toxin (EK-2110 kit; Hooke Laboratories). Mice were sacrificed on day 14 post immunization. 

Spinals cords were isolated and snap frozen for real-time quantitative PCR. 

Cuprizone 

Acute demyelination was induced in wild-type C57BL/6 males (9-11 weeks old) by feeding them ad 

libitum a diet of 0.3% (w/w) cuprizone (bis(cyclohexanone)oxaldihydrazone, Sigma-Aldrich) mixed 

in normal chow for 6 weeks. Upon withdrawal of the cuprizone diet, spontaneous remyelination 
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occurs. Corpus callosum was isolated and snap frozen after demyelination (6 weeks) and during 

spontaneous remyelination (7 weeks).   

Myelin isolation and phagocytosis 

Myelin was isolated from the brains of post-mortem C57BL/6 mice (9-11 weeks old) using sucrose 

density-gradient centrifugation, as previously described [20]. Briefly, after homogenizing the tissue 

in a 0.32M sucrose-solution, it was layered over a 0.85M sucrose-solution. Following 

ultracentrifugation (75 000g, 4°C, 30min), the myelin-containing interface was collected, washed in 

dH2O, and subjected to osmotic disintegration. Next, a second sucrose density-gradient 

centrifugation was carried out (75 000g, 4°C, 30min) and the collected myelin was dissolved in PBS. 

The protein concentration was determined using the BCA protein assay kit (Thermo Fisher Scientific, 

Erembodegem, Belgium). To evaluate the ability and extent of myelin phagocytosis, myelin was 

fluorescently labeled with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI, 

Sigma-Aldrich). Cells were exposed to 50 μg/ml DiI-labeled myelin for 1.5h at 37°C and analyzed 

for fluorescence intensity by using the FACSCalibur (BD Biosciences). 

Monocyte-derived macrophages 

This study was approved by the Medical Ethics Committees of Hasselt University and UZ Leuven. 

After obtaining written informed consent, heparinized peripheral blood was drawn from healthy 

donors. Peripheral blood mononuclear cells were isolated from whole blood using density gradient 

centrifugation, as previously described [21]. Next, CD14+ monocytes were enriched by positive 

selection according to the manufacturer’s guidelines (Stemcell Technologies, Grenoble, France). 

Isolated monocytes were cultured at 2 x 106 cells/ml for 7 days in monocyte-derived macrophage 

(MDM) culture medium (DMEM-high glucose medium (Sigma-Aldrich, Diegem, Belgium)) 

supplemented with 10% human serum (Sigma-Aldrich), 50U/ml penicillin, 50U/ml streptomycin and, 

2mM L-glutamine (Sigma-Aldrich)) at 37°C and 5% CO2, to obtain monocyte-derived macrophages 

(MDMs). Following differentiation, MDMs were collected using PBS/EDTA (10mM) and plated at 0.5 x 

106 cells/ml in MDM culture medium.  

Bone marrow-derived macrophages 

Bone marrow cells were harvested from wild-type and Plin2-/- C57BL/6 female mice (9-11 weeks old) 

by flushing the femurs and tibias with PBS. Bone marrow-derived macrophages (BMDMs) were 

obtained by culturing isolated cells for 7 days in BMDM culture medium (RPMI medium supplemented 
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with 10% fetal calf serum, 25U/ml penicillin, 25U/ml streptomycin, and 15% L929-conditioned 

medium (LCM)) at 37°C, 5% CO2. Afterwards, BMDMs were collected using PBS/EDTA (10mM) and 

plated at 0.5 x 106 cells/ml in BMDM culture medium containing 5% LCM.  

Macrophage stimulation and pharmacological treatments 

To study the involvement of PPARγ in myelin-induced Plin2 expression, mouse BMDMs and human 

MDMs were pretreated with the PPARγ antagonist GW9662 (5µM, Sigma-Aldrich) for 30 minutes, 

followed by incubation with myelin (50 µg/ml) for 24h. iNos, Tnfα, Il6, Ccl5, Il10, and Tgfβ expression 

was determined after incubating BMDMs with myelin (50 µg/ml) for 18h, followed by a stimulation 

with IFNγ and IL1β (100 ng/ml, PeproTech, London, UK) for 6h. TNFα concentration was determined 

in the supernatant of BMDMS incubated with myelin (50 µg/ml) for 18h, followed by a stimulation 

with IFNγ and IL1β (100 ng/ml, PeproTech, London, UK) for 18h. LD levels, cholesterol and glycerol 

concentration, and the cellular lipidome were studied in BMDMs treated with myelin (50 µg/ml) for 

24h, followed by the addition of fresh medium for 24h. 

Fluorescence microscopy and image analysis 

Snap-frozen brain material containing active MS lesions was obtained from the Netherlands Brain 

Bank (NBB, Amsterdam, Netherlands). 10µM cryostat sections were made of MS lesions and 

cuprizone tissue using a Leica CM3050 S cryostat (Leica Microsystems). Sections were fixed in ice-

cold acetone and 70% ethanol for 10 and 5 min, respectively. Mouse BMDMs were cultured on glass 

cover slides and fixed in 4% PFA for 15 min. Cerebellar brain slices were fixed in 4% PFA for 15 min. 

After blocking non-specific staining using Dako protein block (Agilent, California, USA), sections and 

BMDMs were incubated overnight at 4°C with relevant primary antibodies diluted in PBS. Cerebellar 

brain slices were stained by incubating with relevant antibodies diluted in blocking buffer (PBS + 1% 

horse serum + 5% Triton X-100). Nuclei were stained using 4,6′-diamidino-2-phenylindole (DAPI; 

Invitrogen). Representative images of MS lesions and cuprizone tissue were taken using a Nikon 

eclipse 80i microscope and NIS Elements BR 3.10 software (Nikon, Tokyo, Japan). MS lesions, 

BMDMs, and cerebellar brain slices were imaged using LSM 880 Confocal microscope (Zeiss) using 

the Airyscan feature. Image J version 1.52c was used for quantification. Three-dimensional analysis 

of cerebellar brain slices was performed using the z-stack function on the confocal microscope and 

images were rendered by the 3D rendering software vaa3d [58]. Pictures indicated in figures are 

digitally enhanced.  
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RNA extraction and real-time quantitative PCR 

Total RNA from cells and tissue was isolated using Qiazol (Qiagen, Venlo, The Netherlands) and the 

RNeasy mini kit (Qiagen), according to the manufacturer’s guidelines. Complementary DNA was 

synthesized using qScriptTM cDNA SuperMix (Quanta Biosciences, VWR, Leuven, Belgium) according 

to the manufacturer’s instructions. Real-time quantitative PCR was conducted on a Step One Plus 

detection system (Applied biosystems, California, USA). Cycle conditions were 95°C for 20s, followed 

by 40 cycles of 95°C for 3s, and 60°C for 30s. The PCR reaction mixture contained SYBR green 

master mix (Thermo Fisher Scientific), 0.3 μM forward and reverse primer (IDT technologies, Leuven, 

Belgium), RNase free water and 12.5 ng cDNA template. Data were analyzed using the comparative 

Ct method and normalized to the most stable reference genes, which were determined as previously 

described [13].  

Oil red O staining and quantification 

PFA fixed cells and cerebellar brain slices, and unfixed cryosections, were stained with 0.3% Oil Red 

O (ORO, Merck 1320-06-5) for 10 min. Counterstaining of cell nuclei was done using haematoxylin 

incubation. Analysis was carried out using a Leica DM 2000 LED microscope and ImageJ software. 

For ORO quantification in cells, ORO was extracted by incubating the cells with isopropanol for 10 

min, while shaking. Absorbance was measured using a microplate reader (BIORAD iMarkTM 

Microplate Reader, Temse, Belgium) at 510 nm. 

Cholesterol measurement 

Total and free cholesterol was measured in cell lysates and supernatant using the AmplexTM Red 

Cholesterol Assay Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. 

Cholesteryl ester concentration was calculated by subtracting free cholesterol concentration from 

total cholesterol concentration. To measure cholesterol efflux, cells were exposed to apoA-I (50 

µg/ml) or high-density lipoprotein (HDL, 50 µg/ml) in phenol- and serum-free medium for 4h prior 

to measuring intracellular and extracellular total cholesterol. Cholesterol efflux was determined by 

dividing fluorescence in the supernatants by the total fluorescence in supernatants and cells. 

Fluorescence was measured at an excitation wavelength of 540 nm and an emission wavelength of 

590 nm using the FLUOstar optima microplate reader (BMG Labtech, Ortenberg, Germany). 
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LC-ESI-MS/MS  

BMDM cell pellets were diluted in 700 µl 1x PBS with 800 µl 1 N HCl:CH3OH 1:8 (v/v), 900 µl ChCl3 

and 200 µg/ml of the antioxidant 2,6-di-tert-butyl-4-methylphenol (BHT; Sigma-Aldrich). 3 µl of 

SPLASH LIPIDOMIX Mass Spec Standard (Avanti Polar Lipids) was added into the extract mix. The 

organic fraction was evaporated at room temperature using the Savant Speedvac spd111v (Thermo 

Fisher Scientific), and the remaining lipid pellet was reconstituted in 100% ethanol. Lipid species 

were analyzed by liquid chromatography electrospray ionization tandem mass spectrometry (LC-ESI-

MS/MS) on a Nexera X2 UHPLC system (Shimadzu) coupled with hybrid triple quadrupole/linear ion 

trap mass spectrometer (6500+ QTRAP system; AB SCIEX). Chromatographic separation was 

performed on a XBridge amide column (150 mm x 4.6 mm, 3x5 µm; Waters) maintained at 35°C 

using mobile phase A [1 mM ammonium acetate in water-acetonitrile 5:95 (v/v)] and mobile phase 

B [1 mM ammonium acetate in water-acetonitrile 50:50 (v/v)] in the following gradient: (0-6 min: 

0% B → 6% B; 6-10 min: 6% B → 25% B; 10-11 min: 25% B → 98% B; 11-13 min: 98% B → 100% 

B; 13-19 min: 100% B; 19-24 min: 0% B) at a flow rate of 0.7 ml/min which was increased to 1.5 

ml/min from 13 minutes onwards. SM, CE, CER, DCER, HCEER, LCER were measured in positive ion 

mode with a precursor scan of 184.1, 369.4., 264.4, 266.4, 264.4, and 264.4. TAG, DAG, and MAG 

were measured in positive ion mode with a neutral loss scan for one of the fatty acyl moieties. PC, 

LPC, PE, LPE, PG, PI, and PS were measured in negative ion mode by fatty acyl fragment ions. Lipid 

quantification was performed by scheduled multiple reactions monitoring (MRM), the transitions 

being based on the neutral losses or the typical product ions as described above. The instrument 

parameters were as follows: Curtain Gas = 35 psi; Collision Gas = 8 a.u. (medium); IonSpray Voltage 

= 5500 V and -4500 V; Temperature = 550 °C; Ion Source Gas 1 = 50 psi; Ion Source Gas 2 = 60 

psi; Declustering Potential = 60 V and -80 V; Entrance Potential = 10 V and -10 V; Collision Cell Exit 

Potential = 15 V and -15 V. Peak integration was performed with the Multiquant TM software version 

3.0.3. Lipid species signals were corrected for isotopic contributions (calculated with Python Molmass 

2019.1.1) and were quantified based on internal standard signals and adhere to the guidelines of the 

Lipidomics Standards Initiative (LSI; level 2 type quantification as defined by the LSI). Only the 

detectable lipid classes and fatty acyl moieties are reported in this manuscript. 
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Cell viability 

To assess cellular viability, cells were incubated with 7AAD (Thermo Fisher Scientific). The 

FACSCalibur was used to quantify cellular fluorescence. Mean fluorescence intensity (MFI) was 

corrected for background MFI. 

ELISA 

TNFα concentration was determined in the supernatant of BMDM cultures using the TNFα mouse 

ELISA kit, according to the manufacturer’s guidelines (88-7324-22, Thermo Fisher Scientific). 

NO determination 

BMDMs seeded in a 48 well plate were treated with myelin followed by 18 hrs of LPS stimulation as 

described above. Afterwards, the cell culture supernatants were collected and mixed with the Griess 

reagent (Sigma Aldrich) at a 1:1 ratio. After 15 minutes incubation at room temperature, the 

absorbance was measured at 540 nm using the FLUOstar optima microplate reader (BMG Labtech). 

Western blotting 

Cells were lysed in RIPA buffer (150 mM NaCl VWR, 27810.295], 50 mM Tris (Thermo Fisher 

Scientific, BD152-5), 1% SDS (Sigma-Aldrich, 75746), 1% Triton X-100, 0.5% sodium deoxycholate 

(Sigma-Aldrich, 302-95-4), pH 8) supplemented with protease (Roche, 05892970001) -phosphatase 

(Roche, 04906837001) inhibitor cocktail. Samples were separated by electrophoresis on a 12% gel 

and were transferred onto a PVDF membrane. Blots were blocked in 5% milk in PBST (137 mM NaCl 

[VWR, 27810.295], 2.7 mM KCl (VWR, 26764.298, 10 mM Na2HPO4 (VWR, 102495), 1.8 KH2PO4 

(VWR, 26936.293), 0.5% Tween-20 (Thermo Fisher Scientific, BP337), pH 7.2) and were incubated 

with relevant primary antibodies, followed by incubation with the appropriate HRP-conjugated 

secondary antibody. An enhanced chemiluminescence (ECL) Plus detection kit (Thermo Fisher 

Scientific, 32132) was used for detection. Densitometry analysis was performed using ImageJ and 

normalized to actin. 

Glycerol assay 

Glycerol levels in BMDMs and brain slice medium were determined using the glycerol assay kit, 

according to the manufacturer’s guidelines (MAK117, Sigma-Aldrich). 
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Cerebellar slice cultures 

Cerebellar slices were obtained from wild-type and Plin2-/- C57BL/6 P9 or P10 mouse pups, as 

described previously [61,62]. Demyelination was induced by treating the slices with lysolecithin (0.5 

mg/ml; Sigma-Aldrich) for 16h. For microglia depletion, slices were treated with clodronate or empty 

liposomes (0.5 mg/ml, LIPOSOMA) immediately after isolation for 24h. After three days, slices were 

treated with LPC for 16h. Afterwards, slices were washed and kept in culture (MEM supplemented 

with 25% horse serum, 10% HBSS, 1% P/S, 1.5% glucose, 1% Glutamax and 1.2% 1M HEPES) for 

1 week, followed by histological and biochemical analysis. 

OPC isolation and culturing  

OPCs were isolated from pooled P0-P2 C57BL/6JOlaHsd neonatal mice cerebral cortices. Cortices 

were isolated, meninges removed, minced and dissociated for 20 min at 37°C with papain and DNase 

I (both 20 µg/mL, Sigma-Aldrich). The resulting mixed glial cultures were seeded in poly-L-lysine 

(PLL, 50 µg/ml, Sigma-Aldrich)-coated T75 flasks and cultured (37°C, 8.5% CO2) in DMEM6429 

(Sigma-Aldrich) supplemented with 10% FCS and 1% P/S. After 7 days, the medium was 

supplemented with insulin (5 µg/ml, Sigma-Aldrich). Medium changes were performed on day 4, 7, 

11 and 14. Mixed glial cultures were separated after 14 days by mechanical shaking at 75 rpm for 

45min at 37°C (to remove microglia) followed by additional 18h shaking at 250 rpm at 37°C. Medium 

containing the detached cells was then transferred to petri dishes to further remove microglia and 

astrocytes based on differential adhesion characteristics (20 min, 37°C, 8.5% CO2). Afterwards, the 

enriched OPCs were collected and plated in PLL-coated wells. OPCs were cultured in sato medium 

(DMEM, 100 μg/ml apo-transferrin, 16 μg/ml Putrescine, 5 μg/ml insulin, 60 ng/ml progesterone, 40 

ng/ml sodium selenite, 30 ng/ml triiodothyronine, 40 ng/ml L-Thyroxine, 1% P/S, 2% horse serum, 

2% B-27; all from Sigma-Aldrich) supplemented with PDGF and bFGF (both 10 ug/ml, Peprotech) for 

the first two days to reset their cell cycle. Afterwards, OPCs were cultured in normal sato medium 

and medium was changed every two days. 

Statistics 

All data are reported as mean ± standard error of the mean (SEM). Data were statistically analyzed 

using GraphPad Prism v6 (GraphPad Software, La Jolla, CA, USA). Normal distribution was tested 

using the D’Agostino-Pearson omnibus normality test. Normally distributed data sets were analyzed 

using an analysis of variances (ANOVA) or two-tailed unpaired student T-test. Data sets that were 
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not normally distributed were analyzed using the Kruskal-Wallis or Mann-Whitney analysis. *P ≤ 0.05, 

**P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001. 
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RESULTS 

Myelin uptake increases PLIN2 expression in macrophages in a PPARγ-dependent manner 

Demyelinating lesions are characterized by the abundant presence of foamy macrophages loaded 

with cholesterol-containing LDs [1]. As PLIN2 is the main LD-associated protein on cholesterol-

containing LDs and given its key role in LD biology [22], we first determined PLIN2 distribution in 

demyelinating lesions. For this purpose, active demyelinating MS lesions were stained for PLIN2 and 

the macrophage/microglia marker IBA1 and CD68. Lesional macrophages and microglia, containing 

ample intracellular myelin remnants, showed increased PLIN2 abundance as compared to phagocytes 

in the normal-appearing white matter (NAWM) surrounding the lesion (Fig. 1A-C, Fig. S1). By using 

the cuprizone model and experimental encephalomyelitis (EAE) model, which are respectively models 

for demyelination and neuroinflammation, and are characterized by the abundant presence of foamy 

phagocytes [5, 23], we further showed increased Plin2 mRNA expression in the brain and spinal cord 

of these animals (Fig. 1D,E). Consistent with these findings, human monocyte-derived macrophages 

(MDMs) and mouse bone marrow-derived macrophages (BMDMs) displayed increased Plin2 

expression following myelin exposure (Fig. 1F,G), which was validated on protein level (Fig. 1H,I). 

Previous studies defined that the nuclear receptor PPARγ, which is highly active in myelin-containing 

macrophages and microglia [4, 24], transcriptionally controls Plin2 expression [25-27]. To determine 

whether PPARγ regulates Plin2 expression in myelin-containing macrophages, MDMs and BMDMs 

were exposed to myelin and the PPARγ antagonist GW9662. We observed that antagonism of PPARγ 

counteracted the myelin-induced increase in Plin2 expression (Fig. 1F,G). Taken together, these data 

show that PLIN2 levels are increased in foamy phagocytes in actively demyelinating lesions in rodents 

and humans, and that its expression is regulated by PPARγ. 
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Figure 1. Myelin internalization increases PLIN2 in phagocytes in a PPARγ-dependent manner. A) 

Representative image of active demyelinating multiple sclerosis (MS) lesion stained for PLIN2 (red) and IBA1 

(green) (n=3 lesions from 3 different MS patients). Nuclei were stained using DAPI (blue). Scale bars: 200µm, 

50µm. B) Representative image of oil red O staining of an active MS lesion. Scale bar: 300µm. C) Quantitative 

analysis of the %PLIN2+ area in IBA1+ phagocytes in normal-appearing white matter (NAWM) and active 

demyelinating lesions (n=3 lesions from 3 different MS patients). D) Plin2 mRNA in healthy animals, animals 

sacrificed after 6 weeks of cuprizone diet (demyelination), and animals sacrificed after 6 weeks of cuprizone diet 

plus one week of normal chow (remyelination) (n=3-6 mice). E) Plin2 mRNA in spinal cord tissue of healthy and 

experimental autoimmune encephalitis (EAE) animals sacrificed at the peak stage of the disease (n=5 mice). 

F,G) PLIN2 mRNA in human monocyte-derived macrophages (MDMs, n=8 wells) and murine bone marrow-

derived macrophages (BMDMs, n=5 wells) pre-incubated with the PPARγ antagonist (GW9662, 5 µM) followed by 

myelin treatment (50µg/ml) for 24h (n=4-8 wells). H,I) Representative images (H) and quantification (I) of 

BMDMs treated with myelin (50µg/ml) for 24h and stained for PLIN2 (red) and BODIPY (green). Scale bar: 10µm. 

(n= >35 cells, data pooled from 3 experiments). Data are represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01 

and ***P ≤ 0.001. 
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Plin2-deficient macrophages show an increased rate of LD degradation and lipid efflux 

PLIN2 is a member of the PAT family involved in the biogenesis of LDs in multiple cell types such as 

hepatocytes and fibroblasts [14, 28-30]. However, few studies indicate that PLIN2-deficiency 

enhances LD breakdown and lipid efflux as well [16, 18]. To assess the role of PLIN2 in LD formation 

and degradation in myelin-laden macrophages, wild-type and Plin2-/- BMDMs were treated with 

myelin for 24h (LD formation), followed by 24h of myelin-free medium (LD degradation) (Fig. 2A). 

Neutral lipid-containing structures, which are predominantly present in LDs, were visualized and 

quantified using the neutral lipid stains Oil Red O (ORO) (Fig. 2B,D) and BODIPY (Fig 2C,E). Upon 

myelin exposure, wild-type and Plin2-/- BMDMs accumulated comparable amounts of ORO+ and 

BODIPY+ LDs. Similar findings were obtained after shorter incubation periods with myelin (Fig. 

S2A,C). In contrast, Plin2-/- foamy macrophages showed a reduced LD load following culture in 

myelin-free medium as compared to wild-type foamy macrophages (Fig. 2B-F, and Fig. S2B). These 

findings indicate that PLIN2-deficiency promotes the breakdown but does not influence biogenesis of 

LDs in myelin-containing macrophages. Accordingly, Plin2-/- myelin-containing macrophages showed 

reduced cholesterol ester and increased free cholesterol levels, suggesting enhanced hydrolysis of 

neutral lipids in LDs (Fig. 2G,H). To assess differences in the complete cellular lipidome of wild-type 

and Plin2-/- macrophages, liquid chromatography electrospray ionization tandem mass spectrometry 

(LC-ESI-MS/MS) was performed. Similar to our previous findings, there was an overall reduction in 

the presence of lipid species in Plin2-/- macrophages, including but not limited to cholesterol esters 

and triglycerides, which are the main components of myelin-derived LDs. Importantly, this reduction 

was more pronounced during the LD degradation phase, further confirming that loss of PLIN2 mainly 

affects LD load by increasing LD turnover (Fig. 2I,J, and Fig. S3). 

Degradation of cholesterol-rich LDs and subsequent release of free cholesterol is essential for ATP-

binding cassette A1- and G1- (ABCA1 and ABCG1) mediated lipid efflux. Here, we show that Plin2-

deficiency increased ABCA1-mediated cholesterol efflux to ApoA1 without affecting ABCG1-mediated 

efflux to HDL (Fig. 2K). The expression of Abca1 and Abcg1 remained unchanged (Fig. S2D). Of note, 

loss of Plin2 did not impact myelin uptake or cell viability (Fig. 2L, Fig. S2E, Fig. S2F), nor did it affect 

the expression of the scavenger receptors Sra1 and Cd36 (Fig. S2G) or that of sterol O-acyl 

transferases Soat1 and 2 (Fig. S2H). In summary, these findings show that Plin2-deficiency boosts 

LD breakdown and consequent lipid efflux in myelin-laden macrophages.  
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Figure 2. Increased LD degradation and lipid efflux in Plin2-deficient foamy macrophages. A) 

Schematic overview of the experimental set-up. Wild-type (Wt) and Plin2-/- bone marrow-derived macrophages 

(BMDMs) were stimulated with 50 µg/ml myelin for 24h (Lipid droplet (LD) formation) followed by the addition of 

fresh medium for 24h (LD degradation). B,C) Representative images of Oil red O (ORO) (B) and BODIPY (C) 

staining (n=5-6 wells). Scale bars: 20µm (ORO, B) and 10µm (BODIPY, C). D,E) Relative amount of ORO+ (D) 

and BODIPY+ (E) LDs (n=3 wells). F) Quantification of ORO staining of Wt and Plin2-/- BMDMs stimulated with 

50µg/ml myelin followed by culture in myelin-free medium for 2, 4, 6, 8 or 24 h (n=3 wells). G-H) Free cholesterol 

(FC) and cholesterol ester (CE) concentration measured using Amplex Red Assay (n=6). I-J) Liquid 

chromatography electrospray ionization tandem mass spectrometry analysis of Wt and Plin2-/- BMDMs. Log2 fold 

change abundance of all lipid classes is shown (n=4 mice). K) Cholesterol efflux capacity of myelin-treated Plin2-
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/- BMDMs normalized to myelin-treated Wt BMDMs (n=10). L) Internalization of DiI-labeled myelin (n=8 wells). 

Data are represented as mean ± SEM. *P ≤ 0.05, **P ≤ 0.01 and ****P ≤ 0.0001. 

Plin2-deficient foamy macrophages exhibit a less-inflammatory phenotype 

In neurodegenerative disorders, macrophages contribute to CNS lesion progression through the 

production of inflammatory mediators [31]. As previous studies linked PLIN2 to increased expression 

of various inflammatory markers [32], we examined the effect of Plin2-deficiency on the 

inflammatory phenotype of control and foamy BMDMs in the presence of the inflammatory cytokines 

IL1β and IFNγ. Plin2-deficiency did not alter mRNA expression levels of inflammatory cytokines and 

chemokines in control macrophages (Fig. 3A). In contrast, absence of Plin2 reduced the expression 

of the pro-inflammatory genes Tnfα and Il6, and increased the expression of anti-inflammatory Tgfβ 

in myelin-containing BMDMs (Fig. 3B,C) . Furthermore, a trend towards a lower production of TNFa 

and reduced nitric oxide (NO2
-) levels were measured in the supernatant of Plin2-/- myelin-treated 

macrophages (Fig. 3D,E). Having established that Plin2-deficiency enhances LD breakdown (Fig. 2), 

these findings strongly suggest that PLIN2 drives the phenotype of foamy macrophages to a more 

inflammatory one by preventing the degradation of LDs.  

 

Figure 3. Plin2-deficiency in myelin-loaded macrophages reduces the expression of pro-inflammatory 

mediators. A-C) mRNA expression of pro (A,B)- and anti (C)- inflammatory genes in wild-type (Wt) and Plin2-/- 

bone marrow-derived control (A) and foamy (B,C) macrophages (BMDMs) stimulated with IFNγ and IL1β (both 

100 ng/ml) for 6h (n=6 wells). Dotted line represents control Wt and Plin2-/- BMDMs stimulated with IFNγ and 

IL1β. D,E) TNFα (D) and NO2
- (E) concentration in the supernatant of Wt and Plin2-/- foamy BMDMs stimulated 

with IFNγ and IL1β (both 100 ng/ml) for 18h (n=8 wells). Data are represented as mean ± SEM. *P ≤ 0.05, 

***P ≤ 0.001. 

Plin2-deficiency increases LD degradation by boosting lipolysis  

Autophagy is a homeostatic cellular recycling process that mediates the lysosomal delivery and 

clearance of various cellular components and damaged organelles in double-membraned vesicles 

termed autophagosomes [33]. A selective form of autophagy called lipophagy targets LDs for 
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degradation [34]. Accordingly, we recently showed that lipophagy monitors the accumulation and 

efflux of myelin-derived lipids in macrophages [7]. Based on the latter study and the fact that Plin2-

/- macrophages showed higher levels of LD degradation and cholesterol efflux, we next aimed to 

assess whether loss of Plin2 increases autophagy-mediated turnover of LDs. During lipophagy, the 

autophagy marker microtubule-associated protein 1A/1B-light chain 3 (LC3) associates with LDs 

[32]. By using super-resolution Airyscan confocal microscopy, the colocalization of LC3-puncta with 

LDs was measured in wild-type and Plin2-/- myelin-containing macrophages. Interestingly, loss of 

PLIN2 did not affect the percentage of LC3+ LDs (Fig. 4A,C), nor did it affect the general level of LC3-

II (Fig. S4). More downstream in the lipophagy pathway, autophagosomes fuse with lysosomes to 

degrade their cargo. Yet, loss of PLIN2 did not affect the level of colocalization of LAMP1+ lysosomes 

with LDs (Fig. 4B,D). Altogether, these data show that PLIN2 does not reduce LD degradation by 

protecting LDs from lipophagy-mediated degradation in myelin-containing macrophages.  

A second lipid degradation process shown to be responsible for the breakdown of LDs is neutral 

lipolysis, in which cytosolic adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), and 

monoacylglycerol lipase (MGL) constitutively cooperate to degrade triacylglycerols into free fatty 

acids and glycerol. As a result, the amount of free glycerol is proportional to the rate of lipolysis. By 

measuring intracellular glycerol content, we show that Plin2-deficient macrophages have increased 

lipolysis levels compared to wild-type macrophages, both with and without the addition of myelin 

(Fig. 4E,F). Accordingly, Plin2-/- macrophages showed a higher expression of various cytosolic lipases 

(Fig. 4G). In conclusion, our results demonstrate that PLIN2 reduces lipolysis-, but not lipophagy-, 

mediated degradation of LDs. 
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 Figure 4. Loss of Plin2 increases lipolysis in macrophages. A,B) Representative images of 

immunofluorescence staining of wild-type (Wt) and Plin2-/- bone marrow-derived macrophages (BMDMs) treated 

with 50 µg/ml myelin for 24h. BODIPY (green), LC3 (A, red, n=3 wells), Lamp1 (B, magenta, n=3 wells). Scale 

bar 10 µm, 2 µm. C,D) Average percentage of (C) LC3+ and (D) Lamp1+ lipid droplets (LDs) of the total amount 

of LDs. E,F) Glycerol concentration was measured in Wt and Plin2-/- (E) control and (F) foamy BMDMs cultured in 

the presence of myelin-free medium for 24h. Results are normalized for the amount of LDs and compared to 

untreated genotype controls (F, dotted line, n=3 wells). (G) mRNA expression of lipase genes in Wt and Plin2-/- 

BMDMs (n=4 wells). All data are represented as mean ± SEM. *P<0.05; **P< 0.01. 
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Loss of PLIN2 improves remyelination in an ex vivo cerebellar brain slice model 

We and others demonstrated that the intracellular accumulation of myelin-derived lipids drives 

macrophages towards an inflammatory phenotype that suppresses CNS repair [5-7]. Given that our 

results show that PLIN2 boosts foam cell formation by reducing LD degradation, we next aimed to 

assess whether absence of PLIN2 promotes remyelination. To this end, we used the ex vivo cerebellar 

brain slice model in which lysolecithin-induced demyelination is followed by endogenous 

remyelination (Fig. S5A). Akin to our in vitro findings, Plin2-deficiency reduced the accumulation of 

LDs in remyelinating brain slices (Fig. 5A,B). Reduced LD levels were accompanied by increased 

glycerol levels in the brain slice medium, pointing towards increased levels of lipolysis and lipid efflux 

in Plin2-/- brain slices (Fig. 5C). Furthermore, a lower inflammatory gene expression was detected in 

Plin2-deficient slices (Fig. 5D). Importantly, Plin2-/- brain slices showed enhanced levels of 

remyelination, measured by analysing the colocalization of myelin basic protein (myelin marker, 

MBP) and neurofilament (axonal marker, NF) (Fig. 5E,F). Three-dimensional reconstruction of 

cerebellar slices confirmed more efficient remyelination (Fig. 5E,F). To elucidate the role of microglia 

in this observed beneficial effect on remyelination, we used brain slice cultures in which microglia 

were depleted using clodronate liposomes prior to demyelination (Fig. S5A). The efficacy of depletion 

was confirmed using F4/80 staining of brain slices treated with empty control liposomes and 

clodronate liposomes (Fig. S5B,C). In the absence of microglia, the protective effect of Plin2-/- on 

remyelination was abolished, confirming that loss of Plin2 boosts remyelination in a microglia-

dependent manner (Fig. 5E,G). Of note, loss of Plin2 did not affect the differentiation of 

oligodendrocyte precursor cells (OPCs) towards mature oligodendrocytes (Fig. S5D,E). In conclusion, 

these findings demonstrate that Plin2-deficiency increases lipolysis-mediated LD degradation in 

phagocytes, thereby reducing inflammation and improving remyelination ex vivo. 
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Figure 5. Loss of Plin2 improves remyelination in ex vivo brain slice cultures. A,B) Representative images 

and quantification of Oil Red O (ORO) staining of cerebellar brain slices (n=3 slices). Scale bars 500 μm, 100 μm, 

50 µm. C) Relative glycerol concentration measured in supernatant of the brain slice cultures during remyelination 

(n=6 wells). D) mRNA expression of iNos, Il6, and Ccl2 in brain slices during remyelination (n=6 slices). E) 

Representative immunofluorescence images (top) and three-dimensional reconstructions (bottom) of brain slices 

stimulated with or without clodronate liposomes (0.5 mg/ml). Scale bars 150 µm, 150 µm, 50µm. F,G) MBP+NF+ 

axons of total NF+ axons in wild-type and Plin2-/- slices stimulated with empty or clodronate (Clodr.) liposomes 

(G), or unstimulated (F) (n=3-6 slices). All data are represented as mean ± SEM. *P< 0.05. 

Plin2-deficiency improves remyelination after cuprizone-induced demyelination in vivo 

To validate the significance of our findings in vivo, we used the cuprizone-induced de- and 

remyelination model. Cuprizone feeding leads to demyelination in the corpus callosum and cessation 

of cuprizone administration after 6 weeks causes spontaneous remyelination. Animals were 

pathologically characterized both after demyelination (6 weeks, 6w) and during spontaneous 

remyelination (7 weeks, 7w) (Fig. S6A). We confirm our in vitro and ex vivo findings and show that 

loss of Plin2 reduced the amount of ORO+ LDs during remyelination after correction for the number 
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of F4/80+ phagocytes in the corpus callosum (Fig. 6A,C,D,F). Furthermore, iNOS presence was lower 

in Plin2-/- animals during demyelination (Fig. 6B,E), and there was a reduced expression of 

inflammatory genes Ccl4, Il6 and Tnfα measured in the corpus callosum during de- and remyelination 

(Fig. 6G,H). Importantly, Plin2-/- mice showed an increased MBP immunoreactivity during 

remyelination (Fig. 6I,J), without showing changes in the presence of degenerated myelin (Fig. 

S6B,C). Finally, akin to our in vitro findings, Plin2-deficiency resulted in a higher gene expression of 

Atgl and Mgl, suggesting that a higher rate of lipolysis-mediated LD degradation lies at the base of 

the lower lipid load (Fig. 6K). Collectively, our results show that Plin2-deficiency reduces macrophage 

LD load and inflammation in vivo, and enhances remyelination. In conclusion, we identify PLIN2 as 

a novel therapeutic target to promote remyelination. 
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Figure 6. Plin2-deficiency stimulates remyelination in the cuprizone model. Wild-type (Wt) and Plin2-/- 

mice were fed a cuprizone diet for 6 weeks to induce demyelination in the corpus callosum (CC). Upon withdrawal 

of the cuprizone diet, spontaneous remyelination ensues. Tissue was collected after demyelination (6w) and after 

1 week of recovery (7w). A-F) Representative images and quantification of Oil Red O (ORO) (A,D), 

immunofluorescence iNOS (B,E), and F4/80 (C,F) staining of the CC (scale bar 100 µm, n=4-7 mice). G-H) mRNA 

expression of inflammatory mediators in the CC (n=4-6 mice). I,J) Representative images (I) and quantification 

(J) of myelin basic protein (MBP) staining of the CC (scale bar 100µm, n=4-7 mice). K) mRNA expression of 

lipase genes in the CC during remyelination (n=3-7 mice). All data are represented as mean ± SEM. *P< 0.05; 

**P<0.01; ***P<0.001. 
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DISCUSSION 

Foamy phagocytes containing excessive amounts of LDs are a pathological hallmark of demyelinating 

disorders affecting the CNS [1, 5]. However, to date, the impact of LDs on foamy macrophage and 

microglia physiology and lesion progression, as well as the molecular mechanisms involved in LD 

biogenesis and breakdown, remain poorly understood. Here, we provide evidence for a key role of 

the main LD-associated protein PLIN2 in the regulation of LD degradation in foamy macrophages. 

We show that myelin uptake strongly increases PLIN2 in a PPARγ-dependent manner. Loss of Plin2 

reduced LD accumulation by boosting lipolysis-mediated degradation, directed foam cells towards a 

less inflammatory functional phenotype, and markedly improved remyelination in the ex vivo brain 

slice model and the in vivo cuprizone-induced demyelination model. 

We demonstrate that foamy phagocytes in actively demyelinating MS lesions show a marked 

increased PLIN2 abundance as compared to phagocytes in the surrounding NAWM. Accordingly, Plin2 

expression was highly increased in the CNS of experimental models for autoimmune- and toxin-

induced demyelination [23, 35], as well as in in vitro cultures mimicking the formation of myelin-

containing macrophages. Consistent with these findings, other studies demonstrated that PLIN2 

levels are increased in macrophages exposed to lipid ligands such as modified low-density 

lipoproteins (LDL) [16, 18, 36, 37], indicating that PLIN2 expression is generally increased by lipid 

uptake. Furthermore, foamy hepatocytes in animals fed a high-fat diet show elevated PLIN2 levels 

on LDs [38, 39]. We further provide evidence that PPARγ, a ligand-dependent transcription factor 

known to regulate various aspects of cellular lipid metabolism, partially controls Plin2 expression in 

myelin-containing macrophages. In line with these findings, previous studies defined that PPARγ 

regulates the transcription of Plin2 by binding to the PPAR response element present in the Plin2 

gene [25-27]. Moreover, we recently demonstrated that myelin-containing macrophages show active 

PPAR signalling in vitro and in demyelinating MS lesions [4, 24]. Collectively, these findings indicate 

that myelin-induced PPARγ-signalling increases PLIN2 expression in macrophages.  

Previous studies demonstrated that PLIN2 controls LD metabolism, thereby having a major impact 

on LD load, cellular fitness, and disease. Here, we show that PLIN2 regulates LD metabolism in 

myelin-laden macrophages by inhibiting LD degradation and lipid efflux. Accordingly, Plin2 

overexpression was previously found to increase cellular LD load and impair lipid efflux in oxidized 

LDL-treated macrophages [18]. Similar, increased PLIN2 abundance in trophoblasts is linked to 

enhanced accumulation of LDs, hypoxia, and apoptotic cell death [40]. Next to LD breakdown, cellular 
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changes in LD load can be a result of alterations in LD biogenesis [1]. Yet, we found no differences 

in LD formation in Plin2-deficient myelin-laden macrophages. In contrast, previous studies showed 

that overexpression of Plin2 increases LD accumulation by stimulating triacylglycerol synthesis in 

VLDL-treated macrophages [18, 41]. Furthermore, Plin2-deficiency was found to impair macrophage 

LD formation and protect against atherosclerosis [16]. More research is warranted to unravel why 

PLIN2 does not impact LD biogenesis in myelin-containing macrophages. Given that cholesterol is a 

major lipid constituent of myelin, our findings might merely reflect changes in lipid ligands and thus 

LD lipid constituents. On the other hand, as cholesterol is predominantly present in its free form in 

myelin [42], PLIN2 might not affect cholesterol esterification and LD biogenesis to protect myelin-

containing macrophages against free cholesterol-induced lipotoxicity [8]. With respect to the latter, 

defective LD biogenesis was recently found to impair the regenerative response after demyelination 

through induction of endoplasmic reticulum stress [43]. Consistent with a protective function of 

PLIN2 in myelin-containing macrophages, we did not detect changes in cell viability in myelin-laden 

Plin2-/- macrophages. Notably, next to a lower presence of cholesterol and tri- and diacylglycerides, 

loss of Plin2 also caused alterations in other lipid species. For instance, Plin2-/- macrophages showed 

a prominent reduction in lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) 

during LD formation and degradation. Interestingly, LPC is believed to play an important role in 

inflammatory diseases by stimulating pro-inflammatory signal transduction and cytokine expression 

in macrophages and other cell types [44], which is in line with the less inflammatory phenotype 

which Plin2-/- BMDMs display. Furthermore, multiple phospholipid classes were present to a smaller 

extent in Plin2-/- macrophages during LD degradation. As phospholipids make up the monolayer 

barrier between LDs and the cytosol, this decrease is in line with a decreased presence of LDs in 

Plin2-/-  BMDMs. Collectively, our findings show that PLIN2 protects myelin-derived LDs from 

degradation in macrophages, without affecting LD biogenesis, resultingly boosting foam cell 

formation. 

Recently, we demonstrated that lipophagy, which entails autophagosomal degradation of LDs, 

controls LD breakdown in myelin-containing macrophages [7]. Despite PLIN2 affecting lipophagy-

mediated degradation of LDs in macrophages, hepatocytes, and cardiomyocytes [45-48], we here 

show that loss of PLIN2 does not change the level of lipophagy in myelin-containing macrophages. 

Instead, our findings indicate that PLIN2 controls LD degradation through lipolysis. Neutral lipolysis 

involves cytoplasmic lipases [49], such as PNPLA2/ATGL (patatin-like phospholipase domain 
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containing 2), that promote triacylglycerol hydrolysis and the release of glycerol and free fatty acids 

[18]. Accordingly, our results show that Plin2-deficient control and foamy macrophages show 

increased release of free glycerol, indicative of increased lipolysis, which was accompanied by a 

higher expression of multiple lipases including Pnpla2. Of interest, PLIN2 expression has previously 

been linked to reduced lipolysis-mediated LD turnover by decreasing the affinity of ATGL to LDs [50, 

51]. In summary, our results indicate that in agreement with other cell types, absence of PLIN2 

makes LDs in myelin-laden macrophages more prone for lipolysis-mediated degradation. 

In demyelinating disorders, foamy phagocytes accumulate large amount of lipids and cytosolic LDs, 

and display an inflammatory, repair-suppressive phenotype [5, 7]. Here, we show that Plin2-

deficiency boosts LD degradation in foamy macrophages in vitro, and, in parallel, reduces the 

expression of inflammatory and toxic mediators. These data suggest that PLIN2 represents an 

interesting therapeutic target to reduce neuroinflammation in demyelinating disorders. Notably, while 

previous studies found that overexpression of Plin2 in macrophages induces the expression of Tnfα 

and Il6 [32], Plin2-deficiency did not alter the inflammatory transcriptional profile of control 

macrophages in our experiments. Consistent with the importance of inflammation in suppressing 

CNS repair, we further provide evidence that loss of Plin2 improves remyelination in an ex vivo 

cerebellar brain slice model and in the in vivo cuprizone model. Similar to our in vitro findings, Plin2-

deficiency resulted in increased lipolysis-mediated LD degradation and a reduced inflammatory 

burden during remyelination. It remains unclear why PLIN2 expression remains elevated in lesional 

foamy phagocytes as its expression is associated with reduced CNS repair. Faulty feedback regulation 

might explain incessant high expression levels of PLIN2 in phagocytes in MS lesions. In 

atherosclerotic lesions, uptake of modified LDL by macrophages was found to activate PPARγ, 

resulting in elevated expression of the PPARγ response gene Cd36 and additional CD36-mediated 

LDL uptake [52, 53]. As PPARγ is a main regulator of PLIN2 expression in foamy macrophages, this 

feedforward regulation may explain high PLIN2 abundance in foamy phagocytes in MS lesions. 

Interestingly, we previously showed that oxidized forms of myelin divergently impact foamy 

phagocyte physiology. While uptake of oxidized myelin leads to an uncontrolled increase in the 

scavenger receptor collection placenta 1 (CL-P1), the initial increase in CL-P1 expression upon uptake 

of unmodified myelin rapidly subsides [54]. Hence, the formation and uptake of modified forms of 

myelin in MS lesions could explain high lesional PLIN2 levels.  
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It is important to note that precaution should be taken when targeting PLIN2 in future remyelinating 

therapies, as LDs have important protective functions as well [55]. First, the storage of excess free 

fatty acids and cholesterol in LDs is essential to prevent cells from lipid-induced cytotoxicity, and 

serves as a reservoir of energy for the cell [56, 57]. Furthermore, LDs form connections with 

mitochondria and the ER and can modulate mitochondria bioenergetics and the ER-stress response 

[58]. In addition, cholesterol, which is the main component of myelin-derived LDs, is an important 

activator of anti-inflammatory signalling pathways [3, 59, 60]. Finally, Gouna et al. recently 

demonstrated that LD formation is crucial to allow efficient lesion recovery in vivo [43]. Given that 

we found that PLIN2 controls LD degradation and not formation, this study can explain why Plin2 

does not reduce cellular viability and boosts disease-resolving characteristics in myelin-containing 

macrophages. All in all, our findings show that that reducing PLIN2 expression is a promising 

therapeutic strategy to reduce foam cell formation and induce remyelination. 

In summary, we demonstrate an increased expression of PLIN2 in foamy macrophages in MS in a 

PPARγ-dependent manner. Plin2-deficiency was able to boost LD turnover and skew myelin-

containing macrophages towards a less inflammatory, reparative phenotype. In conclusion, we 

provide evidence for PLIN2 to serve as a bridge between LD overload and demyelinating disorders, 

and identify it as an interesting target for future reparative therapies for MS. 
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