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Abstract

Sulfoglycolipids are present on the surface of a variety of cells. The sulfatide SM4s is increased in 

lung, renal, and colon cancer and is associated with an adverse prognosis, possibly due to a low 

immunoreactivity of the tumor. As macrophages significantly contribute to the inflammatory 

infiltrate in malignancies, we postulated that SM4s may modulate macrophage function. We have 

investigated the effect of SM4s on the uptake of apoptotic tumor cells, macrophage cytokine 

profile, and receptor expression. Using flow cytometry and microscopic analyses, we found that 

coating apoptotic murine carcinoma cells from the colon and kidney with SM4s promoted their 

phagocytosis by murine macrophages up to 3-fold ex vivo and in vivo. This increased capacity was 

specifically inhibited by preincubation of macrophages with oxidized or acetylated low density 

lipoprotein and maleylated albumin, indicating involvement of scavenger receptors in this 

interaction. The uptake of SM4s-coated apoptotic cells significantly enhanced macrophage 

production of TGF-β1, expression of P-selectin, and secretion of IL-6. These data suggest that 

SM4s within tumors may promote apoptotic cell removal and alter the phenotype of tumor-

associated macrophages.
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Sulfatides are anionic and amphiphilic glycosphingolipids (GSLs)3 found in the extracellular 

lipid leaflet of the cell plasma membrane. GSLs are thought to participate in cell-cell and 

cell-matrix contacts. Sulfated galactosylceramide (Galactosylsulfatide, SM4s; Sulfatide) and 

sulfated galactosylalkylacylglycerol (Seminolipid, SM4g) are two major sulfoglycolipids 

found in mammals. SM4g is restricted to the testis where it is required for proper 

spermatogenesis (1). It constitutes >90% of glycolipids in spermatozoa and probably plays 

an important role in sperm/egg recognition (2–4). SM4s is abundantly present in the brain 

(being the major glycolipid of the myelin sheath) and is also found in high concentrations in 

glandular epithelial tissue (e.g., colon), in kidney, and in islets of Langerhans (5). Other 

sulfated GSLs that can be isolated in smaller quantities from the kidney include complex 

sulfatides such as lactosylsulfatide (SM3) (2, 3). Sulfation of glycolipid terminal galactosyl 

residues in 3-position is catalyzed by the enzyme cerebrosulfotransferase. SM4s 

concentration has been reported to be markedly increased in some cancer tissue (e.g., human 

renal cell carcinoma, RCC, adenocarcinoma of colon and lung) (6–9). The expression of 

SM4s in these tumors has been positively correlated with the occurrence of lymph node 

metastases and advanced disease (9). Sulfatides have been shown to bind a variety of cell 

surface and extracellular proteins (10–15). They may also play an important role as adhesion 

molecules, acting as ligands to P- and L-selectin (16–19). P-selectin expressed on tumor 

cells has been proposed as a “receptor in charge” of enhanced metastatic phenotype in 

patients with increased cancer-associated SM4s (20). Nevertheless, precise mechanisms that 

give insight into the pathophysiological functions and relevance of elevated SM4s in cancer 

tissue still remain enigmatic.

Apoptosis is a cell death modus found in both malignancy and inflammation. Apoptotic cells 

are rapidly ingested by phagocytes, principally macrophages, and this mechanism has been 

shown to inhibit macrophage proinflammatory activities (21). There is evidence that the 

interaction between a number of receptors expressed by professional phagocytes and their 

ligands exposed on apoptotic cells regulates recognition and removal of apoptotic “waste” 

material (22, 23). Phosphatidylserine (PS) expression on the surface of apoptotic cells is 

assumed to be the key “eat me” signal and the promoter of the apoptotic cell clearance (24–

27). Macrophage receptors known to take part in the uptake of apoptotic particles include 

scavenger receptors (SRs), phosphatidylserine receptor (PSR), CD14, and the vitronectin 

receptor (αVβ3 integrin) (28–31). Class A and B SRs were originally reported to be involved 

in receptor-mediated endocytosis of selected polyanionic ligands, including modified 

lipoproteins (32–37). Sulfatides can bind to SRs (38), which may indicate that these 

molecules could function as phagocytic ligands on dying cells.

Several functional phenotypes of macrophages have been described (39). Apoptotic cell 

uptake has been shown to promote alternative activation of macrophages characterized by 

high secretion of IL-10, synthesis of arginase-1, IL-1 receptor antagonist, CCL22, up-

regulation of SRs, mannose receptor, and galactose receptor. This phenotype (known as M2) 

3Abbreviations used in this paper: GSL, glycosphingolipid; PS, phosphatidylserine; SR, scavenger receptors; PSR, phosphatidylserine 
receptor; PI, propidium iodide; IHC, immunohistochemistry; TLC, thin-layer chromatography; nLDL, native low density lipoprotein; 
OxLDL, copper low density lipoprotein; AcLDL, sodium acetate/acetic anhydride low density lipoprotein; MBSA, Maleyl-BSA; 
TAM, tumor-associated macrophages.
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is thought to promote angiogenesis and tumor growth. This is in contrast to the macrophage 

M1 phenotype, defined by high release of IL-12, IL-23, TNF-α, IL-1, CXCL1, reactive 

oxygen, and nitrogen intermediates, which is associated with a Th1 response and resistance 

to a tumor. Moreover, ingestion of apoptotic cells is known to induce TGF-β1 secretion by 

macrophages, resulting in an anti-inflammatory effect (40). Thus, the host immune response 

to a tumor may be influenced by clearance of apoptotic cells by macrophages (41–44).

The aim of our study was to evaluate the role of SM4s in apoptotic cell uptake and 

macrophage function. We hypothesized that SM4s enhances clearance of late apoptotic 

bodies by tissue macrophages and modulates macrophage cytokine signature. Our results 

showed enhanced uptake of SM4s-painted apoptotic cells by murine peritoneal 

macrophages.

The phenomenon was principally dependent on the sulfate group of SM4s and its 

recognition by macrophage SRs. SM4s-dependent increase in uptake of apoptotic cells 

resulted in enhanced TGF-β1 generation, IL-6 secretion, and P-selectin expression by 

macrophages.

Materials and Methods

Reagents

RPMI 1640 medium, Dulbecco’s PBS, HEPES solution, DMSO, propidium iodide (PI), 

phosphatidic acid (L-α-phosphatidic acid sodium salt), cholesterol sulfate (cholesterol 3-

sulfate sodium salt), brewer thioglycollate medium, O-phospho-L-serine (soluble PS), LPS 

from Salmonella minnesota, and BSA were from Sigma-Aldrich. DMEM, trypsin, penicillin 

streptomycin, L-glutamine, FITC-conjugated annexin V, vibrant DiO solution, AlexaFluor 

546 phalloidin, AlexaFluor 488 donkey anti-mouse IgG (H+L) mAb, and fluorescent-labeled 

galactosylceramide (BODIPY-FL C12-galactocerebroside) were from Invitrogen Life 

Technologies. FBS was from Biochrom. Accutase was from PAA Laboratories. 

Staurosporine was from Alomone Laboratories. SM4s (sulfatides from bovine brain) and 

galactosylceramide (cerebrosides phrenosin; galactosyl ceramide with mostly 2-hydroxy 

fatty acid side chains) were from Matreya. Ceramide-1-phosphate was from Avanti Polar 

Lipids. R-PE- and FITC-conjugated rat anti-mouse CD11b (M1/70) mAbs, purified rat anti-

mouse CD16/CD32 mAb (2.4G2), FITC-conjugated rat anti-mouse CD62P mAb (RB40.34), 

mouse IL-6, TNF, GM-CSF, IL-12 (p70), IL-4, IL-10, and IFN-γ BD OptEIA ELISA sets, 

BD GolgiStop, Cytofix/Cytoperm solution and perm/wash buffer were from BD 

Biosciences. Anti-TGF-β R-PE Ab was purchased from IQ Products. Mouse TGF-β1 ELISA 

DuoSet was from R&D Systems. Mouse MIP-1α ELISA kit was from RayBiotech. Anti-

sulfatide (anti-O4; oligodendrocyte marker) mAb (clone 81) was obtained from Chemicon. 

DRAQ5 was from Alexis. AffiniPure goat anti-mouse IgG was from Jackson 

ImmunoResearch Laboratories. HRP streptavidin, 3-amino-9-ethylcarbazole substrate kit for 

peroxidase, and hematoxylin were from Vector Laboratories. Goat-anti-mouse Ab gold 

particle conjugate (6 nm) and Aurion R-GENT SE-EM were purchased from Aurion 

ImmunoGold. SYTOX green nucleic acid stain was from Cambrex Bio Science.
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Detection of SM4s in human renal and colon tissue

Presence of SM4s in human tissue was analyzed by immunohistochemistry (IHC) and thin-

layer chromatography (TLC). Tissue samples from RCC patients (n = 4), colorectal 

adenocarcinoma patients (n = 4), and samples from noncancerous tissue parts of same 

patients were analyzed. For IHC, frozen samples were cut to 5-µm sections. Anti-O4 mAb 

followed by biotin-SP-conjugated AffiniPure goat anti-mouse IgG as secondary Ab, HRP 

streptavidin, and 3-amino-9-ethylcarbazole substrate for peroxidase were used as described 

(45). The sections were counterstained with hematoxylin. For TLC, the extraction and 

purification of glycosphingolipids from normal and tumor tissue was performed as described 

by Sandhoff et al. (46). In brief, the total lipid fraction was extracted from lyophilized tissue 

using solutions of chloroform/methanol/water, treated with 0.1 M KOH/methanol to 

saponify acylglycerolipids, desalted with RP-18 columns (Waters Associates) and separated 

into neutral and acidic glycolipid fractions using DEAE-Sephadex A25 column 

chromatography (Pharmacia Fine Chemicals). The acidic fraction was then desalted again 

and subjected to TLC analysis using HPTLC-Si60 plates (Merck). Samples were normalized 

to 1 mg of total protein. For separation of sulfated glycolipds by TLC, chloroform/methanol/

water (60/35/8, v/v/v) was used. Bands were visualized by spraying the plates with orcinol/

sulfuric acid solution and heating at 110°C for 10 min. Bands were identified in comparison 

with standard GSLs. Standard gangliosides and SM4s were obtained from Matreya. 

Standard complex sulfatides SM2, SM3, and SB1a were purified as described (46).

Mice

BALB/c mice (female, 10–12 wk old) were purchased from Charles River Laboratories. All 

mice were housed in a specific pathogen-free facility at the German Cancer Research Center. 

All mice experiments were approved by federal authorities (Regierungspraesidium 

Karlsruhe).

Cells

The C26 (derived from BALB/c Colon26 murine colon adenocarcinoma) and Renca (renal 

cell carcinoma of BALB/c origin) cell lines were provided by the tumor-bank of the German 

Cancer Research Center (Heidelberg, Germany) and cultured in DMEM medium with high 

Glucose-4500 mg/L (C26 cells) or RPMI 1640 medium (Renca cells). Media were 

supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 µg/ml streptomycin, 10% 

(v/v) heat-inactivated FBS, and 1% (v/v) HEPES buffer (C26 cells). Thioglycollate-elicited 

murine peritoneal macrophages were isolated by peritoneal lavage 3 days after 

intraperitoneal injection of 1 ml of 4% (v/v) Brewer thioglycollate medium. Aspirated 

peritoneal cells were plated in RPMI 1640 medium supplemented with 2 mM L-glutamine, 

100 U/ml penicillin, 100 µg/ml streptomycin, 10% (v/v) heat-inactivated FBS, and 1% (v/v) 

HEPES buffer. Macrophages were washed 2 h after plating, fed with fresh medium, left in 

culture overnight, washed, and used in different assays (47–51). All cells were maintained in 

a humidified atmosphere of 5% CO2 at 37°C.
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Generation and labeling of late apoptotic cells

C26 and Renca cells were grown to late-log phase. To induce apoptosis, the cells were 

treated with staurosporine (1 µM for 4 h and 24 h) or cycloheximide (10 µg/ml for 16 h) (52, 

53). Early and late apoptosis were verified by both light microscopy and flow cytometry for 

FITC-labeled annexin V/PI. The presence of nuclear condensation and/or fragmentation 

along with both annexin V and PI positivity was considered as late apoptosis and the 

absence of membrane permeability (negative PI test) together with Annexin V-positivity was 

recognized as early apoptosis (54). Apoptotic C26 and Renca cells were suspended at a 

density of 1 × 106/ml in serum-free RPMI 1640 medium. For sulfatide concentration 

gradient experiments and biochemical control experiments, C26 cells were incubated with 

increasing concentrations of SM4s (1, 2, 5, 10, 25, and 50 µM), appropriate controls 

(galactosylceramide, cholesterol sulfate, ceramide-1-phosphate, or SM4g) or vehicle 

(DMSO) for 1 h at 37°C. For the analysis of Renca apoptotic cell uptake, 10 µM SM4s was 

applied for 1 h at 37°C. For the experiment with viable C26 cells, the cells were washed 

with PBS, detached using trypsin solution (5 mg/ml porcine trypsin and 2 mg/ml EDTA in 

PBS), resuspended in serum-containing medium, washed again, and incubated in serum-free 

medium with SM4s or DMSO, as described above. Before incubation with macrophages, the 

cells were washed three times in serum-free medium. For flow cytometry and confocal 

microscopy phagocytosis assays, DiO cell-labeling solution was added at 5 µl per ml of cell 

suspension and mixed by gentle pipetting. For video microscopy assay, apoptotic cells were 

labeled with Sytox Green at a concentration of 0.5 µM. After incubation at 37°C for 15 min, 

the suspensions were washed three times with warm medium (37°C). In all experiments, 

apoptotic cells were resuspended in RPMI 1640 serum-containing medium before 

coincubation with macrophages at a ratio of 1:5 or 1:10 (macrophages:apoptotic cells).

Detection of SM4s, SM4g, galactosylceramide, ceramide-1-phosphate, and cholesterol 
sulfate in cells

Apoptotic C26 or Renca cells, previously incubated with different concentrations of SM4s, 

controls, or vehicle, were collected and incorporation of applied compounds was evaluated 

using the following techniques: binding of SM4s to the cells was analyzed by 

immunocytochemistry, confocal microscopy, immune electron microscopy and TLC. 

Coupling of SM4g, ceramide-1-phosphate, and cholesterol sulfate to apoptotic cells was 

proven by TLC. Binding of galactosylceramide to the C26 plasma membrane was assessed 

by flow cytometry. For immunocytochemistry, confocal, and immune electron microscopy 

experiments, the cells were spun down (Shandon Cytospin 3) and stained using mouse anti-

O4 mAb. AlexaFluor 488 donkey anti-mouse IgG (H+L) and gold-coupled goat-anti-mouse 

Abs with silver enhancement reagent (Aurion R-GENT SE-EM) were used for SM4s 

visualization by confocal and electron microscopy, respectively. The percentage of SM4s-

positive cells was determined from confocal photomicrographs in three randomly chosen 

fields (magnification 400 ×). Immunocytochemistry of apoptotic cells was done as described 

above. For immune electron microscopy, the cells were grown on cover slips in 24-well 

plates, fixed in 8% (v/v) paraformaldehyde solution, incubated with indicated Abs, and 

embedded in araldite. Ultrathin sections were cut with Leica UCT ultramicrotome to 70–80 

nm and stained with uranyl acetate (Leica UCT). The samples were viewed using a Zeiss 

900 electron microscope and a SlowScan CCD camera (Zeiss). Analysis was performed 
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using Olympus Soft Imaging software (Olympus Soft Imaging Solutions). Isolation of 

glycolipids from SM4s-, SM4g-, cholesterol sulfate-, and ceramide-1-phosphate-treated and 

untreated viable and apoptotic cells for TLC was performed essentially as described (46). 

Glycolipids were isolated in a single extraction step with chloroform/methanol/water 

10/10/1 (v/v/v) using an ultrasound water bath at 50°C for 30 min. Aliquots of the acidic 

glycolipid fraction corresponding to 0.1 mg total protein were spotted on silica high 

performance thin layer chromatography plates. SM4s and SM4g were developed in a 

saturated chromatography chamber with chloroform/methanol/0.2% Ca++ in water 60/35/8 

(v/v/v) and visualized with orcinol/H2SO4 spray-reagent as described. Ceramide-1-

phosphate and cholesterol sulfate containing extracts were developed in chloroform/

methanol/water 65/25/4 (v/v/v) and lipids were visualized with 10% CuSO4 in 8% H3PO4 at 

160°C for 10 min. For assessment of galactosylceramide binding by flow cytometry, 

apoptotic C26 cells were incubated with fluorescent-labeled (BODIPY-FL) galacto-

sylceramide and analyzed by FACS as described.

Lipoprotein isolation and modification: preparation of anti-SR-A mAb, SM4g extraction

Native low density lipoprotein (nLDL, d = 1.035 to 1.065 g/ml) was isolated by 

ultracentrifugation as described (55). Modification of nLDL was performed with copper 

(OxLDL) or sodium acetate/acetic anhydride (AcLDL) as described (55). Maleyl-BSA 

(MBSA) was prepared as stated by Butler et al. (56). Protein and cholesterol content as well 

as electrophoretic mobility of nLDL and modified LDL preparations were measured. 

Endotoxin levels were determined using the gel-clot method (Charles River Endosafe) and 

were detected to be <0.2 ng/mg for all (lipo)protein preparations used. Anti-SR-A mAb was 

prepared according to Fraser et al. (57). SM4g extraction from rat testes was done as 

indicated by Fujimoto et al. (1).

Phagocytosis assays by flow cytometry

For the ex vivo assay, murine peritoneal macrophages were washed with serum-free RPMI 

1640 medium and seeded (1 × 106 per well) in 24-well tissue culture plates before 

coincubation with 5 × 106 apoptotic or viable cells at 37°C. In experiments with different 

apoptotic cell ratios, 5 × 106 and 10 × 106 of late apoptotic C26 cells were incubated with 

the indicated number of macrophages. After 60 min, noningested C26 or Renca cells were 

washed off, macrophages were detached using Accutase and were resuspended in cold PBS 

for further analysis. In receptor-blocking experiments, before incubation with apoptotic C26 

cells, macrophages were incubated with OxLDL, AcLDL, nLDL, BSA, MBSA, soluble PS 

(all 100 µg/ml), anti-SR-A mAb (2F8; 1 µg/1 × 106 cells/100 µl), or vehicle for 30 min at the 

standard cell culture conditions (58–60). For the in vivo assay, apoptotic C26 cells were 

resuspended at a concentration of 5 × 106 per ml in serum-containing RPMI 1640 (37°C) 

and injected i.p. in a volume of 3 ml. Macrophages were harvested 1 h after injection, as 

described above. In both assays, macrophage Fc receptors were blocked with specific mAb, 

washed, incubated with anti-mouse CD11b PE according to the manufacturer’s protocol, and 

analyzed by flow cytometry (FACSCalibur, BD Biosciences). CD11b positive cells were 

considered as macrophages, gated, and analyzed for the intensity of DiO fluorescence as a 

parameter of phagocytosis (47–51). The FACS phagocytosis index was calculated by 
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dividing mean relative DiO fluorescence intensities of macrophages and apoptotic bodies 

from the same experiment.

Confocal, electron, and video microscopy phagocytosis assays

Macrophages were incubated on cover slips in 6-well culture plates overnight. For confocal 

and video microscopy experiments, DiO or SYTOX green-labeled apoptotic C26 cells were 

added, respectively. In the confocal microscopy assay, macrophages were washed and 

subjected to fluorescent staining to actin (Alexa 546 phalloidin) and nucleus (DRAQ5) after 

1 h of coincubation. Image acquisition and analysis was done using a Leica TCS-SL 

microscope and Leica confocal software (v. 2.61). For the video microscopy experiment, 

cover slips with macrophages and apoptotic C26 cells were positioned in an imaging 

chamber with standard medium and cell culture conditions (serum-containing RPMI 1640, 

37°C, 5% CO2) for 2 h. Movies were acquired on a Zeiss Axiovert 200M microscope by 

AxioCam camera using AxioVision Rel4.5 software (Zeiss). For the electron microscopy 

experiment, macrophages were fixed in Karnovsky solution and embedded in araldite (61). 

Samples were prepared and analyzed as described above. In total, 80 macrophages were 

analyzed.

Cytokines

Macrophages, plated at a density of 2 × 106 cells per well in 6-well culture plates, were 

washed twice with PBS and cocultured with apoptotic C26 cells (10 × 106 per well, 

corresponding to a 1:5 ratio of macrophages: apoptotic cells), apoptotic C26 cells 

preincubated with SM4s (10 µM), vehicle, or LPS (1 µg/ml). In addition, macrophages were 

preincubated with SM4s for 1 h and then cocultured with C26 apoptotic cells. Supernatants 

were harvested at 2 and 12 h after start of coculture, cleared from remaining particles by 

centrifugation, and frozen at –80°C until being analyzed by ELISA for active TGF-β1, IL-6, 

TNF-α, GM-CSF, IL-12 (p70), IL-4, IL-10, IFN-γ, and MIP-1α. Immunofluorescent 

staining of intracellular TGF-β1 for flow cytometry analysis was performed according to 

standard manufacturers’ protocols (BD Biosciences and IQ Products).

Statistical analyses

All data are reported as mean ± SEM. Statistical analyses were performed using GraphPad 

Prism v2.01, CellQuest v3.3, BD CellQuest Pro v.5.2.1, and FCAP Array v1.0.1. softwares.

Results

Human RCC and colorectal adenocarcinoma contain sulfatides

Frozen samples from noncancerous and cancerous human kidney and colon tissue were 

examined for the presence of sulfatides. IHC revealed abundant sulfatide in the following 

specimen ratios: noncancerous colon 4:4 (Fig. 1A); colon cancer 2:4 (Fig. 1B); 

noncancerous kidney 4:4 (Fig. 1C) and RCC 4:4 (Fig. 1D). Epithelial cells showed positivity 

for sulfatides. The invasive colon cancer cells and RCC cells demonstrated the strongest 

reactivity to sulfatide Abs (Fig. 1, B and D). TLC of sulfatides isolated form the tissue 

confirmed immunohistochemical observations that SM4 (kidney and colon) and SM3 
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(kidney) were increased in cancerous in comparison to noncancerous tissue from the same 

patient (Fig. 1E).

Apoptosis and painting of C26 and Renca cells with SM4s

To induce a homogeneous and defined stage of apoptosis, staurosporine (a protein kinase C 

inhibitor) and cycloheximide (a protein translation inhibitor) were used at concentrations of 

1 µM and 10 µg/ml, respectively, for different time periods. Late apoptosis in C26 and Renca 

cells was verified by Annexin V/PI flow cytometry assay and confirmed by quantitative 

ultrastructural analysis of apoptotic cells by electron microscopy. Consistent results were 

obtained at time points of 24 h (staurosporine) and 16 h (cycloheximide) after the start of 

induction, as demonstrated by both PS exposure on the outer layer of plasma membrane and 

complete membrane permeability in nearly all collected cells (Fig. 2A) along with nuclear 

condensation and/or fragmentation (Fig. 2B). Early apoptosis of C26 cells was achieved by 

staurosporine induction (10 µM) for 4 h and confirmed by exposure of PS on the cell surface 

without increase in membrane permeability.

To determine presence of SM4s on the apoptotic C26 cells after incubation with different 

concentrations of SM4s, immunocytochemistry, confocal imaging, and immune electron 

microscopy of control and SM4s-painted apoptotic cells were performed (Fig. 2, B–L). 

SM4s was not detected in control apoptotic C26 or Renca cells (Fig. 2, G and J). A strong 

saturated SM4s label was achieved in apoptotic particles at a concentration of 10 µM (Fig. 2, 

D–F, H, and K). At this concentration, >90% of cells showed painting by sulfatide, as 

analyzed by confocal microscopy (Fig. 2E). In addition, TLC analysis confirmed the 

successful binding of SM4s to late apoptotic C26 cells (Fig. 3A). SM4s also effectively 

bound to late apoptotic Renca cells and early apoptotic C26 cells (Fig. 2L; Fig. 3, A and B). 

Binding of sulfatide to viable C26 cells was evident, but distinctly less efficient than in 

apoptotic cells (Fig. 3B). Immune electron microscopy and confocal imaging analyses of 

apoptotic C26 cells incubated with SM4s revealed pronounced plasma membrane 

localization of the sulfatide in apoptotic cells (Fig. 2, B and C).

Painting of late apoptotic C26 cells with galactosylceramide, SM4g, ceramide-1-phosphate, 
and cholesterol sulfate

TLC of late apoptotic C26 cells incubated with SM4g, ceramide-1-phosphate, and 

cholesterol sulfate showed effective binding of these compounds to the cells (Fig. 3B, C). 

Strong coupling of galactosylceramide with apoptotic C26 plasma membrane was confirmed 

by flow cytometry (Fig. 3D).

Effect of SM4s on the uptake of late apoptotic cells by macrophages

As analyzed by flow cytometry, incubation of fluorescently labeled apoptotic cells with 

macrophages resulted in formation of a double-positive (CD11b+/DiO+) population that 

represented macrophages with tethered and/or ingested apoptotic cells (Fig. 4). Results 

obtained from the ex vivo experiments showed that painting of apoptotic cell membranes 

with SM4s significantly increased the FACS phagocytosis index (Fig. 4, A–C). The 

increased uptake was evident and significant for apoptotic cells previously exposed to SM4s 

at concentrations of 10 µM or higher. The effect was not significantly enhanced with higher 
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(1:10) concentration of apoptotic cells (3.258 ± 0.647 vs 3.660 ± 0.619, p = 0.1236; data not 

shown). The experiments with late apoptotic C26 cells induced by cycloheximide and late 

apoptotic Renca cells also showed a significant difference in the uptake between SM4s-free 

and SM4s-positive cells (1.01 ± 0.01 vs 1.33 ± 0.06, p = 0.0012; and 0.99 ± 0.02 vs 1.76 

± 0.25, p = 0.0201, respectively) (Fig. 5). We could observe a similar effect in the case of 

early apoptotic C26 cell uptake, as measured by fold increase in FACS phagocytosis index 

(1.00 ± 0.03 vs 1.23 ± 0.07, p = 0.0266) (Fig. 5). The in vivo experiments confirmed a 

significant increase in phagocytosis of apoptotic C26 cells painted with SM4s, by flow 

cytometry (Fig. 4, D–F). The in vitro video microscopy assay showed that most of the 

uptake process was completed at 1 h after the start of coincubation.4 Confocal microscopy 

was used to confirm these results and to distinguish between tethering and internalisation of 

apoptotic cells. Both percent of DiO positive macrophages (43.93 ± 5.58 vs 84.75 ± 6.37; p 
= 0.0286) and percent change of mean DiO fluorescence intensity per macrophage (100 

± 9.39 vs 184.8 ± 17.08; p = 0.0002) were again found to be strongly increased in the 

population ingesting SM4s-positive apoptotic cells (Fig. 6, A–D). Electron microscopy 

revealed that the number of intraphagosomal apoptotic particles per macrophage was 

increased up to 3-fold in macrophages coincubated with SM4s-positive apoptotic cells. We 

also detected a significant difference in the percent of apoptotic particle-containing 

macrophages between the two groups (41.32 ± 6.18% vs 66.59 ± 9.09%, p < 0.0001) (Fig. 

7A–C).

To identify the specificity of SM4s-induced enhanced binding and uptake of apoptotic 

particles by macrophages, the effect of molecules with similar structure and/or charge to 

SM4s was analyzed. Apoptotic cells were incubated with the same concentration (10 µM) of 

SM4s, galactosylceramide (GalCer “bone” of SM4s), or cholesterol sulfate (sulfate group) 

and examined in flow cytometry assays as described. Cholesterol sulfate-painted apoptotic 

C26 cells demonstrated a slight but not significant increase in the uptake by macrophages. 

Galactosylceramide did not change the apoptotic cell uptake pattern, compared with the 

control. A significantly enhanced phagocytosis effect ( p = 0.0440) was evident only in the 

SM4s samples (Fig. 4G). An additional set of experiments included seminolipid (SM4g; 

sulfate group and alkylacylglycerol instead of ceramide structure) and ceramide-1-phosphate 

(ceramide structure and negative charge) next to SM4s. Enhanced uptake was evident in 

SM4s ( p = 0.0136) and SM4g ( p = 0.0318) samples, while C1P did not lead to an increase 

in the FACS phagocytosis index (Fig. 4H).

The increased uptake phenomenon is mainly mediated by macrophage scavenger 
receptors

In the next step, it was investigated whether blocking of SRs is paralleled by impaired 

uptake of SM4s-painted apoptotic cells. Macrophages were incubated with OxLDL, AcLDL, 

nLDL, soluble PS, or vehicle (PBS) before incubation with apoptotic cells. In addition, a set 

of experiments with MBSA as a nonspecific SR blocker and anti-SR-A mAb (2F8) were 

included (Fig. 8, A and B). Inhibition of increased uptake (up to 100%) was achieved with 

SR blockers (OxLDL, AcLDL, and MBSA), with an insignificantly stronger inhibition by 

4The online version of this article contains supplemental material.
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OxLDL in comparison to AcLDL. Blockade with anti-SR-A mAb gave inconsistent results 

(data not shown). The uptake pattern in the presence of nLDL was similar to that when 

uptake was studied in the absence of lipoproteins. Exposure of macrophages to soluble PS 

had only a small, statistically insignificant influence on clearance of either control or SM4s 

painted apoptotic cells (data not shown). Viable nonpainted (control) and viable SM4s-

painted C26 cells were incubated with macrophages, as described earlier, to elaborate if 

SM4s alone would suffice for the effect. Macrophages incubated with viable cells showed 

only minimal uptake, with no evident difference between control and SM4s samples (Fig. 

8C).

Increased recognition of SM4s-painted apoptotic particles enhances generation of TGF-β1, 
P-selectin surface expression, and IL-6 secretion by peritoneal macrophages

Flow cytometry immunostaining of macrophages incubated with late apoptotic C26 cells for 

4 h and 12 h showed a significant increase in the percent of TGF-β1-positive macrophages in 

the sulfatide group, compared with the control, for both time points (average increase of 

1.69-fold, p = 0.0069; and 1.30-fold, p = 0.0027, for 4 h and 12 h, respectively; Fig. 9, A and 

B). Analysis of macrophage supernatants for active TGF-β1 12 h after induction showed a 

slight increase in TGF-β1 concentration by macrophages from the sulfatide group (on 

average 1.13-fold, p = 0.1924; Fig. 9C).

P-selectin was constitutively expressed by resident nonstimulated peritoneal macrophages. 

However, expression of P-selectin was enhanced within 2 h after incubation with C26 

apoptotic cells with a significant increase both in percent of CD62P-positive macrophages 

(39.93 ± 2.07 vs 54.83 ± 5.48; p = 0.0448; Fig. 10, A and B) and intensity of expression 

(169.8 ± 18.31 vs 239.4 ± 21.91; p = 0.0003) in macrophages that had recognized SM4s-

containig apoptotic C26 cells.

Analysis of macrophage supernatants showed an increase in the release of IL-6 by 

macrophages incubated with SM4s-positive apoptotic C26 cells, compared with the 

nonpainted apoptotic particles (1538.0 ± 240.8 pg/ml vs 2249.0 ± 222.1 pg/ml, p = 0.0026). 

The effect was apoptotic cell dependent, because release of IL-6 by macrophages incubated 

with SM4s alone was undetectable (Fig. 10C). Analysis of levels of GM-CSF, IL-10, IL-4, 

IFN-γ, MIP-1α, IL-12 p70, and TNF-α in the supernatants of the macrophages incubated 

with C26 or sulfatide-coupled SM4s did not demonstrate significant differences (data not 

shown).

Discussion

Sulfatides can be found in human kidney and colon tissue. Enhanced expression of SM4s in 

RCC and adenocarcinoma of the colon and lung has been reported (6–9). Concordant with 

these observations, we have shown in this study expression of sulfatides in both cancerous 

and noncancerous tissue and an increase of SM4s in tumors of kidney and colon. 

Nevertheless, the function of sulfatides in cancer remains unknown up to date. As 

macrophage SRs contribute to apoptotic cell uptake and as they have been reported to bind 

sulfatides, we hypothesized that SM4s might play a potent role as a phagocytic ligand and 

contribute to macrophage clearance of cancer apoptotic cells rich in sulfatides.
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Apoptotic cell clearance by phagocytes requires surface presentation of a variety of ligands 

by the dying cell. Far less is known about the nature of ligands involved in phagocytosis of 

apoptotic cells than we do of the multiple receptors they may interact with. Exposure of PS 

on the cell surface has been suggested as a major signal in macrophage recognition of 

apoptotic particles (26). Macrophage SR-B (CD36), SR-B1, PSR, vitronectin receptor, 

CD14, and LRP/CD91 are among a number of macrophage receptors detected to bind PS 

(28, 29, 62–65). Oxidation of PS has been recently identified as a key factor for its 

recognition by macrophage CD36 (66). Next to PS exposure as a “general” apoptotic 

recognition pattern, other ligands (such as annexin I and II, lipoxins, calreticulin, 

sialoglycoprotein CD43) have been reported to promote phagocytosis, mainly in a cell- and 

tissue-dependent manner (67–70). Moreover, many of the apoptotic ligands do not bind 

directly to the corresponding macrophage receptors, but interact with bridging molecules 

(i.e., MFG-E8; β-2-glycoprotein 1) to facilitate binding and uptake of apoptotic particles (65, 

71). We propose in this study that SM4s can act as a phagocytic ligand when expressed in 

sulfatide-rich apoptotic cancer cells. Our data indicate that the presence of SM4s on 

apoptotic cell membrane facilitates their uptake by macrophages. In ex vivo assays, both the 

number of phagocytosed late apoptotic C26 cells per macrophage and the percent of 

phagocytosis-involved macrophages were elevated, as shown by flow cytometry and 

confocal and electron microscopy. Moreover, the increased uptake was evident in the case of 

late apoptotic Renca cells and early apoptotic C26 cells as well as apoptotic cells induced by 

cycloheximide, indicating that the enhanced uptake phenomenon does neither depend on cell 

line nor on apoptotic inducer. We could not observe a significant difference in apoptotic cell 

clearance with different macrophage:apoptotic cell ratios (1:5 vs 1:10). Based on the 

dynamics of uptake as observed by video microscopy (supplemental movies), we suggest 

that macrophages have limited phagocytosis capacity and that, in our experiments, maximal 

capacity has already been reached with the lower (1:5) ratio. Ultrastructural analyses 

revealed a strong increase in the number of intraphagosomal apoptotic particles in 

macrophages ingesting apoptotic cells coupled to SM4s compared with the control group, 

corroborating that the effect of SM4s was not limited to tethering only. Results from our in 

vivo experiments, based on the capacity of thioglycollate-elicited murine peritoneal 

macrophages to ingest apoptotic cancer cells within the peritoneal cavity, were concordant 

with the ex vivo findings. SM4s alone did not promote ingestion. The sulfated glycolipid has 

to be present on the surface of apoptotic cells to enhance the interaction between the particle 

and the macrophage that results in greater levels of internalisation. Binding of SM4s to 

viable cells was strongly diminished, in comparison to early and late apoptotic cells. The 

ligand for SM4s on the surface of apoptotic cells was not identified. Because external 

exposure of PS represents a major difference between a viable and apoptotic cell, it can be 

assumed that PS may serve as a SM4s-binding molecule on the apoptotic cell surface. 

Consistent with this, SM4s painting of viable cells did not lead to enhanced binding to 

macrophages. We suggest that SM4s constitutes a bridging molecule between the apoptotic 

particle and macrophage SRs. In addition to their proposed role in the removal of apoptotic 

cells, SRs have been implicated in the clearance of aged platelets (72), which also express 

sulfatides (73).
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We have identified the sulfate group of SM4s as a component critical for its recognition on 

apoptotic cancer cells by macrophages. Clearance of Galactosylceramide-painted apoptotic 

cells was not enhanced, while SM4g showed an effect similar to SM4s. These data are in 

accordance with those for the recognition of SM4 by SR-A, which similarly identified the 

sulfate moiety as essential (38). In this study, it was found that the ceramide moiety could be 

replaced with another bearing two long chains and that the galactose moiety could be 

substituted or deleted without loss of binding activity (38). However, our data have shown 

that negative charge (ceramide-1-phosphate) or sulfate group (cholesterol sulfate) alone are 

not sufficient per se for enhanced phagocytosis. Rather, the positioning of the galactosyl 

residue between the sulfate group and a lipid anchor would appear to be critical, suggesting 

the requirement for specific charge density. SR-A and CD36 clearly played a major role in 

the recognition of apoptotic cells, independent of SM4s, which is in agreement with 

published data (29, 66).

Macrophages constitute a dominant population of the local mononuclear cell infiltrate at 

cancer sites. They are known to take part in a variety of functions crucial for tissue 

remodelling and immune responses to cancer (74–76). Increased clearance of cancer 

apoptotic cells by macrophages via recognition of SM4s may have several implications: 

first, apoptotic cancer cells ingested by macrophages are not an effective immunogenic 

substrate as macrophages exhibit poor Ag presentation capacity (77). This mechanism may 

dampen the host anti-tumor Th1 response, contributing to a tumor immune escape. Another 

important aspect of apoptotic cell uptake by macrophages toward Th2-like immune response 

is TGF-β1 biosynthesis (21, 40, 78, 79). We have shown in this study an increase in 

intracellular TGF-β1 in macrophages that ingested sulfatide-painted apoptotic cells. 

However, we could not observe a significant increase in active TGF-β1 content in 

macrophage supernatants for the same time points. This may be partially explained by 

strong binding and autocrine regulation of macrophages by endogenously produced TGF-β1, 

which would prevent accumulation of the active cytokine form in supernatants in our closed 

in vitro system (80). We observed an increased macrophage P-selectin expression after 

incubation with SM4s-painted apoptotic cells, which may be caused either by a primary 

effect of the uptake or by a potential soluble factor secreted by macrophages secondary to 

the uptake. This may contribute to enhanced formation of macrophage-to-macrophage and 

macrophage-to-cancer cell aggregates (81). Increased interaction between apoptotic tumor 

cells and tumor-associated macrophages (TAM) could lead to an amplification of mitogenic 

and angiogenic activity of the macrophages. It is known that cancer cells can attract TAM 

and sustain their survival (82). TAM may respond to microenvironmental factors in tumors 

by producing mitogens and humoral factors that stimulate tumor angiogenesis (83). IL-6 

secretion by macrophages after uptake of SM4s-painted apoptotic cells may induce and 

foster tumor proliferation. It has been reported that colon cancer growth can be inhibited and 

apoptosis can be stimulated by a neutralizing Ab against IL-6 receptor and gp130, a soluble 

IL-6 receptor fragment (84). IL-6 trans-signaling would thus support tumor progression (84). 

IL-6 has also been reported as an inducer of tumor angiogenic potential (85, 86). Clinical 

studies have identified IL-6 as a prognostic factor in some cancer patients. These 

investigations have found a highly significant correlation between increased IL-6 in patient 

sera with enhanced tumor growth at later cancer stages and reduced survival (87).
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The results presented in this study are based on a macrophage-apoptotic cell phagocytosis 

model that used murine peritoneal macrophages and murine colon and renal cancer cells. We 

suggest that tumor-associated macrophages may well exhibit similar phagocytic 

characteristics, but this will require verification in vivo. Our data indicate that sulfated 

glycolipids such as SM4s in combination with an apoptotic ‘eat me’ signal can increase the 

extent of apoptotic cell elimination and significantly alter the phenotype of phagocytosing 

macrophages.
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FIGURE 1. Sulfatide can be detected in both normal and cancerous human kidney and colon 
tissue.
A–D, Frozen samples from human renal and colon tissue were analyzed by IHC. A, Light 

micrograph showing sulfatide staining in basal crypt epithelium (arrow) and surface 

epithelium (double arrow) of normal colon (Leica, ×400). B, Colon cancer tissue showing 

strong intraepithelial (arrows) positivity for sulfatide (Leica, ×200). C, Light micrograph 

illustrating cortex of normal kidney. Collecting duct epithelium (arrows) shows presence of 

sulfatide. (Leica, ×200). D, Sulfatide expression (arrows) in renal cell cancer tissue, with 

positive apoptotic cells (Leica, ×200). E, TLC of acidic glycosphingolipid species. Normal 

and cancerous tissue of human kidney and colon were analyzed.

Popovic et al. Page 19

J Immunol. Author manuscript; available in PMC 2016 May 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



FIGURE 2. C26 and Renca cells demonstrate late apoptotic phenotype after induction with 
staurosporine and successful SM4s painting after exposure to SM4s.
A, C26 cells were incubated with staurosporine (1 µM) for 24 h. PS exposure and membrane 

permeability were detected by flow cytometry using FITC-conjugated annexin V and PI, 

respectively. Annexin V/PI double-positive cells were considered as late apoptotic. B, 

Electron photomicrograph of apoptotic C26 cell with evident nuclear condensation and 

fragmentation (Zeiss, ×30000). B and C, Electron photomicrographs of apoptotic C26 cells 

preincubated with 10 µM SM4s. Gold particle-conjugated goat anti-mouse Ab (particle size 

of 6 nm) was used for visualization of the sulfatide (arrows). D–F, Apoptotic C26 cells were 
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prepared as described above, spun down, stained with DRAQ5 (nucleus), and 

immunostained with anti-O4 and AlexaFluor 488 donkey anti-mouse IgG (H+L) mAbs 

(SM4s). F, Confocal image of a single cell shows predominant membrane localization of the 

sulfatide (×5000). Data are presented as merge of green and blue channels. G–L, Apoptotic 

cells subjected to immunocytochemistry analysis with anti-O4 mAb. Photomicrographs of 

apoptotic cells treated with sulfatide or vehicle (DMSO). G and J, C26 and Renca control 

cells (Leica, ×400). H and I, C26 cells treated with 10 µM SM4s (Leica, ×400 and ×1000, 

respectively). K, Late apoptotic Renca cells painted with sulfatide (Leica, ×400). L, Binding 

of SM4s to plasma membrane of late apoptotic (arrows) and early apoptotic (star) Renca 

cells (Leica, ×400).
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FIGURE 3. TLC of the cells treated with SM4s or controls.
Cells were incubated with indicated concentrations of SM4s, SM4g, cholesterol sulfate 

(CS), or ceramide-1-phosphate (C1P) and subjected to thin layer chromatography. A, 

Chromatograms of lipids from late apoptotic C26 (left) and Renca (right) cells treated with 

SM4s or vehicle. B, Binding of sulfatide to early apoptotic and viable C26 cells and binding 

of seminolipid to late apoptotic cells. C, Chromatogram of lipids from late apoptotic C26 

cells treated with CS and C1P. D, Late apoptotic C26 cells were incubated with fluorescent 

galactosylceramide (BODIPY-FL C12-galactocerebroside) for 1 h at 37°C and analyzed by 
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flow cytometry. Histogram shows binding of galactosylceramide (GalCer) to the apoptotic 

cell.
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FIGURE 4. Effect of SM4s on phagocytosis of apoptotic C26 cells by macrophages.
A and B, For ex vivo phagocytosis assay, murine peritoneal macrophages were coincubated 

with DiO-labeled SM4s- positive or SM4s-free apoptotic C26 at 37°C for 1 h, washed, 

stained with anti-mouse CD11b-PE Ab, and analyzed by flow cytometry. Alternatively, 

macrophages were directly exposed to SM4s before coincubation with SM4s-free apoptotic 

C26 cells. Double-positive population represented macrophages that took part in tethering 

and/or uptake of apoptotic C26. C, FACS phagocytosis index was calculated by dividing 

mean relative DiO fluorescence intensities of macrophages (upper quadrants of density 

plots) and apoptotic C26 (lower right quadrant). D–F, FACS analysis of in vivo uptake 

experiments. Number of macrophages per mouse was counted to ascertain constant ratio 

macrophages:apoptotic cells (1:2). G and H, Macrophages were cocultured with apoptotic 

cells preincubated with 10 µM SM4s (SM4), galactosylceramide (GC), cholesterol sulfate 

(CS), seminolipid (SM4g), ceramide-1-phosphate (C1P), or vehicle at 37°C for 1 h. 
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Phagocytosis was analyzed by flow cytometry. Results represent mean ± SEM of three 

experiments in duplicates. Statistical differences were evaluated by paired t test (ex vivo 

data) or Mann-Whitney U test (in vivo data). *, p < 0,05; and ***, p < 0,001.
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FIGURE 5. Comparative analysis of uptake of apoptotic cells from different cell lines, distinct 
apoptotic inducers, and different apoptotic stages.
Late apoptotic C26 cells induced by cycloheximide (left), late apoptotic Renca cells induced 

by staurosporine (middle), and early apoptotic C26 cells (right) were subjected to flow 

cytometric analysis for PS exposure on the cell surface and membrane permeability (upper 
lane) and cell size and granularity (middle lane). The cells were used in FACS phagocytosis 

assay as described (bottom lane). Data in the graphs are presented as mean ± SEM of three 

experiments in duplicates. Statistical differences were evaluated by paired t test. *, p < 0,05 

and **, p < 0,01.
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FIGURE 6. Confocal microscopy and SM4s enhancement of uptake of apoptotic cells by 
macrophages.
A, DiO-labeled apoptotic cells were cocultured with macrophages at 37°C for 1 h. The 

macrophages were washed from noningested apoptotic cells, stained with Alexa-546 

phalloidin (actin) and DRAQ5 (nucleus), and visualized with confocal microscopy. Data are 

presented in red and blue channel (Alexa-546 and DRAQ5, respectively; left), green channel 

(DiO; middle), and merge (right). B, Higher magnification confocal images of macrophages 

with intracellular localization of apoptotic material (×2500). C, Percent of phagocytosis-

active macrophages was calculated by dividing numbers of DiO-positive and negative 

macrophages, multiplied by 100. D, Single macrophages were analyzed for the intensity of 

green fluorescence, as a parameter of intensity of phagocytosis. Mean green fluorescence 

intensity of macrophages from macrophages + C26 samples was taken as “standard” 

(100%). Fluorescence intensity of single macrophages was calculated as percentage of 
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standard 20 macrophages per condition per experiment were analyzed. All data are 

presented as mean ± SEM of three experiments in duplicates. Statistical differences were 

evaluated by Mann-Whitney U test. *, p < 0.05 and ***, p < 0.001.
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FIGURE 7. Increased number of apoptotic particles in the phagosomal compartment in 
macrophages that ingested SM4s-painted apoptotic C26.
Murine peritoneal macrophages were grown on cover slips placed in 6-well plates and 

cocultured with apoptotic cells at 37°C for 1 h and subjected to ultrastructural analysis by 

electron microscopy. A, Quantification of apoptotic particles within phagosomes (arrows) 

between the two groups. Dense apoptotic material in the phagolysosomes (stars) of apoptotic 

cell-SM4s phagocytosing macrophages in comparison to the control. B and C, Number of 

apoptotic particle-containing phagosomes per macrophage and percent of macrophages that 

contain apoptotic material were evaluated. Results are presented as mean ± SEM from total 

of 80 macrophages from three experiments. Statistical differences were evaluated by Mann-

Whitney U test. ***, p < 0.001.
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FIGURE 8. Increased uptake of SM4s-painted apoptotic cells is dominantly mediated by 
scavenger receptor SR-A.
A, Before incubation with DiO-labeled apoptotic C26 cells, macrophages were incubated 

with a general scavenger receptor blocker (OxLDL), a SR-A blocker (AcLDL), control 

(nLDL), or vehicle at 37°C and subjected to flow cytometric analysis. B, Effect of 

maleylated BSA (MBSA) as a SR-blocker and BSA as a control on the uptake of apoptotic 

cells. C, Apoptotic (ApoC26) vs viable (ViaC26) cell uptake by macrophages. Data are 

presented as mean ± SEM of three experiments in duplicates. Statistical differences were 

evaluated by paired t test. *, p < 0.05 and **, p < 0.01.
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FIGURE 9. Biosynthesis of TGF-β1 by macrophages after phagocytosis of SM4s-painted late 
apoptotic C26 cells.
A, Macrophages were grown in 6-well plates, incubated with control and SM4s-painted 

apoptotic C26 cells for 4 h and 12 h, and subjected to immunostaining for intracellular TGF-

β1. Representative contour plots with percent of TGF-β1-positive macrophages 4 h after start 

of coincubation. B, Statistical analysis with time course of intracellular total TGF-β1 for 4 h 

and 12 h time points. C, Macrophages were grown in 6-well plates and cocultured with 

apoptotic C26 cells, SM4s-positive C26 cells, SM4s (10 µM), or vehicle at 37°C for 12 h. 

Supernatants were collected and subjected to ELISA. Data represent mean ± SEM of three 

experiments in duplicates. Statistical differences were evaluated by paired t test. **, p < 

0.01.
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FIGURE 10. Phagocytosis of SM4s-positive apoptotic C26 cells increases IL-6 secretion and 
enhances P-selectin expression by murine peritoneal macrophages.
After coculture with apoptotic cells, macrophages were incubated with anti-mouse 

CD11b:PE and anti-mouse CD62P:FITC mAbs. A and B, FACS analysis of macrophage P-

selectin expression. Macrophage population (CD11b+) was gated (R1) and percent of P-

selectin-positive (CD62P+) macrophages was evaluated by flow cytometry. C, Macrophages 

were grown in 6-well plates and cocultured with apoptotic C26 cells, SM4s-positive C26 

cells, SM4s (10 µM), LPS (1 µg/ml), or vehicle at 37°C for 2 h. IL-6 levels from the 

supernatants collected at 12 h after the start of coculture were analyzed by ELISA. Data 

represent mean ± SEM of three experiments in duplicates. Statistical differences were 

evaluated by paired t test. *, p < 0.05; **, p < 0.01, and ***, p < 0.001.

Popovic et al. Page 32

J Immunol. Author manuscript; available in PMC 2016 May 09.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts


	Abstract
	Materials and Methods
	Reagents
	Detection of SM4s in human renal and colon tissue
	Mice
	Cells
	Generation and labeling of late apoptotic cells
	Detection of SM4s, SM4g, galactosylceramide, ceramide-1-phosphate, and
cholesterol sulfate in cells
	Lipoprotein isolation and modification: preparation of anti-SR-A mAb, SM4g
extraction
	Phagocytosis assays by flow cytometry
	Confocal, electron, and video microscopy phagocytosis assays
	Cytokines
	Statistical analyses

	Results
	Human RCC and colorectal adenocarcinoma contain sulfatides
	Apoptosis and painting of C26 and Renca cells with SM4s
	Painting of late apoptotic C26 cells with galactosylceramide, SM4g,
ceramide-1-phosphate, and cholesterol sulfate
	Effect of SM4s on the uptake of late apoptotic cells by macrophages
	The increased uptake phenomenon is mainly mediated by macrophage scavenger
receptors
	Increased recognition of SM4s-painted apoptotic particles enhances generation
of TGF-β1, P-selectin surface expression, and IL-6
secretion by peritoneal macrophages

	Discussion
	References
	FIGURE 1.
	FIGURE 2.
	FIGURE 3.
	FIGURE 4.
	FIGURE 5.
	FIGURE 6.
	FIGURE 7.
	FIGURE 8.
	FIGURE 9.
	FIGURE 10.

