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Sphingolipids, ceramides and cholesterol are integral components of cellular membranes, and they also play important roles in signal transduction by regulating the dynamics of membrane receptors through their effects on membrane fluidity. Here, we combined biochemical and functional assays with single-particle tracking analysis of diffusion in the plasma membrane to demonstrate that the local lipid environment regulates CXCR4 organization and function and modulates chemokine-triggered directed cell migration. Prolonged treatment of T cells with bacterial sphingomyelinase promoted the complete and sustained breakdown of sphingomyelins and the accumulation of the corresponding ceramides, which altered both membrane fluidity and CXCR4 nanoclustering and dynamics. Under these conditions CXCR4 retained some CXCL12-mediated signaling activity but failed to promote efficient directed cell migration. Our data underscore a critical role for the local lipid composition at the cell membrane in regulating the lateral mobility of chemokine receptors, and their ability to dynamically increase receptor density at the leading edge to promote efficient cell migration.
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Introduction

Directed cell migration is fundamental for the spatio-temporal positioning of leukocytes and ensures the organization and function of the immune system. It involves the complex integration of several extracellular stimuli coordinated by many intracellular signaling events including the synchronized action of the actin cytoskeleton, which enables cell and receptor polarization (1, 2), and allows the spatial perception of chemoattractant gradients. Lamellipodia and filopodia at the leading edge of migrating cells sense directional information (3), which is translated into the dynamic assembly of actin filaments pushing the leading edge forward until membrane tension-generated forces lead to their retraction (4–6).

Chemokines are critical for immune reactions, as they direct leukocyte recruitment under both homeostatic and inflammatory conditions. They act by binding to members of the G protein-coupled receptor (GPCR) superfamily localized at the leading edge of migrating cells. Accumulating data indicate that chemokine receptors can exist not only as monomeric entities, but they can also associate into both homo and heterodimers, and even into higher-order oligomers, which ensures ligand-mediated function (7–10). Using high spatial resolution analysis, we previously reported that CXC motif chemokine receptor type 4 (CXCR4) forms basal nanoclusters in resting T cells, the extent, dynamics and signaling strength of which are modulated by the orchestrated action of the actin cytoskeleton and the presence of its ligand CXCL12 (8). We also found that a mutant CXCR4 that is expressed at the cell membrane and dimerizes but does not form large nanoclusters, and it is unable to promote directed cell migration (8). Like all other integral membrane proteins, chemokine receptors are embedded in a compartmentalized lipid bilayer environment, which influences their dynamics (11). Indeed, the association between CXCR4 and lipid-enriched membrane microdomains has been reported to be functionally important (12, 13). Similarly, cholesterol is known to modulate chemokine receptor function (14).

As essential components of cellular membranes, sphingolipids participate in myriad cellular processes requiring membrane integrity and dynamics (15). Their composition and high abundance within the plasma membrane and their dynamic changes have a substantial impact on membrane biophysics and, by extension, on the dynamics of embedded proteins (16, 17). Sphingolipids and cholesterol regulate membrane fluidity, which is important for membrane deformability during inward/outward vesiculation, endo/exocytosis and cell polarization (16, 17). They also play key roles in the compartmentalization of membrane proteins and associated signaling components within membrane domains formed in steady-state or in response to stimulation (18, 19). Ceramide-enriched membrane domains formed by sphingomyelin breakdown in the external part of the cell membrane serve as platforms for signal relay and initiation, which often directly involves the regulation of membrane proximal cytoskeletal dynamics (20–23). Analogously, dynamic alterations of local membrane domains are important for the organization and maintenance of receptor-mediated processes such as cell adhesion and migration, signal perception and cytoskeletal coupling (24).

Ceramide and neutral sphingomyelinase 2 (NSM2), an enzyme that metabolizes sphingomyelins, accumulate within the lamella in co-stimulated T cells (25), and CD4+ cells lacking NSM2, fail to polarize and redistribute CXCR4, and exhibit impaired directional migration in response to CXCL12 (26). Likewise, pharmacological NSM2 inhibition blocks directionality of human polymorphonuclear neutrophils in response to the bacterial peptide FMLP, but not their overall motility (27). Measles virus infection is known to overactivate NSM2, which causes cytoskeletal paralysis, whereas inhibiting NSM2 activity appears to substantially enhance T cell responses and, at the cytoskeletal level, increases adhesion and spreading (28). These observations clearly support a major role for sphingomyelin metabolism in the local regulation of the actin cytoskeleton under physiologic conditions (25) and in the organization of chemokine receptors in membrane domains.

Here, using CXCR4 and CXCL12 as a model, and using single-particle tracking (SPT) in total internal reflection fluorescence (TIRF) mode, we investigated how extended sphingomyelin depletion alters CXCR4 nanoclustering and dynamics at the T cell membrane. Our results, supported by lipidomics, indicate that prolonged exogenous treatment of Jurkat cells and T cell blasts with bacterial sphingomyelinase (bSMase) promotes the complete and sustained breakdown of sphingomyelins to generate the corresponding ceramides in cell membranes. Under these conditions, membrane fluidity was increased, and this was accompanied by altered CXCR4 dynamics and defects in some CXCL12-mediated functions. Fluorescence resonance energy transfer (FRET) studies confirmed that bSMase treatment influences the conformation of CXCR4 at the cell membrane and SPT/TIRF analysis indicated that CXCL12 failed to trigger CXCR4 nanoclustering. As a consequence, cells were unable to properly sense chemoattractant gradients.



Materials and Methods


Cells and Reagents

HEK-293T cells were obtained from the ATCC (CRL-11268) and human Jurkat leukemia CD4+ cells were kindly donated by Dr. J. Alcamí (Centro Nacional de Microbiología, Instituto de Salud Carlos III, Madrid, Spain). When needed, Jurkat cells lacking endogenous CXCR4 expression (Jurkat-/-) (29) were transiently transfected with CXCR4-AcGFP (20 μg; JK-/-X4) using a BioRad electroporator (20 × 106 cells/400 μL RPMI 1640 with 10% fetal calf serum. 280V, 975 μF) and analyzed 24 hours later. Human peripheral blood mononuclear cells were isolated from buffy coats by centrifugation through Ficoll-Paque PLUS density gradients (GE Healthcare, Wakuesha, WI) at 760 × g for 30 minutes at room temperature (RT). They were then in vitro activated for 1 week with 20 U/mL of IL-2 (Teceleukin; Roche, Nutley, NJ) and 5 μg/mL phytohemagglutinin PHA (Roche) to generate T cell blasts (30).

The following antibodies were used: non-conjugated monoclonal anti-human CXCR4 (clone 44717), anti-CXCR4 (12G5) and anti-CD4 (OKT4) conjugated to PE and FITC accordingly, all from R&D Systems (Minneapolis, MN); anti-phospho-ERK1,2 (#9191), anti-ERK (#9102), anti-pAkt (#4060) and anti-Akt (#9272) from Cell Signaling Technology (Danvers, MA); phalloidin-TRITC (#P195) from Sigma-Merck (Darmstadt, Germany); and anti-GFP (JL-8) from Clontech Laboratories (Palo Alto, CA). Human CXCL12 and CCL19 were purchased from PeproTech (Rocky Hill, NJ). Human CXCR4 was cloned into pECFP-N1, pEYFP-N1 and pAcGFPm-N1 vectors (Clontech Laboratories), as described (8). Bacterial sphingomyelinase (bSMase, Staphylococcus aureus SMase, #S9396) was obtained from Sigma-Aldrich (Madrid, Spain) and the Di-4-ANEPPDHQ probe was from Invitrogen (Carlsbad, CA).



Lipidomics Analysis by UHPLC-ESI-QTOF MS

For lipid extraction from Jurkat and T cell blasts, cell pellets (1 x 107 cells/pellet) were mixed with 200 μL of cold (-20°C) methanol:water (1:1, v/v) and sonicated with an ultrasonic homogenizer (UP200S, Hielscher Ultrasound Technology, HIELSCHER GmbH, Chamerau, Germany) for 16 bursts (0.5 second pulse) at 80% amplitude. Homogenates (100 μL) were mixed with 320 μL of cold (-20°C) methanol containing 1.6 ppm of sphinganine (d17:0) as the internal standard for positive-ion electrospray ionization (ESI) and 3.9 ppm of palmitic acid-d31 as the internal standard for negative-ion ESI. Samples were then vortex-mixed for 2 minutes, followed by the addition of 80 μL of methyl tert-butyl ether. Subsequently, samples were vortex-mixed (1 hour, RT). After centrifugation (16,000 × g, 15°C, 10 minutes), samples were used for ultra-high performance liquid chromatography (UHPLC; Agilent 1290 Infinity II, Agilent Technologies Inc., Santa Clara, CA) coupled with (ESI) quadrupole time-of-flight (QTOF) mass spectrometry (MS) (Agilent 6546): 100 μL of each sample was divided between two UHPLC-MS vials with inserts (50 μL/each) for direct injection into the system for LC-MS analyses in positive and negative ionization modes.

Quality control and blank samples were prepared for each cell population by pooling equal volumes of each sample. Samples were then randomized within each cell population, and quality controls were injected at the beginning, after every five experimental samples, and at the end of the batch. Blank samples were analyzed at the beginning and at the end of the analytical sequence. Finally, 10 iterative-MS/MS runs/group were performed for both ion modes at the end of the analytical run at 20 and 40 eV.

Raw LC-MS/MS data were reprocessed with Lipid Annotator software (Agilent Technologies). The MS/MS spectra of the 20 sphingomyelin and 20 ceramide candidates obtained were manually inspected using Agilent MassHunter Qualitative (v10.0), comparing the retention time and MS/MS fragmentation to the available spectral data across several databases included in the CEU Mass Mediator tool (CMM) (http://ceumass.eps.uspceu.es/mediator/) (31). MassHunter Profinder software (B.10.0.2, Agilent Technologies) was used to clean the raw LC-MS data from background noise and unrelated ions for feature building for the sphingomyelin and ceramide lipid species detected, and for feature alignment across the study samples (32). Data normalization was performed before statistical analysis. The raw data matrices were normalized according to the intensity of the corresponding internal standard to correct the unwanted variance related to sample preparation and the analytical run. Then, the coefficient of variation of the detected sphingomyelin and ceramide lipid species was evaluated in the quality controls, with all displaying a coefficient of variation <10%. The original and crude data from these experiments has been deposited at Metabolomics Workbench platform (https://www.metabolomicsworkbench.org) (access no. ST002150).



Western Blotting

Cells (3 × 106) were activated with CXCL12 (50 nM) at the indicated time points and then lysed in RIPA detergent buffer supplemented with 1 mM PMSF, 10 μg/mL aprotinin, 10 μg/mL leupeptin and 10 μM sodium orthovanadate for 30 minutes at 4°C. Extracts were analyzed by western blotting using specific antibodies. Densitometric evaluation of western blot experiments was performed using ImageJ software.



Flow Cytometry Studies

Cells were incubated with specific antibodies (30 minutes, 4°C) and mean fluorescence intensity was determined on a FC500 flow cytometer (Beckman Coulter Inc., Brea, CA). Receptor internalization was determined by flow cytometry after activation with CXCL12 (50 nM) at the indicated time points. Results are expressed as a percentage of the mean fluorescence intensity of treated cells relative to that of unstimulated cells.



Annexin-V 7AAD/Propidium Iodide Staining

Cultured cells were collected from microplates and washed twice in PBS buffer before staining with Annexin-V PE and 7AAD (Immunostep, Spain) following the manufacturer’s instructions or propidium iodide (3 μM, 30 minutes, RT) for analysis by flow cytometry (FC500, Beckman Coulter). Results are expressed as % of stained cells.



Transwell Migration Assay

Cells (3 × 105 in 0.1 mL of RPMI containing 10 mM HEPES and 0.1% BSA) were placed in the upper wells of uncoated 24-well transmigration chambers (3-μm pore or 5-μm pore; Transwell, Costar, Corning, NY). CXCL12 (12.5 nM) in 0.6 mL of the same medium was added to the lower well. Plates were incubated for 120 minutes (37°C, 5% CO2) and cells that migrated to the lower chamber were counted by flow cytometry (FC500, Beckman Coulter), corrected for variations in input concentrations, and expressed as the mean (standard deviation, SD) percentage of cell migration. When required, cells were pretreated with bSMase (0.5 U/mL, 60 minutes, 37°C) and then maintained during cell migration.



Raster Image Correlation Spectroscopy Analysis

Cells were seeded (30 minutes, 37°C) on Ibidi μ-well-chambers (Martinsried, Germany) coated with fibronectin (20 μg/mL, 30 minutes, 37°C, Sigma) or poly-L-lysine (20 μg/mL, 30 minutes, 37°C, Sigma). Adhered cells were untreated or treated with bSMase (0.5 U/mL, 60 minutes, 37°C) prior to imaging. The Di-4-ANEPPDHQ probe was added (5 μM) to wells just before imaging. Cells were imaged in phenol-free medium supplemented with 10 mM HEPES and 0.1% BSA, at 37°C and 5% CO2.

Time-lapse images of cells were acquired on a Leica TCS SP5 inverted confocal microscope (Leica Microsystems, Wetzlar, Germany) fitted with an HCX PL APO 63×/1.2 NA water immersion objective. Di-4-ANEPPDHQ was excited using an argon white light laser at 488 nm. Emission signals were collected with two photomultiplier tubes (500–580, 620–750) and the pinhole was set to one Airy unit. Optimized acquisition was performed to retrieve membrane diffusion values as described (33, 34). Images of 256 × 256 pixels at 8-bit depth were collected using 80.4 nm pixel size and 4 μs dwell time, for 200 consecutive frames.

Raster image correlation spectroscopy (RICS) analysis was performed with “SimFCS 4” software (Global Software, G-SOFT Inc., Champaign, IL), as described (35). RICS analysis was performed in regions of interest of 64 × 64 pixels at 4 random cytoplasmic areas per cell using a moving average (background subtraction) of 10 to discard possible artefacts due to cellular motion and slow-moving particles passing through. The autocorrelation 2D map was then fitted to obtain a surface map that was represented as a 3D projection with the residuals on top. As a general rule, we focused on those regions with intensity fluctuation events in which the intensity changes were following short increasing or decreasing steps, avoiding abrupt intensity decays or increases.



Total Internal Reflection Fluorescence Analysis

Jurkat-/- cells were transiently transfected with CXCR4 receptor fused to the AcGFP monomeric protein (JK-/-X4). Twenty-four hours after transfection, cells expressing low receptor-AcGFP+ levels were selected by cell sorting on a BD FACSAria Fusion (BD Biosciences) platform for detection and tracking analysis. CXCR4 expression levels were then evaluated using the Dako Cytomation Qifikit and flow cytometry as described (36). Transfected cells expressing ~8,500–22,000 receptors/cell, which equates to a density of <4.5 particles/μm2, were selected for detection and tracking analysis.

Experiments were performed with cells untreated or treated with bSMase (0.5 U/mL, 60 minutes, 37°C) using a TIRF microscope (Leica AM TIRF inverted) equipped with a Hamamatsu Flash 4 digital sCMOS camera (Hamamatsu Photonics Europe GmbH, Herrsching, Germany), a 100× oil-immersion objective (HCX PL APO 100×/1.47 NA) and a 488-nm diode laser. The microscope was equipped with an incubator and temperature control units; experiments were performed at 37°C with 5% CO2. Image sequences of individual particles (500 frames) were then acquired at 3.5% laser power with a frame rate of 10 Hz (90 ms/frame). Penetration depth of the evanescent field was 90 nm.

Particles were detected and tracked using described algorithms (U-Track2 (37);) implemented in MATLAB, as described (8). Mean spot intensity (MSI), number of mobile and immobile particles and diffusion coefficients (D1:4) were calculated from the analysis of thousands of single trajectories over multiple cells (statistics provided in the respective figure captions), using described routines (38). Receptor number along individual trajectories was determined as described (8). We measured the average fluorescence intensity for the first 20 frames of each trajectory and used the intensity of the monomeric protein CD86-AcGFP as a reference in Jurkat-/- cells transiently transfected with CD86-AcGFP. Distribution of monomeric particles intensities was analyzed by Gaussian fitting, rendering a mean value of 69.33 ± 3.26 a.u. A similar intensity value of the monomer was obtained for CXCR4-AcGFP particles showing a unique photobleaching step. Therefore, this value was used as the monomer reference to estimate the number of CXCR4-AcGFP molecules per particle (Supplemental Figures 1A, B).



Fluorescence Resonance Transfer Analysis by Sensitized Emission

HEK-293T cells transiently transfected at a fixed CXCR4-YFP : CXCR4-CFP ratio (15 μg and 9 μg, respectively) were treated with bSMase (0.5 U/mL, 60 minutes, 37°C) or its solvent (50 mM Tris-HCl; pH 7.5) as a control, and FRET efficiency was evaluated (n = 3, mean ± SEM, ∗∗∗p ≤ 0.001). Emission light was quantified using the Wallac Envision 2104 Multilabel Reader (Perkin Elmer, Foster City, CA) equipped with a high-energy xenon flash lamp (donor: receptor fused to C-CFP, 8-nm bandwidth excitation filter at 405 nm; acceptor: receptor fused to YFP, 10 nm bandwidth excitation filter at 510 nm).



Directional Cell Migration

Chambers (Ibidi μ−Slide Chemotaxis System; 80326) were first coated with fibronectin (20 μg/mL, 60 minutes, 37°C). Subsequently, untreated or bSMase-treated (0.5 U/mL, 60 minutes, 37°C) cells were diluted to 10 × 106 cell/mL in RPMI medium containing 1% BSA and 20 mM HEPES (chemotaxis medium), seeded into the channel of the chemotaxis slide, and cultured (60 minutes, 37°C). The reservoirs were then filled with chemotaxis medium and 50 nM CXCL12 was added to the right reservoir. Phase-contrast images were recorded over 20 hours with a time lapse of 2 minutes using a Microfluor inverted microscope with a 10× objective (Leica) and equipped with an incubation system set to 5% CO2 and 37°C. Single-cell tracking was evaluated by selecting the center of mass in each frame using the manual tracking plug-in tool in ImageJ (NIH, Bethesda, MD). Spider plots, representing the trajectories of the tracked cells, forward migration index (FMI), and straightness values were obtained using the chemotaxis and migration plug-in tool (https://ibidi.com/chemotaxis-analysis/171-chemotaxis-and-migration-tool.html, Ibidi).



Immunofluorescence Analyses

T cell blasts, treated or not with bSMase (0.5 U/mL, 3 hours, 37°C, 5% CO2), were plated on fibronectin (20 μg/mL, Sigma)-coated glass slides and were then stimulated or not with 100 nM CXCL12 or CCL19 (5 minutes at 37°C) and fixed with 4% paraformaldehyde (10 min, RT). Preparations were blocked with PBS containing 150 mM NaCl, 0.1% goat serum and 1% BSA (60 minutes, RT) before staining with anti-human ICAM-3 or anti-CXCR4 (44717) plus AlexaFluor 488 goat anti-mouse IgG (30 minutes, RT, Thermo Fisher Scientific). Cells were permeabilized with 0.25% saponin (10 minutes, RT) and stained with phalloidin-TRITC (Sigma-Merck; 30 minutes, RT). Preparations were analyzed using a ZEISS confocal multispectral microscope.



Statistical Analysis

Data were analyzed using GraphPad PRISM (ns = not significant p>0.05; *p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001). Data from experiments of cell migration, directional cell migration assays, RICS, and MSI, were analyzed using one-way ANOVA followed by Tukey’s multiple comparison test. A two-tailed Mann-Whitney non-parametric test was used to analyze the diffusion coefficient (D1-4) of single particles and FRET efficiency. We used contingency tables to compare two or more groups of categorical variables, such as the percentages of mobile or immobile particles, and these were compared using the Chi-square test with a two-tailed p-value. For lipidomic analysis, statistics were analyzed using Matlab (R2018a, MathWorks), by the Mann-Whitney U test (p ≤ 0.05) after normality testing with the Shapiro-Wilk test. The false discovery rate at the level α = 0.05 was inspected by the Benjamini–Hochberg correction test.




Results


Prolonged Sphingomyelinase Treatment Diminishes CXCR4 Dependent T Cell Migration

To investigate how sphingomyelin ablation affects CXCR4 dynamics at the cell membrane, we treated Jurkat cells and primary T cell blasts for prolonged periods with bSMase (0.5 U/ml, 3 hours, 37°C, 5% CO2), and examined its effect on cell migration using Boyden chambers. Results showed a significant reduction of CXCL12-triggered migration in both cell types after bSMase treatment (Figures 1A, B). bSMase treatment was not toxic to cells, as evaluated by propidium iodide and annexin-V/7AAD staining and flow cytometry (Supplemental Figure 2). Lipidomic analysis of cells using UHPLC-ESI-QTOF MS and MS/MS, in both positive and negative ion mode, demonstrated the complete breakdown of sphingomyelins under these experimental conditions, and the corresponding accumulation of derived ceramides: 18:0/15:0, 18:1/16:0, 18:1/17:0 and 18:2/24:1 (Figures 2A, B; Supplemental Figures 3A, B). These results indicate that prolonged bSMase treatment promotes sphingomyelin depletion in Jurkat cells and T cell blasts with an accumulation of saturated and unsaturated long chain ceramides and suppressed CXCL12-mediated cell chemotaxis.




Figure 1 | bSMase treatment alters CXCL12-mediated cell chemotaxis. (A) Migration of untreated and bSMase-treated Jurkat cells in response to CXCL12 12.5nM. Data are shown as the mean percentage (plus SD) of input cells that migrate (n = 4; **p ≤ 0.01). (B) Migration of untreated and bSMase-treated T cell blasts in response to CXCL12. Data are shown as the mean percentage (plus SD) of input cells that migrate (n = 3; *p ≤ 0.05).






Figure 2 | bSMase treatment of Jurkat cells and T cell blasts triggers a profound accumulation of ceramides. Accumulation of multiple ceramide species (Fold Changes > 6 in one of the comparisons) in bSMase-treated samples when compared with the control group for Jurkat cell lines (A) and T cell blasts (B). The error bars represent the standard error of the mean (SEM). n = 5 in duplicates, **p ≤ 0.01.



Cholesterol interacts with the saturated acyl chains of sphingolipids and phospholipids, conferring specific biophysical properties that increase cohesion and packing of neighboring lipids and proteins. We determined whether the accumulation of ceramides affected the conformation of CXCR4 at the cell membrane. Untreated and bSMase-treated JK cells and T cell blasts were stained with two distinct anti-CXCR4 conformational mAbs (12G5 and 44717 mAbs) (39) and their binding was analyzed by flow cytometry. Results indicated that bSMase treatment reduced 12G5 mAb binding, whereas the binding of 44717 mAb remained unaltered (Figures 3A, B). These data suggest that bSMase treatment did not alter CXCR4 levels at the cell membrane but promoted a conformational change on the receptor affecting the epitope recognized by 12G5 mAb. In addition, we performed FRET experiments on untreated or bSMase-treated (0.5 U/ml, 3 hours, 37°C, 5% CO2), HEK-293T cells transiently cotransfected with CXCR4-CFP and CXCR4-YFP. Results showed that FRET efficiency was higher in cells treated with bSMase than in untreated cells (Figure 3C), confirming the notion that aberrant ceramide accumulation at the cell membrane modifies the conformation of CXCR4 dimers that might be due to an increase of the number of CXCR4 complexes at the cell surface, thus corroborating a relationship between CXCR4 and ceramide enriched-platforms.




Figure 3 | bSMase treatment promotes a conformational change of CXCR4 at the cell membrane. (A) Expression of CXCR4 on the surface of untreated or bSMase-treated Jurkat cells, analyzed by flow cytometry using specific antibodies (44717 and 12G5) mAbs. Data show a representative experiment of 6 performed. (B) Expression of CXCR4 on the surface of untreated or bSMase-treated T cell blasts, analyzed by flow cytometry using 12G5 mAb. Data show a representative experiment of 6 performed. (C) HEK-293T cells transiently transfected at a fixed 9:1 CXCR4-YFP : CXCR4-CFP ratio were treated with bSMase or its solvent (50 mM Tris-HCl; pH 7.5) as a control, and FRET efficiency was evaluated (n = 3, mean ± SEM, ∗∗∗p ≤ 0.001). (D) CXCR4-AcGFP-transfected Jurkat-/- cells were untreated or treated with bSMase before fractionation into cytosolic and membrane fractions for western blot analysis with anti-GFP mAb (left) and anti-IKB and anti-transferrin receptor antibodies (right).



To further establish that sphingomyelin depletion per se does not affect CXCR4 levels at the cell membrane, we examined the subcellular distribution of transfected CXCR4-AcGFP in Jurkat-/- cells untreated or bSMase-treated (0.5 U/ml, 60 minutes, 37°C, 5% CO2) prior to lysis. Western blotting of subcellular fractions indicated that the bulk of CXCR4 was present in the membrane fraction in both untreated and bSMase-treated cells (Figure 3D, left). Analysis of the distribution of IKB (cytosolic protein) and the transferrin receptor (membrane protein) confirmed no cross-contamination of fractions (Figure 3D, right). Overall, the data suggest that ceramide accumulation does not modify the levels of CXCR4 at the cell membrane, but alters its conformation.



Aberrant Ceramide Accumulation Influences CXCR4 Dynamics

Ceramides influence membrane fluidity and regulate cell migration (40, 41). The effects of ceramide on membrane fluidity are, nonetheless, complex and depend on several factors such as the acyl chain length (42), saturation (43), and the ratio of long chain and very-long chain species present in the cell membrane (44). We thus used RICS with the Di-4-ANEPPDHQ lipid probe to evaluate membrane fluidity by means of membrane diffusion. This lipophilic dye is also a reporter for lipid lateral packing (33, 34). Jurkat cells (Figures 4A, C) and T cell blasts (Figures 4B, D) untreated or treated with bSMase (0.5 U/ml, 3 hours, 37°C, 5% CO2) were labeled with Di-4-ANEPPDHQ and RICS was performed after confocal microscopy. Results indicated that membrane diffusion was higher in cells treated with bSMase than in untreated controls (Figure 4), suggesting a more fluid environment. The increase in unsaturated ceramides (C18:1 and C18:2) detected in the cells as a consequence of bSMase treatment (Figure 2A) might explain the evident higher membrane diffusion (43). To analyze the influence of the aberrant ceramide accumulation on CXCR4 clustering and lateral diffusion, we next generated SPT trajectories of CXCR4-AcGFP using TIRF microscopy in transiently-transfected Jurkat-/- cells (JK-/-X4) (29), untreated or treated with bSMase. We first determined appropriate expression conditions for detecting and tracking individual CXCR4 spots, as described (8). Analysis of receptor trajectories (37), indicated that bSMase treatment had no effect on CXCR4 dynamics under steady-state conditions. A high proportion of CXCR4 particles were mobile (~82% in untreated cells vs ~85% in bSMase-treated cells) in both bSMase-treated and untreated JK-/-X4 cells (Figure 5A). The median value of the short time-lag diffusion coefficient (D1-4) for CXCR4 trajectories was 0.017 μm2/s in untreated cells and was slightly slower (0.016 μm2/s) in bSMase-treated cells (Figure 5B). However, whereas CXCL12 promoted a significant reduction in overall receptor diffusivity in control cells (CXCL12, median D1-4 = 0.007 μm2 s–1) and increased the percentage of immobile particles from ~17% (basal) to ~30% (CXCL12), it had no effect on bSMase-treated cells (CXCL12, median D1-4 = 0.016 μm2 s-1), with ~15% of immobile particles (basal) and ~18% after CXCL12 stimulation (Figure 5A). To determine the receptor number in individual trajectories, we measured the average fluorescence intensity for the first 20 frames of each trajectory and used the intensity of the monomeric protein CD86-AcGFP as reference (45) (Supplemental Figures 1A,B). In steady-state, we found predominantly monomers and dimers in both type of cells (~65% for control vs ~62% for bSMase-treated cells), with a similar percentage of complexes of ≥3 receptors (~35% vs ~37%, respectively) (Figures 5C, D). Accordingly, basal MSI for CXCR4 was comparable in both cases (135.18 a.u. in control vs 156.99 a.u. in bSMase-treated cells). As previously shown (8), CXCL12 activation promotes CXCR4 membrane nanoclustering in control cells (~60% of nanoclusters of ≥3 receptors), but it failed to do so in bSMase-treated cells (~37%) (Figures 5C, D). These findings indicate that the lipid equilibrium at the cell membrane is essential for the spatiotemporal regulation of CXCR4 nanoclustering and dynamics.




Figure 4 | bSMase treatment of Jurkat cells and T cell blasts alters cell membrane fluidity. RICS analysis was performed using the di4-ANEPPDHQ probe at the plasma membrane of untreated and bSMase-treated Jurkat (A, C) and T cell blasts (B, D). (A, B) Representative average intensity projection maps, average intensity trace, 2D correlation maps, fit to autocorrelation function, ACF, and diffusion coefficient from RICS analysis are shown for each cell type. Scale bar, 5 μm. (C, D) Diffusion values obtained by RICS from untreated and bSMase-treated cells, mean is indicated (red) (n = 3, with at least 10 cells analyzed per experiment and condition; n.s., not significant, **p ≤ 0.01, ***p ≤ 0.001, **** p ≤ 0.0001).






Figure 5 | CXCL12 has no effect on CXCR4 dynamics or nanoclustering in bSMase-treated cells. (A–D) SPT analysis of CXCR4-AcGFP in untreated or bSMase treated JK-/-X4 cells on fibronectin (FN) or FN+CXCL12-coated coverslips (2,064 particles in 79 cells on FN; 2,199 in 60 cells on FN+CXCL12 in untreated JK-/-X4 cells; 2,750 in 103 cells on FN; 2,122 in 88 cells on FN+CXCL12 in bSMase-treated JK-/-X4 cells; n = 2). (A) Percentage of mobile and immobile CXCR4-AcGFP particles at the cell membrane. (B) Diffusion coefficients (D1–4) of mobile single trajectories, with median (red line) corresponding to untreated or bSMase-treated JK-/-X4 cells as in (A) (n.s., not significant, ****p ≤ 0.0001). (C) Frequency of CXCR4-AcGFP particles expressing monomers plus dimers (≤ 2) or nanoclusters (≥ 3), expressed as a percentage and calculated from mean spot intensity (MSI) values of each particle in cells as in (A), as compared with the MSI value of monomeric CD86-AcGFP. (D) Intensity distribution (arbitrary units [a.u.]) from individual CXCR4-AcGFP trajectories on cells as in (A). Mean is indicated (red) (n = 2; n.s., not significant, ****p ≤ 0.0001).





Prolonged Neutral Sphingomyelinase Treatment Alters T Cell Directed Migration

Because ceramide-rich platforms are implicated in a variety of signaling cascades in immune cells, including those related to chemokine receptors (46), we next evaluated whether the effect of bSMase treatment on CXCR4 nanoclustering and dynamics influences CXCR4-mediated functions. Possible differences in CXCR4 internalization due to bSMase treatment were discarded by flow cytometry analysis of Jurkat cells stained with an anti-CXCR4 monoclonal antibody (Figure 6A), which showed that the receptor could still bind CXCL12 and activate some cell functions independently of the effects of ceramide accumulation on CXCR4 dynamics. We also observed that CXCL12-triggered Ca2+ flux was similar in both untreated and bSMase-treated Jurkat cells (Figure 6B) as was CXCL12-mediated Akt phosphorylation (Figures 6C, D). We also detected that ERK1/2 phosphorylation, although slightly reduced was not completely impaired by bSMase treatment (Figures 6C, D). Altogether these data indicate that sphingomyelin depletion blocked some signaling pathways whereas other were still active.




Figure 6 | bSMase treatment has no effect on CXCR4 internalization, CXCL12-mediated Ca2+ flux and PI3K or ERK1/2 activation in Jurkat cells. (A) Cell surface expression of CXCR4 in untreated and bSMase-treated Jurkat cells after stimulation with CXCL12 (50 nM) at different time points, analyzed by flow cytometry using the 44717 anti-CXCR4 antibody. Results show mean ± SEM of the percentage of CXCR4 expression at the cell surface (n = 3, n.s., not significant). (B) CXCL12-mediated Ca2+ flux in untreated or bSMase-treated Jurkat cells. A representative flow cytometry plot of each condition is shown (n = 3). (C) Western blot analysis of ERK1/2 and Akt phosphorylation in untreated and bSMase-treated Jurkat cells stimulated with CXCL12 (50 nM) at the indicated time points (n = 3). (D) Densitometric evaluation of western blot experiments (n=3), performed with ImageJ software.



Because the absence of CXCR4 nanoclustering has been related to defective directed cell migration (29), we analyzed ligand-mediated directed cell migration on fibronectin-coated μ-chemotaxis chambers. Results showed that whereas untreated Jurkat cells sensed the CXCL12 gradient, bSMase-treated Jurkat cells did not (Figure 7A; Supplemental Videos 1, 2). Quantification of the results indicated that, compared with untreated Jurkat cells, CXCL12 failed to increase the forward migration index and track straightness in bSMase-treated Jurkat cells (Figure 7B). These data further show that while some chemokine-mediated signaling events remain operative in cells with aberrant accumulation of ceramides, directed cell migration does not.




Figure 7 | CXCL12 fails to trigger directed migration of bSMase-treated cells. (A, B) Migration of untreated or bSMase-treated Jurkat cells on fibronectin-coated μ-chambers in response to a CXCL12 gradient (n = 2, in duplicate, with at least 50 cells tracked in each condition). (A) Representative spider plots showing the trajectories of tracked cells migrating along the gradient (black) or moving in the opposite direction (red). Black and red dots in the plots represent the final position of each single tracked cell. (B) Quantification of the forward migration index and the Track Straightness of experiments performed in (A). Figures show the data of individual cells, with the mean indicated (red) (n.s., not significant; ∗∗∗∗p ≤ 0.0001). (C, D) Migration of untreated or bSMase-treated T cell blasts on fibronectin-coated μ-chambers in response to a CXCL12 gradient (n = 3, in duplicate, with at least 50 cells tracked in each condition). (C) Representative spider plots showing the trajectories of tracked cells as in (A). (D) Quantitative evaluation of the forward migration index and the Track Straightness of experiments performed in (C). Figures in (D) show the data of individual cells, with the mean indicated (red) (n.s., not significant; ∗∗∗∗p ≤ 0.0001).



To evaluate whether these changes also occur in primary T cells, we reproduced the prolonged bSMase treatment (0.5 U/ml, 3 hours, 37°C, 5% CO2) on T cell blasts. We confirmed the complete breakdown of their sphingomyelins and the accumulation of the corresponding ceramides (Figure 2B; Supplemental Figure 3B). We also observed a defect in their migratory behavior (Figure 1B) and RICS analysis of Di-4-ANEPPDHQ indicated higher membrane diffusion in bSMase-treated T cell blasts than in controls (Figure 4D). As we expected, bSMase treatment abrogated the ability of CXCL12 to promote cell polarization in T cell blasts, as shown by ICAM-3 and Phalloidin staining (Supplemental Figures 4A–C). The same effect was observed in cells treated with CCL19, indicating that bSMase treatment also diminishes CCR7-mediated cell polarization, as previously shown (26) (Supplemental Figure 5). In similar experiments we observed that CXCR4 redistribution to the leading edge in response to CXCL12 or CCL19 was also altered upon pre-treatment with bSMase (Supplemental Figure 5). We then determined CXCL12-mediated directed cell migration on fibronectin-coated chemotaxis chambers and observed that whereas untreated T cell blasts sensed a CXCL12 gradient, bSMase-treated cells did not (Figure 7C; Supplemental Video 3, 4). Under these conditions, CXCL12 failed to increase the forward migration index and track straightness (Figure 7D). Overall, these data indicate that the aberrant accumulation of ceramides also abrogate the ability of primary T cell blasts to sense CXCL12 gradients.




Discussion

Cell migration plays a critical role in multiple biological processes, including development, angiogenesis, immune response, wound healing and cancer metastasis, and cells are often directed to migrate towards targets by sensing gradients in the concentration of chemoattractants. Directed cell migration integrates receptors, signal transduction pathways and cytoskeleton dynamics elicited by directional cues, and these events are affected by environmental inputs. The process requires cell polarization and lamella formation in the direction of migration (47), chemokine receptors redistribution to sense the gradients, clustering of integrins to form adhesions that connect the extracellular matrix to the actin cytoskeleton, and tension in the cytoskeleton generated by myosin II (48).

Chemokine receptors are members of the GPCR superfamily (49), and their ligands orchestrate cell migration, cell guidance and chemoattractant gradient formation. In migrating cells, chemokine receptors polarize to the leading edge (50) where they act as sensors for directed migration. The spatial organization of chemokine receptors include monomers, dimers and higher-order oligomers, and these dynamic structures define chemokine-mediated cell responses (8, 51). Chemokine receptors are integral membrane proteins and, accordingly, their interactions with membrane lipids are important determinants in their structure and function.

Changes in cholesterol levels affect the conformation and lateral mobility of both GPCRs within the lipid bilayer and membrane-associated signaling G proteins (52, 53). Cholesterol depletion from membranes attenuates chemokine binding and abrogates CCR5 signaling (54, 55), whereas inclusion of cholesterol increases CXCL12 binding to solubilized CXCR4 (56, 57). Sphingomyelin levels in lipid rafts also regulate CXCL12-induced cell migration (46). Sphingomyelin hydrolysis by neutral sphingomyelinase leads to the formation of ceramide, which in turn promotes cell polarization and motility (58). Local ceramide-enriched membrane microdomains regulate T-cell homeostatic activity and, upon stimulation, compartmentalize receptors, membrane proximal signaling complexes and cytoskeletal dynamics, which are all essential processes for initiating T-cell motility (16). Nonetheless, overactivation of sphingomyelinases causes ceramide mislocalization, loss of adhesion, and cytoskeletal paralysis (59), treatment with exogenous nanoliposomal short-chain ceramides has been shown to inhibit breast cancer cell migration (60) and the use of a potent glucosylceramide synthase inhibitor prevents CXCR4-dependent cell migration (61). A previous report (26) showed that NSM ablation interferes with T cell polarization both at an overall morphological level and through redistribution of CXCR4, we now detected a similar cell phenotype by triggering aberrant ceramides accumulation and altered dynamics of this chemokine receptor at the cell membrane that abrogated the ability of the cells to sense the chemoattractant gradient. These contrasting results suggest that the correct equilibrium between sphingomyelins and ceramides at the cell membrane is essential to maintain fully functional receptors. Specific changes in the lipid composition restricted to local microdomains and activated by receptors in these microdomains are essential for optimal cell functions. Although the direct activation of sphingomyelinases by chemokine receptors has not been yet reported, ligation of CD3 and CD28 is known to activate NSM2 and acid sphingomyelinase, ASM (62, 63) and both have been shown to play an important role in modulating T-cell biology (16).

Here, we evaluated the triggering effects of sphingomyelins and ceramides on CXCR4 conformation and dynamics at the cell membrane of T cells. Lipidomics analysis demonstrated that prolonged treatment with bSMase promotes a profound depletion of sphingomyelins in T cells, and increases the levels of the corresponding ceramides, particularly those of long monounsaturated chains. FRET studies in steady-state cells clearly showed that sphingomyelin ablation increases FRET efficiency between CXCR4 pairs, suggesting a conformational change in the receptors maybe related to increased number of CXCR4 complexes, that was confirmed by a reduction of 12G5 mAb binding in bSMase-treated cells whereas 44717 mAb binding remained unaltered. A previous study in mouse embryonic fibroblasts found that deficiency of sphingomyelin synthase, the enzyme involved in sphingomyelin biosynthesis, potentiates CXCR4 dimerization and influences CXCL12-mediated functions (46). Subcellular fractionation studies also confirmed that CXCR4 levels at the cell membrane fraction was invariable after bSMase treatment.

CXCR4 is embedded in the lipid membrane and, therefore, its nanoclustering and dynamics might be influenced by membrane fluidity; specifically, by the fatty acyl groups of the amphipathic lipids and their degree of saturation (64). Studies on GPCRs have revealed that membrane phospholipids can modulate receptor oligomerization (65) and allosteric activation (66). Along this line, we previously showed that CXCL12-mediated CXCR4 nanoclustering is essential for achieving complete receptor functions (8). Although receptor monomers and dimers can still trigger some signaling pathways (Ca2+ flux or ERK1/2 and PI3K activation), receptor nanoclustering is required for the correct orientation of cells towards chemokine gradients. We found in the present study that bSMase treatment altered CXCR4 dynamics and its ligand-mediated nanoclustering in T cells. Indeed, CXCL12 failed to trigger CXCR4 nanoclustering, and also failed to increase the number of immobile particles and reduce its diffusion coefficient. We also found a significant slightly slower diffusion coefficient in steady-state bSMase treated cells compared to the untreated cells, but more experiments are needed to determine whether these minimal differences have some biological relevance. These are essential processes for CXCL12-mediated cell functions. We previously observed that CXCL12-mediated CXCR4 nanoclustering is required to support ligand-mediated direct cell migration (8, 29). Our data thus suggest an essential role for the lipid composition in the local organization and function of CXCR4. Several reports have demonstrated the presence of chemokine receptors in lipid-enriched membrane domains and their role in chemokine function. For example, HIV-1 gp120 interacts and clusters with CD4 and CCR5 or CXCR4 in cholesterol-rich microdomains within the plasma membrane to initiate viral entry (67). Our data also indicate that sphingomyelin ablation abolishes CXCL12-mediated direct migration in T cells, an effect controlled by ligand-mediated receptor nanoclustering. The exposure of dendritic cells to inflammatory signals, reduces their cholesterol levels, enhances the presence of CCR7 oligomers on the cell surface, and promotes efficient cell migration, an effect that is reproduced by statins, which moderately reduce cholesterol levels (68). However, it should be considered that a dramatic reduction of cholesterol levels can also affect the conformational integrity of the chemokine receptors (54).

We also observed that prolonged bSMase treatment affected T-cell polarization, suggesting defects in the connectivity between CXCR4 and the actin cytoskeleton. It is well known that lipid-enriched domains at the cell membrane are platforms for signal initiation and are essential in processes involved in actin cytoskeleton modulation (23). Furthermore, we reported that a correct equilibrium in the actin cytoskeleton dynamics results critical for CXCL12-mediated CXCR4 nanoclustering. Cell treatment with latrunculin A, a drug that blocks F-actin polymerization, abrogates CXCL12-mediated CXCR4-nanoclustering and lateral mobility (8).

In summary, the correct equilibrium of lipid levels within the plasma membrane is essential for membrane fluidity and proper chemokine receptor function. Our results indicate that targeting receptor nanoclustering and lipids could interfere with chemokine functions in a number of pharmacologically relevant situations, such as those including cell recruitment to invade tissues in autoimmune processes or cancer metastasis.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Metabolomics Workbench platform (access no. ST002150; https://www.metabolomicsworkbench.org).



Author Contributions

Author contributions: SG, EG-C, JMR-F, and MM designed all aspects of the study; SG, EG-C, GD’A, AQ-F, and PL performed experiments; BSP performed FRET experiments; EG-C and JB performed and analyzed membrane fluidity experiments; CG-R and CB performed lipidomic analysis; SG, EG-C, JMR-F, and MM wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by grants from the Spanish Ministry of Science and Innovation (PID2020-114980RB-I00). SG and AQ-F are included in the doctoral program of the Department of Molecular Biosciences, Universidad Autónoma de Madrid, E-28049, Madrid, Spain. SG and AQ-F are supported by grants of the Spanish Ministry of Science and Innovation (FPI program, PRE2018-083201 and PRE2019-087966, respectively). EG-C was supported by the program Apoyos Centros de Excelencia S.O. of the Spanish Ministry of Science and Innovation (SEV-2017-0712). We also wish to acknowledge the technical help of the Advance Light Microscopy Unit at the CNB/CSIC.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.925559/full#supplementary-material



References

1. Ley, K, Laudanna, C, Cybulsky, MI, and Nourshargh, S. Getting to the Site of Inflammation: The Leukocyte Adhesion Cascade Updated. Nat Rev Immunol (2007) 7:678–89. doi: 10.1038/NRI2156

2. Lee, SH, and Dominguez, R. Regulation of Actin Cytoskeleton Dynamics in Cells. Mol Cells (2010) 29:311–25. doi: 10.1007/S10059-010-0053-8

3. Friedl, P, and Wolf, K. Plasticity of Cell Migration: A Multiscale Tuning Model. J Cell Biol (2010) 188:11–9. doi: 10.1083/JCB.200909003

4. Bornschlogl, T, Romero, S, Vestergaard, CL, Joanny, JF, Van Nhieu, GT, and Bassereau, P. Filopodial Retraction Force is Generated by Cortical Actin Dynamics and Controlled by Reversible Tethering at the Tip. Proc Natl Acad Sci U.S.A. (2013) 110:18928–33. doi: 10.1073/PNAS.1316572110

5. Leijnse, N, Oddershede, LB, and Bendix, PM. Helical Buckling of Actin Inside Filopodia Generates Traction. Proc Natl Acad Sci U.S.A. (2015) 112:136–41. doi: 10.1073/PNAS.1411761112/SUPPL_FILE/PNAS.1411761112.SM05.AVI

6. Leithner, A, Eichner, A, Müller, J, Reversat, A, Brown, M, Schwarz, J, et al. Diversified Actin Protrusions Promote Environmental Exploration But are Dispensable for Locomotion of Leukocytes. Nat Cell Biol (2016) 18:1253–9. doi: 10.1038/ncb3426

7. Mellado, M, Rodríguez-Frade, JM, Vila-Coro, AJ, Fernández, S, De Ana, AM, Jones, DR, et al. Chemokine Receptor Homo- or Heterodimerization Activates Distinct Signaling Pathways. EMBO J (2001) 20:2497–507. doi: 10.1093/EMBOJ/20.10.2497

8. Martinez-Munoz, L, Rodriguez-Frade, JM, Barroso, R, Sorzano, COS, Torreno-Pina, JA, Santiago, CA, et al. Separating Actin-Dependent Chemokine Receptor Nanoclustering From Dimerization Indicates a Role for Clustering in CXCR4 Signaling and Function. Mol Cell (2018) 70:106–119 e10. doi: 10.1016/j.molcel.2018.02.034

9. Lao, J, He, H, Wang, X, Wang, Z, Song, Y, Yang, B, et al. Single-Molecule Imaging Demonstrates Ligand Regulation of the Oligomeric Status of CXCR4 in Living Cells. J Phys Chem B (2017) 121:1466–74. doi: 10.1021/ACS.JPCB.6B10969

10. Li, J, Ding, Y, Liu, H, He, H, Yu, D, Wang, X, et al. Oligomerization-Enhanced Receptor-Ligand Binding Revealed by Dual-Color Simultaneous Tracking on Living Cell Membranes. J Phys Chem Lett (2021) 12:8164–9. doi: 10.1021/ACS.JPCLETT.1C01844

11. Thelen, M, and Legler, DF. Membrane Lipid Environment: Potential Modulation of Chemokine Receptor Function. Cytokine (2018) 109:72–5. doi: 10.1016/J.CYTO.2018.02.011

12. Giri, B, Dixit, VD, Ghosh, MC, Collins, GD, Khan, IU, Madara, K, et al. CXCL12-Induced Partitioning of Flotillin-1 With Lipid Rafts Plays a Role in CXCR4 Function. Eur J Immunol (2007) 37:2104–16. doi: 10.1002/EJI.200636680

13. van Gijsel-Bonnello, M, Acar, N, Molino, Y, Bretillon, L, Khrestchatisky, M, de Reggi, M, et al. Pantethine Alters Lipid Composition and Cholesterol Content of Membrane Rafts, With Down-Regulation of CXCL12-Induced T Cell Migration. J Cell Physiol (2015) 230:2415–25. doi: 10.1002/JCP.24971

14. Legler, DF, Matti, C, Laufer, JM, Jakobs, BD, Purvanov, V, Uetz-von Allmen, E, et al. Modulation of Chemokine Receptor Function by Cholesterol: New Prospects for Pharmacological Intervention. Mol Pharmacol (2017) 91:331–8. doi: 10.1124/MOL.116.107151

15. Harayama, T, and Riezman, H. Understanding the Diversity of Membrane Lipid Composition. Nat Rev Mol Cell Biol (2018) 19:281–96. doi: 10.1038/NRM.2017.138

16. Avota, E, De Lira, MN, and Schneider-Schaulies, S. Sphingomyelin Breakdown in T Cells: Role of Membrane Compartmentalization in T Cell Signaling and Interference by a Pathogen. Front Cell Dev Biol (2019) 7:152. doi: 10.3389/FCELL.2019.00152

17. de la Serna, JB, Schütz, GJ, Eggeling, C, and Cebecauer, M. There is No Simple Model of the Plasma Membrane Organization. Front Cell Dev Biol (2016) 4:106. doi: 10.3389/fcell.2016.00106

18. Simons, K, and Gerl, MJ. Revitalizing Membrane Rafts: New Tools and Insights. Nat Rev Mol Cell Biol (2010) 11:688–99. doi: 10.1038/NRM2977

19. Nakayama, H, Nagafuku, M, Suzuki, A, Iwabuchi, K, and Inokuchi, JI. The Regulatory Roles of Glycosphingolipid-Enriched Lipid Rafts in Immune Systems. FEBS Lett (2018) 592:3921–42. doi: 10.1002/1873-3468.13275

20. Gulbins, E, Dreschers, S, Wilker, B, and Grassmé, H. Ceramide, Membrane Rafts and Infections. J Mol Med (Berl) (2004) 82:357–63. doi: 10.1007/S00109-004-0539-Y

21. Bollinger, CR, Teichgräber, V, and Gulbins, E. Ceramide-Enriched Membrane Domains. Biochim Biophys Acta (2005) 1746:284–94. doi: 10.1016/J.BBAMCR.2005.09.001

22. Adada, M, Canals, D, Hannun, YA, and Obeid, LM. Sphingolipid Regulation of Ezrin, Radixin, and Moesin Proteins Family: Implications for Cell Dynamics. Biochim Biophys Acta (2014) 1841:727–37. doi: 10.1016/J.BBALIP.2013.07.002

23. Avota, E, and Schneider-Schaulies, S. The Role of Sphingomyelin Breakdown in Measles Virus Immunmodulation. Cell Physiol Biochem (2014) 34:20–6. doi: 10.1159/000362981

24. Katsuno, H, Toriyama, M, Hosokawa, Y, Mizuno, K, Ikeda, K, Sakumura, Y, et al. Actin Migration Driven by Directional Assembly and Disassembly of Membrane-Anchored Actin Filaments. Cell Rep (2015) 12:648–60. doi: 10.1016/J.CELREP.2015.06.048

25. Mueller, N, Avota, E, Collenburg, L, Grassmé, H, and Schneider-Schaulies, S. Neutral Sphingomyelinase in Physiological and Measles Virus Induced T Cell Suppression. PloS Pathog (2014) 10:e1004574. doi: 10.1371/JOURNAL.PPAT.1004574

26. Collenburg, L, Beyersdorf, N, Wiese, T, Arenz, C, Saied, EM, Becker-Flegler, KA, et al. The Activity of the Neutral Sphingomyelinase Is Important in T Cell Recruitment and Directional Migration. Front Immunol (2017) 8:1007. doi: 10.3389/FIMMU.2017.01007

27. Sitrin, RG, Sassanella, TM, and Petty, HR. An Obligate Role for Membrane-Associated Neutral Sphingomyelinase Activity in Orienting Chemotactic Migration of Human Neutrophils. Am J Respir Cell Mol Biol (2011) 44:205–12. doi: 10.1165/RCMB.2010-0019OC

28. Gassert, E, Avota, E, Harms, H, Krohne, G, Gulbins, E, and Schneider-Schaulies, S. Induction of Membrane Ceramides: A Novel Strategy to Interfere With T Lymphocyte Cytoskeletal Reorganisation in Viral Immunosuppression. PloS Pathog (2009) 5:e1000623. doi: 10.1371/JOURNAL.PPAT.1000623

29. García-Cuesta, EM, Rodríguez-Frade, JM, Gardeta, S, D’Agostino, G, Martínez, P, Soler Palacios, B, et al. Altered CXCR4 Dynamics at the Cell Membrane Impairs Directed Cell Migration in WHIM Syndrome Patients. Proc Natl Acad Sci (2022) 119:e2119483119. doi: 10.1073/pnas.2119483119

30. Del Pozo, MA, Sánchez-Mateos, P, Nieto, M, and Sánchez-Madrid, F. Chemokines Regulate Cellular Polarization and Adhesion Receptor Redistribution During Lymphocyte Interaction With Endothelium and Extracellular Matrix. Involvement of cAMP Signaling Pathway. J Cell Biol (1995) 131:495–508. doi: 10.1083/JCB.131.2.495

31. Gil-De-La-Fuente, A, Godzien, J, Saugar, S, Garcia-Carmona, R, Badran, H, Wishart, DS, et al. CEU Mass Mediator 3.0: A Metabolite Annotation Tool. J Proteome Res (2019) 18:797–802. doi: 10.1021/ACS.JPROTEOME.8B00720

32. Gonzalez-Riano, C, Gradillas, A, and Barbas, C. Exploiting the Formation of Adducts in Mobile Phases With Ammonium Fluoride for the Enhancement of Annotation in Liquid Chromatography-High Resolution Mass Spectrometry Based Lipidomics. J Chromatogr Open (2021) 1:100018. doi: 10.1016/J.JCOA.2021.100018

33. Bernabé-Rubio, M, Bosch-Fortea, M, García, E, de la Serna, JB, and Alonso, MA. Adaptive Lipid Immiscibility and Membrane Remodeling Are Active Functional Determinants of Primary Ciliogenesis. Small Methods (2021) 5:2000711. doi: 10.1002/smtd.202000711

34. Bernabé-Rubio, M, Bosch-Fortea, M, Alonso, MA, and de la Serna, JB. Multi-Dimensional and Spatiotemporal Correlative Imaging at the Plasma Membrane of Live Cells to Determine the Continuum Nano-to-Micro Scale Lipid Adaptation and Collective Motion. Methods (2021) 193:136–47. doi: 10.1016/j.ymeth.2021.06.007

35. Rossow, MJ, Sasaki, JM, Digman, MA, and Gratton, E. Raster Image Correlation Spectroscopy in Live Cells. Nat Protoc (2010) 5:1761–74. doi: 10.1038/NPROT.2010.122

36. Lavabre-Bertrand, T, Duperray, C, Brunet, C, Poncelet, P, Exbrayat, C, Bourquard, P, et al. Quantification of CD24 and CD45 Antigens in Parallel Allows a Precise Determination of B-Cell Maturation Stages: Relevance for the Study of B-Cell Neoplasias(1994) (Accessed March 21, 2022).

37. Jaqaman, K, Loerke, D, Mettlen, M, Kuwata, H, Grinstein, S, Schmid, SL, et al. Robust Single-Particle Tracking in Live-Cell Time-Lapse Sequences. Nat Methods (2008) 5:695–702. doi: 10.1038/nmeth.1237

38. Sorzano, COS, Martínez-Muñoz, L, Cascio, G, García-Cuesta, EM, Vargas, J, Mellado, M, et al. Image Processing Protocol for the Analysis of the Diffusion and Cluster Size of Membrane Receptors by Fluorescence Microscopy. J Vis Exp (2019) 2019:e59314. doi: 10.3791/59314

39. Carnec, X, Quan, L, Olson, WC, Hazan, U, and Dragic, T. Anti-CXCR4 Monoclonal Antibodies Recognizing Overlapping Epitopes Differ Significantly in Their Ability To Inhibit Entry of Human Immunodeficiency Virus Type 1. J Virol (2005) 79:1930. doi: 10.1128/JVI.79.3.1930-1933.2005

40. Helke, K, Angel, P, Lu, P, Garrett-Mayer, E, Ogretmen, B, Drake, R, et al. Ceramide Synthase 6 Deficiency Enhances Inflammation in the DSS Model of Colitis. Sci Rep (2018) 8:1627. doi: 10.1038/S41598-018-20102-Z

41. Scheffel, MJ, Helke, K, Lu, P, Bowers, JS, Ogretmen, B, Garrett-Mayer, E, et al. Adoptive Transfer of Ceramide Synthase 6 Deficient Splenocytes Reduces the Development of Colitis. Sci Rep 2017 71 (2017) 7:1–10. doi: 10.1038/s41598-017-15791-x

42. Pinto, SN, Laviad, EL, Stiban, J, Kelly, SL, Merrill, AH, Prieto, M, et al. Changes in Membrane Biophysical Properties Induced by Sphingomyelinase Depend on the Sphingolipid N-Acyl Chain. J Lipid Res (2014) 55:53–61. doi: 10.1194/JLR.M042002

43. Pinto, SN, Silva, LC, Futerman, AH, and Prieto, M. Effect of Ceramide Structure on Membrane Biophysical Properties: The Role of Acyl Chain Length and Unsaturation. Biochim Biophys Acta (2011) 1808:2753–60. doi: 10.1016/J.BBAMEM.2011.07.023

44. Eberle, M, Ebel, P, Mayer, CA, Barthelmes, J, Tafferner, N, Ferreiros, N, et al. Exacerbation of Experimental Autoimmune Encephalomyelitis in Ceramide Synthase 6 Knockout Mice is Associated With Enhanced Activation/Migration of Neutrophils. Immunol Cell Biol (2015) 93:825–36. doi: 10.1038/ICB.2015.47

45. Calebiro, D, Rieken, F, Wagner, J, Sungkaworn, T, Zabel, U, Borzi, A, et al. Single-Molecule Analysis of Fluorescently Labeled G-Protein-Coupled Receptors Reveals Complexes With Distinct Dynamics and Organization. Proc Natl Acad Sci USA (2013) 110:743–8. doi: 10.1073/pnas.1205798110

46. Asano, S, Kitatani, K, Taniguchi, M, Hashimoto, M, Zama, K, Mitsutake, S, et al. Regulation of Cell Migration by Sphingomyelin Synthases: Sphingomyelin in Lipid Rafts Decreases Responsiveness to Signaling by the CXCL12/CXCR4 Pathway. Mol Cell Biol (2012) 32:3242–52. doi: 10.1128/MCB.00121-12

47. Ridley, AJ, Schwartz, MA, Burridge, K, Firtel, RA, Ginsberg, MH, Borisy, G, et al. Cell Migration: Integrating Signals From Front to Back. Science (2003) 302:1704–9. doi: 10.1126/SCIENCE.1092053

48. Lauffenburger, DA, and Horwitz, AF. Cell Migration: A Physically Integrated Molecular Process. Cell (1996) 84:359–69. doi: 10.1016/S0092-8674(00)81280-5

49. Bachelerie, F, Ben-Baruch, A, Burkhardt, AM, Combadiere, C, Farber, JM, Graham, GJ, et al. International Union of Basic and Clinical Pharmacology. [Corrected]. LXXXIX. Update on the Extended Family of Chemokine Receptors and Introducing a New Nomenclature for Atypical Chemokine Receptors. Pharmacol Rev (2013) 66:1–79. doi: 10.1124/PR.113.007724

50. Nieto, M, Frade, JMR, Sancho, D, Mellado, M, Martinez-A, C, and Sánchez-Madrid, F. Polarization of Chemokine Receptors to the Leading Edge During Lymphocyte Chemotaxis. J Exp Med (1997) 186:153–8. doi: 10.1084/JEM.186.1.153

51. Stephens, B, and Handel, TM. Chemokine Receptor Oligomerization and Allostery. Prog Mol Biol Transl Sci (2013) 115:375–420. doi: 10.1016/B978-0-12-394587-7.00009-9

52. Oates, J, and Watts, A. Uncovering the Intimate Relationship Between Lipids, Cholesterol and GPCR Activation. Curr Opin Struct Biol (2011) 21:802–7. doi: 10.1016/J.SBI.2011.09.007

53. Sengupta, D, and Chattopadhyay, A. Molecular Dynamics Simulations of GPCR-Cholesterol Interaction: An Emerging Paradigm. Biochim Biophys Acta (2015) 1848:1775–82. doi: 10.1016/J.BBAMEM.2015.03.018

54. Nguyen, DH, and Taub, D. Cholesterol is Essential for Macrophage Inflammatory Protein 1 Beta Binding and Conformational Integrity of CC Chemokine Receptor 5. Blood (2002) 99:4298–306. doi: 10.1182/BLOOD-2001-11-0087

55. Signoret, N, Hewlett, L, Wavre, S, Pelchen-Matthews, A, Oppermann, M, and Marsh, M. Agonist-Induced Endocytosis of CC Chemokine Receptor 5 is Clathrin Dependent. Mol Biol Cell (2005) 16:902–17. doi: 10.1091/MBC.E04-08-0687

56. Babcock, GJ, Farzan, M, and Sodroski, J. Ligand-Independent Dimerization of CXCR4, a Principal HIV-1 Coreceptor. J Biol Chem (2003) 278:3378–85. doi: 10.1074/JBC.M210140200

57. Palmesino, E, Apuzzo, T, Thelen, S, Mueller, B, Langen, H, and Thelen, M. Association of Eukaryotic Translation Initiation Factor Eif2b With Fully Solubilized CXCR4. J Leukoc Biol (2016) 99:971–8. doi: 10.1189/JLB.2MA0915-415R

58. Wang, G, Krishnamurthy, K, Chiang, YW, Dasgupta, S, and Bieberich, E. Regulation of Neural Progenitor Cell Motility by Ceramide and Potential Implications for Mouse Brain Development. J Neurochem (2008) 106:718–33. doi: 10.1111/J.1471-4159.2008.05451.X

59. Shishkova, Y, Harms, H, Krohne, G, Avota, E, and Schneider-Schaulies, S. Immune Synapses Formed With Measles Virus-Infected Dendritic Cells are Unstable and Fail to Sustain T Cell Activation. Cell Microbiol (2007) 9:1974–86. doi: 10.1111/J.1462-5822.2007.00928.X

60. Heakal, Y, and Kester, M. Nanoliposomal Short-Chain Ceramide Inhibits Agonist-Dependent Translocation of Neurotensin Receptor 1 to Structured Membrane Microdomains in Breast Cancer Cells. Mol Cancer Res (2009) 7:724–34. doi: 10.1158/1541-7786.MCR-08-0322

61. Limatola, C, Massa, V, Lauro, C, Catalano, M, Giovanetti, A, Nuccitelli, S, et al. Evidence for a Role of Glycosphingolipids in CXCR4-Dependent Cell Migration. FEBS Lett (2007) 581:2641–6. doi: 10.1016/J.FEBSLET.2007.05.003

62. Boucher, LM, Wiegmann, K, Fütterer, A, Pfeffer, K, Machleidt, T, Schtitze, S, et al. CD28 Signals Through Acidic Sphingomyelinase. J Exp Med (1995) 181:2059–68. doi: 10.1084/JEM.181.6.2059

63. Börtlein, C, Draeger, A, Schoenauer, R, Kuhlemann, A, Sauer, M, Schneider-Schaulies, S, et al. The Neutral Sphingomyelinase 2 Is Required to Polarize and Sustain T Cell Receptor Signaling. Front Immunol (2018) 9:815. doi: 10.3389/FIMMU.2018.00815

64. Ballweg, S, Sezgin, E, Doktorova, M, Covino, R, Reinhard, J, Wunnicke, D, et al. Regulation of Lipid Saturation Without Sensing Membrane Fluidity. Nat Commun (2020) 11:756. doi: 10.1038/S41467-020-14528-1

65. Guixà-González, R, Javanainen, M, Gómez-Soler, M, Cordobilla, B, Domingo, JC, Sanz, F, et al. Membrane Omega-3 Fatty Acids Modulate the Oligomerisation Kinetics of Adenosine A2A and Dopamine D2 Receptors. Sci Rep (2016) 6:19839. doi: 10.1038/SREP19839

66. Dawaliby, R, Trubbia, C, Delporte, C, Masureel, M, Van Antwerpen, P, Kobilka, BK, et al. Allosteric Regulation of G Protein-Coupled Receptor Activity by Phospholipids. Nat Chem Biol (2016) 12:35–9. doi: 10.1038/NCHEMBIO.1960

67. Yi, L, Fang, J, Isik, N, Chim, J, and Jin, T. HIV Gp120-Induced Interaction Between CD4 and CCR5 Requires Cholesterol-Rich Microenvironments Revealed by Live Cell Fluorescence Resonance Energy Transfer Imaging. J Biol Chem (2006) 281:35446–53. doi: 10.1074/JBC.M607302200

68. Hauser, MA, Schaeuble, K, Kindinger, I, Impellizzieri, D, Krueger, WA, Hauck, CR, et al. Inflammation-Induced CCR7 Oligomers Form Scaffolds to Integrate Distinct Signaling Pathways for Efficient Cell Migration. Immunity (2016) 44:59–72. doi: 10.1016/J.IMMUNI.2015.12.010




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Gardeta, García-Cuesta, D’Agostino, Soler Palacios, Quijada-Freire, Lucas, Bernardino de la Serna, Gonzalez-Riano, Barbas, Rodríguez-Frade and Mellado. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-13-925559-g001.jpg
Jurkat cells

= none
Control

20 m bSMase

% migration

PBS CXCL12

T cell blasts

= none
Control
m bSMase

% migration

PBS CXClL12





OEBPS/Images/fimmu-13-925559-g003.jpg
Jurkat cells
- isotype
g [ control
§ bSMase
c
®
8]
)
=
©
Q
x
anti-CXCR4-44717 anti-CXCR4-12G5
B (]
T cell blasts 1.0
J isotype
5 h
Qo ; 3 control 0.9
E ] bSMase Fy
c 1 c
o] -8 0.8
b =
I o)
B E 0.7
o| ] o
o [
0.6
anti-CXCR4-12G5
0.5
Control bSMase
D
__Control _ bSMase Control __bSMase
kDa ; rm— e
> Transferrin kDa
o receptor — — | 105
e — . 76
hCXCR4-GFP e —
> e g —52 —52
kB
% — 38
e IR T e -3
e —
Ke) [ © o = =
T8 % § 55 5
£ £
(3] (]
£ E 2 2





OEBPS/Images/fimmu-13-925559-g006.jpg
A 100

e N --- bSMase
N

& 80 \% — Control

c N,

S 60

©

N

T 40

5 “Ins.

£ 2 =

NN

Time (min)
B
Control bSMase
0 o
[ o
0 1 2 3 4 3 o 1 2 3 4 s
* * Time(min) * * Time(min)
CXCL12 ionomicin CXCL12 ionomicin
(o]
Control bSMase
0 30" 1 5 15 30 0 30"1 5 15 30

p-Erk(1/2) = T —

Erk(1/2)

p-Akt (S473) | " S b o e — S e W P ——

v Femm==

& Ul

D
4 -e- Control
6

2 , -O- bSMase

=

= n.s.

> 4

8 2

E

© 2

= Jns.
0 0

0 30" 1" 5 15 30’ 030" 1" 5 15 30
o-Akt (S473) p-Erk(1/2)





OEBPS/Images/fimmu-13-925559-g004.jpg
Average Intensity Trace Autocorrelation (AC)

dew Ov-Qc ¥4 Ov-a€

dew Ov-ac

¥4 Ov-Qe dew Ov-ac

Average Intensity Map

b3

F  eleupioooA ©F

e
o
<
Q
&

SEUPIOCOA  ©

64 Number of frames (x100)

X-coordinate

0

Average Intensity Trace Autocorrelation (AC)

Average Intensity Map

3
S

Sjeuipioco-A  ©F

(‘n°e) Aysuaju|

64 Number of frames (x100)

-coordinate

X

0

SjeUIpIcOdA  ©

O

20

Aok

bSMase

Control

bSMase

Control





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Sphingomyelin Depletion Inhibits CXCR4 Dynamics and CXCL12-Mediated Directed Cell Migration in Human T Cells

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cells and Reagents

          



          		

            Lipidomics Analysis by UHPLC-ESI-QTOF MS

          



          		

            Western Blotting

          



          		

            Flow Cytometry Studies

          



          		

            Annexin-V 7AAD/Propidium Iodide Staining

          



          		

            Transwell Migration Assay

          



          		

            Raster Image Correlation Spectroscopy Analysis

          



          		

            Total Internal Reflection Fluorescence Analysis

          



          		

            Fluorescence Resonance Transfer Analysis by Sensitized Emission

          



          		

            Directional Cell Migration

          



          		

            Immunofluorescence Analyses

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Prolonged Sphingomyelinase Treatment Diminishes CXCR4 Dependent T Cell Migration

          



          		

            Aberrant Ceramide Accumulation Influences CXCR4 Dynamics

          



          		

            Prolonged Neutral Sphingomyelinase Treatment Alters T Cell Directed Migration

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-925559-g007.jpg
Control

28

y axis(mm)
y axis(mm)

200

800 gm0 o0 0 300 400 #0000 480 300 0 200 400 800

x axis(mm)

600200 00 0200 400 D000 400 300 0 20 400 600

x axis(mm)

Forward Migration Index
Forward Migration Index

none CXCL12 none CXCL12 none CXCL12 none CXCL12
Control bSMase Control bSMase
ns 1.0

08

~08
—~ S
S 06 s
1 8
(72}
0.6
=
g 04 2
5 5
s % 04
] ]
g g
=
= 02 02

0.0

none CXCL12 none CXCL12 none CXCL12 none CXCL12
Control bSMase Control bSMase

00





OEBPS/Images/fimmu-13-925559-g005.jpg
CXCL12

Control

bSMase

T T T g 1
0 20 40 60 80 100
% particles

[] mobile |l immobile

B
06 Aokkok ns
ey
ek
) 0o
oo
0.4 o o

Intensity (a.u.)

CXCL12

% particles

100

80

60

40

20

4000

3000

2000

1000
500

400

300

200

100

M

Control

Fokkk

Control

0

- + CXCL12

bSMase

ns

+

CXCL12





OEBPS/Images/fimmu-13-925559-g002.jpg
Jurkat cells

8x10%
*k
7x10%
6x10°
=1 Control
5x10° m bSMase

4x10°

3100
id Kk

Q

o

c

8

c T
3

el

<

*k

Kok

T cell blasts
5x10°: *k =3 Control
4x10° m bSMase
3x10%
2x10!
ok

1x10°
8x10°

6x10°

Abundance






OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2022.925559_cover.jpg
’ frontiers ‘ Frontiers in Immunology

Sphingomyelin Depletion Inhibits
CXCR4 Dynamics and CXCL12-
Mediated Directed Cell Migration
in Human T Cells





