

[image: image]





Frontiers eBook Copyright Statement

The copyright in the text of individual articles in this eBook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers.

The compilation of articles constituting this eBook is the property of Frontiers.

Each article within this eBook, and the eBook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this eBook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version.

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or eBook, as applicable.

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with.

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question.

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-88971-194-9
DOI 10.3389/978-2-88971-194-9

About Frontiers

Frontiers is more than just an open-access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers Journal Series

The Frontiers Journal Series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers Journal Series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to Quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. 

Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view.

By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers Journals Series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area! Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers Editorial Office: frontiersin.org/about/contact





SPHINGOLIPIDS IN INFECTION CONTROL

Topic Editors: 

Sibylle Schneider-Schaulies, Julius Maximilian University of Würzburg, Germany

Burkhard Kleuser, University of Potsdam, Germany 

Juergen Seibel, Julius Maximilian University of Würzburg, Germany

Citation: Schneider-Schaulies, S., Kleuser, B., Seibel, J., eds. (2021). Sphingolipids in Infection Control. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-88971-194-9





Table of Contents




Editorial: Sphingolipids in Infection Control

Jürgen Seibel, Sibylle Schneider-Schaulies and Burkhard Kleuser

T Cell-Specific Overexpression of Acid Sphingomyelinase Results in Elevated T Cell Activation and Reduced Parasitemia During Plasmodium yoelii Infection

Matthias Hose, Anne Günther, Hanna Abberger, Salina Begum, Marek Korencak, Katrin A. Becker, Jan Buer, Astrid M. Westendorf and Wiebke Hansen

Intestinal Acid Sphingomyelinase Protects From Severe Pathogen-Driven Colitis

Jana Meiners, Vittoria Palmieri, Robert Klopfleisch, Jana-Fabienne Ebel, Lukasz Japtok, Fabian Schumacher, Ayan Mohamud Yusuf, Katrin A. Becker, Julia Zöller, Matthias Hose, Burkhard Kleuser, Dirk M. Hermann, Richard N. Kolesnick, Jan Buer, Wiebke Hansen and Astrid M. Westendorf

Sphingosine-1-Phosphate and Macrophage Biology—How the Sphinx Tames the Big Eater

Andreas Weigert, Catherine Olesch and Bernhard Brüne

Sphingomyelin Breakdown in T Cells: Role of Membrane Compartmentalization in T Cell Signaling and Interference by a Pathogen

Elita Avota, Maria Nathalia de Lira and Sibylle Schneider-Schaulies

Visualization of Ceramide-Associated Proteins in Ceramide-Rich Platforms Using a Cross-Linkable Ceramide Analog and Proximity Ligation Assays With Anti-ceramide Antibody

Xue Jiang, Zhihui Zhu, Haiyan Qin, Priyanka Tripathi, Liansheng Zhong, Ahmed Elsherbini, Sanjib Karki, Simone M. Crivelli, Wenbo Zhi, Guanghu Wang, Stefanka D. Spassieva and Erhard Bieberich

A Comprehensive Review on the Manipulation of the Sphingolipid Pathway by Pathogenic Bacteria

Monica Rolando and Carmen Buchrieser

Corrigendum: A Comprehensive Review on the Manipulation of the Sphingolipid Pathway by Pathogenic Bacteria

Monica Rolando and Carmen Buchrieser

Super-Resolution Microscopy Reveals Local Accumulation of Plasma Membrane Gangliosides at Neisseria meningitidis Invasion Sites

Jan Schlegel, Simon Peters, Sören Doose, Alexandra Schubert-Unkmeir and

Markus Sauer

Diverse Facets of Sphingolipid Involvement in Bacterial Infections

Tobias C. Kunz and Vera Kozjak-Pavlovic

Use of Acid Ceramidase and Sphingosine Kinase Inhibitors as Antiviral Compounds Against Measles Virus Infection of Lymphocytes in vitro

Anika Grafen, Fabian Schumacher, Janice Chithelen, Burkhard Kleuser, Niklas Beyersdorf and Jürgen Schneider-Schaulies

Monitoring the Sphingolipid de novo Synthesis by Stable-Isotope Labeling and Liquid Chromatography-Mass Spectrometry

Dominik Wigger, Erich Gulbins, Burkhard Kleuser and Fabian Schumacher

Sphingolipid Metabolism and Transport in Chlamydia trachomatis and Chlamydia psittaci Infections

Sebastian Banhart, Elena K. Schäfer, Jean-Marc Gensch and Dagmar Heuer

Translational Approaches Targeting Ceramide Generation From Sphingomyelin in T Cells to Modulate Immunity in Humans

Claudia Hollmann, Teresa Wiese, Fabio Dennstädt, Julian Fink, Jürgen Schneider-Schaulies and Niklas Beyersdorf

Role of Neutral Sphingomyelinase-2 (NSM 2) in the Control of T Cell Plasma Membrane Lipid Composition and Cholesterol Homeostasis

Charlene Börtlein, Fabian Schumacher, Burkhard Kleuser, Lars Dölken and Elita Avota

Glycosphingolipids and Infection. Potential New Therapeutic Avenues

Johannes M. F. G. Aerts, M. Artola, M. van Eijk, M. J. Ferraz and R. G. Boot

Sphingosine-1-Phosphate (S-1P) Promotes Differentiation of Naive Macrophages and Enhances Protective Immunity Against Mycobacterium tuberculosis

Anika Grafen, Fabian Schumacher, Janice Chithelen, Burkhard Kleuser, Niklas Beyersdorf and Jürgen Schneider-Schaulies












	
	EDITORIAL
published: 21 June 2021
doi: 10.3389/fcell.2021.697290






[image: image2]

Editorial: Sphingolipids in Infection Control

Jürgen Seibel1, Sibylle Schneider-Schaulies1 and Burkhard Kleuser2*


1Department for Organic Chemistry and Insitute for Virology and Immunobiology, Julius Maximilian University of Würzburg, Würzburg, Germany

2Institute of Pharmacy, Free University of Berlin, Berlin, Germany

Edited by:
Brian Storrie, University of Arkansas for Medical Sciences, United States

Reviewed by:
Motohiro Tani, Kyushu University, Japan

*Correspondence: Burkhard Kleuser, kleuser@zedat.fu-berlin.de

Specialty section: This article was submitted to Membrane Traffic, a section of the journal Frontiers in Cell and Developmental Biology

Received: 19 April 2021
 Accepted: 19 May 2021
 Published: 21 June 2021

Citation: Seibel J, Schneider-Schaulies S and Kleuser B (2021) Editorial: Sphingolipids in Infection Control. Front. Cell Dev. Biol. 9:697290. doi: 10.3389/fcell.2021.697290



Keywords: sphingolipid, infection, regulation, membrane, microdomain


Editorial on the Research Topic
 Sphingolipids in Infection Control




INTRODUCTION

In spite of the availability of preemptive strategies, infectious diseases continue to be a major threat worldwide. Therefore, there is an urgent demand for continuous development of anti-infective and immune-therapeutic strategies in particular for conditions where conventional interventive means are not available, prohibited, or fail. It was particularly in the more recent past, sphingolipids (SLs) have been explored as crucial molecules in infection processes and targeting sphingolipid (SL) metabolism seems to be a novel strategy for intervention in infectious diseases.

As they are major components of cellular membranes, accumulation levels and turnover of SL species effectively take part in cellular processes involving membrane integrity and dynamics (Hannun and Obeid, 2008; Airola and Hannun, 2013). Biosynthesis and metabolism of SLs are highly complex and—except for initiation of their biosynthesis and irreversible degradation via hydrolysis by sphingosine-1-phosphate lyase—accumulation of any SL species is highly dynamic because they rapidly interconvert due to the activity of a plethora of metabolizing enzymes. Adding further complexity to this system, SL species substantially vary with regard to acyl chain length, saturation, hydroxylation or complexity of their head groups, and compartmentalization of their complex metabolism as exerted by a multitude of enzyme isoforms involved in these processes (excellently reviewed in Hannun and Obeid, 2008; Gault et al., 2010; Feng et al., 2018; Harayama and Riezman, 2018).

Because of their high abundance, the composition of SLs within membranes strongly impacts on their biophysical properties by regulating deformability and fluidity (as important in inward/outward vesiculation), compartmentalization of membrane proteins and associated membrane proximal signaling molecules and hence, signal initiation and cytoskeletal dynamics (Bollinger et al., 2005; Grassme et al., 2007; Hannun and Obeid, 2008). In addition, bioactive SL species such as ceramides, ceramide-1-phosphate, sphingosine and sphingosine-1-phosphate actively take part in signaling processes regulating key cellular processes including cell survival, activation and apoptosis (Schenck et al., 2007; Dimanche-Boitrel et al., 2011; Takabe and Spiegel, 2014; Spiegel et al., 2019). Seminal studies on the role of SL dynamics in various disease pathologies established therapeutic concepts and development of drugs targeting their turnover which has been particularly successful in treatment of sphingolipidoses, atherosclerosis, cystic fibrosis and cancer (Kolter, 2011; Ryland et al., 2011; Schulze and Sandhoff, 2011). In view of progress made in SL regulation at a cellular basis, development of experimental tools also including highly specific inhibitors and genetic ablation strategies as well as experimental test systems, modulation of SL metabolism as therapeutic approach will predictably increase (Loewith et al., 2019).

Membrane dynamics, receptor sorting, cytoskeletal rearrangements and vesicular trafficking are also centrally involved in infection processes by controlling both the interaction of a pathogen with its host cell or trafficking and activity of immune (effector) cells. This Research Topic aimed at providing insight into progress made in this still emerging field in SL research.



RESEARCH CONTRIBUTION OF THE COLLECTION TO THE FIELD


Advances in Technology and Their Implementation

Mechanistical studies there have long been hampered by the lack of suitable tools and test systems which are being continuously developed. The highly cited study of Wigger et al. describes a novel methodology that for the first time allows to monitor the entire ER-associated SL de novo biosynthesis involving stable-isotope labeling and liquid chromatography-mass spectrometry.

The microsome based assay does allow for both modulations of this pathway in vitro, but also to monitor its alterations in cells or tissues also including immune cells. In addition to isotope labeled, functionalized precursors have been successfully used more recently for this purpose (Fink et al., 2021). Implementation of bio-orthogonal chemistry to generate functionalized compounds has also greatly advanced and enabled detection and trafficking of SLs in fixed and living cells (Haberkant and Holthuis, 2014; Kuerschner and Thiele, 2014). In a primary astrocyte model system, cross-linkable functionalized ceramide analogs and proximity ligation assays were combined to visualize proteins associated with ceramide-enriched platforms (Jiang et al.). Applied in this paper to ceramide tubulin and VDAC1 ceramide complexes, this technique will substantially advance studies on co-detection of proteins in ceramide-enriched microdomains and regulation of this particular interactions. SLs have also been successfully resolved by super-resolution microscopy before (Burgert et al., 2017) and this technique, combined with structured illumination microscopy (SIM) has now been used to unravel accumulation and coating of meningococci with GM1 ganglioside upon uptake into HBMEC (Schlegel et al.).

This study allowed to reveal the importance of cell cycle dependent GM1 increase at the plasma membrane for the efficiency of uptake rather than binding of the pathogen. It thereby unifies substantial advances in a technical approach to visualize SL dynamics and support for their essential role in pathogen host interactions during bacterial infection.



The Role of SL Dynamics in Infection at the Level of Pathogens

Three comprehensive reviews focus on the modulatory capacity of SLs within the life cycle of several pathogenic bacteria ranging from attachment and uptake, formation of intracellular compartments, and interaction with cell autonomous defense mechanisms. Most interestingly, Rolando and Buchrieser report on bacterial strategies, especially bacterially encoded enzymes mimicking SL metabolizing enzymes. These enable them to actively regulate the catabolic SL pathway in eukaryotic cells for their individual demands to counteract host responses and facilitate intracellular growth, and are therefore promising targets for intervention. Kunz and Kozjak-Pavlovic also elaborate on the role of SLs in attachment and uptake of bacteria, however, in common to Banhart et al., focus on sphingolipid mediated regulation of cellular signaling pathways promoting intracellular trafficking and survival. Amongst those, special emphasis is given to formation of a cellular inclusion compartment. This is essential for survival and reproduction of Chlamydia trachomatis, and relies for C. trachomatis and other chlamydia and chlamydia-like micro-organisms, on acquisition of sphingomyelin and ceramide from the host cell by as yet ill-defined transport mechanism. As referred to in all three reviews, particular SL species proved to be important for the successful interaction of bacteria with their hosts and therefore, host enzymes or bacterial gene products promoting their production might be targets for therapeutic intervention. Less well-investigated to date, targeting of SL metabolizing enzymes can also act antivirally. An example for this is provided by Grafen et al. who report sensitivity of measles virus (MV) replication in lymphocytes to inhibition of the acid ceramidase and sphingosine kinase, most reflecting the inhibitor-induced reduction of cellular metabolic activity (Grafen et al.).

Noteworthy, certain SL species including sphinganine, sphingosine and ceramides, can also directly act as antimicrobials and thereby possibly represent a novel class of antibiotics, as detailed by Kunz and Kozjak-Pavlovic.

As most recently revealed, this may also apply to viral infections (Lang et al., 2020).

The therapeutic potential of another SL subclass, glycosphingolipids (GSL), is discussed by Aerts et al. who review the dual role of those in pathogen binding and uptake, and in regulating immune cell functions important in infection control. Given that they therefore might regulate both processes, therapeutics targeting GSL biosynthesis as already approved for treatment of lysosomal glycolipid storage diseases, might, as discussed by the authors, represent new avenues for infection control.



SL Dynamics Involved in Immune Control of Pathogens

Six contributions elaborate on the impact of SL dynamics in immune cells thereby controlling infections at a cellular rather than the pathogen level. As established, sphingosine-1-phosphate (S1P) gradients effectively promote recruitment of immune cells, also including macrophages. This particular SL emerged, however, as potent regulator of macrophage function and thereby, as of crucial pathogenic importance in infectious and non-infectious diseases as comprehensively reviewed by Weigert et al.. In fact, S1P has proven to be relevant in protection against Mycobacterium tuberculosis via its impact on macrophage differentiation (Nadella et al.).

Several contributions to this Research Topic focus on the role of sphingolipid homeostasis in T cells and regulation thereof in response to pathogen challenge.

Hollmann and colleagues highlight current knowledge on the impact of ceramide generation on activation, differentiation and effector functions in distinct T cell populations (Hollmann et al.).

Reporting on studies involving newly generated tools such as mouse strains deficient for or overexpressing sphingolipid-metabolizing enzymes, they discuss recent progress made with regard to translational approaches aiming on T cell modulation in suitable animal (infection) models as a basis for further development in clinical use in humans. Notably, drugs already in clinical use for treatment of non-infectious diseases are amongst the potential candidates for differential modulation of T cell subpopulations. Direct experimental proof for a beneficial effect of regulating the SL pool at the level of sphingomyelin breakdown in T cells is provided by Hose et al. There, T cell specific overexpression of the acid sphingomyelinase (ASM) was protective in Plasmodium yoelii infected mice by enhancement of T cell mediated immunity. In line with ASM activity being supportive to T cell immunity, ASM ablation was found to augment susceptibility to C. rodentium infection in mice used as a model of mucosal immunity (Meiners et al.).

Strikingly, in this model ASM deficiency was associated with uncontrolled inflammatory Th1 and Th17 responses and thereby, progressive colonic pathology. Supporting that ablation of ASM might indeed differentially affect T cell subpopulations, the proportion of regulatory T cells among CD4+ T cells was found elevated in ASM deficient mice, and this was associated with progressive CNS infection in a mouse model earlier (Hollmann et al., 2016).

Finally, two contributions focus on the specific role of sphingomyelin breakdown in T cells and its role in regulating T cell activation at a cellular level. Using Jurkat T cells deficient for the neutral sphingomyelinase 2 (NSM2), Börtlein et al. clearly revealed that this enzyme is of importance for the plasma membrane (PM) composition under homeostatic conditions. Its absence most prominently affected transport of PM cholesterol to the endoplasmic reticulum and production of cholesteryl esters (CE) there. Importantly, prevention of CE production (upon NSM2 ablation or inhibition of cholesterol acetyltransferases) significantly impaired T cell receptor (TCR) driven expansion of both, CD4+ and CD8+ T cells, indicating that the NSM2 activity is of importance for T cell expansion. Within their comprehensive review, Avota et al. provide insight into the role of ASM and NSM2 (and other SL metabolizing enzymes) in various aspects of T cell activation mainly including T cell viability, relay of signals given by TCR or upon co-stimulation or T cell motility and tissue homing. Not surprisingly, the activity of SL metabolizing enzymes needs stringent spatiotemporal control also in T cells where their deregulation by MV results in impaired T cell activation.




CONCLUDING REMARKS

In summary, understanding the role of SL dynamics in infection control can still be regarded as emerging field of research that bears substantial promise for highly fascinating insights into pathogen-host interactions and modulation of immunity, and thereby, development of therapeutics. With the substantial progress made in techniques and tools to study, quantify, visualize and specifically target and modulate SL metabolism as well as the availability of (multi) functionalized SL species in the recent past, achievement of this ambitious goal and transfer into clinical application is very likely to become possible.
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The enzyme acid sphingomyelinase (ASM) hydrolyzes sphingomyelin to ceramide and is thereby involved in several cellular processes such as differentiation, proliferation, and apoptosis in different cell types. However, the function of ASM in T cells is still not well characterized. Here, we used T cell-specific ASM overexpressing mice (t-ASM/CD4cre) to clarify the impact of cell-intrinsic ASM activity on T cell function in vitro and in vivo. We showed that t-ASM/CD4cre mice exhibit decreased frequencies of Foxp3+ T regulatory cells (Tregs) within the spleen. Enforced T cell-specific ASM expression resulted in less efficient induction of Tregs and promoted differentiation of CD4+CD25− naïve T cells into IFN-γ producing Th1 cells in vitro. Further analysis revealed that ASM-overexpressing T cells from t-ASM/CD4cre mice show elevated T cell receptor (TCR) signaling activity accompanied with increased proliferation upon stimulation in vitro. Plasmodium yoelii infection of t-ASM/CD4cre mice resulted in enhanced T cell activation and was associated with reduced parasitemia in comparison to infected control mice. Hence, our results provide evidence that ASM activity modulates T cell function in vitro and in vivo.

Keywords: sphingolipids, acid sphingomyelinase, T cells, T cell activation, malaria


INTRODUCTION

The sphingolipid metabolism involves several enzymes including acid sphingomyelinase (ASM), a lipid hydrolase enzyme constitutively expressed in lysosomes and released to the outer leaflet of the cell membrane upon triggering of e.g., CD95, TNF receptors, or CD28 (1–4). ASM cleaves sphingomyelin into ceramide and phosphocholine (5), resulting in the formation of ceramide-rich signaling platforms at the outer leaflet of the plasma membrane (6), which play an important role in regulating differentiation, proliferation, and apoptosis in different cell types (7, 8). Studies performed with ASM-deficient mice or treatment of cells with ASM-inhibitors such as amitriptyline suggests that ASM activity is involved in T cell development and function (9–14). For CD8+ T cells, it was shown that ASM-deficiency results in impaired secretion of IFN-γ and cytotoxic granula in lymphocytic choriomeningitis (LCMV)-infected mice (11). Recently, two independent studies provided evidence that ASM activity is also involved in CD4+ regulatory T cell (Treg) development, survival, and function (12, 13). ASM-deficient or amitriptyline-treated mice had enhanced numbers of Tregs in comparison to wildtype (WT) or non-treated mice. In addition, ASM-deficient Tregs showed enhanced turnover of CTLA-4 and exhibited increased suppressive activity in vitro (13). Blocking of ASM activity in human CD4+ T cells by pharmacological inhibitors or by siRNAs has been shown to interfere with T cell receptor (TCR) signaling, proliferation, and T helper (Th) cell differentiation upon stimulation in vitro (14). However, most of these studies investigated the impact of ASM in the whole CD4+ T cell population or focused on Tregs, but did not investigate the impact of ASM on CD4+ non-Tregs. In addition, results from ASM-deficient mice do not exclude an indirect influence of other cells on T cell function, and treatment with ASM inhibitors might also act on other enzymes involved in the sphingolipid metabolism, such as acid ceramidase (15). Hence, the impact of cell-intrinsic ASM activity in CD4+ non-Tregs still remains unclear.

Malaria, caused by the parasite Plasmodium, is still one of the most deadly human infectious diseases worldwide. The parasite has a complex life cycle resulting in different innate and adaptive immune mechanisms involved in parasite control and clearance (16). During the blood-stage of infection, CD4+ T cells play a crucial role in regulating the immune response. While IFN-γ production by T cells and CD4+ T cell help for B cell responses are required for control and elimination of infected red blood cells (iRBCs) (17), CD4+Foxp3+ Tregs counteract excessive inflammatory immune responses that might result in exacerbated tissue damage. Expansion of Foxp3+ Tregs was observed in Plasmodium-infected patients (18, 19) as well as in different malaria mouse models (20–22) and their depletion resulted in enhanced T cell responses accompanied by reduced parasitemia (20). Besides Foxp3+ Tregs, IL-10 expressing CD4+ T cells with immunosuppressive function were described to be induced during Plasmodium yoelii (P. yoelii) infection (20, 23), at least in part due to stimulation of naïve T cells by IL-10 producing CD11c+ dendritic cells (DCs) (24). Hence, CD4+ T cells are important for the tight regulation of immune responses during Plasmodium infection.

In the present study, we provide evidence that T cell-intrinsic ASM activity is induced by anti-CD3/anti-CD28 stimulation. T cell-specific overexpression of ASM resulted in elevated phosphorylation of TCR signaling molecules and proliferative activity upon stimulation in vitro. Strikingly, P. yoelii-infected t-ASM/CD4cre mice exhibited a more activated T cell phenotype accompanied by improved pathogen clearance in comparison to infected control littermates. Thus, the sphingomyelin/ceramide pathway might represent a promising target for the modulation of T cell activity during ongoing immune responses in vivo.



MATERIALS AND METHODS


Mice and Parasites

T-ASM mice (25) and CD4cre mice (26) both on C57BL/6 background were crossed and maintained under specific pathogen-free conditions at the Animal Facility of University Hospital Essen. Cryopreserved P. yoelii 17NXL (non-lethal) infected red blood cells (iRBCs) were passaged once through C57BL/6 wildtype mice before being used in experimental animals. For infection 1 × 105 iRBCs were injected i.v. at day 0. The frequency of iRBCs (parasitemia) was determined by microscopic examination of Giemsa-stained blood films. All animal experiments were performed in accordance to the guidelines of the German Animal Protection Law and approved by the state authority for nature, environment, and customer protection, North Rhine-Westphalia, Germany.



Cell Isolation and Activation

Single cell suspensions of splenocytes were generated by rinsing spleens with erythrocyte lysis buffer and washing with PBS supplemented with 2% FCS and 2 mM EDTA. T cells were isolated from splenocytes either by using the CD4+ or CD8+ T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) alone or followed by anti-CD4, anti-CD25, anti-CD8 staining, and cell sorting using an Aria II Cell Sorter (BD Biosciences, Heidelberg, Germany). T cells were stimulated with 5 μg/ml anti-CD3 plate-bound and 1 μg/ml anti-CD28 soluble (both BD Biosciences, Heidelberg, Germany) in IMDM culture medium supplemented with 10 % heat-inactivated FCS, 25 mM β-Mercapthoethanol and antibiotics (100 U/ml penicillin, 0.1 mg/ml streptomycin).



T Cell Differentiation

For iTreg differentiation CD4+CD25− T cells were stimulated with anti-CD3/anti-CD28 as described above in the presence of 20 ng/ml IL-2 (eBioscience, ThermoFisher Scientific, Langenselbold, Germany) and 5 ng/ml TGF-β1 (R&D Systems, Bio-Techne, Wiesbaden, Germany) for 72 h. Th1 cells were differentiated by stimulating sorted CD4+CD25− T cells with anti-CD3/anti-CD28 in the presence of 200 ng/ml anti-IL-4 (eBioscience, ThermoFisher Scientific, Langenselbold, Germany) and 20 ng/ml IL-12 (R&D Systems, Bio-Techne, Wiesbaden, Germany) for 6 days. At day 3 cells were split and fresh IMDM medium supplemented with 1 μg/ml anti-CD28 and 200 ng/ml anti-IL-4 was added.



Proliferation

T cells were labeled with the cell proliferation dye eFluor 670 (eBioscience, ThermoFisher Scientific, Langenselbold, Germany) according to the manufacturers protocol and stimulated for 3 days with anti-CD3 and anti-CD28 antibodies in the presence of irradiated splenocytes. Proliferation was assessed as loss of the proliferation dye by flow cytometry.



Antibodies and Flow Cytometry

Anti-CD4, anti-CD8, anti-CD25, anti-IFN-γ (all BD Biosciences, Heidelberg Germany), anti-Foxp3, anti-Ki67 (eBioscience, ThermoFisher Scientific, Langenselbold, Germany), anti-Akt, anti-phosho-Akt(Ser473), anti-phospho-PLCγ1(Tyr783), anti-p38MAPK, and anti-phospho-p38MAPK(Thr180/Tyr182) (Cell Signaling, Frankfurt, Germany) were used as fluorescein isothiocyanate (FITC), pacific blue (PB), phycoerythrin (PE), BD Horizon V450, allophycocyanin (APC), AlexaFlour647 (AF647), PE-cyanin 7 (PE-Cy7), or peridinin-chlorophyll protein (PerCp) conjugates. Dead cells were identified by staining with the fixable viability dye eFluor 780 (eBioscience, ThermoFisher Scientific, Langenselbold, Germany). Intracellular staining for Foxp3 and Ki67 was performed with the Foxp3 staining kit (eBiocience, ThermoFisher Scientific, Langenselbold, Germany) according to the manufacturer's protocol. IFN-γ expression was measured by stimulating splenocytes with 10 ng/ml phorbol 12-myristate 13-acetate (PMA) and 100 μg/ml ionomycin (both Sigma-Aldrich, München, Germany) for 4 h in the presence of 5 μg/ml Brefeldin A, followed by treatment with 2% paraformaldehyd and 0.1% IGEPAL®CA-630 (Sigma- Aldrich, München, Germany), and staining with the respective antibody for 30 min at 4°C. For analyzing phosphorylation of TCR signaling molecules, cells were stimulated with 5 μg/ml anti-CD3 and 1 μg/ml anti-CD28 for 5 or 10 min, treated with 2% paraformaldehyd and 0.1% IGEPAL®CA-630, and stained with the respective antibody for 30 min at 4°C. Flow cytometric analyses were performed with a LSR II instrument using DIVA software (BD Biosciences, Heidelberg Germany).



Serum Cytokines

Blood samples were collected, incubated at room temperature and centrifuged for 10 min at 6,797 × g. Cytokines were quantified by using a polystyrene bead-based Luminex Assay (R&D Systems, Abingdon, UK) and a Luminex 200 system with IS software according to the manufacturers recommendations.



ASM Activity

CD4+ and CD8+ T cells were isolated from spleen by using the CD4+ or CD8+ T cell isolation kit (Miltenyi Biotec, Bergisch Gladbach, Germany). CD19+ B cells were isolated from splenocytes by cell sorting using an Aria II Cell Sorter (BD Biosciences, Heidelberg, Germany). T cells and B cells were either left untreated or stimulated with anti-CD3/anti-CD28 or 1 μg/ml LPS (Invivogen, Toulouse, France) overnight and lysed in 250 mM sodium acetate, 1% IGEPAL®CA-630 and 100 μM ZnCl2 for 5 min on ice, followed by bath sonication for 10 min. BODIPY FL 12C-SM (ThermoFisher Scientific, Langenselbold, Germany) in assay buffer was added to the cells to obtain 100 pmol SM and 0.1% NP40 within the reaction mix and incubated at 37°C with shaking. Lipids were extracted by adding chloroform/ methanol (2:1) and centrifugation, followed by isolation and drying of the lower phase. Cell pellets were resuspended in chloroform/ methanol (2:1) and spotted on a thin-layer chromatography plate. After running in chloroform/ methanol (80:20), plates were air-dried, scanned with a Typhoon FLA 9,500 laser scanner and analyzed with ImageQuant software (both GE Healthcare Life Sciences, US). Specific Asm activity was calculated as conversion of product per protein and time.



Statistical Analysis

Statistical analyses were performed with Mann-Whitney U-test or two-way ANOVA with Bonferroni's multiple comparisons test. Statistical significance was set at the levels of *p < 0.05, **p < 0.01, and ***p < 0.001. All analyses were calculated with Graph Pad Prism Software (Graph Pad Software, La Jolla, CA).




RESULTS


Decreased Relative Numbers of Foxp3+ Regulatory T Cells in T Cell-Specific ASM Overexpressing t-ASM/CD4cre Mice

To study the cell intrinsic effect of ASM on the T cell phenotype, we made use of t-ASM mice crossed with CD4cre mice. In t-ASM mice, the hprt gene locus was replaced by a construct consisting of the ubiquitous CMV immediate early enhancer/chicken β-actin fusion promotor, and a loxP-STOP-loxp cassette followed by the ASM encoding cDNA (Smpd1) (25). Breeding of these mice with CD4cre mice results in T cell-specific excision of the STOP cassette and enforced ASM expression. To confirm elevated ASM expression in T cells from t-ASM/CD4cre double-transgenic mice, we analyzed the ASM activity of unstimulated and anti-CD3/anti-CD28 stimulated T cells isolated from spleen of t-ASM/CD4cre (TG) and t-ASM controls (WT). CD4+ and CD8+ naïve T cells from t-ASM/CD4cre mice exhibited elevated ASM activity compared to T cells isolated from WT littermates. Stimulation of T cells with anti-CD3/anti-CD28 resulted in an increase of ASM activity in CD4+ and CD8+ T cells from WT controls. This induction in ASM activity upon stimulation was strongly enhanced in T cells isolated from t-ASM/CD4cre mice, which showed approximately 10 fold higher ASM activity than stimulated T cells from littermate controls (Figure 1A). Stimulation of CD19+ B cells with LPS also resulted in elevated ASM activity. However, we did not observe differences in ASM activity between unstimulated or LPS-stimulated CD19+ B cells isolated from t-ASM/CD4cre mice compared to control mice (Figure 1A). Hence, t-ASM/CD4cre mice are a suitable model to analyze the impact of ASM activity on T cell phenotype and function.
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FIGURE 1. T cell-specific overexpression of ASM results in decreased relative numbers of regulatory T cells in the spleen. (A) CD4+ and CD8+ T cells as well as CD19+ B cells were isolated from t-ASM/CD4cre mice (TG) or t-ASM littermates (WT), left untreated or stimulated overnight with anti-CD3/anti-CD28 or LPS, respectively, and analyzed for ASM activity. (B) The percentages of CD4+, CD8+ T cells, and (C) Foxp3+ Tregs of CD4+ T cells within the spleen and thymus of t-ASM/CD4cre mice (TG) and t-ASM littermates (WT) were determined by flow cytometry. The gating strategy is shown in the upper panel of (B). Data from (A) n = 2–3 mice and (B,C) two independent experiments with n = 6–7 mice in total are shown as mean ± SEM. *p < 0.05.



First, we asked whether enhanced T cell-specific ASM activity has an impact on the development of T cells. Therefore, we determined the frequencies of CD4+ T cells, CD8+ T cells, and Foxp3+ Tregs of CD4+ T cells in thymus and spleen isolated from t-ASM/CD4cre mice and WT controls. Whereas, we did not observe any differences in the percentage of CD4+ T cells and CD8+ T cells (Figure 1B), T cell-specific overexpression of ASM resulted in a significant reduction of Foxp3-expressing Tregs in the spleen of t-ASM/CD4cre mice compared to controls (Figure 1C).



ASM Overexpression Impairs Treg Differentiation and Improves Th1 Differentiation in vitro

Since we observed decreased frequencies of Tregs in the spleen, but not in the thymus of t-ASM/CD4cre mice (Figure 1C), we next analyzed the efficacy of ASM-overexpressing T cells to differentiate into induced Tregs (iTregs) in vitro. For this purpose, we isolated CD4+CD25− T cells from t-ASM/CD4cre mice as well as WT littermates and stimulated them with anti-CD3/anti-CD28 in the presence (iTreg) or absence (Th0) of IL-2 and TGF-β. As depicted in Figure 2A, T cell-specific overexpression of ASM resulted in significantly reduced induction of Foxp3+ iTregs compared to WT controls (Figure 2A). In addition, we investigated the capacity of CD4+CD25− T cells to differentiate into IFN-γ producing Th1 cells in vitro. CD4+CD25− T cells were isolated from T cell-specific ASM-overexpressing mice and WT littermates, stimulated with anti-CD3/anti-CD28 and treated with IL-12 and anti-IL-4 (Th1). As control, T cells were stimulated without adding IL-12 and anti-IL-4 (Th0). Enforced ASM expression resulted in a significantly increased induction of IFN-γ producing T cells upon stimulation under Th1 polarizing conditions (Figure 2B).
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FIGURE 2. Impaired regulatory T cell differentiation and elevated induction of Th1 cells from ASM-overexpressing CD4+ T cells under respective polarizing conditions in vitro. (A) Sorted CD4+CD25− T cells from t-ASM/CD4cre mice (TG) and t-ASM littermates (WT) were stimulated with anti-CD3 and anti-CD28 and differentiated into Foxp3+ Tregs in the presence of TGF-β and IL-2 for 3 days or (B) into IFN-γ producing Th1 cells, by adding IL-12, and anti-IL-4 to the cells for 6 days. Respective controls (Th0) were only stimulated with anti-CD3 and anti-CD28. Data from two to three independent experiments with n = 6–7 mice in total are shown as mean ± SEM. *p < 0.05, **p < 0.01.





ASM Overexpressing T Cells Exhibit Increased Proliferative Activity and T Cell Receptor Signaling in vitro

For analyzing whether ASM expression has also an impact on the proliferative response of T cells, we isolated CD4+CD25− T cells from naïve t-ASM/CD4cre mice and control littermates, labeled them with the cell proliferation dye eFluor 670 and left them untreated or stimulated them with anti-CD3 and anti-CD28 for 3 days in vitro. As expected, unstimulated T cells showed only very low proliferative activity with no differences between ASM-overexpressing cells and controls. However, CD4+CD25− T cells from t-ASM/CD4cre mice exhibited significant elevated proliferation compared to T cells from WT littermates upon stimulation in vitro (Figure 3A). To gain further insights into the underlying processes, we investigated the activation of the TCR signaling pathway in more detail. Upon TCR activation a cascade of several signaling molecules, including PLCγ, Akt and p38 is phosphorylated (27). To analyze the impact of T cell-intrinsic ASM expression on TCR signaling, we isolated splenocytes from t-ASM/CD4cre mice and respective littermates, stimulated them with anti-CD3/anti-CD28 and analyzed the phosphorylation of Akt, PLCγ, and p38 MAPK on gated CD4+Akt+, CD4+, or CD4+p38+ T cells, respectively at different time points by flow cytometry. As expected, we detected an increased phosphorylation of all three molecules in WT and ASM-overexpressing T cells upon activation. Strikingly, enforced expression of ASM in T cells resulted in elevated phosphorylation of Akt, PLCγ, and p38 upon TCR stimulation in vitro (Figure 3B). These results indicate that anti-CD3/anti-CD28 stimulation induces ASM activity which in turn influences the TCR signaling pathway and thereby the proliferation and differentiation of CD4+ T cells in vitro.
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FIGURE 3. Overexpression of ASM in T cells enhances the proliferative activity and T cell receptor signaling. (A) CD4+CD25− T cells were isolated from t-ASM/CD4cre mice (TG) or t-ASM controls (WT), labeled with cell proliferation dye eFluor 670 and stimulated for 72 h with anti-CD3 and anti-CD28. Proliferation was assessed as loss of cell proliferation dye eFluor 670 by flow cytometry. (B) Splenocytes were isolated from t-ASM/CD4cre mice (TG) or t-ASM controls (WT), left unstimulated or stimulated with anti-CD3 and anti-CD28 for 5 or 10 min and analyzed for phospho-Akt of gated Akt+CD4+ T cells, phospho-PLCγ1 of gated CD4+ T cells and phospho-p38 of gated p38+CD4+ T cells by flow cytometry. The gating strategy and a representative histogram-overlay of Akt phosphorylation of stimulated CD4+ T cells from t-ASM/CD4cre mice (TG) and t-ASM controls (WT) are shown in the upper panel. The increase in phosphorylation was calculated as percentage MFI stimulated/ MFI unstimulated. Results from two to three independent experiments with n = 5–9 mice in total are summarized as mean ± SEM. *p < 0.05.





T-ASM/CD4cre Mice Show Enhanced T Cell Proliferation and IFN-γ Production in Response to P. yoelii Infection

Our data show that T cell-specific overexpression of ASM enhances T cell activation upon stimulation in vitro. Therefore, we next asked whether enforced ASM activity in T cells also results in elevated immunity in the more complex in vivo situation. For this purpose, we infected t-ASM/CD4cre mice and WT control littermates with P. yoelii. At day 14 post infection (p.i.), we analyzed the phenotype of T cells from spleen of infected mice by flow cytometry. As depicted in Figures 4A,B, the frequencies of CD4+ T cells, CD8+ T cells, as well as Foxp3+ Tregs of CD4+ T cells did not differ between P. yoelii-infected T cell-specific ASM-overexpressing mice and control littermates (Figures 4A,B). Well in line with our in vitro data, we detected significantly elevated frequencies of proliferated CD4+ T cells as well as CD8+ T cells in t-ASM/CD4cre mice compared to WT controls as measured by Ki67 expression (Figure 4C). Moreover, the percentage of IFN-γ expressing CD4+ T cells and CD8+ T cells was significantly increased in T cell-specific ASM overexpressing mice upon P. yoelii infection in comparison to WT littermates (Figure 4D). To gain further insights into the impact of ASM expression on Plasmodium-specific T cell responses, we analyzed the frequencies of CD11a+CD49d+ CD4+ T cells as well as the percentage of CD11a-expressing CD8+ T cells. This approach was already described for the detection of antigen-specific T cells during Plasmodium infection (28). We did not observe differences in the percentages of CD11a+CD49d+ CD4+ T cells between T cell-specific ASM overexpressing mice and control littermates at least at day 14 p.i. (Figure 4E). However, P. yoelii infection of t-ASM/CD4cre mice resulted in significantly increased frequencies of antigen-experienced CD8+ T cells in comparison to WT littermates. Together, these data suggest that T cell-intrinsic ASM activity modulates T cell activation during an ongoing immune response in vivo.
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FIGURE 4. T cell-specific overexpression of ASM results in enhanced T cell activation after P. yoelii infection. T-ASM/CD4cre mice (TG) and t-ASM littermates (WT) were infected with P. yoelii and analyzed at day 14 post infection. (A) The frequency of CD4+ T cells and CD8+ T cells, (B) Foxp3+ regulatory T cells of CD4+ T cells, (C) Ki67- expressing, and (D) IFN-γ producing CD4+ T cells and CD8+ T cells as well as the percentage of (E) CD11a+CD49d+ CD4+ T cells and CD11a-expressing CD8+ T cells from spleen of P. yoelii-infected t-ASM/CD4cre mice (TG) and t-ASM littermates (WT) were determined by flow cytometry. Representative dot blots are shown in the upper panel of (C–E). Results from at least three independent experiments with n = 14–19 mice in total are summarized as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





Enhanced Systemic Pro-Inflammatory Cytokine Production and Reduced Parasitemia in P. yoelii-Infected t-ASM/CD4cre Mice

To further investigate the impact of ASM-dependent increased T cell activation on the course of P. yoelii infection, we determined the amount of pro-inflammatory cytokines in serum of t-ASM/CD4cre mice and WT littermates at day 14 post infection (p.i.). P. yoelii-infected T cell-specific ASM-overexpressing mice exhibited a significant increase in systemic production of IL-6, as well as IFN-γ and TNF-α, although statistically not significant, in comparison to control mice (Figure 5A). Finally, we asked whether the elevated T cell response in t-ASM/CD4cre mice influences the parasitemia upon P. yoelii infection. For this purpose we determined the percentage of infected RBCs at day 4, 7, 9, 14, 16, 18, and 21 p.i. by Giemsa-stained blood smears and detected significantly less parasitized RBCs in t-ASM/CD4cre mice than in WT littermates at day 14 p.i. (Figure 5B). In summary, these results indicate that enforced ASM expression in T cells results in elevated T cell activation in P. yoelii-infected mice accompanied by improved parasite clearance.
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FIGURE 5. Elevated IL-6 serum levels and improved parasite clearance in P. yoelii-infected t-ASM/CD4cre mice. T-ASM/CD4cre mice (TG) and t-ASM littermates (WT) were infected with P. yoelii. (A) IL-6, IFN-γ, and TNF-α serum levels were determined by Luminex technology at day 14 p.i. (B) Parasitemia was determined at indicated time points post infection by Giemsa staining. Results from two to four independent experiments with n = 6–15 mice in total are summarized as mean ± SEM. **p < 0.01.






DISCUSSION

The enzyme ASM hydrolyzes sphingomyelin to ceramide upon activation by several cellular stress signals (29). This results in the formation of ceramide-rich platforms within the cell membrane which have an impact on different cellular processes. It was already proposed that ASM also influences activation, differentiation, and stability of CD4+ T cell subsets. However, these studies either addressed the impact of ASM on whole CD4+ T cells (9, 10, 14) or focused on Tregs (12, 13) isolated from ubiquitous ASM-deficient mice or upon treatment with pharmacological inhibitors of ASM. Here, we made use of T cell-specific ASM overexpressing mice to clarify the T cell-intrinsic effect of ASM activity on T cells in more detail. By this approach we can exclude an indirect effect of ASM expressed by other cells or side effects of pharmacological ASM inhibitor treatment such as inhibition of other enzymes involved in the sphingolipid metabolism.

Our data indicate that T cell-specific overexpression of ASM results in significantly reduced relative number of Foxp3+ Tregs within the spleen (Figure 1C). Well in line, ASM-deficient mice showed an increase in Treg numbers (12, 13). Interestingly, we detected no differences in the percentage of Tregs within the thymus, which suggests that T cell-intrinsic ASM activity does not influence the development of thymus-derived Tregs per se, but rather their induction and/ or stability in the periphery. Hollmann and colleagues claimed that Tregs are more resistant to ASM-deficiency than CD4+Foxp3− T cells, since they observed a reduction in absolute cell numbers of CD4+Foxp3− non-Tregs, but no differences in CD4+CD25+Foxp3+ Treg numbers in Asm-deficient mice and after treatment of mice with amitriptyline (13). In contrast, Zhou et al., detected increased relative as well as absolute numbers of CD4+CD25+Foxp3+ Tregs in spleen of ASM-deficient mice (12). We demonstrate that sorted ASM-overexpressing CD4+CD25− T cells differentiate less efficiently into Foxp3+ Tregs upon stimulation in the presence of IL-2 and TGF-β in vitro than WT controls (Figure 2A). Similar results were also obtained from ASM-deficient T cells, which expressed more Foxp3 than WT cells under Treg polarizing conditions in vitro (12). Together these results provide evidence that T cell-intrinsic ASM activity is involved in the de novo induction of iTregs rather than in the intrathymic development.

To gain further insights into this process, we analyzed the phosphorylation of different TCR signaling molecules. As expected, we observed an increase in p-Akt(Ser473), p-p38 and pPLCγ-1 upon anti-CD3/anti-CD28 stimulation of WT and ASM-overexpressing cells (Figure 3B). However, stimulated CD4+ T cells from t-ASM/CD4cre mice exhibited elevated phosphorylation of these molecules in comparison to stimulated WT cells. Similar results were also described for human CD4+ T cells. Pharmacological inhibition of ASM by imipramine resulted in decreased phosphorylation of PLCγ and Akt upon anti-CD3/anti-CD28 stimulation (14), linking ASM activity to mediators of CD4+ T cell signals and activation. Ser473-phosphorylated Akt has been described to preferentially phosphorylate Foxo1 and Foxo3 (30), which results in their retention within the cytoplasm (31). Nuclear exclusion of Foxo proteins prevents direct binding to the Foxp3 promotor (32, 33) and thereby interferes with Foxp3 expression. Along with elevated Akt activation, we also detected increased phosphorylation of p38. This signaling pathway also seems to negative regulate the induction of iTregs. P38-deficient T cells showed attenuated MAPK-activated proteinkinase-dependent mTOR signaling after TCR stimulation accompanied by enhanced differentiation into iTregs under appropriate polarizing conditions (34). On the other hand, p38 is also involved in the regulation of IFN-γ expression. By using both, pharmacological inhibitors and genetically modified mice, it has been shown that the p38 MAPK pathway is required for the production of IFN-γ and Th1 differentiation (35). Well in line, we demonstrated that CD4+CD25− T cells from t-ASM/CD4cre mice differentiate more efficiently into IFN-γ producing Th1 cells than WT cells upon TCR engagement in the presence of IL-12 and anti-IL-4 (Figure 2B). These results correlate with decreased Th1 differentiation of human CD4+ T cells upon treatment with the ASM-inhibitor imipramine (14). Hence, the ASM-dependent increase in Akt and p38 phosphorylation upon TCR engagement might be responsible for the observed less effective induction of Foxp3+ iTregs and elevated differentiation of stimulated CD4+ T cells into Th1 cells under respective polarizing conditions. Activation of TCR signaling pathways upon anti-CD3/anti-CD28 stimulation have also an impact on T cell proliferation (36). Splenocytes from ASM-deficient mice and human CD4+ T cells treated with pharmacological ASM-inhibitors showed reduced proliferation upon activation (10, 14). Well in line, we detected significant elevated proliferation of stimulated ASM-overexpressing CD4+CD25− T cells compared to WT controls (Figure 3A), providing evidence that T cell-intrinsic ASM activity directly influences the proliferative activity of T cells.

To clarify whether enforced T cell-intrinsic ASM activity has also an impact on T cell function during an ongoing immune response in vivo, we infected t-ASM/CD4cre mice and control littermates with P. yoelii. It is well established that in addition to B cells, CD4+ and CD8+ T cells as well as IFN-γ play an important role in this mouse model for blood stage malaria (17). According to our in vitro analysis, we detected elevated relative numbers of proliferating and IFN-γ producing T cells (Figure 4). Strikingly, T cell-specific ASM overexpressing mice exhibited significantly less parasitemia than WT mice (Figure 5B), indicating that enforced ASM activity in T cells contributes to elevated T cell activation in vivo. Interestingly, infection of ASM-deficient or amitriptyline-treated mice with P. berghei, which causes experimental cerebral malaria, also resulted in decreased parasitemia (37). In that study the authors did not analyze the phenotype of T cells, but speculated about an impact of ASM on release or invasion of parasites from or into erythrocytes, respectively (37), which are not affected in T cell-specific ASM-overexpressing mice used in this study. We have shown that Foxp3+ Tregs dampen an effective immune response resulting in impaired pathogen clearance in P. yoelii-infected mice (20). Interestingly, we did not detect significant differences in the relative number of Foxp3+ Tregs in P. yoelii-infected T cell-specific ASM-overexpressing mice compared to WT controls. We could not exclude that t-ASM/CD4cre mice have decreased Treg numbers at early time points of infection, which might impact the course of infection. However, our in vitro analysis indicate that ASM-overexpressing CD4+ T cells exhibit enhanced proliferative activity and differentiate more effectively into IFN-γ producing Th1 cells than WT cells, even in the absence of Tregs.

Overall, our results indicate that T cell-intrinsic ASM activity plays an important role during T cell proliferation and differentiation into iTreg and Th1 CD4+ T cell subsets. Hence, the ASM/sphingolipid pathway might be a novel target for the therapy of T cell-dependent diseases.
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Inflammatory diseases of the gastrointestinal tract are emerging as a global problem with increased evidence and prevalence in numerous countries. A dysregulated sphingolipid metabolism occurs in patients with ulcerative colitis and is discussed to contribute to its pathogenesis. In the present study, we determined the impact of acid sphingomyelinase (Asm), which catalyzes the hydrolysis of sphingomyelin to ceramide, on the course of Citrobacter (C.) rodentium-driven colitis. C. rodentium is an enteric pathogen and induces colonic inflammation very similar to the pathology in patients with ulcerative colitis. We found that mice with Asm deficiency or Asm inhibition were strongly susceptible to C. rodentium infection. These mice showed increased levels of C. rodentium in the feces and were prone to bacterial spreading to the systemic organs. In addition, mice lacking Asm activity showed an uncontrolled inflammatory Th1 and Th17 response, which was accompanied by a stronger colonic pathology compared to infected wild type mice. These findings identified Asm as an essential regulator of mucosal immunity to the enteric pathogen C. rodentium.
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INTRODUCTION

Inflammatory bowel diseases (IBD), such as ulcerative colitis and Crohn's disease, are characterized by chronic, relapsing inflammatory conditions, resulting from a dysregulation of the mucosal immune system in the gastrointestinal tract (1). The exact mechanism underlying the pathogenesis of IBD is unknown; however, it is widely accepted that immunological abnormalities, genetic and environmental factors, as well as infections are important determinants of IBD (2).

Sphingolipids are a family of metabolic lipids that are ubiquitous in cellular membranes and include a bioactive subset that regulates various cellular mechanisms and biologic processes such as cell survival, growth, differentiation, and apoptosis (3). Interestingly, sphingolipids are also essential structural components of intestinal membranes, providing protection and integrity to the intestinal mucosa and regulating intestinal absorption processes (4, 5). Studies using common acute and chronic epithelial injury colitis models have shown that bioactive sphingolipids, particularly ceramide and sphingosine-1-phosphate, are important regulators of inflammation in IBD (6–8). The acid sphingomyelinase (Asm) is a relevant enzyme in this context, as it catalyzes the hydrolysis of sphingomyelin to ceramide. Asm is ubiquitously expressed and activated by a range of cellular stresses, including inflammatory cytokines and pathogens (9). The importance of Asm for cell functions was first recognized in Niemann-Pick disease type A and B, a genetic disorder with a severe accumulation of sphingomyelin in many organs (10). Recent studies implicated that Asm activity is also strongly involved in inflammatory processes (11). For example, Asm inhibition was shown to suppress the lipopolysaccharide (LPS) mediated release of inflammatory cytokines and to protect against disease pathology in chemical induced colitis in mice (12, 13). Furthermore, blockade of Asm bioactivity limited the in vitro differentiation of T helper cells derived from healthy volunteers and patients with Crohn's disease (14). These results implicate Asm inhibition as an innovative and effective immunoregulatory strategy for the treatment of IBD (12, 13, 15).

Nevertheless, the etiology of IBD is diverse and influenced by numerous factors (2). In this context, several enteropathogens have been implicated in the development of IBD (16), although to date, a causative bacterial agent for IBD has not been identified. Thus, further studies are needed to clarify the function of Asm under infectious and non-infectious conditions, as broad immunosuppression can increase the risk of infectious complications (17).

In the present study, we determined the impact of Asm activity on the course of Citrobacter (C.) rodentium induced colitis. In contrast to the protective effect of Asm inhibition in common acute and chronic epithelial injury colitis models, Asm inhibition or Asm deficiency strongly enhanced the susceptibility to enteric C. rodentium infection. Mice lacking Asm activity showed higher colon pathology, were prone to bacterial dissemination to the systemic organs, and showed an uncontrolled inflammatory Th1 and Th17 response compared to infected wild type mice. These findings identified Asm as a critical regulator of mucosal immunity to the enteric pathogen C. rodentium.



MATERIALS AND METHODS


Mice

C57BL/6 mice were purchased from ENVIGO, Netherlands. To inhibit acid sphingomyelinase activity, amitriptyline or imipramine was administered to C57BL/6 mice at 180 mg/l via drinking water for 14 days prior to bacterial challenge, and for further 10 days of infection. Acid sphingomyelinase-deficient (Smpd1−/−) mice (18) were bred at the animal facility of the University Hospital Essen. All animals used in this study were 8–12 week old male or female mice kept in the animal experimental unit of the University Hospital Essen in individually ventilated cages and pathogen free conditions.



Asm Activity

The activity of Asm in colonic tissue was quantified using BODIPY-labeled sphingomyelin as a substrate. After colonic tissue was pulverized and lysed in 250 mM sodium acetate (pH 5) and 1% NP-40, 2 μg protein was incubated with 100 pmol BODIPY-labeled sphingomyelin (Thermo Fisher Scientific, Germany) for 1 h at 37°C in 250 mM sodium actetate (pH 5) and 0.1% NP-40. The reaction was terminated by the addition of chloroform:methanol (2:1, v:v) to extract the lipids. Subsequently, the lower phase containing lipids was collected, dried in a SpeedVac at 37°C, dissolved in 20 μl chloroform:methanol (2:1, v:v) and transferred onto a thin layer chromatography (TLC) plate. Product and uncleaved substrate were separated using chloroform:methanol (80:20, v/v). After separation, spots were imaged using a Typhoon FLA 9500 and quantified with ImageQuant software.



Ceramide and Sphingomyelin Quantification

Ceramide and sphingomyelin concentrations were quantified by rapid resolution liquid chromatography/mass spectrometry. Short lipids were extracted from colon biopsies with C17-ceramide and C16-d31sphingomyelin as internal standards, after homogenization of colonic tissue. Subsequently, samples were analyzed by rapid-resolution liquid chromatography-MS/MS using a Q-TOF 6530 mass spectrometer (Agilent Technologies, Waldbronn, Germany) operating in the positive ESI mode. The subsequent quantification was performed using Mass Hunter Software, and the resulting sphingolipid quantities were normalized to the actual protein content of the homogenate.



C. rodentium Infection Model

C. rodentium ICC169 strain was cultured overnight in Luria-Bertani (LB) medium at 37°C, centrifuged and washed with PBS. Mice were infected by oral gavage with ~2 × 109 colony forming units (CFUs) of C. rodentium. After gavage, an aliquot of the bacteria was plated in serial dilutions on MacConkey agar. Bacterial numbers in the feces were determined at indicated time points after infection. Mice were analyzed at various time points after infection (d.p. infection).



Intestinal Permeability-Assay

For in vivo analysis of the intestinal permeability fluorescein isothiocyanate-conjugated (FITC)-dextran beads have been used. Briefly, food and water were withdrawn for 2 h and mice were orally administrated with permeability tracer (60 mg/100 g body weight of FITC-labeled dextran, MW 4000; FD4, Sigma-Aldrich, St. Louis, USA). Serum was collected 4 h later and fluorescence intensity was determined (excitation, 492 nm; emission, 525 nm; BioTek). FITC-dextran concentrations were determined using a standard curve generated by serial dilution of FITC-dextran.



Isolation of Splenocytes and Mesenteric Lymph Node Cells

Spleens were rinsed with an erythrocyte lysis buffer [containing 0.15 M NH4Cl, 10 mM KHCO3, and 0.5 M ethylenediaminetetraacetic acid (EDTA)], meshed through a 100-μm cell strainer, and washed with PBS containing 2 mM EDTA and 2% fetal calf serum (FCS). Mesenteric lymph nodes (mLN) were meshed through a 100-μm cell strainer and washed with PBS containing 2 mM EDTA and 2% FCS.



Isolation of Lamina Propria Lymphocytes From the Colon

Lamina propria (LP) lymphocytes were isolated as described previously (19). In brief, colons were flushed with PBS, opened longitudinally, and cut into 1-cm pieces. Tissue pieces were washed twice in PBS containing 3 mM EDTA for 10 min at 37°C and twice in Roswell Park Memorial Institute (RPMI) medium containing 1% FCS, 1 mM EGTA, and 1.5 mM MgCl2 for 15 min at 37°C. Colon pieces were intensively vortexed, washed with phosphate-buffered saline (PBS), and digested in RPMI containing 20% FCS and 100 U/mL collagenase (Clostridium histolyticum; Sigma-Aldrich, St. Louis, MO) for 60 min at 37°C. Cell suspension was passed through a 40-μm cell strainer and washed with culture medium.



Macroscopic and Histopathologic Assessment of Colitis

Colonic damage was assessed based on two main characteristics: colon length and colon weight. Colons were embedded in paraffin, and tissue sections (4 μm) were prepared for histological scoring in a blinded manner. The colon was divided into three equal portions (oral, middle, and rectal) and assessed for inflammatory cell infiltrates, epithelial damage, neutrophil infiltration, crypt abscesses, and crypt hyperplasia as describe before (20). Crypt heights were measured by micrometry; 30 measurements were taken in the distal colon for each mouse.



Cytokine Detection

Cytokines in serum samples were quantified using a Procarta Cytokine assay kit, according to the manufacturer's guidelines. The assay was run on a Luminex 200 system and cytokine levels were quantified using the Luminex IS software (Luminex Corporation, Austin, TX).



Antibodies and Flow Cytometry

Cells were stained with fluorochrome-labeled anti-mouse CD4 (RM4-5), CD11b (M1/70), F4/80 (BM8), FoxP3 (FJK-16s), IFNγ (XMG1.2), IL-17 (TC11-18H10.1), and I-A/I-E (M5/114.15.2) antibodies and analyzed by flow cytometry on an LSR II instrument using DIVA software (BD Biosciences).



Statistical Analysis

Normality of data was tested using D'Agostino & Pearson normality test and Shapiro–Wilk normality test. Statistical analysis was performed using Student's t-test, one-way ANOVA or two-way ANOVA followed by Tukey's multiple comparisons test, Dunn's multiple comparisons test or Bonferroni's multiple comparisons test. P-values were set at a level of p < 0.05. Statistical analyzes were performed using GraphPad Prism software version 7.



Ethics Statement

This study was carried out in accordance with the recommendations of the Society for Laboratory Animal Science (GV-SOLAS) and the European Health Law of the Federation of Laboratory Animal Science Associations (FELASA). The protocol was approved by the North Rhine-Westphalia State Agency for Nature, Environment and Consumer Protection (LANUF), Germany.




RESULTS


Alterations of the Sphingolipid Profile During C. rodentium Infection

Sphingolipids have been identified as important players to control intestinal inflammation. There is increasing evidence that a dyregulaton of several sphingolipid molecules occurs along with IBD and contributes to the pathogenesis and maintenance of the disease (21). To analyze the impact of the sphingolipid metabolism on pathogen-driven intestinal inflammation, C57BL/6 wild type (WT) mice were infected via oral gavage with ~2 × 109 CFUs C. rodentium, and the sphingomyelin and ceramide concentrations were determined in the colon at indicated time points post infection by mass spectrometry. Interestingly, sphingomyelin as well as ceramide concentrations in the colon decreased during the course of infection in comparison to non-infected WT mice (Figures 1A,B), suggesting an involvement of the sphingolipid metabolism in intestinal inflammation.
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FIGURE 1. Alterations of sphingolipid concentrations during C. rodentium infection. C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l amitriptyline in drinking water 2 weeks prior to infection (WT/Ami) and during the course of infection. Mice were orally gavaged with PBS or with ~2 × 109 colony forming units (CFUs) of C. rodentium. At indicated days post (dp) infection colons were excised. In rectal colonic tissue, the (A,C) sphingomyelin and (B,D) ceramide contents were analyzed using rapid resolution liquid chromatography/mass spectrometry. Data are presented as the concentration of ceramide and sphingomyelin in pmol/mg protein. All data are presented as mean ± SEM. Statistics were performed using the parametric one-way ANOVA test with Tukey's multiple comparison test (*p < 0.05; **p < 0.01).





Oral Amitriptyline Pre-treatment Inhibits the Colonic Asm Activity During C. rodentium Infection

Acid sphingomyelinase (Asm) metabolizes sphingomyelin into ceramide, and this enzyme can be pharmacologically inhibited by amitriptyline (Ami) (22, 23). Amitriptyline accumulates in the acid compartments of the lysosomes, interferes with the translocation of Asm to the outer leaflet of the membrane and inhibits the activation of Asm (9). As sphingomyelin and ceramide were downregulated during the course of C. rodentium infection, we tested if the inhibition of Asm protects from pathogen-driven intestinal inflammation. For the specific in vivo inhibition of Asm in the gastrointestinal tract, WT mice were provided with amitriptyline in the drinking water for 14 days before and during a 10 day course of infection (WT/Ami). To check for the inhibition of the Asm activity, colonic tissues of WT/Ami mice, infected and non-infected, were analyzed for their sphingolipid profile by mass spectroscopy during the course of infection. Although no differences in the sphingomyelin and ceramide concentration were discovered under homeostasis, we detected an accumulation of sphingomyelin and ceramide in the colon of infected WT/Ami mice with constant increase during the course of infection (Figures 1C,D). This data clearly demonstrated a modulation of the sphingolipid pathway in the colonic tissue by amitriptyline treatment via the drinking water.



Asm Inhibition Increases the Susceptibility to C. rodentium Infection

To further elucidate the physiological effect of Asm inhibition on the course of infection, we characterized the C. rodentium induced inflammatory response in WT and WT/Ami mice in detail. First, we determined the body weight loss of the mice as indicator for diarrhea. Surprisingly, C. rodentium infected WT/Ami mice lost significantly more body weight within 5 and 10 days post infection compared to infected wild type mice (Figure 2A). Determination of the bacterial burden in the feces showed that bacterial loads were similar in WT and WT/Ami infected mice on day 3 post infection with 107 CFUs/g of feces. However, C. rodentium infected WT/Ami mice exhibited significantly higher bacterial numbers at day 5 and 7 post infection than did infected WT mice (Figure 2B), suggesting an impairment in the clearance of the pathogen. Interestingly, reduced bacterial eradication in WT/Ami mice was associated with exaggerated inflammation, characterized phenotypically by higher spleen weights (Figure 2C) and significantly higher colon weight-to-length ratios (Figure 2D) than in infected WT mice 10 days post infection. Well in line, histological analysis of the colon showed that C. rodentium-infected WT/Ami mice exhibited more severe crypt elongation and crypt hyperplasia (Figures 2E,F) and a higher inflammatory score compared to infected WT mice (Figure 2G). Of note, the same phenotype was obtained when infected mice were treated daily with amitriptyline via intraperitoneal injection (data not shown). These findings indicate that Asm activity is not only important for the eradication of C. rodentium but also for the control of infection-associated inflammation. Therefore, inhibition of Asm is not protective in pathogen-driven intestinal inflammation.
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FIGURE 2. Amitriptyline pre-treatment increases the susceptibility to C. rodentium challenge. C57BL/6 mice were treated as described in Figure 1. (A,B) At indicated time points body weight and CFUs in feces in WT mice (white squares; n = 32–33) and WT/Ami mice (black squares; n = 32–35) were assessed. Statistics were performed using the Mann–Whitney test. (C) Spleen weight (n = 9–32) and (D) colon weight-to-length ratio were determined in uninfected, untreated and uninfected amitriptyline treated mice 5 and 10 dp C. rodentium infection (n = 9–32). (E) Representative H&E staining of colon sections from PBS or C. rodentium infected WT or WT/Ami mice 10 dp challenge. [Red lines indicate the crypt length. (L) lumen, (C) crypt. Length of scale bar is 50 μm]. (F) Measured crypt length in colons of uninfected WT or WT/Ami mice, and infected WT and WT/Ami 10 dp C. rodentium infection (n = 4–18). (G) Histopathology score of uninfected WT and WT/Ami mice, and WT and WT/Ami mice 10 dp C. rodentium infection (n = 4–18). All data are presented as mean ± SEM. Statistics were performed using the two-way ANOVA test followed by Tukey's multiple comparison test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





Asm Provides Host Resistance to Bacterial Dissemination

A consequence of certain enteric bacterial infections is a breakdown of the intestinal barrier, allowing pathogen spreading from the intestine to the systemic organs of a host. Therefore, we tested whether Asm inhibition affects the intestinal permeability in vivo. Non-infected and infected WT and WT/Ami mice were orally gavaged with FITC-labeled dextran beads and 4 h later the intestinal permeability was assessed as relative concentration of serum FITC-dextran. Interestingly, the FITC concentrations in the serum of WT/Ami mice were significantly increased when compared to non-infected WT/Ami controls (Figure 3B). In contrast, only a slight but not significant increase in serum FITC levels was detected in infected WT mice compared to non-infected WT mice (Figure 3A).
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FIGURE 3. Enhanced systemic distribution of C. rodentium in mice pre-treated with amitriptyline. C57BL/6 mice were treated and infected as described in Figure 1. (A,B) Mice were orally administrated with FITC-labeled dextran beads. Serum was collected 4 h later, and fluorescence intensity was determined (n = 5). Serum FITC concentration in infected mice was normalized to serum FITC concentration of the respective control. (C,D) 5 and 10 dp C. rodentium infection spleen and liver were isolated and CFUs of C. rodentium were assessed (n = 13–27). (E–G) Concentration of the cytokines IL12p70, IFNγ, and TNFα in serum of WT and WT/Ami mice 10 dp C. rodentium infection were measured using Luminex technologies (n = 18–37). All data are presented as mean ± SEM. Statistics were performed using the Mann–Whitney test or Student's t-test (*p < 0.05; **p < 0.01; ***p < 0.001).



These results led us to hypothesize that bacteria, once invaded into the gastrointestinal tract, are spread to the systemic organs of infected WT/Ami mice. Thus, we infected WT and WT/Ami mice via oral gavage with ~2 × 109 CFUs C. rodentium per mouse, harvested the spleen and liver 5 and 10 days post-infection and analyzed the presence of viable bacteria. Well in line with the permeability assay, a higher bacterial burden was observed in the livers and spleens of infected WT/Ami mice compared to infected WT mice (Figures 3C,D).

The production of protective cytokines is a hallmark of immune responses being mounted toward the infection. To assess if the systemic distribution of C. rodentium in WT/Ami mice altered the level of cytokines that have been shown to orchestrate the immune response against C. rodentium infection (24), we infected WT and WT/Ami mice and measured the cytokine levels of IL-12p70, IFNγ, and TNFα in the sera. Of note, we found significantly elevated levels of IL12p70, INFγ, and TNFα in the sera of infected WT/Ami mice on day 10 post infection compared to infected WT mice (Figures 3E–G). Hence, Asm inhibition did not impair the production of protective pro-inflammatory cytokines. The high levels of certain pro-inflammatory cytokines in infected WT/Ami mice could be a consequence of the increased number of bacteria in their colon and liver tissues.



Colonic Infiltration of Macrophages Is Not Impaired by Asm Inhibition

Intestinal macrophages and macrophage-derived IL-12 are required for the initiation of adaptive immunity in response to C. rodentium (25). To investigate the role of Asm in mucosal immunity against C. rodentium infection, we measured the frequency of macrophages in the spleen, mesenteric lymph nodes, and the colonic lamina propria of WT and WT/Ami mice infected with C. rodentium. At day 5 and day 10 post infection the frequencies of macrophages were enhanced in the spleen and the LP, but no differences were found between infected WT and infected WT/Ami mice (Figure 4A). Furthermore, the expression of MHC II, which is essential for the activation of CD4+ T cells, was not impaired in infected WT/Ami mice compared to infected WT mice (Figure 4B). These data suggest that the function of macrophages to initiate adaptive immunity is independent of Asm during C. rodentium infection.
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FIGURE 4. Infiltration of macrophages into colonic tissue is not altered in amitriptyline pre-treated mice after C. rodentium challenge. C57BL/6 mice were treated as described in Figure 2. Cells from the spleen, mesenteric lymph nodes (mLNs), and the lamina propria (LP) were isolated from uninfected WT and WT/Ami mice, 5 and 10 days post C. rodentium infection and analyzed for the frequency for macrophages by flow cytometry. (A) Percentages of macrophages from living cells are displayed (n = 7–25). (B) MFI of MHCII from macrophages is displayed (n = 7–25). All data are presented as mean ± SEM. Statistics were performed using the two-way ANOVA test with Tukey's multiple comparison test (*p < 0.05; **p < 0.01; ****p < 0.0001).





Asm Inhibition Leads to an Uncontrolled Expansion of Th1 and Th17 Cells

Infection with C. rodentium is associated with the induction of Th1 and Th17 adaptive immune responses (26–31). To measure the CD4+ T cell response during infection of WT and WT/Ami mice, splenocytes, mLN cells, and LP cells were restimulated ex vivo and analyzed for IFNγ and IL-17 production via flow cytometry. Comparable frequencies of Th1 and Th17 cells were detected in uninfected mice treated with or without amitriptyline. In contrast, C. rodentium infected mice exhibited enhanced frequencies of IFNγ- and IL-17-producing cells at day 10 post infection. Compared with infected WT controls, WT/Ami mice displayed an overall increase in activated T cells, with highest frequencies of Th1 and Th17 cells at day 10 post infection (Figures 5A,B).


[image: image]

FIGURE 5. Enhanced proportions of Th1 and Th17 cells in colonic tissue of amitriptyline treated mice. C57BL/6 mice were treated as described in Figure 2. Single cells from spleen, mesenteric lymph nodes (mLNs), and lamina propria (LP) were prepared from uninfected WT or WT/Ami mice, 5 and 10 days post C. rodentium infection, and analyzed for (A) CD4+IFNγ+ cells (Th1), (B) CD4+IL-17+ cells (Th17), or (C) CD4+FoxP3+ cells (Tregs) by flow cytometry. Percentages of Th1, Th17, and Tregs from CD4+ T cells are displayed. All data are presented as mean ± SEM. Statistics were performed using the two-way ANOVA test with Tukey's multiple comparison test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).



Regulatory T cells (Tregs) are important to counterbalance effector T cell responses and to protect from severe pathology (32). Recently, it was shown that deficiency of Tregs enhances the susceptibility to C. rodentium infection (32). Therefore, we assessed the frequencies of Tregs in the spleen, mLN, and LP of C. rodentium infected WT and WT/Ami mice. No differences were observed in the spleens and mLN of non-infected and infected WT mice compared to infected WT/Ami mice. Nonetheless, the percentage of CD4+Foxp3+ Tregs was significantly decreased in the LP of infected WT/Ami mice compared to infected WT mice (Figure 5C). In summary, Asm inhibition enhances the colonic frequencies of Th1 and Th17 cells in C. rodentium infected mice, which seems to be a consequence of increased numbers of bacteria in the colon and a disturbed counterbalanced induction of Tregs.



Asm Knock-Out Mice Are Strongly Susceptible to C. rodentium Infection

Amitriptyline was initially introduced in order to treat major depressive disorders (33). However, nowadays the use of amitriptyline has expanded to numerous types of pain and other symptoms (34–38). In addition, anti-inflammatory and anti-microbial properties of the drug have been reported as well (39, 40). To exclude eventual drug unspecific effects, we used a second pharmacological Asm inhibitor, imipramine (Imi) within the same experimental set up. Well in line with the results from amitriptyline treated mice, imipramine treated mice are more susceptible to C. rodentium induced colitis, as shown by increased bacterial burden in the feces, enhanced colon-weight-to-length ratios and more severe pathology compared to infected WT mice (Figures 6A–E).
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FIGURE 6. Imipramine pre-treatment increases the susceptibility to C. rodentium challenge. C57BL/6 mice were either left untreated (WT) or pre-treated with 180 mg/l imipramine in drinking water 2 weeks prior to infection (WT/Imi) and during the course of infection. Mice were orally gavaged with PBS or with ~2 × 109 colony forming units (CFUs) of C. rodentium. (A,B) At indicated time points body weight and CFUs in feces in WT mice (white diamonds; n = 4–5) and WT/Imi mice (black diamonds; n = 4–5) were assessed. Statistics were performed using the Mann–Whitney test. (C) Colon weight-to-length ratio were determined in uninfected, untreated, and uninfected imipramine treated mice 10 dp C. rodentium infection (n = 4–5). Crypt hyperplasia (D) and inflammation score (E) of uninfected WT and WT/Imi mice, and WT and WT/Imi mice 10 dp C. rodentium infection (n = 4–5). All data are presented as mean ± SEM. Statistics were performed using the one-way ANOVA test followed by Tukey's multiple comparison test (**p < 0.01; ***p < 0.001; ****p < 0.0001).



To prove that the effect in amitriptyline and imipramine treated animals on C. rodentium induced inflammation is specifically due to the inhibition of Asm, we repeated the infection experiments in Asm wild type (Asm WT) and Asm knock-out (Asm KO) mice. First, we confirmed the specific depletion of Asm in Asm KO mice under homeostasis and in infected animals. Therefore, the Asm activity as well as sphingomyelin and ceramide concentrations were determined in the colon. As expected, we observed no Asm activity accompanied with a strong accumulation of sphingomyelin in non-infected and infected Asm KO mice and only slight changes in the ceramide concentrations (Figures 7A–C). To approve the physiological effect of Asm deficiency in comparison to amitriptyline mediated inhibition of Asm, we infected Asm WT and Asm KO mice via oral gavage with ~2 × 109 CFUs C. rodentium per mouse and assessed the body weight, bacterial burden, spleen weight, colon weight-to-length ratio, and the histopathological score. Importantly, non-infected Asm WT mice and Asm KO mice exhibited no difference regarding the analyzed parameters (Figures 7D–F). In contrast, we observed an enhanced loss of body weight at day 10 post infection in Asm KO mice compared to Asm WT mice (Figure 7D). Determination of the bacterial burden in the feces showed that bacterial loads were higher in infected Asm KO mice on day 5 and 10 post infection compared to infected Asm WT mice (Figure 7G). In addition, a tendency of systemic dissemination in the liver and the spleen was observed in infected Asm KO mice but not in infected WT mice (Figures 7H,I). Well in line, also spleen weights and colon weight-to-length ratios were higher in infected Asm KO mice than in Asm WT mice (Figures 7E,F). Finally, the histopathological analysis of colon tissues revealed significantly elevated crypt hyperplasia and inflammatory scores in infected Asm KO mice compared to infected Asm WT mice (Figures 7J–L). In summary, Asm KO mice are strongly susceptible to C. rodentium infection and show the same histopathological phenotype as infected amitriptyline treated animals.
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FIGURE 7. Deficiency of acid sphingomyelinase (Asm) increases susceptibility to C. rodentium infection. Asm wildtype (Asm WT) and Asm knock-out (Asm KO) mice were orally gavaged with PBS or ~2 × 109 colony forming units (CFUs) of C. rodentium. Colons were excised from uninfected Asm WT and Asm KO mice and 10 dp infection. (A) Asm activity was analyzed in rectal colonic tissue (n = 2–6) by rapid resolution liquid chromatography/mass spectrometry. (B) Sphingomyelin (n = 4–12) (C) and ceramide (n = 4–12) concentrations are displayed. (D) At indicated time points body weight was assessed in Asm WT mice (n = 16–17) and Asm KO mice (n = 14–20). Statistics were performed using the Mann–Whitney test or the Student's t-test. (E) Spleen weight (n = 8–15) and (F) colon weight-to-length ratio were determined in uninfected, untreated, and uninfected amitriptyline treated mice 5 and 10 dp C. rodentium infection (n = 11–15). (G–I) At indicated time points CFUs in feces, liver, and spleen of Asm WT mice (n = 11–12) and Asm KO mice (n = 14–15) were assessed. Statistics were performed using the Mann–Whitney test or the Student's t-test. (J) Representative H&E staining of colon sections from PBS or C. rodentium infected Asm WT or Asm KO mice 10 dp infection. [Red lines indicate the crypt length. (L) lumen, (C) crypt. Length of scale bar−50 μm]. (K) Crypt length in colons of uninfected Asm WT or Asm KO mice, and infected Asm WT and Asm KO 10 dp C. rodentium infection (n = 5–9). (L) Histopathology score of the colon of uninfected Asm WT and Asm KO mice, and Asm WT and Asm KO mice 10 dp C. rodentium infection (n = 5–8). All data are presented as mean ± SEM. Statistics were performed using the two-way ANOVA test followed by Tukey's multiple comparison test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).






DISCUSSION

The gastrointestinal tract is the largest mucosal surface in the human body, fulfilling the pivotal role of nutrition and water absorption. Pathogens preferentially invade the host through the gastrointestinal tract forcing it to distinguish between harmless and beneficial bacteria. Thus, the gastrointestinal tract adapted to these unique circumstances by limiting direct bacterial contact to the epithelial cell surface, rapid detection and killing of invading bacteria, and minimizing the exposure of commensal bacteria to the immune system (41). Dysregulation of this uniquely balanced system can lead to chronic inflammation, resulting in IBD (42). Although the exact etiology of IBD remains unclear, the role of sphingolipids in contributing to the inflammatory process is evident (4, 5, 43–47). Asm is of particular interest, as it catalyzes the hydrolysis of sphingomyelin to ceramide, which is the central molecule in the sphingolipid metabolism. Thus, research on therapeutic agents able to modulate Asm and tissue-specific delivery systems or application routes is mandatory (47).

The importance of Asm was first recognized in Niemann-Pick disease type A and B, also called Acid Sphingomyelinase Deficiency. Thus, sphingomyelin cannot be metabolized properly and is accumulated within cells, eventually causing cell death and the malfunction of major organ systems (10). Of note, recent studies point out that patients with Niemann-Pick disease are susceptible to pathogen infections (14, 48), indicating the association between deficiency and aberrant immune responses. Well in line, in the present study we identified Asm as a critical regulator of mucosal immunity to the C. rodentium. Asm inhibition or Asm deficiency strongly enhanced the susceptibility to enteric C. rodentium infection.

Interestingly, the impact of Asm and ceramide on IBD is intensively discussed. Evidence that Asm may be a therapeutic target in colitis has been demonstrated by a study using the Asm inhibitor SMA-7. SMA-7 inhibited LPS-induced activation of NFκB and release of pro-inflammatory cytokines TNFα, IL-1β, and IL-6 in macrophages (12). This was correlated with decreased ceramide production. In a chemically induced mouse model of colitis, oral administration of SMA-7 resulted in decreased cytokine levels in the colon and lower severity of colonic injury. Meanwhile, also desipramine and amitriptyline treatment was shown to inhibit Asm and to decrease pathology in common acute and chronic epithelial injury colitis models (13, 49). In all three studies, Asm inhibition resulted in a decreased pro-inflammatory cytokine production and impaired lymphocyte infiltration. Importantly, broad immunosuppression increases the risk of infectious complications (17) and several enteropathogens have been implicated in the development of gastrointestinal diseases (50, 51). Infection with Salmonella (S.) typhimurium results in severe gastroenteritis (52, 53). The pathogen infects the host by invading macrophages in Peyer's patches. Intracellular S. typhimurium survives within the lysosomal compartment by preventing lysosomal maturation of the phagosomes (54). Asm activity is required for the release of the reactive oxygen species that are necessary for the killing of intracellular S. typhimurium (55). Therefore, Asm deficiency strongly enhance the susceptible to S. typhimurium infection (56). Although we also observed a strong susceptibility of Asm inhibited and Asm deficient mice to C. rodentium infection, we could not observe any changes in the frequency and phenotype of macrophages in infected amitriptyline treated mice compared to infected wild type mice. However, C. rodentium is a noninvasive, attaching-effacing enteric bacterial pathogen, which does not infect macrophages but directly interacts with the intestinal epithelial layer (57). Therefore, it is more likely that the intestinal barrier is impaired in amitriptyline treated animals, which is well in line with the enhanced systemic bacterial distribution of C. rodentium in amitriptyline treated mice. Indeed, intestinal sphingolipids provide a non-specific barrier. In a porcine model, inhibition of de novo ceramide synthesis impaired the proliferation and barrier function of intestinal epithelial cells, which in turn led to the induction of inflammation (45). Furthermore, intestinal deletion of serine palmitoyltransferase (SPT), which is the rate-limiting enzyme for sphingolipid biosynthesis, significantly decreased the ceramide and sphingomyelin levels in the plasma membrane of gut cells and promoted intestinal cell apoptosis with the impairment of gut barrier function (58). However, further investigation is required to fully understand the impact of Asm on the barrier function in infectious and non-infectious colitis.

Th1 and Th17 cells, as part of the adaptive immunity, mediate the host defense against C. rodentium via the production of their signature cytokines IFNγ and IL-17 (26, 59), and mice depleted of either cell type have an impaired ability to clear the infection (29, 60). However, an uncontrolled CD4+ T cell response leads to severe immunopathology (20). Interestingly, we observed a significant increase of Th1 and Th17 cells accompanied with severe immunopathology in infected mice with Asm inhibition compared to infected wild type mice. Well in line, the regulation of murine Th1 differentiation by ceramide has been reported. A ceramide analog was shown to enhance IL-12 induced Th1 differentiation with increased T-bet expression and IFNγ production (61). In contrast, Asm inhibition in human CD4+ T cells abrogates Th1 cell differentiation (62). In addition, inhibition of Asm bioactivity by imipramine, which blocks the generation of ceramide, was shown to impair Th17 generation by blocking both mTor and Stat3 (63). Interestingly, we showed an enhanced frequency of Th17 cells in amitriptyline treated infected mice. Of note, amitriptyline also inhibits in part acid ceramidase, which metabolizes ceramide to sphingosine. Consequently, infected Asm inhibited mice displayed increased ceramide concentrations in the colon compared to infected wild type mice, which seems to further boost the Th17 response. During C. rodentium infection, Th1 and Th17 immunity is counterbalanced by regulatory T cells to inhibit severe immunopathology. Asm was recently described as negative regulator of Treg development (64). In comparison to wild type mice, Asm deficient mice have a higher number of systemic Treg cells under homeostasis. Furthermore, inhibition of Asm and supplementation of IL-2 result in augmentation of Foxp3 expression as well as induction of Treg differentiation in vitro (64, 65). Surprisingly, we identified lower frequencies of Tregs in the colon of infected Asm inhibited mice compared to infected wild type mice suggesting differences in the polarization process under homeostasis and during infection. Finally, in most of the in vivo studies the Asm inhibitor was applied intraperitoneally (66–68), whereas we chose the oral route via the drinking water to specifically target the gastrointestinal tract. Hence, we cannot exclude that the specific immunosuppressive micro-milieu in the intestine interferes with the effects induced by Asm inhibition.

In summary, in contrast to the protective effect of Asm inhibition in common acute and chronic epithelial injury colitis models, Asm inhibition or Asm deficiency strongly enhanced the susceptibility to enteric C. rodentium infection. Therefore, understanding the sphingolipid enzymes and metabolic pathways involved in regulating intestinal inflammation under infectious and non-infectious conditions is the prerequisite for the development of new therapeutic strategies, which target the sphingolipid metabolism.
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The sphingolipid sphingosine-1-phosphate (S1P) is produced by sphingosine kinases to either signal through intracellular targets or to activate a family of specific G-protein-coupled receptors (S1PR). S1P levels are usually low in peripheral tissues compared to the vasculature, forming a gradient that mediates lymphocyte trafficking. However, S1P levels rise during inflammation in peripheral tissues, thereby affecting resident or recruited immune cells, including macrophages. As macrophages orchestrate initiation and resolution of inflammation, the sphingosine kinase/S1P/S1P-receptor axis emerges as an important determinant of macrophage function in the pathogenesis of inflammatory diseases such as cancer, atherosclerosis, and infection. In this review, we therefore summarize the current knowledge how S1P affects macrophage biology.
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INTRODUCTION

In 1887, Metchnikoff published work on the nature host cells combating bacterial infection. He suggested the large cells he and other before him had observed taking up whole cells or cell fragments, to be named macrophages, as opposed to microphages (polymorphonuclear leukocytes) who specialized in combating bacteria (1). The term macrophage consequently is a composite of the Greek words makros, meaning large, and phagein, to eat, and denotes big eating cells. Today we are aware that macrophages are more than just big eaters, playing a multitude of crucial roles in development and maintaining adult tissue homeostasis. To be able to fulfill these roles, they command an enormous sensory repertoire to recognize cues suggesting endangered or disturbed homeostasis. One of these cues is the sphingolipid S1P that is produced during inflammation and upon tissue damage. Sphingolipids were named after the Sphinx by J. L. W. Thudichum in 1884 due to the enigmatic biochemical properties of their common backbone, the alcohol sphingosine. The Sphinx in Greek mythology poses riddles to travelers and kills them if they fail to answer correctly, whereas in Egyptian mythology the Sphinx is a rather benevolent guardian of sacred sites. Like the enigmatic Sphinx, S1P affects macrophage biology in different, sometimes antithetical ways. Here, we review the interaction of the sphinx and the big eater. We start with an introduction of the protagonists and their role in inflammation and tissue homeostasis. Next, we summarize the current knowledge on molecular mechanisms how S1P attracts macrophages and determines their survival, followed by reviewing how S1P affects the signature functions of macrophages, i.e., phagocytosis and the regulation of inflammation. Finally, we discuss how these S1P-dependent mechanisms affect macrophage function in pathological settings.



MORE THAN BIG EATERS—MACROPHAGE FUNCTION IN HOMEOSTASIS AND DISEASE

Macrophages are ubiquitous, yet diverse tissue-resident immune cells, involved in maintaining tissue integrity and function. They sense and actively respond to disturbances in tissue homeostasis by initiating, but also resolving inflammation (2, 3). The diverse functions of macrophages are tissues-specific and range from basic tasks, such as rearranging the extracellular matrix and taking up and recycling cellular and molecular debris, to highly specialized functions such as controlling tissue innervation or promoting conductance in the heart by modulating electrical properties of cardiomyocytes (3–6). Upon tissue injury, macrophages recognize new molecular patterns from dead cells or invading microorganisms. In turn, this mounts an immune response, e.g., by recruiting new inflammatory cells to the site of tissue disturbance. Once a noxa is cleared with the help of resident and recruited macrophages, macrophages participate in removing (dead) inflammatory cells by phagocytosis. At the same time they contribute to restore the tissue by promoting angiogenesis and reparative signaling in stroma and parenchyma (7–10). Their ability to cope with the changing demands during an acute inflammatory reaction suggests a remarkable plasticity.

Macrophage function is, to a large extent, dictated by the dominating microenvironment, rather than genetic imprinting. In tissues, macrophages have different developmental origins (11–13). They can be derived from early hematopoiesis in the yolk sac (11–17) or the fetal liver, without transitioning through a monocytic intermediate stage (16, 17). Post-natally, macrophages may derive from hematopoietic stem cell-derived monocytes from the bone marrow (18, 19). Tissue-resident macrophages of embryonic origin often self-renew by in-situ proliferation, whereas monocyte-derived macrophages are frequently, but not always, short-lived and continuously replaced (11–14, 20). During depletion of the resident macrophage pool upon e.g., inflammation or experimental means, monocytes or other macrophage progenitors readily integrate into the tissue macrophage pool and become self-renewing cells (11, 12, 14, 20, 21). Moreover, transplantation of mature macrophages between tissues alters their transcriptional program to fit the recipient tissue macrophage pool (20). Finally, distinct macrophage subsets, partly of similar developmental origin, are found in specialized niches within one tissue (22–25).

The notion that the microenvironment determines macrophage function is further supported by identifying tissue-specific transcription factors that are required to establish tissue macrophage identity. All macrophages depend on the lineage-determining transcription factor PU.1, whose expression is triggered by colony stimulating factor-1 (CSF1) or interleukin (IL-)34 (IL-34), which signal through colony stimulating factor-1 receptor (26, 27). Moreover, the transcription factor ZEB2 is required for macrophage identity across a number of tissues (28). On top of this basic transcriptional program, tissue-specific transcriptional regulators were identified that are activated downstream of tissue-enriched molecular cues. These include SPI-C in progenitors of red pulp and bone marrow macrophages (29), GATA6 in peritoneal macrophages (30, 31), peroxisome proliferator-activated receptor (PPAR) in alveolar macrophages (32), SMAD transcription factors and myocyte-specific enhancer factor 2c (MEF2c) in microglia (33, 34), liver x receptor (LXRα) in Kupffer cells, as well as Runt-related transcription factor 3 (RUNX3) in intestinal macrophages and Langerhans cells (20, 35).

Despite these lineage- and tissue-imprinted molecular programs, macrophages retain a remarkable degree of plasticity to respond to the appearance of new molecular cues indicative of a disturbed homeostasis. These cues are sensed by a repertoire of receptors on macrophages and activate transcriptional enhancers or repressors, generating a large number of possible activation states (36–39). A considerable body of research aimed at defining discrete macrophage polarization states in vitro by using sets of specific molecular or functional markers, which are thought to serve as predictors of macrophage function in living organisms (36, 40–42). Frequently used is the M1/M2 nomenclature, where M1 macrophages are stimulated with interferon-γ (IFN-γ) and lipopolysaccharide (LPS) to mimic a condition arising during type 1 inflammation (defense against microbial infection), whereas M2 macrophages are stimulated with the TH2 cytokines IL-4 or IL-13 to mimic conditions of type 2 inflammation (helminth infection). Specific marker signatures have been assigned to these cells. M1 macrophage activation creates an anti-microbial, pro-inflammatory cell with a transcriptional signature defined by activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), signal transducer and activator of transcription 1 (STAT1) and interferon regulatory factor 5 (IRF 5) (43, 44). M1 or classically activated macrophages produce pro-inflammatory mediators such as tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-12, generate reactive oxygen and nitrogen species (ROS/RNS), and activate T cells to produce type 1 cytokines. M2 or alternatively activated macrophages display activation of the transcription factors STAT6 and IRF4 to express specific chemokines including CCL17 and CCL18, phagocytic receptors such as the mannose receptor CD206, arginases (ARG1/2) to limit NO production, and mediators that modulate the extracellular matrix. All of them are originally induced to combat extracellular parasites (36, 39, 44–46). The M1/M2 nomenclature is useful, although naturally limited since macrophages in a tissue never face M1 or M2-specific stimuli. In fact, IL-4 and IFN-γ are often produced simultaneously during inflammation (47). In analogy to T cells, IL-4, and IFN-γ, besides inducing discreet transcriptional outputs, mutually suppress the impact of the corresponding signaling pathway to affect the macrophage phenotype. IL-4 suppresses enhancer regions in a large set of inflammatory genes directly via STAT6 (48), while IFN-γ induces a loss of enhancer binding by the transcription factor MAF in M2 genes to reduce chromatin accessibility (49). Even when supplied together in cell culture, IFN-γ and IL-4 mutually inhibited epigenomic and transcriptional changes induced by each cytokine alone, while allowing the expression of core functional parameters such as IFN-γ-triggered antiviral genes (47). Moreover, macrophage polarization by IFN-γ or IL-4 appears to be a transient rather than a stable process (47, 50, 51), which makes sense when different functional needs arise during the course of an inflammatory reaction. Therefore, “pure” M1 or M2 macrophages will not be found in a complex environment, and claiming distinct functions from a small set of markers expressed by macrophages in a tissue needs to be approached carefully. Nevertheless, understanding mechanisms that regulate macrophage plasticity is of importance, since dysregulation of macrophage activity is connected to human pathologies including major causes of premature death such as infection, atherosclerosis, fibrotic diseases, and cancer (3, 37).



ENTER: THE SPHINX—S1P AND ITS RECEPTORS IN IMMUNITY

Sphingosine-1-phosphate (S1P) is a biologically active lipid mediator being produced in and affecting macrophages. With central roles of macrophages during inflammation and cancer the sphere of S1P actions touches ground under a number of physiological as well as pathological settings. Production, degradation, and biological actions of S1P in the mammalian system have been reviewed in depth (52–58) and are only briefly recapitulated. Central to sphingolipid metabolism is ceramide, which is a hub for sphingolipid synthesis and degradation (59). De novo synthesis of ceramide starts by condensation of serine and palmitoyl-CoA to form 3-keto-dihydrosphingosine, which is subsequently reduced to dihydrosphingosine and N-acylated to form a large group of dihydroceramides (60). A desaturase then produces corresponding ceramides. Ceramides can either be phosphorylated, or glycosylated to form glucosylceramides, which are processed and exposed at the plasma membrane as glycosphingolipids. Alternatively, ceramides can be converted to sphingomyelin, also being incorporated into the outer cell membrane. There, sphingomyelin can be attacked by neutral or acidic sphingomyelinase and converted back to ceramide. In turn, ceramides are cleaved by ceramidases to generate sphingosine, which gets phosphorylated by sphingosine kinase-1 (SPHK1) or−2 (SPHK2) to form S1P (55, 61). S1P can be transformed in the salvage pathway via sphingosine back to ceramide or irreversibly degraded by S1P lyase (SGPL1) to hexadecenal and phosphoethanolamine. S1P, produced at the plasma membrane, can be exported from cells by ATP-binding cassette (ABC) transporters or spinster 2 (Spns2) (62, 63). Once outside cells, S1P is recognized by a family of five distinct G-protein coupled receptors (S1PR1-5) that initiate autocrine, “inside-out,” or paracrine signaling (64). Cell type-selective expression of distinct S1P receptors and their coupling to different G-alpha subunits allows S1P to exert a multitude of signaling qualities (53). S1P can also signal intracellularly via several less generalized and commonly accepted targets (65–67), which also plays a role during macrophage activation.

Macrophages express all five S1P receptors, albeit receptor expression varies among different macrophage subtypes and seems related to distinct functional properties (67). S1P receptors belong to a family of seven helix transmembrane G-protein coupled receptors (GPCR), linked to either Gi, Gq, and/or G12/13. Concomitantly, directly tied signaling pathways including small GTPases, phospholipases, PI3K, or adenylyl cyclase are affected, which in turn initiate a myriad of diverse signals. Specific G-protein-coupled receptors (S1PR) signaling is commonly connected to cell migration, proliferation, and differentiation, with individual S1P receptors partly mediating convergent and partly mediating antithetic responses (68). For instance, S1PR1, coupling to Gi promotes the migration of lymphocytes, while S1PR2, which couples to Gi, Gq, and G12/13, restricts migration (69). This reciprocal interaction regulates among others B cell localization in lymphatic organs. On the other hand, S1PR1/2 and 3, the latter also coupling to Gi, Gq, and G12/13, appear to jointly coordinate vascular development during embryogenesis in mice and zebrafish (70, 71).

S1P is a prototypical molecular signal that is induced upon disturbance of tissue homeostasis. Normally, its levels in tissues are too low to activate specific receptors, with the exception of the circulation, where S1P levels reach nano- to micromolar concentrations (72). However, during inflammation S1P levels rise and are sensed, among others cells by macrophages. As macrophages are exposed to multiple signals from their environment, which allows them to adjust their output repertoire under homeostatic, inflamed, or regenerative conditions, S1P production, S1P receptor expression and/or signaling might add to the complexity of their functional properties. On the following pages we therefore summarize the impact of the S1P signaling system on macrophage responses (summarized in Figure 1), and discuss if modulation of this system might be therapeutically attractive.
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FIGURE 1. S1P signaling and macrophage function. The SPHK/S1P/S1PR axis regulates essential macrophage functions. Clockwise from upper left, S1PR1 signaling promotes macrophage migration, which is inhibited by S1PR2. Moreover, S1PR2 inhibits endotoxin-induced pyroptosis. Intracellular S1P produced by SPHK1 activates inflammatory pathways in macrophages, which are also activated downstream of S1PR2/3. S1PR1 mainly signals through STAT3 to induce cytokine production, but also induces expression of NLRP3. S1PR1 and S1PR2 are furthermore involved in the activation of the NLRP3 inflammasome trough divergent mechanisms. S1PR2 signaling promotes the opsonin-dependent uptake of the pathogenic fungus C. neoformans, but blocks uptake of bacteria such as E. coli. S1PR3 promotes bacterial killing via promoting ROS generation. SPHK1 is required for phagosome maturation, although it is unclear if S1PR signaling is involved in this process. Apoptotic cells release S1P to activate signaling through S1PR1, which promotes efferocytosis. In turn, S1PR5 blocks efferocytosis. S1PR4 is activated by apoptotic cell derived S1P to promote cytokine expression dependent on TRKA shuttling. AKT, protein kinase B; CASP, caspase; COX-2, cyclooxygenase-2; FcR, Fc receptor; IL, interleukin; MerTK, proto-oncogene tyrosine-protein kinase MER; NF-κB, nuclear factor “kappa-light-chain-enhancer” of activated B-cells; NGF, nerve growth factor; NLRP3, NACHT, LRR, and PYD domains-containing protein 3; P2X, P2X purinoceptor; RIP, receptor interacting protein; ROCK, rho-associated, coiled-coil-containing protein kinase; ROS, reactive oxygen species; S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor; SPHK, sphingosine kinase; STAT, signal transducer and activator of transcription; TLR, toll-like receptor; TNF, tumor necrosis factor; TNFR, TNF receptor; TRAF, TNF receptor-associated factor; TRKA, tropomyosin receptor kinase A.





ATTRACTING THE EATER—S1P AND MACROPHAGE HOMEOSTASIS

In the last years it became evident that S1P plays an important role in tissue surveillance by recruiting immune cells and modulating their life-span (65). Consequently, S1P affects macrophage-driven tissue homeostasis by, among others, mediating macrophage differentiation, migration and survival. S1P, as shown for various other cell types, also serves in macrophages as an anti-apoptotic signal. It is suggested that S1P prevents caspase-induced apoptosis of macrophages by inducing the expression of anti-apoptotic proteins such as B-cell lymphoma 2 (Bcl-2) and B-cell lymphoma extra-large (Bcl-XL) through the activation of phosphoinositide-3-kinase (PI3K), extracellular-signal regulated kinase (ERK)1/2 and Ca2+ signaling pathways or changing the cellular balance of ceramide to sphingosine or S1P (58, 73, 74). A more recent study showed that S1P acted as an anti-apoptotic component of high-density lipoprotein (HDL) by inducing inhibitor of apoptosis (IAP) family member survivin via STAT3 in THP-1 and RAW264.7 macrophages (75). This was blocked by antagonists against S1PR2/3, indicating cooperative signaling by S1PR2/3 under these conditions (75). Reduced caspase-induced cell death of macrophages by S1P may extend beyond apoptosis. S1PR2 signaling was demonstrated to reduce caspase-11 protein expression in peritoneal macrophages, thereby limiting macrophage pyroptosis (76). Shifting the cellular balance of ceramide to sphingosine/S1P toward the latter seems not only to be important for macrophage survival but also plays a role during the differentiation of blood monocytes to macrophages. Monick et al. showed that during macrophage differentiation levels of acid ceramidase increased, which enhanced the lifespan of macrophages, most likely due to the conversion of ceramide to sphingosine, resulting in higher intracellular S1P levels (77).

For macrophages to maintain tissue homeostasis they not only need to regulate their number by survival, but they also have to be in the right place at the right time. Accordingly, S1P can also serve as a lipid attraction signal to guide macrophages to the sites of inflammation and tissue repair (78). It has been shown that S1P-dependent macrophage migration is strictly dependent on their S1PR profile. Thereby, S1PR1 signaling seems to be pro-migratory as shown for peritoneal macrophages involving Rho kinase and PI3K-Akt1 signaling and for bone marrow-derived macrophages (BMDM), stimulated by S1P-enriched extracellular vesicles during hepatic lipotoxicity (79, 80). S1PR1 is also essential for post-inflammatory macrophage emigration as shown in a mouse model of resolving peritoneal inflammation, harboring a macrophage-specific deletion of S1PR1, which reduced emigration of macrophages from the site of inflammation (81). More recently it has been discussed that S1PR4 signaling may inhibit the pro-migratory actions of S1PR1 and that the S1PR1/S1PR4 ratio is important for the emigration of pro-inflammatory M1 macrophages from sites of inflammation. It was demonstrated that M1 macrophages exhibit a higher S1PR1/S1PR4 ratio than M2 macrophages (82). However, further studies for example inhibiting S1PR1 and−4 individually in macrophages are needed to clarify the functional role of the S1PR4 to S1PR1 counter-regulation during inflammation. In contrast to the pro-migratory actions of S1PR1, S1PR2 signaling was proposed to inhibit macrophage trafficking by stimulating cAMP production, thereby attenuating Akt phosphorylation, as demonstrated using S1PR2 knockout mice in a peritonitis model of acute inflammation (83). These findings exemplified the antithetic properties of S1PR1 and S1PR2 in immune cell migration. In support of this concept, chemotaxis of osteoclast precursors, with osteoclasts being bone macrophages, is reciprocally regulated by S1PR1/2, which serves to fine-tune their localization in bones (84). However, Yang et al. proposed S1PR2/3 on BMDM to be pro-migratory, possibly due to the fact that both receptors share activation of similar signaling pathways involving PI3K and Ras-related C3 botulinum toxin substrate 1 (Rac1) (85). In the same study they excluded an involvement of S1PR1 in macrophage migration by stimulating BMDM with the selective S1PR1 inhibitor W146, which did not alter S1P-induced BMDM migration. This observation is rather contradictory to a number of studies discussed above, which clearly indicate a role for S1PR1 signaling in inducing macrophage migration. Macrophages may even switch their S1PR profile toward S1PR1 to allow migration to the lymphatics, similarly to dendritic cells (81, 86). Since macrophages are the most plastic cells of the immune system, contradictory studies on macrophage-specific S1P receptor functions are most likely due to different S1PR expression profiles, sources and distinct in vitro macrophage differentiation protocols. Further studies are required to delineate under which circumstances signaling through S1PR1 and S1PR2 cooperate or oppose each other during macrophage migration. In summary, in order to maintain tissue homeostasis, macrophages need to survive under stress conditions and need to migrate to specific tissue sites. For these actions the S1P/S1PR signaling axis appears to be critical as the above mentioned studies suggest.



PREPARING THE MEAL AND AIDING IN DIGESTION—IMPACT OF S1P ON PHAGOCYTOSIS

Phagocytosis of pathogens or cellular debris is a key function of macrophages, as their name suggests. S1P has been shown to be involved in both, uptake of pathogens and cellular debris, i.e., dying cells. While these two processes occur via different molecular mechanisms, they both can be broken down into similar steps, i.e., recognition of the phagocytic material, phagosome formation, and phagosome content removal e.g., phagosome-lysosome fusion (87). S1P signaling participates in each of these three steps in macrophages.

S1P is produced by cells upon induction of apoptosis (88). It acts on macrophages to alter their functional phenotype, as outlined in the next paragraph. Moreover, S1P serves as a find-me signal to attract phagocytes to the dying cell for removal (78). This system can be hijacked by Yersinia pestis, which triggers cell death in macrophages. The resulting S1P release serves to recruit further macrophages, which are then infected to promote spread of bacteria (89). Besides altering macrophage activation and promoting recruitment, recent data suggest an involvement of S1P in priming macrophages for uptake of cell debris (90). Apoptotic cell-derived S1P triggered erythropoietin (EPO) signaling in murine macrophages, which induced upregulation of phagocytic receptors, including CD36 and Mer tyrosine kinase (MerTK) (90). Accordingly, mice lacking the EPO receptor in myeloid cells showed delayed clearance of apoptotic cells and lupus-like autoimmune symptoms. Interestingly, not only S1P produced by dying cells appears to be involved in apoptotic cell phagocytosis (efferocytosis). Inhibition of SPHKs in macrophages by pharmacological inhibitors or cigarette smoke reduced efferocytosis in human THP-1 macrophages. Addition of exogenous S1P or the S1PR agonist FTY720 reversed cigarette smoke-induced inhibition of efferocytosis and promoted macrophage SPHK functionality (91). Accordingly, the S1P transporter SPNS2 was decreased in smoke-exposed bronchial epithelial mice, correlating with reduced efferocytosis (92). Unexpectedly, smoke exposure increased SPNS2 expression in alveolar macrophages and upregulation of the S1PR5 in alveolar macrophages was associated with impaired efferocytosis (92–95). Thus, S1P receptors may differ in their capacity to promote or inhibit efferocytosis and the S1P system in both, macrophages and dying cells appears to be involved in chronic obstructive pulmonary disease (COPD), which is induced by smoking and linked to impaired efferocytosis.

It remains unclear if S1P only promotes efferocytosis by increasing phagocytic receptor expression, or whether S1P signaling may also participate in the actual engulfment machinery. So far, the picture is clearer when looking at pathogen uptake as S1P facilitates the expression of uptake receptors. The phagocytic receptor FcγRII (CD32) is induced in human macrophages (96). This may require signaling through S1PR2, since S1PR2-deficient macrophages expressed significantly lower levels of FcγRI, II, and III (97). Thereby, S1P triggered S1PR2-dependent phagocytosis of the pathogenic fungus Cryptococcus neoformans (C. neoformans) (97). Apparently, S1P promotes opsonin-dependent phagocytosis of pathogens. In contrast, S1PR2-deficient murine macrophages phagocytosed Escherichia coli (E. coli) more efficiently, which was attributed to reduced RhoA-dependent cell contraction, but increased formation of lamellipodial protrusions when S1PR2 was absent (98). Importantly, phagocytosis of E. coli occurred opsonin-independent, adding to the notion that S1P modulating effects on phagocytosis depend on the S1PR being triggered and the mechanism of uptake. E. coli phagocytosis relied on RhoA and therefore actin dynamics. Two earlier studies suggested that S1P modulates actin assembly to promote phagosome formation. S1P promoted an ADP to ATP conversion and subsequent purinergic ligand-gated ion channel P2X7 signaling in the phagosome lumen or extracellularly, both promoting actin assembly at the plasma membrane in murine macrophages (99, 100). Moreover, S1P triggered ATP release from RAW264.7 macrophages by activating volume-regulated anion channels downstream of S1PR1. This required the actin cytoskeleton, suggesting that S1PR1 signaling may affect the actin cytoskeleton to induce a feed-forward mechanism involving purinergic signaling to promote phagosome formation and maturation. A critical function for S1P in phagosome maturation is supported by the observation that exogenous S1P promotes the interaction of phagosomes with the actin cytoskeleton to allow trafficking of the phagosome toward lysosomes for lysosomal fusion (101). Phagolysosome generation in Mycobacterium tuberculosis (M. tuberculosis) infected human macrophages required exogenous S1P-dependent phospholipase D activity, thereby promoting killing of M. tuberculosis (102). Besides M. tuberculosis, exogenous S1P was also shown to enhance killing of other mycobacteria by macrophages (103). However, S1PR3 was implicated in promoting phagosome maturation in mouse macrophages, since S1PR3-deficient peritoneal macrophages treated with heat-killed E. coli showed reduced phagolysosome fusion (104). Besides exogenous S1P, intracellular S1P formation was required for killing of mycobacteria by macrophages. Targeting SPHK1 genetically or pharmacologically rendered murine RAW 264.7 macrophages sensitive to infection with M. smegmatis, whereas overexpression of SPHK1 promoted killing. This was accompanied by SPHK1-dependent expression of the late phagosome marker LAMP2, but also SPHK1-dependent NO formation (105). Strikingly, it was further shown that intracellular M. tuberculosis blocked phagosome maturation by impairing SPHK activity (106). M. tuberculosis is known to block its killing in fused acidic phagolysosomes. Ingestion of dead, but not living M. tuberculosis induced SPHK1 sphingosine kinase activity and translocation to nascent phagosomes in human macrophages, followed by an increase in intracellular Ca2+ (106, 107). SPHK1 translocation in itself was Ca2+ dependent as suggested by the use of an intracellular Ca2+ chelator. Besides mycobacteria, a role for SPHK1 in controlling C. neoformans infection was suggested (108). In particularly, SPHK1 restricted intracellular C. neoformans growth in alveolar macrophages and also restricted macrophage infection with Leishmania donovani (109), although it is unclear if this was dependent on phagolysosome formation.

Collectively these data indicate that intracellular as well as extracellular S1P, presumably via S1PR signaling, has microbicidal potential by modulating pathogen uptake, phagosome formation, maturation, and phagolysosome fusion. Moreover, S1PR3 activation on mouse macrophages promoted ROS formation and therefore killing of ingested bacteria (104). The notion of a crucial role of the S1P system in pathogen control is underscored by observations that microbial SGPL1 promotes their survival in macrophages. SPGL1 from Burkholderia pseudomallei was required for phagosome evasion, presumably by lowering S1P levels, as indicated by observations that S1P and S1PR1 agonists increased bacterial content in lysosomes and reduced their intracellular survival (110). Moreover, SGPL1 from Legionella pneumophila promoted intracellular pathogen survival by blocking autophagy through disrupting sphingolipid metabolism, thereby again preventing lysosomal killing of pathogens (111). Therefore, a number of different pathogens have developed strategies to target the S1P system and to evade intracellular degradation in lysosomes (106, 110, 111).



ADDING FLAVOR—S1P AND MACROPHAGE POLARIZATION

During recent years it became apparent that the impact of S1P on the macrophage phenotype is not restricted to the M1/M2 paradigm. Rather, S1P modulates macrophage responses according to the local environment, the compartmentalization of S1P, i.e., intra vs. extracellular S1P, and the S1P receptors activated on cells. Consequently, S1P not only promotes the production of M2 but also of M1-associated macrophage markers.

Intracellular S1P produced by SPHK1, likely at the plasma membrane, was suggested as a cofactor involved in inflammatory macrophage activation. Inflammatory macrophage activation is triggered by microbial components such as LPS, with or without type 1 lymphocyte-derived IFN-γ. As a consequence, TNF-α is rapidly produced by mechanisms including proteolytic shedding from the plasma membrane (112), and increasing mRNA stability (113). TNF-α then binds to its cognate receptors to feed-forward promote canonical NF-κB activation, which requires TNF receptor-associated factor 2 (TRAF2) to polyubiquitinate receptor interacting protein 1 (RIP1). SPHK1 was shown to be activated downstream of TNF receptor activation and to physically interact with TRAF2. SPHK1-derived S1P then acted as cofactor for TRAF2, allowing polyubiquitination of RIP1 (114, 115). Also IL-1 signaling, another feed-forward NF-κB activator following microbial encounter, required SPHK1-dependent S1P as an intracellular cofactor (116). Besides TNF and IL-1β, SPHK1 is also rapidly activated downstream of other inducers of inflammatory macrophage activation, including LPS (117–119), and LPS in combination with palmitate (120), although it is unclear if SPHK1-derived S1P acts as a cofactor for intracellular LPS signaling. Stimulation of human THP-1 macrophages or mouse microglia with LPS required SPHK1 activity to produce IL-6, IL-1β, TNF-α, and/or NO (117, 118), whereas SPHK1 was dispensable for LPS, but not LPS/palmitate-induced IL-6 production, and TNF-α induced cyclooxygenase (COX)-2 expression in mouse RAW264.7 macrophages (119, 120). Accordingly, SPHK1-deficient mice showed decreased joint inflammation in a model of murine TNF-α-induced arthritis (121). In contrast, SPHK1-deficient mice were not protected from collagen-induced arthritis and thioglycollate-triggered peritonitis, indicating that SPHK1 activation may be restricted to specific inflammatory stimuli (122). It is important to note that mouse macrophages lacking both SPHK isoforms did not show any alterations in cytokine production in vitro and induction of LPS or thioglycollate-induced inflammation in vivo (123). This may be explained by divergent functions of SPHK isoforms in inflammation, as has been noted in a model of inflammation-induced colon cancer, where SPHK2 ablation triggered SPHK1-dependent cytokine production in myeloid cells and thus promoted M1 macrophage activation (124). The exact role of SPHK2 in macrophage activation is, however unclear. Besides promoting M1-like cytokine production, an increase in anti-inflammatory macrophages was reported in SPHK2-deficient obstructed kidneys. Treating SPHK2-deficient murine BMDM with IL-4 or IL-13 induced a more pronounced M2 profile compared to wild type macrophages (125). Thus, macrophage SPHK2 may restrict M1 as well as M2 activation. Further mechanistic investigations will be required to support this claim.

Despite its role in providing S1P as an intracellular cofactor, SPHK1 activation by inflammatory triggers may increase extracellular S1P, thereby provoking S1P receptor activation. The accompanying cell response appears to be highly context and receptor-dependent. Initial studies in human alveolar macrophages suggested that S1P alone induced NADPH-oxidase (NOX)2-dependent production of ROS (126) to promote IL-1β and TNF-α production by murine peritoneal macrophages (127). These findings were recently supported by a study suggesting that S1P stimulation of murine BMDM triggered the expression of inflammatory markers including TNF-α, CCL2, and inducible NO-synthase (iNOS), which were suppressed by targeting S1PR2/3 and downstream c-Jun N-terminal kinase (JNK) activation, again exemplifying the cooperate potential of S1PR2/3 signaling in macrophages (128). Increased iNOS expression was also observed when murine BMDM were subjected to LPS/IFN-γ treatment with the addition of exogenous S1P (82). The impact of S1PR3 on promoting inflammatory macrophage activation was substantiated in studies using murine microglia in vitro and a model of brain ischemia. A S1PR3 specific antagonist and siRNA-mediated depletion of S1PR3 reduced LPS-triggered expression of TNF-α, IL-6, and IL-1β (129). Moreover, LPS-induced expression of inflammatory genes such as iNOS, COX-2, IL-1β, IL-6, and TNF-α in primary peritoneal macrophages was reduced by an S1PR3 antagonist (130). S1PR3 may therefore be viewed as an inflammatory receptor in macrophages. While the majority of inflammatory macrophage markers depend on transcriptional induction, IL-1β maturation and release in response to microbial stimulation requires expression and activation of inflammasomes in macrophages, including the NLRP3 inflammasome, a protein complex consisting among others of the eponymous NLRP3 and inflammatory caspase-1 (131). S1P was shown to selectively promote the expression of NLRP3 among inflammasome components downstream of S1PR1 in tumor-associated macrophages (TAM), as well as LPS-stimulated mouse BMDM and human primary monocyte-derived macrophages (132). Besides NLRP3 expression, S1PR1 was also involved in promoting ATP release at least in a murine macrophage cell line, which is one of the triggers of NLRP3 inflammasome activation (133). Another activating mechanism of the NLRP3 inflammasome, the release of cathepsin B from lysosomes, was associated with S1PR2 signaling (134). Accordingly, levels of IL-1β and IL-18, which are inflammasome dependent, were reduced in the serum of S1PR2-deficient mice challenged with endotoxin (135). Thus, S1P via S1PR1/2, although not through converging signaling pathways, may cooperate toward NLRP3 inflammasome assembly and activation, promoting IL-1β maturation (136). Interestingly, the effect of S1PR1 on NLRP3 expression suggests that S1PR1 operates independently of canonical NF-κB or classical mitogen-activated protein kinase (MAPK) cascades triggered downstream of toll-like receptor (TLR), TNF receptor, or IL-1 receptor activation. Along these lines, antagonism of S1PR3, which generally reduced LPS-triggered inflammation in peritoneal macrophages, restricted caspase-1 but not NLRP3 expression (130). Indeed, S1P blocked LPS-dependent stimulation of NF-κB activation and downstream production of inflammatory cytokines such as TNF-α in murine and human macrophages (137–139), and to attenuate TLR2-dependent NF-κB activation in human monocytes (140). Also, S1PR1 triggered STAT3 signaling to promote induction of heme oxygenase-1 (73), as well as IL-6. Particularly, S1PR1 signaling promoted IL-6 production in a STAT3-dependent feedback loop, where IL-6 induced S1PR1 expression in mouse macrophages in vitro, in a model of sickle cell disease, and in dextran sodium sulfate (DSS)-induced colitis (124, 141). In RAW264.7 macrophages S1PR1 but also S1PR2 were involved in LPS and palmitate-induced IL-6 production (120). Moreover, S1PR1 signaling increased ARG1 activity in mouse macrophages to block the production of NO, which was induced by microbial stimuli in concert with IFN-γ, although the impact of STAT3 signaling in this context was not tested (137). S1P alone or in the supernatant of apoptotic tumor cells also elevated prostaglandin E2 (PGE2) production, which required stabilization of COX-2 mRNA, likely via S1PR1 (119, 142, 143). These data suggest that S1PR1 may limit microbial-induced inflammatory pathways such as canonical NF-κB activation, but induces inflammatory mediators such as IL-1, IL-6, and PGE2 under conditions characterized by low-grade inflammation, as found e.g., in tumors (124, 132).

The role of S1PR2 in macrophage activation appears less clear. While it was associated with inflammasome activation as outlined above, it was required for induction of ARG2 in RAW 264.7 macrophages stimulated with apoptotic cells (144), which required the transcription factor cAMP response element-binding (CREB). S1P also augmented cAMP levels in PGE2 or isoproterenol-stimulated RAW 264.7 macrophages through S1PR2 (145). Therefore, S1PR2 signaling is coupled to increasing cAMP levels in macrophages, which was connected to resolution of inflammation (146). Pro-resolving macrophages are also generated by the interaction with apoptotic cells, which might provide a connection between apoptotic cell-derived S1P and resolution of inflammation by establishing resolution type macrophages downstream of S1PR2. However, this hypothesis remains to be tested. The impact of S1PR4 and S1PR5, whose expression is low in most macrophages, toward macrophage polarization is largely unclear. Activation of S1PR4 primed apoptotic tumor cell-stimulated macrophages for signaling via the nerve growth factor receptor TrKA, which induced among others IL-6 and IL-10 expression (147). It is unclear if S1PR4 activation has a similar effect under other conditions. S1PR5 was so far only connected to impaired phagocytosis as outlined above.

In conclusion, SPHK activity and S1PR signaling emerge as important regulators of macrophage polarization, although the impact of some components of this machinery such as SPHK2, S1PR4, and S1PR5 needs to be tested in the future. Since macrophages are implicated in the development of inflammatory diseases, altered functional macrophage responses by the S1P system are expected to affect such conditions. This will be outline in the next chapter.



THE EATER GONE ROGUE—S1P AND MACROPHAGE FUNCTION IN DISEASE


Cancer

Already in 1863, Rudolf Virchow observed that tumors are heavily infiltrated by leukocytes and proposed that a chronic inflammatory milieu promotes cancer initiation and progression (148). In the last decades it became clear that the immune system and its effector cells exhibit a multifaceted role in carcinogenesis. The immune system is capable of tumor rejection but paradoxically also able to promote cancer progression, which is mediated by the tumor microenvironment triggering immune tolerance (149, 150). One group of effector cells that contribute to the multifaceted role of the immune system in carcinogenesis are tumor-associated macrophages (TAM), which depending on their phenotype contribute to a pro- or anti-tumor immune response. Whereas, TAM expressing M1 markers produce pro-inflammatory cytokines and ROS that are crucial for tumor cell killing, TAM expressing M2 markers suppress an anti-tumor immune response by producing anti-inflammatory cytokines, which causes immune suppression and in the long term tumor outgrowth (151–153).

Tumor cells themselves can produce factors that activate and shape a pro-tumor M2-like TAM phenotype during tumor escape, provoking tumor progression including metastasis. One of the factors produced by tumor cells is S1P. S1P, already discussed as a pro-survival factor, exhibits pro-tumor functions by adding to tumor cell transformation, survival, migration, and neovascularization in different cancer types such as breast, colon and prostate cancer (154). We previously showed that S1P is released by apoptotic breast cancer cells and polarizes macrophages toward a M2-like phenotype, characterized by reduced TNF-α, IL-12 but increased IL-8 and IL-10 secretion (138). Tumor cell specific secretion of S1P, concomitant macrophage M2-like polarization, and subsequent tumor growth was recapitulated in a more recent study. Mrad et al. reported that inhibition of SPHK1-dependent production of S1P by B16 melanoma cells increased the number of M1-polarized macrophages and tumor growth. The latter was, however, mediated by a macrophage-independent mechanism, since tumor growth was accelerated by SPHK1/S1P-dependent production of transforming growth factor (TGF)-β by melanoma cells themselves (155). Apparently, not only the phenotype transition from inflammatory M1-like to immune-suppressive M2-like macrophages contributes to cancer progression, but also an overshooting inflammatory response mediated by macrophages may provoke cell transformation and tumor growth as shown for colitis-associated colon cancer (CAC). Thereby, SPHK/S1P/S1PR-dependent activation of macrophages and the subsequent production of pro-inflammatory cytokines were established as important factors in contributing to chronic intestinal inflammation resulting in CAC development. This has been proposed to be in part macrophage dependent, when SPHK1 expression was upregulated as a result of SPHK2 deletion, thereby enhancing S1P levels. In this setting, intracellular S1P activated NF-κB signaling, which culminated in pro-inflammatory gene transcription of IL-6 and TNF-α. Both cytokines triggered a feed-forward amplification loop with TNF-α amplifying NF-κB signaling and IL-6 maintaining persistent S1PR1-dependent STAT3 activation, supporting chronic inflammation and CAC development (124). Another study showed that blocking the SPHK/S1P axis and thus, macrophage activation, attenuates colon cancer. Mechanistically, inhibition of SPHK1 in peritoneal macrophages reduced COX-2 and TNF-α expression, which lowered the formation of aberrant crypt foci in the colons of mice injected with the carcinogen Azoxymethane (156). In terms of S1P-dependent production of pro-inflammatory cytokines by macrophages it apparently needs to be discriminated between the extra- and intracellular actions of S1P during carcinogenesis. As mentioned, extracellular S1P formation produced by apoptotic tumor cells induces the secretion of anti-inflammatory cytokines, while intracellular S1P induces a pro-inflammatory cytokine signature of macrophages in the context of cancer.

Besides affecting cytokine production, the S1P/S1PR axis can induce pro-angiogenic properties of macrophages and therefore contribute to tumor angiogenesis and, consequently, metastasis. Macrophage-specific deletion of S1PR1 in a mammary carcinoma model enhanced lung metastasis by inducing tumor lymphangiogenesis. Mechanistically, S1PR1 signaling in lymph vessel-associated macrophages induced NLRP3 expression and IL-1β production, which showed direct pro-lymphangiogenic activity, thereby accelerating tumor progression by promoting metastasis (132). Beside the lymphatics, metastasis also occurs via the bloodstream, which requires tumor angiogenesis. One major driver of tumor angiogenesis is hypoxia, which at the same time affects macrophage biology in inflammation, cancer, or infection. The oxygen-sensitive transcription factors hypoxia inducible factors 1α and 2α (HIF-1α, HIF-2α) are the master regulators toward decreased oxygen tension, coordinating many of the multiple hypoxic responses. In tumor cells there is evidence that hypoxia causes a rapid activation of SPHK1, preceding HIF-1α accumulation (157). Although details remain unknown, ROS appeared to activate SPHK1, while the accumulating S1P, via the Akt/GSK3ß pathway, attenuated HIF-1α proteasomal degradation. In renal cell carcinoma, SPHK1 activity controlled HIF-2α expression (158) and the S1PR antagonist FTY720 attenuated both HIF-1α and HIF-2α accumulation in several human cancer cell lines (159). S1P released by dying cancer cells also triggered HIF-1α accumulation in macrophages downstream of S1PR1, even under normoxic conditions (160). In contrast to hypoxic tumor cells, where S1P may be self-sufficient to accumulate HIF-1α the situation in macrophages seems different. Macrophages sensing S1P from dying cancer cells required a second stimulus, most likely transforming growth factor (TGF)-β to stabilize HIF-1α under normoxia. HIF-1α expression under these conditions established a pro-angiogenic macrophage phenotype (160), indicating that S1P/S1PR1 signaling may promote tumor angiogenesis in general.

To sum up, studies so far may indicate a critical role of the SPHK/S1P/S1PR axis in macrophage activation and polarization, contributing to cancer development and metastasis. However, more studies are needed to clarify the exact role of the S1P-induced functional consequences for macrophage biology in different tumor entities, especially in respect of utilizing the SPHK/S1P/S1PR axis for cancer therapy. As outlined above, inhibiting one SPHK will provoke over-activation of the remaining SPHK and this may cause severe side effects. Therefore, a cell-type specific or S1PR-specific inhibition of the S1P/S1PR axis appears a more rational approach for intervention. Interestingly, in contrast to S1PR1, S1PR2 was reported to limit tumor development and angiogenesis in one study, which involved S1PR2 on myeloid cells (161). Thus, S1PR1 and S1PR2 may show opposing effects on tumor angiogenesis, making S1PR1 a potentially more interesting target when focusing on TAM.



Atherosclerosis

Macrophages are key cellular mediators of atherosclerosis, as they accumulate in atherosclerotic plaques and the macrophage content and activation state are linked to the progression and the regression of atherosclerosis (162). Macrophages in atherosclerotic plaques are exposed to mediators in the circulation, including S1P. In the circulation S1P is mainly derived from erythrocytes, platelets, or the endothelium. About two-thirds of the circulatory S1P is associated with HDL, followed by its association with albumin and other lipoproteins (163). HDL is known to limit inflammatory responses during atherogenesis. Besides, HDL is also recognized for its general host defense activity, which is linked to its ability to scavenge and limit endotoxin toxicity as well as immune cell modulatory responses, affecting the cholesterol content in plasma membrane lipid rafts (164). HDL functions as a reservoir for several proteins and lipids with immunomodulatory activities, among them S1P. ApoM, a genetic variant of ApoA-1, is mainly associated with HDL and the carrier of S1P in HDL (165). A lipophilic pocket of ApoM not only ligates S1P but also molecules such as oxidized phospholipids or retinol, suggesting some kind of competition (166). ApoM levels are subjected to variations, with drastically reduced amounts during diseases such as atherosclerosis, coronary artery disease, or myocardial infarction as well as acute phase responses. Several studies attributed individual HDL functions as partially or entirely dependent on HDL-bound S1P (167). The mechanism for ApoM-mediated modulation of S1P function may reside in retarding S1P degradation (168) and/or strengthening its agonistic properties by binding HDL via scavenger receptors and thereby bringing S1P in close proximity with S1PRs (169).

The nature of S1P in the pathogenesis of atherosclerosis is ambivalent, although concepts on a defensive role prevail. Toward a protective function, S1P is supposed to promote survival and prevent apoptosis of endothelial cells and macrophages, to induce phosphorylation of endothelial-type NO-synthase (eNOS), which provokes vessel relaxation, to preserve endothelial barrier function by stabilizing cell-cell junctions, and to attenuate attachment of blood cells to the endothelium by inhibiting expression of endothelial cell adhesion molecules (170, 171). Harmful properties of S1P are discussed concerning its ability to recruit lymphocytes to sites of inflammation, to act chemotactic and stimulatory for other immune cells, i.e., monocytes/macrophages, to indirectly shape the atheroprotective B1-cell population, or to augment thrombin-induced expression of tissue factor in endothelial cells to foster the coagulation cascade (170, 171). Concerning macrophages, S1PR2 retains them in atherosclerotic plaques and regulates their inflammatory cytokine secretion to promote atherosclerosis (135). Also S1PR3 on monocytes/macrophages contributes to their accumulation in atherosclerotic lesions, thereby adding to a pro-inflammatory, pro-atherogenic environment (172). Hereby S1PR2 and S1PR3 signaling both promote macrophage accumulation in plaques, although by exerting opposing effects on monocyte/macrophage migration. However, other studies see the macrophage-S1P-axis in an atheroprotective context. S1P and its analog FTY720 reduced atherosclerotic lesions, both in the aortic root and brachiocephalic artery, and almost completely blunted necrotic core formation (173). Although a direct connection to macrophages in atherosclerotic plaques was not made, this observation may refer to the modulating role of S1PR signaling in macrophage recruitment, since FTY20 targets S1PR3 but not S1PR2. Alternatively, it may be connected to polarization of macrophages toward an anti-inflammatory, regenerative, healing phenotype as discussed above. In line, providing KRP-203, an S1PR1 agonist, to low-density lipoprotein receptor-deficient mice on a cholesterol-rich diet reduced atherosclerotic lesion formation and reduced macrophage pro-inflammatory activation (174). These experiments would argue for S1PR1 in mediating the anti-atherogenic effects of S1P. Besides the ability of S1P to induce alternative macrophage polarization and thereby to attenuate oxidized LDL-induced lipid accumulation, the atheroprotective effect of S1P was also related to its ability to enhance cell survival and to attenuate macrophage pro-apoptotic signaling (175). Mechanistically, HDL-associated S1P attenuated macrophage apoptosis by activating STAT3 and causing survivin expression, presumably via cooperate signaling through S1PR2/3, as recapitulated by pharmacological interventions (75). As many HDL effects are attributed to its S1P load, it is of interest that the physiologically crucial and most relevant role of HDL in reverse cholesterol transport is now also proven to be affected by S1P (176). The transcriptional and functional ABCA1 regulatory pathway, facilitating cholesterol efflux, demanded S1PR3. The authors established LXR to be involved in S1P facilitated cholesterol efflux and identified the critical role of S1PR3.

It is interesting to note that approaches are undertaken to make use of the beneficial HDL-S1P signaling axis for the treatment of diseases. Only HDL, manufactured to incorporate S1P, was cardioprotective in a model of ischemia reperfusion injury (177) and S1P-loaded HDL enhanced eNOS activation in endothelial cells (178). In general, the anti-inflammatory HDL function can be boosted by S1P-loading and exploited by S1P receptor-targeting to prevent and even turn off ongoing inflammation (179). Another strategy follows the observation that ApoM levels are correlative to biological S1P-signaling. Resveratrol, a proposed supplement to prevent atherosclerosis, is reported to modulate S1P levels by affecting ApoM levels (180). It can be speculated that some of the reported anti-atherosclerotic effects of resveratrol can be explained by increasing plasma levels of ApoM in conjunction with its S1P-association.

Although many details on the role of S1P and macrophages during atherosclerosis still need to be discovered, a gross simplification would favor anti-atherosclerotic actions of S1PR1 and S1PR3, while pro-atherosclerotic functions of S1PR2 may dominate. Mechanistically, the anti-inflammatory impact of S1P toward macrophages, likely transmitted via S1PR1, may add to convey atheroprotective signals. Uncertainties remain, as we are not aware how S1P concentrations, either HDL-bound or associated with other carriers, develop over time with plague progression and how the S1P receptor profile may change in early vs. late stages of the disease. As macrophages are prone to many environmental incoming signals, GPCR activation by S1P may dominate, be modulated, or be overruled. This makes predictions on the macrophage S1P-S1PR signaling axis difficult. However, controlled in vivo experimentation, using genetically modified animals in combination with pharmacological tools that are progressing toward higher selectivity, will help to answer some of the demanding questions in the future.



Fibrosis

Macrophages are one of the key players during resolution of inflammation as the wound healing response has to be tightly regulated (181, 182). Disturbances within any stage of the wound healing process may cause chronicity, while an overshooting healing response can induce fibrosis within different organs such as lung, liver, heart, or kidney. Tissue fibrosis is characterized by increased proliferation and activation of fibroblasts that trigger excessive accumulation of extracellular matrix components eventually initiating organ failure and death (182, 183). Macrophages may serve as critical mediator during fibroblast activation and proliferation by releasing pro-fibrotic mediators such as TGF-ß, IL-13, or platelet-derived growth factor (PDGF) (184). There is evidence that the infiltration of anti-inflammatory M2 macrophages into fibrotic areas of the lung is a key regulator for the development and progression of idiopathic pulmonary fibrosis (IPF) (185, 186).

A role for S1P in IPF progression was already assumed by showing that serum and bronchoalveolar lavage of diseased mice or patients exhibit increased S1P levels and show enhanced SPHK1 protein expression, both correlated with impaired lung function (187, 188). Mechanistically, S1P is implicated in secreting pro-fibrotic factors that cause the excessive activation and proliferation of fibroblasts, thereby advancing tissue fibrosis. Specifically, studies pointed to a role of the SPHK/S1P/S1PR axis in TGF-ß-driven fibrosis induction. This was demonstrated by blocking SPHK1, which in turn reduced TGF-ß secretion and lung fibrosis in murine models of IPF (187, 189). It has also been shown that the S1P/S1PR axis in macrophages contributes to the production of pro-fibrotic factors and thereby adds to IPF development (190). Along those lines, Zhao et al. used S1PR2−/− mice and noticed attenuated IPF in animals subjected to bleomycin. In this model S1PR2-expressing alveolar macrophages most likely promote IPF as shown by bone marrow transfer experiments and the enhanced S1PR2-dependent production of pro-fibrotic IL-13 that initiates a STAT6-dependent response in macrophages. More mechanistic studies using macrophage-specific S1PR−/− mice will be needed to decipher the exact role of the S1P/S1PR axis in the development and progression of IPF. The SPHK/S1P/S1PR signaling axis also accelerates liver fibrosis by directly activating fibroblast motility and fibrosis-induced angiogenesis (191, 192). In a more recent study it became apparent that SPHK1-induced CCL2 secretion from Kupffer cells activated fibroblasts and thereby fostered progression of liver fibrosis (193). The finding that S1P signaling adds to the pathogenesis of tissue fibrosis was already shown in the kidney, when partial nephrectomized rats were treated with FTY720. Blocking the S1P/S1PR axis by FTY720 diminished renal fibrosis, characterized by reduced expression of TNF-α, TGF-β, and the production of extracellular matrix proteins (194). For renal macrophages protection toward fibrosis was linked to SPHK2-dependent S1P signaling. SPHK2-deficient kidney-resident macrophages shifted toward the M2 phenotype due to changes in the glycolytic pathway, which reduced renal fibrosis by lowering the production of pro-inflammatory cytokines such as IL-1β and TNF-α (125). Evidently, S1P contributes to macrophage-dependent fibrotic responses by shaping their activation, particularly the release of pro-fibrotic cytokines/chemokines such as TGF-ß, IL-13, or CCL2. Addressing the distinct role of S1P in macrophage-driven fibrosis in detail may open the potential to foster mechanisms toward resolution of fibrosis.



I/R Injury

Ischemia-reperfusion-induced injury (I/R injury) plays a major role during stroke and myocardial infarction, and is accompanied by inflammation that promotes injury. Macrophages play a crucial role in resolving inflammation and promoting repair following ischemic injury (195–197). Targeting S1P receptors has shown promising results in I/R injury models. However, while macrophages are used as read-out parameters, their functional involvement largely remains unclear. S1P levels during resolution of focal cerebral ischemia in mice increased (198), when macrophages promote repair. Treating mice in a model of experimental stroke with FTY720 reduced lesion size and improved neurological function, which was accompanied by decreased numbers of activated microglia/macrophages in the ischemic lesion (199). Reduced inflammatory microglia/macrophage infiltration was confirmed in models of focal cerebral ischemia and observed under long-term protective effects of FTY720 (200). Whether reduced infiltration of inflammatory microglia/macrophage were a result of reduced recruitment into the affected area or due to changes in cell activation remains an open question. Intraocular injection of a humanized monoclonal S1P antibody (sonepcizumab) into ischemic retina significantly reduced the macrophage influx in oxygen-induced ischemic retinopathy (201). Attenuated macrophage infiltrates and their proinflammatory cytokine expression were furthermore observed when applying the S1PR1 agonist SEW2871 in mice subjected to hepatic (202) or renal I/R injury (203). Based on the observed lymphopenia in these models, SEW2871 acted as a functional S1PR1 antagonist as expected. However, lymphopenia was not the reason for protection as mice, harboring a selective S1PR1 knockout in proximal tubule cells, were protected as well (204). In some analogy, in a model of cisplatin-induced nephropathy performed in mice with a deletion of S1PR1 in tubule cells reduced kidney damage and a lower level of proinflammatory cytokines and infiltrated macrophage were noticed (205). To conclude, the protective effect of S1PR agonism in the kidney was largely macrophage independent, whereas tissue regeneration following I/R injury required S1PR1/3 signaling and was linked to the release of neutrophil gelatinase-associated lipocalin (LCN2) from macrophages, again underscoring the role of macrophages in tissue regeneration after I/R injury (206). S1PR1/3 activation also protected against cardiac ischemia-reperfusion injury as the accompanying tissue injury in mice was reduced by myonectin, which triggered S1P and protected cardiomyocytes from apoptosis and macrophages from their inflammatory activation. Administration of the S1PR1/3 antagonist VPC23019 reduced the protective potential of myonectin and increased myocardial injury (207). Understanding the role of macrophages in S1P-dependent protection from I/R injury will require further studies by e.g., employing macrophage-specific S1PR−/− mice.



Infection

Sphingolipids are involved in immunity to infection, with prominent roles being assigned to ceramide and sphingosine (208–210). However, an impact of the SPHK/S1P/S1PR axis under infectious conditions requires further studying. Data from cell culture suggest a role of S1P in pathogen uptake and killing, while information from in vivo models is scarce. SPHK1 was required to form lung granuloma and prevented brain infection with a particular C. neoformans strain that is restricted to intracellular replication in macrophages (108). Logically, SPHK1-deficient showed a higher susceptibility to C. neoformans infection (108). SPHK1 was also required for the protective principle of glucocorticoids in a model of acute lung injury, triggered by LPS and oleic acid. Downstream of the glucocorticoid receptor SPHK1 was upregulated in macrophages, provoking a systemic S1P increases and reducing inflammatory cell infiltrates (211). Enhanced SPHK1 expression was also observed in macrophages in inflamed murine and human lungs in pneumonia, while genetic SPHK1 deletion protected mice from pneumonia-induced hyperpermeability. Unfortunately, the role of macrophage-specific SPHK1 in this process remained unclear (212). SPHK2-deficient mice showed a higher susceptibility to Streptococcus pneumonia induced lung inflammation, although there was no change in neutrophil function, leaving room for a role of macrophages (213).

With regard to S1P receptors, deletion of S1PR2 was protective in models of bacterial sepsis. S1PR2 promoted macrophage pyroptosis, which is linked to a cytokine storm, upon E. coli infection, while a S1PR2 knockout improved survival (76). Survival of S1PR2 knockout mice was also seen during cecal ligation and puncture or intratracheal administration E. coli, which was linked to an enhanced phagocytic function of S1PR2-deficient macrophages (98). S1PR3 supports ROS generation in macrophages, thereby aiding in killing bacteria and promoting phagosome maturation upon cecal ligation and puncture, where S1PR3 knockout showed increased lethality (104). Septic patients with monocytes showing enhanced S1PR3 expression cleared bacteria more efficiently, which was linked to a preferable outcome (104). Accordingly, the S1PR agonist FTY720 prevented clearance of bacteria albeit increasing colonic inflammation and neutrophil infiltration in a model of gastrointestinal infection with the mouse enteric pathogen Citrobacter rodentium. FTY720 targets all S1P receptors, with the exception of S1PR2, showing short term agonistic activity, followed by receptor desensitization due to their degradation. Thereby FTY720 traps lymphocytes in secondary lymphatic organs by disabling them to follow the S1P gradient toward the circulation. FTY720 treated animals therefore exhibit peripheral blood lymphopenia with significantly lower numbers of colonic dendritic cells, macrophages, and T cells. Infected mice treated with FTY720 revealed an impaired innate immune response and reduced type 1 adaptive immunity (214). Therefore, targeting S1PRs with rather non-specific tools will likely not be beneficial during infection. However, it might be worth considering to selectively targeting S1PR2 as it likely increases the anti-microbial macrophage function and enhances macrophage survival. Moreover, S1PR2 antagonism will probably not induce immune paralysis, since S1PR1 is the important receptor promoting lymphocyte recruitment to the circulation.




CONCLUSIONS

Macrophages are key players in maintaining tissue homeostasis, which requires a remarkable repertoire to sense microenvironmental cues that signal disturbed homeostasis. S1P is a good example of a sensing/signaling molecule, since its tissue levels, except for blood and lymph, are constitutively low. Rising S1P levels therefore imply an altered microenvironment, which is sensed by macrophages and their progenitors. This provokes monocyte/macrophage trafficking, survival, and altered effector functions. These changes are involved in a number of diseases as highlighted in this review (Figure 2). The source of S1P and the receptor profile are critical determinants of the S1P impact on macrophages. Intracellular S1P produced by SPHK1 mostly promotes inflammatory macrophage activation and increases anti-microbial properties including phagosome maturation.
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FIGURE 2. S1P receptor signaling and macrophage function in disease. S1P is generated by the sequential breakdown of sphingomyelin and ceramide to sphingosine by sphingomyelinases and ceramidases, respectively, and the subsequent phosphorylation of sphingosine by sphingosine kinases. S1P is then degraded by S1P lyase or secreted from cells via the transporter SPNS2. Activation of S1P receptors on macrophages then triggers functional responses as indicated, whose targeting might be of interest in disease settings. Details can be found in the main text. BM, bone marrow; CDase, ceramidase; COPD, chronic obstructive pulmonary disease; MΦ, macrophage; S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor; SGPL1, S1P lyase; SMase, sphingomyelinase; SPHK, sphingosine kinase; SPNS2, Spinster homolog 2.



S1P signaling through individual S1PRs has pleiotropic and sometimes even divergent effects. In monocytes/macrophages S1PR1 recruits wound healing and/or regenerative macrophages (215), acts as a survival signal (88) and predominantly causes anti-inflammatory macrophage polarization (137). In IL-4 stimulated macrophages S1PR1 expression is enhanced (81), while in pro-inflammatory activated phagocytes S1PR1 and S1PR4 appeared downregulated, at least at mRNA level (82). Moreover, S1PR1 stimulated EPO-signaling in macrophages to enhance apoptotic cell clearance through PPARγ, which adds to the anti-inflammatory/regenerative macrophage phenotype (90). However, when S1PR1 is activated in the context of endogenous SPHK1 activation in macrophages, pro-inflammatory effects may prevail (124). Therefore, targeting S1PR1 affects inflammatory macrophage activation needs to be approached in a context-dependent manner, although it emerges as a promising target in cancer. S1PR2 generally seems to oppose S1PR1 signals. The receptor regulates macrophage retention in atherosclerotic plaques and provokes cytokine secretion to promote inflammation (135). However, more recent data proposed a S1PR2-G12/13 signaling axis in macrophages that augmented protective B-cell populations to ameliorate atherosclerosis (216). This receptor also enhanced Fcγ receptor-facilitated phagocytosis in response to antibody opsonized particles, but not complement-mediated phagocytosis (97). It was also proposed that S1PR2 impaired phagocytosis and antimicrobial defense in the pathogenesis of sepsis (98). Furthermore, S1PR2 deficiency/S1PR2 inhibition decreased macrophage pyroptosis and improved survival in E. coli sepsis, posing this receptor as a promising therapeutic approach during sepsis (76). These observations support the notion of S1PR2 in contributing toward proinflammatory macrophage polarization (128), although it may play a role in inflammation resolution by increasing cAMP levels as well (144). S1PR3 mediates chemotaxis of macrophages, in vitro, and provokes migration of cells to plaques in atherosclerotic mice (172) and recruits macrophages in bile duct-ligated mice to promote hepatic inflammation and fibrosis (85). In general, S1PR3 appears to mediate pro-inflammatory responses. This is coupled to antimicrobial function as S1PR3 expression was elevated in septic patients, linked to bacterial clearance and a better outcome (104). Mechanistically, bacterial killing in macrophages was fostered by enhanced ROS formation and phagosome maturation. Activating S1PR3 on macrophages therefore might be beneficial to promote antimicrobial immunity. S1PR4 is less well studied than S1PR1 to S1PR3, but is abundant on immune cells, among them macrophages (217). S1PR4 was required to produce the Th17 polarizing cytokine IL-6 by dendritic cells (218). This may also be true for macrophages since activation of this receptor on TAM by S1P, released from apoptotic cells, caused formation of tumor promoting cytokines, including IL-6 and IL-10 (147). Under pro-inflammatory conditions macrophages downregulate S1PR4 (82), which has also been shown for plasmacytoid dendritic cells (219). Whether S1PR4 downregulation is required for pro-inflammatory signaling to take place will require further studying. There is evidence that S1PR5 is involved in the egress of patrolling monocytes from the bone marrow (220), thereby potentially contributing to the tissue macrophage pool during inflammation. As S1P did not function as a chemoattractant for these cells nor did it affect their viability in vitro, detailed mechanisms remained unexplored. Alveolar macrophages from patients with COPD are defective in their ability to phagocytose apoptotic cells. As a significant association was noted between S1PR5 expression and both lung function as well as defective phagocytosis it is concluded that this receptor might be a potential therapeutic target in COPD (93).

Besides evidence suggesting a role of S1P/S1PR signaling in shaping macrophage-specific tissue homeostasis, a number of questions still need to be addressed. The role of S1P in emerging areas such as macrophage immune metabolism and innate memory formation may require our attention. This is supported by findings that SPHK2 deficiency reduces glycolysis in macrophages (125), and produces intracellular S1P as a cofactor for HDACs to modulate epigenetics (221), both of which are hallmarks of trained macrophage immunity (222). Moreover, experiments using specific deletion of individual components of this signaling axis, particularly individual S1PRs in macrophages will allow identifying potential pharmaceutical targets to be exploited for disease conditions mentioned above. This is of special importance given the sometimes antithetic properties of signaling through individual S1PRs. Targeting the SphK/S1P/S1PR axis is already the object of a number of clinical trials. Most notably S1PR1 modulators (Fingolimod, MT-1303, Ozanimod) are tested or already in clinical use for treating inflammation-driven diseases such as multiple sclerosis, inflammatory bowel disease and psoriasis (223). These drugs are thought to act mainly through the induction of sustained lymphopenia by trapping T cells in lymphatic organs. Thereby, S1PR1 modulators dampen the inflammatory response and thus reduce disease severity. It is unclear how these drugs affect macrophage biology in patients. Targeting macrophage S1PR1 in cancer may be of interest, as outlined above. However, in the case of cancer therapy, as well as during infection, sustained lymphopenia triggered by S1PR1 antagonism may rather be disadvantageous, since T cells are needed at the tumor site for a proper anti-tumor response (224). Targeting S1P levels globally using the anti-S1P monoclonal antibody Sonepcizumab failed in a phase II study of metastatic renal cell carcinoma (225). A phase I clinical trial with Safingol, which inhibits SphK besides other kinases, published in 2011 showed potential in treating solid tumors when combined with chemotherapy (226). Administration of Safingol alone was ineffective and further clinical were so far not conducted. The SPHK2 inhibitor ABC294640 showed promise in a phase I trial in patients with advanced solid tumors (227). However, given the opposing effects of signaling through individual S1PRs, targeting individual S1PRs may be more rational to unleash the full potential of S1P modulators. In the context of cancer and with a focus on immunity, S1PR4 may represent an interesting drug target since it is mainly expressed on immune cells including macrophages and T cells, and does not affect T cell trafficking similar to S1PR1.
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Sphingolipids are major components of cellular membranes, and at steady-state level, their metabolic fluxes are tightly controlled. On challenge by external signals, they undergo rapid turnover, which substantially affects the biophysical properties of membrane lipid and protein compartments and, consequently, signaling and morphodynamics. In T cells, external cues translate into formation of membrane microdomains where proximal signaling platforms essential for metabolic reprograming and cytoskeletal reorganization are organized. This review will focus on sphingomyelinases, which mediate sphingomyelin breakdown and ensuing ceramide release that have been implicated in T-cell viability and function. Acting at the sphingomyelin pool at the extrafacial or cytosolic leaflet of cellular membranes, acid and neutral sphingomyelinases organize ceramide-enriched membrane microdomains that regulate T-cell homeostatic activity and, upon stimulation, compartmentalize receptors, membrane proximal signaling complexes, and cytoskeletal dynamics as essential for initiating T-cell motility and interaction with endothelia and antigen-presenting cells. Prominent examples to be discussed in this review include death receptor family members, integrins, CD3, and CD28 and their associated signalosomes. Progress made with regard to experimental tools has greatly aided our understanding of the role of bioactive sphingolipids in T-cell biology at a molecular level and of targets explored by a model pathogen (measles virus) to specifically interfere with their physiological activity.
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INTRODUCTION

Sphingolipids are abundant components of cellular membranes, and therefore, they effectively take part in cellular processes requiring membrane integrity and dynamics under rheostat and stimulated conditions (Airola and Hannun, 2013; Harayama and Riezman, 2018). Biosynthesis and metabolism of this particular class of membrane lipids are highly complex and subject to regulation by a variety of enzymes, and, except for initiation of synthesis and final hydrolysis of sphingosine-1-phosphate (S1P) into hexadecenal and phosphoethanolamine, reactions in this pathway are reversible. Thereby, many species of sphingolipids are generated that, in addition, vary in chain length, saturation, hydroxylation, and more or less complex head groups, altogether defining sphingolipid diversity (Hannun and Obeid, 2008; Gault et al., 2010; Feng et al., 2018) (Figure 1). Further expanding the complexity of the system, enzymes involved in sphingolipid metabolism may come in several isoforms differing in subcellular topology and cell type-specific expression levels (Clarke et al., 2006; Gault et al., 2010; Airola and Hannun, 2013). Therefore, biological outcomes of sphingolipid dynamics expectedly substantially differ.
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FIGURE 1. The sphingolipid metabolic pathway. De novo synthesis of endoplasmatic reticulum (ER) ceramide is initiated (entry) by serine palmitoyl transferase (SPT)-driven condensation of serine and palmitoyl-CoA, and further downstream activity of ceramide synthases (CerS1-6; giving rise to ceramides of different chain lengths) and desaturase (DES). Ceramide is reversibly converted into (1) sphingomyelin by sphingomyelin synthase 1 or 2 (SMS1/2) [reversed by acid (ASM), neutral (NSM, isoforms 1–3), or alkaline sphingomyelinases (alkSM)], (2) galactosylceramide [by galactosyltransferase (CGT) (reversed by galactosylceramidase (GALC))], (3) C1P by ceramide kinase (CK) [reversed by ceramide-1-phosphatase (CP)], (4) glucosylceramide by glucosylceramide synthase (GCS) [reversed by glucocerebrosidase (GBa)], or (5) sphingosine by acid or neutral ceramidase (AC, NC) (reversed by ceramide synthase, CerS). By phosphorylation, sphingosine kinases (SK1/2) generate S1P from sphingosine (reversed by S1P phosphatase, S1PP). S1P is irreversibly degraded into hexadecenal and ethanolamine by the activity of the S1P lyase (SPL) (exit of the sphingolipid metabolic pathway). Enzymes involved are marked in blue, and bioactive sphingolipids are highlighted in green.



Because of the high abundance of sphingolipid species, their composition within the plasma and organelle membranes and the dynamic alterations substantially impact on membrane biophysics. In context with other membrane lipids such as cholesterol, sphingolipids (also dependent on their acyl chain lengths) regulate membrane fluidity, which is important for membrane deformability during inward/outward vesiculation and also endo/exocytosis (Hannun and Obeid, 2008; Feng et al., 2018). In addition, membrane proteins and associated membrane proximal signaling components compartmentalize within membrane domains formed at steady-state conditions or in response to stimulation or metabolic signals. Classically, these were termed “lipid rafts” and/or—experimentally defined—detergent-resistant membrane (DRM) domains with sphingomyelin, glycosphingolipids, and cholesterol as major components (Simons and Gerl, 2010; Nakayama et al., 2018). Their composition can be dynamically altered upon signals, for instance, provided by sensing of intracellular stress or receptor ligation. Although as for most microdomains their exact lipid composition is still not clear (Harayama and Riezman, 2018), formation of ceramide-enriched membrane domains in the anticytosolic (extrafacial) membrane leaflet has been intensively studied. These are generated as a result of sphingomyelin breakdown by acid sphingomyelinase (ASM), which results in local release of ceramide (thereby eventually displacing cholesterol) that subsequently condense into ceramide-enriched domains that serve as platforms for signal relay and initiation, which often directly involves regulation of membrane proximal cytoskeletal dynamics (Gulbins et al., 2004; Bollinger et al., 2005; Gombos et al., 2006; Adada et al., 2013; Schneider-Schaulies and Schneider-Schaulies, 2013; Avota and Schneider-Schaulies, 2014). Ceramide-enriched membrane microdomains can be visualized using specific antibodies and, more recently, by redistribution of functionalized ceramide analogs also in T cells (Collenburg et al., 2016; Walter et al., 2016). On these, sizes and distribution of ceramide clusters under steady-state conditions and after application of exogenous bacterial sphingomyelinase were determined by dSTORM technology (Burgert et al., 2017). Bioactive sphingolipids, i.e., mainly ceramide, ceramide-1-phosphate (C1P), sphingosine, and S1P act as signaling molecules themselves, and therefore, dynamic alterations of this pool directly regulate many cellular responses ranging from development and expansion to autophagy and apoptosis (Hannun and Obeid, 2008).

In common to that of other cell types, metabolism of membrane lipids also plays a key role in T cells as excellently reviewed (Wu et al., 2015, 2016; Howie et al., 2017). This review will focus on the role of sphingomyelin breakdown and subsequent ceramide release in various aspects of T-cell biology. Given the impact of this pathway on membrane and cytoskeletal dynamics and signaling in these highly motile cells, the activity of which relies on efficient propagation of external cues, this is particularly important. Rather than discussing the role of the bioactive sphingolipids themselves, this review aims at integrating the two most prominent, best-studied enzymes catalyzing sphingomyelin breakdown at the anticytosolic or cytosolic leaflet of the T-cell plasma membrane, the ASM and neutral (NSM2) sphingomyelinase.1



ACID AND NEUTRAL SPHINGOMYELINASES

Isoforms of the ASM (encoded by the gene SMPD1) are secreted (sASM) or endolysosomal ASM, where its association to the anticytosolic membrane leaflet is required to protect the enzyme from degradation (Goni and Alonso, 2002). ASM activation is triggered by a variety of stimuli including cytokines, engagement of death receptors, or, as particularly relevant for this review, CD28. Receptor signaling-induced ASM activation can occur intracellularly after receptor signalosome fusion with endolysosomes (TNFR) or extracellularly after the enzyme is translocated from the internal storage compartment to the extrafacial leaflet of the plasma membrane (CD95) (Gulbins and Kolesnick, 2003; Henry et al., 2013) (Figure 2). There, ceramide release as a consequence of sphingomyelin hydrolysis promotes formation of ceramide-enriched membrane microdomains promoting formation and stabilization of receptor and signalosome complexes (Gulbins et al., 2004; Bollinger et al., 2005). At a biochemical level, ASM activation involves phosphorylation and proteolytic processing (Figure 2) (Henry et al., 2013). In addition to its role in cell activation, differentiation, and apoptosis, ASM has great importance for sphingolipid homeostasis as reflected by the development of severe, often fatal sphingolipidoses upon genetic ASM deficiency in mice and humans, where it is called Niemann–Pick disease (Horinouchi et al., 1995; Smith and Schuchman, 2008; Schuchman and Desnick, 2017). Though healthy at birth, ASM-deficient mice come down due to a progressive lysosomal sphingolipid storage as indicated by an increasing amount of foam cells in the bone marrow with age, extending to all visceral organs (Kuemmel et al., 1997). Activity of the ASM in the T-cell compartment has been clearly revealed where, and not surprisingly, ASM deficiency correlated with elevated levels of sphingomyelin (Boucher et al., 1995; Horinouchi et al., 1995; Herz et al., 2009; Tischner et al., 2011; Beyersdorf and Muller, 2015; Hollmann et al., 2016). ASM has been found to be particularly important in CD4+ regulatory T-cell (Treg) frequency and function in mice, indicating that the enzyme impacts on the composition of the T-cell compartment under homeostatic conditions (Hollmann et al., 2016; Zhou et al., 2016). An outer membrane-resident ASM-like enzyme, SMPDL3B, was identified in macrophages, where it reduced Toll-like receptor (TLR) responsiveness (Heinz et al., 2015). Though it may also be expressed in T cells, its function there is as yet unknown. Assuming it acts as a bona fide sphingomyelinase, it appears to do so at neutral rather than acidic pH (Heinz et al., 2015; Gorelik et al., 2016a,b) and could thereby be considered as neutral rather than ASM.
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FIGURE 2. Acid and neutral sphingomyelinase 2: domains, subcellular distribution, and activation in vitro and in T cells. Schematic representation of functional domains within the ASM [signal peptide (SP), transmembrane domain (black bar), saposin domain (SAP), proline rich domain (PL), CAT and C-terminal domain (CTD) with glycosylation sites indicated by asterisks] and the NSM2 [hydrophobic segments 1 and 2 (HS1, HS2), juxtamembrane region (JX), and CAT, interspersed by an insertion that bears phosphorylation and protein interaction sites (including a calcineurin binding site); palmitoylation sites are indicated by hashtags] (Goni and Alonso, 2002; Airola and Hannun, 2013; Airola et al., 2017). The table summarized basic features of localization and activation of the enzymes and indicates receptors known to promote ASM or NSM2 activation in T cells. §: The identity of recX activating NSM2 in T cells by MV contact is as yet unknown (Gassert et al., 2009; Avota and Schneider-Schaulies, 2014; Mueller et al., 2014).



The best-studied member of neutral sphingomyelinases, NSM2 (SMPD3-encoded), is ubiquitously expressed and most abundant in the brain (from where it was initially purified) but also in lymphatic tissues (Liu et al., 1998). It is associated with cytosolic membrane leaflets of many compartments, including the plasma, Golgi, and endolysosomal and nuclear membranes (Stoffel et al., 2005; Albi et al., 2008; Cascianelli et al., 2008; Clarke et al., 2008; Trajkovic et al., 2008; Milhas et al., 2010b; Lucki and Sewer, 2012 Airola and Hannun, 2013; Stoffel et al., 2016) (Figure 2). Despite that its substrate is much less abundant at the cytosolic membrane leaflets, NSM2 is important in sphingolipid homeostasis, because in the absence of its activity, ceramide levels are up to 50% reduced (Marchesini et al., 2003; Stoffel et al., 2016). NSM2 is activated in response to stress signals and ligation of receptors such as TNFR1, CD95, CD40, and, as particularly relevant here, CD3 (Tonnetti et al., 1999; Clarke et al., 2006; Wu et al., 2010; Airola and Hannun, 2013; Shamseddine et al., 2015; Bortlein et al., 2018) (Figure 2). Shuttling between compartments and recruitment into receptor signalosomes are important in NSM2 activation (Clarke et al., 2008; Philipp et al., 2010). Its amino-terminal (NTD) hydrophobic domain marked by two conserved hydrophobic segments (HS1 and HS2) associates with, but does not span, the membrane; is separated from the cytosolic C-terminal catalytic domain (CAT) by a juxtamembrane domain, which interacts with the CAT domain upon phosphatidylserine (PS) binding to the NTD domain; and promotes a conformational switch needed for NSM2 activation (Figure 2) (Airola and Hannun, 2013; Airola et al., 2017). The extended CAT domain bears phosphorylation sites and a calcineurin interaction site that possibly regulate NSM2 activity and stability in vivo (Filosto et al., 2010, 2012; Shamseddine et al., 2015; Airola et al., 2017) (Figure 2).

Mice deficient for NSM2 activity due to the fragilis ossium (fro) mutation within Smpd3 (Smpd3fro/fro) or genetic knockout (Smpd3-KO) reveal high embryonic lethality and, postnatally, severely impaired bone and tooth mineralization, skeletal deformation, and dwarfism, highlighting the importance of this enzyme as critical regulator of tissue development and homeostasis (Guenet et al., 1981; Aubin et al., 2005; Stoffel et al., 2005; Alebrahim et al., 2014). Limited availability of NSM2-deficient animals has as yet precluded studies on the impact of NSM2 deficiency on the lympho/monocytic compartment under homeostatic or infection conditions. Notably, mitochondrial ATP release has been shown to be regulated upon NSM2-driven ceramide generation, indicating that this enzyme takes part in metabolic homeostasis in astrocytes (Kong et al., 2018). If also applying to T cells, NSM2 activity could significantly impact on the kinetics and sustainment of T-cell activation and effector functions.



ACTIVATION OF ASM AND NSM2 IN T CELLS

Though their impact on T-cell viability, expansion, and function has been extensively studied (see below), the molecular basis of ASM/NSM activation in these cells remains anecdotal. Non-overlapping motifs were identified in the cytosolic domains of TNFR and CD95, which independently regulate activation of ASM and NSM2. For the latter, this involves plasma membrane recruitment of nuclear EED/WAIT that bridges interacting NSM2 to the receptor-associated FAN (factor associated with NSM)/RACK1 complex also in Jurkat T cells (Philipp et al., 2010). Ligation of CD3 and CD28 is known to activate NSM2 and ASM, respectively (Boucher et al., 1995; Tonnetti et al., 1999; Mueller et al., 2014; Bortlein et al., 2018), but the underlying mechanisms are as yet unknown. In addition to its extensively studied role in NFAT activation in costimulated T cells, early recruitment of calcineurin to the T-cell receptor (TCR) complex was recently reported, where it took part in Lck activation, and it is tempting to speculate that NSM2, harboring a calcineurin interaction site, would be corecruited with calcineurin upon CD3 ligation (Filosto et al., 2010; Dutta et al., 2017). Cross-regulation of sphingomyelinases has also been observed. Thus, ASM elevation at both protein and activity levels was found enhanced in NSM2-deficient fibroblasts, but not T cells (Qin and Dawson, 2012; Mueller et al., 2014). Most interestingly, NSM2 activation was retained in costimulated T cells, while that of ASM was not (Mueller et al., 2014; Bortlein et al., 2018). Cross-regulation of sphingomyelinases was also evidenced in T cells after surface interaction of measles virus (MV) with an unknown receptor on the T cells, which promoted ASM activation downstream of NSM2 (Gassert et al., 2009; Avota et al., 2010).



IMPACT OF ASM/NSM ON T-CELL ACTIVITY AND FUNCTION

Dynamic reorganization of both membrane domains with regard to receptor and signalosome segregation and the cytoskeleton is subject to regulation by sphingomyelinase activity. The very same processes are of obvious importance in essential aspects of T-cell activation and function such as (1) motility and homing, (2) activation on antigen recognition in the context of organized immunological synapses (IS) and expansion, and (3) effector functions. The following sections will therefore review the progress made in the understanding of ASM/NSM2 contribution to these processes.



IMPACT OF ASM/NSM2 ACTIVITY ON T-CELL MOTILITY AND TISSUE HOMING

T-cell migration and interaction with the endothelium during tissue homing are governed by cell and receptor polarization and signal relay provided by chemotactic gradients and adhesion molecules (Ley et al., 2007; Sadik and Luster, 2012). Filopodia formed at the leading edge of migrating T cells sense directional information, which is translated into dynamic assembly of actin filaments pushing the leading edge forward until membrane-tension-generated forces lead to their retraction (Bornschlogl, 2013; Leijnse et al., 2015; Leithner et al., 2016). When coupled to adhesion to the extracellular matrix, the retrograde actin flow generates cell movement, which is supported by stress fiber contraction and actin disassembly in the retracting uropod (Nordenfelt et al., 2016). On endothelial cells, T-cell rolling and polarization are followed by activation of β2-integrins, most prominently lymphocyte function-associated antigen 1 (LFA-1), that switch between high- and low-affinity states (Shulman et al., 2009; Nourshargh and Alon, 2014; Katsuno et al., 2015). T-cell transmigration through the endothelium relies on the interaction of activated LFA-1 with endothelial cell intercellular adhesion molecule 1 (ICAM-1), and integrin clusters arranged as focal adhesions, which are linked via talin, kindlin, and vinculin to the cytoskeleton (Moser et al., 2009; Hogg et al., 2011; Nourshargh and Alon, 2014).

Supporting important roles of sphingomyelinases activity in this process, ASM deficiency conferred protection against the development of experimental autoimmune encephalitis (EAE) in mice in which T-cell adhesion, blood–brain barrier disruption, and intracerebral infiltration of inflammatory cells were blocked (Becker et al., 2017). Similarly, NSM2 activity was found to contribute to rapid homing of CD4+ T cells in vivo. When exposed to an NSM inhibitor prior to adoptive transfer, these accumulated to lower levels in spleen and lymph nodes than solvent-treated control cells (Collenburg et al., 2017). Impaired navigational capacity of leukocytes in zebrafish larvae in the absence of FAN further supported the potential role of NSM in cellular motility (Boecke et al., 2012).

Morphological polarization requires cytoskeletal dynamics. In the steady state, NSM2 may negatively control actin metabolism in T cells, because the average cell volume and frequencies of hairy-appearing, abundant protrusions are significantly elevated in NSM2-deficient Jurkat cells (Schoenauer et al., 2019). On stimulation, the role of NSM2 in T-cell morphology driven by actin reorganization may differ depending on receptor signaling: while NSM2 ablation in primary T cells enhanced spreading responses in response to CD3/CD28 engagement, morphological polarization of CD4+ T cells on fibronectin-coated surfaces and brain endothelial cells was effectively limited (Mueller et al., 2014; Collenburg et al., 2017) (Figure 3). While ASM deficiency did not detectably affect T-cell morphology, its hyperactivation in response to MV caused collapse of actin-based protrusions in ASM-sufficient cells (Gassert et al., 2009; Schoenauer et al., 2019). This could be rescued by ablation of the ASM, but also of the NSM2. In this particular activation system, NSM2 acts upstream of the ASM because both genetic and pharmacologic NSM inhibition prevent ceramide release at the cell surface (Gassert et al., 2009). Whether sphingomyelinase-driven actin cytoskeletal collapse observed in this system is specific for the receptor involved, signal strength, or the cell type is currently unknown as it has not been reported to occur upon ligation of classical activators including TNFR1, CD95, CD3, or CD28.
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FIGURE 3. The role of sphingomyelinases in directional sensing and translation of chemotactic and endothelial signals in T cells. Perception of chemotactic signals through specific receptors (depicted as dashed red line) has not been found to be sensitive to ablation of NSM or ASM in T cells. Relay of these signals into morphological front-rear and actin (shown in green) polarization as well as receptor segregation to the leading edge is sensitive to NSM ablation as, consequently, are subsequent steps requiring directional sensing of external cues (directional migration, loose and firm adhesion, and spreading on epithelial cells as well as LFA-1 activation and clustering). In contrast, TEM of T cells relies on ASM rather than NSM activity. Notably, endothelial cell ASM is also required in this process.



Morphological polarization associated with that of receptors is of obvious importance for spatial perception of chemoattractants. NSM2-deficient CD4 + T cells largely failed to polarize and to redistribute CXCR4 and thus, not surprisingly, were substantially impaired in directional migration and velocity in response to SDF-1α or in collagen matrices (mimicking extracellular matrix or tissue interaction) (Collenburg et al., 2017, 2018). Though not detectably affecting morphological polarization, pharmacological NSM2 inhibition also ablated directionality of human polymorphonuclear neutrophils (PMNs) in response to formyl methionine leucyl phenylalanine (FMLP), but not their overall motility (Sitrin et al., 2011). There, exogenous ceramide restored chemotactic responses indicating that loss of ceramide production due to loss of NSM2 activity causally related to inhibition of directionality (Sitrin et al., 2011). Exogenously added ceramides most likely incorporate into the outer leaflet, and therefore, compensation of ceramide loss at the inner leaflet would rely on flipping, which, at present, cannot be directly shown in living cells. Because SDF-1α and β1-integrins do not and FMLP is not known to activate NSM2, steady-state rather than stimulated activity of the enzyme is apparently required for morphological polarization of both CD4+ T cells and PMNs. There is, so far, no evidence that sphingomyelinases contribute to chemokine receptor or β1-integrin signaling directly, and therefore, impaired directional motility of NSM2-deficient T cells most likely reflects their inability to spatially perceive exogenous signals.

Failure to perceive exogenous signals may also be of crucial importance for explaining impaired adhesion of NSM2-deficient cells to interferon-γ (IFN-γ)/tumor necrosis factor-α (TNF-α)-activated endothelial cells both under static and shear stress conditions (Collenburg et al., 2017), which, as crawling and trans-endothelial migration (TEM), again depends on the relay of chemokine signals promoting polarization followed by integrin affinity maturation. In line with polarizing signals and associated actin reorganization being a prerequisite for firm adhesion to endothelial cells, NSM2-deficient CD4+ T cells seeded on brain endothelial cells failed to promote formation of activated LFA-1 clusters, which could not be stabilized by ICAM-1 clustered on endothelial cells. Possibly, sphingomyelinase activity may also directly impact on formation of activated LFA-1 clusters. Not shown to apply to T cells, LFA-1 clusters were found trapped in ceramide-enriched membrane domains on epithelial cells (Grassme et al., 2017), and exogenously provided ASM caused β1-integrin activation or modulated LFA-1-dependent adhesion to ICAM-1 (Carpinteiro et al., 2016; Eich et al., 2016).

In endothelial cells, ICAM-1 clustering and cytoskeletal anchoring as required for TEM was found to be dependent on ASM activity, which, in contrast to that of NSM2, was also required for transmigration in both endothelial and T cells (Lopes Pinheiro et al., 2016; Collenburg et al., 2017). Because NSM2 and ASM regulate cytoskeletal dynamics, their differential roles in T-cell polarization and transmigration most likely reflect differential cytoskeletal processes involved. Thus, pushing forces for scanning endothelial cells for suitable TEM spots, formation of focal adhesions and uropod contraction driven by microtubule depolymerization and increased RhoA/ROCK activity (Takesono et al., 2010) may be promoted by ASM activity (Chang et al., 2008; Stroka et al., 2013), while acquisition of a migratory, highly polarized lamellipodia/uropod-based phenotype in T cells rather relies on NSM2 activity (Figure 3).



SPHINGOMYELINASES IN TCR SIGNALING, COSTIMULATION, AND EXPANSION

Immunological synapses formation requires attachment of scanning T cells followed by spreading to allow for functional organization of the antigen-presenting cell (APC)/T-cell interface. As detailed above, NSM2 supported T-cell attachment to endothelia, and it is unknown as yet whether it also takes part in mediating or stabilizing APC/T-cell conjugate formation. The latter has been found to be unstable when T cells were exposed to MV prior to dendritic cell (DC) conjugation (Shishkova et al., 2007), and though not experimentally addressed in this study, NSM2/ASM-mediated paralysis of the actin cytoskeleton might contribute to IS destabilization. Surface-bound chemokines are also important in capturing and priming T cells for synapse formation (Friedman et al., 2006), which, as described above, might be less efficient for NSM2-deficient cells. Conceivably, timing and magnitude of sphingomyelinase activation might define to what extent these enzymes take part in conjugate formation.

Much more is known about their role in the efficiency of T-cell activation. As for other cell types, ceramide release in response to death receptor ligation induces apoptosis in T cells (Andrieu-Abadie and Levade, 2002; Grassme et al., 2003; Detre et al., 2006; Edelmann et al., 2011), and especially for that of CD95, this contributes to activation-induced cell death and, thereby, homeostasis of the T-cell compartment. TNFR1 and CD95 ligation also inhibited mitogen-, αCD3/CD28-, or phorbol ester/ionomycin-stimulated Ca2+ influx, NFAT activation, and IL-2 synthesis in lymphoblasts and Jurkat cells via ASM induction, indicating that ceramide release catalyzed through its activity interferes with T-cell activation (Lepple-Wienhues et al., 1999; Church et al., 2005) (Figure 4A). In line with this hypothesis, accumulation of ceramides as measured in CD4+ T-cell IS and non-IS membrane fractions of aging mice correlated with decreased proliferative responses (Molano et al., 2012). In turn, NSM2-deficient cells proved to be hyperresponsive to αCD3/CD28 costimulation with regard to cytoskeletal reorganization, Ca2+ mobilization, and initiation of proliferation, and NSM2 activation at least partially accounted for the loss of T-cell proliferation induced through MV surface exposure (Mueller et al., 2014) (Figure 4B), altogether indicating that sphingomyelinase-mediated ceramide release might be inhibitory to T-cell activation, irrespective as to whether it is generated in the extrafacial or cytosolic leaflet of the plasma membrane. Notably, ceramide was found largely excluded from T-cell plasma membrane domains engaged in TCR signaling (Zech et al., 2009).


[image: image]

FIGURE 4. Role of sphingomyelinase activity in IS formation and T-cell activation. (A) ASM activation through death receptor signaling abrogated Ca2+ mobilization, NFAT activation, and IL-2 synthesis in costimulated or PMA/ionomycin-activated primary or Jurkat T cells (Lepple-Wienhues et al., 1999; Church et al., 2005). (B) In CD3/CD28 costimulated T cells, NSM2 activity is spatiotemporally tightly controlled under physiological conditions to promote actin cytoskeletal rearrangements required for IS formation (spreading response) and activity (as indicated by kinetics and magnitude of accumulating p-tyrosine protein species and proliferation). NSM2 hyperactivation in response to MV exposure causes loss of actin remodeling, enzyme and ceramide confinement to the lamellopodium, and impairment of IS activity, while NSM2 deficiency is associated with exaggerated cytoskeletal remodeling and early T-cell activation (Mueller et al., 2014). (C) NSM2 activation in response to CD3 ligation takes part in early TCR signaling. Though capable of initiating a first wave of TCR signaling, NSM2-deficient cells are unable to recruit a polarity complex (in T cells confirmed for PKCζ and Cdc42, not yet for Par1b, 3, and 6) and subsequently, the actin and microtubular system required for signal amplification and sustainment. NSM2 activity in TCR signaling is particularly relevant at low antigen doses, and in its absence, T-cell activation is highly dependent on signaling provided through costimulation. Whether or not ASM is also activated in costimulation is not entirely resolved as yet (Bai et al., 2015; Bortlein et al., 2018).



Strikingly, ligation of CD3 or CD28 by antibodies individually was found to cause activation of NSM2 or ASM, respectively. Interestingly, only NSM2 activation was retained upon αCD3/CD28 coligation by antibodies, and both NSM2 protein and ceramides accumulated in the lamellopodial area of the IS (though excluded from its center and the lamellum), indicating that sphingomyelin breakdown, if spatiotemporally controlled, may indeed take part in T-cell activation (Boucher et al., 1995; Tonnetti et al., 1999; Mueller et al., 2014; Bortlein et al., 2018) (Figure 4B).

In support of its importance in TCR signaling, NSM2-deficient cells proved to be highly dependent on costimulation and unable to mobilize Ca2+ at low (most likely physiologically more relevant) antigen doses (Bortlein et al., 2018). Acting at the cytosolic leaflet of the plasma membrane, NSM2 could potentially be involved in modulating the microenvironment of the TCR by possibly facilitating exposure of the CD3β chain, formation of TCR microclusters, displacement of cholesterol from the TCRβ chain, or Lck recruitment (Gagnon et al., 2012; Kapoor-Kaushik et al., 2016; Swamy et al., 2016; Pageon et al., 2016). However, neither formation of CD3 clusters nor activation of Lck was found to be affected in Jurkat cells deficient for NSM2, whose CD3-dependent activation occurred downstream of Lck, indicating that NSM2 might not be required for initiation of TCR signaling but rather its sustainment (Bortlein et al., 2018). This involves TCR microcluster trafficking, endocytosis, and directional exocytosis at the peripheral IS (Fooksman et al., 2010; Hashimoto-Tane et al., 2011). Moreover, production of TCR-containing vesicles and their release into the synaptic cleft have been found to enhance T-cell activation (Choudhuri et al., 2014). Though both NSM2 and ASM are known to regulate both cytoskeletal activity and endo/exocytosis (Draeger and Babiychuk, 2013; Schoenauer et al., 2019) (see also below), their involvement in these particular features of the mature IS has not been revealed as yet. In contrast, NSM-dependent formation and polarized release of exosomes from T cells toward the APC were described, revealing that this enzyme indeed contributes to communication at the level of the IS (Mittelbrunn et al., 2011).

Sustainment of TCR signaling relies on cytoskeletal reorganization and rapid polarization of organelles promoting the activity of the IS such as the microtubule organizing center (MTOC), Golgi, and mitochondria (Martin-Cofreces et al., 2008; Martin-Cofreces et al., 2014). In line with the key role of NSM2 in this process, NSM2-deficient cells, though capable of signal initiation, were unable to sustain Lck tyr398 phosphorylation and largely failed to polarize CD3 molecules and relocalize the MTOC in response to TCR ligation (Figure 4C). As reported previously in non-T cells (Krishnamurthy et al., 2007; Bieberich, 2011), NSM2 promoted membrane recruitment and activation of the atypical PKCζ, which proved to be crucial to support MTOC IS polarization. Exogenously applied ceramide efficiently rescued PKCζ membrane recruitment and MTOC polarization, indicating that formation of ceramide-enriched domains at the inner leaflet required for PKCζ activation was ablated in NSM2-deficient T cells. In line with previously reported microtubular stabilization due to either NSM2 or ASM activity as well as physical interaction of ceramide and tubuli, NSM2 deficiency resulted in microtubular destabilization also in T cells (He et al., 2012, 2014; Bortlein et al., 2018; Kong et al., 2018) (Figure 4C).

Though there is a clear role for NSM2 in TCR signaling, it is dispensable at high antigen dose and strong costimulation through CD28 (Mueller et al., 2014; Bortlein et al., 2018). The role of ASM in regulation of T-cell functions is multifaceted as it is reported to modulate TCR signaling via engagement of inhibitory (TNFR) and costimulatory (CD28) receptors. CD28 signaling pathways in costimulated T cells have been extensively refereed and will not be reiterated herein. We rather focus on the potential role of ASM activation seen upon engagement of CD28 for T-cell activation (Boucher et al., 1995; Collenburg et al., 2016; Bortlein et al., 2018). ASM overexpression in Jurkat cells substituted for CD28 engagement with regard to NF-κB activation, suggesting that ASM activation and extrafacial ceramide release might be favorable for T-cell activation (Boucher et al., 1995). This was supported by studies revealing attenuated CD8+ cell proliferation and activation in a graft-versus-host model in ASM-deficient mice and interference of pharmacological and genetic ASM activation with activation and functional differentiation of human naïve CD4+ T cells stimulated with α-CD3/CD28 coated beads in vitro (Rotolo et al., 2009; Bai et al., 2015). In contrast, costimulation of primary T cells on a planar surface was associated with retention of NSM2 activity, but not of ASM. This suggested the ASM activity might be promoted by ligation of CD28 alone to prevent T-cell activation and that activation of the enzyme might rather be silenced upon antigen recognition (Mueller et al., 2014; Bortlein et al., 2018). Interestingly, uncontrolled inflammatory T helper 1 (Th1) and Th17 responses were observed in ASM-deficient mice in a pathogen-driven colitis model (Meiners et al., 2019). Taking into account the differential effect of genetic ASM deficiency on T-cell subsets in this and another study (Hollmann et al., 2016) (detailed below), there is an obvious need to ultimately resolve the role of ASM in T-cell viability, activation, and expansion before this pathway can be explored for therapeutical intervention.

As referred to above, ASM activity and extrafacial ceramide release upon CD95 or TNFR ligation interfered with T-cell activation, and homeostatic ASM activity dampened their Treg function, further suggesting a negative rather than supportive role of this enzyme in T cells (Lepple-Wienhues et al., 1999; Church et al., 2005). Among other potential mechanisms, cross-regulation at the level of outer and inner leaflet membrane microdomains might contribute to ASM-mediated interference with TCR signaling. Hence, integrity of extrafacial nanodomains enriched in sphingomyelin was found to play a crucial role in triggering the phosphatidylinositol-3 kinase/Akt signaling pathway at the inner membrane leaflet by facilitating Akt recruitment and activation upon phosphatidylinositol-3,4,5-triphosphate accumulation (Lasserre et al., 2008). Remarkably, exogenously added sphingomyelinase prevented formation of inner leaflet nanodomains and, thereby, Akt activation, which is a central effector in costimulation. Moreover, ASM activation may result in collapse and paralysis of the T-cell actin cytoskeleton as revealed by MV surface contact (Gassert et al., 2009). In contrast to stimulated conventional T cells, the steady-state activity of ASM appears to negatively regulate the Treg compartment because this T-cell subset was represented at higher frequencies in ASM-deficient mice at the expense of conventional CD4+ T-cell (Tconv) frequencies (Hollmann et al., 2016; Zhou et al., 2016).



IMPACT OF SPHINGOMYELINASES ON T-CELL DIFFERENTIATION AND EFFECTOR FUNCTION

The role of ASM in differentiation of the CD4+ Tconv subset following clonal expansion is as yet unclear. While CD4+ T cells of ASM-deficient mice effectively differentiated into Th1 and Th17 cells with comparable kinetics and magnitude as their wild-type kins, ASM deficiency abrogated in vitro differentiation of human CD4+ T cells into Th17 cells (Tischner et al., 2011; Bai et al., 2015). Sphingomyelinase activity-dependent regulation of Tconv effector functions was clearly identified at the level of cytokine release. Mechanistically, this may relate to the documented impact of both ASM and NSM2 on the vesicular secretory pathway alluded to above (Stoffel et al., 2016), with specificities for individual cytokines/effectors being noted. Revealing the importance for ASM in IL-2 release, this cytokine was produced to lower amounts by ASM-deficient splenocytes and CD4+ T cells (Stoffel et al., 1998; Tischner et al., 2011), and this should have an obvious effect on the activity of other T-cell subsets depending on this cytokine. In fact, ASM-deficient effector memory T cells reacquired resistance against glucocorticoid-induced cell death upon IL-2 addition, and reduced levels of IL-2 secretion by ASM-deficient CD4+ T cells contributed to impairment of primary CD8+ T-cell responses in mice infected with lymphocytic choriomeningitis virus (LCMV) (Herz et al., 2009; Tischner et al., 2011). In this model, viral clearance was less efficient in the absence of ASM with impairment of IFN-γ production and full degranulation of CD8+ T cells being strongly affected. While ASM might control IFN-γ release [as that of IL-17 in human T cells (Bai et al., 2015)] in this setting via its impact on the secretory pathway, defective degranulation was attributed to lack of membrane tension as required for efficient expulsion in the absence of ASM (Herz et al., 2009).

A role for NSM2 in the development and differentiation of the T-cell compartment has not yet been established. NSM2 catalyzes formation of exosomes which, as efficient subcellular vectors, would be expected to take part in regulating release of effector molecules from T cells (Trajkovic et al., 2008). Thus, NSM2-dependent unidirectional exosomal transfer of micro-RNAs from T cells to APCs was reported (Mittelbrunn et al., 2011), and this mechanism may also apply to transfer of coinhibitory micro-RNAs, which are released from Treg, thereby contributing to Treg-mediated suppression (Okoye et al., 2014). Again not yet directly proven, NSM2 may take part in Treg TCR activation upon engagement of auto-antigens and thereby contribute to survival and replenishment of the Treg pool. As pointed out above, ASM activity has a significant impact on the Treg compartment that is increased upon both genetic and pharmacological inhibition of the enzyme (Hollmann et al., 2016; Zhou et al., 2016). Basal ASM activity and levels of accumulated ceramides measured in Treg cells exceed those of Tconv cells, possibly reflecting the role of ASM in Treg survival, which is highly dependent on CD28 signaling (Hollmann et al., 2016). Moreover, Akt ser473 phosphorylation and Rictor levels were reduced in ASM-deficient Treg, indicating that the enzyme controls metabolic activity in these cells (Zhou et al., 2016). In addition to their frequency, ASM also negatively regulates Treg function because their suppressive activity and CTLA-4 turnover is enhanced in the absence of Asm. Importantly, enhancement of Treg activity upon ASM depletion was reflected by reduction of MV-specific CD8+ T cells in spleens, lymph nodes, and brains of experimentally infected animals and, thereby, enhancement of viral central nervous system (CNS) infection (Hollmann et al., 2016). ASM targets downregulating Treg activity are undefined as is the role of ASM catalyzed ceramide release in this process. Curiously, ceramide levels were found even increased in ASM-deficient T cells, including Treg (Horinouchi et al., 1995; Hollmann et al., 2016; Schuchman and Desnick, 2017), indicating that compensatory activities act to modulate this pool. A recent study provided clear evidence that ceramide accumulation is particularly important in Treg metabolism, and function is driven by Foxp3 activity (Apostolidis et al., 2016; Kasper et al., 2016). The latter suppressed sphingomyelin synthase 1 (SMS1) expression and, thereby, conversion of ceramide into sphingomyelin. Accumulated ceramides promoted PP2A activation by trapping its inhibitory factor SET. Thereby, mTORC1 activity was downregulated while Foxp3 expression was stabilized in Treg, and their suppressive activity was enhanced. ASM-catalyzed ceramide release obviously had the opposite effect on Treg function (Hollmann et al., 2016; Zhou et al., 2016), and kinetics, magnitude, or compartmentalization of enzyme activity and/or ceramide release may contribute.



SPHINGOMYELINASES TAKE PART IN BUT ARE NOT THE SOLE PLAYERS IN MODULATING T-CELL BIOLOGY AT THE LEVEL OF SPHINGOLIPID METABOLISM

As introduced earlier (Figure 1), biosynthesis and metabolization of sphingolipids is a highly dynamic process. Though this review has focused on the activity of sphingomyelinases and subsequent ceramide production, virtually all enzymes acting to define membrane sphingolipid composition are therefore important in cellular responses, also T cells and selected examples will be briefly considered here.

Thus, ceramide species generated by the activity of ER-resident ceramide synthases (CerS1–CerS6) differing in acyl chain length specificity (C14 to C26). These are expressed in a tissue-specific manner, with CerS2 and CerS4 being most abundant in lymphatic tissues and in leukocytes, thereby defining the accumulation of intermediate (C18–C20) or long or very long chain (C20–C26) ceramides as building blocks (Levy and Futerman, 2010; Stiban et al., 2010). Studies mainly conducted in CerS2 mice revealed the importance of especially very long chain sphingolipids (VLC-SLs) in immune cell functions. This may occur at the level of membrane microdomain composition as shown in liver cells, and neutrophil receptor sorting, signaling, or stability of receptors in lipid rafts was affected in the absence of CerS2 (Park et al., 2013; Barthelmes et al., 2015). In the T-cell compartment, CerS2 has been found to facilitate thymocyte egress by its ability to regulate S1P gradients, and as key to production of VLC-SLs for development and homeostasis of invariant NKT cells, for which they serve as activating ligands (Rieck et al., 2017; Saroha et al., 2017).

As already alluded to above, glycosphingolipids are major constituents of lipid rafts, the role of which in T-cell development, activation, and signal initiation has been amply documented (for a review, see Wu et al., 2016; Nakayama et al., 2018) and will not be reiterated here. Of note, T-cell subsets substantially differ with regard to their membrane composition of membrane gangliosides. This proved to be critical for their function and has been suggested to link to organization of specific membrane microdomains by the respective gangliosides (Inokuchi et al., 2013). The importance of another ceramide derivative, C1P, generated through the activity of the ceramide kinase, for T cells is less well investigated. In contrast to what has been reported for ceramide accumulation, increased levels of C1P were found to activate Ca2+ mobilization via store-operated channeling in Jurkat cells (Church et al., 2005; Colina et al., 2005).

Ceramide accumulation due to sphingomyelin breakdown is counter-regulated by the activity of two enzyme species, ceramidases and sphingomyelin synthases, giving rise to sphingosine or sphingomyelin, respectively (Figure 1). In line with its ability to metabolize ceramide, genetic depletion of acid ceramidase increased overall ceramide levels, while its overexpression promoted cell growth as analyzed in non-lymphoid cancer cells (Saad et al., 2007; Brodlie et al., 2010). More recently, exogenous application of acid ceramidase was found to cause Akt kinase activation in Jurkat cells, and, however, affected their expansion. The latter was suggested to relate to the inability of the added ceramidase to promote activation of sphingosine kinase and, thereby, production of S1P in this system (Baduva et al., 2019). The ability of this particular bioactive sphingolipid to substantially regulate survival, trafficking, and activity of immune cells including T cells is well established, and with FTY720, a drug targeting S1P activity is in clinical use. Though it is therefore of critical importance to fully appreciate the relevance of the sphingolipid metabolism on T cells, it is far beyond the scope of this review to extend on this topic (for excellent reviews, see Pyne and Pyne, 2010; Stepanovska and Huwiler, 2019).

SMS1 and 2 both localize to the Golgi compartment, while SMS2 is also found at the plasma membrane. As being crucial for de novo sphingomyelin synthesis, they regulate availability of this sphingolipid (and thereby glycosphingolipids) for organization and integrity of lipid rafts. Therefore, their activity is also of crucial importance in the regulation of T-cell biology, and this has been highlighted in studies revealing that TCR signaling, migration, and apoptosis are highly sensitive to the absence of SMS1 (Jin et al., 2008; Lafont et al., 2010; Asano et al., 2012). Because its catalytic site locates to the extrafacial leaflet of the plasma membrane, SMS2 can directly oppose ASM activity and, thereby, ceramide accumulation by regenerating sphingomyelin (Milhas et al., 2010a). The role of SMS2 in T-cell development and activation has, however, not yet been investigated. Curiously, SMS2 rather than SMS1 was found to be involved in HIV-1 env-mediated membrane fusion with T cells, and this activity was attributed to the SMS2 protein itself rather than to its enzymatic activity (Hayashi et al., 2014).



OUTLOOK

Common to that of other cell types and compartments, the spatiotemporal resolution of the sphingolipid metabolism will crucially advance our understanding of the impact of this system on T-cell activation, trafficking, differentiation and effector functions, and, thereby, in protection or pathophysiology. At a cellular level, this, for instance, applies to the enzyme NSM2, which, in non-T cells, appears to shuttle between the plasma membrane, endo-lysosomal, Golgi, and nuclear membranes (Albi et al., 2008; Cascianelli et al., 2008; Clarke et al., 2008; Trajkovic et al., 2008; Milhas et al., 2010b; Airola and Hannun, 2013), where conceivably the sphingomyelin breakdown may differ in kinetics, efficiency, and physiological responses. The advent of bio-orthogonally mono-, bi-, or tri-functionalized sphingolipids in conjunction with targeted enzymes has enabled us and others to investigate trafficking and compartment-specific metabolization of sphingolipids (Haberkant et al., 2013, 2016; Hoglinger et al., 2014, 2017; Collenburg et al., 2016; Walter et al., 2016, 2017; Feng et al., 2018; Laguerre and Schultz, 2018), and if further advanced, this toolbox will allow to study the impact of compartment-specific enzyme activity and lipid localization on signaling and the metabolic fate of T cells. This also applies to detailed studies on membrane topology of sphingolipid metabolites being generated and/or accumulating at cytosolic or anticytosolic membrane leaflets and organizing membrane microdomains there, which will be a challenging task. Reagents and microscopical techniques allowing to resolve lipid association with membrane leaflets ideally also allowing for codetection and copurification of proteins continue to be developed (Heilemann et al., 2009; Collenburg et al., 2016; Burgert et al., 2017). In combination with mass spectrometry performed on protein complexes crosslinking to functionalized sphingolipids after photoactivation (Hoglinger et al., 2014, 2017; Haberkant et al., 2016), detailed analyses on the organization of functionally active membrane microdomains such as, for instance, lamellopodia or immune synapses, will become possible.

Mass spectroscopy-based analytical approaches have substantially increased the sensitivity to detect and quantify sphingolipids and, when coupled to imaging, enabled spatial resolution of sphingolipid classes accumulating in tissue specimens, for the time being, at the expense of sensitivity (reviewed in Luberto et al., 2019). If further advanced, this technology will be very instrumental in relating sphingolipid patterning to the architecture of lymphoid tissue and, ideally, cellular compartments therein. At an organismic level, inbred mouse strain deficient for or overexpressing sphingolipid metabolizing enzymes have provided important insight into the importance of this system also in T-cell biology (see above). Ubiquitous disruption of enzyme activity was often associated with the development of lipid storage or other severe diseases in mice, thereby precluding long-term analyses or—except for adoptive transfer approaches—hampered assignment of immunological alterations to a specific compartment in vivo. In conjunction with the progress made in evaluating the sphingolipid metabolism in T cells at a subcellular, cellular and tissue level, the recent advent of novel mouse strains allowing for cell-specific inducible expression or ablation of sphingolipid-modifying enzymes will doubtlessly enable the understanding of this system for T-cell biology and delineate targets and strategies for specific intervention.
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FOOTNOTES

1 ASM and NSM2 in humans, Asm and Nsm2 in mice. As some studies cited investigated both human and mouse cells, we will use the nomenclature ‘ASM’ and ‘NSM2’ to facilitate reading.
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Ceramide-rich platforms (CRPs) mediate association of proteins with the sphingolipid ceramide and may regulate protein interaction in membrane contact sites to the cytoskeleton, organelles, and infectious pathogens. However, visualization of ceramide association to proteins is one of the greatest challenges in understanding the cell biology of ceramide. Here we introduce a novel labeling technique for ceramide-associated proteins (CAPs) by combining photoactivated cross-linking of a bioorthogonal and bifunctional ceramide analog, pacFACer with proximity ligation assays (PLAs). pacFACer cross-linked to CAPs is covalently attached to a fluorophore using click chemistry. PLAs use antibodies to: (1) the candidate CAP and the fluorophore (PLA1); and (2) the CAP and ceramide (PLA2). PLA1 shows the subcellular localization of a particular CAP that is cross-linked to pacFACer, while PLA2 tests if the cross-linked CAP forms a complex with endogenous ceramide. Two proteins, tubulin and voltage-dependent anion channel 1 (VDAC1), were cross-linked to pacFACer and showed PLA signals for a complex with ceramide and pacFACer, which were predominantly colocalized with microtubules and mitochondria, respectively. Binding of tubulin and VDAC1 to ceramide was confirmed by coimmunoprecipitation assays using anti ceramide antibody. Cross-linking to pacFACer was confirmed using click chemistry-mediated attachment of biotin and streptavidin pull-down assays. Inhibition of ceramide synthases with fumonisin B1 (FB1) reduced the degree of pacFACer cross-linking and complex formation with ceramide, while it was enhanced by amyloid beta peptide (Aβ). Our results show that endogenous ceramide is critical for mediating cross-linking of CAPs to pacFACer and that a combination of cross-linking with PLAs (cross-link/PLA) is a novel tool to visualize CAPs and to understand the regulation of protein interaction with ceramide in CRPs.
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INTRODUCTION

The function of ceramide as precursor and intermediate in sphingolipid metabolism is well investigated for many decades. About 30 years ago, it was shown that ceramide plays an additional role in cell signaling pathways for regulation of cell cycle arrest and apoptosis (Merrill et al., 1986; Mathias et al., 1991; Dobrowsky and Hannun, 1992). Since then, thousands of studies have extended our knowledge on the role of ceramide in many different aspects of cell biology from embryo development to aging and disease. However, to understand the molecular mechanism(s) underlying this plethora of different functions, it is critical to develop methods analyzing the interaction of ceramide with other cellular components, particularly proteins binding to ceramide (Canals et al., 2018). In recent years, novel probes were developed to identify and visualize these ceramide-associated proteins (CAPs). These probes are ceramide analogs that are termed bioorthogonal because labeling of CAPs is achieved in living cells (Walter et al., 2016; Fink and Seibel, 2018). They are also bifunctional in that these ceramide analogs are: (1) cross-linked to CAPs by photoactivation; and (2) can be covalently attached to fluorophores and other functional groups using click chemistry. However, since introduction of the first bioorthogonal, bifunctional ceramide analog, N-(9-(3-pent-4-ynyl-3-H-diazirin-3-yl)-non-anoyl)-D-erythro-sphingosine (pacFACer) (Figure 1A), the number of cross-linked proteins has substantially grown. To understand which of these proteins are actually CAPs mediating the biological function of ceramide, it is critical to develop methods that verify the interaction of the pacFACer cross-linked proteins with endogenous ceramide.
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FIGURE 1. Schematic description of the cross-link/PLA assay. (A) Structure of N-(9-(3-pent-4-ynyl-3-H-diazirin-3-yl)-non-anoyl)-D-erythro-sphingosine (pacFACer). Arrows point at the diazirine and alkyne groups used for UV cross-linking and click chemistry-mediated cycloaddition, respectively. (B) Overview on PLA1 [using antibodies (anti-cy5/Alexa647 mouse IgG)] to Alexa Fluor 647 conjugated to cross-linked pacFACer and ceramide-associated protein (CAP), and PLA2 (using antibodies to CAP and ceramide). (C,D) Details on antibodies used for PLA1 and PLA2. CRP, ceramide-rich platform.



Previously, we showed that pacFACer was UV cross-linked to tubulin in living cells (Kong et al., 2018). Cross-linking was consistent with association of tubulin with ceramide in ceramide-enriched mitochondria-associated membranes (CEMAMs), a MAM subcompartment that was recently discovered by our group (Kong et al., 2018). Our data showed that ceramide-associated tubulin (CAT) regulates opening of the ATP/ADP channel protein VDAC1 in mitochondria. Our results also indicated that additional proteins are cross-linked to pacFACer and colocalized with ceramide, particularly at mitochondria, the cytoskeleton, and the plasma membrane. However, the identity of these proteins is not clear. To test if a particular protein is cross-linked to pacFACer and colocalized with ceramide, we developed a novel labeling technique for visualization of CAPs in cells and tissues using immunocytochemistry.

To achieve labeling of CAPs we first identified candidate proteins using cross-linking to pacFACer followed by click chemistry-mediated covalent attachment of a fluorophore and biotin, ideally as a dual-label click probe such as TAMRA-biotin azide or Cy5-biotin azide. After protein solubilization and copper-catalyzed click reaction, cross-linked protein was isolated using streptavidin pull-down followed by SDS-PAGE and proteomics analysis of fluorescent bands. Based on our previously published data, we focused on two proteins detectable in the proteomics screen: tubulin and its binding partner VDAC1. In addition to CEMAMs, we detected colocalization of ceramide with tubulin at microtubules and the plasma membrane, suggesting that CAT may also partake in the tubulin pool at microtubules and cellular membranes. In particular, membrane tubulin, a minor portion of tubulin associated with cellular membranes, is a candidate for interaction with ceramide in ceramide-rich platforms (CRPs) potentially mediating attachment of ceramide microdomains or rafts to the cytoskeleton (Burgert et al., 2017). Membrane tubulin was shown to regulate channels in cellular membranes, including VDAC1 and the Na/K channel in the plasma membrane (Rostovtseva and Bezrukov, 2008; Rostovtseva et al., 2008; Maldonado and Lemasters, 2012; Kong et al., 2018; Santander et al., 2019). In addition to interacting with CAT, VDAC1 was detected in our initial screen, suggesting that it binds to ceramide itself. However, it is not known if cross-linking to pacFACer is a sufficient indicator for ceramide association of a particular protein in cells. Further, it is also not clear how pacFACer cross-linking and location of CAPs in CRPs is regulated by ceramide.

To test cross-linking of pacFACer with a particular candidate CAP and its distribution to CRPs, cross-linking was combined with proximity ligation assays (PLAs) using antibodies to the CAP and the fluorophore attached to pacFACer (PLA1), and the CAP and ceramide (PLA2). PLAs are based on secondary antibodies covalently attached to oligonucleotide primers that initiate rolling circle PCR and incorporation of fluorescent nucleotides if the distance of primary antibodies is smaller than 40 nm (Weibrecht et al., 2010; Kong et al., 2018). PLA1 shows the subcellular localization of a particular CAP that is cross-linked to pacFACer, while PLA2 tests if the cross-linked CAP forms a complex with endogenous ceramide. We used the novel cross-link/PLA assay to visualize CRP association of (acetylated) tubulin and VDAC1 at membranes, microtubules, and mitochondria, respectively. We confirmed cross-linking of the two CAPs to pacFACer by streptavidin pull-down assays. In addition, coimmunoprecipitation assays using anti-ceramide antibody confirmed that the CAPs were associated with ceramide in cellular membranes. Ceramide depletion using the ceramide synthase inhibitor fumonisin B1 (FB1) indicated that that a microenvironment of endogenous ceramide in CRPs is critical for cross-linking of CAPs to pacFACer. Finally, incubation with amyloid beta (Aβ) peptide enhanced pacFACer cross-linking to VDAC1, suggesting that Aβ induces or facilitates interaction of CAPs with ceramide in CRPs. In summary, our results show that CRPs are critical for mediating cross-linking to pacFACer and that the cross-link/PLA assay is a novel tool to visualize CAPs and protein interaction with ceramide.



MATERIALS AND METHODS


Reagents and Antibodies

Dulbecco Modified Eagle Medium (DMEM) was from Hyclone (Logan, UT, United States), and Fetal Bovine Serum (FBS) was from Atlanta Biologicals (Flowery Branch, GA, United States). Penicillin and streptomycin (cat# 15146) were purchased from GIBCO (Grand Island, NY, United States). HEK293T cells were received from Dr. Lin Mei (Augusta University, Augusta, GA, United States) and Neuro2a (N2a) cells (ATCC CCL-131) were obtained from ATCC (Manassas, VA, United States). Duolink PLA probe anti-rabbit plus (DUO92002), Duolink PLA probe anti-mouse minus (DUO92004), and Duolink detection reagent red (DUO92008) were purchased from Sigma Aldrich (St. Louis, MO, United States). N-(9-(3-pent-4-ynyl-3-H-diazirin-3-yl)-non-anoyl)-D-erythro-shpingosine (pacFACer, cat# 900404) was obtained from Avanti Polar Lipids (Alabaster, AL, United States). Click-iT cell reaction kits (cat# C10269), Alexa Fluor 647 azide (cat# A10277), protease and phosphatase inhibitors (cat# A32961) were from ThermoFisher Scientific (West Columbia, SC, United States); Click chemistry protein reaction buffer kits (cat# 1001) and TAMRA-biotin-azide (cat# 1048-5) were from Click Chemistry Tools (Scottsdale, AZ, United States). SDS-PAGE sample buffer (cat# S3401) was from Sigma-Aldrich (St. Louis, MO, United States). Fumonisin B1 (cat# 62580) was purchased from Cayman Che mical (Ann Arbor, MI, United States). Amyloid β1–42 (cat# AS-60479-01) was obtained from Anaspec (Freemont, CA, United States) was dissolved in 1% ammonia and diluted to 1 mg/ml and neutralized in PBS prior to use. Protein A/G magnetic beads (cat# 88803) was from Pierce Biotechnology (Rockford, IL, United States). Antibodies: Anti ceramide rabbit IgG (1:100 for immunocytochemistry; 1:200 for PLAs) was generated in our laboratory (Krishnamurthy et al., 2007). Anti-GAPDH antibody (cat# D16H11, 1:1000) was obtained from Cell Signaling Technology (Danvers, MA, United States). Anti-acetylated tubulin mouse IgG (cat# T6793, 1:3000 immunocytochemistry; 1:5000 for immunoblot and PLAs) was purchased from Sigma-Aldrich (St. Louis, MO, United States). Anti cy5/Alexa Fluor 647 (cat# sc-166896, 1:100 for PLAs) was from Santa Cruz Biotechnology (Dallas, TX, United States). Anti VDAC1 rabbit IgG (cat# ab15895, 1:200 for immunocytochemistry and PLAs; 1:500 for immunoblots) was purchased from abcam (Cambridge, MA, United States). Secondary antibodies conjugated to Alexa or Cy fluorophores were raised in donkey and purchased from the Jackson Laboratory (Bar Harbor, ME, United States).



Primary Cultures of Astrocytes

All experiments using primary cultures of astrocytes were carried out according to an Animal Use Protocol approved by the Institutional Animal Care and Use Committee at University of Kentucky. Primary glial cells were isolated from brains of P0-P1 C57BL/6 mice following a protocol previously published (Kong et al., 2018). In brief, brains were dissociated in PBS containing 0.1M glucose, passed through a 40 μm filter, and plated in T-25 flasks in DMEM supplemented with 10% fetal bovine serum, and 1% penicillin/streptomycin solution at 37°C in a humidified atmosphere containing 5% CO2. After 7 days, adherent cells were passed to 24-well plates containing uncoated glass coverslips and cultured in DMEM as described above.



Cross-Linking to pacFACer and Click Chemistry-Mediated Conjugation With Fluorophores

N2a cells or primary cultured astrocytes were incubated under protection from light for 30 min in DMEM medium with 5 μM of the bifunctional ceramide analog N-(9-(3-pent-4-ynyl-3-H-diazirin-3-yl)-non-anoyl)-D-erythro-shpingosine (pacFACer, 1:1000 from a stock in ethanol/2% dodecane). Cells were UV irradiated at 365 nm for 15 min at 37°C in a humidified atmosphere containing 5% CO2. Cells were further processed under different treatment conditions depending on final labeling requirements. For visualization of cross-linked proteins at their initial subcellular labeling site, cells were fixed with 4% p-formaldehyde/0.5% glutaraldehyde for 15 min at room temperature. For visualization of cross-linked proteins after intracellular transport, cells were washed with PBS and then further incubated for 16 h in medium prior to fixation. Following fixation with p-formaldehyde/glutaraldehyde, cells were either directly subjected to the click reaction or first permeabilized by treatment with 0.2% Triton X-100 in PBS for 5 min at room temperature, followed by blocking of non-specific binding sites with 3% ovalbumin in PBS for 1 h at 37°C, and then incubation with anti-ceramide antibody for overnight at 4°C. In this case, cells were subjected to a second fixation reaction with p-formaldehyde/glutaraldehyde prior to the click reaction. Cells were washed with PBS and then twice with methanol to remove non-cross-linked pacFACer. The click reaction was performed as previously described using the Click-iT Cell Reaction buffer kit (Thermo Fisher Scientific) and Alexa Fluor 647 azide as fluorophore following the protocol provided by the manufacturer.



pacFACer Cross-Linking and Streptavidin Pull-Down

N2a cells were incubated with pacFACer (5 μM) for 30 min and then UV irradiated at 365 nm for 15 min at 37°C in a humidified atmosphere containing 5% CO2. After washing with PBS twice, non-cross-linked pacFACer was removed by washing and fixing cells with ice-cold methanol for 30 min at −20°C. Cells were scraped off in 1 ml of PBS and collected by centrifugation at 15,000 × g for 10 min. Cell pellets were solubilized in 400 μl of 1% SDS in PBS containing protease and phosphatase inhibitors and heated for 10 min at 60°C. Insoluble material was removed by centrifugation at 15,000 × g for 10 min at room temperature. The click reaction was performed using the protein reaction kit (Click Chemistry Tools) with 50 μM TAMRA-biotin-azide (Click Chemistry Tools) following the protocol provided by the manufacturer. Non-conjugated TAMRA-biotin-azide was removed by precipitating protein with chloroform/methanol as previously described (Kong et al., 2015, 2018). The resulting protein pellets were solubilized with 100 μl of 1% SDS in PBS containing protease and phosphatase inhibitors and heating for 10 min at 60°C. Insoluble material was removed by centrifugation at 15,000 × g for 10 min at room temperature. SDS was neutralized by 10-fold dilution of the sample with 1% Triton X-100 in PBS and the sample centrifuged again to remove any residual insoluble material emerging after dilution. Proteins were then incubated with 50 μl of pre-equilibrated NeutrAvidin beads (ThermoFisher Scientific) for overnight at 4°C. Beads were washed twice with 0.1% SDS and 1% Triton X-100 in PBS, and then once with 50 mM Tris–HCl, pH 7.5. Beads were eluted with SDS-sample buffer (Sigma) containing 6 M urea for 10 min at 60°C and protein analyzed by SDS-PAGE and immunoblotting.



Immunoprecipitation of Ceramide-Enriched Vesicles

Immunprecipitation of ceramide-enriched vesicles was performed using a method established in our laboratory as previously published (He et al., 2012). HEK293T cell pellets were lysed using a Dounce homogenizer in lipid binding buffer [20 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, pH 7.5, supplemented with protein inhibitor cocktail (Roche)]. Any insoluble debris was removed by centrifugation at 20,800 × g for 30 min at 4°C. Lysates (1 ml) were then pre-cleared with Pierce protein A/G magnetic beads (Pierce Biotechnology, CAT#88802, Rockford, United States) and incubated overnight with non-specific rabbit IgG (control) or anti-ceramide rabbit IgG (5 μg/ml) at 4°C under rotational movement. Fifteen microliters of Pierce protein A/G magnetic beads were added to the samples and incubated for 2 h at room temperature under rotational movement. The beads were washed three times using lipid binding buffer. Protein bound to the beads was eluted by SDS-sample buffer and then subjected to SDS-PAGE for immunoblotting using anti-acetylated tubulin mouse IgG or anti-VDAC1 rabbit IgG.



Proximity Ligation Assays (PLAs) and Immunocytochemistry

N2a cells, HEK293T cells, and primary cultured astrocytes grown on glass cover slips were subjected to the pacFACer cross-linking and click reactions as described and then further analyzed in two distinct PLA assays. PLA1 used primary antibodies against the candidate CAP presumably cross-linked to pacFACer and the fluorophore attached via click addition. In our study, we used anti acetylated tubulin or anti VDAC1 rabbit IgGs and anti Cy5/Alexa Fluor 647 mouse IgG. PLA2 used primary antibodies raised in mouse against the candidate CAP and anti-ceramide rabbit IgG. Accordingly, PLA1 and 2 were performed using anti-rabbit PLUS affinity-purified donkey anti-rabbit IgG (H + L) and anti-mouse MINUS affinity-purified donkey anti-mouse IgG (H + L). This reaction and the consecutive ligation and amplification steps were performed following the protocol provided by the manufacturer [Duolink PLA kit red (Texas Red) from Sigma-Aldrich] as previously described (Kong et al., 2018). After completion of the PLA1 and 2 reactions, samples were post-incubated with secondary antibodies conjugated to fluorophores in unused fluorescence channels to visualize the intracellular distribution of antigens tested in the PLA assay. Epifluorescence microscopy was performed with a Nikon Ti2 Eclipse microscope equipped with NIS Elements software using Z-scanning with 60× or 100× oil immersion objectives at the step size (0.2–0.3 μm) recommended by the software. Images were processed using the NIS Elements 3D deconvolution program at settings recommended by the software (automated) and PLA signals counted using NIS Elements and NIH Image J software. Images shown in figures are 3D rendered Z-scans. For counting, Z-scan images were collapsed onto one plane and thresholds for pixel size and fluorescence intensity defined based on comparison with non-deconvolved images to represent authentic signals. All of the data were collected by laboratory personnel blinded to the origin of the samples from at least three independent cell cultures using at least five randomly selected areas/culture. Images obtained with secondary antibody only were used as negative controls.



Statistical Analysis

Statistical significance was calculated using Student’s t-test with or one-way ANOVA and Tukey’s post hoc with GraphPad Prism. P < 0.05 was considered significant.



Miscellaneous

Protein concentrations of input used for pull-down experiments were determined using the RD/DC protein assay (Bio Rad), following a protocol provided by the manufacturer. For immunoblot analysis, equal amounts of protein were loaded onto a 10% denaturing and reducing SDS gel and SDS-PAGE was performed using the Laemmli method. For the immunoblotting reaction, membranes were first blocked with 3% BSA in PBST (PBS containing 0.1% Tween-20) and incubated with primary antibodies in blocking buffer overnight at 4°C. Membranes were then washed three times with PBST and incubated with the appropriate horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. After washing, bands were detected using the Pico or Femto ECL assay from Pierce/Thermo Fisher Scientific and Azure imager.




RESULTS


Cross-Linking/PLA Using pacFACer – Principle of Method

To test association of a cross-linked protein with CRPs, cells were incubated with pacFACer and exposed to UV radiation. Cells were either fixed with para-formaldehyde/glutaraldehyde to identify the initial cellular site of pacFACer cross-linking, or alternatively, they were further incubated to monitor intracellular transport and distribution of the cross-linked protein over time. After fixation, two sets of cells underwent copper-mediated click chemistry reactions to attach the Alexa Fluor 647 fluorophore, which were followed by two distinct PLAs (Figure 1B). For the first PLA reaction (PLA1), fixed cells were directly subjected to the click reaction and then incubated with antibodies to perform the PLA1 reaction (Figure 1C). For the second PLA reaction (PLA2), cells were first incubated with antibodies – one of which was anti-ceramide antibody – and then fixed again prior to the click reaction (Figure 1D). The second fixation step was critical to keep anti-ceramide antibody in place since click chemistry requires wash steps with organic solvent that would remove ceramide as antigen from cellular membranes.

The PLAs were used for in situ visualization of antigen complexes using fluorescence microscopy. PLA1 used a combination of antibodies to a potential CAP and the fluorophore attached by the click reaction. This PLA reaction tested if pacFACer was cross-linked to the CAP of interest. PLA1 was complemented by pull-down assays with streptavidin beads after using biotin azide for cross-linking. PLA2 used a combination of antibodies to the specific CAP and ceramide. This PLA reaction tested if the CAP cross-linked to pacFACer formed a complex with endogenous ceramide. PLA2 was complemented by coimmunoprecipitation assays using anti-ceramide antibody.

The cross-link/PLA assay was supplemented by additional colabeling experiments and PLA reactions with or without click addition of the fluorophore. For example, the PLA1 reaction was combined with antibodies against organelle markers to identify the subcellular localization of the cross-linked CAP. When omitting click addition or even crosslinking, PLA2 was followed by incubation with fluorescent secondary antibodies to the primary antibodies used for PLA. This reaction visualized the intracellular distribution of the complex between the candidate CAP and endogenous ceramide within the entire pool of ceramide and the CAP. It is important that all secondary antibodies used for PLA or immunofluorescence were raised in a species distinct from that of any of the primary antibodies. Alternatively, kits are commercially available for direct labeling of the primary antibodies with oligonucleotides for PLA or fluorophores for immunofluorescence microscopy.



pacFACer Is Cross-Linked to Tubulin and VDAC1 at Microtubules and Mitochondria, Respectively

pacFACer was UV cross-linked to proteins in intact cells and then covalently attached to a fluorescent dye that also carries a biotin group (TAMRA-biotin-azide). Streptavidin pull-down/fluorescent blot analysis showed that a variety of proteins were cross-linked to pacFACer (Figure 2A). Our previous studies – including proteomics analyses of ceramide-binding proteins – indicated that tubulin and VDAC1 are among these proteins, which was confirmed by immunoblot analyses (Figure 2B and see Supplementary Figure 1 for original images from immunoblots) (Kong et al., 2018). The housekeeping protein GAPDH was not among the pulled-down proteins demonstrating the specificity of the pacFACer cross-linking reaction. The significance of pacFACer cross-linking for identifying binding of tubulin and VDAC1 to endogenous ceramide was tested by coimmunoprecipitation of the two proteins using anti-ceramide IgG. Previously, we introduced this method to isolate ceramide-enriched vesicles from cell lysates and identify proteins associated with these vesicles (He et al., 2012; Kong et al., 2018; Zhu et al., 2019). Figure 2C shows that acetylated tubulin and VDAC1 were coimmuniprecipitated with anti-ceramide IgG confirming that these two proteins are associated with endogenous ceramide (see Supplementary Figure 1 for original images from immunoblots).


[image: image]

FIGURE 2. Tubulin and VDAC1 are cross-linked to pacFACer and associated with ceramide vesicles. (A) N2a cells were incubated with pacFACer, UV cross-linked, and fixed with ice-cold methanol. Cells were scraped off, pelleted, and protein solubilized with 1% SDS in PBS. The copper-mediated click addition was performed using TAMRA-biotin-azide and non-incorporated reagent removed by chloroform/methanol extraction. Precipitated protein was re-solubilized and pacFACer cross-linked protein isolated by pull-down with streptavidin beads. Bound protein was eluted by heating in SDS sample buffer and separated by SDS gelectrophoresis. Lane 1, marker; lane 2, empty; lane 3, input used for streptavidin pull-down; lane 4, pull-down with streptavidin beads saturated with biotin (control); lane 5, pull-down with streptavidin beads (SA). (B) Assay performed as described in (A), but gel immunoblotted and probed with antibodies to tubulin, VDAC1, and GAPDH. (C) Coimmuniprecipitation of acetylated tubulin and VDAC1 using antibody to ceramide to precipitate ceramide-enriched vesicles from lysates of HEK293T cells (lane 4). Non-specific rabbit IgG was used as the control (lane 3). Lane 1, input; lane 2, empty. GAPDH was not coimmunoprecipitated.



Next, we tested if acetylated tubulin and VDAC1 were cross-linked to pacFACer at microtubules and mitochondria, respectively. Acetylated tubulin was chosen because of our previously published studies showing colocalization of ceramide with acetylated tubulin (He et al., 2014; Kong et al., 2015, 2018). Figures 3A,B shows that the fluorescence signal for cross-linked pacFACer (visualized by attaching Alexa Fluor 647) was colocalized with the PLA1 signal (Texas Red fluorescence) for a complex of pacFACer and acetylated tubulin at microtubules (visualized by Alexa Fluor 488 for acetylated tubulin). The PLA1 reaction was also performed with the cell types used for the pull-down assays (N2a and HEK293T cells, see Supplementary Figure 2), confirming results obtained with primary cultured astrocytes (Figure 3). Figures 4A,B shows the results of the PLA2 reaction using antibodies to acetylated tubulin and ceramide (see also Supplementary Figure 3). The results of the PLA2 reaction indicated that ceramide formed a complex with acetylated tubulin cross-linked to pacFACer at microtubules (arrows in Figure 4A). In addition, complexes for ceramide and acetylated tubulin were detected at the plasma membrane, particularly at microtubule attachment sites (arrows in Figure 4B). Figures 5A,B shows that cross-linked pacFACer was also colocalized with the PLA1 reaction for pacFACer and VDAC1 at mitochondria (see Supplementary Figure 2 for PLA1 with N2a and HEK293T cells). The PLA2 reaction could not be reliably performed because of some degree of non-specific reactions with anti VDAC1 mouse IgG.


[image: image]

FIGURE 3. PLA1 reaction using antibodies against acetylated tubulin and Alexa Fluor 647. (A) Primary cultured astrocytes were subjected to the PLA1 reaction (fluorescence signals for complexes of acetylated tubulin with Alexa Fluor 647-pacFACer are pseudo-colored in red) and then post-incubated with Alexa Fluor 488-conjugated secondary antibody to visualize microtubules (pseudo-colored in green). Cross-linked pacFACer (conjugated to Alexa Fluor 647) is pseudo-colored in blue. (B) Detail from (A) shows microtubules with acetylated tubulin cross-linked to pacFACer.
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FIGURE 4. PLA2 reaction using antibodies against acetylated tubulin and ceramide. (A) Primary cultured astrocytes were subjected to the PLA2 reaction (fluorescence signals for complexes of acetylated tubulin with ceramide are pseudo-colored in red) and then post-incubated with Alexa Fluor 488-conjugated secondary antibody to visualize microtubules (pseudo-colored in green). Cross-linked pacFACer (conjugated to Alexa Fluor 647) is pseudo-colored in blue. (B) PLA2 reaction performed as in (A), but pacFACer not conjugated to Alexa Fluor 647. The PLA2 reaction was post-incubated with Alexa Fluor 488-conjugated anti mouse IgG to visualize acetylated tubulin (pseudo-colored in green) and Alexa Fluor 647-conjugated anti-rabbit IgG to visualize ceramide (pseudo-colored in blue).
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FIGURE 5. PLA1 reaction using antibodies against VDAC1 and Alexa Fluor 647. (A) Primary cultured astrocytes were subjected to the PLA1 reaction (fluorescence signals for complexes of VDAC1 with Alexa Fluor 647-pacFACer are pseudo-colored in red) and then post-incubated with Alexa Fluor 488-conjugated anti-rabbit IgG to visualize mitochondria (pseudo-colored in green). Cross-linked pacFACer (conjugated to Alexa Fluor 647) is pseudo-colored in blue. (B) Detail from (A) shows mitochondria with VDAC1 cross-linked to pacFACer.





pacFACer Cross-Linking of Tubulin and VDAC1 Is Decreased by FB1 and Increased by Aβ

The colocalization of pacFACer cross-linked tubulin and VDAC1 with ceramide suggested that a ceramide-enriched membrane environment affects the cross-linking reaction. To test the effect of ceramide on pacFACer cross-linking we pre-incubated N2a cells and primary cultured astrocytes with fumonisin B1 (FB1), a fungus toxin specifically inhibiting ceramide synthase and reliably decreasing the ceramide concentration in a variety of cell types (Wang et al., 2009; Stiban et al., 2010; Lee et al., 2011; Kong et al., 2018). Figures 6A–E shows that ceramide depletion with FB1 reduced the amount of pacFACer cross-linked tubulin and VDAC1, suggesting that endogenous ceramide mediated the cross-linking reaction to pacFACer. This conclusion was confirmed by PLA1 assays after pre-incubation with FB1 [Figure 6F and see Supplementary Figure 1 (original images of immunoblots), 4 (fluorescence images) for details on quantitation shown in Figure 6], showing that the number of PLA signals for pacFACer cross-linked tubulin and VDAC1 was reduced by 50–70%.
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FIGURE 6. Ceramide depletion reduces cross-linking of pacFACer to tubulin and VDAC1. (A) N2a cells with or without pre-incubation for 48 h with 5 μM FB1 were treated with pacFACer and cross-linked protein isolated and separated by SDS-PAGE as described in the legend for Figure 2. Lane 1, input for pull-down of pacFACer cross-linked protein from non-treated control cells; lane 2, output from pull-down; lane 3, input for pull-down of pacFACer cross-linked protein from FB1-treated cells; lane 4, output from pull-down. (B,C) Assay performed as described in (A), but gel immunoblotted and probed with antibodies to tubulin (B) and VDAC1 (C). (D) Quantitation of (B). n = 7, P < 0.05. (E) Quantitation of (C). n = 5, P < 0.005. (F) Quantitation of PLA1 signals for pacFACer cross-linked tubulin and VDAC1 in primary cultured astrocytes with or without ceramide depletion by incubation with FB1. n = 5, P < 0.05.



In addition to direct interference with ceramide generation, we incubated N2a cells and primary astrocytes with Aβ to test the effect on pacFACer cross-linking of tubulin and VDAC1. We chose Aβ because it is known to increase the ceramide level in astrocytes and to interact with tubulin and VDAC1 (Manczak and Reddy, 2012; Wang et al., 2012; Fernandez-Echevarria et al., 2014; Saha et al., 2015; Smilansky et al., 2015). Our previous studies also showed that it is an infectious protein the spreading of which is mediated by association with ceramide-enriched exosomes (Wang et al., 2012; Dinkins et al., 2016a, b). Figures 7A,B shows that overnight incubation with 1 μM oligomeric Aβ increased the amount of pacFACer cross-linked VDAC1, suggesting that Aβ enhanced the effect of ceramide on facilitating cross-linking to pacFACer (see Supplementary Figure 1 for original images of immunoblots shown in Figure 7). Consistent with the pull-down assay, immunocytochemistry showed that Aβ induced colocalization between VDAC1 and cross-linked pacFACer as well as ceramide (Figure 7C). In summary, our results indicated that the extent of pacFACer cross-linking to VDAC1 was correlated with the extent of ceramide interaction.
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FIGURE 7. Aβ enhances cross-linking of pacFACer to VDAC1. (A) N2a cells with or without pre-incubation for 24 h with 1 μM Aβ42 were treated with pacFACer and cross-linked protein isolated and separated by SDS-PAGE, followed by immunoblotting using antibody to VDAC1. Lane 1, input for pull-down of pacFACer cross-linked protein from non-treated control cells; lane 2, input for pull-down of pacFACer cross-linked protein from Aβ42-treated cells; lane 3, output from pull-down control; lane 4, output from pull-down Aβ. (B) Quantitation of (A). n = 6, P < 0.005. (C) Immunocytochemistry of pacFACer cross-linked astrocytes (pseudo-colored in red) with or without Aβ treatment. VDAC1 was labeled with anti-VDAC1 rabbit IgG and Alexa Fluor 488 anti-rabbit IgG (pseudo-colored in green) and Aβ42 was labeled with anti-Aβ42 mouse IgG (clone 4G8, pseudo-colored in blue).






DISCUSSION

Ceramide is a sphingolipid the interaction of which with proteins is implicated in a plethora of physiological and pathophysiological processes. In cellular membranes, it is enriched in microdomains or rafts, currently referred to as CRPs (Burgert et al., 2017; Bieberich, 2018). CRPs are suggested to form contact sites with the cytoskeleton, intracellular membranes and organelles, and infectious proteins, cells, and viruses. One of the greatest challenges in determining the function of CRPs is to visualize the interaction of ceramide with proteins in these contact sites. Since pacFACer is taken up by living cells, cross-linking can be used to identify and visualize proteins potentially associated with ceramide. We and others used this method to visualize pacFACer cross-linked tubulin and other CAPs (Kong et al., 2015, 2018; Dinkins et al., 2016a; Bockelmann et al., 2018). However, there are two major limitations to this method. When using photoactivatable sphingolipid analogs for labeling in fluorescence microscopy, the first limitation arises from the spatial resolution of the fluorescence signal, which is 200 nm at best. The spatial resolution can be improved up to 10-fold using superresolution microscopy (Burgert et al., 2017). However, there is still the possibility that the CAP is co-localized with the cross-linked protein, but not identical to it. Therefore, visualization of cross-linked CAPs using colabeling in immunofluorescence microscopy should be complemented by another method such as cross-linking to biotin and pull-down with immobilized streptavidin, followed by immunoblotting or proteomics analysis of the CAP. Unfortunately, there is not always sufficient amount of protein to perform this type of analysis and pull-down from a cell homogenate does not mean that a colabeled protein is also cross-linked in a complex with ceramide visualized by immunocytochemistry. Recent studies addressed a similar problem in the context of visualizing palmitoylated proteins using incorporation of a clickable palmitic acid analog (Gao and Hannoush, 2014, 2016). After attaching the fluorophore to protein-linked palmitic azide using click chemistry, PLA was performed using antibodies against the fluorophore and the presumably palmitoylated protein. We modified this approach using Alexa Fluor 647 azide clicked to cross-linked pacFACer and anti-Cy5/Alexa647 mouse IgG for the PLA reaction with antibody against the presumed CAP. In our assays to detect pacFACer cross-linked tubulin and VDAC1, this reaction is referred to as PLA1.

The second limitation of cross-linking sphingolipid analogs is the lack of information on colocalization of the cross-linked protein with the actual sphingolipid in cells. It is not clear if a protein cross-linked to pacFACer colocalizes or associates with endogenous ceramide. This limitation mainly arises from the non-fixability of lipids with p-formaldehyde or incompatibility of membrane lipids with fixation using organic solvents such as methanol or acetone. We developed a protocol bypassing this problem by fixing the anti-ceramide antibody instead of the lipid. Using clickable (not-crosslinked) ceramide analogs we demonstrated that this method reliably labels the subcellular distribution of endogenous ceramide (Walter et al., 2016). The colocalization of the pacFACer cross-linked protein with ceramide is tested in the PLA2 reaction. We show that any PLA reaction can be complemented by post-incubation with a second set of secondary antibodies conjugated to fluorophores. This reaction visualizes the distribution of the CAP and ceramide and at the same time, localization of their complexes. Combining PLA with the click addition of a fluorophore to pacFACer visualizes distribution of the cross-linked protein within CRPs. In our study, PLA2 showed complexes of cross-linked tubulin and VDAC1 with ceramide that are localized in CRPs, suggesting that ceramide affects the cross-linking reaction or distribution of the cross-linked CAP.

Ceramide can affect the cross-linking reaction of a CAP to pacFACer in two ways: it can either compete with pacFACer for the binding site to ceramide or it can facilitate cross-linking by embedding pacFACer in CRPs. These opposite effects were tested by depleting astrocytes and N2a cells of ceramide with fumonisin B1 (FB1), a fungus toxin specifically inhibiting ceramide synthases. The pull-down assays showed that FB1 reduced the amount of cross-linked tubulin and VDAC1 suggesting that ceramide facilitates cross-linking of CAPs to pacFACer, probably by embedding pacFACer into the ceramide microenvironment of CRPs. This conclusion is consistent with the observation that other ceramide analogs are embedded into CRPs when exogenously administered to cells (Walter et al., 2016). While these results cannot demonstrate the role of ceramide binding for the function of a particular protein, they suggest that cross-linking to pacFACer and monitoring complex formation of the cross-linked protein with ceramide (cross-link/PLA assay) can be used to probe the distribution of CAPs to CRPs.

We used the cross-link/PLA assay to test the effect of Aβ on pacFACer cross-linking to VDAC1. Our results showed that Aβ increased the amount of cross-linked VDAC1, suggesting that it is embedded into CRPs promoting the pacFACer cross-linking reaction. Most recently, we reported that ceramide-associated tubulin (CAT) forms a complex with VDAC1 that blocks ADP/ATP transport through the outer mitochondrial membrane (Kong et al., 2018). Results in this study suggest that ceramide association of VDAC1 takes part in this process. In addition to pacFACer cross-linking, ceramide association of VDAC1 is consistent with the observation that it is coimmunoprecipitated with anti ceramide antibody. We also showed that Aβ incubation of astrocytes led to clustering of mitochondria, which was confirmed in the studies presented here. It is currently not known if Aβ first binds to VDAC1 and enhances cross-linking to pacFACer or if Aβ initially associates with CRPs and then enhances pacFACer cross-linking of VDAC1 (Gulbins et al., 2004; Bollinger et al., 2005; Grassme et al., 2008). It is also not known if other VDAC isoforms associate with CRPs. Most recently, VDAC2 was found to bind to ceramide and cross-link to pacFACer (Dadsena et al., 2019), suggesting that several CAPs are cross-linked to pacFACer after embedding into CRPs. In summary, our data show that the novel labeling technique (cross-link/PLA) is a valuable tool to visualize CAPs in CRPs, which will also help determine the function of ceramide in contact sites to infectious proteins and other pathogens.
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Bacterial pathogens have developed many different strategies to hijack host cell responses to promote their own survival. The manipulation of lipid biogenesis and cell membrane stability is emerging as a key player in bacterial host cell control. Indeed, many bacterial pathogens such as Legionella, Pseudomonas, Neisseria, Staphylococci, Mycobacteria, Helicobacter, or Clostridia are able to manipulate and use host sphingolipids during multiple steps of the infectious process. Sphingolipids have long been considered only as structural components of cell membranes, however, it is now well known that they are also intracellular and intercellular signaling molecules that play important roles in many eukaryotic cell functions as well as in orchestrating immune responses. Furthermore, they are important to eliminate invading pathogens and play a crucial role in infectious diseases. In this review, we focus on the different strategies employed by pathogenic bacteria to hijack the sphingolipid balance in the host cell to promote cellular colonization.

Keywords: sphingolipids, host-pathogen interactions, Legionella, Pseudomonas, Mycobacteria


INTRODUCTION

Sphingolipids constitute an important class of lipids that are structural modules in eukaryotic membranes. However, they have also been shown to act as signaling molecules that play critical roles in regulating diverse physiological processes including signal transduction, regulation of cell growth and death, adhesion, migration, and inflammation. Indeed, sphingolipids are also bioactive molecules and their highly interconnected and spatially regulated pathways are very complex (Hannun and Obeid, 2008).

Briefly, the main hub in the sphingolipid pathway is ceramide that can be synthesized de novo from serine and palmitate, present in the endoplasmic reticulum (ER) and in ER-associated membranes, or from the breakdown of sphingomyelin (SM) into ceramide and phosphatidylcholine catalyzed by sphingomyelinase enzymes (SMases) (Figure 1). Sphingomyelinases are classified as acidic, neutral or alkaline, based on their optimal pH and they are located in distinct cellular sub-compartments, where their products eventually mediate specific functions (Goni and Alonso, 2002). The ceramide generated by acidic SMase (ASM), for example, resides either in the lysosome or at the plasma membrane, where ceramide aggregates into microdomains. Later, aggregation of those microdomains into ceramide-enriched membrane platforms induces local changes in the membrane environment thereby affecting the permeability and the fluidity of the membrane and causing conformational changes in membrane-associated enzymes or receptors (Cremesti et al., 2002).


[image: image]

FIGURE 1. Manipulation of the sphingolipid pathway by bacterial pathogens. Ceramide, the hub of the sphingolipid pathway, can be formed by two different routes: de novo synthesis, that starts by the condensation of the amino acid serine and the saturated fatty acid palmitate (purple), or the sphingomyelinase pathway that allows the degradation of sphingomyelin in ceramide (orange). The catabolic pathway (green) leads to the formation of bioactive lipids via the action of different enzymes. All steps are reversible, except the sphingosine lyase activity that irreversibly cleaves sphingosine-1-phosphate to generate ethanolamine phosphate and hexadecenal, which can be subsequently reincorporated into the de novo synthesis. Bacterial pathogens that target host cell sphingolipid enzymes are indicated. Their names are written next to the host enzyme they target/manipulate either directly (written in blue color) or indirectly (written in black color). For a comprehensive review describing the subcellular localization of sphingolipid enzymes refer to Yamaji and Hanada (2015). SMase, sphingomyelinase; GlcCer, glucosylceramide; S1PPase, sphingosine-1-phosphate phosphatase; SPL, sphingosine-1-phosphate lyase.



Ceramides themselves function also as bioactive molecules and provide a basis for the synthesis of other signaling molecules such as ceramide-1-phosphate or glucosylceramide, or they can eventually, through the catabolic pathway, be hydrolyzed by ceramidases to form sphingosine (Figure 1). Sphingosine can then be recycled into the sphingolipid pathway, the “salvage” pathway, where ceramide synthase hydrolyzes ceramide directly from sphingosine, or is phosphorylated by the sphingosines kinases (SKs). The product sphingosine-1-phosphate (S1P) can be dephosphorylated to regenerate sphingosine (through the action of specific S1P-phosphatases) or can be irreversibly cleaved by a sphingosine phosphate lyase (SPL) to generate ethanolamine phosphate and hexadecenal (which, in turn, can be reduced to palmitate and subsequently reincorporated into lipid metabolic pathways) (Figure 1). S1P is one of the most soluble sphingolipids, it is able to move between membranes, as well as act extracellularly. It interacts with sphingosine-1-phosphate receptors, S1PRs, which are high-affinity G-protein coupled receptors (Lee et al., 1998). S1PRs display selective tissue expression and activate specific intracellular signaling pathway, providing to S1P crucial roles in cell survival, cell migration and inflammation (Hla, 2004).

The sphingolipid mediators described above, play a role in many different cellular processes. For example, they modulate the reorganization of cellular membrane receptors and thus regulate the internalization of bacteria in the host cell, as well as the subsequent fusion of phagosomes and lysosomes. They are also implicated in intracellular signaling following bacterial internalization such as cytokine release, inflammatory responses and initiation of apoptosis of the infected cell (Maceyka and Spiegel, 2014). However, many bacterial pathogens have acquired the ability to counteract the cellular response and to change the sphingolipid balance of the cell they infect. The majority of these bacterial pathogens hijack different host cell factors to interfere with the sphingolipid signaling to their advantage. In contrast, a small number of them acquired the ability to produce enzymes that directly change the sphingolipid composition of host membranes in order to promote their colonization (Figure 1).



BACTERIAL PATHOGENS EXPLOIT AND HIJACK THE HOST CELL SPHINGOLIPID PATHWAY


Adhesion and Bacterial Uptake

The first critical step of hot-pathogen interaction is the bacteria-cell contact and eventually the entry of the pathogen into the host cell. Thus, bacterial pathogens may modulate membrane properties and signaling pathways to invade eukaryotic cells, therefore exploiting the sphingolipid pathway. In this context, one of the frequent targets of bacteria is the ASM that is known to participate in membrane reorganization and formation of ceramide-enriched platforms. Several bacterial pathogens have been shown to activate the ASM, a mechanism that promotes bacterial colonization. Furthermore, sphingosine has been shown to have antimicrobial properties as it inhibits growth and kills many Gram-positive and Gram-negative bacteria (Fischer et al., 2013). Thus decreasing sphingosine levels indirectly by activating ASM is beneficial for survival and replication of intracellular pathogens.

Pseudomonas aeruginosa, the primary cause of morbidity and mortality in patients with cystic fibrosis, is the bacterium for which the interaction with sphingolipids upon infection is the best studied (Teichgraber et al., 2008). In particular, P. aeruginosa infection triggers the activation of the ASM at the plasma membrane, with the subsequent production and release of ceramide that clusters at ceramide-enriched platforms required for bacterial internalization (Grassme et al., 2003). The increase of ceramide-enriched platforms induces a local accumulation of ß1-integrins that downregulate acid ceramidase expression, resulting in further accumulation of ceramide and consequently a reduction of surface sphingosine, a lipid that kills bacteria (Grassme et al., 2017).

Pathogenic Neisseria are Gram-negative pathogens that are able to bind mucosal surfaces by employing multiple strategies to interact with various cell receptors. Neisseria gonorrhoeae, the etiological agent of gonorrhea, and Neisseria meningitis, the major cause of meningitis and septicemia worldwide, are able to transiently activate the ASM to mediate the formation of ceramide-enriched platforms that favor bacterial infection. The internalization is mediated by outer membrane proteins, Opa and Opc, expressed by N. gonorrhoeae and N. meningitis, respectively. Opa is responsible for ASM activation by binding to the CEACAM receptor family (CD66) (Hauck et al., 2000), whereas Opc-expressing N. meningitidis induces ceramide-enriched platforms that serve to cluster the ErbB2 receptor underneath adherent bacteria (Simonis et al., 2014).

Staphylococcus aureus, a common commensal bacterium, but also an opportunistic pathogen that frequently causes different diseases, such as pneumonia, endocarditis, or toxic shock syndrome (Tong et al., 2015), also activates ASM. Recent studies have demonstrated that staphylococcal α-toxin is one of the factors mediating the activation of ASM and the release of ceramide via ADAM10, which is linked to the degradation of tight junctions (Becker et al., 2018). This mechanism reveals a central role for α-toxin and ASM in S. aureus infection, in particular in cystic fibrosis patients (Keitsch et al., 2018).

Clostridium botulinum C2 toxin, the binding component of the binary C2I/C2II toxin, induces a release of sphingomyelinase from lysosomes which leads to an increased level of ceramide that is responsible for the endocytosis of the toxin (Nagahama et al., 2017). Similar to C. botulinum, Clostridium difficile exploits the sphingolipid machinery to colonize the host cells as clostridium difficile toxin (CDT) causes actin ADP-ribosylation and a subsequent formation of microtubule-based membrane protrusions depending on sphingolipid-rich microdomains (Schwan et al., 2011).

The ASM is not the only sphingomyelinase playing a role in bacterial invasion as it has been shown that the neutral sphingomyelinase 2 (Nsm2) plays a role in the formation of granuloma induced by Mycobacterium tuberculosis in mice (Wu et al., 2018). Nsm2 is located in the inner leaflet of the plasma and Golgi membranes and has been shown to induce ceramide release upon several cellular and pathological processes (Shamseddine et al., 2015). Nsm2 is also a key factor for N. gonorrhoeae invasion, in particular strains expressing the major outer membrane protein PorB that binds the SREC-I receptor and triggers Nsm2 activation (Faulstich et al., 2015).

Several bacterial pathogens can directly use glycosphingolipids of the plasma membrane as receptors, in order to internalize into the target cell. In particular, lactosylceramide (LacCer) acts as a pattern recognition receptor (Nakayama et al., 2013). One example is M. tuberculosis, that can bind LacCer- enriched lipid rafts of human neutrophils via its membrane lipoarabinomannans (LAMs) to stimulate phagocytosis (Nakayama et al., 2016).

Glycosphingolipids are also exploited by bacterial toxins to translocate into target cells. It has been shown that globotriaosylceramide (Gb3), also known as CD77 or Pk blood group antigen, is the ligand of Escherichia coli shiga toxins (Lingwood et al., 2010) and lectin 1 (LecA), an outer membrane virulence factor of P. aeruginosa. In the case of shiga toxins, the receptor binding allows the toxin internalization and, once into the cell cytosol, the triggering of cell toxicity (Melton-Celsa, 2014), whereas LecA once it binds Gb3 triggers a signaling cascade through CrkII phosphorylation (Zheng et al., 2017). This interaction also promotes a cell membrane engulfment, that prompts P. aeruginosa uptake by host cells (Eierhoff et al., 2014).

Sphingomyelin is also required for entry of Helicobacter pylori, a gastric pathogen causing chronic infections that are a significant risk factor for the development of ulcer disease or gastric adenocarcinoma in epithelial cells. The secreted vacuolating cytotoxin (VacA) plays an important role in bacterial colonization and multiple putative VacA receptors have been reported (Foegeding et al., 2016). Between them sphingomyelin is essential for targeting VacA to membrane rafts and subsequent Cdc42-dependent pinocytic cellular entry (Gupta et al., 2010).



Phagolysosome Fusion and Formation of Intracellular Compartments for Bacterial Replication

An efficient host response to bacterial invasion consists in an appropriate fusion between phagosomes and lysosomes carrying the pathogens to elimination. Interestingly sphingolipids, and in particular ASM, play a role in mediating phagolysosome fusion and degradation of bacteria. In fact, a high susceptibility to bacterial infection of Listeria monocytogenes and S. aureus has been shown in ASM deficient models. The role of ASM in L. monocytogenes uptake and invasion has been shown both in cellular (macrophages) (Schramm et al., 2008), and in animal models (mice) (Utermöhlen et al., 2003).

Staphylococcus aureus infection causes the activation of CD44 receptor, which is stimulating ASM via the generation of reactive oxygen species (ROS), resulting in ceramide release and increased formation of ceramide-enriched domains after infection. These domains cluster and thereby amplify CD44 signaling resulting in further activation of the ASM providing a positive forward feedback loop between CD44 and the ASM. CD44 activation by S. aureus stimulates small G proteins, a reorganization of the cytoskeleton, internalization of the pathogen, and fusion of phagosomes with lysosomes, a process that requires again ASM (Li et al., 2017).

Mycobacterium tuberculosis is able to actively inhibit phagosome maturation by acting on sphingosine kinase 1. This pathogen inhibits both, the activation and the translocation of SK1 to block the cytosolic Ca2+ signaling, required for normal maturation of phagosomes (Thompson et al., 2005). In contrast to M. tuberculosis, Chlamydia trachomatis, a Gram-negative obligate intracellular pathogen responsible for trachoma and sexually transmitted diseases, develops, after binding and entry into target cells, a membrane-bound vacuole, termed inclusion that minimizes the interaction with immune defenses and other host-derived molecules. It has been shown that the inclusion membrane contains sphingomyelin (Hackstadt et al., 1996) and that C. trochomatis and Chlamydia psittaci actively redirect sphingomyelin biosynthesis at the inclusion membrane by recruitment of sphingomyelin synthases, a step strictly necessary for inclusion growth and stability (Elwell et al., 2011; Koch-Edelmann et al., 2017).



Signal Transduction, Apoptosis, and Autophagy

Sphingolipid turnover affects the intracellular trafficking of important membrane microdomains, impacting their associated receptors, transporters and the production of a cascade of products, each of which can interact with multiple intracellular targets (Ohanian and Ohanian, 2001). Several pathogens are able to modulate the cellular transduction during infection upon a direct targeting of sphingolipid enzymes. One example is the signaling pathway activated by sphingosine kinase 1 upon Mycobacterium smegmatis infection. Prakash et al. (2010) showed that sphingosine kinase 1 inhibition in infected macrophages leads to a decrease in anti-mycobacterial proteins-pp38 and iNOS, via dampened NF-kB and p38-MAPK activities. In a similar manner, specific activation of mitochondrial ASM by P. aeruginosa triggers the release of mitochondrial ceramide and the release of cytochrome-c from mitochondria, leading to cell death (Manago et al., 2015). Possibly this apoptotic process is mediated by the formation of ceramide channels in the mitochondrial outer membrane through which cytochrome c can exit mitochondria and activate apoptotic pathway (Ganesan et al., 2010).

Sphingolipids are well known in mediating key cellular processes, including autophagy (Bedia et al., 2011; Jiang and Ogretmen, 2014). Salmonella spp. is a food-borne Gram-negative entero-pathogen that remains a major public health problem word wide. After internalization, a type-III secretion system (T3SS) is necessary to remodel the phagosome into a Salmonella containing vacuole (SCV) where the bacterium replicates. Salmonella, depending on the stage of replication, can induce a suppression of autophagy, in order to enhance bacterial survival (Owen et al., 2014). This induction seems to be orchestrated by sphingolipid biomolecules, as inhibition of de novo sphingolipid synthesis leads to decreased Salmonella-induced autophagy (Huang, 2016).




BACTERIAL PATHOGENS MIMIC HOST SPHINGOLIPID ENZYMES

While most bacteria do not contain sphingolipids, some of them have evolved mechanisms by which they can utilize sphingolipids of the eukaryotic cells. Interestingly, certain bacterial pathogens encode enzymes implicated in the catabolic pathway of sphingolipids in the eukaryotic cells (Figure 1 and Table 1).

TABLE 1. Bacterial enzymes that mimic host sphingolipids.
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Examples are Bacillus cereus, a facultative anaerobic Gram-positive bacterium associated with food poisoning and nosocomial infections, S. aureus a Gram-positive facultative pathogen and Listeria Ivanovii, a ruminant pathogen. All three encode enzymes with a high degree of amino acid sequence homology that encode sphingomyelinase (Smase) activities. S. aureus ß-toxin confers to the bacterium its hemolytic and lympholytic activities (Herrera et al., 2017), whereas Bc-Smase, produced in large amounts by clinical isolates of B. cereus, enhances bacterial colonization by inducing clustering of ceramide and attenuation of membrane fluidity (Oda et al., 2012). L. ivanovii Smase, encoded by the smcL gene induces hemolysis and facilitates the disruption of the phagocytic vacuole thereby promoting intracellular survival and propagation (Gonzalez-Zorn et al., 1999).

Pseudomonas species are also known to express and secrete sphingolipid-metabolizing enzymes. P. aeruginosa encodes a sphingomyelin synthase, PlcH, which specifically recognizes the choline head-group of sphingomyelin as well as the primary hydroxyl group of ceramide (Luberto et al., 2003) and its gene expression is strictly regulated by cellular amounts of sphingolipids (Okino and Ito, 2016). Furthermore, P. aeruginosa seems also to be able to hydrolyze ceramide as an alkaline ceramidase (Cdase) has been characterized from the P. aeruginosa strain AN17 isolated from the skin of a patient with atopic dermatitis (Okino et al., 1998). Enzymatic characterization of the P. aeruginosa Cdase showed that it can be inhibited by sphingosine and by sphingosine analogs, but not by typical mammalian Cdase inhibitors. This suggests that the bacterial Cdase has a novel active site and/or substrate-binding region (Nieuwenhuizen et al., 2002).

Mycobacterium tuberculosis encodes a sphingomyelinase, SpmT, that is a cell-surface exposed protein, anchored in the outer membrane, that possesses a strong sphingomyelinase activity which is required for bacterial growth and nutrient acquisition (Speer et al., 2015). The hydrolyzed products, ceramide and phosphocholine, are utilized by M. tuberculosis as source of carbon, nitrogen and phosphorous, respectively, explaining the stimulating activity of sphingomyelin on bacterial growth described in the past (Dubos, 1948).

Burkholderia pseudomallei and Burkholderia thailandensis, two closely related intracellular Gram-negative pathogens found in soils and water, encode SPL like proteins (Custodio et al., 2016). B. pseudomallei, the causative agent of melioidosis, is able to invade, survive and replicate in both phagocytic and non-phagocytic cells, whilst B. thailandensis, although it displays a similar intracellular phenotype, exhibits an attenuated form of the disease (Lennings et al., 2018). Custodio et al. (2016) showed that orthologs Burkholderia SPL proteins possess SPL activity and that they play a critical role in virulence. In addition, treatment of Burkholderia-infected macrophages with exogenous SPL-receptor agonists enhances their bactericidal activity (Custodio et al., 2016).

A striking example of a bacterial pathogen encoding sphingolipid enzymes is Legionella pneumophila, a Gram-negative intracellular bacterium responsible for Legionnaire’ disease, a severe pneumonia that is often fatal when not treated rapidly (Steinert et al., 2007). Shortly after its discovery in 1977, it has been shown that L. pneumophila is pathogenic for freshwater and soil amoebae (Rowbotham, 1980), leading to the new perception in microbiology, whereby bacteria that parasitize protozoa can utilize similar processes to infect human cells (Escoll et al., 2013). Genome analyses uncovered that the ability of Legionella to infect eukaryotic cell is partly due to the acquisition of eukaryotic gene functions from their protozoan hosts due to the Legionella-protozoa coevolution (Nora et al., 2009; Gomez-Valero and Buchrieser, 2013). Interestingly, L. pneumophila has been shown to encode for at least three proteins mimicking the host sphingolipid pathway (Cazalet et al., 2004): a sphingomyelinase, a sphingosine kinase and a sphingosine-1-phosphate lyase (Rolando et al., 2016a).

Till now only the sphingosine-1-phosphate lyase has been characterized functionally (Khweek et al., 2013; Rolando et al., 2016b). Indeed, Legionella SPL is encoded by all L. pneumophila strains analyzed, but Legionella Longbeachae, and is highly homologous to the eukaryotic SPL (Gomez-Valero and Buchrieser, 2019). The secreted protein effector (named LpSpl and LegS2 in L. pneumophila strains Paris and Philadelphia, respectively) possesses SPL activity and triggers the reduction of several sphingolipids in infected host cells. Thus, LpSPL alone is sufficient to prevent an increase in sphingosine levels in infected cells in order to inhibit autophagy during infection (Rolando et al., 2016b). This strategy allows the bacterium to counteract the host cell response and to facilitate intracellular growth.



CONCLUSION AND OUTLOOK

Several bacterial pathogens have been shown to actively modulate the sphingolipid pathway of their host cells to promote cellular colonization. Among the different strategies employed one of the commonly targeted activity is that of the acid sphingomyelinase (ASM), which can be regulated by bacterial virulence factors. ASM activation leads to an increase of the membrane levels of ceramide resulting in the formation of ceramide-enriched membrane platforms. These structures form a unique microenvironment with biophysical properties that allow them to trap and cluster receptor molecules and intracellular signaling molecules, thereby permitting and amplifying signal transduction. Thus, ceramide acts by re-organizing molecules in cells and in that way bacteria can regulate their internalization in the host cell, the subsequent cytokine release and inflammatory response or the regulation of cell death (Gulbins et al., 2004). This specific ASM activation is driven not only by secreted virulence factors and toxins, but also by the bacterial lippopolysaccaride (LPS) itself. Indeed, the exposure of diverse cell types to LPS induces an activation of ASM and a release of ceramide.

Sphingolipids play also an important role in respiratory tract infections, as they are one of the active constituents of the mucus secreted by the alveolar epithelium, which protects the lung tissue from invading pathogens. A large number of intermediate metabolites in the mucus are secreted by the alveolar epithelium where they act as surfactants and maintain the barrier integrity. Thus, the sphingolipid balance plays an additional role in lung infection diseases. Sphingolipids, in particular ceramide and sphingosine, are in particular important in lung antibacterial defense (Seitz et al., 2015). It is thought, that in healthy individuals the constitutive presence of sphingosine in upper airway cells helps to eliminate pathogens that become highly infective in diseased lungs, e.g., cystic fibrosis, where the concentrations of both sphingosine and ceramide are altered (downregulated and upregulated, respectively). Indeed, the normalization of the lipid levels in a mouse model of cystic fibrosis was shown to be sufficient to prevent infections (Pewzner-Jung et al., 2014).

These observations point to a possible antibacterial effect of sphingolipids which could perhaps be exploited in times where antibiotic resistance has become a severe threat to global public health and it has become highly important to identify novel therapeutic targets to fight bacterial infections. Antibacterial activity of diverse sphingolipids has been shown in several types of bacterial infections and thus they are a potential new tool to fight them (Baker et al., 2018).

Actually, sphingosine has been shown to prevent P. aeuroginosa and S. aureus infections in mice (Pewzner-Jung et al., 2014; Tavakoli Tabazavareh et al., 2016). At present it is unknown how it is able to kill pathogens, however, recent findings suggest that it can cause ultrastructural damages, both extracellularly and intracellularly (Fischer et al., 2013). Resistant S. aureus strains, in particular methicillin-resistant S. aureus strains, have become an important clinical problem and are recognized as serious threats in communities and hospitals worldwide (Grundmann et al., 2006). It is thus crucial to find new therapeutic strategies and to provide alternatives to existing approaches. One possibility could be the combination of antibiotics with new target drugs as, for example, a specific inhibitor of the sphingolipid catabolic pathway. Peng et al. (2015) showed that ASM inhibition successfully rescues mice from the lethality of S. aureus infection.

It has also been suggested that sphingosine possesses an anti-biofilm activity by inhibiting bacterial adherence of Streptococcus mutans, a highly cariogenic bacterium (Cukkemane et al., 2015). An antibacterial activity has been shown also for ceramide, that has been proven to actively kill pathogenic Neisseriae, likely by causing dissipation of the membrane potential (Becam et al., 2017). In addition to ceramide and sphingosine, other sphingolipid metabolites, in particular S1P may offer therapeutic benefits when managing bacterial diseases. S1P has been shown to increase intracellular killing of M. tuberculosis by macrophages (Garg et al., 2004), as well as to reduce neonatal death associated with pertussis infections (Scanlon et al., 2015). As sphingolipids play important roles in controlling infection, future research to get a deeper insight in their functioning and the different signaling roles might allow to develop new strategies to fight bacterial pathogens. However, it would also be very interesting to study in depth how bacterial pathogens may exploit sphingolipids to their own advantage. Indeed, as discussed in this review, several intracellular pathogens that live in close contact with eukaryotic hosts have evolved strategies allowing them to mimic their functions and thereby to promote their intracellular replication. One example is L. pneumophila, a bacterium that has acquired several eukaryotic-like proteins in its effector arsenal among which are three enzymes that share activities of eukaryotic enzymes that act in the sphingolipid degradation pathway. However, many other intracellular pathogens, such as Coxiella, Brucella, or Chlamydia may encode among the many effectors for which the functions are not known yet, effectors mimicking or targeting the sphingolipid pathway. Their identification and characterization would help to not only better understand the bacterial strategy, but probably also new cellular pathways regulated by the sphingolipid bioactive molecules.
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Neisseria meningitidis (meningococcus) is a Gram-negative bacterium responsible for epidemic meningitis and sepsis worldwide. A critical step in the development of meningitis is the interaction of bacteria with cells forming the blood-cerebrospinal fluid barrier, which requires tight adhesion of the pathogen to highly specialized brain endothelial cells. Two endothelial receptors, CD147 and the β2-adrenergic receptor, have been found to be sequentially recruited by meningococci involving the interaction with type IV pilus. Despite the identification of cellular key players in bacterial adhesion the detailed mechanism of invasion is still poorly understood. Here, we investigated cellular dynamics and mobility of the type IV pilus receptor CD147 upon treatment with pili enriched fractions and specific antibodies directed against two extracellular Ig-like domains in living human brain microvascular endothelial cells. Modulation of CD147 mobility after ligand binding revealed by single-molecule tracking experiments demonstrates receptor activation and indicates plasma membrane rearrangements. Exploiting the binding of Shiga (STxB) and Cholera toxin B (CTxB) subunits to the two native plasma membrane sphingolipids globotriaosylceramide (Gb3) and raft-associated monosialotetrahexosylganglioside GM1, respectively, we investigated their involvement in bacterial invasion by super-resolution microscopy. Structured illumination microscopy (SIM) and direct stochastic optical reconstruction microscopy (dSTORM) unraveled accumulation and coating of meningococci with GM1 upon cellular uptake. Blocking of CTxB binding sites did not impair bacterial adhesion but dramatically reduced bacterial invasion efficiency. In addition, cell cycle arrest in G1 phase induced by serum starvation led to an overall increase of GM1 molecules in the plasma membrane and consequently also in bacterial invasion efficiency. Our results will help to understand downstream signaling events after initial type IV pilus-host cell interactions and thus have general impact on the development of new therapeutics targeting key molecules involved in infection.

Keywords: Neisseria meningitidis, sphingolipids, gangliosides and lipid rafts, super-resolution microscopy, single-molecule tracking


INTRODUCTION

The obligate human pathogenic Gram-negative bacterium Neisseria meningitidis can cause epidemic meningitis and in severe cases sepsis and progressing fatal shock (Stephens et al., 2007). In healthy individuals the meningococci may reside as commensal organisms in the nasopharynx without affecting the host (Yazdankhah and Caugant, 2004). Under certain circumstances, the bacteria can enter the bloodstream and adhere to endothelial cells of blood microvessels, also known as vascular colonization (Melican and Dumenil, 2012) leading to inflammatory processes and disruption of the blood-cerebrospinal fluid barrier, a crucial step in disease progression into meningitis (reviewed in Lemichez et al., 2010). The initial process of bacterial adhesion to brain endothelial cells is mediated by type IV pili and its adhesion receptor CD147 on the host cell (Bernard et al., 2014).

Recently, super-resolution microscopy by direct stochastic optical reconstruction microscopy (dSTORM) (Heilemann et al., 2008) demonstrated that N. meningitidis binding to endothelial cells requires CD147/β2-adrenergic receptor clustering at bacterial adhesion sites (Maïssa et al., 2017). Here, the assembly of plasma membrane receptors might serve as platform to support host-pathogen interactions. However, the molecular process of subsequent barrier-crossing is still under debate. Besides the investigated loosening of endothelial tight junctions (Coureuil et al., 2009; Schubert-Unkmeir et al., 2010) there is evidence that meningococci may use transcytotic pathways to enter perivascular tissues (Nikulin et al., 2006; Sutherland et al., 2010). Since signaling and interactions of CD147 is dependent on plasma membrane cholesterol (Wu et al., 2017) and ganglioside-enriched lipid rafts (Li et al., 2013) downstream rearrangement of the plasma membrane might facilitate bacterial invasion of cells.

Indeed, recent data suggests meningococcal type IV pili dependent binding to gangliosides (Mubaiwa et al., 2017), which has already been known for several pathogens colonizing the respiratory tract (Krivan et al., 1988). Glycosphingolipids in general are important host cell targets for a plenitude of pathogens such as fungi, bacteria, and viruses (Nakayama et al., 2018). They are composed of complex, highly variable glycan moieties linked to a lipophilic ceramide backbone with extensive molecular heterogeneity (Lingwood, 2011). Two well studied glycosphingolipids with receptor functions are the monosialotetrahexosylganglioside GM1, a prototype ganglioside, and the globotriaosylceramide Gb3, which both interact with protein receptors within lipid rafts to generate signaling platforms (Mutoh et al., 1995; Ichikawa et al., 2009; Lingwood et al., 2010; Prasanna et al., 2016).

Besides its importance in neuronal plasticity, GM1 can be targeted by Simian virus 40 (Tsai et al., 2003), Brucella suis (Naroeni and Porte, 2002), Cholera toxin B subunit (Cuatrecasas, 1973), Escherichia coli enterotoxin (Hyun and Kimmich, 1984), and Vibrio cholerae enterotoxin (Otnaess et al., 1983). Gb3, also known as CD77, is a marker for B cells entering apoptosis, but is also exploited by the Human Immunodeficiency Virus (HIV), or Shiga Toxin from Shigella dysenteriae (Lindberg et al., 1987; Mangeney et al., 1991; Hammache et al., 1999). Interestingly, the two glycosphingolipids are differentially expressed depending on the cell-cycle with an upregulation of GM1 in G0/G1 phase and increased expression of Gb3 in G2/M phase (Majoul et al., 2002).

Here, we first set out to investigate the mobility of CD147 upon N. meningitidis infection by single-molecule tracking experiments. Next, we investigated the role of the two sphingolipids GM1 and Gb3 during infection with N. meningitidis using fluorescently labeled CTxB and STxB subunits, respectively. Super-resolution microscopy by structured illumination microscopy (SIM) (Gustafsson, 2000) and direct stochastic optical reconstruction microscopy (dSTORM) (Heilemann et al., 2008; van de Linde et al., 2011) shows GM1 accumulation around meningococci highlighting their significant importance for bacterial invasion.



MATERIALS AND METHODS


Bacterial Strains

Neisseria meningitidis strain MC58 was used in this study as a representative strain. Strain MC58 is a serogroup (Sg) B strain of the sequence type (ST)-74 (ST-32 clonal complex [cc]), which was isolated in 1983 in the United Kingdom and was kindly provided by E. R. Moxon (McGuinness et al., 1991). N. meningitidis strain 8013 (clone 12, also designated 2C43) was used for the preparation of the pili enriched fraction (PeF). This strain is a piliated capsulated Opa-, Opc- variant of the serogroup C meningococcal clinical isolate 8013 (ST-77/ST-8 clonal complex (cc), Institut Pasteur, 1989) and was kindly provided by M. Taha (Nassif et al., 1993). N. meningitidis strains were grown overnight on Columbia blood agar plates (bioMérieux) at 37°C and 5% CO2 in a humidity incubator and cultured on the next day in PPM + medium (proteose-peptone medium supplemented with 1× Kellogg’s supplement, 0.01 M MgCl2 and 0.005 M NaHCO3).



Cell Culture

Immortalized human brain microvascular endothelial cells (HBMEC) were kindly provided by K. S. Kim (Stins et al., 1997) and were cultured as described previously (Unkmeir et al., 2002). Briefly, cells were cultured in RPMI-1640 medium supplemented with 1% sodium pyruvate (1 mM), 1% L-glutamine (2 mM), 1% non-essential amino acids (all purchased from GE Healthcare, Little Chalfont, United Kingdom), 5 U/ml heparin (Biochrom, Berlin, Germany) and 30 μg/ml endothelial cell growth supplement (ECGS, CellSystems, Troisdorf, Germany). Cells were incubated at 37°C and 5% CO2 in a humidified atmosphere.



Infection Assays

Adhesion and invasion was determined by using the gentamicin protection assays as described elsewhere (Simonis et al., 2014). Briefly, cells between the 10th and 25th passages were used for infection assays at a density of 4 × 105 cells/well. Cell medium was changed to infection medium [RPMI + 10% human serum (HS)] and cells were infected with MC58 at a multiplicity of infection (MOI) of 100 for 4 h. If indicated, cells were pre-incubated with 6.6 μg/ml CTxB in RPMI for 30 min prior to the medium change. To determine the number of adherent bacteria, cells were washed three times with phosphate buffered saline (PBS), to remove unbound bacteria, and afterward incubated with 1% saponin in RPMI to lyse the cells. Then, the cell-lysates were collected, diluted and plated on blood agar plates. To determine invasive bacteria, cells were handled similar to the adherent set with the exception of an additional incubation of the cells with gentamicin (200 μg/ml) for 2 h prior to the saponin treatment to kill all extracellular bacteria.



Immunofluorescence and Fluorescence Microscopy

HBMEC were seeded onto 0.2% gelatine coated 8-well chamber slides (Sarstedt) at a density of 2 × 104 cells/well and incubated for at least 24 h. To avoid possible interference of labeled CD147 receptors with the coating during single-molecule tracking, HBMEC were seeded onto KOH cleaned 8-well glass instead. Following infection with the indicated bacterial strain, cells were fixed with 2% formaldehyde and 0.2% glutaraldehyde for 15 min and washed. Labeling was performed with CTxB and/or STxB (Sigma-Aldrich, custom conjugated to Alexa Fluor 647 or Alexa Fluor 555) at a concentration of 5 μg/ml for 1 h. Alternatively, cells were incubated over night with Alexa Fluor 488 phalloidin as recommended by standard protocols (Thermo Fisher Scientific). To immobilize the toxin subunits, cells were again fixed by 2% formaldehyde and washed with PBS before dSTORM imaging. Samples were embedded in prolong glass antifade mountant for SIM (Zeiss Elyra S.1) or covered with switching buffer (100 mM Cysteamine in PBS, pH 7.7) for dSTORM. Imaging conditions and microscope setups were used as previously described (Burgert et al., 2017). Reconstruction from the raw data was performed with ThunderSTORM (Ovesný et al., 2014) or Zeiss ZEN software for dSTORM and SIM, respectively. Spatial analysis of localization data was done with custom-made Python software. Ripley’s h function was computed and analyzed as described in Burgert et al. (2017). Ripley’s h function (Kiskowski et al., 2009) was computed for experimental and simulated data. Synthetic data with a localization density and region equal to the experimental data was prepared from a homogeneous point process of complete spatial randomness and from a clustered Neyman-Scott point process in which parent localizations are homogeneously distributed and accompanied by normal-distributed child localizations. The number of child localizations is Poisson distributed with a mean equal to the number of localizations per cluster as found for the experimental data sets. The standard deviation of the normal distribution is set to 8 nm resembling the localization precision. Ripley’s h function was computed 100 times from 200 random data points in order to estimate the variance.



Single-Molecule Tracking

To perform single-molecule tracking, the non-competitive monoclonal CD147 antibody (clone: MEM-M6/1, Biorad) was directly coupled to the amine-reactive dye SeTau-647-NHS (SETA Biomedicals) to obtain a degree of labeling of 1.7. After purification by size-exclusion (Zeba spin desalting columns 40K MWCO Thermo Fisher Scientific) HBMEC were labeled with 0.17 nM antibody solution for 5 min at 37°C and washed twice before imaging in FluoroBrite DMEM media (Thermo Fisher Scientific). If stated, HBMEC were incubated for 30 min with 10 μg/ml MEM-M6/6 CD147 antibody or 2 μg PeF/well before labeling with MEM-M6/1 antibody. Imaging was performed at the setup described in the microscopy methods section with exposure time 20 ms for a total acquisition time of 100 s. Spot detection was performed by fitting with ThunderSTORM (Ovesný et al., 2014) and tracks generated and filtered for minimal track length of 20 frames with the Python implementation of the Crocker-Grier (Crocker and Grier, 1996) algorithm Trackpy (Allan et al., 2016). Mean squared displacements of each measurement were calculated and the resulting ensemble MSD was fit with a power law (Manzo and Garcia-Parajo, 2015; Shen et al., 2017), MSD(τ) = αtn, yielding the distribution of the generalized diffusion constant [α] and anomalous exponent [n].



G1 Synchronization of HBMEC

G1 synchronization was performed using the method of serum starvation. 24 h prior to the experiment, HBMEC growth medium was removed and cells were washed once with PBS. Afterward, RPMI was added and the cells were further incubated as mentioned bevor. The cell population shift was controlled by propodium iodid (PI) staining. For that, cells were washed once with PBS and harvested in Eppendorf tubes. Afterward cells were washed three times with PBS, fixed in 3.7% formaldehyde for 30 min on ice and permeabilized with 0.25% Triton X-100 in PBS on ice. Cells were then stained with 10 μg/ml PI + 25 μg/ml RNase and incubated for 30 min at room temperature in the dark and immediately analyzed afterward. 10,000 cells were analyzed using the FACSCaliburTM flow cytometer (BD Bioscience) and data were analyzed and graphed using FlowJo v10 (FlowJo, LLC). The gating strategy for G1, S, and G2 phase is shown in Supplementary Figure S5B.



Flow Cytometry

Three days prior to the experiment, 1.25 × 105 cells/ml were seeded in a 24-well plate and grown to approximately 1 × 106 cells/ml. On the day of the infection experiment, cell medium was replaced by RPMI + 10% HS. Cells were infected with bacteria for 4 h. After infection, cells were washed once with PBS, trypsinized and harvested in an Eppendorf tube. After washing with ice cold FACS buffer (5% FCS in PBS), cells were incubated with Alexa Fluor 647 labeled CTxB for 30 min at room temperature in the dark. After incubation, cells were washed three times with FACS buffer and fixed in 3.7% paraformaldehyde in PBS for 30 min at 4°C. Afterward, cells were washed three times with FACS buffer and 500 μl were transferred into a FACS-tube for the measurement. 10,000 cells were analyzed using the FACSCaliburTM flow cytometer (BD Bioscience) and data were analyzed and graphed using FlowJo v10 (FlowJo, LLC).



Preparation of Pilus Enriched Fractions (PeF)

Pilus enriched fractions (PeF) were prepared as described previously (Peters et al., 2019). The bacterial content of 50 blood agar plates was harvested in 40 ml of 0.15 M ethanolamine (in PBS) with a pH of 10.5. Pili were sheared of by intensive vortexing for 2 min followed by centrifugation at 12.000 × g for 10 min at room temperature to remove cellular debris. The supernatant was used for an additional centrifugation step at 21.000 × g for 90 min to remove smaller debris. Then, the supernatant was transferred to an Erlenmeyer flask and ammonium sulfate saturated 0.15 M ethanolamine was added to a concentration of 10% and was incubated under continuous shacking for 30 min at room temperature. The protein-ammonium sulfate precipitate was then harvested by centrifugation at 21.000 × g for 15 min. The supernatant was discarded and the pellet was re-suspended in 0.05 M Tris buffer saline (TBS) pH 7.5. Protein solutions were then applied to a 6 ml Viva Spin column with a 7 kDa molecular weight cut of (MWCO) and were centrifuged at 4000 × g at room temperature until the volume reaches 1 ml. To clean the sample, TBS was added again to 6 ml followed by centrifugation as mentioned above.



Statistical Analysis and Data Visualization

Statistical analysis was performed by either unpaired two-tailed Student’s t-test or analysis of variance (ANOVA) test followed by a post hoc test. Significance values are indicated by asterisks: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ****P < 0.0001. Normality was tested using the Kolmogorov–Smirnov test. Data was visualized as box plots showing the interquartile range (IQR) of the data with median as line and mean as square. The whiskers represent the lowest and highest value within 1.5 IQR of the lower and upper quartile, respectively. Outliers are shown as filled squares outside the IQR box.




RESULTS


Single-Molecule Tracking Reveals Modulation of CD147 Receptor Mobility Upon Interaction

It has been shown that CD147 and β2-adrenergic receptor (ß2AR) are organized in pre-existing complexes at the plasma membrane of endothelial cells, which accumulate at sites of meningococcal adhesion (Maïssa et al., 2017). This local enrichment of CD147-ß2AR complexes in the plasma membrane possibly allows bacteria to adhere to vascular walls in vivo and resist hemodynamic forces of blood flow. Since accumulation of receptors at bacterial adhesion sites requires a high mobility in the plasma membrane we performed live-cell single-molecule tracking experiments of CD147 under various experimental conditions using an N-terminal binding monoclonal antibody (MEM-6/1) directly conjugated to the photostable fluorescent dye SeTau-647 (Tsunoyama et al., 2018). In contrast to the membrane-proximal binding monoclonal antibody MEM-6/6 (Figure 1A) MEM-6/1 does not compete with the binding site of type IV pili as demonstrated by single-molecule tracking experiments of human brain microvascular endothelial cells (HBMEC) pretreated with saturating concentrations of pilus enriched fraction (PeF) (Figure 1A and Supplementary Figure S1; Bernard et al., 2014). Pretreatment with saturating PeF concentration did significantly reduce the number of accessible MEM-M6/1 epitopes during individual single-molecule tracking experiments (Supplementary Figure S1).
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FIGURE 1. Single-molecule tracking of CD147 on HBMEC using monoclonal antibodies. (A) CD147 is a single pass membrane protein with two extracellular Ig-like domains. The N-terminal IgC2 domain is recognized by the MEM-M6/1 antibody which was conjugated to the photostable dye SeTau-647 (Tsunoyama et al., 2018) and used for single-molecule tracking. The membrane proximal IgI domain is the binding site for MEM-M6/6 and type IV pili of N. meningitidis. (B) Example of CD147 single-molecule tracks. SeTau-647 coupled MEM-M6/1 is depicted in cyan with corresponding local tracks in yellow. Overlay was created with the Fiji (Schindelin et al., 2012) plugin TrackMate (Tinevez et al., 2017). Scale bar, 1 μm. (C) The diffusion coefficient of CD147 is reduced upon pretreatment with 10 μg/ml MEM-M6/6 and hardly affected by PeF treatment. Values represent individual single-molecule tracking experiments. (D) The anomalous diffusion exponent is not affected by MEM-M6/6 treatment but increases slightly upon PeF treatment. Significance values are indicated by asterisks: ∗P < 0.05; ∗∗P < 0.01; ∗∗∗∗P < 0.001; ∗∗∗∗∗∗P < 0.0001.



Using SeTau-647 labeled MEM-6/1 antibodies we followed CD147 on the basal plasma membrane of human brain microvascular endothelial cells (HBMEC) for a duration of 100 s with a time resolution of 20 ms using total internal reflection fluorescence (TIRF) microscopy (Figure 1B and Supplementary Video S1). For quantification of diffusion dynamics, we analyzed the mean square displacement (MSD) and fitted it with a power law (Manzo and Garcia-Parajo, 2015; Shen et al., 2017):
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Treatment of HBMEC with the competitive MEM 6/6 antibody reduced the generalized diffusion constant α (Figure 1C) as well as the number of localized CD147 molecules (Supplementary Figure S1) whereas the anomalous diffusion exponent n remained unaltered (Figure 1D). Addition of meningococcal PeF before (pre-treated) and after labeling (post-treated) increased α and n only slightly (Figures 1C,D) demonstrating that PeF does not significantly change the mobility of the neisserial type IV pili receptor CD147. Still, the slight changes in mobility observed may indicate cytoskeletal rearrangements of the plasma membrane sphingolipid organization. Indeed a recent study revealed an increase in ceramide-rich platforms upon treatment of HBMEC with type IV pili (Peters et al., 2019). Therefore, we investigated the distribution and localization of the native glycosphingolipids GM1 and Gb3 by super-resolution microscopy.



Rearrangement of Plasma Membrane Sphingolipids During Meningococcal Infection

To investigate possible changes in lipid organization upon meningococcal adhesion we visualized the distribution of the two sphingolipids GM1 and Gb3 in the plasma membrane of brain endothelial cells using the cholera toxin B (CTxB) and shiga toxin B (STxB) subunit, respectively. Two-color confocal laser scanning images of HBMEC show that GM1 and Gb3 exhibit cell-cycle dependent expression rates (Figure 2A), only in S phase both sphingolipids are expressed and simultaneously detectable in the plasma membrane (Majoul et al., 2002). Corresponding dSTORM images show that GM1 and Gb3 are homogeneously distributed throughout the plasma membrane of HBMEC (Figures 2B–D) without clear indication of clustering (Supplementary Figure S2). Analysis of the spatial distribution of localization data by Ripley’s h function indicates merely clusters on length scales similar to the dSTORM localization precision (∼8 nm). These clusters originate from repeated detection of fluorophores on each toxin subunit. The number of localizations per cluster (as quantified by the DBSCAN clustering algorithm) follows the degree of labeling of pentameric CTxB (0.9) and STxB (0.5). The same observations were made on toxin subunits unspecifically bound to the glass surface (Supplementary Figure S3).
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FIGURE 2. Visualization of sphingolipids GM1 and Gb3 in the plasma membrane of brain endothelial cells. (A) Confocal laser scanning microscopy images of GM1 (magenta) and Gb3 (green) labeled with CTxB-Alexa Fluor 647 (magenta) and STxB-Alexa Fluor 555 (green), respectively. Scale bar, 20 μm. (B) 2D dSTORM images of GM1 labeled with CTxB-Alexa Fluor 647, and (C) Gb3 labeled with STxB-Alexa Fluor 647 showing a homogeneous distribution of the two sphingolipids in the plasma membrane of HBMEC. Scale bar, 5 μm. (D) Expanded views of the white boxed regions showing homogeneous distributions of CTxB (D) and STxB (E). Both regions are representative areas which were used for cluster analysis by Ripley’s h function (Supplementary Figure S2). Scale bar 2 μm.



Upon infection of cells with N. meningitidis the plasma membrane distribution of Gb3 remained unchanged (Figures 3A,B). In contrast GM1 showed a remarkable increase in fluorescence intensity around adhesive meningococci on the plasma membrane of HBMEC (Figure 4A). dSTORM images of CTxB labeled HBMEC in the presence of meningococci were recorded from an axial plane slightly above the equatorial plane under epi-illumination to ensure imaging of a large part of the cellular plasma membrane with adhesive bacteria (Figure 4B). Our data clearly demonstrate strong accumulation of the ganglioside GM1 around adhesive bacteria (Figure 4B) whereas uninfected HBMEC show a homogeneous distribution of GM1 in the plasma membrane (Figure 2). To exclude non-specific binding of CTxB and STxB to meningococci, bacteria were seeded onto glass without HBMEC, labeled and imaged by dSTORM. The corresponding images show that the two sphingolipids do not bind non-specifically to meningococci (Supplementary Figure S3).


[image: image]

FIGURE 3. Fluorescence microscopy of Gb3 in the plasma membrane of brain endothelial cells during N. meningitidis infection. (A) Confocal laser scanning microscopy of HBMEC labeled with STxB-Alexa Fluor 555 (magenta) and infected with GFP expressing N. meningitidis (green). No accumulation of Gb3 was observed at invasion sites. Scale bar, 5 μm. (B) Super-resolution dSTORM image showing that the distribution of Gb3 in the plasma membrane of HBMEC does not change upon infection with meningococci (green). Gb3 was labeled with Alexa Fluor 647 conjugated STxB (red). The diffraction limited GFP signal was upscaled for the overlay. Same imaging and analysis parameters were used for the dSTORM image as in Figure 2. Scale bar, 5 μm.




[image: image]

FIGURE 4. Fluorescence imaging of GM1 in HBMEC upon infection with GFP expressing N. meningitidis. (A) Widefield fluorescence images of meningococci (green) and GM1 labeled with Alexa Fluor 647 CTxB (magenta). Scale bar, 5 μm. (B) dSTORM image showing strong accumulation of GM1 around infection sites. The lower right corner shows a schematic model illustrating the mode of imaging. Adherent HBMEC were irradiated by epi-illumination. Detection was performed in an axial plane ensuring the imaging of a substantial part of the plasma membrane (light blue area). The axial area captured by the 2D dSTORM image is determined to approximately 800 nm by the blurring of the point spread function above and below the imaging plane and data analysis parameter. Scale bar 1 μm.



Next, we tested if CD147 and actin as highly conserved key cytoskeletal protein involved in organization of the plasma membrane, colocalize with GM1 and accumulate around meningococci adhesion sites on the plasma membrane of HBMEC (Coureuil et al., 2010; Maïssa et al., 2017). However, SIM images show strong colocalization of the adhesion receptor CD147 and actin but no enrichment or morphological change at invasion sites of bacteria (Supplementary Figure S4).



Increased Bacterial Invasion Upon G1 Phase Arrest and GM1 Upregulation

Since the expression of GM1 and Gb3 is highest in G1 and G2 phase of the cell cycle, respectively (Majoul et al., 2002) we next investigated cell cycle dependent effects on the adhesion and invasion efficiency of N. meningitidis. Serum starvation 24 h before the experiment caused a significant increase of HBMEC residing in G1 phase as demonstrated by PI staining of the DNA and flow cytometry analysis (Supplementary Figures S5A,B). Simultaneously the concentration of ganglioside GM1 present in the plasma membrane in G1 phase increased substantially (Supplementary Figure S5C).

Interestingly, infection of G1 phase arrested cells caused an even more pronounced increase of GM1 levels present in the plasma membrane of HBMEC (Supplementary Figure S5C). To analyze effects of increased GM1 levels during G1 phase on bacterial adhesion and invasion we performed gentamicin protection assays to estimate the number of adherent or invasive bacteria by counting of residual bacterial colonies. Here, bacterial adhesion was neither influenced by serum starvation of host cells nor blocking of GM1 by unlabeled CTxB (Figure 5B). In contrast, invasion of HBMEC by meningococci was significantly increased in synchronized cells and this effect could be abolished by blocking of GM1 (Figure 5A).
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FIGURE 5. Adhesion and invasion efficacy of N. meningitidis upon cell cycle arrest of HBMEC in G1 phase and CTxB pre-treatment. (A) The number of invasive meningococci was determined by gentamicin protection assays. Here, all extracellular bacteria were killed by incubation for 2 h in gentamicin solution and intracellular bacteria counted. Non-synchronized or G1 synchronized cells were preincubated with 6.6 μg/ml CtxB for 30 min at 37°C (if indicated) and afterward infected with MC58 for 4 h with a MOI of 100. (B) The number of adhesive bacteria was determined by counting of residual meningococci colonies after thorough washing and lysis of HBMEC.






DISCUSSION

Single-molecule tracking enables the observation of highly dynamic processes from viral cell entry mechanisms (Ruthardt et al., 2011) to ligand-binding (Yanagawa et al., 2018) at high spatiotemporal resolution. Upon ligand-binding and subsequent activation, receptors typically undergo conformational changes and/or changes in oligomerization states, which is often accompanied by reduced mobility resulting in decreased diffusion coefficients (Chung et al., 2010; Yanagawa et al., 2018). In this study, we could show that the presence of a PeF alone did not significantly change the diffusion coefficient of neisserial type IV pilus receptor CD147. Rather, our data indicate a slightly altered type of mobility toward normal diffusion which might indicate cytoskeletal rearrangements or modulation of the plasma membrane lipid environment. Interestingly, addition of the monoclonal M6/6 antibody before single-molecule tracking experiments resulted in a strong decrease in the number of M6/1 antibodies bound on the plasma membrane.

Since both antibodies are capable to bind to monomeric and dimeric CD147 molecules (Koch et al., 1999) M6/6 antibody-induced clustering resulting in a reduced M6/1 antibody epitope accessibility can be excluded as explanation. Instead, the following hypotheses seem to be more plausible. Binding of M6/6 to the membrane proximal Ig-like domain might activate the receptor and induce the local production of matrix metalloproteinases leading to subsequent receptor shedding. Indeed, CD147-induced expression of matrix metalloproteinases results in proteolytic cleavage of membrane-associated CD147 and an increase of its soluble form (Tang et al., 2004). Additionally, the diffusion coefficient of CD147 was significantly reduced upon M6/6 antibody binding indicating that activation of CD147 reduces its mobility in the plasma membrane (Figure 1C). Notably, the M6/6 antibody has unique properties and can inhibit OKT3-induced T cell proliferation (Koch et al., 1999) or modulate multidrug resistance (Somno et al., 2016). This implies that CD147 signaling might influence plasma membrane organization and promote immobilization of the receptor. For this reason, following studies should dissect effects introduced by specific binding characteristics of the antibodies by using monovalent Fab fragments.

In contrast, addition of PeF did slightly increase the mobility of CD147 receptors (Figure 1D) although neisserial type IV pili and the M6/6 antibody compete for the same binding site (Bernard et al., 2014). In general, the affinity of the PilE and PilV monomers to CD147 is low and the need for multimeric organization as type IV pili seems to play an important role in mediating adherence (Bernard et al., 2014). Since our pili preparation contains mainly monomeric pilin subunits, as shown by Peters et al. (2019), incubation with our PeF preparation might not resemble the native condition where in addition to the multimeric assembly as pilus fibers whole micrometer-sized bacteria are attached to CD147. It seems thus more likely, that binding of the competitive M6/6 antibody reflects the native interaction of type IV pili with CD147 although this has to be verified in future experiments.

Glycosphingolipids represent important pathogen receptors (Nakayama et al., 2018) with thousands of possible structures. Notably, bacterial lipopolysaccharides are able to mimic host cell glycosphingolipids causing evasion of the immune system or leading to autoimmune diseases (Harvey et al., 2001). Although several possible host glycosphingolipids binding partners have been identified for N. meningitidis (Hugosson et al., 1998; Mubaiwa et al., 2017) molecular information about their involvement in pathogen interactions remained elusive. Furthermore, with a bacteria size of approximately 1 μm, the molecular details of host-bacteria interactions are difficult to image with conventional diffraction-limited fluorescence microscopy. Using single-molecule sensitive dSTORM we could show that gangliosides are important host cell receptors mediating cellular entry of meningococcus by accumulating at bacterial adhesion sites (Figure 4B). Here, it has to be considered that CTxB does not exclusively bind to GM1 but possibly also to a plethora of other gangliosides (Kuziemko et al., 1996). Upon binding CTxB can be endocytosed via caveolae and clathrin-independent pathways although clathrin-mediated endocytosis seems to cover the major fraction (Torgersen et al., 2001). Which pathways are used in the context of meningococcal invasion and whether the bacteria are able to locally induce upregulation of GM1 or if this is a passive event triggered by cell cycle modulation is presently unknown and requires further experiments. Of note, pentameric STxB and CTxB possess multiple binding sites for individual glycosphingolipids and binding can be influenced by the chain length and saturation state of the attached fatty acid (Pellizzari et al., 1992; Kiarash et al., 1994). In order to reduce possible effects induced by multivalent toxin binding we fixed the cells before labeling to immobilize the binding partners.

However, our findings demonstrate that cell cycle arrest in G1 phase causes an increase of plasma membrane GM1 molecules leading to enhanced bacterial uptake. Blocking of GM1 strongly reduces infection efficiency implying the importance of plasma membrane gangliosides for bacterial invasion. N. meningitidis infection can cause accumulation of brain endothelial cells in S phase (Oosthuysen et al., 2016) and of human epithelial cells in G1 phase (Papen et al., 2016) and both cell cycle phases are positive for CTxB labeling (Majoul et al., 2002). Therefore, we propose a model where meningococci regulate their own uptake by initiating a positive feedback loop (Figure 6). The increased invasion efficacy should thus even be more pronounced in human epithelial cells whose gangliosides have already been described to interact with Pseudomonas aeruginosa pili (Comolli et al., 1999). We assume that this mechanism might play an important role in the initial uptake from the nasopharynx into the blood. Blocking this interaction could represent a promising method to avoid life-threatening dissemination of meningococci and help to develop therapeutic approaches for bacterial clearance.
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FIGURE 6. Hypothetic model of meningococcal host cell invasion. N. meningitidis adhere with type IV pili to the membrane proximal Ig-like domain of CD147. After enrichment of β2-adrenergic receptor and actin downstream signaling cascades are triggered causing cell cycle arrest in G1 to S phase. Cell cycle dependent upregulation of GM1 at the plasma membrane increases the invasion efficacy of N. meningitidis. Bacteria interact with plasma membrane GM1 gangliosides facilitating entry into the cell or evasion from the human immune system. Drawing not to scale.





DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will be made available by the authors, without undue reservation, to any qualified researcher.



AUTHOR CONTRIBUTIONS

JS designed and performed the experiments, applied the data analysis, and wrote the manuscript. SP performed the experiments involving living N. meningitidis, analyzed the data, and wrote the manuscript. SD performed the cluster analysis and data simulation, and provided the discussion. AS-U and MS guided the project, developed concepts, and wrote the manuscript.



FUNDING

This work was supported by the Deutsche Forschungsgemeinschaft (DFG SA829/16-2 and GRK2157 to MS and SCHU 2394/2-2 to AS-U) and the University of Würzburg in the funding programme Open Access Publishing.



ACKNOWLEDGMENTS

We thank Petra Gessner and Lisa Behringer-Pliess for assistance in cell culture and technical help.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2019.00194/full#supplementary-material

FIGURE S1 | Number of localizations detected during individual CD147 single-molecule tracking experiments on HBMEC. CD147 was labeled with subnanomolar concentrations of monoclonal CD147 MEM-M6/1 antibody conjugated to SeTau647. Localizations were detected by fitting with ThunderSTORM (Ovesný et al., 2014). HBMEC were seeded on KOH cleaned glass and pre-treated with 10 μg/ml MEM-M6/6 CD147 antibody or 2 μg PeF/well before labeling with MEM-M6/1 antibody, if stated.

FIGURE S2 | Spatial distribution analysis of dSTORM data (red line). Ripley’s h function was estimated 100 times (gray data curves with mean shown in color) for the dSTORM data representing GM1 labeled with CTxB-Alexa647 (left) and Gb3 labeled with STxB-Alexa647 (right) as shown in Figures 2C,D, respectively. For comparisn, Ripley’s h function is shown for simulated data that represents a point process of complete spatial randomness (blue) and a clustered point process representing spatial clusters due to repeated localizations per toxin. The data indicates that experimental data is largely controlled by the photophysical clustering showing a homogeneous distribution of the two sphingolipids in the plasma membrane of HBMEC. The peak positions are found at nearly identical positions of (left) 27 nm and 22 nm and of (right) 38 nm and 21 nm for experimental and simulated data, representatively.

FIGURE S3 | dSTORM images of GM1 and Gb3 of GFP expressing N. meningitidis (green) without HBMEC labeled with Alexa Fluor 647 conjugated CTxB or STxB. Both toxins non-specifically bind to the coverslip but do not show any accumulation at bacteria. The diffraction limited GFP signal was upscaled for the overlay. Scale bar, 5 μm.

FIGURE S4 | SIM images of GFP expressing meningococci infected HBMEC. CD147 labeled with monoclonal MEM-M6/1 and secondary F(ab)2-Alexa Fluor 647 (magenta). Actin labeled with phalloidin Atto565 (gray). GFP signal of meningococci (green) and overlay of the three images showing that CD147 and actin colocalize but do not accumulate at bacterial adhesion sites. Scale bar, 10 μm.

FIGURE S5 | Flow cytometry analysis of cell cycle state and average ganglioside GM1 concentration present in the plasma membrane of HMBEC. (A) Serum starvation was performed 24 h prior to the experiment by replacing the growth medium with RPMI. On the next day, cells were harvested, fixed, permeabilized and stained with PI (10 μg/ml PI + 25 μg/ml RNase) for 30 min in the dark at room temperature. Afterward, PI incooperation was estimated via flow cytometry. Histogram of unsynchronized and G1 synchronized cells with the indicated gating strategy shown in (B). (C) For the analysis of cell surface GM1, cells were stained with Alexa Fluor 647 conjugated CtxB for 30 min at room temperature in the dark. Then, cells were fixed for 30 min at 4°C, washed three times with FACS buffer and analyzed by flow cytometry.

VIDEO S1 | Examples of CD147 single-molecule tracks measured from one cell.
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Sphingolipids are constituents of the cell membrane that perform various tasks as structural elements and signaling molecules, in addition to regulating many important cellular processes, such as apoptosis and autophagy. In recent years, it has become increasingly clear that sphingolipids and sphingolipid signaling play a vital role in infection processes. In many cases the attachment and uptake of pathogenic bacteria, as well as bacterial development and survival within the host cell depend on sphingolipids. In addition, sphingolipids can serve as antimicrobials, inhibiting bacterial growth and formation of biofilms. This review will give an overview of our current information about these various aspects of sphingolipid involvement in bacterial infections.
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INTRODUCTION

Sphingolipids belong to a class of lipids defined by their amino-alcohol backbone. They were considered merely to be ubiquitous components of the eukaryotic cell membrane, shown to play a critical role in the formation of membrane microdomains called lipid rafts that are important for cell signaling (Simons and Ikonen, 1997). However, in the past decades, it has been revealed that many sphingolipids are bioactive lipids that regulate a large subset of cellular functions, such as apoptosis or autophagy (Cuvillier et al., 1996; Harvald et al., 2015). Although sphingolipids vary greatly in their structure and function, their synthesis and degradation are mediated by common synthetic and catabolic pathways. Sphingolipids can be synthesized de novo, by the hydrolysis of sphingomyelin, or through the salvage pathway, by recovery of sphingosine from complex sphingolipids (Figure 1). In all cases the result is the synthesis of ceramide, which represents the starting point for the creation of complex sphingolipids and thus is involved in many regulating processes within the cell. The metabolism of sphingolipids has been extensively reviewed by Gault et al. (2010). Ceramide itself regulates growth and development and promotes cell survival and division (Mencarelli and Martinez-Martinez, 2013).
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FIGURE 1. Schematic representation of the sphingolipid metabolism. S1P – sphingosine-1-phosphate. The central role of the sphingolipid metabolism plays ceramide. It is synthesized de novo from serine and palmitoyl-CoA, by hydrolysis of sphingomyelin or through the salvage pathway by recovery of sphingosine from complex sphingolipids. Degradation of sphingolipids occurs through the degradation of S1P to hexadecenal and phosphoethanolamine by an enzyme called S1P-lyase.



The de novo biosynthesis of ceramide starts at the endoplasmic reticulum (ER) with an enzyme called serine palmitoyltransferase. This enzyme catalyzes the condensation of serine and fatty acid-CoA to 3-ketosphinganine. Afterward, 3-ketosphinganine gets reduced by 3-ketosphinganine reductase and then is processed by dihydroceramide synthase to dihydroceramide. In the final step of the de novo ceramide biosynthesis, a dihydroceramide desaturase introduces a double bond to create ceramide (Perry, 2002; Menaldino et al., 2003; Figure 1).

Constitutive degradation of sphingolipids and glycosphingolipids takes place in the late endosomes and lysosomes at acidic pH to form sphingosine (Riboni et al., 1997; Kolter and Sandhoff, 2005). The oligosaccharide chains of glycosphingolipids are stepwise removed by the release of monosaccharide units through exohydrolases. In the salvage pathway, long-chain sphingoid bases are broken down to sphingosine, which is reacylated to form ceramide by an enzyme called ceramide synthase. Thus, ceramide synthase family members probably trap free sphingosine released from the lysosome at the surface of the ER or in ER-associated membranes. The salvage pathway is estimated to contribute to 50–90% of sphingolipid biosynthesis (Gillard et al., 1998; Tettamanti et al., 2003).

During the generation of ceramide from sphingosine, ceramide synthases add different fatty acyl chains at the C2-amino group of the sphingosine backbone, resulting in numerous and diverse sphingolipids. Variations in the chain length of ceramide acyl chains are linked to potentially altered membrane bilayer dynamics or differential signaling properties by recruitment of different binding partners. This topic has previously been reviewed by Grösch et al. (2012). However, the effect of different length of acyl chains on ceramide properties and function is poorly understood and needs further investigation.

Ceramide exerts a specific function in mitochondria, where the increase in ceramide has been linked to the induction of apoptosis. Ceramide pool in mitochondria seems to be regulated by the localized activity of ceramide synthase, sphingomyelinases, and neutral ceramidase. However, another source of mitochondrial ceramide could be the ER, due to the proximity and close interaction of these two organelles (Hernández-Corbacho et al., 2017).

Apart from ceramide, sphingosine-1-phosphate (S1P) has been shown to be a potent signaling molecule. It is linked to the regulation of mitochondrial function (Bajwa et al., 2015), gene expression (Davaille et al., 2000), and ER stress (Lépine et al., 2011). Moreover, it was implicated in the regulation of important processes such as apoptosis, autophagy, and cell proliferation (Harvald et al., 2015). S1P is synthesized by the sphingosine kinase-1 and -2 (SPHK1/2) by phosphorylation of sphingosine and degraded by the S1P phosphatase (SGPP) or lyase (SGPL1) to sphingosine or hexadecenal and phosphoethanolamine, respectively (Figure 1). While SPHK1 is mainly associated with cell survival (Sarkar et al., 2005), SPHK2 has been shown to influence mitochondrial function and homeostasis. It has also been involved in regulation of histone deacetylases and thereby in suppression of cell growth and promotion of apoptosis (Liu et al., 2003). SGPP and SGPL1 ensure balanced levels of S1P and other sphingolipid intermediates that may control cell growth and death. The upregulation of SGPL1 results in an accumulation of hexadecenal, which was shown to be cytotoxic (James and Zoeller, 1997).

In the last years, sphingolipids have been revealed as key players in infection processes. Even though most pathogenic bacteria do not produce their own sphingolipids, they are capable of utilizing or degrading host sphingolipids to promote their virulence. This review will summarize some of our current knowledge about involvement of sphingolipids in bacterial infection, starting from the interaction with pathogenic bacteria on the surface of the cell, including the uptake of bacteria, immune response, survival and propagation of intracellular bacteria, and ending with several remarks on the bactericidal effects of sphingolipids.



BACTERIAL ENTRY - ROLE OF SPHINGOLIPIDS IN BACTERIAL ADHESION AND UPTAKE

Glycosphingolipids frequently serve as receptors for Escherichia coli and other bacteria such as Pseudomonas aeruginosa, Bordetella pertussis, Mycoplasma pneumoniae, and Helicobacter pylori [reviewed in Hanada (2005)]. A prominent example is GM1 ganglioside, which serves as a receptor for cholera toxin (Holmgren et al., 1975). Also, ceramide-enriched lipid rafts acting as binding platforms, as well as sphingolipid signaling, such as through the activation of acid sphingomyelinase (ASM) (Simonis and Schubert-Unkmeir, 2018), often mediate the entry of bacterial pathogens into host cells, which is a step important for infection and establishment of bacteria in an intracellular niche (Figure 2).
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FIGURE 2. Overview of the various bacterial pathogens and their interaction with sphingolipids and sphingolipid signaling pathways. ER, endoplasmic reticulum; LCV, Legionella-containing vacuole; SCV, Salmonella-containing vacuole; SnCV, Simkania negevensis-containing vacuole; ASM, acid sphingomyelinase; NSM, neutral sphingomyelinase; SPHK2, sphingosine kinase 2; S1P, sphingosine-1-phosphate; SMase, sphingomyelinase; CERT, ceramide transfer protein; LC3, Microtubule-associated protein 1A/1B-light chain 3.



For pathogenic Neisseria, sphingolipids play an important role in the adhesion and invasion into the host cell. Neisseria meningitidis, a causative agent of meningitis and meningococcal sepsis, similar to Haemophilus influenzae binds to specific glycosphingolipids on the host cell surface, which can be found on human granulocytes and oropharyngeal epithelium, the preferential habitat for these two pathogens (Hugosson et al., 1998). Neisseria express highly variable lipooligosaccharides (LOS) on their surface, molecular mimics of glycosphingolipids found on human cells. LOS undergo phase variation, which is important for immune evasion, as well as adherence and invasion (Harvey et al., 2001).

Several reports emphasize the role of sphingomyelinases in the invasion of pathogenic Neisseria. The activation of ASM by N. gonorrhoeae, a bacterium causing sexually transmitted disease gonorrhea, is important for the entry of these bacteria into non-phagocytic cells (Grassmé et al., 1997), which occurs through the Opa-mediated interaction of bacteria with carcinoembryonic antigen-related cell adhesion molecule (CEACAM) receptors (Hauck et al., 2000). Neutral sphingomyelinase (NSM) also plays a role in the uptake of N. gonorrhoeae (Faulstich et al., 2015), but by a different mechanism, the so-called PorBIA-mediated low phosphate-dependent invasion (Kühlewein et al., 2006). N. meningitidis likewise causes the activation of ASM and ceramide release that are essential for the internalization of meningococci into brain endothelial cells, which is connected to the expression of the outer membrane protein OpcA and binding to cell surface heparan sulfate proteoglycans (HSPGs) (Simonis et al., 2014). Recently, a role of meningococcal pilus in the translocation of ASM to the surface of infected cells has been described (Peters et al., 2019). In all cases, invasion of the host cell contributes to immune evasion and spreading of these pathogenic bacteria from the site of the initial contact to other tissues.

Uptake of bacteria through activation of sphingomyelinases as seen for Neisseria is not always beneficial for the pathogen but represents a host defense mechanism, as well. For example, P. aeruginosa, associated with serious hospital-acquired and opportunistic infections, activates host ASM, leading to generation of plasma membrane ceramide-enriched platforms that mediate the internalization of bacteria, apoptosis induction and cytokine response (Grassme et al., 2003). In macrophages, as well as in neutrophils, infection with P. aeruginosa leads to cell death, which is important for the clearing of infection. In both cases the role of sphingomyelinases in this process has been proposed. For alveolar macrophages, after the activation of the ASM upon infection, the formation of ceramide-enriched platforms serves to amplify ASM-mediated redox signaling, which eventually leads to macrophage apoptosis (Zhang et al., 2008). In the case of neutrophils, the apoptosis is mediated through pyocyanin, a pigment and toxin released by P. aeruginosa, and through mitochondrial ASM (Managò et al., 2015). However, P. aeruginosa can possibly counteract the increase in ceramide through secretion of hemolytic phospholipase C that can synthesize sphingomyelin from ceramide, and alkaline ceramidase, which can break down ceramide to avoid generation of ceramide-enriched platforms and uptake, and increase hemolysis (Okino et al., 1998; Okino and Ito, 2007).

Not only ceramide, but sphingosine and S1P play a part in lung inflammatory injury caused by P. aeruginosa. SPHK2 is phosphorylated upon P. aeruginosa infection, which increases its nuclear localization, leading to higher levels of S1P and increased histone acetylation. This as a consequence has an enhanced expression of pro-inflammatory genes and secretion of pro-inflammatory cytokines, interleukin-6, and tumor necrosis factor-α (Ebenezer et al., 2019). Lastly, surface sphingolipids are also involved in infection with P. aeruginosa. The bacterial pilin binds to asialo GM1, but not to sialylated gangliosides. Considering that the surface of epithelial cells from cystic fibrosis patients shows differences in sialylation of glycolipids, this might enhance susceptibility of cystic fibrosis patients to infections with P. aeruginosa (Saiman and Prince, 1993).

Sphingolipids seem also to play a specific role in the internalization of Mycobacteria, among which are the causative agents of tuberculosis and leprosy, by macrophages, as shown for Mycobacterium smegmatis. For this bacterium, the metabolic depletion of sphingolipids in J774a.1 macrophages led to a decrease in entry of bacteria into the host cells (Viswanathan et al., 2018).

Finally, the pathogenicity of bacteria is often mediated by the binding of bacterial toxins to gangliosides and glycosphingolipids, but this aspect of the role of sphingolipids in bacterial infections will not be reviewed here in detail. Prominent examples are Shiga toxin from Shigella dysenteriae [reviewed in Kavaliauskiene et al. (2017)] and Staphylococcus aureus and its α-toxin. α-toxin has been reported to activate ASM, which leads to changes in permeability and lung edema (Becker et al., 2017). Ceramide increase upon S. aureus infection also stimulates pro-inflammatory signaling through a release of cathepsin B and D from lysosomes (Ma et al., 2017; Figure 2). Therefore, the inflammation, edema and lung tissue damage upon S. aureus infection seem to be induced by the binding of α-toxin and activation of ASM.

Inhibition of sphingomyelinases as a means of controlling inflammation and spread of infection might be consequently beneficial for S. aureus infection (Peng et al., 2015), or infection with pathogenic Neisseria, but is detrimental in case of infection with P. aeruginosa (Grassme et al., 2003). It is therefore of great importance to understand the mechanisms underlying infections with different pathogenic bacteria, so that this knowledge could be translated to appropriate treatments.



ONCE INSIDE - ROLE OF SPHINGOLIPIDS IN BACTERIAL REPRODUCTION AND SURVIVAL

Uptake of bacteria into cells can be a mechanism for bacterial killing, through formation of phagolysosomes or induction of autophagy. However, bacteria can avoid death by escaping into the cytosol, preventing fusion of phagosomes and lysosomes, blocking autophagy, or, in some cases, surviving within the lysosomal environment. Certain bacteria also reside in non-lysosomal compartments inside the cell where they multiply, avoiding recognition and immune response. Sphingolipids have important function in many of these strategies for the survival of pathogenic bacteria within the host cell.


Sphingolipids in Bacterial Development and Reproduction

Obligate intracellular bacteria heavily depend on the host cell for the procurement of the metabolites required for their development. Sphingolipids represent important building blocks for the membranes of compartments in which these bacteria reside and multiply (Figure 2).

Chlamydia trachomatis, a causative agent of trachoma and sexually transmitted disease, is characterized by a biphasic life cycle, in which a reproductive part is spent inside the host cell, within a vesicular compartment known as an inclusion. Chlamydia directly obtain ceramide from the host cell Golgi and incorporate it into the inclusion membrane (Hackstadt et al., 1995; Figure 2). This is a process essential for the pathogen survival, in which chlamydial inclusion fuses with trans-Golgi network-derived secretory vesicles (van Ooij et al., 2000) in an Akt and Rab14-mediated way (Capmany and Damiani, 2010; Capmany et al., 2019). C. trachomatis has also been reported to cause the fragmentation of Golgi and to induce formation of mini stacks in the vicinity of the inclusion membrane, which supports lipid acquisition from the host (Heuer et al., 2009). Interestingly, it is possible that C. trachomatis establishes a sphingomyelin biosynthetic factory at or near the inclusion with the help of host cell proteins. Moreover, Elwell et al. (2011) showed that C. trachomatis co-opts Golgi-specific Brefeldin A resistance guanine nucleotide exchange factor 1 (GBF1), a protein important for the assembly and maintenance of the Golgi stack, for sphingomyelin acquisition contributing to the growth and stability of the inclusion. For the replication, however, C. trachomatis recruits ceramide transfer protein (CERT), vesicle-associated membrane protein-associated protein A (VAP-A), and sphingomyelin synthases, SMS1 and SMS2 to the inclusion membrane, therewith obtaining ceramide and converting it into sphingomyelin close to the inclusion (Elwell et al., 2011). Recruitment of CERT occurs with the help of chlamydial effector protein IncD present in the inclusion membrane (Agaisse and Derre, 2014). Other reports implicate additionally the Src family tyrosine kinase Fyn (Mital and Hackstadt, 2011), as well as trans-Golgi SNARE protein syntaxin 6 (Moore et al., 2011) in sphingolipid trafficking to chlamydial inclusion.

The described acquisition of sphingolipids from the host cells seems to be a common occurrence among chlamydia. Both Chlamydia pneumoniae and Chlamydia psittaci follow similar mechanisms, involving exocytic vesicles or CERT protein (Wolf and Hackstadt, 2001; Koch-Edelmann et al., 2017). In addition, a chlamydia-like microorganism Simkania negevensis has been likewise reported to obtain ceramide from the host cell, a process most likely dependent on the retrograde transport (Herweg et al., 2016).

Mycobacterium tuberculosis, although not strictly intracellular, uses host macrophages and dendritic cells for replication. During this process, the mycobacteria have been shown to depend on sphingomyelin. M. tuberculosis express the protein Rv0888, which exhibits a sphingomyelinase activity and cleaves host sphingomyelin into ceramide and phosphorylcholine. These compounds are used by bacteria as the sources of carbon, nitrogen and phosphorus (Speer et al., 2015). However, the purpose of M. tuberculosis-produced sphingomyelinases might be not only to provide a source of nutrients, but to modulate sphingolipid signaling and cell death induction, thereby controlling the immune response to this pathogen (Castro-Garza et al., 2016).



Sphingolipid Importance for the Survival of Intracellular Bacteria

Autophagy and apoptosis play a crucial role in controlling infection with various bacteria and viruses, representing an important part of innate immunity, but also being manipulated occasionally by pathogens for the purpose of survival or replication (Rudel et al., 2010; Siqueira et al., 2018). Sphingolipids were shown to be involved in the regulation of both apoptosis and autophagy, with ceramide being associated with cell death and S1P promoting cell survival (Young et al., 2013). Increase in intracellular levels of ceramide or treatment with sphingomyelinase has been reported to induce apoptosis in HL-60 or U937 cells, an effect which could be prevented by exposure of the cells to S1P (Cuvillier et al., 1996). For this, the term “sphingolipid rheostat” has been introduced to describe regulation of cell fate through the interconversion between ceramide and S1P. However, a multitude of later studies has shown a great complexity of the signaling mechanisms by which these sphingolipid metabolites influence cell death (Newton et al., 2015). As bacteria often modulate apoptosis to accommodate the host cell to their own needs (Rudel et al., 2010) it is possible that this modulation partially takes place through sphingolipid signaling, and that mitochondrial sphingolipids play a special role in this process. This direction is certainly worth exploring in the future, especially for intracellular bacteria.

In addition to apoptosis, autophagy and the associated cell death have also been subject to regulation by “sphingolipid rheostat” (Taniguchi et al., 2012; Young et al., 2013). Autophagy is a highly conserved catabolic process through which unnecessary or damaged components are degraded to maintain cellular homeostasis (Young et al., 2013; Young and Wang, 2018). In brief: a cargo is engulfed by a membrane forming the so-called autophagosome. Mature autophagosomes can then fuse with lysosomes, leading to the degradation of the cargo (Miller and Celli, 2016). It has been shown that S1P upregulates autophagy, therefore promoting cell survival, although several reports indicated that S1P can also act as an inhibitor of autophagy through activation of the mammalian target of rapamycin (mTOR) (Harvald et al., 2015). Ceramide induces autophagy and mitophagy, could be important for fusion of autophagosomes with lysosomes, and is involved in induction of autophagic cell death. In addition, the “many ceramides” hypothesis implies that the function of ceramide depends on the chain length, adding a level of complexity to the regulation of autophagy through sphingolipids (Young et al., 2013; Harvald et al., 2015). Autophagy can be further subdivided in selective and non-selective. Non-selective autophagy describes the degradation of a random portion of a cytosol to provide nutrients during starvation or to degrade long-lived proteins. Selective autophagy targets specific cellular compartments. This includes utilizing the autophagy machinery for the removal of mitochondria (mitophagy) or the clearance of intracellular pathogens (xenophagy) (Deretic et al., 2013; Huang and Brumell, 2014). Hence, evading or regulating autophagy is important for the pathogen survival.

One well-studied pathogen regulating the autophagic machinery is Legionella pneumophila, a gram-negative bacterium naturally replicating in protists in aquatic environments. It is the causative agent of the Legionnaires‘ disease (Newton et al., 2010). As many signaling pathways are conserved in human macrophages and protists, L. pneumophila are capable of invading human cells, where they replicate in vacuoles, the so-called Legionella-containing vacuole (LCV). Inside the cell, L. pneumophila secretes over 300 effector proteins interfering with a broad range of cellular pathways. It has been shown that many of these effector proteins have a structure similar to eukaryotic proteins that are never or rarely found in prokaryotic genomes. It is hypothesized that L. pneumophila acquired these proteins through horizontal gene transfer from its host (Cazalet et al., 2004; Gomez-Valero and Buchrieser, 2013). Among those proteins, three proteins share similarities to eukaryotic proteins of the sphingolipid pathway: Lpp2641 (putative sphingomyelinase), Lpp2295 (putative sphingosine kinase) and Lpp2128 or LpSPL (S1P lyase) (Rolando et al., 2016a). The latter, being a S1P lyase, leads to the degradation of S1P, which is a critical mediator for controlling the balance between sphingolipid-induced autophagy and cell death. Moreover, macrophages infected with L. pneumophila show an overall reduction of bioactive sphingolipids. Macrophages infected with an LpSPL mutant strain show increased levels of sphingosine compared to wildtype L. pneumophila and indeed, LpSPL was confirmed to restrain autophagy by acting on autophagosome biogenesis. Thus, L. pneumophila actively modulates sphingolipid metabolism to evade the cell autophagic response (Rolando et al., 2016b; Figure 2).

Another pathogen indicated to manipulate autophagy via sphingolipids is Salmonella enterica, an intestinal pathogen that represents a major public health threat due to increasing antibiotic resistance. Similar to Legionella, Salmonella forms a vacuole, called the Salmonella-containing vacuole (SCV). A recent publication extensively reviews the importance of sphingolipids for Salmonella infection from adherence to clearance, discussing the interaction of Salmonella, sphingolipids and the autophagic machinery (Huang, 2017).

Salmonella has been shown to activate the focal adhesion kinase and to recruit it to the SCV. This kinase promotes the activation of the Akt pathway and consequently mTOR is stimulated. This results in the suppression of autophagy and bacterial survival (Owen et al., 2014). More recent studies demonstrate that Salmonella does not only inhibit but actively regulates the autophagic pathway. In the early stages of infection, Salmonella triggers the amino acid starvation and mTOR inhibition, resulting in the induction of autophagy (Tattoli et al., 2012). However, in later stages the increase of cytosolic amino acid levels in infected cells reactivates mTOR at the surface of the SCV (Narayanan and Edelmann, 2014; Figure 2).

Inhibition of Akt signaling as well as the activation of extracellular signal-regulated kinase (ERK) 1/2 activity is associated with autophagy in colon adenocarcinoma cells (e.g., HT29 and HCT-15) (Ogier-Denis et al., 2000; Kanazawa et al., 2004; Ellington et al., 2006). In this regard, activated ERK was shown to upregulate beclin-1 expression, resulting in the induction of autophagy (Liu et al., 2012). Inhibition of the de novo biosynthesis of sphingolipids by myriocin, an inhibitor of the enzyme serine palmitoyl transferase, leads to decreased autophagy through the activation of Akt and downregulation of beclin-1 (Scarlatti et al., 2004). Moreover, myriocin downregulates ERK and represses the membrane recruitment of NOD2 and ATG16L1. The interaction of ATG16L1 and NOD2 in epithelial cells leads to autophagic degradation of Salmonella. In addition, myriocin decreased the Salmonella-induced LC3-II expression (Huang, 2016). These findings suggest that sphingolipids may play a role in Salmonella-induced cellular autophagy of damaged SCVs.

The cell ubiquitinates SCVs to trigger nuclear factor-κB (NF-κB) activation, which can lead to a reduction of bacterial propagation by the induction of inflammation. Furthermore, Salmonella escaping to the cytosol are tagged by a dense polyubiquitin coat (Narayanan and Edelmann, 2014). Both ceramide and NSM2 are connected to the regulation or modulation of protein ubiquitination and subsequent degradation (Chapman et al., 2005; Dobierzewska et al., 2011). Taking these facts into consideration, it is possible that sphingolipids play a role in the ubiquitination of the SCV.




BETTER SAFE THAN SORRY - SPHINGOLIPIDS AS ANTIMICROBIALS

Sphingolipids and sphingolipid signaling contribute to the immune response upon bacterial infection. Acid sphingomyelinase and ceramide play a decisive role in bacterial internalization and inflammatory response (Li et al., 2019). Sphingolipids, however, can also be applied as antimicrobial substances, regulating the growth and propagation of bacteria.

Around 30 years ago Bibel and colleagues pioneered the investigation of antimicrobial effects of sphingolipids. They reported that sphinganine influences the growth of N. meningitidis and Acinetobacter lwoffii and damages the cell wall of S. aureus (Bibel et al., 1993). Moreover, they tested sphinganine on human volunteers as a preventative antiseptic against subsequently applied S. aureus and observed an up to three-log reduction in the population of target micro-organisms compared to untreated controls (Bibel et al., 1995). Furthermore, it was shown that sphingosine effectively killed S. aureus, Streptococcus pyogenes, Micrococcus luteus, Propionibacterium acnes, Staphylococcus epidermidis and moderately killed P. aeruginosa. However, sphingosine was demonstrated to not influence the growth of E. coli and Serratia marcescens (Bibel et al., 1992). Although more research is needed to understand these differences in the effect of sphingosine, one can speculate that it might be related to the fact that E. coli and S. marcescens are Gram-negative enterobacteria, as opposed to the others, which are Gram-positive.

The increasing lack of antibiotic treatments due to the development of resistances demands novel approaches for therapies. A better understanding of the antibacterial effect of sphingolipids may offer novel targets for treatment. Within the last decade, the number of publications reporting antimicrobial effects of different derivatives of sphingolipids has increased.

For instance, Banhart et al. (2014) demonstrated that the sphingomyelin synthase inhibitor D609, which has an effect on the uptake of fluorescently labeled ceramide by Chlamydia muridarum (Elwell et al., 2011), reduces the propagation of C. trachomatis. To better understand the impact of sphingomyelin production on the growth of C. trachomatis, they synthesized several ceramide derivatives, such as nitrobenzooxadiazole (NBD)-labeled 1-O-methyl-ceramide-C16. This derivative resembles to a large extent a compound called 1-O-methyl-C6-NBD-ceramide, which has been shown not to be converted to sphingomyelin. Interestingly, the treatment with this newly synthetized ceramide inhibits chlamydial growth similar to chloramphenicol and 17 times more effectively than D609 (Banhart et al., 2014).

In another study, the antibacterial activity of sphingosine, as well as short-chain C6 and long-chain C16-ceramides and azido functionalized ceramide analogs was tested. The study revealed that short-chain ceramides and a ω-azido-C6-ceramide had antibacterial effects on N. meningitidis and N. gonorrhoeae. The uptake of ceramides by Neisseria happened rapidly within 5 min, and the killing occurred within 2 h. In contrast to Neisseria, these analogs did not display any effects on E. coli and S. aureus (Becam et al., 2017). However, E. coli and S. aureus were shown to be efficiently killed by the treatment of dihydrosphingosine and sphingosine (Fischer et al., 2013). During P. aeruginosa infection, lower levels of sphingosine were observed due to a reduced activity of acid ceramidase, catalyzing the reaction of ceramide to sphingosine. By normalization of sphingosine levels, the susceptibility to P. aeruginosa could be decreased (Pewzner-Jung et al., 2014). Sphingosine, sphinganine and phytosphingosine were demonstrated to have a strong effect on biofilm formation and adherence of Streptococcus mutans (Cukkemane et al., 2015; Figure 2).

Beside host sphingolipids or chemically synthesized sphingolipids, extracted sphingolipids of plants have antibacterial activity, as well. For example, the sphingolipids ficusamide, (S)-(−) oxypeucedanin hydrate and (R)-(+) oxypeucedanin hydrate of Ficus exasperata showed antibacterial activity. While ficusamide had only a low activity against E. coli, (S)-(−) oxypeucedanin hydrate and (R)-(+) oxypeucedanin hydrate showed significant activity against Bacillus cereus (Dongfack et al., 2012).



CONCLUDING REMARKS

In the recent years, we have become increasingly aware of the importance of lipids, and sphingolipids in particular, for the processes of infection with and defense against pathogenic bacteria. Bacterial invasion or uptake are often mediated by bacterial attachment to glycosphingolipids or regulated by the increase in plasma membrane ceramide. Bacterial internalization can be a mechanism that increases pathogen survival, but sometimes it is also a part of the immunity, where again sphingolipids participate in the destruction of bacteria through regulating phagosome/lysosome fusion, apoptosis, or the inflammatory response. Intracellular bacteria face the challenges of survival within the cell and here also sphingolipids can be a tool to control autophagy and enable survival, or serve as building blocks for bacterial inclusions, ensuring their reproduction. However, sphingolipids can be applied as antimicrobials, as well, negatively influencing bacterial growth and biofilm formation. Understanding exact mechanisms behind these processes remains a challenge for the future and, in the wake of increasing antibiotic resistance, will be of great value in our fight against bacterial pathogens.
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As structural membrane components and signaling effector molecules sphingolipids influence a plethora of host cell functions, and by doing so also the replication of viruses. Investigating the effects of various inhibitors of sphingolipid metabolism in primary human peripheral blood lymphocytes (PBL) and the human B cell line BJAB we found that not only the sphingosine kinase (SphK) inhibitor SKI-II, but also the acid ceramidase inhibitor ceranib-2 efficiently inhibited measles virus (MV) replication. Virus uptake into the target cells was not grossly altered by the two inhibitors, while titers of newly synthesized MV were reduced by approximately 1 log (90%) in PBL and 70–80% in BJAB cells. Lipidomic analyses revealed that in PBL SKI-II led to increased ceramide levels, whereas in BJAB cells ceranib-2 increased ceramides. SKI-II treatment decreased sphingosine-1-phosphate (S1P) levels in PBL and BJAB cells. Furthermore, we found that MV infection of lymphocytes induced a transient (0.5–6 h) increase in S1P, which was prevented by SKI-II. Investigating the effect of the inhibitors on the metabolic (mTORC1) activity we found that ceranib-2 reduced the phosphorylation of p70 S6K in PBL, and that both inhibitors, ceranib-2 and SKI-II, reduced the phosphorylation of p70 S6K in BJAB cells. As mTORC1 activity is required for efficient MV replication, this effect of the inhibitors is one possible antiviral mechanism. In addition, reduced intracellular S1P levels affect a number of signaling pathways and functions including Hsp90 activity, which was reported to be required for MV replication. Accordingly, we found that pharmacological inhibition of Hsp90 with the inhibitor 17-AAG strongly impaired MV replication in primary PBL. Thus, our data suggest that treatment of lymphocytes with both, acid ceramidase and SphK inhibitors, impair MV replication by affecting a number of cellular activities including mTORC1 and Hsp90, which alter the metabolic state of the cells causing a hostile environment for the virus.
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INTRODUCTION

Sphingolipids are major membrane lipid constituents and as such, their biogenesis, modifications, and turnover are tightly linked to all processes involving membrane dynamics and the cellular metabolism. Their local segregation and metabolites directly affect biophysical properties of membranes including membrane deformation, fusion, and vesicle formation, however, they also act as signal transducing molecules. Being used as signaling molecules, they govern the metabolic state and fundamental host cell responses such as apoptosis, survival, autophagy, and proliferation (Hannun and Obeid, 2008). Therefore, sphingolipids and their metabolites are potential key regulators in the life cycle of obligatory intracellular pathogens such as viruses, which rely on cellular metabolism.

Several findings revealing effects of the sphingolipid metabolism on viral infections came from animal models (Schneider-Schaulies and Schneider-Schaulies, 2015). Acid sphingomyelinase (ASM)-deficient mice are more susceptible to Sindbis virus-induced encephalomyelitis (Ng and Griffin, 2006; Ng et al., 2008), ceramides enhance the infection with Japanese encephalitis virus (Takamatsu et al., 2010), and CD8+ T cells of lymphocytic choriomeningitis virus (LCMV)-infected ASM-deficient mice secrete reduced levels of IFN-γ and cytotoxic granules resulting in delayed viral clearance (Herz et al., 2009). In addition, certain viruses such as major- and minor-group human rhinoviruses are able to promote the formation of ceramide-enriched membrane platforms thereby supporting their own entry into target cells (Grassme et al., 2005). Similarly, MV induces surface expression of its receptor CD150 via DC-SIGN-mediated activation of sphingomyelinases in dendritic cells, and thereby stimulates its own uptake into these cells (Avota et al., 2011). Adenovirus stimulates calcium influx and lysosomal exocytosis, a membrane repair mechanism resulting in the release of ASM and degradation of sphingomyelin (SM) to ceramides in the plasma membrane (Luisoni et al., 2015). Furthermore, SM and ASM activity appear to be involved in early steps of Ebola virus infection. In addition, the endo/lysosomal cholesterol transporter NPC1 residing in an intracellular compartment rather than at the plasma membrane serves as an entry receptor for Ebola virus (Miller et al., 2012). We found that MV brain infection in ASM-deficient mice, or after pharmacological inhibition of the ASM in mice, is enhanced due to an increased frequency of CD4+ Foxp3+ regulatory T cells (Hollmann et al., 2016). These findings highlight the potential of manipulations of the sphingolipid metabolism for novel therapeutic or immunomodulatory applications against viral infections.

In order to investigate the interference of sphingolipid metabolism with a viral infection, we used measles virus (MV) infection of lymphocytes as a model system. During the infection of a person MV first interacts with the receptor CD150 on the surface of macrophages, dendritic cells, as well as activated and memory B and T cells and is predominantly taken up by pH-independent receptor-mediated membrane fusion at the plasma membrane (Tatsuo et al., 2000; Erlenhoefer et al., 2001). Later, the virus interacts with nectin-4 to infect polarized epithelial cells (Muhlebach et al., 2011; Noyce et al., 2011). Despite the availability of an effective vaccine, measles remains a leading cause of mortality and morbidity in young children causing approximately 100,000 deaths each year worldwide (World Health Organization [WHO], 2018). The infection is associated with a number of complications including immunosuppression, and may also persist and cause subacute sclerosing panencephalitis (SSPE) (Reuter and Schneider-Schaulies, 2010; Mina et al., 2015). A specific antiviral therapy is not yet available. However, several compounds manipulating sphingolipid metabolism are available, and some of them are already in clinical use mainly applied against various forms of cancer. We wondered, if such drugs could also be used to manipulate MV replication. Vijayan et al. (2014) recently described that overexpression of the SphK-1 enhanced, and inhibition of SphK-1 (and -2) by the inhibitor SKI-II reduced MV replication in epithelial and lymphoid cell lines. They found that after MV infection of these cell lines the activity of the sphingosine kinases (SphK) and the phosphorylation of NF-kB p65 was increased. Furthermore, the NF-kB inhibitor Bay-11-7082 also reduced MV protein synthesis by preventing the phosphorylation and subsequent degradation of IkB (Vijayan et al., 2014). Accordingly, S1P-metabolizing enzymes reduced influenza virus (IAV) propagation and cytopathogenicity (Seo et al., 2010).

In the present study we investigated if some well-known inhibitors of the sphingolipid metabolism, which are partially already in clinical use, may inhibit MV replication in its primary natural target cells, i.e., CD150+ cells. We found that not only SKI-II (French et al., 2003; Draper et al., 2011), but also ceranib-2 (Draper et al., 2011), an inhibitor of the acid ceramidase, efficiently reduced MV replication in primary human PBL and the human B cell line BJAB. The data suggest that MV replication can be impaired by several mechanisms regulated by sphingolipid-mediated signaling pathways.



MATERIALS AND METHODS


Cells, Viruses, and Inhibitors

All experiments involving human cells were conducted according to the principles expressed in the Declaration of Helsinki and ethically approved by the Ethics Committee of the Medical Faculty of the University of Würzburg. Primary human peripheral blood mononuclear cells (PBMCs) obtained from leuko-reduction chambers of thrombocyte donations of anonymous healthy adult volunteers were diluted 1:6 in Versene (Gibco), layered on Histopaque® 1077 and purified by density gradient centrifugation. Isolated PBMCs were washed three times with (PBL) and suspended in RPMI 1640 (Gibco) medium containing 10% FBS and incubated for 2 h on plastic dishes to remove adherent monocytes. Peripheral blood lymphocytes (PBL) were collected and stimulated with phytohemagglutinin-L (PHA, 2.5 μg/ml, Roche). Stimulation was controlled by measuring CD69 expression by flow cytometry. The human B cell line BJAB was cultivated using RPMI 1640 medium containing 5% FBS. The recombinant wild-type MV rMVIC323eGFP (Hashimoto et al., 2002) was propagated using Vero cells expressing CD150 (Vero-hSLAM). For the described experiments, cells were infected for 2 h, washed with PBS, and further incubated for indicated times in medium. Virus was harvested by freezing and thawing the complete cultures, thus cell-associated and supernatant virus were harvested together, and titrated using Vero-hSLAM cells. The inhibitors of SphK-1 and -2, SKI-II, of acid ceramidase, ceranib-2, of ASM, amitriptyline, of NSM, GW4869, and of Hsp90, 17-AAG, were purchased from Sigma–Aldrich. All inhibitors except amitriptyline were dissolved in dimethyl sufoxide (DMSO). The viability of cells in the presence of inhibitors was determined after 48 h incubation by flow cytometry using propidium iodide (PI; Biolegend) staining for dead cells. The percentage of dead cells in the presence of corresponding concentrations DMSO was subtracted from values obtained for various concentrations of inhibitors and the viability in the presence of 0.2% DMSO normalized to 100%.



Antibodies and Flow Cytometry

The following primary antibodies were used in immunoblotting and flow cytometry: rabbit anti-GAPDH (Santacruz), rabbit anti-phospho-p70 S6 kinase (S6K) (Thr 389) (Cell Signaling), rabbit anti-p70 S6K (Cell Signaling), and APC-conjugated anti-human CD69 (Biolegend). Anti-human CD150 antibody clone 5C6 was generated in our laboratory (Erlenhoefer et al., 2001). The following labeled secondary antibodies were used: Alexa488-conjugated anti-mouse (Life Technology), Alexa594-conjugated anti-rabbit (Life Technology), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG (Cell Signaling). For flow cytometry 2 × 105 cells per sample were stained with respective antibodies in FACS buffer (PBS containing 0.4% bovine serum albumin (BSA) and 0.02% sodium azide). Dead cells were stained with PI (Biolegend). Cells were acquired immediately using a LSR II flow cytometer (BD) and the data were analyzed using FlowJo (Cytek Development) software.



Virus Uptake Assay

To measure virus uptake, cells were pretreated with increasing concentrations of inhibitors as indicated for 1 h prior to infection with MV (MOI = 0.5 for primary PBL and MOI = 0.1 for BJAB cells) for 2 h at 37°C. Then the cells were washed with PBS and further incubated in medium for 22 h at 37°C to allow viral transcription and protein expression. The percentage of infected (viral eGFP-positive) cells was then determined by flow cytometry (not the mean fluorescence intensity which reflects the amount of viral protein expression).



SDS-PAGE and Immunoblotting

Cells (5 × 106) were lysed at 4°C for 1 h in 1 ml of lysis buffer [50 mM Tris–HCl, pH 8.0, 150 mM sodium chloride (NaCl), 1.0% Igepal CA-630 (NP-40), 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS)] containing complete protease inhibitor cocktail (Sigma–Aldrich) and 1 mM DL-dithiothreitol (DTT). The protein quantification was done using the bicinchoninic acid (BCA) assay. An equal amount of proteins was heated at 95°C for 5 min in reducing sample buffer (50 mM Tris–HCl, pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM ethylenediaminetetraacetic acid (EDTA), 0.02% bromophenol blue) and applied to 12% SDS-polyacrylamide gel electrophoresis. Proteins were blotted semidry on nitrocellulose membranes (Amersham) followed by blocking with 5% dry milk (AppliChem) or 5% BSA in Tris-buffered saline with 0.05% Tween-20. The membranes were then incubated with specific primary antibodies and HRP-conjugated secondary antibodies. Signals were visualized using Chemiluminescent FemtoMaxTM Super Sensitive HRP Substrate (Rockland). The densitometric quantification of protein bands of target proteins and respective housekeeping gene were done using Li-Cor Odyssey Pc imaging System Image Studio Version 4.0 (Li-Cor Biosciences). The fold changes in target proteins were normalized to band densities of respective GAPDH and fold changes in phosphorylated proteins were normalized to the band densities of total protein or GAPDH levels. All western blotting experiments were repeated at least three times and representative images are shown.



Lipid Analysis

For lipid analysis 8 × 106 PBL or 1 × 106 BJAB cells per sample were resuspended in 500 μl methanol and subsequently subjected to lipid extraction using methanol/chloroform (2:1, v:v) (Gulbins et al., 2018). The extraction solvent contained d7-Sph, d7-sphingosine-1-phosphate (d7-S1P), C17-ceramide, and C16-d31-SM (all Avanti Polar Lipids, Alabaster, United States) as internal standards. Sample analysis was carried out by liquid chromatography tandem–mass spectrometry (LC–MS/MS) using either a TQ 6490 mass spectrometer (for Sph and S1P) or a QTOF 6530 mass spectrometer (for ceramides and SMs) (Agilent Technologies) operating in the positive electrospray ionization mode (ESI+). The following selected reaction monitoring (SRM) transitions were used for quantification: m/z 300.3 → 282.3 for Sph, m/z 380.3 → 264.3 for S1P, m/z 307.3 → 289.3 for d7-Sph, and m/z 387.3 → 271.3 for d7-S1P. The precursor ions of ceramide or SM species (differing in their fatty acid chain lengths) were cleaved into the fragment ions m/z 264.270 or m/z 184.074, respectively (Kachler et al., 2017). Quantification was performed with Mass Hunter Software (Agilent Technologies).



Statistical Analysis

Statistical analysis was performed using Microsoft Excel or GraphPad Prism 6. Two groups were analyzed using unpaired two-tailed Student’s t-test and more than two groups were analyzed with one-way ANOVA. P-values lower than or equal to 0.05 were considered statistically significant (∗P ≤ 0.05, ∗∗P ≤ 0.01, ∗∗∗P ≤ 0.001). The data represent mean ± SD of at least three independent experiments.




RESULTS


The Sphingosine Kinase Inhibitor SKI-II Inhibits MV Replication in Primary Human PBL

Peripheral blood lymphocytes from healthy donors were stimulated with PHA for 24 h prior to treatment with inhibitors and infection with MV. Their activation, infection, and viability in the presence of inhibitors were controlled by flow cytometry (Figures 1A–C). A representative control showing 24 h PHA-stimulated PBL, which were subsequently infected for 48 h with MV at a MOI of 0.1 is given in Figure 1A. We were using PHA-stimulated PBL since stimulation increases the titer of newly synthesized MV approximately 20-fold (Figure 1B). The viability of PHA-stimulated PBL was determined using PI in the presence of increasing concentrations of SKI-II (Figure 1C). In further experiments we used 1 and 5 μM SKI-II, concentrations at which ≥95 and ≥85%, respectively, of PBL were viable.
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FIGURE 1. SKI-II inhibits MV replication in primary human PBL. The stimulation, infection, and viability of the PBL without and with PHA (2.5 μg/ml) for 24 h was controlled by flow cytometry measuring the expression of CD69, viral eGFP, and propidium iodide (PI). An example of infected and uninfected PBL in the presence and absence of PHA is shown in panel (A). Panel (B) shows a comparison of the MV titer produced by unstimulated and PHA-stimulated PBL (1 × 106 cells) as determined at day 2 after infection at a MOI of 0.1 (n = 4; with ∗P ≤ 0.05) using Vero-hSLAM cells for titration. (C) PI incorporation assay as control for the viability of the cells. PHA-stimulated PBL were treated for 48 h with SKI-II as indicated, dead cells were stained with PI, and percentages of living cells determined by flow cytometry (normalized to DMSO control: 100%). (D) Primary human PBL were stimulated with PHA and 1 h pretreated with 0.2% DMSO as mock-treated control (ctrl) or 1 and 5 μM SKI-II prior to infection with MV (MOI = 0.1). Newly synthesized infectious virus (cell bound plus supernatant) was titrated using Vero-hSLAM cells 1, 2, and 3 days after infection (n = 6 with PBL from six independent blood donors). (E) Virus titers at day 3 after infection in the presence of SKI-II (same data as in panel D) were significantly reduced (Student’s t-test with ∗∗∗P < 0.001) and are presented as percentage of mock-treated control. (F) To measure the virus uptake by PBL, cells were pretreated with 0.2% DMSO (=0 μM inhibitor) or increasing concentrations of SKI-II as indicated for 1 h prior to infection with MV (MOI = 0.5). The percentage of infected eGFP-positive cells was quantified by flow cytometry 24 h after infection and is presented as percentage of DMSO (=0 μM inhibitor) control. CTRL is the negative control without virus. ∗∗P ≤ 0.01.



To determine the effect of SphK inhibition on MV replication, PBL from six healthy donors were infected with MV at a MOI of 0.1 in the absence and presence of 0, 1, and 5 μM of SKI-II, and the newly synthesized MV (cell bound plus supernatant) was prepared and titrated after 1, 2, and 3 days (Figure 1D). The viral titers were similar at day 1, and reduced 2 and 3 days after infection. At day 3 the reduction was approximately 1 log (90%). Results at day 3 are presented as percentage of control cells with significances (Figure 1E). In order to investigate if viral entry into PBL is affected by SKI-II, we first measured if expression of the MV receptor CD150 is altered by SKI-II. This was not the case after 1, 24, and 48 h of treatment with 1 and 5 μM of the inhibitor (not shown). Then we did a virus uptake assay and quantified the percentage of infected (viral eGFP-positive) cells at day 1 after infection by flow cytometry. The percentage of infected cells (and thus virus uptake) was not reduced by SKI-II, but there was rather a tendency (not significant) toward increased virus uptake (Figure 1F). These results show that virus uptake is not impaired by SKI-II, but that intracellular virus replication is reduced later (at days 2 and 3) after infection.



Effects of Other Inhibitors of the Sphingolipid Metabolism

Having observed this inhibition of MV replication by the inhibitor of the SphKs, we wondered if inhibition of other enzymes of the sphingolipid metabolism may also influence virus replication. While inhibition of the sphingomyelinases is supposed to reduce cellular ceramide content, inhibition of the ceramidase should increase the amount of ceramide in the cell. We therefore investigated the effects of the well-established inhibitors of acid and neutral sphingomyelinases, amitriptyline, and GW4869, respectively, and of the acid ceramidase, ceranib-2 (Figure 2A). The toxicity of the inhibitors was determined and the concentrations used accordingly (Figure 2F; not shown for amitriptyline and GW4869). Analyzing the effects on MV replication in PBL, we found that amitriptyline and GW4869 had no inhibitory effect (Figures 2B,C). Interestingly, GW4869 even had a replication stimulating effect within the first 24 h after infection, which at days 2 and 3 after infection was not detected any more. In contrast to the sphingomyelinase inhibitors, ceranib-2 inhibited MV replication at days 2 and 3 after infection (Figure 2D). At day 3 after infection, 0.5 and 1 μM ceranib-2 inhibited MV replication in PBL by approximately 90% (Figure 2E). The viability of the PBL was not affected at these concentrations of ceranib-2 (Figure 2F). CD150 expression was not altered in dependency of ceranib-2 after 1, 24, and 48 h of treatment (not shown). Determining virus uptake in the presence of ceranib-2 we found, similar as with the inhibitor SKI-II, that the percentage of MV-infected cells 24 h after infection was not reduced, but rather slightly increased with increasing concentrations of ceranib-2 (Figure 2G). Thus, inhibition of the acid ceramidase in primary human PBL had very similar effects on MV replication as inhibition of SphKs.
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FIGURE 2. Effects of other inhibitors of the sphingolipid metabolism: inhibition of MV replication by the acid ceramidase inhibitor ceranib-2. (A) Schematic representation of a part of the sphingolipid metabolism with involved enzymes (the biosynthesis pathway of ceramides from serine and palmitoyl-CoA and modification pathways to ceramide-1-phosphate and glucosyl-ceramides and complex glycosphingolipids are not shown). NSM, neutral sphingomyelinase; ASM, acid sphingomyelinase; SKI-II, sphingosine kinase inhibitor 2; S1P, sphingosine-1-phosphate. (B–D) Primary human PBL were stimulated with PHA (2.5 μg/ml) for 24 h and pretreated with DMSO vehicle (CTRL) or increasing concentrations of inhibitor 1 h prior to infection with MV (MOI = 0.1). Newly synthesized infectious virus (cell bound plus supernatant) was titrated using Vero-hSLAM cells 1, 2, and 3 days after infection. PBL were treated with amitriptyline (2 and 10 μM; n = 4; B), GW4869 (0.2 and 1.0 μM; n = 4; C), and ceranib-2 (0.1, 0.5, and 1 μM; n = 6 with PBL from independent blood donors; D). (E) Virus titers at day 3 after infection in the presence of ceranib-2 are significantly reduced. Standard deviations are shown. The statistical evaluation was done using Student’s t-test. (F) The viability of the PBL was controlled using propidium iodide incorporation assay. (G) To measure virus uptake by PBL, cells were pretreated with increasing concentrations of ceranib-2 as indicated for 1 h prior to infection with MV (MOI = 0.5). The percentage of infected eGFP-positive cells was quantified by flow cytometry 24 h after infection and is presented as percentage of DMSO (=0 μM inhibitor) control. CTRL is the negative control without virus.





Sphingolipid Composition in PBL After Treatment With the Inhibitors Ceranib-2 and SKI-II

Based on their similar effects, the question arises of whether both inhibitors (SKI-II and ceranib-2) might act via similar or different mechanisms on MV replication, and which sphingolipids might potentially act as signaling molecules. To investigate the inhibitor effects on the sphingolipid rheostat, we treated PHA-stimulated PBL with these inhibitors and quantified SMs, ceramides, Sph, and S1P by LC–MS/MS (Figure 3). For the analysis we chose 1 μM ceranib-2 and 5 μM SKI-II, because these concentrations led to good inhibition of MV infection. Ceranib-2 had no significant effect on SM and ceramide levels except ceramide C20 which was slightly increased at 24 h (Figure 3F). Surprisingly, 5 μM SKI-II caused significant increases in total ceramide and C16, C18, C20, C22, and C24:1 ceramides. As expected, SKI-II treatment reduced S1P concentrations in PBL (Figure 3K). Likewise, there was a tendency that SKI-II led to increased Sph concentrations, which however was not significant due to the high variability between blood donors (Figure 3J).
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FIGURE 3. Sphingolipid composition in primary human PBL after treatment with the inhibitors ceranib-2 and SKI-II. PBL were treated for 6, 24, and 48 h with DMSO 0.2% as vehicle control (gray), or 1 μM ceranib-2 (blue) or 5 μM SKI-II (orange). The samples (8 × 106 cells per sample) were processed for analysis of sphingomyelins (total SM and C16 SM), ceramides (total Cer, C16, C18, C20, C22, C24, C24:1), sphingosine, and S1P by mass spectrometry. Results from PBL of three independent donors (n = 3) were normalized to the mean amount of total SM measured (A) and are presented as pmol/sample, as indicated (A–K). ∗ represents significant differences calculated by Student’s t-test (n = 3).





SKI-II and Ceranib-2 Inhibit MV Replication in BJAB Cells

Because variations between primary PBL from different donors may have hampered the achievement of more significant results, we decided to use a human B cells line, BJAB, to analyze effects of the inhibitors. However, before doing so, we confirmed that both inhibitors reduce MV replication similarly in BJAB cells as in primary PBL. Treatment of BJAB cells with 1 or 2 μM SKI-II led to a dose-dependent reduction of newly synthesized virus at days 1, 2, and 3 after infection with MV (Figure 4A). Higher concentrations of SKI-II were not used because BJAB cells were more sensitive to SKI-II than primary PBL and approximately 80% died in the presence of 10 μM SKI-II (Figure 4B). In contrast to primary PBL (Figure 1D), the titration of newly synthesized virus from infected BJAB cells showed that SKI-II reduced viral titers already within the first 24 h after infection (Figures 4A,G), while this reduction was generally not as pronounced as in primary cells (Figures 1A,E). Investigating viral uptake, similarly as in PBL (Figure 1F) and in spite of the titer reduction, the percentage of infected cells 24 h after infection was not reduced with increasing concentrations of SKI-II (Figure 4C). Thus, virus uptake was not affected by SKI-II, but intracellular viral replication was inhibited.
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FIGURE 4. SKI-II and ceranib-2 inhibit MV replication in BJAB cells. BJAB cells were pretreated with DMSO 0.2% as vehicle control or 1 and 2 μM SKI-II (A) and ceranib-2 (D), prior to infection with MV (MOI = 0.1), and newly synthesized virus was titrated using Vero-hSLAM cells. The viability of the BJAB cells was determined by propidium iodide incorporation by FACS in the presence of increasing concentrations of SKI-II (B) and ceranib-2 (E). To determine the effect of the inhibitors on virus uptake, BJAB cells were treated with inhibitors for 1 h prior to infection with MV (MOI = 0.1). The percentage of infected eGFP-positive BJAB cells in the presence of increasing concentrations of SKI-II (C) and ceranib-2 (F) was quantified by flow cytometry 24 h after infection and is presented as percent of DMSO control (=0 μM inhibitor). The reductions in viral titers by SKI-II and ceranib-2 (same data as in panels A,D) are shown separately for days 1, 2, and 3 after infection and after treatment of cells with SKI-II (G) and ceranib-2 (H) to demonstrate more clearly the inhibitor effects at different days and to show variations with significances. The statistical evaluation was done using the Student’s t-test.



Using the acid ceramidase inhibitor, there was a clear reduction of newly synthesized viral titers in the presence of 1 or 2 μM ceranib-2 (Figure 4D). Higher concentrations of ceranib-2 (3–10 μM) led to a reduction of the viability (Figure 4E). Virus uptake was not affected by 1 or 2 μM ceranib-2 (Figure 4F). As observed with SKI-II, MV replication was reduced by ceranib-2 in BJAB cells already at day 1. Inhibition was, however, more pronounced at day 3 (Figure 4H). Taken together, both inhibitors impaired MV replication in BJAB cells similarly as observed in primary PBL, although the inhibitory effects emerged faster in BJAB cells being detected already at day 1 after infection.



Sphingolipid Composition in BJAB Cells Treated With Inhibitors in the Presence and Absence of MV Infection

For the sphingolipid analysis in BJAB cells we chose 3 μM ceranib-2 in order to see clearer effect on ceramide levels than in PBL, and 3 μM SKI-II. Treatment of the cells with ceranib-2 led to reduced levels of total SMs and C16 SM at 48 h in the presence or absence of infection (dark and light blue bars) in comparison to the DMSO control (gray bar; Figure 5A), while total ceramide levels were increased after 6, 24, and 48 h (Figure 5C). Increased ceramide levels were found for total ceramide, C16, and C24:1, but not for C18, C20, C22, and C24 ceramides. Interestingly, MV infection and ceranib-2 treatment led to increased S1P levels at 6 h (Figure 5K). SKI-II treatment led to reduced total SM, C16 SM levels, total ceramide, C16, and C24: levels at 48 h in the absence and presence of infection (Figures 5A–I; dark and light orange bars). In addition, Sph was increased at 6 h after infection (Figure 5J), while the S1P concentrations were decreased by SKI-II at 6, 24, and 48 h (Figure 5K).
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FIGURE 5. Sphingolipid composition in BJAB cells after treatment with the inhibitors ceranib-2 and SKI-II and infection with MV. The sphingolipid composition was determined in MV-infected (black bars; MOI = 0.5) and uninfected control (0.2% DMSO)-treated (gray bars) BJAB cells (1 × 106 per sample), in 3 μM ceranib-2-treated infected (dark blue) and uninfected (light blue), and in 3 μM SKI-II-treated infected (dark orange) and uninfected (light orange) BJAB cells. Results for total sphingomyelins (SM), C16 SM, ceramides (total Cer, C16, C18, C20, C22, C24, C24:1), sphingosine (Sph), and S1P are presented as pmol/sample per 1 × 106 cells as indicated (A–M). Stars in panels A–K designate significant (∗P ≤ 0.05) differences in comparison to control (0.2% DMSO-treated) cells (n = 3; Student’s t-test). In panels L,M (n = 1), the significances between treatment groups were calculated by paired T-test and one-way ANOVA. In panel L, the DMSO control values (0–6 h) were significantly different from MV + ceranib-2- and ceranib-2-treated cell values (P = 0.001 and P = 0.002, respectively). In panel M, the DMSO control values were significantly different from MV and MV + ceranib-2-treated cell values (P = 0.04 and P = 0.007, respectively).



In order to have a closer look at the MV-induced increase of S1P at early times after infection (Figure 5K), we did an additional experiment analyzing sphingolipids at 0.5, 1, 2, 6, and 24 h after infection in the presence and absence of inhibitors. Here we observed increased total ceramide concentrations shortly after treatment with the inhibitors (Figure 5L), and a strong S1P increase after 0.5–6 h after MV infection also in the presence of ceranib-2, which, however, was not observed in the presence of SKI-II (Figure 5M). Thus, SKI-II prevented the transient increase of S1P induced by the MV infection. In summary these data in BJAB cells showed that ceranib-2 led to clearly increased ceramide levels, while SKI-II led to decreased levels of S1P and some ceramide species. The data suggest that in these cells ceranib-2 may act antivirally via the increase in ceramide concentrations, whereas SKI-II may predominantly act antivirally via the reduction of S1P concentrations.



Reduced Metabolic Activity in Inhibitor-Treated Lymphocytes Affects MV Replication

One common effect of increased ceramide concentrations as well as decreased S1P concentrations is to impair cell metabolism and mTORC1 activity (Dobrowsky et al., 1993; Mukhopadhyay et al., 2009; Apostolidis et al., 2016), while efficient MV replication in PBL depends on mTORC1 activity (Tiwarekar et al., 2018). We therefore investigated if the inhibitors ceranib-2 and/or SKI-II may lead to reduced mTORC1 activity. We used the phosphorylation of p70 S6K as marker for mTORC1 activity. We found that ceranib-2 reduced the phosphorylation of p70 S6K in comparison to DMSO-treated controls in PBL, and that both inhibitors, ceranib-2 and SKI-II, reduced the phosphorylation of p70 S6K in BJAB cells (Figures 6A,B). These results suggest that both inhibitors act at least by one common pathway reducing the metabolic activity of the cells, which reduces the capacity to replicate MV.
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FIGURE 6. Ceranib-2 and SKI-II-mediated reduction of p70 S6K phosphorylation, and inhibition of MV replication by the Hsp90 inhibitor 17-AAG. Western blots from cell extracts of human primary PBL (A) and BJAB cells (B) which were treated with 0.2% DMSO as control, 3 μM ceranib-2, and 5 μM SKI-II for 2, 6, 12, and 24 h as indicated were developed with antibodies against phosphorylated p70 S6K (also detecting p85), total p70 S6K, and GAPDH. Quantifications of phosphorylated p70 S6K related to GAPDH of three blots of PBL from independent blood donors and BJAB of independent experiments are shown. (C) PBL were treated with increasing concentrations of the Hsp90 inhibitor 17-AAG, infected with MV at a MOI of 0.1, and newly synthesized virus titrated after 1, 2, and 3 days using Vero-hSLAM cells (n = 4). (D) Viability and virus uptake (E) was assessed as described (n = 3).



In addition, it is known that S1P also targets and activates chaperones such as GRP94 and Hsp90, which among other effects enable NF-kB activation (Xia et al., 2002; Alvarez et al., 2010; Park et al., 2015, 2016), and that Hsp90 activity is required for the replication of a number of viruses including MV (Connor et al., 2007; Smith et al., 2010; Bloyet et al., 2016; Katoh et al., 2017). Therefore, we tested the effect of the Hsp90 inhibitor 17-AAG in primary human PBL. Treatment of PBL with 0.5 and 1 μM 17-AAG strongly reduced viral titers 2 and 3 days after infection, but not yet at day 1 after infection (Figure 6C). This observed kinetic of inhibition was similar to that observed with the inhibitors SKI-II (Figure 1D) and ceranib-2 (Figure 2D) in PBL. The viability and virus uptake were not affected by 17-AAG (Figures 6D,E).




DISCUSSION

The two inhibitors ceranib-2 and SKI-II have been described as compounds with excellent potential for development as new anticancer drugs (French et al., 2003; Draper et al., 2011; Aurelio et al., 2016). SphKs are upregulated in many cancers and thought to play a key role in disease progression through increases in S1P and decreases in ceramide and Sph levels, promoting tumor growth and survival (Santos and Lynch, 2015). Acid ceramidase is highly upregulated in breast tumors and treatment with ceranib-2 significantly induced apoptosis in human breast cancer cell lines (Vethakanraj et al., 2018). In mice, ceranib-2 was found to delay tumor growth in a syngeneic tumor model without hematologic suppression or overt signs of toxicity (Draper et al., 2011). In contrast to cancer cells, normal primary cells are less prone to induction of apoptosis and cell death upon treatment with such inhibitors. This led us to the hypothesis that these inhibitors could eventually be applied against viral infections without damaging primary cells including antiviral lymphocytes. Indeed, we found that already relatively low concentrations of SKI-II (1 μM) and ceranib-2 (0.5 μM) reduced MV replication in primary PBL, while the expression of the MV receptor CD150 and viral uptake was not altered.

That increased ceramide can have an antiviral role has been described earlier for various viruses such as HIV (Finnegan et al., 2004), hepatitis B virus (HBV) (Tatematsu et al., 2011), Dengue virus (Perera et al., 2012), and IAV (Hidari et al., 2006; Tafesse et al., 2013; Soudani et al., 2019). In the case of HIV, this was mediated through a reduction in virus entry and perturbation of host cell membrane structure leading to the production of non-infectious viral progeny, and in the case of IAV through impaired glycoprotein transport and maturation of viral particles. However, on the other hand, sphingolipids including ceramides may also be supportive for virus replication as in the case of hepatitis C and West Nile virus (Zhang et al., 2019). Our sphingolipid analyses after treatment of cells with SKI-II and ceranib-2 led to different results for PBL and BJAB cells. In PBL, SKI-II increased the concentrations of some ceramides and ceranib-2 had no significant effect. In BJAB cells, SKI-II decreased the concentration of some ceramides, while ceranib-2 led to an increase. Furthermore, SKI-II reduced S1P concentrations in PBL and BJAB cells. Thus, because of these findings and because intracellular signaling effects of ceramides and S1P may be locally limited events (for example at lysosomes or the endoplasmic reticulum), these results unfortunately did not allow clear conclusions. Interestingly, both, increased ceramide as well as decreased S1P concentrations, reduce the mTORC activity as it is known that ceramide acts on the SET protein and decreases mTORC activity via the phosphatase PP2A (Dobrowsky et al., 1993; Li et al., 1996; Neviani et al., 2005; Trotta et al., 2007; Mukhopadhyay et al., 2009; Shi, 2009; Oaks and Ogretmen, 2014) and that S1P affects mTORC activity via Hsp90 and raptor (Delgoffe et al., 2009). As demonstrated for regulatory T cells, dephosphorylation by PP2A inactivates mTORC1 and thus reduces the cell metabolism including protein translation and lipid synthesis (Apostolidis et al., 2016). Among others, mTORC1 regulates the ribosomal S6 protein kinase-1, of which due to alternative translation two isoforms are known in mammalian cells, p85 and p70. The mTOR kinase phosphorylates and thereby activates p70 at T389 and p85 at T412 (Ruvinsky and Meyuhas, 2006). Now we found that treatment of cells with ceranib-2 reduced the phosphorylation of p70 S6K in PBL and that SKI-II reduced p70 S6K phosphorylation in PBL and BJAB cells indicating reduced mTORC1 activity. Because MV replication requires mTORC activity (Tiwarekar et al., 2018), it is likely that this is a common effect of the inhibitors affecting MV replication. We cannot exclude other (side-)effects of the inhibitors; however, the main point of the paper remains that the inhibitors affect MV replication. The finding suggests that the inhibitor-induced reduction of the MV replication is at least partially due to this reduction in mTORC1 activity.

We also found that MV infection led to a strong S1P increase between 0.5 and 6 h after infection, which was prevented by SKI-II and thus a potential S1P anti-apoptotic/pro-survival signal that may support MV replication is not provided. S1P and SphK1 were demonstrated to signal intracellularly via interaction with TRAF2, RIP1 to activate Hsp90 and NF-κB (Xia et al., 2002; Alvarez et al., 2010; Park et al., 2015, 2016). Thus, SKI-II prevents a signal that the virus itself induces in order to support its own replication. Interestingly, the chaperone Hsp90 is required for the function of polymerases of many viruses including MV (Connor et al., 2007; Smith et al., 2010; Bloyet et al., 2016; Katoh et al., 2017). In Vero and HeLa cells and brain slices of MV-susceptible mice it has been observed that Hsp90 inhibition impairs MV replication (Bloyet et al., 2016). Inhibition or lack of Hsp90 is preventing the proper folding of newly synthesized viral polymerases and facilitates their degradation (Bloyet et al., 2016). Because S1P regulates Hsp90 activity, it is likely that the SKI-II-mediated decrease in S1P concentrations also impairs Hsp90 in PBL, which may contribute to the observed inhibition of MV replication. We showed here that Hsp90 inhibition in PBL strongly reduced MV replication at days 2 and 3 after infection, but did not affect MV replication at day 1. This kinetic of inhibition is typically observed when functional viral polymerases have been brought into the cell with infectious viral particles, but newly synthesized viral polymerases at later times after infection remain non-functional (Bloyet et al., 2016). In the presence of SKI-II and ceranib-2, we observed similar kinetics of the inhibition of the synthesis of new viruses in primary PBL. It is not clear if and how ceranib-2 may influence Hsp90 activity; however, it is probably part of the SKI-II-mediated inhibition of MV in PBL. This might be different in BJAB cells, which responded faster (already at day 1) to SKI-II (and ceranib-2).

A number of reports have described ceramide interacting proteins such as the anti-oncogene p53 (Fekry et al., 2018), ceramide activated protein kinase (CAPK) (Huwiler et al., 1996), protein kinase C-ζ (PKCζ) (Wang et al., 2005), cathepsins (Heinrich et al., 1999), and the ribosomal voltage dependent anion channel 2 (VDAC2) (Dadsena et al., 2019), which can induce apoptosis or other types of cell death. Predominantly C18 ceramide has been reported to interact with the SET (I2PP2A) protein and to inhibit its activity, which leads to an activation of the serine/threonine phosphatase PP2A, which dephosphorylates and inactivates the anti-apoptotic protein BCL2 (Dobrowsky et al., 1993; Li et al., 1996; Neviani et al., 2005; Trotta et al., 2007; Mukhopadhyay et al., 2009; Oaks and Ogretmen, 2014). For SKI-II it has been described mainly for cancer cells that this inhibitor can also induce cell death (Leroux et al., 2007; LeBlanc et al., 2015; Yang et al., 2015). Thus, increased ceramide concentrations, as well as decreased S1P concentrations can induce apoptosis or other forms of cell death (Hannun and Obeid, 2008; Young et al., 2013; Oaks and Ogretmen, 2014). In our study, low concentrations of the inhibitors (1 μM SKI-II and 0.5 μM ceranib-2), which induced <5% dead PBL, clearly reduced MV replication. Thus, this suggested that cell death is not responsible for the observed reduction in MV replication.



CONCLUSION

In summary, our data indicate that MV replication is reduced by inhibitors of the acid ceramidase and SphKs in primary human PBL and suggest that viral replication is impaired by several mechanisms regulated by sphingolipid-mediated signaling pathways. We can add the aspect that the inhibitors SKI-II and ceranib-2 affect the activities of mTORC1 and Hsp90, and thus reduce MV replication. Future work is required to reveal the exact mechanisms involved and to optimize the use of compounds regulating sphingolipid metabolism in order to inhibit virus replication while maintaining a functional antiviral immune response in vivo.
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Sphingolipids are a class of lipids that share a sphingoid base backbone. They exert various effects in eukaryotes, ranging from structural roles in plasma membranes to cellular signaling. De novo sphingolipid synthesis takes place in the endoplasmic reticulum (ER), where the condensation of the activated C16 fatty acid palmitoyl-CoA and the amino acid L-serine is catalyzed by serine palmitoyltransferase (SPT). The product, 3-ketosphinganine, is then converted into more complex sphingolipids by additional ER-bound enzymes, resulting in the formation of ceramides. Since sphingolipid homeostasis is crucial to numerous cellular functions, improved assessment of sphingolipid metabolism will be key to better understanding several human diseases. To date, no assay exists capable of monitoring de novo synthesis sphingolipid in its entirety. Here, we have established a cell-free assay utilizing rat liver microsomes containing all the enzymes necessary for bottom-up synthesis of ceramides. Following lipid extraction, we were able to track the different intermediates of the sphingolipid metabolism pathway, namely 3-ketosphinganine, sphinganine, dihydroceramide, and ceramide. This was achieved by chromatographic separation of sphingolipid metabolites followed by detection of their accurate mass and characteristic fragmentations through high-resolution mass spectrometry and tandem-mass spectrometry. We were able to distinguish, unequivocally, between de novo synthesized sphingolipids and intrinsic species, inevitably present in the microsome preparations, through the addition of stable isotope-labeled palmitate-d3 and L-serine-d3. To the best of our knowledge, this is the first demonstration of a method monitoring the entirety of ER-associated sphingolipid biosynthesis. Proof-of-concept data was provided by modulating the levels of supplied cofactors (e.g., NADPH) or the addition of specific enzyme inhibitors (e.g., fumonisin B1). The presented microsomal assay may serve as a useful tool for monitoring alterations in sphingolipid de novo synthesis in cells or tissues. Additionally, our methodology may be used for metabolism studies of atypical substrates – naturally occurring or chemically tailored – as well as novel inhibitors of enzymes involved in sphingolipid de novo synthesis.
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INTRODUCTION

Sphingolipids are a lipid class of great physiological importance to the homeostasis of mammalian cells, eukaryotes as a whole, and some prokaryotes. Structurally, all sphingolipids share a C18 amino alcohol backbone, to which fatty acids of different chain lengths and head groups of varied polarity can be attached. Due to their amphipathic character, sphingolipids play significant roles in membrane biology, including the maintenance of barrier function and fluidity (Breslow and Weissman, 2010). Beyond this, sphingolipids include bioactive species that are involved in numerous cellular signaling cascades such as ceramides (Cer), sphingosine (Sph, synonymous with d18:1 Sph), and sphingosine 1-phosphate (S1P) (Hannun and Obeid, 2008). It has been shown that different bioactive sphingolipids can cause opposing biological effects. For instance, while Cer act pro-apoptotically (Obeid et al., 1993; Gulbins et al., 1995), S1P production correlates with proliferative (Olivera and Spiegel, 1993) and anti-apoptotic effects (Cuvillier et al., 1996). Concordantly, the relative levels of sphingolipid metabolites are key to cellular homeostasis and, as such, are tightly regulated, a process widely referred to as “sphingolipid rheostat” (Newton et al., 2015). Disturbances to sphingolipid metabolism are associated with numerous pathogenic states involved in, e.g., several cancers (Ogretmen, 2017), cardiovascular diseases (Borodzicz et al., 2015), metabolic diseases such as type 2 diabetes (Meikle and Summers, 2016), neuro-psychiatric disorders (Mühle et al., 2013), and bacterial and viral infections (Grassmé et al., 2003; Grassmé et al., 2005). To date, however, many mechanistic details regarding the involvement of sphingolipids in such pathologies remain poorly understood. Likewise, a complete understanding of the complex and highly interlinked metabolism of sphingolipids is still ongoing.

Cer are the base molecules from which the synthesis of more complex sphingolipids, such as sphingomyelin and glycosphingolipids, takes place. They are also the precursors for bioactive lipid mediators such as Sph and S1P. Cer can be generated by sphingomyelin hydrolysis in membranes or via the catabolic salvage pathway, in which complex sphingolipids undergo lysosomal breakdown resulting in Cer (Hannun and Obeid, 2008). The de novo synthesis of Cer takes place in the endoplasmic reticulum (ER), and involves four enzymatic steps (Figure 1). The initial step is the condensation of the activated C16 fatty acid palmitoyl-CoA and the amino acid L-serine, which is catalyzed by pyridoxal 5’-phosphate (PLP)-dependent serine palmitoyltransferase (SPT). This produces 3-ketosphinganine (3KS), which is then rapidly reduced to sphinganine (dihydrosphingosine, d18:0 Sph) by 3-ketosphinganine reductase (also known as 3-ketodihydrosphingosine reductase, KDSR) in a NADPH dependent manner. Sphinganine, a so called long-chain base (LCB), is further N-acylated by the action of six ceramide synthase isoforms (CerS1-6) encoded by six distinct genes. Each CerS has a different acyl-CoA preference that can overlap within their isoforms. For example, CerS5 and CerS6 preferably use palmitoyl-CoA as their substrate, thus mainly forming C16 dihydroceramide (C16 dhCer, Cer d18:0/16:0) as a product. The last step in the sphingolipid de novo synthesis is catalyzed by dihydroceramide Δ4-desaturase (DEGS), which occurs in two isoforms: DEGS1 and DEGS2. Firstly, DEGS introduces a hydroxyl group at the C-4 position of the d18:0 Sph backbone using molecular oxygen. Next, a dehydration reaction follows in which DEGS, by means of NADPH (or NADH), introduces a double bond between carbons C-4 and C-5 to yield the Cer core-structure (Gault et al., 2010). For all enzymes involved in sphingolipid de novo synthesis (SPT, KDSR, CerS, and DEGS), there is strong evidence to suggest they are located on the cytosolic leaflet of the ER membrane (Gault et al., 2010; Yamaji and Hanada, 2015).
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FIGURE 1. Schematic overview of the sphingolipid de novo synthesis located in the ER. Serine palmitoyltransferase (SPT) catalyzes the condensation of palmitoyl-CoA and L-serine. The product of this reaction, 3-ketosphinganine (3KS), is further NADPH-dependently reduced to sphinganine (dihydrosphingosine, d18:0 Sph) by 3-ketosphinganine reductase (KDSR). Ceramide synthases (CerS) couple fatty acyl-CoAs to the amino group of the long-chain base d18:0 Sph. This leads to the formation of dihydroceramides (dhCer), differing in the chain length of the amide-bound fatty acid. The final step is the introduction of a double bond between carbons C-4 and C-5 mediated by dihydroceramide desaturase (DEGS) under NAD[P]H consumption. The formed ceramides (Cer) are subsequently shuttled to the Golgi apparatus for further metabolism. The cell image (left) was taken from https://smart.servier.com (freely accessible).



As with all enzymes involved in cellular metabolism, those regulating the sphingolipid biosynthesis can be affected by endogenous and exogenous factors as well as genetic alterations. Mammalian SPT is a heterodimer consisting of the two subunits SPTLC1 and SPTLC2 with the latter found as two isoforms (Tidhar and Futerman, 2013). Most patients suffering from hereditary sensory and autonomic neuropathy type 1 (HSAN1) carry mutations in SPTLC1 or SPTLC2. These mutations do not affect the activity of the SPT-complex, but instead shift its substrate affinity so that in addition to canonical SPT products, cytotoxic 1-deoxysphingolipids are formed through the incorporation of L-alanine instead of L-serine. The disease phenotype varies with SPT mutations, producing a range of severe symptoms such as muscle atrophy, growth retardation, and lung complications (Bode et al., 2016). It was recently demonstrated that KDSR mutations causing structural and functional defects in KDSR, the next enzyme in sequence of de novo sphingolipid synthesis, have been shown to associate with the inherited skin disorder progressive symmetric erythrokeratoderma (Boyden et al., 2017). Likewise, genetic defects in CerS have been described and discussed as the cause of several human diseases. For instance, a missense coding single-nucleotide polymorphism in CerS2 has been associated with rhegmatogenous retinal detachment (Kirin et al., 2013), while mutations in CerS3 leading to impaired activity and expression of CerS3 have been linked to skin ichthyosis (Eckl et al., 2013). In addition, there are numerous examples in which changes in the expression or activity of CerS isoforms correlate with human diseases, cancers in particular. Subsequently, the use of CerS as therapeutic targets is currently under intense scrutiny (Park et al., 2014). Recently, a genetic defect in DEGS1, in conjunction with substantial increases of dihydroceramides in fibroblasts and muscles, was identified as causative of hypomyelinating leukodystrophy (Pant et al., 2019). Of therapeutic relevance, several modulators of DEGS1 activity have been identified, as summarized by Rodriguez-Cuenca et al. (2015). These include the DEGS1 inducers palmitate and interleukin-2, and the DEGS1 repressors vitamin E and oxidative stress.

All enzymes involved in the de novo synthesis of sphingolipids can be modulated and can act as central “crossroads” in numerous human diseases. Techniques that assess the affinities and activities of the individual enzymes are, therefore, of great importance. Since each step of ER-centered biosynthetic pathways influences the next, it is essential to empirically capture the complete sphingolipid de novo synthesis. As far as we know, there is currently no cell-free assay available capable of tracking the status of the SPT substrates palmitate and L-serine from the initial condensation product up to their incorporation within the Cer scaffold. Here, we present a microsomal in vitro assay using stable-isotope labeled starting materials (palmitate-d3 and L-serine-d3) along with state-of-the-art detection techniques [high-performance liquid chromatography (HPLC) coupled to high-resolution and tandem-mass spectrometry] for unambiguous monitoring sphingolipid biosynthetics within the ER in its entirety. Doing so, we were able to track the incorporation of palmitate and serine beyond the formation of LCBs to (dh)Cer.



MATERIALS AND METHODS


Chemicals and Reagents

Palmitic acid (16,16,16-d3) was obtained from Cortecnet (Voisins-le-Bretonneux, France) and L-serine (2,3,3-d3) was from CDN Isotopes (Pointe-Claire, Canada). Cer d18:0/16:0 (C16 dhCer), Cer d18:1/16:0 (C16 Cer), Cer d18:1/17:0 (C17 Cer), d18:0 Sph (dhSph) and d17:0 Sph were from Avanti Polar Lipids (Alabaster, United States). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), dimethyl sulfoxide (DMSO), disodium hydrogen phosphate dihydrate (Na2HPO4), dithiothreitol (DTT), fatty acid-free bovine serum albumin (BSA), glacial acetic acid, glycerol, magnesium chloride hexahydrate (MgCl2), potassium chloride (KCl), sodium chloride (NaCl), sodium dihydrogen phosphate monohydrate (NaH2PO4), sodium hydroxide (NaOH) and tris(hydroxymethyl)aminomethane (Tris) were purchased from Carl Roth (Karlsruhe, Germany). Potassium hydroxide was from Merck KGaA (Darmstadt, Germany). Coenzyme A (CoA), fumonisin B1 (FB1) and nicotinamide adenine dinucleotide phosphate sodium salt (NADPH) were received from Cayman Chemicals (Ann Arbor, United States). Adenosine 5′-triphosphate disodium salt hydrate (ATP), β-glycerophosphate disodium salt hydrate, calcium chloride dihydrate (CaCl2), cOmpleteTM Protease Inhibitor Cocktail, myriocin from Mycelia sterilia, nicotinamide adenine dinucleotide dipotassium salt (NADH), phenylmethylsulfonyl fluoride (PMSF), pyridoxal 5′-phosphate hydrate (PLP), sn-glycerol 3-phosphate lithium salt and sodium orthovanadate (Na3VO4) were ordered from Sigma-Aldrich (Taufkirchen, Germany). All solvents and additives used were of LC-MS grade. 1-Butanol was from Merck KGaA, formic acid from VWR (Darmstadt, Germany) and acetonitrile as well as methanol from Carl Roth. Water was purified by a Millipore apparatus (Millipore GmbH, Darmstadt, Germany).



Preparation of Rat Liver Microsomes

Liver tissue of adult, male Wistar rats (2 g wet weight) was homogenized in 6 mL ice-cold homogenization buffer (10 mM NaH2PO4/Na2HPO4, 150 mM KCl, pH 7.4) using an Ultra Turrax T25 basic (IKA, Staufen, Germany). Cell debris were removed by centrifugation at 9,000 g for 20 min (4°C). To pellet microsomes, the supernatant was centrifuged for 1 h at 100,000 g (4°C) in a Beckman Coulter Optima LE-80K ultracentrifuge (Beckman Coulter, Krefeld, Germany) equipped with a Type 90 Ti fixed-angle rotor (Beckman Coulter). Microsomes were purified under the same conditions (1 h, 100,000 g, 4°C) in 4 mL homogenization buffer. After removal of the supernatant, the pellet was resuspended in microsomal buffer (5% (w/v) glycerol in homogenization buffer) and stored at −80°C. Protein concentration of the final microsome preparation was determined by Bradford assay.



In vitro Sphingolipid de novo Synthesis Assay

The method was modified from a thin-layer chromatography-based protocol applied for investigations of in vitro S1P metabolism in membrane fractions published by Wakashima and co-workers (Wakashima et al., 2014). Rat liver microsomes (200 μg) were incubated with 0.3 mM palmitate-d3 and 4 mM L-serine-d3 for 1 h at 37°C under gentle shaking (120 rpm). The assay mixture with a total volume of 500 μL also contained 4 mM ATP, 5 mM β-glycerophosphate, 1 mM CaCl2, 160 μM CoA, cOmpleteTM Protease Inhibitor (2.7-fold), 0.8 mM DTT, 40 mM HEPES-NaOH, 2 mM MgCl2, 121 mM NaCl, 1 mM NADPH, 5 mM Na3VO4, 250 μM PLP, 0.8 mM PMSF and 1 mM sn-glycerol 3-phosphate (in the following referred to as “standard condition”). In order to modulate the sphingolipid de novo synthesis the following modifications of the standard protocol were applied: omission of NADPH, addition of 1 mM NADH, addition of 1 mM NADH and 5 μM FB1, addition of 1 mM NADH and 50 μM myriocin. Stock solutions of FB1, myriocin and PMSF were prepared in DMSO. All other substances were dissolved in water. To obtain an 8 mM palmitate-d3 stock solution, 41 mg were dissolved in 2 mL of 0.1 M NaOH at 75°C. Next, the solution was transferred at 55°C in 200 μL increments into 18 mL of a 10% BSA solution (in PBS). For the aqueous ATP solution, the pH had to be adjusted to 7.0 with Tris (1 M) to maintain stability at −20°C for 6 months. With the exception of CoA, NADPH and NADH that were freshly prepared on the day of the assay, stock solutions were stored at −20°C. Assay negative control samples were prepared under “standard conditions” with palmitate-d3 replaced by the vehicle BSA. In vitro sphingolipid biosynthesis was stopped by addition of 200 μL 1 M methanolic KOH. Sphingolipid extraction was carried out by addition of 1 mL 1-butanol (containing 20 pmol Cer d18:1/17:0 and 2 pmol d17:0 Sph as internal standards) and 0.5 mL of water-saturated 1-butanol. After extraction for 10 min under shaking (1,500 rpm) and centrifugation (2,300 g, 10 min, 4°C) the upper organic phase was neutralized with 16 μL glacial acetic acid and subsequently evaporated to dryness under reduced pressure using a Savant SpeedVac Concentrator (Thermo Fisher Scientific, Dreieich, Germany). Dried samples were dissolved in 100 μL of HPLC eluent mixture B/A (95:5, v/v, see next paragraph) (1,500 rpm, 10 min) and centrifuged at 2,300 g for 10 min (4°C). The supernatants were split into two vials and subjected to HPLC-MS analysis.



Analysis of de novo Formed Labeled Sphingolipids by High-Performance Liquid Chromatography-Mass Spectrometry

All assay samples were subjected to HPLC coupled to both a quadrupole time-of-flight mass spectrometer (QTOF MS) and a triple quadrupole mass spectrometer (TQ MS). The rationale was to obtain accurate mass data (QTOF MS) as well as structural information by means of compound specific fragmentations with particularly high sensitivity (TQ MS). Chromatographic separations were performed with Agilent 1260 Infinity HPLC systems (Agilent Technologies, Waldbronn, Germany) coupled to the respective mass spectrometer, an Agilent 6530 QTOF MS or an Agilent 6490 TQ MS, via electrospray ion sources operating in the positive ion mode (ESI+). Samples (10 μL) were injected onto an Eclipse Plus C8 column (3.5 μm, 2.1 × 150 mm) guarded by a pre-column of the same material (both Agilent) that was tempered to 30°C. Water (eluent A) and methanol/acetonitrile (1:1, v/v, eluent B), both acidified with 0.1% formic acid, were used as eluents. Sphingolipid metabolites were eluted from the column by gradient elution using the settings given in Table 1. The total run time for one analysis was 30 min, including re-equilibration of the HPLC system. The following ion source parameters were used and, if not stated otherwise, maintained for both types of mass spectrometer used: drying gas temperature = 225°C, drying gas flow = 13 L/min of nitrogen (TQ MS: 15 L/min), sheath gas temperature = 380°C, sheath gas flow = 12 L/min of nitrogen, nebulizer pressure = 45 psi, capillary voltage = 4500 V, nozzle voltage = 2000 V. The ion funnel parameters (TQ MS only) were: high pressure RF voltage = 150 V and low pressure RF voltage = 60 V. The QTOF MS was operated in full scan mode, acquiring data in the mass-to-charge ratio (m/z) range of 100–750 with a scan rate of 2 spectra/s. TQ MS detection was accomplished in selected reaction monitoring (SRM) or, if applicable, in multiple reaction monitoring (MRM) mode. Fragmentations measured by collision-induced dissociation (CID) of investigated sphingolipids are given in Table 2. Most mass spectrometric results presented in this study are qualitative in nature. However, in experiments on modulation of sphingolipid biosynthesis in vitro (impact of enzyme inhibitors and cofactor supplementation), internal standards (d17:0 Sph and Cer d18:1/17:0) were used for semi-quantitative considerations. Furthermore, newly formed, labeled sphingolipids were quantified in technical assay replicates (using rat liver microsomes of the same batch) by means of d18:0 Sph, Cer d18:0/16:0, and Cer d18:1/16:0 as reference compounds for external calibration, as well as d17:0 Sph and Cer d18:1/17:0 as internal standards.

TABLE 1. HPLC gradient for separation of sphingolipids formed de novo in the microsomal assaya.
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TABLE 2. MS/MS parameters for detection of de novo formed sphingolipids using the TQ MS system.
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Statistical Analysis

Differences in quantities of de novo formed sphingolipid intermediates generated via two different assay conditions were statistically evaluated by multiple t-tests (∗∗∗p < 0.001; n.s., non-significant) using the software GraphPad Prism Version 6.5 (GraphPad Software, Inc., La Jolla, United States).




RESULTS


Formation of 3KS-d5 by the SPT-Catalyzed Reaction of d3-Palmitoyl-CoA and Serine-d3

The first step in sphingolipid de novo synthesis is the SPT-catalyzed reaction of palmitoyl-CoA with L-serine, and the subsequent formation of 3KS (Figure 1). For the in vitro assay presented herein, palmitate-d3 and L-serine-d3 were applied as SPT substrates. A prerequisite for this strategy was the in situ activation of the fatty acid palmitate-d3. This was achieved by addition of CoA and ATP to the microsome preparations containing the fatty acyl-CoA synthetases (Normann et al., 1981) responsible for the formation of d3-palmitoyl-CoA. First, we ran the in vitro assay without the addition of NADPH in order to stop sphingolipid biosynthesis after the initial SPT catalysis. Thus, we were able to maximize product concentrations, as reducing equivalents are necessary for the subsequent step in sphingolipid biosynthesis. We analyzed the corresponding lipid extract by HPLC-QTOF MS (Figures 2A,B) and HPLC-TQ MS (Figure 2C). Using high-resolution MS, we observed a compound eluting at 7.1 min with the accurate m/z of 305.3222 that was not present in the negative control (complete assay with palmitate-d3 substituted by the vehicle BSA). This m/z matched the protonated molecular ion [M+H]+ of 3KS-d5 (chemical structure given in the topmost panel of Figure 2) with a mass error of only 3.60 ppm. At first glance, it seems surprising that the reaction of substrates, each of them labeled three-times, yields a product that is only quintuply labeled. However, a detailed consideration of the intensely studied SPT catalytic cycle reveals the fate of one particular deuterium atom, the α-deuterium located at C-2 position of the L-serine (2,3,3-d3) used as substrate. As illustrated in Figure 3, an internal aldimine (Enz-Lys-PLP) formed between the cofactor PLP and a lysine residue of the enzyme’s active site is replaced by the external aldimine composed of PLP and the incoming serine-d3. Binding of palmitoyl-CoA – in this case (16,16,16-d3)-palmitoyl-CoA – results in transfer of the α-deuterium from the external aldimine to an enzymatic lysine residue. This previously described deuterium loss (Ren et al., 2018) leads, after completion of SPT catalysis, to the formation of a five-times labeled 3KS, deuterated twice at the amino acid moiety and three times at the terminus of the fatty acid. To verify the formation of 3KS-d5 from palmitate-d3 and serine-d3 under the chosen experimental conditions, we subjected the lipid extract to HPLC-TQ MS in order to confirm structural identity by MS/MS. Cleavage of the terminal CH2O group has been reported as the predominant fragmentation of the natural SPT product 3KS, as reflected by the mass transition m/z 300.3 → 270.3 used for SRM analysis (Merrill et al., 2005). We transferred this structural information to the initial SPT product that is generated in our assay and, therefore, analyzed the CID of the terminal CD2O group of 3KS-d5. A clear signal for the SRM transition m/z 305.3 → 273.3, absent in the negative control (Figure 2C), further confirmed the proper function of the SPT and, thus, the first step of the presented in vitro sphingolipid de novo synthesis assay.
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FIGURE 2. SPT-catalyzed formation of 3KS-d5 from the in vitro assay substrates palmitate-d3 and L-serine-d3. (Top) Chemical structure, formula, and exact mass of the protonated molecular ion [M+H]+ of 3KS-d5 generated during electrospray ionization. Dashed black line represents the mass transition used for selected reaction monitoring (SRM). (A) Overlay of extracted ion chromatograms (EIC) of the microsomal de novo synthesis assay using palmitate-d3 and serine-d3 as substrates (blue) compared to the negative control omitting palmitate-d3 (green). (B) Mass spectrum extracted from the EIC in the retention time window of eluting 3KS-d5 with annotation of the molecular ion peak and the calculated mass error. (A,B) Analysis was conducted on a quadrupole time-of-flight mass spectrometer (QTOF MS). (C) Overlay of SRM analyses of assay (blue) compared to negative control sample (green) performed with a triple quadrupole mass spectrometer (TQ MS). tR, retention time. (A) In the tR range of 8–10 min, relatively abundant unidentified matrix components (m/z: 305.2211 ≤ × ≤ 305.4211) eluted from both the assay and negative control samples. (C) Concordant matrix signals were diminished, with increased specificity achieved by analyzing compound-specific fragmentation.
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FIGURE 3. Proposed catalytic cycle for serine palmitoyltransferase (SPT) with d3-palmitoyl-CoA and L-serine-d3 being the substrates. This scheme was modified from A. H. Merrill, Jr. (Merrill, 2011). An internal aldimine (Schiff base) formed between the cofactor pyridoxal 5’-phosphate (PLP) and an active site lysine residue (Enz-Lys-PLP, upper left) is replaced by the external aldimine through the incoming L-serine-d3. Binding of d3-palmitoyl-CoA results in transfer of serine α-deuterium to an enzymatic lysine residue (dashed box). The reaction proceeds as shown with free CoA, CO2, and 3-ketosphinganine-d5 (3KS-d5) are released as products.





De novo Formation of d18:0 Sph-d5 From 3KS-d5

Following the formation of 3KS, sphingolipid biosynthesis proceeds with the reduction of 3KS to d18:0 Sph catalyzed by KDSR (Figure 1). Within this, the presence of NADPH is essential to the conversion of the C-3 keto group to a hydroxyl group. We thus performed our assay under “standard conditions” – in the presence of all cofactors necessary for full ER-based sphingolipid biosynthesis (see section Materials and Methods). Again, we performed accurate mass HPLC-QTOF MS with the extracted assay sample. Knowing that the presumable product should be five-times deuterated (chemical structure given in Figure 4), we extracted the [M+H]+ ion with m/z 307.3367 from the QTOF MS full scan. As can be seen in Figure 4A, an intense signal not present when palmitate-d3 was excluded from the assay reaction mixture, was detected. The corresponding mass spectrum (Figure 4B) confirmed the presence of d18:0 Sph-d5 with high mass accuracy (mass error less than 4 ppm). The slightly shorter retention time (6.9 min) compared to those observed for 3KS-d5 (7.1 min, Figure 2) is in agreement with the higher polarity of the hydroxyl compared to the keto group. Additionally, we performed MS/MS fragmentation of de novo synthesized d18:0 Sph-d5 using the TQ MS system. We monitored the mass transition m/z 307.3 → 289.3, as water loss accompanied by a mass shift of 18 Da has been reported during CID of unlabeled sphinganine (Cho et al., 2019). Indeed, a sharp SRM signal not seen in the negative control was obtained (Figure 4C). The data presented so far demonstrate the functionality of our novel microsomal assay over the first two steps of sphingolipid de novo synthesis starting from palmitate-d3 and serine-d3.
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FIGURE 4. De novo formation of d18:0 Sph-d5 from 3KS-d5 in the in vitro assay. (Top) Chemical structure, formula, and exact mass of the protonated molecular ion [M+H]+ of d18:0 Sph-d5 generated during electrospray ionization. Dashed black line represents the mass transition used for selected reaction monitoring (SRM). (A) Overlay of extracted ion chromatograms (EIC) of the microsomal de novo synthesis assay using palmitate-d3 and serine-d3 as substrates (blue) compared to the negative control omitting palmitate-d3 (green). (B) Mass spectrum extracted from the EIC in the retention time window of eluting d18:0 Sph-d5 with annotation of the molecular ion peak and the calculated mass error. (A,B) Analysis was conducted on a quadrupole time-of-flight mass spectrometer (QTOF MS). (C) Overlay of SRM analyses of assay (blue) compared to negative control sample (green) performed with a triple quadrupole mass spectrometer (TQ MS). tR, retention time. (A) In the tR range of 8.5–10 min, relatively abundant unidentified matrix components (m/z: 307.2367 ≤ × ≤ 307.4367) eluted from both the assay and negative control samples. (C) Concordant matrix signals were diminished, with increased specificity achieved by analyzing compound-specific fragmentation.





Formation of Cer d18:0-d5/16:0-d3 From de novo Formed d18:0 Sph-d5 and Assay Component Palmitate-d3

After the formation of the sphingoid base backbone, biosynthesis of sphingolipids continues with the incorporation of a further fatty acid side chain (Figure 1). This central step is catalyzed by six different CerS that differ in their ability to incorporate fatty acids of varying chain lengths (Levy and Futerman, 2010). Within the here presented assay, both exogenous palmitate-d3 and those fatty acids inevitably contained within the microsomal preparation are available. We focused on the use of palmitate-d3 as a CerS substrate and, thus, on the production of Cer d18:0-d5/16:0-d3 as assessed by mass spectrometry. It should be noted here that the incorporation of any other fatty acid could be tracked in this same fashion. We analyzed samples of our in vitro assay for [M+H]+ ions with m/z 548.5852 corresponding to eightfold deuterated Cer d18:0-d5/16:0-d3 (also referred to as C16 dhCer-d8 for simplicity; chemical structure given in Figure 5). HPLC-QTOF MS analysis gave two adjacent signals in the retention time range between 14 and 15 min, with only one of them (14.4 min) not appearing in the negative control (Figure 5A). The mass spectrum of this particular signal revealed a molecular ion peak at m/z 548.5879 (Figure 5B) that corresponded to the sought product, with a mass error of not more than 4.9 ppm. To ensure that the correct biosynthetic product was detected, we performed an MRM analysis with the HPLC-TQ MS. At least two characteristic MS/MS fragmentations have been described for dihydroceramides. The first, loss of water at, presumably, the C-3 position of the sphingoid base backbone (Mi et al., 2016). The second, dehydration in conjunction with cleavage of the fatty acid bound to the amino group (Schiffmann et al., 2009). Both mass transitions – m/z 548.6 → 530.6 and m/z 548.6 → 289.3, respectively – were recorded in order to verify the presence of C16 dhCer-d8. Unlike the negative control (omission of palmitate-d3), clear signals were observed for both fragmentations (Figure 5C), co-eluting as expected and from which the loss of water gave the higher intensity. The successful detection of C16 dhCer-d8 represents the first documented in vitro cell-free tracking of sphingolipid biosynthesis starting from SPT substrates to the construction of the Cer scaffold. However, one further step is required to complete the de novo synthesis of sphingolipids.
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FIGURE 5. Formation of Cer d18:0-d5/16:0-d3 from de novo formed d18:0 Sph-d5 and assay substrate palmitate-d3. (Top) Chemical structure, formula, and exact mass of the protonated molecular ion [M+H]+ of Cer d18:0-d5/16:0-d3 generated during electrospray ionization. Dashed black lines represent the mass transitions used for multiple reaction monitoring (MRM). (A) Overlay of extracted ion chromatograms (EIC) from the microsomal de novo synthesis assay using palmitate-d3 and serine-d3 as substrates (blue), compared to the negative control omitting palmitate-d3 (green). (B) Mass spectrum extracted from the EIC in the retention time window of eluting Cer d18:0-d5/16:0-d3 with annotation of the molecular ion peak and the calculated mass error. (A,B) Analysis was conducted on a quadrupole time-of-flight mass spectrometer (QTOF MS). (C) MRM analyses of assay (blue) compared to negative control sample (green) performed with a triple quadrupole mass spectrometer (TQ MS). For the negative control, only the mass transition with highest intensity (m/z 548.6 → 530.6) is shown. The arrow indicates the retention time (tR) of Cer d18:0-d5/16:0-d3. (A) At tR = 15 min, a relatively abundant unidentified compound (m/z: 548.4852 ≤ x ≤ 548.6852) eluted that was present in both assay and negative control samples. (C) Analysis of two analyte-specific fragmentations allowed for unambiguous discrimination between Cer d18:0-d5/16:0-d3 and matrix components.





Detection of Cer d18:1-d5/16:0-d3 as the Terminal Product of the in vitro Sphingolipid de novo Synthesis Assay

The final step in the de novo synthesis of sphingolipids in the ER is the desaturation of dihydroceramide, leading to the formation of Cer (Figure 1). Here, DEGS introduces a double bond in the sphingoid base backbone between the C-4 and C-5 carbons, crucial to the biological activity of Cer (Bielawska et al., 1993; Brockman et al., 2004). As reported by us (Kachler et al., 2017) and others (Liebisch et al., 1999), Cer yield abundant [M-H2O+H]+ precursor ions during the ESI process. Hence, we conducted HPLC-QTOF MS for m/z 528.5590 ions representing Cer d18:1-d5/16:0-d3 (also referred to as C16 Cer-d8 for simplicity). As we were unable to obtain a signal clearly distinguishable from that of the negative control using HPLC-QTOF MS (not shown), we applied the technique of highest detection sensitivity to the assay samples. Using the HPLC-TQ MS system we analyzed the extracted assay sample for the major MS/MS fragmentation reported for Cer; the loss of the amide-bound fatty acid plus the dehydration of carbon C-1 of the sphingoid base (Liebisch et al., 1999), expressed as m/z 528.6 → 269.3 for C16 Cer-d8. Using this analytical approach, we could obtain an unambiguous signal for C16 Cer-d8, eluting at 14.1 min from the separation column (Figure 6), which was absent in the negative control. As one would expect, the introduction of a double bond shortened the retention time in the reversed-phase separation column as compared to the saturated C16 dhCer-d8 (Figure 5). To confirm our observation, we analyzed an unlabeled Cer d18:1/16:0 reference standard under identical instrumental conditions. This compound showed the same retention time as the C16 Cer-d8 formed de novo, as well as an analogous MS/MS fragmentation (m/z 520.5 → 264.3) (Figure 6). Although the obtained signal intensity for C16 Cer-d8 was comparatively small (the following section details a quantitative consideration in this regard), the MS-based tracking of labeled palmitate and serine through to the synthesis of Cer is, nevertheless, remarkable and has not previously been described.
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FIGURE 6. Detection of Cer d18:1-d5/16:0-d3 as the terminal product of the sphingolipid de novo synthesis assay. (Right) Chemical structures, formulas and exact masses of the dehydrated, protonated molecular ions [M-H2O+H]+ of Cer d18:1-d5/16:0-d3 and the unlabeled analog Cer d18:1/16:0, generated during electrospray ionization. Dashed black lines represent the mass transitions used for selected reaction monitoring (SRM). (Left) SRM analyses of assay sample (addition of palmitate-d3 and serine-d3, blue), negative control sample (omission of palmitate-d3, green) and external Cer d18:1/16:0 standard (red) were performed with a triple quadrupole mass spectrometer (TQ MS). The arrow indicates the retention time of Cer d18:1/16:0 (labeled and unlabeled).





Regulation of Sphingolipid de novo Synthesis by Cofactor Supplementation and Addition of Enzyme Inhibitors

The biosynthesis of sphingolipids in the ER requires the activity of four different enzymes should the six CerS isoforms are considered as one, which themselves require the presence of several cofactors (Figure 1). By modification of the latter, it is possible to influence the progression of de novo sphingolipid synthesis at several points, a procedure we decided to perform to acquire proof-of-concept data regarding the here presented assay’s potential application. In vitro sphingolipid de novo synthesis was investigated under the conditions given in the Materials and Methods section with the following modifications: (1) omission of NADPH, (2) addition of NADPH (“standard condition”), (3) addition of NADPH and NADH, (4) as 3. with FB1, (5) as 3. with myriocin. With the described HPLC-MS methodology, we had a valuable tool to evaluate the individual assay conditions. It was initially decided to compare different assay conditions semi-quantitatively, using d17:0 Sph and Cer d18:1/17:0 as internal standards, in order to correct for analyte losses during sample preparation and for fluctuations of the mass spectrometer’s performance.

Standard conditions without NADPH are sufficient for the initial SPT-catalyzed reaction, as only CoA, ATP (for activation of palmitate-d3) and PLP (SPT cofactor) are required. Accordingly, a clear SRM signal for 3KS-d5 was detected. However, signals for the three downstream products of the de novo synthesis were missing (first row of Figure 7). NADPH is essential for the reduction of 3KS-d5 to d18:0 Sph-d5. Subsequently, de novo synthesis stops after the SPT reaction when NADPH is absent. By contrast, NADPH or NADPH/NADH supplementation enables the sphingolipid biosynthesis to reach its final stage, the formation of C16 Cer-d8 (second and third row of Figure 7). In addition to the formation of d18:0 Sph, NADPH is also required for the desaturation of dhCer (Figure 1). For the latter step, NADH has also been described as a reduction agent (Michel et al., 1997), which is the rational for the integration of this component into our assay. CerS, enzymes central to sphingolipid de novo synthesis, can be competitively inhibited by FB1, a mycotoxin structurally related to sphingosine (Wang et al., 1991). The presence of FB1 drastically reduced the abundance of C16 dhCer-d8 and subsequently C16 Cer-d8 (Figure 7, fourth row). The addition of myriocin completely prevented the formation of deuterated sphingolipids (Figure 7, fifth row). This natural fungal product is a potent SPT inhibitor (Miyake et al., 1995) and thus suppresses the condensation of d3-palmitoyl-CoA and L-serine-d3.
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FIGURE 7. Impact of cofactor supplementation and presence of enzyme inhibitors on de novo formation of deuterated sphingolipid metabolites in the microsomal assay. Selected reaction monitoring (SRM) using a triple quadrupole mass spectrometer (TQ MS) was conducted to investigate the formation of 3KS-d5 (first column), d18:0 Sph-d5 (second column), Cer d18:0-d5/16:0-d3 (C16 dhCer-d8, third column) and Cer d18:1-d5/16:0-d3 (C16 Cer-d8, fourth column) under different assay conditions. The in vitro assay reaction mixture was prepared as described in section Materials and Methods with the following modifications: omission of NADPH (first row), “standard conditions” (with NADPH, second row), supplemented with NADPH and NADH (third to fifth row), addition of ceramide synthase (CerS) inhibitor fumonisin B1 (FB1, fourth row), and addition of serine palmitoyltransferase (SPT) inhibitor myriocin (Myr, fifth row). Signals that were not present in the corresponding negative controls were integrated and colored. d17:0 Sph (0.2 pmol injected on column) and Cer d18:1/17:0 (2 pmol injected on column), referred to as internal standards (IS) 1 and 2, respectively, were used to normalize areas under the curves (AUC). Corresponding relations are indicated as insets. Y axes are scaled differently, while x axes are maintained for each sphingolipid metabolite.



Peak areas of detected de novo formed, labeled sphingolipids were related to those of internal standards (d17:0 Sph for 3KS-d5, d18:0 Sph-d5 and Cer d18:1/17:0 for C16 dhCer-d8, C16 Cer-d8) added prior to lipid extraction. Internal standard areas under the curves (AUCs) were stable throughout the assays, with standard deviations of less than 10%. The presence of both NADPH and NADH in the assay mixture increased signals of d18:0 Sph-d5 (1.2-fold), C16 dhCer-d8 (2.0-fold), and C16 Cer-d8 (1.5-fold) compared to solely NADPH. Concordantly, the 3KS-d5 signal also decreased (by 20%). Inhibition of CerS by FB1 increased the amount of substrate d18:0 Sph-d5 to 135% and drastically diminished the product C16 dhCer-d8 by more than 90%. As expected, the formation of the consecutive product, C16 Cer-d8, was reduced similarly in the presence of FB1. The 3KS-d5 signal was highest in samples without reducing equivalents, where de novo synthesis was stopped after SPT catalysis. In all other samples (except in presence of myriocin) intensity of d18:0 Sph-d5 exceeded those of 3KS-d5 (1.7–3.2-fold). Unexpectedly, C16 dhCer-d8 was detected in significantly greater quantities than C16 Cer-d8. On a semi-quantitative basis, this difference ranged between 80 and 149-fold. In assay samples containing myriocin, signals of the internal standards were detected, while those of de novo formed deuterated sphingolipids were not.

Intra-assay variability was assessed in a separate experiment using a new batch of rat liver microsomes. “Standard conditions” plus NADH were applied to five technical replicates. In addition to NADH, FB1 was added to another five replicates. De novo formed deuterated sphingolipids were quantified by external calibration using unlabeled analogs as reference compounds (concentrated from 0 to 1000 nM), as well as d17:0 Sph and Cer d18:1/17:0 as internal standards. As can be seen from Figure 8, the intra-assay variability (expressed as average % CV) was low, accounting for 11% and 15% for samples with or without FB1 addition, respectively. In the final sample volume (100 μL) the mean concentrations of 3KS-d5, d18:0 Sph-d5, C16 dhCer-d8, and C16 Cer-d8 were, respectively, 39.3, 201.3, 21.6, and 0.94 nM (“standard conditions” plus NADH). Addition of FB1 did not affect the formation of 3KS-d5 (30.4 nM) but did significantly increase d18:0 Sph-d5 (447.7 nM). Consistently, C16 dhCer-d8 and C16 Cer-d8 were reduced to 28% (6.1 nM) and 18% (0.17 nM). Taken together, using aliquots of identical batches of microsomes and reagents, the presented assay is reproducible. Larger variations are expected when different microsomal preparations are used due to deviating enzyme activities. However, this is precisely the intended field of application for the here established assay: the study of altered sphingolipid de novo synthesis in microsomal fractions of defined origin.


[image: image]

FIGURE 8. Intra-assay variability of the sphingolipid de novo synthesis assay. A total of 10 technical assay replicates were prepared, five of which were supplemented with NADPH and NADH (white bars and solid circles), while the remaining five replicates were additionally with fumonisin B1 (FB1, gray bars and open circles). Assays were performed as described in the Materials and Methods section using identical batches of microsomes and reagents. Concentrations of de novo formed, deuterated sphingolipid metabolites in the final sample volume (100 μL) were quantified by HPLC-MS/MS using external calibration (concentration range: 0–1000 nM). To this end, 3KS-d5 and d18:0 Sph-d5 were quantified via d18:0 Sph, whereas calibration curves of Cer d18:0/16:0 and Cer d18:1/16:0 were used to quantify Cer d18:0-d5/16:0-d3 (C16 dhCer-d8) and Cer d18:1-d5/16:0-d3 (C16 Cer-d8), respectively. Cer d18:1/17:0 and d17:0 Sph were used as internal standards. Bars represent mean concentrations (detailed in the main text) ± SEM (∗∗∗p < 0.001; n.s., non-significant; n = 5). Additionally, individual values of the replicates are depicted as circles.






DISCUSSION

Cer are sphingolipid species central to sphingolipid metabolism and play key roles in the pathogenesis of a variety of human diseases. Modification to Cer metabolism has been linked, among others, to the onset of various cancers, type 2 diabetes, Alzheimer’s disease, and major depression (Kurz et al., 2019). An important metabolic pathway through which Cer are formed in the cell is de novo synthesis within the ER. It is, therefore, consistent that therapies targeting the modulation of enzymes involved in de novo synthesis have been developed for diseases associated with Cer dysregulation. For instance, it has been shown that myriocin, a potent SPT inhibitor, suppresses murine melanoma growth (Lee et al., 2012) and mediates the regression of atherosclerotic lesions in hyperlipidemic apolipoprotein E knockout mice (Park et al., 2008). Efforts have also been made to develop specific CerS inhibitors as novel therapeutic treatment options (Schiffmann et al., 2012), one of which was recently used to elucidate the role of CerS1 and its product Cer d18:1/18:0 (C18 Cer) in the storage of dietary lipids (Turner et al., 2018). Accordingly, methods have been developed to determine the activities of individual enzymes involved in the biosynthesis of sphingolipids, and various activity assays for SPT (Rütti et al., 2009), KDSR (Fornarotto et al., 2006), CerS (Couttas et al., 2015), and DEGS (Munoz-Olaya et al., 2008) are now available. Up to this point in time, however, there existed no cell-free assay capable of concurrently assessing the activities of all four enzyme families involved in sphingolipid de novo synthesis. A prerequisite for such an assay would be the specific tracking of SPT substrates as they are incorporated into the Cer framework. One approach for this would be the use of exogenous enzyme substrates alien to eukaryotic cells (e.g., carrying odd-numbered carbon chains or stable-isotope labels) and highly specific and sensitive detection by means of mass spectrometry.

Ren and co-workers developed an in vitro SPT activity test system utilizing yeast microsomes treated with palmitoyl-CoA and deuterated L-serine as SPT substrates. By means of HPLC-TQ MS, they were able to follow the incorporation of the labeled amino acid into 3KS and d18:0 Sph, which they used to determine SPT kinetics in yeast (Ren et al., 2018). More recently, Harrison et al. used differentially labeled L-serine isotopologs and either palmitoyl-CoA or pentadecanoyl-CoA as SPT substrates to study the impact of stable-isotope label number and position in L-serine on the kinetics of recombinant human and bacterial SPT. For this, they applied HPLC equipped with a fluorescence detector to quantify C17 LCBs, and direct infusion high-resolution MS for detection of 3KS products (Harrison et al., 2019). Both studies used state-of-the-art techniques but limited their scopes to the first two steps of sphingolipid de novo synthesis. Another recently published study presented a more complex approach that allows comprehensive monitoring of sphingolipid metabolism, not restricted to the ER. The authors tracked the flux of d17:0 Sph through the sphingolipid metabolism of MCF-7 human breast adenocarcinoma cells in an one-step in situ assay using HPLC-TQ MS. Data on complex sphingolipids carrying a C17 sphingoid base backbone, such as dhCer, Cer, sphingomyelin, and hexosylceramide, were presented (Snider et al., 2018). However, the choice of d17:0 Sph as a starting material inevitably excludes the first two steps of de novo synthesis, catalyzed by SPT and KDSR. Strategies for monitoring sphingolipid metabolism in mammalian cells have recently been reviewed (Snider et al., 2019). To the best of our knowledge, the here presented method is the first reported cell-free assay capable of assessing de novo sphingolipid synthesis in its entirety. This results in two major innovations applicable to this field of research. First, the complete sphingolipid de novo synthesis can now be monitored in tissues or cells of choice, ex vivo. Second, our assay is the first that allows investigation of the complete ER-based metabolism of atypical or chemically tailored sphingoid bases, molecules that are of growing interest to the field.

We have established a protocol that uses rat liver microsomes as a source of enzymes, and palmitate-d3 and serine-d3 as initial labeled substrates for sphingolipid synthesis. Thus, unlike other published SPT activity assays, we use a non-activated fatty acid as our substrate precursor. This strategy requires in situ fatty acid activation, for which we added CoA and ATP to the microsomal fraction containing acyl-CoA synthetases (Normann et al., 1981). This procedure offers several advantages. First, we are able to test atypical SPT substrates – e.g., other fatty acids or derivatives – and so are not dependent on commercially available acyl-CoAs. Decades ago, it was described that the (rat liver) SPT affinity to fatty acyl-CoAs is rather broad and not restricted to the endogenous substrate palmitoyl-CoA (Williams et al., 1984). Likewise, it would be possible to change the amino acid precursor. For instance, if L-serine-d3 were replaced by L-alanine or L-glycine (preferably labeled) while palmitate-d3 is maintained, the formation of deuterated 1-deoxysphingolipids or 1-deoxymethylsphingolipids can be monitored, respectively (Duan and Merrill, 2015). Another advantage of this procedure is that all molecular requirements to monitor the N-acylation of d18:0 Sph catalyzed by CerS are met simultaneously. In this third step of sphingolipid biosynthesis, acyl-CoAs of different chain lengths serve as substrates for six different CerS isoforms (Figure 1). The addition of ATP and CoA to the assay also would permit the observation of different fatty acids as they were incorporated into the developing Cer backbone. In fact, the de novo formation of C16 dhCer-d8 from the assay substrates palmitate-d3 and serine-d3 (Figure 5) confirmed the activity of CerS5 and CerS6 in our assay, since these isoforms prefer palmitate (Levy and Futerman, 2010) and, thus, palmitate-d3 as a substrate. It would be straightforward to add the preferred fatty acids of other CerS isoforms, with or without labels, to increase the complexity of the assay and to assure even more detailed insights into sphingolipid de novo synthesis. In the present study, however, we focused on labeled physiological SPT substrates. In the future, follow-up studies with atypical SPT substrates, a broader spectrum of CerS substrates (all preferably stable-isotopically labeled), and combinations of these are envisaged. From an analytical point of view, the labeling of both the fatty acid and amino acid precursor molecules with stable-isotopes is advantageous. Most published MS-based SPT assays used labeled serine only (Ren et al., 2018; Harrison et al., 2019). Since serine is a small molecule (chemical formula: C3H7NO3), the number of introducible labels is limited. Taking into account the losses of α-deuterium and 13C-isotope at the carboxylic acid group (depending on the labeled serine reference substance used) during SPT catalysis (Figure 3), the labeling may be too low to avoid interferences with unlabeled assay components. More precisely, the use of labeled serine in combination with unlabeled palmitoyl-CoA, as done in the Ren et al. (2018) study using L-serine (2,3,3-d3), leads to the formation of 3KS-d2 as the initial SPT product. Following the de novo synthesis under these conditions, Cer d18:1-d2/16:0 (C16 Cer-d2) would be formed as the consistent product. Using a TQ MS for detection (as done in the above-mentioned study) will inevitably cause interferences with unlabeled Cer d18:1/16:0 (C16 Cer) present in the microsome preparation, due to the low mass accuracy of the quadrupole mass analyzer. The natural isotope pattern of the molecular ion [M-H2O+H]+ of C16 Cer is as follows (relative abundances in parentheses): (m/z) 520.5088 (100%), 521.5122 (36.8%), and 522.5155 (3.9%). The monoisotopic (exact) mass of C16 Cer-d2 is m/z 522.5214. With a TQ MS it is not possible to resolve the mass difference between the two nominally equal masses (m/z 522.5155 for C16 Cer and m/z 522.5214 for C16 Cer-d2). Since C16 Cer is present in microsomes in significant amounts, as confirmed by our QTOF raw data (not shown), misidentification of labeled, de novo formed Cer is very likely. For these reasons, we performed our assay with both labeled fatty acid and labeled amino acid to increase the deuteration level of the metabolites (products identified in the current study were five to eight-times labeled; see Figures 2, 4–6). Furthermore, besides TQ MS as a very sensitive detection system, we also used QTOF MS, a technique with high mass accuracy. Thus, we can unequivocally distinguish between de novo formed products and intrinsic sphingolipids present in the microsome preparation. Recently, Harrison and co-workers found that the presence of a serine α-deuterium significantly decreased the reaction rate of recombinant bacterial SPT, a point also applicable to L-serine (2,3,3-d3) used in the present study. However, recombinant human SPT was unaffected by the deuterium label at Cα position (Harrison et al., 2019). We used rat liver-derived SPT, which has a greater homology to human SPT than that of bacterial SPT. Nonetheless, testing of differently labeled serine substrates seems worthwhile and is planned for the future.

With our established sphingolipid de novo synthesis assay, we have identified four distinct and sequential metabolites, namely 3KS-d5, d18:0 Sph-d5, C16 dhCer-d8, and C16 Cer-d8. The latter two have, as yet, not been demonstrated using comparable test strategies. The use of enzyme inhibitors and varied cofactor quantities validated our approach. The following observations (illustrated in Figure 7) are in agreement with the well-studied progress of the sphingolipid biosynthesis in the ER (Gault et al., 2010): (1) de novo synthesis was abolished in the presence of the SPT inhibitor myriocin, (2) omission of reducing agents (NADPH/NADH) caused de novo synthesis to halt after SPT reaction (in conjunction with highest 3KS-d5 signal intensity), and (3) addition of the CerS inhibitor FB1 drastically reduced the N-acylation of d18:0 Sph-d5 (in agreement with its highest signal response) and thus the abundance of labeled dhCer and Cer. Two further observations need to be addressed. Firstly, assay supplementation with NADPH and NADH increased detected amounts of d18:0 Sph-d5, C16 dhCer-d8, and C16 Cer-d8 compared to addition of NADPH alone (in line with a 3KS-d5 signal reduction). This effect was particularly pronounced for dhCer and Cer, which were almost doubled. Microsomal preparations used for metabolism studies are usually supplemented with reducing agents. Under “standard conditions,” we added a threefold excess of reducing equivalents (1 mM NADPH) compared to the conversion limiting substrate palmitate-d3 (0.3 mM). This excess was doubled when a surplus of 1 mM NADH was added. It is therefore unlikely that under “standard conditions,” the amount of reducing agent was insufficient for quantitative conversions. At least for the DEGS-catalyzed step of sphingolipid biosynthesis in rat liver microsomes, it has been reported that NADPH and NADH function equally well as cofactors (Michel et al., 1997). Since the addition of NADH appears to have a positive effect on the first reductive step, the formation of d18:0 Sph-d5, our results give rise to more detailed investigations. The second aspect of our data to be discussed, and a possible limitation of this assay, is the relatively small amount of C16 Cer-d8 detected. As outlined before, we are the first to track the incorporation of palmitate and serine into the Cer core-structure of complex sphingolipids in a structure-specific manner within a cell-free system. However, the obtained ratio between detected Cer and its direct precursor dhCer is in contrast to published lipidomics data (Barbarroja et al., 2015; Mielke et al., 2015; Hernández-Tiedra et al., 2016). For instance, in healthy humans, molar Cer/dhCer ratios in both serum and liver account for approximately 10:1 (Apostolopoulou et al., 2018). Although lipidomics data are subject to a certain degree of variability, depending on species, tissue, body fluid, cell line etc. studied, the Cer/dhCer ratio found in our assay was 0.044 (Figure 8, white bars) and is therefore substantially lower than previously reported. Reasons for this could be extraordinarily high CerS activity and/or low DEGS activity. Since in vitro systems are rarely more metabolically competent than living organisms, the former seems unlikely. Loss of DEGS activity in the microsomes is probably the most plausible explanation, although the reasons for this remain speculative. There may have been some mechanical phenomena in the production of microsomes that interfere with DEGS activity, but not those of SPT, KDSR and CerS. However, all four enzyme families are localized adjacent at the ER membrane with their catalytic sites facing cytosolically (Yamaji and Hanada, 2015), making the impairment of DEGS alone implausible. An inadequate provision of cofactors can also be excluded for reasons described above. Various rat liver microsome-based DEGS activity assays have been published (Michel et al., 1997; Munoz-Olaya et al., 2008; Rahmaniyan et al., 2011). Unlike these, our assay applies the substrates of an enzyme located three steps upstream in the de novo synthesis pathway, rather than those directly relevant to DEGS activity. Thus, inhibitory effects of upstream sphingolipid metabolites or assay components cannot be ruled out. Possibly, the lack of Cer trafficking into other cell compartments (e.g., Golgi apparatus) contributes to the lower amounts of labeled Cer d18:1/16:0 formed in the presented microsomal approach. To account for the possibility that ER-resident alkaline ceramidases (ACERs) (Coant et al., 2017) hydrolyzed the de novo formed Cer d18:1-d5/16:0-d3, we analyzed the lipid extracts for d18:1 Sph-d5 (m/z 305.3 → 287.3). In addition, we searched for Cer t18:0-d5/16:0-d3, as the DEGS2 isoform, typically found at low levels, has been shown to catalyze C4-hydroxylation (without Δ4-desaturation) of the d18:0 backbone (Mizutani et al., 2004; Omae et al., 2004). According to Sullards et al. (2011), ceramide species containing a 4-hydroxysphinganine (t18:0) base also produce the m/z 264.3 fragment specific for ceramides. Hence, we analyzed our samples for the adjusted mass transition m/z 564.6 → 269.3 (deuterium labels on t18:0 backbone and fatty acid moeity). However, we were unable to detect either d18:1 Sph-d5 or Cer t18:0-d5/16:0-d3 in our assay. Further studies should be conducted to shed light on this issue.



CONCLUSION

In conclusion, we have developed a microsomal in vitro assay to study the entire de novo synthesis of stable-isotopically labeled sphingolipids by HPLC-MS(/MS). Obtained results are in agreement with the proposed cascade of sphingolipid biosynthesis taking place in the ER. The presented methodology with low intra-assay variability may serve as a useful tool for monitoring alterations in sphingolipid de novo synthesis in the microsomal preparations of cells or tissues. Doing so, it is possible to track natural SPT substrates or downstream metabolites, as well as sphingolipid analogs that are of increasing importance to the field. For instance, the visualization of biomolecular processes, physiological or pathophysiological in nature, in which sphingolipids are involved, is an especially important area of discussion in current literature. In this regard, a useful tool is “click chemistry,” in which functionalized, tailor-made sphingolipid derivatives can be coupled with fluorophores (or other labels) and thus made visible (Fink and Seibel, 2018). The here presented assay in combination with mass-specific detection will be of substantial importance for such studies, as it is now possible to investigate whether customized sphingolipids are metabolized in the ER and, if so, at which specific step. This will be crucial in estimating their cellular fates and physiological impacts. Likewise, our method may be applied to a variety of different natural and hypothesized LCB analogs that have been synthesized in order to study the metabolism of disease-related 1-deoxysphingolipids (Saied et al., 2018). Furthermore, the efficacy of newly designed inhibitors of enzymes involved in de novo sphingolipid synthesis can be tested with our protocol.
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Chlamydia species infect a large range of vertebral hosts and have become of major economic and public health concern over the last decades. They are obligate intracellular bacteria that undergo a unique cycle of development characterized by the presence of two distinct bacterial forms. After infection of the host cell, Chlamydia are found inside a membrane-bound compartment, the inclusion. The surrounding membrane of the inclusion contributes to the host-Chlamydia interface and specific pathogen-derived Inc proteins shape this interface allowing interactions with distinct cellular proteins. In contrast to many other bacteria, Chlamydia species acquire sphingomyelin from the host cell. In recent years a clearer picture of how Chlamydia trachomatis acquires this lipid emerged showing that the bacteria interact with vesicular and non-vesicular transport pathways that involve the recruitment of specific RAB proteins and the lipid-transfer protein CERT. These interactions contribute to the development of a new sphingomyelin-producing compartment inside the host cell. Interestingly, recruitment of CERT is conserved among different Chlamydia species including Chlamydia psittaci. Here we discuss our current understanding on the molecular mechanisms used by C. trachomatis and C. psittaci to establish these interactions and to create a novel sphingomyelin-producing compartment inside the host cell important for the infection.
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INTRODUCTION

Lipids are important factors in bacterial infections. They serve as energy source, structural components and are involved in the immune response. Like many bacteria, Chlamydia trachomatis is able to synthesize most phospholipids except for sphingomyelin, cholesterol and phosphatidylcholine. Sphingomyelin is mainly produced by eukaryotic cells thus; the detection of sphingomyelin inside chlamydial cells was astonishing. This review summarizes recent advances in our understanding of how Chlamydia spp. acquire sphingolipids from the host cell and describes their functions for Chlamydia biology.



CLINICS OF Chlamydia trachomatis AND C. psittaci INFECTIONS

Chlamydia trachomatis strains can be divided into biovars. The trachoma biovar (serovars A-C) can cause trachoma, the leading cause of preventable blindness that is hyperendemic in many rural areas of Africa, Central and South America, Asia, Australia and the Middle East. Infections with the urogenital tract biovar (serovars D-K) are among the most frequently sexually transmitted bacterial infections world-wide. They affect mainly young adults and persons with multiple sex partners (Newman et al., 2015). Symptoms range from asymptomatic to urethritis and proctitis in both genders and cervicitis in females. In particular, untreated or re-occurring infections in women have been associated with severe outcomes including pelvic inflammatory diseases (PID), ectopic pregnancies and infertility. Furthermore, during pregnancy, untreated C. trachomatis infections are a risk factor of preterm birth, conjunctivitis and pneumonia of the newborn. C. trachomatis belonging to the lymphogranuloma venereum biovar (LGV, L1-L3) is also sexually transmitted and can cause urogenital or anorectal infections in humans that can be more invasive by disseminating to the lymph nodes (Elwell et al., 2016).

Chlamydia psittaci is a zoonotic pathogen that causes respiratory disease in humans and avian species, also known as psittacosis or ornithosis (Knittler et al., 2014; Knittler and Sachse, 2015). The agent was originally isolated from birds, but meanwhile it has been found in different mammalian hosts like cattle, horses and pigs (Longbottom and Coulter, 2003). C. psittaci can be transmitted from domestic birds to humans by inhalation of aerosolized bacteria from the feces of infected avian species (Knittler et al., 2014; Knittler and Sachse, 2015). In many cases C. psittaci infections remain undetected and undiagnosed due to unspecific symptoms (fever, chills, headache, malaise, myalgia) (Knittler et al., 2014; Knittler and Sachse, 2015).



BIOLOGY OF Chlamydiaceae

Both C. trachomatis and C. psittaci belong to the family of Chlamydiaceae. A hallmark of all members of this family is their obligate intracellular, biphasic cycle of development that takes place in a membrane-bound compartment inside a eukaryotic host cell (Moulder, 1991; Hybiske, 2015).

It is characterized by the switch between the extracellular, infectious elementary bodies (EBs) and the intracellular, non-infectious, metabolically active reticulate bodies (RBs) (Figure 1). EBs are 0.3 μm in size and enter the host cell by receptor-mediated endocytosis or phagocytosis, involving bacterial adhesins, host cell receptors, and host-specific heparan proteoglycans (Elwell et al., 2016). After internalization, EBs are found in vacuoles, termed inclusions that protect the bacteria from the immune response of the host cell. By releasing effector molecules into the host cell via a type III secretion system, the inclusion membrane is modified and can escape the phagolysosomal pathway (Moore and Ouellette, 2014). Within the inclusion, EBs differentiate into the osmotically instable RBs. These 1 μm small, structurally flexible bacteria divide asymmetrically (Nunes and Gomes, 2014; Abdelrahman et al., 2016). RBs synthesize a family of special proteins, the Inc proteins, which are unique to Chlamydia spp. and are integral parts of the bacterial inclusion membrane. They are important bacterial constituents of the inclusion-host cell interface and confer stability to the inclusion membrane (Mirrashidi et al., 2015; Weber et al., 2017). Inc proteins were originally identified in C. psittaci. They are a family of Chlamydia-specific proteins lacking sequence homology to any known proteins, or to themselves. Interestingly, genomic comparison of different Chlamydia strains showed that some Inc proteins are conserved between different species and others are species-specific. These non-conserved Inc proteins may be involved in tissue tropism (Dehoux et al., 2011; Lutter et al., 2012).
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FIGURE 1. The chlamydial developmental cycle. The biphasic developmental cycle of Chlamydia spp. starts with the attachment and invasion of host cells by infectious elementary bodies (EBs). Within their membrane-bound vacuole, termed inclusion, EBs differentiate into metabolically active reticulate bodies (RBs). RBs undergo repeated cycles of replication before they finally re-differentiate into EBs. The life cycle ends with the release of EBs from the host cell by either host cell lysis or extrusion formation to start a new round of infection.



At 16–20 h post infection (p.i.) some RBs start to transform back into EBs, while other RBs continue to replicate. Depending on chlamydial species and growth conditions, at 48–72 h p.i. both developmental stages are released from the host cell by either complete lysis of the host cell or by a mechanism called extrusion – the release of the intact inclusion enveloped by host cell plasma membrane (Figure 1; Hybiske and Stephens, 2007). Freed EBs can infect neighboring host cells and start a new round of infection.



SPHINGOLIPID SYNTHESIS IN EUKARYOTIC CELLS

Sphingolipids are major integral components of eukaryotic cell membranes. They function as structural and signaling molecules that can regulate apoptosis, cellular proliferation and stress responses (Heung et al., 2006; Breslow and Weissman, 2010). Defects in sphingolipid metabolism have been linked to different diseases including carcinogenesis, cardiovascular and neurodegenerative diseases (Heung et al., 2006).

A sphingoid base linked to a specific fatty acid is the building block of the diverse family of sphingolipids. In sphingomyelin, this backbone is linked to a head group of phosphocholine whereas complex glycosphingolipids are generated by addition of a specific sugar residue. Sphingolipids are a family of structurally and functionally diverse lipids and are synthesized by three distinct pathways: (1) de novo synthesis, (2) sphingomyelinase pathways, and (3) salvage pathway that involve specific enzymes localized to distinct organelles inside the cell.

De novo sphingolipid synthesis begins with condensation of serine and palmitoyl coenzyme A (CoA) which takes place at the cytosolic leaflet of the endoplasmic reticulum (ER) catalyzed by the highly conserved palmitoyltransferase (SPTLC) (Yard et al., 2007; Breslow and Weissman, 2010; Hannun and Obeid, 2018). The product of SPTLC, 3-ketosphinganine, is further reduced by 3-ketosphinganine reductase (KDSR) and N-acylated by the action of fatty acid specific dihydroceramide synthases (CERS1-6). Finally, dihydroceramide is desaturated by dihydroceramide desaturase (DEGS) to generate ceramide. Ceramide represents the central precursor molecule of the sphingolipid metabolism, which in turn is used to generate several sphingolipids, like sphingomyelin, sphingosine or complex glycosphingolipids. Ceramide is then transported from the ER to the Golgi apparatus by vesicular trafficking or by transport proteins (Bartke and Hannun, 2009; Hanada, 2010). Within the Golgi, ceramides are modified at the head-group position by adding phosphocholine and phosphate to produce sphingomyelin and ceramide 1-phosphate (Tafesse et al., 2006; Hannun and Obeid, 2018). Ceramide is converted to sphingomyelin by sphingomyelin synthases (SMS) located at the lumen of the trans-Golgi (SMS1 and SMS2) and at the plasma membrane (SMS2) (Tafesse et al., 2006; Yamaji and Hanada, 2015). Precursor of complex glycosphingolipids, such as glucosylceramide and galactosylceramide, are formed by the addition of glucose and galactose residues in a glycosidic linkage to ceramide (Breslow and Weissman, 2010; Yamaji and Hanada, 2015). Ultimately, sphingolipids and glycosphingolipids are transported through secretory pathways to plasma membranes and subcellular organelles.

Alternatively, ceramides can be generated by the breakdown of complex sphingolipids, termed salvage pathway (Kitatani et al., 2008). Sphingolipids and glycosphingolipids are degraded in acidic subcellular compartments, such as late endosomes and lysosomes, to form sphingosine (Kitatani et al., 2008). In contrast to ceramide, which is not capable to leave the lysosome, sphingosine is able to enter different cell compartments (Bartke and Hannun, 2009). Released sphingosine may re-enter sphingolipid pathways and is reused by the ceramide synthase to generate ceramides again via re-acylation (Kitatani et al., 2008).

The third pathway, termed sphingomyelinase pathway, occurs in the plasma membrane and endosome/lysosome systems (Yamaji and Hanada, 2015; Teo et al., 2016). Within these compartments, sphingomyelin is converted to ceramide by acid sphingomyelinases (Kitatani et al., 2008). At plasma membranes, SMS2 adds phosphocholine head groups to ceramide, which leads to the production of sphingomyelin.



SPHINGOLIPID TRANSPORT IN Chlamydia-INFECTED CELLS

Twenty four years ago, Hackstadt et al. (1995) showed that fluorescently labeled sphingomyelin is acquired by C. trachomatis from the host cell. Based on the observation that purified EBs contained fluorescent sphingomyelin the authors concluded that Golgi-derived sphingomyelin accumulates in bacteria rather than its precursor ceramide. Classical protein markers of the transport between the Golgi apparatus and the plasma membrane were not found in the inclusion membrane suggesting that a subset of Golgi-derived exocytic vesicles is targeted (Hackstadt et al., 1996; Scidmore et al., 1996a). C. trachomatis protein synthesis is required for this interaction and bacterial factors that mediate fusogenicity with sphingomyelin-containing vesicles seem to be continually replenished (Scidmore et al., 1996b, 2003). Shortly after these initial observations, quantitative analysis indicated that C. trachomatis membranes contain up to 4% of sphingolipids (Wylie et al., 1997). Interfering with bacterial sphingolipid acquisition resulted in less infectious bacteria, leads to the formation of aberrant chlamydial forms and demonstrated the requirement of sphingolipid metabolism for reactivation after INFγ treatment of C. trachomatis-infected cells (van Ooij et al., 2000; Rejman Lipinski et al., 2009; Robertson et al., 2009). Interestingly, synthesis of sphingomyelin from ceramide seems to be a prerequisite for sphingolipid uptake into the inclusion and into the bacteria, as a ceramide derivative that cannot be converted to sphingomyelin (1-O-methyl-ceramide) was not translocated across the inclusion membrane but rather accumulated around the inclusion (Banhart et al., 2014). This ceramide derivative showed strong anti-chlamydial activity suggesting that C. trachomatis generates a sphingomyelin-producing compartment inside the host cell which is important for chlamydial growth (Banhart et al., 2014; Saied et al., 2015). Surprisingly, a recent study suggests that sphingomyelin uptake by Chlamydia species is linked to host adaptation and/or virulence rather than to its obligate intracellular life style (Dille et al., 2015).

In recent years, vesicular and non-vesicular transport pathways were identified that were hijacked by C. trachomatis to obtain sphingolipids from the host cell (Figure 2). These pathways are not redundant and play distinct roles during the chlamydial cycle of development. It has been shown that C. trachomatis can intercept vesicular transport routes from different organelles including Golgi mini-stacks or multivesicular bodies (MVBs). Transport of sphingolipid-containing vesicles derived from Golgi mini-stacks requires cellular GTPases RAB14, RAB6A and RAB11A, ARF1 and its guanine nucleotide exchange factor GBF1 (Heuer et al., 2009; Elwell et al., 2011). Interestingly, RAB14, RAB6A, and RAB11A appear to be important for Chlamydia progeny formation whereas ARF1 and GBF1 seem to be dispensable (Rejman Lipinski et al., 2009; Capmany and Damiani, 2010; Elwell et al., 2011). The recruitment of RAB14-postive vesicles was shown to be controlled by the Akt signaling pathway, a pathway that is activated by C. trachomatis infections (Capmany et al., 2019). Several other kinases have also been implicated in sphingomyelin transport to the C. trachomatis inclusion. These include SRC family kinase Fyn and serine/threonine kinases that have been identified in an RNAi screen and based upon inhibition by rotterlin, respectively (Shivshankar et al., 2008; Mital and Hackstadt, 2011). The precise mechanisms how rotterlin inhibits sphingomyelin uptake by C. trachomatis remains elusive as rotterlin appears to have multiple targets inside the host cell (Lei et al., 2012). In addition, sphingomyelin is transported from MVBs by RAB39 (Gambarte Tudela et al., 2019). The MVB marker protein CD63 has been detected inside C. trachomatis inclusion but its functional role remains elusive (Beatty, 2006, 2008). In contrast, much less is known for sphingolipid acquisition in C. psittaci infections (Figure 2). For both species, infection results in fragmentation of the cellular Golgi apparatus into smaller Golgi mini-stacks thereby increasing Golgi surface (Heuer et al., 2009; Knittler et al., 2014). This phenotype has been shown to boost sphingolipid acquisition in C. trachomatis infections (Heuer et al., 2009). In sum, multiple cellular processes contribute to sphingolipid acquisition in Chlamydia infections (Moore, 2012). How these factors regulate sphingolipid transport and influence the infection is currently not completely understood.
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FIGURE 2. Sphingolipid acquisition during Chlamydia infection. Acquisition of sphingolipids takes place by both vesicular and non-vesicular pathways and is ensured by interactions with several subcellular compartments and host cell proteins. Vesicular transport of sphingolipids to C. trachomatis is realized by rerouting vesicles from fragmented Golgi mini-stacks or multivesicular bodies, involving several RAB GTPases such as RAB6, RAB11, RAB14, and RAB39. Recruitment of RAB GTPases is thought to be mediated by Inc proteins and interaction of RAB11 with CT556 has been described (Mirrashidi et al., 2015). Non-vesicular routes to C. trachomatis include recruitment of SMS and the formation of ER/inclusion membrane contact sites that contain the ceramide transport protein CERT. In contrast, little is known for C. psittaci, except for fragmentation of the Golgi apparatus and recruitment of CERT.



The recruitment of cellular proteins, especially RAB proteins, is species dependent (Damiani et al., 2014). In the past, the localizations of RAB proteins were investigated during infection of different Chlamydia species and showed that a core subset of RAB proteins is recruited to the inclusion membrane of different Chlamydia species whereas a few RAB proteins are species-specific (Rzomp et al., 2003). Interestingly, although recruitment of a RAB protein is conserved between different Chlamydia species (Rab4 in C. trachomatis serovar L2 and D, C. muridarum, and C. pneumoniae), its identified bacterial interaction partner that is responsible for the interaction (CT229 in C. trachomatis serovar L2) has not been found in the other chlamydial species (Rzomp et al., 2006). This leaves a question mark on of how the mechanisms of functional recruitment differ between Chlamydia species.

Future research regarding the role of these different vesicular pathways in infections with different Chlamydia species, the identification of transported lipids and bacterial factors controlling these interactions is needed to understand the intricate relationship.



CERT-DEPENDENT ACQUISITION OF SPHINGOLIPIDS AND BEYOND

New studies showed that C. trachomatis and C. psittaci hijack the cellular ceramide transport protein CERT to obtain ceramide from the host cell (Derre et al., 2011; Koch-Edelmann et al., 2017). CERT transfers ceramide from the ER to the Golgi apparatus in uninfected cells using the C-terminal START domain (Ponting and Aravind, 1999). Its N-terminal pleckstrin homology (PH) domain binds phosphatidylinositol-4-phosphate (PI4P) (Peretti et al., 2008) at the cis-face of the Golgi apparatus and is linked with the ER due to its central FFAT motif binding VAPs (Vesicle-associated membrane protein-associated protein) (Loewen et al., 2003). In C. trachomatis-infected cells, CERT is recruited to the inclusion membrane by interaction with IncD (Figure 2). Targeted deletion of CERT domains showed that the FFAT motif is relevant for binding and co-recruiting VAPs to the inclusion membrane, but lack of the PH domain interrupts association to the inclusion (Agaisse and Derre, 2014). The interaction of IncD with CERT is driven by the charged and hydrophobic motif in its C-terminus as well as the charged motif in the N-terminus (Kumagai et al., 2018). These motifs are conserved in C. trachomatis, C. suis, C. muridarum, C. caviae, and C. felis. Also, the proximity of both domains and the possibility of forming homooligomers mediated by the transmembrane domain are necessary for increasing the affinity to CERT. After CERT recruitment to the inclusion membrane, ceramide is likely transported from the ER to the inclusion membrane at ER-inclusion contact sides where ceramide is subsequently converted into sphingomyelin by the also recruited host SMS2 (Figure 2; Elwell et al., 2011). IncD belongs to the non-conserved Inc proteins that are not found in all Chlamydia species, for example C. psittaci. Thus, it is currently not known how CERT is recruited to C. psittaci inclusions (Koch-Edelmann et al., 2017). In uninfected cells, the CERT PH domain binds to PI4P-enriched membranes in the trans-Golgi region. It has been suggested, that PI4P is present at C. trachomatis inclusion membranes and might thereby partially mediate CERT binding (Moorhead et al., 2010). Assuming that C. psittaci inclusions are PI4P positive, this mode of binding could be conserved between the different Chlamydia species. In addition, proteomic analysis of C. trachomatis inclusions revealed that VAPB, a binding partner of CERT is significantly enriched in the inclusion proteome (Aeberhard et al., 2015). Whether VAPB is also associated with C. psittaci inclusions or if a currently unknown C. psittaci factor facilitates CERT recruitment still needs to be determined. Thus, future experiments are needed to reveal the nature of CERT binding to C. psittaci inclusions.

Sphingomyelin is one of the essential host-derived lipids that is incorporated into chlamydial membranes (Saka and Valdivia, 2010) and is described to play a role in bacterial replication and inclusion growth (Hackstadt et al., 1996; Rejman Lipinski et al., 2009; Elwell et al., 2011). Further evidence for this suggestion is that CERT recruitment is conserved among Chlamydia spp. (Koch-Edelmann et al., 2017). For C. trachomatis and C. muridarum it has been shown by RNA interference that CERT seems to be essential for the production of infectious progeny, indicating that CERT is a crucial factor in chlamydial development (Derre et al., 2011; Elwell et al., 2011). Recent studies using CRISPR/Cas9-mediated CERT-knockout cells demonstrated that deficiency of CERT in C. psittaci infections also leads to decreased infectious progeny formation (Koch-Edelmann et al., 2017). Interestingly, CERT-knockout caused an increase of sphingolipid uptake by C. psittaci (Koch-Edelmann et al., 2017). This is in stark contrast to C. trachomatis infection that shows a drastic decrease in bacterial sphingolipid acquisition under CERT depletion. These findings possibly suggest a CERT-independent sphingolipid uptake pathway in C. psittaci infections. How sphingolipids are transported to C. psittaci in CERT-knockout cells is currently not known. The involvement of one or more novel factor/s of either bacterial and/or cellular origin that compensate for loss of CERT is likely. Besides that, these results underline that acquisition of sphingomyelin needs to be controlled by Chlamydia spp. and suggest that CERT might have additional roles in chlamydial development beyond sphingolipid transport, which need to be investigated in the future.



SUMMARY AND OUTLOOK

Twenty four years after the initial observation that C. trachomatis can acquire sphingomyelin from the Golgi apparatus of the infected host cells a clearer picture is emerging on the molecular pathways used by different Chlamydia species to obtain sphingolipids. Chlamydia species use distinct, non-redundant pathways to obtain sphingolipids. These include vesicular and non-vesicular transport pathways. The characterization of CERT as a conserved factor in ceramide delivery to different Chlamydia species and the recruitment of the human SMS2 to the C. trachomatis inclusion suggests that at least C. trachomatis creates a novel sphingomyelin-producing compartment inside the infected host cells. Additionally, in C. trachomatis infections sphingomyelin is transported by distinct vesicles. For that purpose, C. trachomatis exploits cellular GTPases, including RAB and ARF proteins, and kinases to facilitate bacterial sphingomyelin acquisition from fragmented Golgi mini-stacks and MVBs. How vesicular and non-vesicular transport of sphingolipids is controlled by different Chlamydia species, how they process CERT-delivered ceramide, and how ceramide and sphingomyelin regulate chlamydial infections are just a few open questions. The development of novel tools including the genetic manipulation of Chlamydia species and the biochemical isolation of chlamydial inclusions now allows addressing these questions.
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In T cells, as in all other cells of the body, sphingolipids form important structural components of membranes. Due to metabolic modifications, sphingolipids additionally play an active part in the signaling of cell surface receptors of T cells like the T cell receptor or the co-stimulatory molecule CD28. Moreover, the sphingolipid composition of their membranes crucially affects the integrity and function of subcellular compartments such as the lysosome. Previously, studying sphingolipid metabolism has been severely hampered by the limited number of analytical methods/model systems available. Besides well-established high resolution mass spectrometry new tools are now available like novel minimally modified sphingolipid subspecies for click chemistry as well as recently generated mouse mutants with deficiencies/overexpression of sphingolipid-modifying enzymes. Making use of these tools we and others discovered that the sphingolipid sphingomyelin is metabolized to ceramide to different degrees in distinct T cell subpopulations of mice and humans. This knowledge has already been translated into novel immunomodulatory approaches in mice and will in the future hopefully also be applicable to humans. In this paper we are, thus, summarizing the most recent findings on the impact of sphingolipid metabolism on T cell activation, differentiation, and effector functions. Moreover, we are discussing the therapeutic concepts arising from these insights and drugs or drug candidates which are already in clinical use or could be developed for clinical use in patients with diseases as distant as major depression and chronic viral infection.
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INTRODUCTION

Subsets of T cells are major contributors to adaptive immunity. In particular, CD4+ T helper and CD8+ T cells either crucially orchestrate adaptive immune response or are direct mediators of e.g., anti-viral immunity, respectively. In order to be able to fulfill these tasks T cell precursors have to run through a stringent process of positive and negative selection within the thymus [reviewed in (1)]. However, it has been clear for decades that the process of negative selection does not completely eliminate maturing autoreactive T cells. This means that also in healthy human individuals autoreactive T cells can be detected (2–5) which, however, only cause autoimmune diseases like multiple sclerosis in very few people. One reason for this is that the thymus also generates so-called regulatory CD4+ T cells—a process coined the “third function” of the thymus (6).

These regulatory T cells (Treg) develop and are maintained under the control of the transcription factor Foxp3 (7–9). Expression of Foxp3 endows maturing T cells with an increased robustness toward negative selection (10). Therefore, Foxp3+ CD4+ Treg leaving the thymus display a high degree of autoreactivity (11, 12). By employing a wide array of molecular mechansims Treg prevent autoreactive and autoaggressive conventional CD4+ T helper (CD4+ Tconv) and CD8+ T cells from attacking healthy tissue which would otherwise lead to autoimmune disease [reviewed in (13)].

In conditions under which a protective adaptive immune response is crucial for the host to survive, mechanisms need to be in place which neutralize Treg-mediated immunosuppression [reviewed in (13)]. A key mechanism here is the recognition of pathogen-associated molecular patterns (PAMPs) via pattern recognition receptors (PRR) like Toll-like receptors expressed by cells of innate immunity like dendritic cells (DC) [reviewed in (14)]. This leads to an upregulation of costimulatory molecules like CD80 and CD86 on the surface of DC, which will trigger CD28 costimulation of CD4+ Tconv. By this they will escape suppression by Treg (15–17). As these signals are spatially and timely restricted, i.e., only present in lymph nodes draining an infection site, Treg-mediated immunosuppression will only be neutralized there, whereas in other tissues Treg will continue to be able to mediate protection from autoimmunity.

Unfortunately, “overshooting” or unwanted adaptive immune responses are not always prevented successfully. This will then lead to different forms of T [reviewed in (18–20)] or B cell-mediated autoimmunity [reviewed in (21, 22)].

Apart from mediating protective immunity and inducing autoimmune diseases causing a substantial amount of morbidity and mortality, T cells have been recognized to play an important role in maintaining or restoring tissue homeostasis after muscle damage (23), myocardial infarction (24–26) or stroke (27).

To fulfill all these different tasks, T cells in general mainly rely on signals which they receive through cell surface receptors. As such these receptors are, of course, in close contact with lipids forming the cell membrane. About 30% of phospholipids in the plasma membrane belong to so-called sphingolipids [reviewed in (28)]. The importance of sphingolipids for T cell function stems from the fact that they are not inert molecular species, but that they are subject to metabolization [reviewed in (29)] and are altered depending on the differentiation state and function of the cells. This means e.g., that the most complex sphingolipid sphingomyelin (consisting of a number of species with different fatty acid chain lengths) can be reversibly cleaved into ceramides and phosphocholine (Figure 1). Ceramide molecules have the propensity to self-aggregate, thus, forming so-called ceramide-rich platforms [reviewed in (31)]. Ceramides may, however, also be further metabolized into sphingosine and fatty acids. Sphingosine may then be phosphorylated to sphingosine-1-phosphate which has very wide-ranging biological activities mediated by a set of five different cell surface receptors, but also by direct interaction with signaling molecules inside cells [reviewed in (32)]. Finally, sphingosine may also be cleaved into phosphoethanolamine and hexadecenal marking the only non-reversible step in sphingolipid metabolism (Figure 1).


[image: Figure 1]
FIGURE 1. Schematic summary of sphingolipid metabolism. Adapted from Bartke and Hannun (30) with chemical structures of the sphingolipids involved (all with C18 side chains).


The different steps in the meta-(cata-)bolism of sphingomyelin and its breakdown products are catalyzed by a whole array of different enzymes. Localization of these enzymes in different cellular compartments and the modulation of their enzymatic activity upon T cell activation mean that their biology is very complex. One key mediator of sphingomyelin breakdown is the acid sphingomyelinase (mouse: Asm; human: ASM). In resting T cells the Asm is localized in the inner leaflet of the lysosomal membrane where the presence of Zn2+ ions and the acidic pH ensure optimal enzymatic activity [reviewed in (29)]. Upon activation of certain cell surface receptors, including CD28 (33) and CD95 (34) via monoclonal antibodies, Asm activity in lysosomes is increased and lysosomes fuse with the cell membrane, thus exposing the Asm on the cell surface where it might still be able to catalyze sphingomyelin cleavage [reviewed in (29)]. Another important sphingomyelinase whose role in T cell biology is not yet fully understood is the neutral sphingomyelinase 2 (mouse: Nsm2; human: NSM2). In contrast to the Asm, the Nsm2 localizes to the inner leaflet of the plasma membrane and the cytoplasmic side of the Golgi membrane, where it can get activated without being translocated to another cellular compartment (35–38). Stimuli activating the Nsm2 include isolated TCR or TCR and CD28 costimulation via monoclonal antibodies (39).

Apart from meta- and catabolism sphingolipid concentrations in cellular membranes are, of course, also regulated by de novo sphingolipid generation. The “hub” of sphingolipid de novo synthesis is ceramide [reviewed in (30)] with six different ceramide synthases catalyzing the generation of the various ceramide species in the endoplasmic reticulum [reviewed in (30, 40)].



CD8+ T CELLS

Having passed thymic selection mature, MHC class I-restricted, CD8+ T cells leave the thymus and migrate to secondary lymphoid organs, i.e., predominantly lymph nodes and spleen. To ensure tight immunological control of the whole body, naïve (CD8+) T cells constantly recirculate through the lymphatic/blood system—a process crucially regulated by high concentrations of sphingosine-1-phosphate in efferent lymph and blood [reviewed in (32)].

After encounter of antigen and appropriate costimulation, CD8+ T cells differentiate into cytotoxic T lymphocytes (CTL) expressing lytic granules [reviewed in (41)]. Upon recognition of foreign peptides on MHC class I molecules by the CTL's TCR the CTL will release the content of the lytic granules toward the target cell, i.e., into the synaptic cleft between both cells. Lytic granules contain granzymes and perforin which generates pores in the target cell's membrane through which granzymes can enter the cytoplasm and induce apoptosis by activating caspases [reviewed in (42)]. Upon fusion of the lytic granules with the cell membrane not only proteins like LAMP-1 which is expressed on the inner membrane leaflet of lytic vessels and protects CTL and Natural Killer cells from degranulation-associated damage (43), but also the Asm will be exposed on the cell surface [reviewed in (29, 44)]. Due to the size of the lytic granules sufficient extrusion of their content requires changes to the biophysical properties of their membranes (45). These changes are mediated by the Asm generating ceramide at the inner membrane leaflet of the vesicles. Vesicles containing the chemokine RANTES which also exist in CD8+ effector T cells are about 10-fold smaller than lytic vesicles. Therefore, chemokines are efficiently released from these vesicles even without changes to the biophysical properties of their membranes (45). Reduced release of lytic content from vesicles was associated with reduced killing by CTL from Asm-deficient vs. wild-type mice (45). These data were confirmed by pharmacologically inhibiting Asm activity with imipramine in CTL (45).

Can these insights be used and translated to humans? A direct consequence of the aforementioned observations in mice is that inhibition of Asm activity with clinically approved antidepressants like amitriptyline, imipramine, or sertraline could reduce unwanted CTL activity. This would, of course, lead to unspecific partial immunosuppression. It might, thus, be envisaged as a form of comedication e.g., in patients suffering from pulmonal immunopathology due to overshooting CTL activity against e.g., Influenza A virus-infected alveolar epithelial cells [reviewed in (46)]. In addition to reducing CTL activity, inhibition of the ASM in humans may also directly stabilize pulmonal function as it has been observed in animal models (47–49). In fact it is this latter indication for which ASM inhibitors are currently investigated in children with cystic fibrosis suffering from bacterial infections of the lung (ClinicalTrials.gov Identifier: NCT00515229).

A caveat in the outlined scenario is that, so far, the role of the Asm in lytic granule release from CTL has only been studied in mice. Data for human CD8+ CTL are still lacking. As it is very likely that the ASM is also expressed by human CD8+ T cells it seems plausible that also in humans ASM activity enhances release of cytotoxic content from CTL vesicles.

Apart from the ASM, the NSM2 also constitutes a therapeutically interesting target to modulate CTL function in humans. This is the case as stimulation of the T cell receptor complex (with monoclonal antibodies) is sufficient to increase NSM2 activity (39) and for target cell recognition the CTL only needs to receive an activating signal through the TCR complex. Therefore, inhibition of the NSM2 may also be suitable to reduce unwanted CTL activity.



CONVENTIONAL CD4+ T CELLS

Compared to CD8+ T cells and CTL, the body of literature on the impact of sphingolipid metabolism on the function of conventional, i.e., Foxp3−, non-regulatory T cells (CD4+ Tconv) is much bigger (50–52). In particular, researchers have focused in recent years on the modulation of effector cell differentiation and cytokine secretion by human CD4+ T cells by the ASM (52, 53).

An early report comparing cells from Asm-deficient and wildtype mice indicated that secretion of Interleukin-2 (IL-2) by Concanavalin A-stimulated splenocytes among which CD4+ Tconv are probably the main, followed by CD8+ T cells, source of IL-2 [reviewed in (54)], was higher in wild-type than in mutant mice (55). More recently, experiments using human CD4+ T cells have revealed a positive role for the ASM in promoting Th17 cell differentiation and IL-17 secretion (52). Here, pharmacological inhibition of the ASM was used to study the impact of the enzyme on CD4+ T cell differentiation and cytokine secretion.

Apart from cytokine secretion, migration of effector/memory CD4+ Tconv also crucially contributes to their function in vivo. Studying mouse CD4+ T cells in vitro and in vivo as well as human CD4+ T cells in vitro, it has been recently shown that migration and adhesion to activated endothelial cells requires NSM2 activity (56). Moreover, migration of T cells toward SDF-1α, a chemokine recognized by CXCR4, also depends on NSM2 activity (56). Therefore, two crucial steps in CD4+ effector cell function, i.e., extravasation at sites of endothelial inflammation, and migration along chemokine gradients necessitates NSM2 activity. For extravasation integrin leukocyte function-associated antigen (LFA)-1 on T cells needs to bind to intercellular adhesion molecule (ICAM)-1 on endothelial cells. Therefore, reduced LFA-1 clustering in the absence of NSM2 activity (56) should impact all T cell subsets. Similarly, the broad expression of CXCR4 by (CD4+) T cells [reviewed in (57)] also means that targeting NSM2 in T cells affects early as well as advanced stages of T cell differentiation. Apart from its impact on T cell migration NSM2 activity also supports early signaling events in Jurkat and primary human CD4+ T cells (58). In the absence of NSM2 activity, T cell receptor signaling is initiated as in wild-type T cells, but signaling is not sustained due to deficient protein kinase Cς activation. Together, this means that the NSM2 might qualify as a novel therapeutic target for suppressing unwanted immune responses. Currently, there is, however, no data concerning the immunomodulatory activities of NSM2 inhibitors in humans in vivo.

Another critical aspect of T cell biology is the tight homeostatic control of the compartment size through induction of different forms of cell death [reviewed in (59)]. Most notably, activation of naïve (CD4+) T cells is followed by massive expansion of reactive clones. After resolution of inflammation the effector T cell pool again collapses with only few memory T cells surviving long-term [reviewed in (60, 61)]. The collapse of the acute immune response is due to different mechanisms of cell death with apoptosis induction by Fas (CD95)-Fas ligand being the best studied pathway, but other forms of cell death like necroptosis are increasingly recognized to also play a role here [reviewed in (59, 62)]. Ligation of Fas on activated T cells stimulates Asm activity leading to ceramide production and, as a consequence, to the induction of cell death (63–65). Therefore, and even more generally, ceramide production has been linked to induction of cell death [reviewed in (29)]. Seemingly in contrast to this notion we observed that pharmacological inhibitors of the Asm also induced cell death in Tconv of mice (66) and at slightly higher concentrations also in human CD4+ Tconv (Dennstaedt, Schneider-Schaulies, Beyersdorf, unpublished). The availability of Asm-deficient mice allowed to confirm that cell death induced by amitriptyline or desipramine was due to their impact on the Asm and not the acid ceramidase which they also inhibit (66, 67). This has, as discussed in the following paragraph, an impact on the balance of CD4+ Tconv and Treg.

In patients treated with antidepressants inhibiting ASM activity like amitriptyline or sertraline (68) no (CD4+) lymphopenia has been reported. This might be due to the relatively low concentrations of ASM-inhibiting antidepressants in peripheral blood of humans (about 1 μM) (69). In secondary lymphoid organs it is, however, assumed that up to 10-fold higher concentrations are reached (69). As ASM inhibitors are sufficient to kill human CD4+ Tconv in vitro this indicates that ASM inhibitors might also induce cell death in human CD4+ Tconv in secondary lymphoid organs in vivo. For mice we had observed that the negative effects on CD4+ Tconv cell numbers in spleen and lymph nodes after Asm inhibition in vivo were less pronounced than after in vitro treatment of mouse T cells (66). Similar to patients, serum concentrations of amitriptyline in these mice were also in the order of 1 μM (70). This might indicate that there are pro-survival factors present in vivo which were lacking in the in vitro cell cultures. But despite such putatively beneficial factors, a reduction in CD4+ Tconv numbers in spleens and less so in lymph nodes was observed (66), which is best explained by induction of cell death in a fraction of these cells. Therefore, in humans in vivo CD4+ Tconv depletion might also take place on a small scale. Due to the long-term use of antidepressants by patients and the very low output rate of the thymus in adults (71) it may well be that these patients gradually become lymphopenic over time.



TREG

Treg differ from CD4+ Tconv and CD8+ T cells in that, due to their autoreactivity (11, 12), they constantly receive activating signals through their T cell receptor—even in healthy subjects. Apart from the T cell receptor, signaling through CD28 and the high affinity IL-2 receptor are crucial to maintain Treg numbers and function (72–77). For CD28 it has been shown that ligation with monoclonal antibodies strongly increases ASM activity in human T cells (33). In line with their dependence on CD28 signaling for survival, both mouse (66) and human Treg (Dennstaedt, Schneider-Schaulies, Beyersdorf, unpublished) show constitutively higher ASM activity than CD4+ Tconv and for mouse Treg it has been shown that they also contain increased amounts of ceramide compared to CD4+ Tconv (66, 78).

Apart from the Asm, underexpression of the sphingomyelin synthase 1 (Sms1) in Treg vs. CD4+ Tconv contributes to the increased ceramide content of Treg vs. CD4+ Tconv (78). The increase in ceramide induced by this lack of Sms1 maintains suppression of the Akt/mTOR pathway in Treg through the phosphatase PP2A. Suppression of Akt/mTOR signaling is crucial for Treg to be able to inhibit CD4+ Tconv (78).

Currently, it is unclear whether or how much the ceramide pools regulated by Asm and Sms1 activity overlap. This is of importance as for the activation of the phosphatase PP2A its inhibitor SET needs to bind to ceramide (79). The Asm is expressed in the inner leaflet of the lysosomal membrane and translocates to the outer leaflet of the cell membrane upon T cell activation and fusion of the lsysome with the cell membrane. Therefore, Asm activity generates ceramide in the inner leaflet of the lysosome and the outer leaflet of the cell membrane. However, ceramide spontaneously flips from one membrane leaflet to the other and for other sphingolipid species “filppase”-mediated exchange between membrane leaflets has been described [reviewed in (29)]. As ceramide generated by the Asm may, thus, also accumulate in the cytosolic leaflet of membranes Asm activity might enhance PP2A activity in Treg. Genetic deficiency for the Asm in mice led to an increase in the proportion of Treg among CD4+ T cells (66), which would be in line with this hypothesis. However, the suppressive activity of Treg was increased on a per-call basis as read out in surrogate in vitro suppression assays (66). This suggest that ceramide generated by the Asm may not be critical for PP2A activity as otherwise suppression by Treg would have been lost (78). More definite conclusions regarding the ceramide pools regulated by the Asm vs. the Sms1 are not possible as the changes in sphingolipid composition in cells of Asm-deficient compared to wildtype mice are very complex. Despite their Asm deficiency, T cells, and other cells, display strongly increased ceramide levels (66, 80, 81). In parallel, the sphingomyelin content of these cells is even further increased (66, 80, 81). This means that the substrate/product ratio for the Asm is reduced in these animals as might be expected due to the Asm deficiency. However, it is currently unclear what exactly drives the changes we observed in these animals with regard to Treg: Whether it is the overall amount of sphingolipids found in these cells or whether it is the sphingolipid composition of membranes.

For Treg a plethora of different molecular mechanisms has been described by which they might inhibit other T cells [reviewed in (13)]. A crucial effector molecule, mediating cell contact-dependent suppression by Treg is the checkpoint molecule CTLA-4 (82–85). Being strongly activated we observed higher CTLA-4 expression in Treg of Asm-deficient vs. wildtype mice (66). CTLA-4 functions as an immune checkpoint by removing costimulatory molecules from the surface of antigen-presenting cells like dendritic cells or B cells (83, 84). This process is called transendocytosis. As the costimulatory receptor CD28 and CTLA-4 share the ligands CD80 and CD86, CTLA-4-mediated transendocytosis leads to a net reduction in T cell costimulation and, thus, immunosuppression. During transendocytosis, the complex of CTLA-4 and bound ligand is internalized and degraded within the lysosome [reviewed in (84)]. In fact, endo-lysosomal vesicles contain the vast majority of CTLA-4 molecules expressed by a T cell under steady-state conditions. Only upon activation CTLA-4 surface expression is increased, primarily within the immunological synapse (86). The low CTLA-4 surface expression is the consequence of shuttling from endo-lysosomal compartments to the cell surface followed by rapid internalization in the absence of ligand binding [reviewed in (84)]. Therefore, the biological activity of CTLA-4 is governed by this complex expression pattern. Using a so-called “capture assay” we monitored CTLA-4 turn-over between the cell membrane and cellular compartments in Treg from wild-type and Asm-deficient mice (66). Here, we observed that Treg from Asm-deficient mice showed a higher turn-over than Treg from wild-type mice.

For human Treg we used pharmacological inhibitors of the ASM to study its impact on CTLA-4 function and turn-over. We observed that inhibition of the ASM in human Treg increased CTLA-4 turn-over as observed in Treg from Asm-deficient mice (Wiese, Schneider-Schaulies, Beyersdorf, unpublished). Therefore, both in mouse and in human Treg, ASM activity is important for the turn-over of CTLA-4.

Although Treg generation is the “third function” of the thymus, Treg may also differentiate from CD4+ Tconv in mice under certain conditions (87). The generation of so-called peripherally induced Treg (pTreg) is thought to be of particular importance for immunity in humans [reviewed in (88)]. The identification of two distinct thymic Treg precursors in mice expressing predominantly self-reactive TCRs and TCRs with reactivity to foreign antigen (12), however, challenges this concept and might pinpoint to the thymus as the sole source of bona fide Treg also in humans. Together these findings mean that by studying conditions under which pTreg can be generated from CD4+ Tconv in vitro one analyses the impact of certain factors primarily on the stability of the Treg lineage. Using such in vitro systems it was observed that Asm activity has a supportive effect for pTreg generation from Tconv (89).



OUTLOOK

Up to now antidepressants inhibiting ASM activity are the most widely applied drugs in humans directly impacting on ceramide generation from sphingomyelin (prevalence depression: 5,000/100,000) (90). As these drugs not only induce degradation of the ASM, but also the acid ceramidase (67), more specific direct inhibitors would be clinically desirable. With bisphosphonates such as zoledronate, which are used for the treatment of osteoporosis (prevalence: about 5,000/100,000 in people in their fifties and 25,000/100,000 in octogenerians) (91), safe drugs are available that directly inhibit ASM activity. Currently, it is, however, unclear whether bisphosphonates, including the very potent ASM inhibitor ARC39 (92, 93), will also modulate ASM activity in T cells in vivo or whether their high degree of binding to bone surfaces and osteoclasts prohibits sufficient drug levels in secondary lymphoid organs to modulate T cell activity.

The data obtained on the contribution of ASM and NSM2 activity to T cell function in preclinical mouse models and with human T cells in vitro all suggest that pharmacologically blocking these enzymes will either directly or, through biasing the CD4+ T cell compartment toward Treg, indirectly impair T cell function. Therefore, a potential novel indication for the use of ASM or possibly also NSM2 inhibitors might be autoimmune diseases such as multiple sclerosis (prevalence: about 100/100,000) (94, 95). As discussed, overshooting immunity in the course of e.g., an influenza A virus infection may constitute another potential novel application for ASM inhibitors.

As sphingomyelinase deficiency impairs T cell function boosting sphingomyelinase activity might increase their function which could improve e.g., anti-cancer immunity. Indeed, it has recently been shown that T cell-specific overexpression of the ASM leads to enhanced T cell-mediated immunity against the parasite Plasmodium yoelii (96). This suggests that also in humans increasing ASM activity in T cells might enhance T cell-mediated immunity. Therefore, future research should focus on identifying suitable drugs for increasing ASM activity in human T cells.

Growing knowledge on the role of sphingolipid metabolism in T cell biology fuelled by the generation of novel inducible knock-out mouse models as well as novel analytical tools will help to define more potential therapeutic targets. For these, either small molecule or monoclonal antibody-based therapies may allow for specific targeting.
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The activity of neutral sphingomyelinase-2 (NSM2) to catalyze the conversion of sphingomyelin (SM) to ceramide and phosphocholine at the cytosolic leaflet of plasma membrane (PM) is important in T cell receptor (TCR) signaling. We recently identified PKCζ as a major NSM2 downstream effector which regulates microtubular polarization. It remained, however, unclear to what extent NSM2 activity affected overall composition of PM lipids and downstream effector lipids in antigen stimulated T cells. Here, we provide a detailed lipidomics analyses on PM fractions isolated from TCR stimulated wild type and NSM2 deficient (ΔNSM) Jurkat T cells. This revealed that in addition to that of sphingolipids, NSM2 depletion also affected concentrations of many other lipids. In particular, NSM2 ablation resulted in increase of lyso-phosphatidylcholine (LPC) and lyso-phosphatidylethanolamine (LPE) which both govern PM biophysical properties. Crucially, TCR dependent upregulation of the important T cell signaling lipid diacylglycerol (DAG), which is fundamental for activation of conventional and novel PKCs, was abolished in ΔNSM cells. Moreover, NSM2 activity was found to play an important role in PM cholesterol transport to the endoplasmic reticulum (ER) and production of cholesteryl esters (CE) there. Most importantly, CE accumulation was essential to sustain human T cell proliferation. Accordingly, inhibition of CE generating enzymes, the cholesterol acetyltransferases ACAT1/SOAT1 and ACAT2/SOAT2, impaired TCR driven expansion of both CD4+ and CD8+ T cells. In summary, our study reveals an important role of NSM2 in regulating T cell functions by its multiple effects on PM lipids and cholesterol homeostasis.
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INTRODUCTION

Neutral sphingomyelinase-2 (NSM2) is the best studied NSM of the four mammalian sphingomyelinases that are active at neutral pH. It is intensively involved in cellular physiology and pathology (Shamseddine et al., 2015). The NSM2 protein, encoded by the SMPD3 gene, has two N-terminal hydrophobic segments associated with cytosolic membrane leaflets and a C-terminal catalytic site (Hofmann et al., 2000). In addition to phosphorylation (Filosto et al., 2010, 2012), a conformational switch following binding to phosphatidylserine (PS) has been proposed to be crucial in enzymatic activation (Airola et al., 2017; Shanbhogue et al., 2019). NSM2-catalyzed sphingomyelin breakdown commonly occurs in response to cellular stress and regulates bone mineralization. Being most abundant in brain, NSM2 is also ubiquitously expressed including cells of the immune system. The role of NSM2 in cytokine (IL1-β, TNF-α, and IFN-γ) induced inflammation and bacterial infections is well established (Shamseddine et al., 2015; Wu et al., 2018) as is its role in cytotoxic effects of cancer chemotherapeutics. However, the involvement in pathogenesis and perpetuation of human tumors seems to be tumor specific (Bhati et al., 2008; Kim et al., 2008; Henry et al., 2013).

Tonnetti et al. (1999) first reported NSM activation after antibody ligation of the T cell receptor (TCR) already 20 years ago. NSM2-deficient mice show high embryonic lethality, dwarfism and fragile bones. This prevented studies on NSM2 function in the immune system (Stoffel et al., 2005; Alebrahim et al., 2014). Furthermore, the lack of specific and sensitive antibodies for detection of the rather sparse amounts of NSM2 expressed in T cells hampered the progress in the field. Nevertheless, NSM2 proved to be essential for TCR signal amplification and sustainment at low antigen doses inducing PKCζ dependent microtubule polarization and vesicular transport (Bortlein et al., 2018). It was shown that T cell morphological polarization and directional migration in response to chemotactic signals are dependent on intact NSM2 activity (Collenburg et al., 2017). Studies on measles virus contacted T cells and tumor cells revealed a strong impact of sphingomyelinase activity and sphingolipids in general on T cell cytoskeleton dynamics (Zeidan et al., 2008; Gassert et al., 2009; Creekmore et al., 2013).

Neutral sphingomyelinase-2 is palmitoylated and predominantly resides at the inner plasma membrane (PM) leaflet mediating sphingomyelinase-dependent ceramide formation there (Hinkovska-Galcheva et al., 1998; Tani and Hannun, 2007). Alternatively, NSM2 was found in the Golgi compartment of primary mouse chondrocytes where it regulated sphingolipid and diacylglycerol (DAG) homeostasis (Stoffel et al., 2016). There is increasing evidence for the importance of NSM2 function in the generation of ceramides. Overexpression of NSM2 in the breast cancer cell line MCF7 showed 60% upregulation of Cer (Marchesini et al., 2003). Pharmacological NSM2 inhibition resulted in the accumulation of unsaturated long-chain sphingomyelins SM36 and SM38 in the mouse brain (Tan et al., 2018) and ceramides with a fatty acid chain length of 16 to 26 were less abundant in fibroblasts from SMPD3 deletion mutant fro/fro mice. Notable, accumulation of cholesterol was also observed in these cells (Qin et al., 2012). A key shortcoming of all previous studies is that they were performed on total cell extracts. Accordingly, they did not allow for assignment of NSM2 activity to cellular compartments or to T cell specific functions. Although NSM2 is now well described to be important for the formation of cholesterol-rich microdomains that promote lipid and protein segregation, the mechanism of how ceramide platforms and specifically NSM2 orchestrate PM structural and signaling properties upon TCR stimulation remain unclear (Eich et al., 2016; Tan et al., 2018). We therefore performed lipidomics of PM fractions isolated from NSM2-deficient and sufficient Jurkat cells to study the NSM2 dependent regulation of sphingolipids and other types of structural and functional PM lipids upon TCR ligation with α-CD3 antibody. NSM2 proved to be primarily active at the PM rather than at the intracellular organelles. Lyso-phospholipids involved in regulation of membrane mechanics and curvature, lyso-phosphatidylcholine (LPC) and lyso-phosphatidyl-ethanolamine (LPE), were upregulated in NSM2-deficient cells. Importantly, the generation of the signaling lipids after TCR ligation, namely diacylglycerols (DAG) was dependent on NSM2 activity. As a result of imbalanced uptake and efflux, cholesterol accumulated in NSM2-deficient cells, which were unable to activate the SREBP2 transcription factor, a master regulator of lipid metabolism. Most strikingly, NSM2 ablation largely prevented accumulation of cholesteryl esters (CE) in response to TCR ligation. At a functional level, prevention of CE generation translated into a loss of sustained T cell activation.



MATERIALS AND METHODS


Ethics Statement

Primary human cells from healthy blood were obtained through the blood donor program of the Department of Transfusion Medicine, University of Würzburg, and analyzed anonymously. All experiments involving human material were conducted according to the principles expressed in the Declaration of Helsinki and ethically approved by the Ethical Committee of the Medical Faculty of the University of Würzburg. Written informed consent from blood donor program participants was not required per ethical approval.



Jurkat Cell Culture, Transfection, and Starvation Assays

CRISPR/Cas9-edited Jurkat cells deficient for NSM2 (ΔNSM) (Bortlein et al., 2018) cells were cultured in RPMI/10%FBS or in 0%FBS for serum starvation experiments and SREBP2 cleavage analysis, proliferation assays or cell synchronization before α-CD3 mediated TCR stimulation. SREBP2 specific antibody (ab30682, abcam) was used to detect full length and cleaved SREPB2 protein in Western blot of the lysates of CTRL and ΔNSM Jurkat cells after cultivation in medium supplemented or not with serum for 24 h. Cell death was analyzed by life flow cytometry of propidium iodide (Beckton-Dickinson Biosciences, Pharmingen) labeled Jurkat cells done according to manufacturers’ protocol. 1 × 106 Jurkat cells were nucleofected with 5 μg plasmid pcDNA3.1-NSM2-GFP DNA expressing human NSM2-GFP fusion protein (kindly provided by Thomas Rudel) using Nucleofector Technology and program X-001 from Lonza (Basel, Switzerland) followed by live cell imaging.



Plasma Membrane Isolation and Validation

2 × 107 CTRL and ΔNSM Jurkat cells were starved in RPMI/0.5%FBS for 2 hrs and left unstimulated or stimulated for 10 min with the α-CD3 (clone UCHT-1) crosslinked with the goat α-mouse IgG (both 5 μg/ml). Plasma membranes were isolated by Minute Plasma Membrane Protein Isolation Kit (Invent Biotechnologies, Inc., United Kingdom) according to manufacturers’ protocol. Up to four isolations were pooled for one PM preparation used for lipid analysis. Three preparations were analyzed for each type of cells or stimulations.

Alternatively PMs were isolated as the giant plasma membrane vesicles (GPMVs) as described previously (Sezgin et al., 2012). Shortly, 4 × 107 Jurkat cells were washed twice with GPMV buffer (10 mM HEPES, 150 mM NaCl2, mM CaCl2, pH7.4) and incubated in 30 ml GPMV buffer containing 2 mM NEM as a vesiculation agent at 37°C for 1 h. Cell supernatant containing GPMVs was centrifuged at 100g for 10 min three times to remove cell debris and upper 20 ml was centrifuged at 20,000g at 4°C for 1 h. The pellet containing PMs was lysed in 1% TritonX100 containing lysis buffer and 10 μg protein was used for Western blot analysis to estimate purity of PM preparation.

Plasma membrane preparations were validated by Western blot analysis using Lck (clone 3A5, Santa Cruz Biotechnology, Inc.), Actin (Sigma Aldrich, Germany) and AIF (clone D39D2, Cell Signaling Technology) specific antibodies.



Lipid Extraction for Mass Spectrometry Lipidomics

Mass spectrometry-based lipid analysis was performed by Lipotype GmbH (Dresden, Germany) as described (Sampaio et al., 2011). Lipids were extracted using a two-step chloroform/methanol procedure (Ejsing et al., 2009). Samples were spiked with internal lipid standard mixture containing: cardiolipin 16:1/15:0/15:0/15:0 (CL), ceramide 18:1;2/17:0 (Cer), diacylglycerol 17:0/17:0 (DAG), hexosylceramide 18:1;2/12:0 (HexCer), lyso-phosphatidate 17:0 (LPA), lyso-phosphatidylcholine 12:0 (LPC), lyso-phosphatidylethanolamine 17:1 (LPE), lyso-phosphatidylglycerol 17:1 (LPG), lyso-phosphatidylinositol 17:1 (LPI), lyso-phosphatidylserine 17:1 (LPS), phosphatidate 17:0/17:0 (PA), phosphatidylcholine 17:0/17:0 (PC), phosphatidylethanolamine 17:0/17:0 (PE), phosphatidylglycerol 17:0/17:0 (PG), phosphatidylinositol 16:0/16:0 (PI), phosphatidylserine 17:0/17:0 (PS), cholesterol ester 20:0 (CE), sphingomyelin 18:1;2/12:0;0 (SM) and triacylglycerol 17:0/17:0/17:0 (TAG). After extraction, the organic phase was transferred to an infusion plate and dried in a speed vacuum concentrator. 1st step dry extract was re-suspended in 7.5 mM ammonium acetate in chloroform/methanol/propanol (1:2:4, V:V:V) and 2nd step dry extract in 33% ethanol solution of methylamine in chloroform/methanol (0.003:5:1; V:V:V). All liquid handling steps were performed using Hamilton Robotics STARlet robotic platform with the Anti Droplet Control feature for organic solvents pipetting. Sphingolipids (Cer and SM) were additionally analyzed at the University of Potsdam. Lipids from PM fractions and cell organelles were extracted using methanol/chloroform (2:1, V:V) as described (Gulbins et al., 2018). The extraction solvent contained C17 Cer (18:1;2/17:0) and C16-d31 SM (18:1;2/16:0- d31) (both Avanti Polar Lipids) as internal standards.



MS Data Acquisition

Samples were analyzed by direct infusion on a QExactive mass spectrometer (Thermo Scientific) equipped with a TriVersa NanoMate ion source (Advion Biosciences). Samples were analyzed in both positive and negative ion modes with a resolution of R(m/z = 200) = 280,000 for MS and R(m/z = 200) = 17,500 for MSMS experiments, in a single acquisition. MSMS was triggered by an inclusion list encompassing corresponding MS mass ranges scanned in 1 Da increments (Surma et al., 2015). Both MS and MSMS data were combined to monitor CE, DAG, and TAG ions as ammonium adducts; PC, PC O-, as acetate adducts; and CL, PA, PE, PE O-, PG, PI, and PS as deprotonated anions. MS only was used to monitor LPA, LPE, LPE O-, LPI, and LPS as deprotonated anions; Cer, HexCer, SM, LPC, and LPC O- as acetate adducts. Additional Cer and SM analyses (University of Potsdam) were carried out with a 1260 Infinity LC system coupled to a QTOF 6530 mass spectrometer (Agilent Technologies) operating in the positive electrospray ionization mode (ESI+). The precursor ions of Cer or SM species (differing in their fatty acid chain lengths) were cleaved into the fragment ions m/z 264.270 or m/z 184.074, respectively (Kachler et al., 2017).



Data Analysis and Post-processing

Data were analyzed with Lipotype developed lipid identification software based on LipidXplorer (Herzog et al., 2011, 2012). Data post-processing and normalization were performed using an in-house developed data management system. Only lipid identifications with a signal-to-noise ratio >5, and a signal intensity 5-fold higher than in corresponding blank samples were considered for further data analysis. All lipids below amount of 0.5 pmol were removed from further analysis. Also occupation threshold was applied to keep only those lipids that were present at least in two experimental replicates from analyzed control cells.



Lipid Nomenclature

Lipid species are annotated according to their molecular composition as NAME <sum of the carbon atoms in the hydrocarbon moiety>:<sum of the double bonds in the hydrocarbon moiety>;<sum of hydroxyl groups>. For example, in case of sphingolipids, SM 34:1;2 denotes a sphingomyelin species with a total of 34 carbon atoms, 1 double bond, and 2 hydroxyl groups in the ceramide backbone.

Lipid subspecies annotation contains additional information on the exact identity of their acyl moieties and their sn-position (if available). For example, PC 18:1;0_16:0;0 denotes phosphatidylcholine with octadecenoic (18:1;0) and hexadecanoic (16:0;0) fatty acids, for which the exact position (sn-1 or sn-2) in relation to the glycerol backbone cannot be discriminated (underline “_” separating the acyl chains). PC O- denotes an ether- phosphatidylcholine. Raw data set of lipid measurements in pmol are provided in Supplementary Material as Excel file.



Detection of Ca2+ Mobilization

For Ca2+-mobilization experiments, Jurkat cells (1 × 106) were loaded with 1 μM Fluo-4 as cell-permanent acetoxymethyl (AM) ester (Molecular Probes, Invitrogen) in Hanks balanced salt solution (HBS) (without CaCl2, MgSO4, and phenol red) containing 5% FCS and 25 mM HEPES (pH 7.5) according to manufacturers’ protocol. Ca2+-flux was determined over time by flow cytometry after passive ER Ca2+ depletion induced by 1 μM thapsigargin (Sigma-Aldrich Germany) in Ca2+ free HBS followed by addition of 2 mM Ca2+ or after active TCR dependent ER Ca2+ release after TCR ligation with α-CD3 antibody (10 μg/ml) (clone UCHT-1; Beckton-Dickinson Biosciences Pharmingen) crosslinked with the goat α-mouse IgG (Dianova, Germany) and added in complete Hanks medium (supplemented with 2 mM CaCl2).



Fluorescence Analysis of α-CD3 Stimulated or NBD-Cholesterol Loaded Jurkat Cells

1 × 105 CTRL and ΔNSM Jurkat cells were pre-incubated with α-CD3 antibody (1 μg/ml) (clone UCHT-1; Beckton-Dickinson Biosciences Pharmingen) for 15 min on ice, subsequently transferred onto 8-well glass bottom μ-slides for immunostaining (Ibidi GmbH, Germany) pre-coated with 25 μg/ml α-mouse IgG (Jackson ImmunoResearch Laboratories, Inc., Dianova) (2 h at 37°C) and stimulated for 10 min at 37°C. Jurkat cell activation was stopped by adding warm 4% PFA (in PBS) for 15 min at room temperature, permeabilized with 0.1% Triton-X100 for 5 min, blocked with 5% BSA and incubated with α-STIM1 antibody (D88E10; Cell Signaling Technology) diluted in 1% BSA/PBS overnight at 4°C. Subsequently, cells were stained with α-rabbit Alexa488-conjugated secondary antibody (Invitrogen) for 2 h at RT. Total Internal Reflection Fluorescence (TIRF) microscopy was performed using a Leica AM TIRF microscope and 100x HCX Plan-Apo oil objective (numerical aperture 1.47, working distance 0.1 mm).

CTRL and ΔNSM Jurkat cells were pre-treated or not with C16-ceramide (10 μM) or avasimibe (10 μM) and subsequently seeded on poly-L-lysin coated chamber slides (LabTekII, Nunc) and incubated in RPMI/0%FBS or RPMI/10%FBS supplemented with 5 μM NBD-cholesterol for 2 h. Cells were washed and fixed by adding warm 4% PFA/PBS for 20 min at RT. NBD-cholesterol was visualized by Confocal Laser Scanning Microscopy (CLSM) imaging performed using a LSM 510 Meta (Zeiss, Germany), equipped with an inverted Axiovert 200 microscope and a 40× or 63× EC Plan-Apo oil objective (numerical aperture 1.3 or 1.4, respectively) and laser lines 488. Image acquisition was performed with Zeiss LSM software 3.2 SP2. NBD-cholesterol fluorescence quantification was performed by flow cytometry using FACS Calibur (Becton Dickinson) and analyzed by FlowJo software (TreeStar).



Quantification of NBD-Cholesterol Efflux

The cholesterol efflux assay was performed as published previously with minor modifications (Song et al., 2015). To assess cholesterol efflux CTRL and ΔNSM Jurkat cells were incubated in phenol red-free RPMI medium containing 5 μM NBD-cholesterol for 2 h at 37°C. Subsequently cells were washed with PBS three times, incubated for 4 h with 50 μg/ml human HDL (Academy Bio-Medical Company, Inc., Biotrend, Germany) as lipid acceptor, and the medium and cell lysates in 0.1% Triton X-100 were collected. FI in the medium and cells were measured in a black polystyrene 96-well plates in the fluorescence reader at a wavelength of 469 nm for excitation and 537 nm for emission. The efflux was calculated by dividing the fluorescence intensity in the medium by the sum of the whole NBD-cholesterol fluorescence intensity in the medium and cell lysate together.



Labeling With C16-Ceramide and Cholesterol Quantification

A total of 2.5 × 107 Jurkat or Jurkat-ΔNSM cells were extensively washed and re-suspended in RPMI/2% FBS containing 10 μM ω-azido-C16-ceramide (Collenburg et al., 2016), incubated overnight at 37°C and washed three times with HBSS. 1 × 106 cells were used for click-reaction with 20 μM Click-IT Alexa 488 DIBO Alkyne (Life Technologies) and analyzed by flow cytometry to confirm efficient C16-Cer delivery to the cells. CTRL and ΔNSM Jurkat cells left untreated or loaded with C16-ceramide and total cholesterol was extracted from 1 × 106 cells with 200 μl chloroform-methanol (v/v 2:1) followed by quantification of the total cholesterol and cholesteryl ester by colorimetric assay kit II (BioVision Incorporated, United States) according to manufacturers’ protocol.



T Cell Isolation, Inhibitor Treatment, and Proliferation Assay

Primary human PBMCs were isolated from peripheral blood obtained from healthy donors by Ficoll gradient centrifugation using Histopaque-1077 (Sigma-Aldrich, Germany). CD4+ and CD8+ T cells from PBMCs were negatively selected using MagniSortTM Human CD4+ or CD8+ T Cell Enrichment Kits accordingly (Invitrogen by Thermo Fisher Scientific). Triplets of 1 × 105 T cells were left untreated or treated with 10 μM avasimibe and 2 μg/ml Pyripyropene A, pharmacological inhibitors of cholesterol acyltransferases ACAT1/SOAT1 and ACAT2/SOAT2, respectively (both Sigma-Aldrich, Germany), for 2 h and added α-CD3- (clone UCHT-1) alone or together with CD28-specific antibody (clone CD28.2) (1 μg/ml) (both: Beckton-Dickinson Biosciences Pharmingen) on ice for 20 min, subsequently transferred to 96 well plates pre-coated with 25 μg/ml α-mouse IgG (Dianova) (1 h at 37°C). T cells were stimulated for 72 h including a final 24 h labeling period ([3H]-thymidine (Amersham)) and proliferation was analyzed using a microplate scintillation counter. Toxicity of pharmacological inhibitors was tested using AnnexinV Apoptosis Detection Kit (Beckton-Dickinson Biosciences Pharmingen).



Statistical Analyses

Overall, data shown were acquired in at least three independent experiments. For statistical analyses of data sets, unpaired Student’s t-test (∗p < 0.05, ns: non- significant) was used throughout the manuscript. Bars show standard deviations.



RESULTS


NSM2 Activity Is Predominantly Located at the Plasma Membrane in Jurkat Cells

In non-lymphoid cells, NSM2 was found to be associated with the PM, membranes of Golgi and endo-lysosomal compartments. Newly synthesized NSM2 protein was Golgi associated, shuttled to the PM and recycled back through the endosomal system as shown for MCF7 cells (Milhas et al., 2010). To visualize the localization of NSM2, Jurkat cells were transfected with a plasmid encoding NSM2-GFP and subjected to live cell imaging. GFP fluorescence was enriched mainly at the PM, its protrusions and some intracellular vesicles (Figure 1A). To analyze whether subcellular distribution of NSM2 also reflects its activity and regulates PM lipids and their dynamics upon TCR stimulation CRISPR/Cas9-edited Jurkat cells deficient for NSM2 (ΔNSM) were used (Bortlein et al., 2018). Jurkat cells stably transfected with CRISPR/Cas9 plasmid expresing non-specific guide RNA served as control (CTRL). Following 10 min of stimulation by α-CD3, which resulted in robust NSM2 activation (Bortlein et al., 2018), PM fractions were isolated from both CTRL and ΔNSM cells. Isolation efficiency was validated by probing for protein markers specific for cytoplasm, organelles and PM, namely actin, mitochondria-specific apoptosis-inducing factor (AIF) and Src kinase Lck. Faint association of Lck with organelles and the mitochondria-specific protein AIF with PM fractions reflects either contamination with mitochondrial membranes due to the isolation protocol or the formation of the contact sites or junctions between organelles and PM (Figure 1B). We also found mitochondrial proteins in PMs isolated as the giant plasma membrane vesicles (GPMVs) demonstrating objective technical difficulties fully separate organelle and PMs hinting at their close physical communication (Supplementary Figure S1). Mass spectrometry-based lipid analysis of the PM fractions from three independent experiments of unstimulated and α-CD3 stimulated cells was performed by Lipotype GmbH (Dresden, Germany). Diversity of the measured ceramide (Cer) species were generally low, especially in the PM fractions of unstimulated Jurkat cells: only two species in unstimulated and 4 in α-CD3 stimulated cells were detected (Figure 1C, middle and right graphs). Independent measurement of PM Cer was performed in parallel at the University of Potsdam and also here detected ceramide concentrations and species were similar to those measured by Lipotype (Supplementary Figure S2A). Both independently done measurements showed reduced total amounts of ceramide species 42:1;2 and 42:2;2 in ΔNSM cells (Figure 1C, left graph). Hexosyl-ceramide (HexCer) content in Jurkat PM was not affected by NSM2 ablation (Supplementary Figure S2B) indicating that HexCer synthesis is independent of NSM2 regulated sphingolipid metabolic pathways.
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FIGURE 1. Neutral sphingomyelinase-2 (NSM2) activity is primarily localized at the plasma membrane (PM). (A) Jurkat cells were nucleofected with human NSM2-GFP expressing plasmid and images of living cells were taken 24 h after transfection. Left: GFP fluorescence image. Right: differential interference contrast (DIC) image. Scale bar: 10 μM. (B) The cell compartment specific localization of actin, Lck and AIF was detected in cytoplasmic (C), organelles (O) and PM fractions of CTRL and ΔNSM Jurkat cells by Western blotting. (C,D) Sphingolipid composition of PM fractions of CTRL and ΔNSM cells left unstimulated or α-CD3 stimulated for 10 min. Ceramides [(C), Cer] and sphingomyelins [(D), SM] were analyzed by direct infusion MS/MS or LC-MS/MS. Total levels of 42:1;2 and 42:2;2 Cer species in CTRL and ΔNSM cells detected in both: stimulated and unstimulated cells, by Lipotype and at the University of Potsdam are shown in [(C), left graph]. Distribution of Cer species in unstimulated [(C), middle graph] and α-CD3 stimulated cells [(C), right graph] is shown. Cell or stimulation dependent total SM levels (left graph) and distribution of SM species (right graph) are shown in (D). (E) Total Cer (left graph) and SM (right graph) analysis of organelle fractions isolated from CTRL and ΔNSM cells as assessed by LC-MS/MS (n = 4). Mean values with standard deviations of the measurements of independently performed fractionations are shown. Each independent fractionation is marked as a circle and p-value is shown on the top of significant (marked with asterisks) or not significant differences (ns).


Reduction of Cer in the PM of ΔNSM cells correlated with the upregulation of major sphingomyelin (SM) species and total SM in PM by about 30 percent in unstimulated ΔNSM cells (Figure 1D) indicating activity of NSM2 sphingomyelinase at the PM. Measured Cer amounts did not increase in PM after α-CD3 stimulation as could be expected after TCR dependent NSM2 activation (Figure 1C). The result possibly reflects the insufficient sensitivity of methods used here to detect local, TCR signal dependent generation of ceramides after NSM2 activation. Also potential metabolic turnover of ceramides after T cell stimulation cannot be excluded.

Disrupted homeostasis of SM, Cer, and DAG was previously observed in the Golgi compartment of primary chondrocytes from smpd3–/– mouse (Stoffel et al., 2016). Therefore, Cer and SM species were measured in the organelles isolated from CTRL and NSM2 deficient cells (Figure 1E and Supplementary Figure S2C). Surprisingly, we found that cellular organelles did not show significant changes in either steady state or α-CD3 stimulated total levels or subspecies composition of Cer and SM. Data implicate that the majority of enzymatically active NSM2 in Jurkat cells is localized at the PM rich in anionic phospholipid phosphatidylserine (PS), which supports constitutive and TCR stimulated activity of NSM2.



Enhanced PM Lyso-Phospholipid Content in NSM2 Deficient Jurkat Cells

To evaluate whether NSM2 deficiency also affected the accumulation of PM lipids other than sphingomyelin species, we analyzed 14 glycerophospholipid (GPL) types (including four plasmalogens containing a vinyl-ether bond). The most abundant species (higher than 10 pmol per sample) included two major structural lipids, phosphatidylcholines (PC) and phosphatidylethanolamines (PE), which were slightly but not significantly upregulated upon α-CD3 stimulation (Figure 2A, right graph). More detailed analysis within the group of most expressed PC species (more as 100 pmol per sample) showed a significant reduction only for two PC species in α-CD3 stimulated ΔNSM cells (Supplementary Figure S3A), indicating that the total content of the major structural lipids is regulated in an NSM2-independent manner.
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FIGURE 2. Neutral sphingomyelinase-2 (NSM2) regulates plasma membrane (PM) content of signaling lipids: lyso-glycerophospholipids (LP) and diacylglycerols (DAG). CTRL or ΔNSM cells were left unstimulated or α-CD3 stimulated for 10 min and total amounts of major glycerophospholipids (GPL) (A): cardiolipin CL, lyso-phosphatidylcholine LPC, lyso-phosphatidylethanolamine LPE, ether-phosphatidyl-choline PC-O, phosphatidylglycerol PG, phosphatidylinositol PI, phosphatidylserine PS) and total diacylglycerol (DAG) [(B), left graph] or α-CD3 regulated DAG species [(B), right graph] were quantified by direct infusion MS/MS. Mean values with standard deviations of the measurements of three independently performed fractionations are shown. Each independent fractionation is marked as a circle and p-value is shown on the top of significant (marked with asterisks) or not significant differences (ns).


Although typically localized to the mitochondrial inner membrane, the glycerophospholipids cardiolipins (CL) and its building blocks phosphatidylglycerols (PG) were also detected in the PM fractions. In the PM of unstimulated ΔNSM cells, CL was significantly less abundant, while no significant differences for PG were observed (Figure 2A, left graph; Supplementary Figure S3B). It remains to be clarified whether CL and PG truly are associated with PM or rather localized to organelle/PM contact sites reflecting NSM2-dependent regulation of CL in mitochondrial membranes.

Lyso-phosphatidylcholine (LPC) and lyso-phosphatidylethanolamine (LPE) are bioactive molecules that can modify cell membrane mechanical properties and curvature (Shindou et al., 2009). Interestingly both, LPC and LPE, were more abundant in unstimulated ΔNSM cells (Figure 2A, left graph; Supplementary Figure S3C) and thus represented the major glycerophospholipid species which are affected by basal NSM2 activity.



TCR-Dependent NSM2 Activation Is Crucial for Diacylglycerol (DAG) Production

DAG accumulating in PM microdomains regulates classic, novel and atypical PKCs important in T cell signaling (Fu et al., 2010; He et al., 2011). Two metabolic pathways produce DAG at the PM. One is mediated by sphingomyelin synthase 2 (SMS2), which transfers the phosphocholine head group from phosphatidylcholine to Cer to produce DAG and SM. Therefore SMS2 can regulate SM, Cer, PC and DAG simultaneously (Gault et al., 2010). Another pathway is governed by phosphatidylinositol-specific phospholipase-Cγ1 (PLCγ1), which hydrolyzes PI (4,5)P2 into inositol triphosphates (IP3), thereby mobilizing Ca2+ and DAG upon TCR activation. NSM2 deficiency did not affect steady state PM DAG production in unstimulated Jurkat cells (Figure 2B). Remarkably, after α-CD3 stimulation, two out of 13 analyzed DAG species were significantly upregulated in NSM2-expressing but not in NSM2-deficient cells (Figure 2B, right graph; Supplementary Figure S4). Interestingly, TCR signaling specifically induced the production of more saturated DAG species that contain only one double bound (Supplementary Figure S4). Our data indicate that NSM2 is required for TCR signal dependent DAG production.



NSM2 Activity Is Required for Cholesteryl Ester (CE) Production in Jurkat Cells

The most striking NSM2-related difference seen in our PM lipidomic analyses concerned all measured cholesteryl ester (CE) species, which accumulated in NSM2-sufficient and barely in NSM2 deficient cells after TCR ligation (Figure 3A). CE is generated after free PM cholesterol transport to the endoplasmic reticulum (ER) by two ER-resident cholesterol acyltransferases ACAT1/SOAT1 and ACAT2/SOAT2. Lipidomic analysis detected CE in PM fractions most likely due to the accumulation of free cholesterol after TCR-dependent sphingomyelinase activation and enhanced ER-PM junction formation which were partially present in purified PM fractions. Analysis of CE in intracellular organelle fraction showed a tendency of reduced CE also there (Supplementary Figure S5). We wanted to clarify whether lack of CE accumulation in ΔNSM cells reflected low CE synthesizing enzyme activity or lack of ER-PM contact formation after TCR engagement necessary for cholesterol transport to ER. For that Ca2+ mobilization as crucial for ER-PM tethering (van Vliet et al., 2017) and PM redistribution of the ER Ca2+ sensor STIM1 were measured. Thapsigargin-dependent ER calcium release and extracellular Ca2+ uptake were NSM2-independent (Figure 3B, left graph). This also applied to TCR- regulated store operated Ca2+ entry (SOCE) (Figure 3B, right graph). As revealed by total internal reflection fluorescence (TIRF) microscopy, STIM1 transport toward α-CD3 coated stimulatory surface did occur at equal efficiency in CTRL and ΔNSM cells indicating that formation of PM-ER contact sites was unaffected (Figure 3C).
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FIGURE 3. Unimpaired ER-plasma membrane (PM) junction formation and lack of cholesteryl ester (CE) production in TCR stimulated neutral sphingomyelinase-2 (NSM2) deficient T cells. (A) Total CE (left graph) and the distribution within CE species (right graph) were measured and are shown in CTRL and ΔNSM cells after α-CD3 stimulation for 10 min. No CE 22:0;0 was detected in ΔNSM cells. Each independent fractionation is marked as a circle and p-value is shown on the top of significant (marked with asterisks) or not significant differences (ns). (B) Calcium uptake was analyzed in Ca2+ sensor Fluo-4 loaded CTRL and ΔNSM cells after ER Ca2+ release induced by thapsigargin treatment (left graph) or after α-CD3 stimulation (right graph). (C) Representative fluorescence pictures (left panels) and quantification (right graph) of STIM1 epifluorescence measured by total internal reflection fluorescence (TIRF) microscopy are shown for CTRL and ΔNSM cells left unstimulated or α-CD3 stimulated for 10 min on antibody coated surface, fixed, permeabilized and stained for STIM1. Scale bar: 10 μM. (D,E) NBD-cholesterol fluorescence was analyzed by confocal microscopy (fluorescence and DIC picture overlays, scale bar: 20 μM; (D) and flow cytometry (E) in CTRL and ΔNSM cells untreated or 2 h pre-incubated with 5 μM avasimibe and loaded with 5 μM NBD-cholesterol for additional 2 h in cell culture medium without serum. Mean fluorescence intensity (MFI) values are shown in (E). (F) CE was detected in total lipids extracted from CTRL and ΔNSM cells by colorimetric assay. Mean values with standard deviations of the measurements of independent cell extracts are shown (n = 3). Significantly reduced CE is marked with asterisk (∗p < 0.05).


Next, we wanted to know if CE production is generally impaired in NSM2-deficient cells prior to TCR stimulation. For that we used an assay that indirectly measures CE production rate as the increase in relative NBD fluorescence of loaded NBD-cholesterol after absorbance of it in PM and transport from polar double leaflet membranes to non-polar core of cytoplasmic lipid droplets in NBD-cholesterol loaded cells (Lada et al., 2004). The excess of loaded free NBD-cholesterol in PM is removed to ER where NBD-CE is generated and distributed to intracellular compartments (Sparrow et al., 1999). To exclude that high and low density lipoproteins (HDL, LDL) mediated cholesterol uptake from serum present in our cell culture medium, the cells were extensively washed and incubated with NBD-cholesterol in serum-free medium prior to microscopy (Figure 3D) and flow cytometry (Figure 3E). ACAT1/SOAT1 inhibitor avasimibe was included to reduce intracellular CE concentration. ΔNSM and avasimibe-treated CTRL cells showed a comparable decrease in NBD-fluorescence intensity indicative of reduced production of CE also in unstimulated NSM2-deficient cells. To find out if extracellular supply of free cholesterol (provided by serum) can restore CE production in NSM2-deficient cells, CE amounts were determined in lipids extracted from the CTRL or ΔNSM cells cultivated in serum containing medium using colorimetric assay (Figure 3F). Because CE amount was strongly reduced also in ΔNSM cells cultivated in serum-containing medium, CE production is obviously generally impaired in the absence of NSM2.



Enhanced Cholesterol Accumulation in NSM2-Deficient Cells

Conditional knock-out of Acat1/Soat1 in murine T cells impaired CE synthesis and markedly increased both whole and plasma cholesterol levels in mouse T cells (Yang et al., 2016). To determine whether NSM2 deficiency would have a similar effect on free cholesterol levels, we compared cholesterol-specific filipin III fluorescence in ΔNSM and CTRL cells exposed to the ACAT1/SOAT1 pharmacological inhibitor avasimibe. Filipin III showed predominant PM labeling in both, CTRL and ΔNSM cells, with fluorescence intensities in both ΔNSM and avasimibe-treated cells exceeding those observed in CTRL cells (Figure 4A, IF pictures). In quantitative terms, this was confirmed by flow cytometry (Figure 4A, right graph).
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FIGURE 4. Plasma membrane (PM) and intracellular cholesterol accumulation is regulated by neutral sphingomyelinase-2 (NSM2) dependent ceramide metabolism. (A) Cholesterol accumulation in polar cellular membranes was analyzed by confocal microscopy (left panels; overlays of fluorescence and DIC pictures, scale bar: 20 μM) and flow cytometry (right graph) of CTRL and ΔNSM cells left untreated or pre-incubated with 5 μM avasimibe for 2 h, fixed and stained with filipin III. Values of mean fluorescence intensity (MFI) in unstained and filipin III stained cells are shown in the right graph. White histogram in flow cytometry graph shows cells which were left unstained with filipin III. (B) NBD-cholesterol uptake was analyzed in CTRL and ΔNSM cells left untreated or loaded overnight with 25 μM C16 ceramide and subsequently loaded with 5 μM NBD-cholesterol for 2 h. Confocal microscopy fluorescence-DIC picture overlays (left panels; scale bar: 20 μM) and flow cytometry measurements (MFI; right panel) are shown. White histogram in flow cytometry graph shows cells which were left unloaded with NBD-cholesterol. (C) Cholesterol was detected in CTRL and ΔNSM cells treated as in (B) by colorimetric assay. Measurements were normalized against cholesterol amount in untreated CTRL cells set to 1 (n = 3). (D) Fluorometric analysis of cholesterol efflux was performed in supernatants of NBD-cholesterol loaded cells and cultivated in cell culture medium supplemented with 50 μg/ml human high density lipoprotein (HDL) for 4 h. Efflux was estimated as a percentage of NBD-cholesterol fluorescence in supernatants from total fluorescence in cell lysates and supernatants taken together (n = 3). Significant differences are marked with asterisks (∗p < 0.05). (E) Western blot analysis of SREBP2 protein cleavage in CTRL and ΔNSM cells. Cell cultivation was performed in serum containing cell medium.


In addition to reduced CE production and cholesterol turnover, higher cholesterol uptake rate can cause accumulation of cellular cholesterol in ΔNSM cells. To analyze whether NSM2 and/or ceramides participate in cholesterol uptake in Jurkat cells, we pretreated CTRL and ΔNSM cells with C16-ceramide overnight and loaded with NBD-cholesterol for the last 2 h in the presence of serum as the source of cholesterol carrying lipoproteins LDLs and HDLs. Microscopic and flow cytometry analysis of NBD-fluorescence revealed elevated cholesterol levels in NSM2-deficient cells which were normalized to those in CTRL cells after incubation with C16-ceramide (Figure 4B). Results were confirmed using colorimetric assay detecting total cholesterol (Figure 4C).

To assess the contribution of NSM2 in cholesterol efflux, the supernatants of NBD-cholesterol loaded CTRL and ΔNSM cells were analyzed using human HDL as the lipid acceptor. The fluorescence assessment in cell supernatants showed 10% less efflux in NSM2-deficient cells (Figure 4D). Combined, these data revealed that enhanced uptake and decreased efflux of cholesterol contributes to misbalanced cholesterol homeostasis in ΔNSM cells.



NSM2-Deficient Cells Do Not Activate SREBP and Undergo Cell Death After Serum Deprivation

Lipid homeostasis is regulated by ER-membrane associated transcription factors, the so-called sterol regulatory element-binding proteins (SREBPs) with SREBP2 being most important in cholesterol biosynthesis pathway (Horton et al., 2002). The activation is tightly controlled by the sterol-sensing SREBP cleavage activating protein (SCAP). At low sterol concentrations SCAP chaperons SREBP protein to the Golgi, where SREBP inactive precursor is cleaved by proteases to initiate the transport to the nucleus. After activating its target genes SREBP increases sterol levels again. So SREBP activation is regulated by sterol concentration dependent feedback loop. We therefore aimed at defining whether enhanced cholesterol levels found in ΔNSM cells deregulated SREBP activity. For that, we analyzed SREBP2 active fragment in cell lysates of NSM2-sufficient and deficient Jurkat cells (Figure 4E). Consistent with the higher cholesterol levels found in ΔNSM cells, inactive full length SREBP2 protein was predominantly expressed in those cells, indicating reduced proteolytic cleavage and activation.

To analyze whether NSM2-deficient cells can activate SREBP, we compared SREBP2 cleavage activation in response to the absence of lipid nutrients in CTRL and ΔNSM cells after culture in decreasing serum concentrations for 24 h. NSM2- sufficient, but not NSM2-deficient Jurkat cells gradually increased expression of cleaved SREBP under serum starvation indicating that NSM2 is required to report the absence of lipid nutrients (Figure 5A). We followed the proliferation of cells cultivated in serum supplemented medium and medium without serum for 4 days. As expected, serum absence in medium slowed down CTRL cell proliferation (Figure 5B). In contrast, ΔNSM cells stopped to proliferate completely and underwent massive cell death measured by membrane permeability for propidium iodide at day four after serum deprivation (Figures 5B,C). Thus, these results demonstrated that NSM2 is important to fulfill demands of proliferating Jurkat cells to increase fatty acid biosynthesis necessary for membrane biogenesis particularly in a nutrient poor environment.
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FIGURE 5. Neutral sphingomyelinase-2 (NSM2) deficiency induced cell death after serum deprivation correlates with lower SREBP2 activation levels. (A) Western blot analysis of active SREBP2 expression in CTRL and ΔNSM cells after overnight incubation in cell culture medium containing decreasing amounts of serum. Relative densitometry units for SREBP2 bands are shown below the Western blots. Right graph shows the summary of three independent experiments. Significantly different amount of active SREBP2 in CTRL cells is marked with asterisk (∗p < 0.05). (B) Proliferation was estimated by cell counting of cells cultivated in cell culture medium with normal (10 percent) and low (1 percent) serum content for 4 days (n = 3). (C) Cell death analysis performed by flow cytometry of propidium iodide (PI) staining of living cells after 4 days of cultivation in cell culture medium containing 10 or 1 percent serum.




CE Production Is Important for TCR Dependent Primary Human T Cell Proliferation

Yang et al. (2016) demonstrated that ACAT1/SOAT1 pharmacological inhibition or T-cell specifc depletion of cholesterol acyltransferase 1 gene significantly potentiated TCR signaling, proliferation and effector functions of mouse CD8+ T cells. We tested the two selective pharmacological inhibitors avasimibe (Ava) and pyripyropene A (PPPA), which are specific for ACAT1/SOAT1 and ACAT2/SOAT2, respectively, in proliferation of primary human CD4+ and CD8+ T cells isolated from peripheral blood of healthy donors. When applied seperately, both ACAT/SOAT inhibitors had significant negative effect on TCR ligation induced proliferation of both CD4+ and CD8+ T cells (Figure 6A). Apparently, ACAT1/SOAT1 and ACAT2/SOAT2 could partially compensate each other for function as the simultaneous treatment with both inhibitors almost completely abolished the proliferation of T cells. The inhibitor concentrations used for T cell treatment were not toxic upon incubation times used in proliferation assays (Supplementary Figure S6). Co-stimulation of T cells with α-CD3 and α-CD28 antibodies rendered their proliferative responses less sensitive to the inhibitor treatment. However, CD4+ T cells, but not CD8+ T cells, were sensitive to ACAT1/SOAT1 inhibitor which significantly reduced T cell proliferation alone or in combination with ACAT2/SOAT2 inhibitor (Figure 6B). CD3/CD28 co-stimulated CD8+ T cells generally were more resistent to ACAT/SOAT inhibition and showed almost no effect on proliferation with the exception of a relatively minor enhancement of proliferation after avasimibe treatment (Figure 6B). Published data (Yang et al., 2016) and our filipin stainings of PM in avasimibe treated Jurkat cells suggest that higher cholesterol levels in PM may support more efficient TCR clustering and signaling. To dissect whether ACAT/SOAT activity would differentially affect early or late T cell activation, inhibitors were retained in the cultures for 2 h or the entire cell expansion time after stimulation. Short time inhibitor pretreatment of CD4+ and CD8+ cells had a slightly positive effect on T cell proliferation (Figure 6C) indicating that enhanced PM cholesterol levels may be tolerated or can even support initial TCR signaling. In contrast, retention of ACAT/SOAT inhibition drastically reduced T cells expansion suggesting that extended inhibition of CE synthesis and storage might negatively affect fatty acid homeostasis important for cell proliferation.
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FIGURE 6. Cholesterol ester synthesis is crucial for sustained α-CD3/α-CD28 driven human CD4+ cell proliferation. Purified primary CD4+ and CD8+ T cells were left untreated or treated with 10 μM ACAT1/SOAT1 specific inhibitor avasimibe (Ava) or ACAT2/SOAT2 specific inhibitor pyripyropene A (PPPA) separately or in combination. Cells were stimulated with α-CD3 alone (A,C) or in combination with α-CD28 (B) for 3 days. Inhibitors were kept in cell culture medium through the whole experiment (A,B) or washed away after 2 h pre-incubation of T cells [(C), pretreatment]. 3H-Thymidine was added to the cells after 2 days of stimulation and radioactivity incorporation in cellular DNA was measured after overnight incubation. Mean values with standard deviations of three independent experiments are shown (n = 3). Significant differences are marked with asterisks (∗p < 0.05).




DISCUSSION

Our manuscript describes the first analysis of the NSM2 contribution to the general and TCR dependent lipid regulation at the PM early after stimulation. In line with previous observations for other cell types, the absence of NSM2 affects the levels of ceramides and sphingomyelins. However, major alterations in NSM2- deficient cells were observed in PM but not in organelle fractions of unstimulated and α-CD3 stimulated Jurkat cells indicating that the enzyme may be active in both resting and TCR stimulated cells (Figures 1C–E and Supplementary Figures S2A,C). This does not exclude NSM2 activity in the membranes of intracellular organelles in other cell types or after other modes of activation.

Rouquette-Jazdanian and others (Rouquette-Jazdanian et al., 2005) have shown neutral sphingomyelinase activation and a 46% reduction of SM in cholera toxin B-subunit treated Jurkat cells proposing that NSM should have access also to the major pool of SM in outer PM leaflet by unknown mechanism. Biochemical methods including labeling of the cytosolic face of PM with SM-specific toxin lysenin in electron microscopy (EM) demonstrated that 10–25% of sphingomyelin could be found in the inner leaflet (Murate et al., 2015). Our data show a 30% increase of PM SM in ΔNSM Jurkat cells accompanied with a 30–50% decrease of Cer amounts (Figures 1C,D) specifically in PM, but not in the organelles containing fractions (Figure 1E), indicating that NSM2 is primarily active at PM and have an access only to the SM in the inner PM leaflet. Many stimuli, such as TNF-α, cell confluence and PMA, have been demonstrated to induce NSM2 PM translocation and increase in enzyme activity, indicating together with our data that PM translocation is important for the enzymatic activation of NSM2 (Airola and Hannun, 2013). Although we and others have shown neutral sphingomyelinase activation early after TCR stimulation (Tonnetti et al., 1999; Bortlein et al., 2018), we were not able to show increase of ceramide or decrease of SM levels upon 10 min of TCR ligation using α-CD3 antibody (Figures 1C,D). The data implicate insufficient sensitivity of techniques used in our lipid analysis that allowed us to measure only long term regulation of basal Cer and SM levels at PM in ΔNSM cells, but not short, transient and TCR localized Cer changes upon NSM2 activation in CTRL cells.

To analyze the dynamics of PM lipids upon TCR stimulation is a challenge. Nevertheless, methods of PM isolation and lipid detection are increasingly contributing to the steady data accumulation. Zech et al. analyzed lipids in Jurkat cell PM domains directly engaged to stimulatory α-CD3 coated beads (Zech et al., 2009), revealing raft lipid accumulation in PM regions directly engaged in TCR signaling. Here we first analyze NSM2 contribution to the general TCR-dependent lipid regulation at the whole PM early after TCR stimulation. Majority of analyzed glycerophospholipids were regulated independently of TCR-stimulation (Figure 2A, left graph). Our analysis revealed significantly enhanced basal levels of lysophospholipids LPC and LPE in NSM2-deficient cells (Figure 2A and Supplementary Figure S3C), suggesting a possible molecular mechanism how NSM2 may regulate membrane curvature and mechanic properties in unstimulated T cells (Menck et al., 2017). Interestingly, α-CD3 stimulation normalized the levels of LPC and LPE in ΔNSM cells but still there was a tendency for higher levels of those lipids. However, data evaluation and studies regarding mechanism of how NSM2 regulate lysophospholipid expression stay beyond the scope of this study.

Interestingly, we observed TCR stimulation-specific and NSM2-dependent increase in more saturated DAG species (Figure 2B and Supplementary Figure S4). In NSM2-deficient cells a lack of TCR induced upregulation of DAG correlated with the low activation levels of novel and atypical PKCs and low Ca2+ mobilization at suboptimal TCR stimulation conditions (Bortlein et al., 2018).

The most striking observation was CE accumulation in PM fractions of TCR- stimulated cells which was strongly dependent on NSM2 activity (Figure 3A). Enzyme deficient cells had nearly no CE induced after TCR ligation. Several biochemical studies have described sphingomyelinase and PKC-regulated cholesterol esterification in different cell lines (Stein et al., 1992; Lange et al., 2002). Sphingomyelin has the highest affinity to cholesterol in PM. The amount of SM-bound cholesterol was estimated about 35 mole percent of PM cholesterol by using cholesterol binding mutant form of bacterial Perfringolysin O (Das et al., 2014). Sphingomyelinase activity is believed to be required for cholesterol mobilization from PM to the ER for esterification there by the activity of cholesterol acetyltransferases ACAT1/SOAT1 and ACAT2/SOAT2. ER-PM contact sites and lipid transfer proteins are involved in non-vesicular transport of SM free cholesterol (Litvinov et al., 2018), and therefore, our CE detection in PM isolates most likely reflects co-purification of ER-plasma junctions. Total SM was not measurably reduced after TCR stimulation of CTRL cells, indicating that SM is still present to prevent removal of cholesterol and that this did not correlate with strong CE induction. Subbaiah and others (Subbaiah et al., 2008) demonstrated that rather ceramide generation and not sphingomyelin degradation is crucial for CE synthesis. Our lipid measurements showed a correlation of NSM2 dependent ceramide generation with the CE production after TCR stimulation.

Here we show general dysregulation of all steps involved in cholesterol homeostasis in NSM2 deficient Jurkat cells: CE production, cholesterol uptake, efflux and activation of cholesterol sensing transcription factor SREBP2, manifesting in increased cholesterol accumulation (Figure 4). NSM2 deficiency in fro/fro mouse resulted in storage of cholesterol in ear skin fibroblasts promoting lipid raft formation and activation of hyaluronan synthase (Qin et al., 2012). Similar, ΔNSM T cells showed high PM and intracellular cholesterol accumulation. Cholesterol homeostasis is fine-tuned by cholesterol uptake, efflux and regulation of transcription factors activating gene expression involved in lipid synthesis. Cholesterol uptake is mediated by serum lipoprotein LDL internalization by its receptor (LDLR) in clathrin-coated vesicles. Interestingly, exogenously added human urinary neutral sphingomyelinase can regulate LDL receptor activity, LDL uptake and cholesterol ester synthesis in fibroblasts (Chatterjee, 1993). Our data showed enhanced cholesterol uptake in NSM2 deficient Jurkat cells cultivated in serum containing medium (Figures 4B,C). However, expression of LDLR was not enhanced (data not shown). Surprisingly, we were able to reduce the cholesterol load in ΔNSM cells by supplementing them with C16-Ceramide, indicating that ceramides or possibly its metabolites balance cholesterol uptake by regulating membrane environment of uptake regulatory proteins probably by effecting lipid raft formation. As shown above, NSM2 regulates lysophospholipid levels and therefore possibly membrane curvature important for clathrin-coated vesicle formation involved in serum lipoprotein uptake. The exact mechanistic link between ceramides and LDLR mediated cholesterol uptake in T cells is not clear and stayed out of the scope of this study.

It has been shown that inhibition of ACAT1/SOAT1 or PKC regulates high density lipoprotein receptor (HDLR) dependent efflux of intracellular cholesterol (Mendez et al., 1991). Correlating with the inhibition of those pathways in NSM2-deficient cells, cholesterol efflux toward medium supplemented with recombinant HDL was significantly reduced (Figure 4D).

We observed increased cholesterol accumulation in NSM2-deficient Jurkat cells accompanied with less accumulation of cleaved active sterol regulatory element-binding protein SREBP2 which is more specialized in cholesterol regulation pathway (Figure 4E). When the sterol concentration in ER drops, SREBPs are transported by chaperone protein sterol sensing SREBP cleavage activating protein SCAP from the ER to the Golgi where SREBPs are cleaved by proteases. Cleaved N-termini of SREBP are released into the cytoplasm and can diffuse to the nucleus where they induce expression of target genes regulating biosynthesis and uptake of cholesterol (Litvinov et al., 2018). Negative regulation of SREBP in NSM2 deficient cells may result from enhanced delivery of the LDL-cholesterol, uptake of which is increased in NSM2-deficient cells (Figure 4B), to the sterol sensing ER compartment. Interestingly, NSM2-deficient cells could not activate SREBP2 even after cultivation in serum depleted medium, indicating that cholesterol removal from ER may be regulated by NSM2. That made them especially sensitive to the starvation induced cell death.

Now we show that NSM2 is a strong regulator of CE generation in Jurkat T cells. Yang and others proposed to use avasimibe, an inhibitor of the cholesterol esterification enzyme ACAT1/SOAT1, for therapy to improve CD8+ T cell mediated control of tumor growth (Yang et al., 2016). Their experiments were done in a mouse model and showed strongly enhanced anti-tumor activity of mouse CD8+ effector T cells treated with avasimibe or deficient for ACAT1. Now we show that in vitro TCR driven expansion of primary human T cells treated with avasimibe revealed no real improvement in the peripheral blood CD8+ T cell compartment, whereas CD4+ T cells were highly sensitive and showed significantly impaired proliferation (Figure 6). Accumulation of CE is associated with increased proliferation of tumor cells (Matsumoto et al., 2008). Also expansion of CEM and MOLT4 T cell lines is positively regulated by cholesterol esterification (Dessi et al., 1997). PKCζ/ERK signaling pathway is crucial in CE synthesis enhancing glioblastoma cell growth and invasion (Paillasse et al., 2009). Similarly ERK activation enhances CE synthesis in monocyte-derived macrophages (Napolitano et al., 2004). However, exact mechanism how CE effects cell proliferation is still poorly understood. Oxysterols, made from excess of free cholesterol accumulating upon CE synthesis inhibition, are supposed to play a negative role in cell proliferation and were suggested to use as a chemotherapeutic agents controlling tumor growth (Schroepfer, 2000). Here our data are suggesting that more detailed studies on properties of and differences between mice and human T cells and their subsets regarding CE function and cholesterol homeostasis are needed to understand the composite intervention of CE with tumor growth and tumor infiltrating T cells depending on availability of nutrients and type of tumor.

The results presented here indicate a tight connection between sphingolipid metabolism, TCR signaling regulated by NSM2 and cholesterol homeostasis in T cells, the deregulation of which can lead to metabolically orchestrated inflammation or negatively regulated T cell differentiation and anti-tumor activity. Immune cells sensitive to deregulated cholesterol metabolism and driving autoimmune diseases are poorly characterized. Studies of immune cell compartment specific NSM2 activity levels and responses to sterol metabolic stress would help to evaluate NSM2 significance in metabolically regulated inflammation.
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Glycosphingolipids (GSLs), the main topic of this review, are a subclass of sphingolipids. With their glycans exposed to the extracellular space, glycosphingolipids are ubiquitous components of the plasma membrane of cells. GSLs are implicated in a variety of biological processes including specific infections. Several pathogens use GSLs at the surface of host cells as binding receptors. In addition, lipid-rafts in the plasma membrane of host cells may act as platform for signaling the presence of pathogens. Relatively common in man are inherited deficiencies in lysosomal glycosidases involved in the turnover of GSLs. The associated storage disorders (glycosphingolipidoses) show lysosomal accumulation of substrate(s) of the deficient enzyme. In recent years compounds have been identified that allow modulation of GSLs levels in cells. Some of these agents are well tolerated and already used to treat lysosomal glycosphingolipidoses. This review summarizes present knowledge on the role of GSLs in infection and subsequent immune response. It concludes with the thought to apply glycosphingolipid-lowering agents to prevent and/or combat infections.
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INTRODUCTION TO GLYCOSPHINGOLIPIDS

Glycosphingolipids (GSLs) were discovered by the German chemist Johannes Thudichum while investigating the composition of the human brain in his London laboratory in the late 19th century (Thudichum, 1884). Thudichum meticulously identified the structure of the encountered novel class of lipids as consisting of a unique lipid moiety with attached sugar or phosphorylcholine groups. The hydrophobic moiety of the isolated brain lipids proved to contain as backbone a hitherto unknown D-erythro-Sphingosine, named after the mythical Sphinx for its “enigmatic properties to the enquirer.” The value of Thudichum’s findings was initially highly debated and did not meet recognition during his lifetime. Only 25 years after his death, Otto Rosenheim confirmed the accuracy of his publications which finally opened the present vast field of GSL research (King, 1956).


Features of Glycosphingolipids


Structure of Glycosphingolipids

In vertebrates the major form of the sphingoid base of GSLs is d18:1 sphingosine, (2S,3R,4E)-2aminooctadec-4-ene-1,3-diol. N-acylation of sphingosine results in the lipid ceramide (Cer), the primary sphingolipid. The attachment of sugars to Cer yields GSLs (Figure 1A). Ubiquitous in brain is the simple GSL galactosylceramide (GalCer), the major lipid constituent of myelin insulating axons of neuronal cells and formed as extended plasma membrane of oligodendrocytes. Following Thudichum’s seminal findings, it became apparent that GSLs are not restricted to the brain but are common components of cells in various organisms. In the case of human GSLs, the first monosaccharide linked to Cer is either glucose or galactose. Additional sugars can be further attached to glucosylceramide (GlcCer) or GalCer, resulting in a plethora of lipids of which quantitatively the most abundant are the ganglio-, globo-, and neolacto-series of GSLs (Figure 1B). The structural diversity of GSLs and their nomenclature have been thoroughly reviewed (Wennekes et al., 2009; Merrill, 2011; Merrill and Sullards, 2017).
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FIGURE 1. Structure and synthesis of glycosphingolipids. (A) Synthesis of complex glycosphingolipids (GSLs) from the simple building blocks L-serine, fatty acyl-CoA, and UDP-sugars. (B) General structure of glycosphingolipid: indicated are the major globo-, isoglobo-, ganglio-, lacto-, and neolacto-series core structures.




Synthesis of Glycosphingolipids

During their life in cells, GSL molecules traverse various subcellular compartments where specific modifications in their structure may occur (Wennekes et al., 2009; Gault et al., 2010; Merrill, 2011; Fabrias et al., 2012; D’Angelo et al., 2013; Tidhar and Futerman, 2013; Sandhoff and Sandhoff, 2018; Sandhoff et al., 2018). The synthesis starts at the endoplasmic reticulum (ER) where the enzyme serine palmitoyltransferase (SPT) generates keto-sphinganine from serine and palmitoyl-CoA (Figure 1A). This building block is next converted to sphinganine by 3-ketodihydrosphingosine reductase (KDSR). Subsequently, a series of ceramide synthases (CerS 1-6) form dihydroceramides with amide-linked fatty acyl moieties. Distinct dihydroceramides are generated since the various CerS enzymes have different acyl-CoA length preferences (Tidhar and Futerman, 2013). From these dihydroceramides the enzyme dihydroceramide desaturase-1 (DES1) forms Cer. The primary sphingolipid Cer is subject to further metabolism and its levels are tightly controlled in this manner, a necessity for cells since Cer promotes concentration-dependently apoptotic processes, and subsequent cell death (Zelnik et al., 2019). Cer may be converted into sphingomyelin (SM; phosphocholine-ceramide) or ceramide-1-phosphate (Cer1P). It may be also degraded by neutral ceramidases to fatty acid and sphingosine (Wennekes et al., 2009). A third metabolic route involves formation of structurally diverse GSLs through distinct pathways. In tissues like kidney and brain a large portion of newly formed Cer molecules enter the ER where conversion to GalCer occurs, catalyzed by the enzyme galactosylceramide synthase (CGT) using UDP-galactose as sugar donor (Sprong et al., 1998; van Meer et al., 2003). Sulfation of GalCer molecules may take place to generate sulfatide (sulfo-GalCer). More commonly, the Cer transfer protein (CERT) transports newly formed Cer to the cytosolic leaflet cis-Golgi membranes (Hanada et al., 2003, 2009). Here, the enzyme glucosylceramide synthase (GCS; encoded by the UGCG gene) may transform Cer to GlcCer using UDP-glucose as sugar donor (Ichikawa et al., 1996). Some of the GlcCer in the cytosolic membrane leaflet is metabolized back again to Cer by the enzyme GBA2, a cytosol-faced β-glucosidase that also shows transglucosylase activity (van Weely et al., 1993; Boot et al., 2007; Marques et al., 2016). However, most newly formed GlcCer enters the Golgi apparatus where it can be stepwise modified by glycosyltransferases (Wennekes et al., 2009; Merrill, 2011; Merrill and Sullards, 2017; Sandhoff and Sandhoff, 2018). The addition of further sugars to GlcCer yields various types of GSLs (Figure 1B). Increasing the vast diversity of GSLs is the sulfation of particular lipids. After being modified in the Golgi apparatus, GSLs end up in the outer leaflet of the plasma membrane. GSLs may partly leave cells through incorporation in HDL-lipoproteins (Van den Bergh and Tager, 1976).

Congenital human disorders of ganglioside biosynthesis are very rare. Mutations in ST3GAL5 (encoding GM3 synthase) cause severe congenital infantile seizures. Mutations in B4GALNT1 (encoding GM2/GD2 synthase) lead to hereditary spastic paraplegia accompanied by intellectual disability (Li and Schnaar, 2018).



Degradation

Glycosphingolipids are internalized via endocytosis and end up in multi-vesicular bodies in endosomes. Next, their fragmentation takes place in lysosomes (Cox and Cachón-González, 2012; Platt, 2014). Through endocytosis lysosomes acquire also exogenous GSLs. These are components of phagocytosed senescent cells and debris as well as endocytosed lipoproteins. In the acid lysosomes, GSLs are fragmented by a series of glycosidases in a stepwise manner (Ferraz et al., 2014; Breiden and Sandhoff, 2019). In this process, specific glycosidases remove terminal sugar moieties from GSLs, the reverse of the biosynthetic pathway. Many of the lysosomal glycosidases fragmenting GSLs are assisted in their activity by specific accessory proteins (GM2 activator protein and saposin A–D) (Ferraz et al., 2014; Breiden and Sandhoff, 2019). Cer, the lipid product of lysosomal GSL degradation, is cleaved by the lysosomal acid ceramidase into sphingosine and fatty acid. The degradation products (sugars, fatty acids, and sphingosine) are exported to the cytosol. The exported sphingosine may be next re-used in the salvage pathway that generates again Cer molecules for the synthesis of SM or GSLs. Alternatively, sphingosine is transformed by sphingosine kinases (SK1 and SK2) to sphingosine-1-phosphate (S1P). This may be subsequently degraded by S1P lyase into phosphatidylethanolamine and 2-trans-hexadecenal (Pyne et al., 2016).



Functions of Glycosphingolipids


Lipid Raft Signaling Platforms

Glycosphingolipids reside primarily in the cellular plasma membrane with their sugar moieties exposed to the exterior. At the cell surface, GSLs have multiple functions. Through interactions among GSL molecules and cholesterol molecules via hydrogen bonds and van der Waal’s forces semi-ordered domains spontaneously form in the plasma membrane. In these lipid rafts specific proteins involved in signaling events locate (Mukherjee and Maxfield, 2004; Lingwood and Simons, 2010; Sonnino and Prinetti, 2013; Figure 2A). It has become clear that GSLs in lipid rafts may regulate the activity of some of these signaling receptors. A particularly well studied example of the impact of gangliosides on receptor signaling concerns the epidermal growth factor receptor (EGFR). Well-established is the inhibitory effect of GM3 on the receptor’s kinase domain activation, a phenomenon abolished by conversion of GM3 to lactosylceramide (LacCer) or the K642G amino acid substitution in the EGFR (Coskun et al., 2011). Thus, GM3 modulates the allosteric structural transition from inactive to signaling EGFR dimer. Another example forms the insulin receptor whose activity is influenced by local gangliosides (Kabayama et al., 2007; Langeveld and Aerts, 2009). Obese mice genetically unable to synthetize the ganglioside GM3 show better glucose tolerance and insulin sensitivity than control obese animals (Tagami et al., 2002; Yamashita et al., 2003). Pharmacological reduction of GSLs, including that of gangliosides, improves markedly insulin sensitivity and glucose homeostasis in obese rodents (Aerts et al., 2007; Zhao et al., 2009). Of note, patients with Gaucher disease (GD) (see section “Lysosomal Glycosphingolipid Storage Disorders and Therapy” for a detailed description of this inherited disorder) show elevated levels of the gangliosides GM3 in cells and tissue and in parallel reduced insulin sensitivity (Ghauharali-van der Vlugt et al., 2008; Langeveld et al., 2008).
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FIGURE 2. Lipid rafts and other functions of glycosphingolipids. (A) Glycosphingolipids are essential components of lipid rafts where signaling events occur in response to extracellular triggers. Excessive GSLs (GM3) may interfere with signaling. (B) GSLs may interact with toxins, bacteria and trans-cellular lectins and carbohydrates. Adapted from Feingold and Elias (2014).


A similar modulatory role for gangliosides has also been noted for other receptors such as the T-cell receptor amongst others (Inokuchi et al., 2018). Recently gangliosides were found to also impact on the activity of the membrane embedded protein NPC1L1, critically involved in intestinal cholesterol absorption (Nihei et al., 2018). Another intriguing finding is that the ganglioside GM1 prevents oligomerization of b-amyloid oligomers, whilst SM promotes this (Amaro et al., 2016). This finding may proof to be relevant to design strategies to ameliorate Alzheimer’s disease (Amaro et al., 2016). LacCer-enriched lipid rafts have been identified in plasma and granular membranes of human neutrophils (see Nakayama et al., 2018 for a review). The first report on LacCer-raft mediated neutrophil function concerned superoxide generation (Iwabuchi and Nagaoka, 2002). It was demonstrated that the incubation of neutrophils with anti-LacCer antibody induced generation of superoxide. A key role for activation of Lyn in the process was identified (Iwabuchi and Nagaoka, 2002).

Glycosphingolipids have been found to also interact other cells, either via protein-carbohydrate or carbohydrate-carbohydrate interactions (Figure 2B). The proteins involved in such interactions are three major classes of lectins: selectins binding sialylated and fucosylated glycans; siglecs binding galectins and sialylated glycans; and galectins binding glycans containing terminal galactose (Schnaar, 2004).

In land animals, GSLs fulfill a special function in the outermost skin, the stratum corneum. Here, extraordinary GlcCer molecules with very-long-chain fatty acid (C30–32) and an ω-hydroxyl group esterified to another fatty acid are obligate precursors to Cer that are locally required to build the desired protective and permeability layer (Feingold and Elias, 2014; Van Smeden and Bouwstra, 2016; Wertz, 2018). Disturbance in skin GlcCer and Cer are associated with severe, even fatal, dysfunction of the skin (Van Smeden et al., 2017). The presence of specific gangliosides in neurons has multiple functions and proves to be essential for optimal interplay with the insulating myelin (Lopez and Báez, 2018). In particular, lack of specific gangliosides in axons of neurons leads to disturbed interaction with myelin-associated glycoprotein (MAG) in the innermost membrane of myelin. This impairment is thought to underly the spastic paraplegia during neuronal deficiency of specific gangliosides (Schnaar and Lopez, 2009).

Exposed glycans of GSLs on epithelial cells contribute to the protective properties of the glycocalyx of internal body linings. A similar type of protective function of GSLs is envisioned for lysosomes inside cells. Beside the outer leaflet plasma membrane, the inner leaflet of the lysosomal membrane is rich in GSLs. This membrane also contains integral membrane proteins that are decorated with N-linked glycans. By the combined presence of GSLs and membrane glycoproteins the lysosomal membrane is thought to be protected by a sugar barrier against self-degradation by the proteases and lipases present in the lumen of the compartment (Schwake et al., 2013).

Specific GSLs at the surface of cells also undergo specific interactions with the outside world. For example, some GSLs contain the glycan-based ABO antigens, crucial in self-recognition and of importance in transfusion medicine (Kościelak, 2012). E-selectin mediated binding of tissue invading leukocytes to endothelial cells is known to be dependent on specific GSLs (Nimrichter et al., 2008).



Glycosphingolipids and Infection


Interaction With Pathogens and Toxins

Many viruses, bacteria, and bacterial toxins bind to carbohydrates of GSLs on host cell surfaces (Figure 3). Recommended reviews of the topic are Nakayama et al. (2018) and Hanada (2005).
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FIGURE 3. Examples of direct interactions of glycosphingolipids with pathogens and toxins.



Viruses

Some viruses are known to exploit GSLs in their life cycle in hosts (Lingwood, 1996). One well studied example is the human immunodeficiency virus (HIV) (Lingwood and Branch, 2011). HIV virions enter their host cells by the binding of the viral envelope gp120 to the primary receptor CD4, an essential interaction for viral fusion and entry. G protein-coupled α- and β-chemokine receptors are required as “co-receptors” together with CD4 for HIV-1 infection. GSLs display a complex interaction with HIV gp120, with reports suggesting functions as alternate entry receptors, facilitators for HIV infection, as well as natural resistance factors for HIV infection. Several GSLs (Gb3, GM3, GalCer, sulfatide) appear to bind the HIV adhesin gp120 (Lund et al., 2009; Lingwood and Branch, 2011). Upon binding, GSLs such as GalCer and GM3 facilitate subsequent interaction of the virus with its chemokine co-receptor on the cell surface (Lingwood and Branch, 2011). In contrast, Gb3 may successfully compete for co-receptor binding, and prevent fusion and viral entry (Lund et al., 2009; Lingwood and Branch, 2011). Polyomavirus invades human erythrocytes via the gangliosides GD1a and GT1b (Schwake et al., 2013). GM1 has also been shown to act as receptors for simian virus 40 (SV40) and polyoma virus (Tsai et al., 2003).



Toxins

Protein toxins show an AB structure, with a catalytic A domain and a B domain encoding host receptor recognition (Zuverink and Barbieri, 2018). Gb3, (a.k.a. CD77 or P(k) blood group antigen) is known to bind to Shiga toxin and the closely related Escherichia coli (E. coli) derived verotoxin B subunit (van Heyningen, 1974). The globoside thus is mediating verotoxin induced hemolytic uremic syndrome (HUS) (Lingwood, 1996). The ganglioside GM1 serves as the primary receptor for cholera toxin and the highly homologous E. coli heat-labile enterotoxin (Hirst et al., 2002). Clostridium tetani neurotoxin and Clostridium botulinum neurotoxin type A and B use several gangliosides as receptors (Kitamura et al., 1999). The ganglioside GM2 acts as a receptor for delta-toxin of Clostridium perfringens (Jolivet-Reynaud et al., 1989). Cholera toxin B subunit (CTB) binds to GM1 enriched in lipid rafts (Cuatrecasas, 1973a, b). GM1 on epithelial cells also binds E. coli enterotoxin (Hyun and Kimmich, 1984; Masserini et al., 1992; Kuziemko et al., 1996). The gangliosides present in human milk are thought to compete the binding of Vibrio cholerae and E. coli enterotoxins in the intestine and thus offer protection (Otnaess et al., 1983; Newburg and Chaturvedi, 1992).



Bacteria

The ganglioside asialo-GM1 (GA1) at the surface of epithelial cells binds Bifidobacterium bifidum, Pseudomonas aeruginosa, and Lactobacillus (de Bentzmann et al., 1996; Mukai et al., 2004). The ganglioside GM1 has been implicated in infections with Brucella species (Naroeni and Porte, 2002; Martín-Martín et al., 2010). Fimbriated E. coli bind to the globosides Gb3 and Gb4 (Leffler and Svanborg-Edén, 1981). Virulent strains of Bordetella pertussis, a human respiratory pathogen, bind with high affinity to sulfatide (Brennan et al., 1991). Mycoplasma pneumoniae appears to exploit GSLs containing terminal Gal(3SO4)β1-residues (Krivan et al., 1989).

The neutral GSL LacCer at the surface of intestinal epithelial cells binds various microorganisms. These include Candida albicans, B. pertussis, Mycobacterium tuberculosis, E. coli, Bacillus dysenteriae, and Propionibacterium freudenreichii (Nakayama et al., 2018). Possibly milk-derived LacCer protects the host from invading pathogens. Interactions between the sugar moieties of gangliosides and the polysaccharide moieties of Shigella lipopolysaccharide were found to facilitate binding of bacteria to human CD4+ T cells (Belotserkovsky et al., 2018). There are indications that the adhesion of Helicobacter pylori, causing chronic active gastritis, peptic ulcer disease and gastric adenocarcinoma, depends on gangliosides in the human stomach. The gangliosides Neu5Acα3-neolactohexaosylceramide and Neu5Acα3-neolactooctaosylceramide mediate attachment of H. pylori SabA (sialic acid binding adhesin) there (Mahdavi et al., 2002; Benktander et al., 2018).



Immune System

The role of GSLs in immune cell functions receives increasing interest and has been recently reviewed (Zuidscherwoude et al., 2014; Zhang et al., 2019). Besides acting as entry point of pathogens and toxins, GSLs also impact on the response of the immune system to pathogens. As such, GSLs themselves can also transduce signals as revealed by the effect of their crosslinking by multivalent binders such as bacterial toxins, or alternatively IgM antibodies (Spiegel, 1989; Klokk et al., 2016). Influx of calcium ions upon cell surface crosslinking of GM1 seems to be largely mediated by L-type calcium channels (Carlson et al., 1994). As another example, in human neutrophils LacCer forms specific lipid rafts in the plasma membrane as well as granular membranes. These rafts have been shown to interact with β-glucan of C. albicans and lipoarabinomannan (LAM) of Mycobacteria (Sato et al., 2006; Nakayama et al., 2016). Such binding triggers signaling cascades involving Src family kinases. The responses to this are chemotaxis, phagocytosis, and phagolysosome formation. In neutrophils, M. tuberculosis smartly targets the LacCer-enriched lipid rafts in phagosomes to inhibit the maturation of phagosome to lytic phagolysosomes (Nakayama et al., 2018).

Other direct and indirect interactions of GSLs with immune cells affecting their activity have more recently come to light. For example, the C-type lectin receptor Mincle (macrophage inducible C-type lectin), contributes to innate immune responses by recognition of lipids stemming from foreign pathogens like glucose and trehalose mycolates and glycosyl diacylglycerols, but also lipids from damaged cells (Williams, 2017). Among the reported Mincle-interacting self antigens are sterols but also GlcCer (Nagata et al., 2017).

In the case of dendritic cells, glycolipid antigens are presented by MHC class I molecule (CD1d) of dendritic cells via T-cell receptor recognition to activate natural killer T (NKT) cells which control innate and adaptive immune responses (Kumar et al., 2017). The marine sponge GSL α-GalCer is identified as potent lipid antigen activating invariant NTK (iNKT) cells. These cells are also activated by the endogenous iGb3Cer (Galα1-3Galβ1-4GlcβCer) (Pei et al., 2012). More recently, excessive GlcCer has also been proposed to act as an iNKT cell activator (Nair et al., 2015). Of note, GlcCer synthase deficiency in mouse cells was already earlier reported to impair CD1d-dependent activation of iNKT cells, suggesting that GlcCer or its metabolites might be endogenous ligands for CD1d-restricted iNKT cells (Stanic et al., 2003).

In addition to modulating innate immunity, GSLs also appear to play critical roles in adaptive immunity. For example, gangliosides influence T cell receptors (TCRs) on CD-4 positive (CD4+) and CD-8 positive (CD8+) T cells, respectively (Nagafuku et al., 2012). Here it is thought that the precise ganglioside composition of lipid rafts in specific T cell populations is a prerequisite for their associated specific effector functions. This regulatory aspect of gangliosides in T cell biology seems highly relevant for allergic and autoimmune diseases and has been topic of excellent reviews (Inokuchi et al., 2018; Nakayama et al., 2018).

In some specific autoimmune neuropathies affecting the nervous system the autoimmune attack is due to antibodies reactive with gangliosides. Anti-ganglioside antibodies occur for example with Guillain–Barré syndrome. These antibodies may be induced by infections with pathogens containing glycan components that are structurally similar to gangliosides. The most important example of this is Campylobacter jejuni whose surface lipo-oligosaccharide mimics GD1a, GT1a, GM1, and other gangliosides (Goodfellow and Willison, 2018). Binding of autoantibodies on gangliosides activates locally complement and recruits macrophages, causing local impairment of nerve conduction in these patients.



Sphingomyelin and Infection

Sphingomyelin is the most abundant cellular sphingolipid. Like GSLs, SM is also implicated in infections and the immune system’s response to these (Wu et al., 2018; Li et al., 2019). For example, mice with deficiency of acid sphingomyelinase (ASMase; Sphingomyelin phosphodiesterase 1), the enzyme hydrolyzing SM to Cer and phosphorylcholine, are strongly susceptible to Citrobacter rodentium-driven colitis (Meiners et al., 2019). Mice overexpressing ASMase in T cells show increased T cell activation and reduced parasitemia in upon infection with Plasmodium yoelii (Hose et al., 2019). Two forms of ASMase are encoded by the SMPD1 gene: a lysosomal form (L-ASMase) and a secretory form (S-ASMase). Although ASMase has an acid pH optimum for activity, the same enzyme, when secreted, also catalyzes the hydrolysis of SM in the circulation and on the plasma membrane (Smith and Schuchman, 2008; Schuchman, 2010). ASMase deficiency results in the accumulation of SM in lysosomes and causes the neuropathic (type A) and non-neuropathic (type B) variants of Niemann-Pick disease (Schuchman, 2010). Generation of Cer molecules on the cell surface by ASMase leads to formation of Cer-enriched domains, distinct from traditional lipid rafts, that act as platforms governing signaling events (Li et al., 2019). Cer-enriched platforms occur in cells upon diverse receptor or non-receptor stimuli, including CD95, FcγRII, CD40, platelet-activating factor receptor (PAF), viral infection, P. aeruginosa, Neisseria gonorrhoeae, Staphylococcus aureus, cisplatin, Cu2+, irradiation and UV-light (Li et al., 2019). The interaction of Cer-enriched platforms with CD95, the death receptor Fas, is the best understood. CD95 induces an increased ASMase activity on the cell surface, thus generating Cer-enriched platforms amplifying CD95 signaling (Gulbins and Grassmé, 2002; Grassmé et al., 2007).

The ASMase/Cer system has been implicated in infections with pathogens. P. aeruginosa is a gram-negative bacterium commonly affecting immune-compromised patients and patients with chronic wounds, sepsis, or chronic emphysema. Patients with cystic fibrosis (CF) have a particular risk for chronic P. aeruginosa infections. The infection of mammalian cells with different strains of P. aeruginosa induces the rapid activation of ASMase and translocation to the plasma membrane (Li et al., 2019). Generated Cer-rich rafts by ASMase mediates the internalization of P. aeruginosa, which is prevented by inhibitors of the ASMase or by ASMase-deficiency. Amitriptyline, a tricyclic antidepressant (TCA), is a functional ASMase inhibitor. Administration of amitriptyline to CF mice normalizes pulmonary Cer levels and abolishes pathological outcome, including susceptibility to infection (Becker et al., 2010). Amitriptyline might therefore offer in the future a novel medicine to treat CF patients.

ASMase appears critical in the regulation of host interactions with other bacteria as well, including S. aureus, Mycobacteria, Listeria monocytogenes and Neisseria species. S. aureus, is a commensal opportunistic bacterium that colonizes approximately 30% of human populations. It may cause life-threatening endocarditis, diseases, sepsis, toxic shock syndrome, and pneumonia (Li et al., 2019). S. aureus is the primary cause of sepsis and lethal lung edema. Mice treated with the ASMase inhibitor amitriptyline show reduced lung edema upon S. aureus exposure. The effect on sepsis of various ASMase inhibitors (imipramine, desipramine, and amitriptyline), is presently studied in animal models (Chung et al., 2018; Xia et al., 2019).



Lysosomal Glycosphingolipid Storage Disorders and Therapy

Inherited defects in lysosomal enzymes fragmenting GSLs lead to accumulation of the accompanying substrate in lysosomes. Several inherited lysosomal glycosphingolipid storage disorders (glycosphingolipidoses) occur in humans, see Figure 4 (Cox and Cachón-González, 2012; Ferraz et al., 2014; Platt, 2014; Breiden and Sandhoff, 2019).
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FIGURE 4. Metabolism of glycosphingolipids. (A) Lysosomal degradation by glycosidases assisted by activator proteins. Indicated are common lysosomal storage disorders stemming from inherited defects in lysosomal hydrolases. (B) Therapeutic reduction of glycosphingolipids by inhibition of glucosylceramide synthase (GCS). Shown are two clinically registered GCS inhibitors (Miglustat, N-butyl-deoxynojirimycin) and Eliglustat (N-[(1R,2R)-1-(2,3-Dihydro-1,4-benzodioxin-6-yl) -1-hydroxy-3-(1-pyrrolidinyl)-2-propanyl]octanamide), and AMP-DNM (N-(5-adamantane-1-yl-methoxy-pentyl)-deoxynojirimycin) commonly employed in research.



Gaucher Disease

A prototype glycosphingolipidosis is GD, named after Ernest Gaucher who published the first case report (Beutler and Grabowski, 2001). GD is a recessively inherited disorder stemming from mutations in the GBA gene. This codes for an acid β-glucosidase, better known as glucocerebrosidase (GCase; EC. 3.2.1.45) (Brady et al., 1966; Beutler and Grabowski, 2001). The 497 amino acid glycoprotein cleaves GlcCer to Cer, the penultimate step in lysosomal breakdown of most GSLs. Prominent GlcCer accumulation characteristically occurs in tissue macrophages (Gaucher cells) of GD patients. The clinical presentation of GCase deficiency is very heterogeneous, from severe neonatal complications to a virtually asymptomatic course. Non-neuronopathic (type 1), acute neuronopathic (type 2), and sub-acute neuronopathic (type 3) GD phenotypes are discerned. A complete deficiency of GCase causes fatal skin pathology causing abnormal permeability properties (Beutler and Grabowski, 2001). It has recently been recognized that individuals with a mutant GBA allele are at increased risk, about 20-fold, to develop Parkinson disease (Siebert et al., 2014). Although some mutations in the GBA gene are associated with a benign GD disease course, e.g., the amino acid substitution N370S, the GBA genotype proves to poorly predict actual disease presentation in GD patients. Considerable variability in symptoms and general disease severity is documented for several GBA genotypes, even among monozygotic twins (Ferraz et al., 2014). The molecular basis for the interindividual variability in outcome of GCase deficiency among GD patients is not identified yet.


Putative advantage of GD heterozygotes

Another intriguing aspect of GD forms the high incidence among Ashkenazim with a disease allele frequency at approximately 0.03–0.04, around 10-fold higher than in non-Jewish populations (Beutler and Grabowski, 2001). The elevated incidence of GD in Ashkenazi Jews is due to four common mutations (Koprivica et al., 2000). The elevated incidence of GD (and other lysosomal storage disorders in glycosphingolipid metabolism such Niemann-Pick disease type B and Tay-Sachs disease) in Ashkenazi populations has led to a great deal of speculation about its cause, ranging from founder effects to a heterozygote advantage. A founder effect as cause seems very unlikely given the small size of the founding Ashkenazi populations in Eastern Europe (Diamond, 1994). The origin of the common N370S mutation in Ashkenazi Jews is thought, based on haplotype data, to have arisen too recently, a mere thousand years ago, to explain the current allele frequency as the result of genetic drift alone (Boas, 2000; Colombo, 2000). The increased allele frequencies of four GBA mutations in Ashkenazi Gaucher patients makes this additionally statistically improbable (Diamond, 1994; Diaz et al., 2000). It therefore has been speculated that GD carriers may be less vulnerable to infectious diseases that cause many victims in city-dwelling populations such as bubonic plaque or tuberculosis. Macrophages are key players in GD and Niemann-Pick disease type B and these cells host M. tuberculosis. Evidence for the appealing carrier advantage hypothesis is still missing. Of note, in a zebrafish model of tuberculosis (M. marianum) deficiency of several lysosomal hydrolases increases vulnerability for the infection, however, interestingly not that of GCase (Berg et al., 2016; Meijer and Aerts, 2016).



Gaucher cells and their secreted markers

Characteristic lipid-laden macrophages accumulate in the spleen, liver, bone marrow, lymph nodes, and lung of GD patients. These Gaucher cells are metabolically active, alternatively activated, macrophages (Boven et al., 2004). GD patients develop low-grade inflammation and coagulation, and show activation of the complement cascade (Hollak et al., 1997; Vissers et al., 2007). Gaucher cells over-express and secrete specific proteins into the circulation of which some are presently employed as biomarkers of body burden of storage macrophages (Ferraz et al., 2014). Examples are chitotriosidase, the human chitinase (Hollak et al., 1994; Bussink et al., 2006), the chemokine CCL18/PARC (Boot et al., 2004) and a soluble fragment of gpNMB (Kramer et al., 2016). Interestingly, increased levels of plasma chitotriosidase also occur with some infectious disease involving macrophages such as Leishmaniasis, tuberculosis, malaria, and leprosy (Hollak et al., 1994; Aerts et al., 2008; Iyer et al., 2009; Di Rosa et al., 2016).



Metabolic Adaptations to GCase Deficiency for Better or Worse

Striking metabolic adaptations occur during GCase deficiency (Ferraz et al., 2014). Firstly, increased anabolism of GlcCer to gangliosides takes place, contributing to insulin resistance (Langeveld and Aerts, 2009). Another adaptation involves the cytosol-faced retaining β-glucosidase GBA2. Increased activity of this enzyme during GCase deficiency leads to increased formation of pro-apoptotic Cer from GlcCer. Reducing GBA2 activity, genetically or by means of small compound inhibitors like the iminosugar AMP-DNM, has remarkable beneficial effects in Niemann Pick type C (NPC) mice with a defect in the lysosomal protein NPC1 mediating efflux of cholesterol from lysosomes and secondary GCase deficiency (Nietupski et al., 2012; Marques et al., 2015). AMP-DNM treatment also exerts a neuro-protective effect in mice with Sandhoff disease, another glycosphingolipid storage disorder (Ashe et al., 2011). Of note, GBA2 can act as transglycosylase, transferring the glucose from GlcCer to cholesterol and forming glucosyl-β-cholesterol (GlcChol) in the process (Marques et al., 2016). Another adaptation during GCase is the conversion of accumulating GlcCer in lysosomes by acid ceramidase to its sphingoid base, glucosylsphingosine (GlcSph) (Ferraz et al., 2016). GlcSph reaches the circulation and plasma GlcSph is on average 200-fold elevated in symptomatic type 1 GD patients (Dekker et al., 2011). Measurement of elevated plasma GlcSph has come into use for laboratory confirmation of GD diagnosis (Mirzaian et al., 2015). Albeit clinically distinct diseases, the glycosphingolipidoses show as uniform response to lysosomal GSL accumulation, that is the conversion of storage lipid to its corresponding sphingoid base. In Fabry disease (α-galactosidase deficiency), Krabbe disease (galactocerebrosidase deficiency), GM2 gangliosidosis (β-hexosaminidase deficiency), and Niemann Pick diseases types A and B (acid sphingomyelinase deficiency) the corresponding sphingoid bases of the accumulating substrates (lysoGb3, galactosylsphingosine, lysoGM2, and lysoSM, respectively) are formed and their plasma levels are markedly increased, offering diagnostic possibilities (Ferraz et al., 2014; Mirzaian et al., 2017; Marshall et al., 2019).



Pathophysiology

There is compelling evidence for a prominent role of Gaucher cells in GD pathology. Excessive GlcSph stemming from these storage cells is likely pathogenic. It is thought to contribute to the common osteopenia (reduced bone mineral density) in GD patients by impairing osteoblasts (Mistry et al., 2014), to promote α-synuclein aggregation, a hallmark of Parkinson disease (Taguchi et al., 2017), and to underly as auto-antigen in the common gammopathies in GD patients that can evolve into multiple myeloma, a relatively common leukemia in GD patients (Nair et al., 2016). Antigenicity of GlcCer and GlcSph has been postulated to lead to complement cascade activation promoting local tissue inflammation and destruction (Pandey et al., 2017). The diminished cerebral microvascular density in a neuronopathic GD mouse has been attributed to GlcSph based on the observed ability of the sphingoid base to interfere with endothelial cytokinesis in vitro (Smith et al., 2018). At present the impact of excessive glucosylated metabolites, like GlcChol, generated by GBA2 activity during GCase deficiency is unknown.



Therapies

A very successful therapeutic intervention of type 1 GD is enzyme replacement therapy (ERT), an approach in which patient’s macrophages are supplemented with lacking enzyme by repeated intravenous infusion of therapeutic recombinant GCase (Brady, 2003). To ensure the desired targeting to macrophages, the therapeutic GCase has N-linked glycans with terminal mannose groups to favor uptake by macrophages via mannose-binding lectins like the mannose receptor at the surface of these cells. Two-weekly ERT of type 1 GD patients spectacularly reverses visceral symptoms like hepatosplenomegaly and corrects hematological abnormalities. Unfortunately, ERT does not prevent neurological symptoms due to inability of the enzyme to pass the blood brain barrier. Substrate reduction therapy (SRT) is an alternative registered treatment of type 1 GD. It aims to balance the synthesis of GlcCer with the diminished capacity of GD patients to degrade it (Platt et al., 2001; Aerts et al., 2006). In SRT orally available inhibitors of GCS are employed. Two drugs [Miglustat, N-butyl-deoxynojirimycin (NB-DNJ) and Eliglustat (N-[(1R,2R)-1-(2,3-Dihydro-1,4-benzodioxin-6-yl)-1-hydroxy-3-(1-pyrrolidinyl)-2-propanyl] octanamide)] are presently approved for treatment of type 1 GD patients (Figure 4B). Treatment with the more potent and specific Eliglustat is found to result in visceral improvements in patients on a par with ERT (Mistry et al., 2018). Unfortunately, Eliglustat fails to penetrate the brain effectively and can neither be applied to treat neuropathic GD. The design of suitable brain-permeable inhibitors of GCS is investigated and pursued by industry and academic researchers (Shayman and Larsen, 2014). Venglustat (ibiglustat) is developed by Sanofi Genzyme for the treatment of Fabry disease, neuronopathic GD and Parkinson disease. A phase 2 clinical trial (NCT02228460) of Venglustat has recently been conducted to assess short-term safety and effects of the treatment in adult men with Fabry disease. Miglustat is a relatively poor inhibitor of GCs (IC50 in the micromolar range) and inhibits off-target intestinal glycosidases and in particular non-lysosomal GBA2 (IC50 value in the nanomolar range). Albeit being brain permeable, it is presently not registered as drug to treat neuronopathic GD. Comparable, but superior, iminosugar inhibitors of GCS to Miglustat, like AMP-DNM [N-(5-adamantane-1-yl-methoxy-pentyl)-deoxynojirimycin] and its idose-configured analog, were developed some decades ago (Wennekes et al., 2010). These are orally available high nanomolar GCS inhibitors that have impact on GSL metabolism in brain of mice and were found to ameliorate the disease course in mice with NPC disease and Sandhoff disease (Nietupski et al., 2012; Marshall et al., 2019; Figure 4B). Through medicinal chemistry more potent and specific GCS inhibitors have been designed using ido-AMP-DNM as scaffold (Ghisaidoobe et al., 2014). It should be noted that reduction of GlcCer formation by GCS results in the reduction of GlcCer and the metabolically upstream GSLs such as globosides and gangliosides. It therefore has the potential to ameliorate lysosomal storage disorders in which such compounds accumulate, such as GD, Fabry disease, GM2 gangliosidosis, Tay-Sachs disease, Sandhoff disease, GM1 gangliosidosis, and NPC disease.



Pharmacological Modulation of GSLs: New Avenue for Infection Control?


Therapeutic GCS Inhibitors

Given the demonstrated importance of GSLs in infection and control thereof by the immune system (see section “Glycosphingolipids and Infection”) and given the recent application of well tolerated inhibitors of GSL biosynthesis in GD patients (see section “Lysosomal Glycosphingolipid Storage Disorders and Therapy”), it is here proposed to consider use of such compounds to control and/or prevent specific infections. We argue the hypothetical case that glycosphingolipid lowering is feasible and tolerated and might be considered as new therapeutic avenue for specific infectious diseases.



Supportive Findings

Experimental support for the use of GSL-lowering agent to combat infection can be found in literature. For example, P-fimbriated E. coli are pathogenic in uncomplicated pyelonephritis. The P fimbriae of the bacterium bind the globosides such as Gb3 and Gb4 (Källenius et al., 1980; Leffler and Svanborg-Edén, 1981). When mice were fed with a high dose of the GSL biosynthesis inhibitor NB-DNJ, they showed a decrease in levels of GSLs and less susceptibility for urinary tract infection by P-fimbriated E. coli (Svensson et al., 2003).

Along the same line is the outcome of elegant studies by Inokuchi et al. (2015, 2018). Studies with genetically modified mice lacking specific gangliosides (GM3S-null mice expressing o-series gangliosides, but not a- or b-series gangliosides and GM2/GD2S-null mice expressing GM3 and GD3, but no other gangliosides) rendered new insights regarding the importance of the presence of specific gangliosides during allergic and autoimmune diseases. It appears that reduction of specific gangliosides might offer treatment for specific disorders of the immune system (Inokuchi et al., 2015). One example in this direction is allergic asthma, a type 1 hypersensitivity reaction, in which CD4+ T cells mediate Th2 cytokine (IL-4 and IL-13) production, stimulating B cells to produce IgE antibodies. GM3S-null mice show striking reduction of allergic airway responses normally induced by ovalbumin (OVA) inhalation (Nagafuku et al., 2012).

Noteworthy are also the beneficial findings made with GSL lowering agents for systemic lupus erythematosus (SLE). This autoimmune disease manifests with chronic inflammation and leads to damage of tissue (Tsokos, 2011; Kidani and Bensinger, 2014). In SLE there is a prominent T cell dysfunction: CD4+ T cells from patients have lipid rafts with an altered GSL composition. Elevated GSLs (LacCer, Gb3, and GM1) in SLE patients are linked to increased expression of LXRb. The inhibition of GSL biosynthesis with NB-DNJ has been reported to correct CD4+ T cell signaling. In addition, it decreased anti-dsDNA antibody production by autologous B cells in SLE patients (McDonald et al., 2014).

Pharmacological reduction of GSLs is reported to exert beneficial anti-inflammatory effects. GSL-lowering by oral AMP-DNM treatment of mice with trinitrobenzene sulphonic acid (TNBS)- and oxazolone-induced colitis reduced disease severity and edema and suppressed inflammation (Shen et al., 2004). Prominent anti-inflammatory effects of AMP-DNM treatment were also noted for the liver and adipose tissue of obese rodents (Bijl et al., 2009; van Eijk et al., 2009; Lombardo et al., 2012). Non-Alcoholic Fatty Liver Disease (NAFLD) develops during the metabolic syndrome. NALFD involves liver abnormalities ranging from steatosis (fat accumulation) to non-alcoholic steatohepatitis (NASH) including fibrosis and inflammation. Treatment of obese mice with AMP-DNM not only corrects glucose homeostasis and restores insulin signaling in the liver but also reduces inflammation in the tissue (Bijl et al., 2009). A subsequent study revealed that a treatment with the GSL-lowering AMP-DNM is able to significantly correct pre-existing NASH (Lombardo et al., 2012). During obesity, inflammation of adipose tissue is thought to significantly contribute to pathophysiology. AMP-DNM treatment of obese mice improves the status of adipose tissue in many aspects, including a prominent reduction of inflammation (van Eijk et al., 2009). The treatment also leads to decreased iNKT cell activation in adipose tissue of lean mice (Rakhshandehroo et al., 2019).



Fungal GlcCer and GCS as Target

Fungal infections (cryptococcosis, candidiasis, aspergillosis, and pneumocystosis) are clinically highly relevant. Shortcomings of current anti-fungal drugs are toxicity and drug resistance. Moreover, not all fungi respond to particular drugs. A recently recognized universal target for combatting fungi is GlcCer (Rollin-Pinheiro et al., 2016; Fernandes et al., 2018). This lipid proves to be crucial for the virulence of pathogenic fungi in plants and man. The latter include C. albicans, Cryptococcus neoformans, and Aspergillus fumigatus. GlcCer is in particular critical for survival of fungi in neutral and alkaline environments. Indeed, antibodies to fungal GlcCer were found to exert antifungal effects at such conditions. More recently, desired lowering of fungal GlcCer can be reached by reducing the biosynthesis of the lipid. Well tolerated acylhydrazones have been identified as specific inhibitors of fungal GCS, an enzyme that fundamentally differs from the mammalian counterpart and that is not inhibited by acylhydrazones (Lazzarini et al., 2018; Mor et al., 2018). Pharmaceutical reduction of fungal GlcCer is now envisioned as new opportunity to combat fungal infections, including cryptococcosis.



Neuraminidase Inhibitors as Anti-influenza Viral Agents

In the 1990’s inhibitors of neuraminidase have been designed for prophylaxis and treatment of influenza. The surface envelope of the influenza virus contains the glycoproteins hemagglutinin and neuraminidase. Hemagglutinin mediates viral attachment to the cell surface receptor containing a terminal N-acetylneuraminic acid residue attached α-(King, 1956; Merrill, 2011) or α-(King, 1956; Gault et al., 2010) to a galactose. By a variety of techniques, like thin-layer chromatography overlay assays and mass spectrometry, the nature of lipid receptors has been identified (Meisen et al., 2012; Hidari et al., 2013). The viral neuraminidase is essential for timely release of the virus from the cellular anchor. The neuraminidase inhibitors zanamivir, laninamivir, oseltamivir, and peramivir have been shown to be effective against most influenza strains, but resistance to specific drugs has developed in some cases (Dobson et al., 2015; Laborda et al., 2016). Some of the neuraminidase inhibitors are also employed as useful research tools in investigations on ganglioside biology (Crain and Shen, 2004; Moore et al., 2007). Total internal reflection fluorescence microscopy has been recently successfully employed to investigate the interaction of viruses with ganglioside containing lipid bilayers, the importance of hemagglutinin and neuraminidase in the process and the inhibitory action of zanamivir (Müller et al., 2019).



FUTURE LIPIDOMICS CHALLENGES

The investigation of lipids has been historically complicated by their intrinsic hydrophobic features and heterogeneous nature. The recent progress in quantitative mass spectrometric detection of lipids has, however, opened a new world for lipidomics. This field is rapid advancing (see Han and Gross, 2003 for an excellent review on the topic). In particular ESI (electrospray ionization) and MALDI (matrix assisted laser desorption/ionization) mass spectrometry methods are nowadays successfully applied in lipidomics (Wang et al., 2019). Besides targeted measurement of specific lipids with MRM (multiple reaction monitoring), non-targeted approaches like shotgun and multi-dimensional lipidomics are increasingly employed (for a recent review on the topic see Bilgin et al., 2016). Improvements have been made in lipid extraction methods (Cruz et al., 2016; Löfgren et al., 2016) and internal standards, such as isotope encoded analogs, become increasingly available (Wisse et al., 2015; Mirzaian et al., 2016; Wang et al., 2017). Derivatization or deacylation of specific lipids may assist their quantitative detection (Mirzaian et al., 2017; Ma et al., 2019). An important new development is the availability of techniques to study the biology of lipids in living cells. Fluorescent NBD and BODIPY tagged lipids have been used in first generation cell biological investigations and in recent times advances have been made in the generation of photoactivatable, caged, photo-switchable, and tri-functional lipid derivatives assisting the imaging of lipids (reviewed in Laguerre and Schultz, 2018). The spatio-temporal detection of endogenous lipids in cells and tissues still remains a major challenge. QQImaging mass spectrometry (IMS) aims to visualize the location and distribution of metabolites in intact biological samples (see Parrot et al., 2018 for a recent review). One of the ISM techniques employs desorption electrospray ionization (DESI) (Parrot et al., 2018). Minimally destructive DESI-IMS chemical screening is achieved at the μm-scale resolution. Alternatively, MALDI-MS imaging is used to detect locally lipids, including GSLs (Vens-Cappell et al., 2016; Jones et al., 2017; Caughlin et al., 2018; Hunter et al., 2018; Sugiyama and Setou, 2018; Tobias et al., 2018; Enomoto et al., 2019). A new development forms the technology for in situ visualization of enzymes involved in glycosphingolipid metabolism. Designed have been fluorescent activity-based probes that covalently label – and visualize – active enzyme molecules through covalent linkage to catalytic nucleophile residues. An example in this direction is the enzyme glucocerebrosidase for which probes have been developed allowing in situ monitoring of active enzyme molecules (Witte et al., 2010; Kallemeijn et al., 2012; van Meel et al., 2019).



PERSPECTIVES

Clinical and laboratory research over many decades has revealed that various pathogens require GSLs of host cells for infection. Thus, the modulation of such lipids in host cells could a priori be considered as treatment for infection control. An obvious provision for such approach is that it does no harm. Any significant reduction of GSLs has been considered for a long time to yield considerable side-effects, likely translating in severe symptoms. The long-term outcome of treatment of patients suffering from GD with agents that reduce GSLs is, however, remarkably positive. No major side-effects are observed in individuals treated for a number of years (Mistry et al., 2018; Lewis and Gaemers, 2019). So far, the agents used do not achieve significant reduction in GSLs in the brain, however, a new generation of compounds aiming at that is being tested at the moment. The near future will learn whether it is feasible to safely reduce GSLs in cells and tissues, including the brain. Next it will have to be established whether such reductions are indeed effective for infection control.

Enormous progress has been made in knowledge on the role of GSLs in various kinds of infection and the immune system’s response to this. At this moment much of the knowledge is still descriptive and little translation to preventing and/or treating infections has been accomplished. Genetics and genomics may not provide answers to all questions. It remains essential to acquire fundamental insight on metabolism of GSLs in these gene-oriented times. Such insight will essentially contribute to the design/development of suitable agents than can subtly modulate GSLs as desired for infection control.

This review focusses on pharmacological ways to reduce GSL levels. A fundamentally different approach to target GSL-pathogen interactions that has also been conceived is the design of potent carbohydrate-type competitors of bacterial adhesion (Schengrund, 2003; Pieters, 2011). Such approach copies more or less the presumed protective effects of oligosaccharides in milk during the colonization of the intestine.

In conclusion, the coming years should reveal whether GSLs may act as valuable target in infection control.
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Sphingosine-1-phosphate (S-1P) is a key sphingolipid involved in the pathobiology of various respiratory diseases. We have previously demonstrated the significance of S-1P in controlling non-pathogenic mycobacterial infection in macrophages, and here we demonstrate the therapeutic potential of S-1P against pathogenic Mycobacterium tuberculosis (H37Rv) in the mouse model of infection. Our study revealed that S-1P is involved in the expression of iNOS proteins in macrophages, their polarization toward M1 phenotype, and secretion of interferon (IFN)-γ during the course of infection. S-1P is also capable of enhancing infiltration of pulmonary CD11b+ macrophages and expression of S-1P receptor-3 (S-1PR3) in the lungs during the course of infection. We further revealed the influence of S-1P on major signaling components of inflammatory signaling pathways during M. tuberculosis infection, thus highlighting antimycobacterial potential of S-1P in animals. Our data suggest that enhancing S-1P levels by sphingolipid mimetic compounds/drugs can be used as an immunoadjuvant for boosting immunity against pathogenic mycobacteria.
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INTRODUCTION

Tuberculosis (TB) is a global disease and one of the major causes of mortality worldwide where an approximate one-third of the global population is infected with the causative agent Mycobacterium tuberculosis (1). Despite major advancements toward its treatment, several factors including increase in antibiotic-resistant M. tuberculosis strains (2), co-infections (3), and inadequate host–pathogen interactions (4) continue to pose major challenges to the health care system. Therefore, development of novel therapeutic approaches that could improve immunity against TB is a paramount requirement. During acute infection, alveolar macrophages acquire M1 phenotype (5, 6), secrete interferon (IFN)-γ, and mount Th1 response in the process of controlling infection in the lungs (7). In view of this, enrichment/stabilization of M1 phenotype represents one potential strategy for effective control of mycobacterial infection. Sphingolipids are active constituents of the mucus secreted by alveolar epithelium and protects the lung tissue from invading pathogens. Out of various sphingolipid metabolites, sphingosine-1-phosphate (S-1P), and ceramide are the best studied sphingolipids in the context of various respiratory pathologies (8–10). As S-1P and ceramide were known to exert opposite signaling in the host (11, 12), S-1P/ceramide rheostat would be a decisive parameter in predicting how cells would respond differentially to the same stimuli during disease progression. S-1P is a well-known secondary messenger that is pleiotropic in nature and orchestrates signaling mainly via G protein–coupled S-1P receptors 1–5 (13, 14). Several reports have suggested that temporal regulation of S-1P receptors may account for such pleiotropic effect of S-1P in a variety of cells (15, 16).

We have previously demonstrated that sphingosine kinase-1 (17), a critical enzyme of the sphingolipid metabolism, can control non-pathogenic mycobacterial infection in macrophages in an S-1P–dependent manner. On this note, we explored the role of S-1P in controlling pathogenic mycobacteria in the mouse model of infection, hypothesizing that enchasing S-1P levels may provide survival benefit to the host. In line with our hypothesis, this study reveals the S-1P and IFN-γ cross talk for the expression of iNOS proteins by macrophages, their polarization toward M1 phenotype, and augmenting pro-inflammatory immune responses. Our M. tuberculosis pulmonary challenge model demonstrated the potential of S-1P for enhancing the expression of iNOS proteins and their associated signaling proteins in augmenting pro-inflammatory immune response during the course of M. tuberculosis infection. Our data further demonstrated the upregulation of S-1PR3 and increased infiltration of CD11b+ alveolar myeloid cells (macrophages) in the lungs of M. tuberculosis–infected mice by S-1P during the course of infection.

Taken together, our data suggest that S-1P can control pathogenic mycobacteria and warrant the use of sphingolipids (S-1P or mimetic) as novel pharmacological approaches for augmenting immunity against mycobacterial infection.



RESULTS


S-1P Skews M1 Polarization and Th1 Effector Response in Naive Macrophages

Our previous study had demonstrated that S-1P/Sphk-1–mediated antimycobacterial responses are independent of tumor necrosis factor (TNF)-α (17); a component of immunity that is sufficient to eliminate a large number of intracellular pathogens. In view of this, we hypothesized that S-1P may enhance IFN-γ secretion that is capable of skewing M1 polarization of macrophages. To demonstrate this, macrophages were stimulated with IFN-γ and S-1P independently, and titers of inducible NO and expression of iNOS proteins were analyzed. In line with our hypothesis, S-1P and IFN-γ on their own induced NO titers (Figure 1A) and expression of iNOS proteins (Figure 1B) in macrophages. On these bases, we hypothesized the possible synergy between S-1P and IFN-γ for enhancing NO and iNOS levels in macrophages. Interestingly, co-stimulation of IFN-γ-treated macrophages with S-1P further enhanced the expression of NO (Figure 1A) and iNOS proteins (Figure 1B), providing the first evidence of S-1P/IFN-γ cross talk in M1 macrophages.


[image: Figure 1]
FIGURE 1. Sphingosine-1-phosphate (S-1P) skews M1 effector response in macrophages. (A) RAW264.7 macrophages were stimulated as indicated, and NO titers were quantified from their culture supernatants. Shown here is the μM of NO ± SEM from three independent experiments. (B) Whole cell lysates of macrophages used above were collected 24 h post-treatment culture and analyzed for the expression of iNOS (M1 effector protein) and Sphk-1 proteins by immune blotting. A representative blot from several repeats with similar outcome is shown. β-actin was used as a loading control. Mean density of each protein was quantified from various blots by ImageJ software, and the values were plotted in terms of relative protein expression. (C) RAW macrophages (I), CD11b+ peritoneal (II), and bone marrow–derived macrophages (III) were treated with S-1P for indicated time intervals. Cell culture supernatants were collected, and IFN-γ (C) and IL-6 (D) were measured by ELISA at 24 and 48 h, respectively. Shown here is the pg/ml of cytokines released during the course of infection ± SEM from three independent experiments. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (*P < 0.05, **P < 0.01, ***P < 0.001).


Sphk-1 catalyzes the production of S-1P, and inhibiting Sphk-1 enzymatic activity would inhibit the expression of iNOS in these macrophages. Interestingly, treatment of macrophages with dihydrospingosine (DHS) for inhibiting Sphk-1 activity resulted in inhibited IFN-γ-induced expression of iNOS proteins (Figure 1B), revealing a direct correlation of Sphk-1 proteins with IFN-γ-mediated M1 polarization of macrophages. On the basis of S-1P/IFN-γ-driven M1 polarization, we questioned whether S-1P on its own would skew pro-inflammatory immune response in naive macrophages. To test this, macrophages were treated with S-1P, and titers of IFN-γ (Figure 1C) and interleukin (IL)-6 (Figure 1D) were quantified in their culture supernatants at indicated time intervals. Following our hypothesis, S-1P enhanced the secretion of these cytokines by naive macrophages, revealing its adjuvant-like potential. These results revealed the involvement of S-1P in augmenting pro-inflammatory immune responses in macrophages, which are paramount for controlling M. tuberculosis infection.



S-1P Promotes Protective Immune Response Against M. tuberculosis

On the basis of S-1P/IFN-γ-driven M1 polarization, we argued whether S-1P would be able to skew Th1 immune response in macrophages against M. tuberculosis infection. To demonstrate this, RAW 264.7 macrophages (left panel; Figure 2) and bone marrow–derived macrophages (BMDMs; right panel; Figure 2) were infected with H37Rv, and pro-inflammatory immune responses were monitored vis-à-vis mycobacterial survival. Interestingly, treatment of infected macrophages with S-1P not only enhanced the generation of NO (Figure 2A) and secretion of IFN-γ (Figure 2B) over infected controls. Interestingly the same inhibited the secretion of IL-6 (Figure 2C) in the infected macrophage significantly and controlled mycobacterial survival in these macrophages (Figure 2D). On the basis of pro-inflammatory and antimycobacterial potential of S-1P in vitro, we anticipated for a similar impact of S-1P in vivo. To this end, a mouse model of M. tuberculosis pulmonary infection published by JALMA, Agra, India, was adopted, and the mice were infected with M. tuberculosis in the presence and absence of S-1P, FTY720 [to mitigate S-1P signaling (11, 14), and DHS to inhibit S1P production] (17) both in prophylactic as well as in therapeutic settings, respectively. Prophylactic conditioning of mice with various sphingolipid derivatives was done 1 week before infection. For that purpose, mice were injected with sphingolipid derivatives via intraperitoneal route, taking toxicity associated with intratracheal, and/or intravenous routes into consideration (18). Mice were injected with sphingolipid derivatives on every alternate day for a week and subsequently infected with M. tuberculosis (H37Rv) using an aerosol chamber (Inhalation Exposure System, Glas-Col Inc., IN, USA) (19). Thereafter, mice were kept for a week for the establishment of infection in their lungs. For analyzing the therapeutic potential of drugs, mice were treated with sphingolipid derivatives from seventh through 14th day postinfection (Figure 3A). Mice were sacrificed on the 17th and 31st day postinfection, and their lungs, spleen, and serum were excised aseptically for evaluating the bacterial growth, protein analysis, and histopathological analysis in the lung tissues. In accordance with our hypothesis, M. tuberculosis survival pattern analysis revealed that treatment of infected mice with S-1P (either prophylactically or therapeutically) controlled M. tuberculosis burden marginally by 17th day postinfection (Figure 3B) and significantly by 31st day postinfection (Figure 3C), demonstrating the anti-TB potential of S-1P. In line with our previous study, treatment of infected mice with DHS increased M. tuberculosis burden (Figure 3C). To substantiate the anti-TB potential of S-1P, the involvement of various S-1P receptors in controlling mycobacteria in S-1P–treated animals was analyzed. Mice were treated with FTY-720, expecting that FTY-720 would provide survival benefit to bacteria. Although treatment of mice with FTY-720 in prophylactic conditions controlled the infection significantly by 31st day postinfection (Figure 3C), the same could not influence the mycobacterial survival when applied therapeutically. Although these treatments altered the growth pattern of M. tuberculosis in lungs, the same could not influence the bacterial clearance during the course of infection (Supplementary Figure 1). On account of anti-TB potential of S-1P, we next analyzed the influence of S-1P on both pro-inflammatory response and innate immune signaling in infected lungs. In line with RAW and peritoneal macrophage responses, S-1P enhanced IFN-γ titers in lungs as well as in serum of infected mice (Figure 4A). Most intriguingly, S-1P inhibited IL-6 titers in the infected macrophages (Supplementary Figure 2) as well as in infected mice (Figure 4B), which is associated with mycobacterial burden and disease severity in TB patients. These observations not only revealed S-1P–mediated pro-inflammatory programming but also furnished a potential immune mechanism detailing how S-1P could control mycobacterial survival in these animals. In line with mycobacterial burden, both FTY-720 (Figure 4C) and DHS (Figure 4D) could not modify M. tuberculosis–induced titer of IFN-γ and IL-6 in the lung of infected mice. S-1P is chemotactic in nature and known to promote macrophage infiltration (20, 21). Therefore, we anticipated for an enhanced lung infiltration of CD11b+ macrophage population in S-1P–treated animals during the course of infection in mice. Histopathological analysis of M. tuberculosis–infected lungs revealed increased infiltration of CD11b+ pulmonary macrophages (Figure 5), which got further enhanced upon their treatment with either S-1P (Figure 6) or FTY-720 (Figure 7), respectively. Furthermore, both S-1P/FTY-720 enhanced the expression of Sphk-1 proteins (Figures 6, 7) in infected lungs, which would have accounted for enhanced expression of iNOS proteins in the infected lungs. Interestingly, both S-1P (Figure 6) and FTY-720 (Figure 7) enhanced the expression of S-1PR3, which is known to promote immune cell migration and antibacterial defenses against intracellular pathogens (16). Although DHS also enhanced the expression of S-1PR3 (Figure 8) and most surprisingly iNOS proteins as well (Supplementary Figure 3) in the lungs of DHS-treated animals, it could not control the mycobacterial burden.


[image: Figure 2]
FIGURE 2. RAW 264.7 macrophages (Left Panel) and BMDMs (Right Panel) were infected with M. tuberculosis in presence of S-1P. Titres of NO (A), IFN-γ (B), and IL-6 (C) were analyzed in their culture supernatant. Shown here is the μM of NO ± SEM and pg/ml of cytokines ± SEM released during the course of infection from three independent experiments. Statistical analysis were conducted using two way Anova followed by Bonferroni post-test (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (D) Anti-mycobacterial influence of S-1P was also analyzed in same cells. Shown here CFU ± SEM from three independent experiments.



[image: Figure 3]
FIGURE 3. Sphingosine-1-phosphate (S-1P) controls M. tuberculosis burden and promotes Th1 effector immune response in infected macrophages. (A) Schematic representation of aerosol experiment detailing treatment schedules with respect to the M. tuberculosis challenge. (B,C) Mice from indicated groups were sacrificed on 17th and 31st postinfection day. Lung and spleen tissues were excised, and the number of bacteria was analyzed by plate-based method. Bacterial growth was monitored at 17th (B) and 31st (C) day postinfection in lung homogenates of mice infected with M. tuberculosis (H37Rv). Shown here is CFU ± SEM from three independent experiments. Statistical analysis were conducted using two way Anova followed by Bonferroni post-test (*P < 0.05, **P < 0.01).



[image: Figure 4]
FIGURE 4. Lung homogenates and serum were prepared from S-1P conditioned mice and IFN-γ (A; both pulmonary compartment and serum) and IL-6 (B; both pulmonary compartment and serum) titres were quantified by ELISA. Similarly, IFN-γ and IL-6 titres were quantified from lungs homogenates of mice treated with FTY720 (C) and DHS (D) by ELISA. Shown here is the pg/ml of cytokines produced ± SEM from several mice used in each group. Statistical analysis were conducted using two-way Anova followed by Bonferroni post-test (**P < 0.01, ***P < 0.001).



[image: Figure 5]
FIGURE 5. Increased infiltration of macrophages into the lung of M. tuberculosis–challenged animals. Sections of lungs from infected mice were analyzed for expression of sphingosine-1-phosphate receptor (S-1PR)1, S-1PR3, and SphK-1 and infiltration of CD11b+ macrophages by confocal microscopy. Shown here is the representative images of mouse lung from each group. Mean fluorescence intensities of Sphk-1, S-1PR1, and S-1PR3 expression were plotted against Mac1 expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (*P < 0.05, **P < 0.01, ***P < 0.001).



[image: Figure 6]
FIGURE 6. Sphingolipids modulate macrophage infiltration and pro-inflammatory response in M. tuberculosis–challenged animals. The infected mice were treated with sphingosine-1-phosphate (S-1P) as per Figure 3A, and cryosections of lung from these mice were analyzed for expression of S-1PR1, S-1PR3, and SphK-1 and infiltration of CD11b+ macrophages by confocal microscopy. Shown here is the representative images of mouse lung from each group. Mean fluorescence intensities of Sphk-1, S-1PR1, and S-1PR3 expression were plotted against Mac1 expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (*P < 0.05, **P < 0.01, ***P < 0.001).



[image: Figure 7]
FIGURE 7. FTY-720 enhances sphingosine-1-phosphate receptor (S-1PR)3 in M. tuberculosis–challenged animals. The infected mice were treated with FTY-720 as per Figure 3A, and cryosections of lungs from these mice were analyzed for expression of S-1PR1, S-1PR3, and SphK-1 and infiltration of CD11b+ macrophages by confocal microscopy. Shown here is the representative images of mouse lung from each group. Mean fluorescence intensities of Sphk-1, S-1PR 1, and S-1PR3 expression were plotted against Mac1 expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (*P < 0.05, ***P < 0.001).



[image: Figure 8]
FIGURE 8. DHS failed to control M. tuberculosis burden due to reduced SphK-1 activity. The infected mice were treated with DHS as per Figure 3A, and cryosections of lungs from these mice were analyzed for expression of sphingosine-1-phosphate receptor (S-1PR)1, S-1PR3, and SphK-1 and infiltration of CD11b+ macrophages by confocal microscopy. Shown here is the representative images of mouse lung from each group. Mean fluorescence intensities of Sphk-1, S-1PR1, and S-1PR3 expression were plotted against Mac1 expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (**P < 0.01, ***P < 0.001).


On account of pro-inflammatory and antimycobacterial impact, we anticipated for M1 programming of macrophages in S-1P–treated animals during the course of infection. Indeed, in line with the above data, treatment of infected animals with S-1P enhanced the expression of iNOS proteins in the lung of the infected animals, which revealed M1 programming of S-1P (Figure 9) in the infected animals.


[image: Figure 9]
FIGURE 9. Sphingolipids promote M1 programming in the lung during the course of M. tuberculosis infection. M. tubeculosis–infected mice were conditioned with indicated sphingolipid drug derivatives, and whole lung lysates from these mice were purified and analyzed for M1 effector protein (iNOS) by Western blot. Shown here are the representative blots from each group. β-actin was used as a loading control. Densitometric analysis of the blot shown was quantified by ImageJ software, and the values were plotted in terms of relative protein expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (**P < 0.01, ***P < 0.001).




S-1P Enhances Pro-inflammatory Signaling During M. tuberculosis Infection

On the basis of S-1P–mediated control of mycobacterial burden and concomitant pro-inflammatory/M1 programming in mice, we strongly anticipated for an enhanced innate immune signaling by S-1P in lungs. To address our hypothesis, the expressions of various signaling proteins that are known to be involved in translational activation of iNOS proteins in M1–polarized macrophages were analyzed. Interestingly, treatment with S-1P enhanced the expression of key signaling proteins, including phospho-MAPK (pp38), phospho-Nf-κB, and phospho-STAT3 in the lungs of infected animals during the course of the infection (Figure 10), which may account for S1P–mediated control of pathogenic mycobacteria in infected animals.


[image: Figure 10]
FIGURE 10. Sphingosine-1-phosphate (S-1P) promotes innate immune signaling during M. tuberculosis challenge. Whole lung lysates of infected mice treated with indicated sphingolipid drug derivatives were purified and analyzed for the expression of various key signaling proteins vis NF-κb, pp38, pSTAT-3, and CD206 by Western blot analysis. Shown are the representative Western blots obtained from each group. β-actin was used as a loading control. Densitometric quantification of the representative Western blots obtained from each group was analyzed by ImageJ, and the values were plotted in terms of relative protein expression. Statistical analyses were conducted using two-way ANOVA followed by Bonferroni posttest (*P < 0.05, **P < 0.01, ***P < 0.001).





DISCUSSION

Sphingolipids are crucial bioactive molecules, and their therapeutic potential has been well-documented, especially in the context of respiratory tract infections, and acute lung injuries (22). Host pathogen interactions play a key role in determining the outcome of infection. In this context, our previous findings have suggested that sphingolipids (S-1P in particular) are important bio-macromolecules and serve as signaling components during mycobacterial infection in macrophages. Several reports have suggested that S-1P and ceramide rheostat and inter-se signaling leads to cystic fibrosis (CF), chronic abstractive pulmonary disorders (COPD), acute respiratory distress syndrome (ARDS), respiratory tract infections, and associated immunogenic inflammatory response (23, 24).

Sphingosine kinase 1 is one of the key enzymes of the sphingolipid pathways that phosphorylate sphingosine to S-1P. We have previously reported that sphingosine kinase-1 can control non-pathogenic mycobacterial infection in macrophages in an S-1P–dependent manner (17), and in the current study, we present its ability in controlling pathogenic mycobacteria in a mouse model system. The synergism between S-1P and IFN-γ for triggering M1 programming of infected macrophages accounted for mitigating mycobacterial burden, their dissemination, and the associated pathology. On these lines, we believe that S-1P can be used as an immune adjuvant for the management of mycobacterial diseases and warrant further investigation.

S-1P utilizes both extracellular and intracellular pathways for its biological responses. In the context of recruitment and inflammatory programming of immune cells, extracellular signaling via various S-1P receptors is decisive. Out of various receptors, S-1PR1 and S-1PR3 are important for immune cell recruitment and its activation. This led us to hypothesize their involvement in skewing anti-TB influence of S-1P and observed that treatment of infected mice with S-1P enhanced the expression of S-1PR3 against our expectation for S-1PR1. This might be that S-1P have utilized S-1PR3–associated signaling for restricting mycobacterial growth in mice (16) as shown in the context of other bacteria. This clearly reflects the compensation of S-1PR1 on S-1PR3, which is known to promote immune cell migration and antibacterial defenses against intracellular pathogens (16). Although FTY-720 also enhanced the expression of S-1PR3 in the lung of infected mice, it could not control M. tuberculosis burden in these mice, suggesting their possible signaling via other S-1P receptors offering survival benefit to bacteria. This is an interesting aspect of the study and warrant further analysis on temporal regulation of these receptors or associated signaling favoring immune escape of bacteria. Most interestingly, DHS also enhanced the expression of S-1PR3 and to our surprise iNOS proteins as well. However, DHS–mediated increase in S-1PR3 and iNOS expression could not control mycobacterial burden, which could be due to reduced Sphk-1 activity in these mice, thus highlighting the significance of intracellular signaling in the control of mycobacteria. Increased expression of S-1PR3 vis-à-vis pro-inflammatory micromilieu of S-1P–conditioned mice during the course of infection may account for one of the potential S-1P–directed antimycobacterial mechanisms in these animals. We believe that S-1PR3–positive macrophages in S-1P–treated mice, other than antibacterial responses on their own (25, 26), could have also promoted the lung infiltration of T cells for mounting an effective antimycobacterial response (27). Since S-1P is known to influence T and B cells during immunogenic inflammation, which is largely mediated by S-1P receptors (28, 29), we cannot exclude the role of T and B cells in S-1P–driven control of M. tuberculosis burden. It is likely that these cells, particularly CD8+ T cells could also have contributed directly or indirectly to the in situ M1 polarization and subsequent Th1 responses during the course of infection (28, 30). On the basis of the IFN-γ/IL-6 response, it is clear that S-1P may favor the host and improve the sensitivity of immune cells for IFN-γ-mediated antimycobacterial responses.

Taken together, our data potentially identify S-1P as one of the active constituents of metabolism having antimycobacterial efficacy. This study compelled us to believe that boosting sphingolipid levels (S-1P) in the host would offer therapeutic advantages in controlling mycobacterial infection. Thus, our study revealed the therapeutic efficacy of S-1P or mimitics for the management of tuberculosis (Supplementary Figure 4) and suggested that such pharmacological interventions may help both innate and adaptive immunity for the control of mycobacterial disease.



MATERIALS AND METHODS


Antibodies and Reagents

All reagents were purchased from Sigma-Aldrich (UK), unless stated otherwise. RPMI 1640, penicillin streptomycin solutions were procured from Sigma-Aldrich. Recombinant mouse IFN-γ cytokine was purchased from eBiosciences (San Diego, CA). CD11b+ human and mouse MACS MicroBeads and LC Columns were purchased from Miltenyi Biotec. Primary antibodies including rabbit polyclonal iNOS, rabbit polyclonal CD-206, rabbit polyclonal, and mouse monoclonal β-actin were purchased from Santa Cruz Biotechnology. Rabbit monoclonal STAT3, pp38MAPK, pNF-kB, and Sphk-1 antibody were purchased from Santa Cruz. S-1PR1 and S-1PR3, HRP-linked anti-mouse IgG, and anti-rabbit IgG were purchased from Cell Signaling Technology. Anti-mouse/human-CD11b (CloneM1/70)-FITC-conjugated antibodies and their respective isotype control antibody including FITC rabbit IgG2bK (Clone RTK4530), PE Rat IgG2bK (Clone RTH4530), and PerCP/Cy5.5 rat IgG2bK (RTK4530) were purchased from Biolegend (Germany). Alexa fluor-488– and Alexa fluor 569–conjugated antibodies were purchased from Invitrogen. IFN-γ and IL-6 ELISA kits were purchased from R&D Systems (Darmstadt, Germany).



Ethics Statement

All animal experiments were performed as per the guidelines laid down by Institutional Animal Ethical Committee under CPCSEA guidelines and approved by Institutional Animal Ethical Committee from University of Hyderabad (UH/IAEC/HP/2015/P19), Hyderabad, and JALMA, Agra.



M. tuberculosis Infection of Mice

For animal infection, frozen aliquots of M. tuberculosis (H37Rv) were thawed, washed in phosphate buffer saline (PBS). For in vivo studies, C57BL6 mice purchased from NIN, Hyderabad, were maintained at 20–22°C and relative humidity of 50–70%. M. tuberculosis infection experiments were conducted at BSL-3 facility of JALMA, Agra, India. Six- to eight-week-old mice were kept in well-ventilated perplex boxes, and the mice were given standard diet of rodent pellets and water. Mice were treated with drugs (S-1P, DHS, FTY-720) 1 week before infection for prophylactic group and 1 week postinfection for therapeutic group. All drug treatments were done intraperitoneally and on alternate days as per schedule shown. Each mouse was challenged with M. tuberculosis (H37Rv) via respiratory route using an aerosol chamber (Inhalation Exposure System, Glas-Col Inc., IN, USA) for 45 min in 100 μl of saline. After infection, mice were kept in a controlled environment, and their health status was monitored regularly.



Cell Culture

RAW 264.7 macrophages were purchased from ATCC and maintained in Roswell Park Memorial Institute medium (RPMI) containing amino acids and supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin and streptomycin in CO2 incubator. To isolate CD11b+ peritoneal macrophages, C57BL/6j mice were injected with 1 ml of 4% brewer thioglycolate medium intraperitoneally, and peritoneal lavage was harvested at third day postinjection. Peritoneal lavage was centrifuged at 400 g for 8 min, and the cell pellet was resuspended in fresh serum-free RPMI. CD11b+ macrophages were purified by MACS-based separation method and were cultured in serum containing medium overnight. Macrophage monolayers were washed on the following day. For the preparation of BMDM, C57BL/6j mice were sacrificed by cervical dislocation, and both femurs were excised aseptically. Femurs were washed twice with ice-cold sterile PBS. Tibiae were cut from the femur at the joint and purged with ice-cold PBS using 5-ml syringes. The cell suspension were collected in 15-ml tubes and filtered through a 70-μm cell strainer to remove cellular debris. The cell suspensions were centrifuged at 400 g for 10 min at 4°C. RBCs in pellet were lysed by using ACK lysis buffer and removed by centrifugation. Cell pellets were dissolved in complete DMEM and incubated in the presence of GM-CSF for a week. To obtain BMDM, supernatants were discarded, and the attached macrophages were washed and detached by gentle pipetting the PBS across the dish. Cells collected were centrifuged at 1,200 rpm for 5 min and resuspended in 10 ml of BMDM cultivation media containing 10% fetal bovine serum and 2 mM L-glutamine. Cells were counted, seeded, and cultivated in tissue culture plates 12 h for attachment before the experimentation.



Cellular Infection

RAW264.7 macrophages and BMDM were seeded in 24-well tissue culture plates (0.2 × 106/well) and incubated overnight in CO2 incubator at 37°C. On the following day, cultured macrophages were infected with cultures of H37Rv. Bacterial clumps were removed by passing culture through needle 15–20 times. After 3 h of infection, macrophages were washed thrice with PBS and then cultured in gentamycin (10 μg/ml) containing medium to remove extracellular bacteria. Cells were incubated further, and bacterial growth was analyzed by plate-based method. Cell culture supernatants were collected for NO quantification. To demonstrate bacterial killing by macrophages, bacterial counts were performed over a time period of 1, 4, and 7 days. For this purpose, cell lysates were serially diluted in sterile PBS, and different dilutions were plated over Middlebrook 7H10 agar plates supplemented with OADC and Tween80. The bacterial colonies were counted and documented as colony-forming units (CFU) per milliliter.



Quantification of Nitrate by Griess Reagent Assay

Nitric oxide production in macrophage culture supernatants in various experiments was quantified as nitrate by standard Griess reagent method. Equal volumes of the culture supernatants and Griess reagent [1% sulphanilamide/0.1% N-(naphthyl) ethylene-diaminedihydrochloride prepared in 5% o-phosphoric acid] were mixed and incubated. Absorbance was recorded at 550 nm by TECAN multimode spectrophotometer. NO titers in samples were quantified against a NaNO2 standard curve generated using software provided with the TECAN multimode spectrophotometer.



Western Analysis

RAW264.7 macrophage cells or CD11b+ primary macrophages from mice were lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, and protease inhibitor mixture) and sonicated. The lysates were centrifuged at 4,000 g for 20 min at 4°C to separate the particulate fraction. Protein in cell lysates was quantified by the Bradford assay using multimode plate reader (TECAN). Cell lysates containing 25 μg of protein were dissolved with an equal volume of 2 × Laemmli buffer (Sigma), heated to 95°C for 5 min, and resolved by standard SDS-polyacrylamide gel electrophoresis (Bio-Rad) and blotted on PVDF membranes. Blots were blocked at room temperature for 1 h with 5% non-fat dry milk in TBS-T (20 mM Tris base, 137 mM NaCl, and 0.05% Tween 20, pH 7.5) and incubated overnight at 4°C with primary and subsequently with horseradish peroxidase–conjugated secondary antibodies. Blots were developed by using ECL (Millipore) reagent and normalized against β-actin.



Preparation of Lung Homogenates for Cytokine Analysis

Lungs were weighed, placed in 1 ml of PBS solution in sterile tubes, chopped with sterile scissors into small pieces, and homogenized. Tissue homogenates were centrifuged at 4,000 g, and the supernatants were filtered through 0.22-μm filter. Filtrates were stored at −80°C until analyzed by ELISA.



Cytokine Quantification

Cytokines were quantified using sandwich ELISA kit (R&D System, Darmstadt, Germany), and concentration of each cytokine was quantified using standard curve according to manufacturer's instructions.



Histopathology

Mice under M. tuberculosis infection were sacrificed by cervical dislocation, and their lungs were excised aseptically. The lungs were perfused and fixed in PFA for H &E stating. For immunostaining, lungs were snap frozen in liquid nitrogen. Cryosections of 5 μm were generated by using Leica Cryotome, fixed in 4% PFA, and permeabilized with acetone. The lung sections were blocked with blocking buffer (PBS + 0.5% BSA + 1% chicken serum) stained with respective primary antibodies at 1:50 dilution for 1 h at room temperature, washed twice in PBS, and subsequently stained with respective Alexa Fluor 488– and 569–conjugated secondary antibodies (1:200) for 1 h. The sections were also counterstained with DAPI (1:5,000) for 10 min. Tissue sections were washed, mounted, and imaged using confocal microscope (Carl Zeiss with Zen2 version 2.1.1) at 40× magnifications with 0.65 objective numerical aperture. Fluorescent intensity of CD11b, S-1PR1, and S-1PR3 from 10 different fields of view was quantified using ImageJ software.



Statistical Analysis

All results were expressed as the mean ± SEM of three independent experiments performed in triplicates. Statistical analysis was conducted using two-tailed unpaired t-test for two data sets and two-way ANOVA followed by Bonferroni posttest was used for multiple group comparisons (*P < 0.05; **P < 0.01; ***P < 0.001). All of the statistical analyses were carried out with GraphPad Prism Version 5.0 software.
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Collision Dwell
Sphingolipid species Mass transition (m/z) energy (eV) time (ms)

3KS-ds 305.3 — 273.3 19 160
d18:0 Sph-ds 307.3 — 289.3 15 160
Cer d18:0-d5/16:0-d3 548.6 — 530.6 15 160
548.6 — 289.3 25 160
Cer d18:1-d5/16:0-d3 528.6 — 269.3 25 160
REFERENCE COMPOUNDS
d17:0 Sph (IS)? 288.5 — 270.5 12 160
Cer d18:1/17:0 (IS)° 534.5 — 264.3 25 160
d18:0 Sph 302.3 — 284.3 15 160
Cer d18:0/16:0 540.5 — 522.5 15 160
540.5 — 284.3 25 160
Cer d18:1/16:0 520.5 — 264.3 25 160

aUsed as internal standard (IS) for labeled 3KS and d18:0 Sph. PUsed as IS for
labeled C16 dhCer and C16 Cer.
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Time (min) Eluent A (%)P Eluent B (%)° Flow rate (mL/min)

0 40 60 0.5
3 40 60 0.5
10 5 95 0.5
12 5 95 0.5
13 5 95 0.7
14 0 100 0.8
23 0 100 0.8
24 40 60 0.8
25 40 60 0.5

aAnalytical separation column: Eclipse Plus C8 (3.5 um, 2.1 x 150 mm) + guard
column of the same material (both Agilent Technologies). byyater containing 0.1%
formic acid. ¢ Methanol/acetonitrile (1:1, v:v) containing 0.1% formic acid.
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