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Abstract

:

Sphingolipids, associated enzymes, and the sphingolipid pathway are implicated in complex, multifaceted roles impacting several cell functions, such as cellular homeostasis, apoptosis, cell differentiation, and more through intrinsic and autocrine/paracrine mechanisms. Given this broad range of functions, it comes as no surprise that a large body of evidence points to important functions of sphingolipids in hematopoiesis. As the understanding of the processes that regulate hematopoiesis and of the specific characteristics that define each type of hematopoietic cells is being continuously refined, the understanding of the roles of sphingolipid metabolism in hematopoietic lineage commitment is also evolving. Recent findings indicate that sphingolipid alterations can modulate lineage commitment from stem cells all the way to megakaryocytic, erythroid, myeloid, and lymphoid cells. For instance, recent evidence points to the ability of de novo sphingolipids to regulate the stemness of hematopoietic stem cells while a substantial body of literature implicates various sphingolipids in specialized terminal differentiation, such as thrombopoiesis. This review provides a comprehensive discussion focused on the mechanisms that link sphingolipids to the commitment of hematopoietic cells to the different lineages, also highlighting yet to be resolved questions.
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1. Introduction


1.1. Hematopoietic Lineage Commitment


Hematopoietic stem cells (HSCs) play a central role in maintaining life-long hematopoiesis and are characterized by three functional hallmarks: self-renewal, multipotency, and capacity to remain quiescent for long periods of time. HSCs reside at the apex of a hierarchical tree-like model of hematopoiesis (Figure 1) [1]. When an HSC undergoes lineage commitment, a cellular decision has been made to generate downstream progeny with restricted maturation potential. Lineage commitment is a fate decision whereby hematopoietic stem and progenitor cells (HSPC) have restricted lineage potential even when stimulated by growth factors that promote cells of other lineages to survive and proliferate [2].



HSCs have the ability to differentiate into any of the hematopoietic cell types, known as multipotency [3]. Differentiation has been traditionally understood as a stepwise process in which HSCs increasingly lose their self-renewal potential, and progenitor cells are successively generated, ultimately resulting in the derivation of mature blood cell lineages, including megakaryocytes, erythrocytes, mast cells, myeloblasts, and lymphocytes. However, as more sophisticated methodologies have been developed and applied (i.e., transcriptomics and epigenetics), this step-by-step view has been refined. For instance, recent studies have revealed profound transcriptional and epigenetic heterogeneity in HSCs at the single-cell level and pointed to the continuous, in addition to step-wise, nature of early hematopoietic commitment [4,5]. Furthermore, mechanisms that bypass the prerequisite passage through common multipotent progenitors have been identified with subsets of HSCs that may be inherently biased uniquely towards the megakaryocytic lineage [6,7,8,9,10,11]. These advances added a new “two-tier” approach to the classical hierarchical differentiation [8].



As differentiation is triggered and specific transcriptional programs are activated, important growth factors and cytokines influence the lineage commitment of these cells, including colony-stimulating factors, erythropoietin, interleukins, and/or thrombopoietin [12]. These factors are provided by stromal cells as well as by the hematopoietic cells, and combinations of these different factors have been shown to influence subsequent lineage commitment. As the focus of this review is the role of sphingolipids in hematopoiesis, herein we have presented only a very simplified view of how hematopoiesis is currently understood; this is intended as a guide for the analysis summarized in the later sections. For an in-depth discussion of the processes that govern hematopoiesis, the reader is referred to the following excellent reviews [4,11,13,14,15,16].




1.2. An Overview of Sphingolipid Metabolism


Sphingolipids and their function in the hematopoietic system have been irrevocably interlinked since the pioneer finding that sphingosine regulates apoptosis in HL-60 promyelocytic leukemia cells [17]. In addition to their role in apoptosis, sphingolipids play a critical role in other regulatory pathways, such as cellular differentiation, cell fate, growth, senescence, and more, as well as providing structural integrity to cells [18,19,20,21,22]. Certain players in the sphingolipid network are considered bioactive sphingolipids, in the sense that they trigger downstream signaling events. This includes (but is not limited to) ceramides, sphingosine, ceramide-1-phosphate (C1P), sphingosine-1-phosphate (S1P), and some classes of glycosphingolipids. As the levels of these bioactive sphingolipids are modulated by specific enzymes, the mechanism of regulation of these enzymes is also an important aspect to consider when studying sphingolipid-mediated signaling.



Sphingolipids are found in nearly all plants and animals and are characterized by the presence of a sphingoid base backbone. De novo generation of sphingolipids starts with the condensation primarily (but not exclusively) of palmitoyl Co-A and L-serine by the enzyme serine palmitoyl transferase (SPT) [23,24,25,26] (Figure 2). The 3D structure of SPT revealed that the enzyme is a dimeric complex with each monomer composed of four subunits. In mammals, SPT long base chain subunit 1 (SPTLC1) together with SPTLC2 or SPTLC3 constitutes the catalytic core of the SPT enzymatic complex while a third subunit, a small subunit of SPT (ssSPT) a or b, stimulates the SPT activity and contributes to acylCoA substrate preference; finally, one of three regulatory subunits named ORMDL1-3 is also part of the monomeric complex [27,28,29]. Following the SPT-regulated first rate-limiting step, the 3-keto-dihydrosphingosine reductase (KDSR) is responsible for reducing 3-keto-dihydrosphingosine to dihydrosphingosine, which continues on to be acylated by ceramide synthase (CerS) and becomes dihydroceramide [30,31]. Dihydroceramide is in turn metabolized into ceramide upon the action of delta 4-dihydroceramide desaturase (DEGS) [32]. Ceramide lies at the center of the sphingolipid metabolic network as its metabolism branches out into several different routes. Ceramide can be: (1) converted into sphingomyelin (SM) by sphingomyelin synthase (SMS) with the transfer of a phospho-choline moiety from phosphatidylcholine (PC) onto the primary hydroxyl group [33] or into ethanolamine phosphoceramide (EPC) by the transfer of phospho-ethanolamine from phosphatidylethanolamine (PE) [34,35]; (2) glycosylated at the same primary hydroxyl group by glucosylceramide synthase (GCS) or by galactosylceramide synthase (GalCerS) with the addition of glucose or galactose, respectively [36,37]; these hexosylceramides will go on to form more complex sphingolipids with the addition of additional sugars and sialic acids to synthesize gangliosides; (3) phosphorylated by ceramide kinase (CERK) to generate ceramide-1-phosphate (C1P) [38]; (4) acylated either via the concerted action of fatty acyl CoA synthase (ACSL5) and diacylglycerol acyltransferase 2 (DGAT2) [39] or by the activity of PNPLA1 in the skin [40]; (5) hydrolyzed by ceramidase (CDase) to cleave the fatty acid and generate sphingosine [41]. Sphingosine can then be phosphorylated into sphingosine-1-phosphate (S1P) by the sphingosine kinase (SPHK) [42] or it can revert back to ceramide by the action of CerS [43]. The catabolism of all sphingolipids ultimately occurs via their conversion into sphingosine and then S1P which in turn is broken down by the S1P lyase into hexadecenal and ethanolamine phosphate. This is the only known way to exit the sphingolipid metabolism.



Relevant to S1P functions in hemopoiesis is the ability of S1P to be transported extracellularly and to activate in an autocrine or paracrine fashion five different S1P receptors, S1PR1–5 (formerly known as Edg receptors). S1PRs are G-protein coupled receptors present in a variety of cell types with specific patterns [44,45,46]. They are generally highly expressed on leukocytes and while S1PR1–3 is expressed ubiquitously, S1PR4 is only expressed on lymphatic and hematopoietic tissues [47,48,49].



Alterations in sphingolipid metabolism have been implicated in many common human diseases, including hematological malignancies (for comprehensive reviews on this topic the reader should refer to [18,50,51,52,53]). Interestingly, bioactive sphingolipid metabolism has also begun to emerge as an important factor in normal hematopoiesis. It is crucial to develop an understanding of how sphingolipids function in normal hematopoiesis to also appreciate how their dysregulation is implicated in hematological malignancies. Paradoxically, the understanding of the roles and functions of sphingolipids in normal hematopoiesis is still in its initial phases, with recent observations suggesting yet unrecognized roles for this class of lipids. No review to date has comprehensively discussed the functions of sphingolipids and sphingolipid-metabolizing enzymes in normal hematopoiesis from HSCs all the way to mature lineages. The sections that follow are a comprehensive discussion of this topic organized by the different hematological lineages and with the discussion of still unresolved questions or contentious conclusions. The focus is mostly on the path to terminal differentiation.





2. Sphingolipids in Hematopoiesis


2.1. Sphingolipids and Hematopoietic Stem Cells


Very few studies have explored the effect of sphingolipids on the modulation and mobilization of HSCs, hence, our current understanding of the role of sphingolipids in the regulation of HSCs remains limited. Initially, a study by Maguer-Satta et al. suggested a negative role for ceramide in maintaining cellular stemness. Treatment with ceramide analogs (C2 or C6-short chain ceramides) produced similar effects to tumor necrosis factor (TNF) in inhibiting the ability of long-term culture-initiating cells isolated from human CD34+CD38− cells to produce delayed colony-forming cells [54]. While this inhibitory effect was independent of cytotoxicity and was specific to these long-term culture-initiating cells (as opposed to short-term culture-initiating cells), the biological relevance of these observations remains in question as the functional relevance of these in vitro derived long term culture-initiating cells is unclear.



More recently, the link between sphingolipids and stemness was further explored [55]. First, it was found that specific patterns of the sphingolipidome characterize HSCs, progenitors, and terminally differentiated hematopoietic cells. In particular, different levels of ceramide/dihydroceramide ratios were found among the different hemopoietic cell types, with increased levels of specific dihydroceramide species in stem versus progenitor cells. These different lipid patterns raised the question of the role of ceramide homeostasis and ceramide-regulating enzymes in self-renewal and lineage commitment [55]. Thus, further investigations revealed that the metabolic step that converts dihydroceramide into ceramide plays a crucial role in commitment to lineage differentiation in response to stress-induced activation. In fact, when ceramide formation was inhibited by blocking DEGS1 during the transition of HSCs from quiescence to activation, stress adaptation pathways that contribute to maintaining stemness, such as ER stress and autophagy, were activated [55]. Given the accumulation of specific dihydroceramide species in quiescent HSCs as compared to progenitors and that inhibition of DEGS1 in activated HSCs caused the accumulation of dihydroceramide while preserving stemness, a critical function for dihydroceramide/ceramide homeostasis in stemness is likely.



In addition to intrinsic roles for ceramide metabolism, paracrine roles for sphingosine-1-phosphate (S1P) in the mobilization of HSCs via the engagement of S1P receptor 1 (S1PR1) on HSCs were identified. HSCs normally reside in the stem cell niche within the BM and only a minimal fraction of HSCs is found in circulation. A high concentration of S1P in circulation is critical to favor the egress of HSCs from the stem cell niche into the blood and maintenance of an S1P gradient between the blood and the BM is essential for HSC mobilization [56,57]. Furthermore, S1PR1 on HSCs was identified as the receptor which senses S1P in circulation [56,58]. The functional inhibition of S1P receptors including S1PR1 with the sphingolipid analog FTY720 [59,60] or by using hematopoietic conditional S1PR1 knock out mice, led to reduced HSC mobilization following the blockage of CXCR4, the HSC receptor that tethers HSCs to the BM [56,58,61,62,63]. In a complementary approach, stimulation of S1PR1 with SEW2871 was shown to promote mobilization induced by the blockage of CXCR4 [58]. Based on these observations, activation of S1PR1 could represent a potential clinical strategy to improve HSC mobilization when using peripheral blood stem cells for transplantation. On the other hand, the S1P-S1PR1 axis was not involved in the mobilization of HSCs by G-CSF treatment. Similar to the egress of HSCs from the BM into the bloodstream, the egress of HSCs from peripheral organs into the lymphatic system seems also to be positively regulated by S1PR1 [64]. The treatment of mice with FTY720 consistently increased the number of HSCs in the tissues.



The stimulatory role of S1PR1 for the egress of HSCs from the BM came into question in another study showing that the treatment of mice with SEW2871 did not affect the mobilization of Kit+/Sca-1+/Lin− hematopoietic progenitor cells after the blockage of CXCR4 [65]. Opposite to what was shown in the previous studies, pretreatment with the S1PR1 antagonist W146 favored mobilization of Kit+/Sca-1+/Lin− progenitor cells in circulation. The reason for this discrepancy is not immediately clear, and this remains an area that requires further investigation.




2.2. Sphingolipids in Erythroid Differentiation and Erythrocytes


Erythrocytes, more commonly known as RBCs, contain hemoglobin which imparts a red color to the blood and are responsible for transporting oxygen throughout the body. After HSCs progressively differentiate into the common myeloid progenitors (CMP), CMPs give rise to the megakaryocyte-erythroid progenitor cells (MEP). As their name implies, MEPs can differentiate into megakaryocytes or erythrocytes. MEPs commit to erythropoiesis by differentiating into the burst forming unit-erythroid (BFU-E) progenitors and then into the colony-forming units-erythroid (CFU-E) progenitors [66]. In vitro, the formation of CFU-E colonies is dependent on erythropoietin [67], while in vivo, erythropoietin controls the number of CFU-E cells in the BM [68]. From CFU-E, the cells advance into the terminal stages of differentiation by a step-wise maturation process into proerythroblasts (ProE), basophilic erythroblasts (BasoE), polychromatophilic erythroblasts (PolyE), and orthochromatic erythroblasts (OrthoE) [69]. It is during this progression that the cells start accumulating hemoglobin. Upon enucleation, the cells mature into reticulocytes, and subsequently, upon loss of the other organelles and remodeling of the plasma membrane, they transform into erythrocytes [70].



A connection of sphingolipids in erythropoiesis was seen as early as 1974 when Clayton et al. proposed a link between bioactive sphingolipids and erythroid lineage commitment. Clayton et al. identified the ability of select ceramides with different fatty acyl chains (C24:0, C24:1- and to a smaller extent C22:0) and SM to induce erythropoiesis in rabbit BM cells [71]. The involvement of SM was further corroborated in 1986 by Scaro et al., when an extract of phospholipids from human plasma, as well as purified SM, were injected into mice. This resulted in an increased number of reticulocytes in circulation, suggestive of an increase in erythropoietic turnover [72]. Furthermore, Dallalio et al. showed that ceramide inhibited CFU-E colony formation while S1P reversed this inhibition [73]. Similarly, S1P counteracted the inhibitory effect of tumor necrosis factor-α (TNFα) and gamma interferon on erythropoiesis [73,74]. Thus, these studies indicate a function for S1P in erythroid differentiation.



Mechanistic insight into the function of S1P in erythropoiesis is provided by Yang et al. S1P signaling contributes to the modulation of mitophagy [75], an essential process by which reticulocytes eliminate mitochondria and control later stages of erythroid differentiation [76,77]. While the first stages of erythropoiesis are mostly regulated by factors controlling macro-autophagy (such as Atg5 and 7), later stages are accompanied by higher expression of mitophagic factors (such as Pink1 and Nix/Bnip31). This work uncovered that sphingolipid signaling impacts genes that regulate the latter process. Inhibiting SPHK1, one of the two isoenzymes producing S1P, led to decreased PINK1 expression which was associated with impaired mitochondria clearance from the cells, impaired erythrocyte maturation, and cell death. By supplementing these cells with exogenous S1P, the authors were able to enhance normal erythroid maturation, revealing a role for S1P specifically in mitophagy during erythropoiesis. However, while the expression of SPHK1 increases during erythropoiesis [75], the absence of both SPHK1 and 2 in erythrocytes resulted in embryonic lethality due to defects in the vasculature and not because of major effects on the erythrocytes themselves [78]. In line with a marginal role for SPHKs in erythropoiesis, transplantation of HSCs isolated from SPHK1 and 2 double knock out mice in adult wild-type mice, had no effect on RBC development [78]. Thus, the role of S1P production in adult erythropoiesis is inconclusive with contradictory effects in these two studies [75].



The involvement of bioactive sphingolipids in erythropoiesis and autophagy has also been revisited in the context of pro-inflammatory signals by Orsini et al. [74] (Figure 3A). Ceramide was shown to inhibit erythropoiesis in human cord blood CD34+ hematopoietic stem/progenitor cells. In fact, treatment with C2 and C6 synthetic ceramides as well as bacterial sphingomyelinase (bSMase) inhibited erythroid differentiation induced by erythropoietin in vitro. Moreover, building on the functional link between ceramide and erythropoiesis, the authors also connected changes in ceramide caused by TNFα to the inhibition of erythropoiesis. TNFα is known to exert a negative effect on erythroid differentiation [79,80] and the investigators propose a role for ceramide produced by neutral sphingomyelinase 2 (nSMase2) in mediating this negative effect. Specific down-regulation/inhibition of nSMase2, in fact, restored erythropoietin-mediated differentiation otherwise hindered by TNFα. Further to this, it was shown that TNF or ceramide treatment induced the activity of specific transcription factors to promote a profile compatible with inhibition of erythropoiesis (increased levels of PU.1 and GATA2 and reduced activity of GATA1) positioning this mechanism of regulation downstream of ceramide. Mechanistically, ceramide treatment activated mTOR and inhibited ULK1, causing Atg13 dephosphorylation and leading to the inhibition of late stages of autophagy, a process required for erythropoiesis [81]. Notably, TNFα and ceramide treatment of CD34+ cells, by affecting the profile of the mentioned key transcription factors, not only inhibited erythropoietin-induced erythroid differentiation but also promoted granulomonocytic differentiation, essentially converting the expected process of erythropoiesis to myelopoiesis.



The high level of S1P in the blood is critical to establish an S1P gradient that allows the S1PR1-mediated egress of HSCs from the BM into the blood and of lymphocytes from secondary lymphoid organs into circulation [82,83,84,85]. Together with vascular endothelial cells, RBCs are a major contributor of blood S1P and they store large amounts of this sphingolipid [78,82]. A major breakthrough in understanding the metabolic regulation of S1P in RBCs came from a study by Ito et al. who reported that these cells have negligible activity of the enzymes that degrade S1P, specifically S1P lyase and phosphatase [86]. This, together with substantial SPHK activity [87], favors the intracellular accumulation of S1P. Further studies have also clarified the source of sphingosine utilized to synthesize S1P in RBCs and found that sphingosine can be either directly taken up from the plasma or produced via de novo sphingolipid biosynthesis (Figure 4). In the case of plasma sphingosine, it was shown to derive from the hydrolysis of ceramide by ACER2, one of three alkaline ceramidases [88]. In fact, mice where ACER2 was knocked out in hematopoietic cells showed reduced blood levels of both sphingosine and S1P. The activity of a ceramidase must also be involved to generate intracellular sphingosine produced via de novo sphingolipid biosynthesis. Since sphingosine can only be generated by the hydrolysis of ceramide, it is hypothesized that ceramide synthesized following the desaturation of dihydroceramide is acted upon by a yet to be identified ceramidase [87]. Once formed in RBCs, S1P is released extracellularly via the activity of the Mfsd2b transporter (similarly to platelets) [87,89,90] and possibly through the action of the abundant erythroid transporter, Band3 [91]. Importantly, S1P efflux from RBCs is also facilitated by the presence of high-density lipoproteins and serum albumin [92,93,94]. In addition to releasing S1P into the plasma, RBCs can also directly deliver it into the tissues under specific circumstances. In fact, in case of tight contact between RBCs and endothelial cells (such as in capillaries and tissue interstitium), S1P can be transported transcellularly into the tissues [93].



In addition to providing S1P in RBCs for its release in circulation, SPHK1 activity in RBCs is required to channel glucose into the glycolytic pathway and enhance the production of 2,3-bisphosphoglycerate [95,96]. The 2,3-bisphosphoglycerate binds with a higher affinity to deoxygenated hemoglobin than to hemoglobin carrying oxygen, it stabilizes the low oxygen state of this carrier and ultimately favors the release of the oxygen in the tissues. This implies that SPHK1, by modulating 2,3-bisphosphoglycerate in RBCs, favors tissue oxygenation and could play a beneficial function in conditions that necessitate it, such as higher altitude [97].



In addition to S1P, changes in SM levels during erythroid differentiation are also linked to RBC functions. Human erythrocytes are enriched in SM [55] compared to other terminally differentiated hematopoietic cells, and recent lipidomics analysis of murine erythroblasts at different stages of differentiation has revealed a correlation between the progressive increase of sphingosine, SM, and to a certain extent, of ceramide with erythroid markers of differentiation [98]. The presence of SM in lipid microdomains in the outer leaflet of the plasma membrane of RBCs has been linked to the ability of these cells to dynamically change their shape [99]. The RBC plasma membrane is characterized by the presence of lipid microdomains of specific composition. Microdomains enriched in SM and cholesterol, as well as those enriched in ganglioside GM1 and cholesterol, are found at low curvature sites on the RBC plasma membrane. Recent studies have linked the modulation of these microdomains with changes in the intracellular calcium level and reshaping of RBCs [99,100].




2.3. Sphingolipids in Thrombopoiesis and Megakaryocytes


Thrombopoiesis is the process that leads to the production of platelets, first characterized by the formation of megakaryocytes (megakaryopoiesis) followed by further rearrangement of these cells into proplatelets, the platelets producing entities. Megakaryopoiesis occurs in the BM and as discussed earlier, is either initiated by the differentiation of HSCs into a specialized megakaryocytic unipotent subset of cells [6,7,8,9,10,11], or by HSC progression through the same differentiation steps as erythropoiesis until the cells reach the MEP stage, at which point, the two processes diverge, and MEPs go on to produce megakaryocytes. The final stage of thrombopoiesis is characterized by the formation of pro-platelets from megakaryocytes [101,102]. The formation of proplatelets is accompanied by endomitosis, mass increase, and major rearrangement of the cytoskeleton with protrusions extending into sinusoids [101,102]. Proplatelets are shed into circulation by these protrusions and in turn mature into platelets, possibly in part due to exposure to high levels of S1P (see below) [103].



Thrombopoietin is one of the critical cytokines that supports megakaryopoiesis and maintenance of the number of megakaryocytes and platelets. However, since cells retain megakaryopoiesis ability in the absence of thrombopoietin [104], it is thought that other factors also contribute to late differentiation and morphological changes during thrombopoiesis. Golfier et al. began to address this gap of knowledge and specifically investigated the role of sphingolipids in the later stage of megakaryocytic lineage commitment. They found that one of five S1P receptors [49,105,106,107,108,109,110], S1PR4 is upregulated during megakaryopoiesis [111]. While S1PR4 levels in CD34+ cells were undetectable, high S1PR4 expression was observed in CD41+ cells (megakaryocytes) and not in non-megakaryocytic cells. Different strains of mice that lacked the S1PR4 gene mice were deficient in platelet repopulation and had significantly fewer pro-platelets. The overexpression of S1PR4 in human erythroleukemia (HEL) cells induced the formation of CD41+ like cells, with the same cytoplasmic rearrangement and pro-platelet formation as observed in normal megakaryopoiesis. Altogether, this evidence suggests S1PR4 supports the final steps of megakaryopoiesis [111].



Other studies support a role for extracellular S1P to regulate proplatelets shedding, however, the outcome and the exact mechanism of such regulation is controversial. Earlier evidence by Zhang et al. pointed to a stimulating function of blood S1P on megakaryocytes [103]. Specifically, blood S1P promoted the elongation of proplatelet extensions and shedding into the BM sinusoids via activation of S1PR1, and mice lacking the S1PR1 receptor developed thrombocytopenia [103]. However, more recently, this mechanism has come into question. In fact, mice with S1PR1 selective deletion in mature megakaryocytes did not show reduced platelet count nor S1PR1 seemed to be expressed or activated to detectable levels on the surface of megakaryocytes [112], disputing a role for the blood S1P-megakaryocytic S1PR1 axis in platelet shedding. Surprisingly, the specific deletion of S1PR1 in hematopoietic progenitor cells resulted in elevated platelet counts suggesting a rather negative role for this S1P receptor. A negative role of S1P and S1PR2 on megakaryopoiesis was reported as well [112,113]. In these studies, systemic loss of SPHK2 impaired the intravascular shedding of proplatelets. However, when loss of SPHK2 was selective to megakaryocytes, no effect on the number of platelets was observed [112], and the negative impact of the systemic loss of SPHK2 was traced back to increased extracellular S1P levels in these mice and activation of S1PR2 rather than an intrinsic function of SPHK2 in megakaryocytes.



Other studies have found that thrombocytopenia is associated with mutations of KDSR in four out of the eight cases in which KDSR mutations were reported [114,115]. In humans with KDSR mutations, the hyperproliferation of megakaryocytes and dysplasia were also reported [114,115]. Bariana et al. confirmed that mutant KDSR enhanced megakaryocytic proliferation and impaired pro-platelet formation by CD34+ cells in vitro [115]. Complementation with functional KDSR in deficient cells led to the rescue of the proplatelet phenotype and of the cytoplasmic organization. These results indicate that KDSR may play a critical role in the pro-platelet formation of megakaryocytes during differentiation.



Most recently, Xie et al. identified a novel role for S1PR3 in myelopoiesis and megakaryopoiesis [116]. While investigational efforts were more focused on the role of S1PR3 in leukemia and myelopoiesis, the study found that S1PR3 over-expression in human HSCs favored CD33+ myeloid and CD41+ megakaryocytic lineage commitment at the expense of erythroid and lymphoid lineage commitment [116]. This observation implicates S1PR3 in megakaryopoiesis. The specific effects of S1PR3 on myeloid differentiation will be further explored later in this review.



Platelets store considerable amounts of S1P [117] and the enzymatic routes leading to the formation of the platelet S1P have been thoroughly investigated. Mature megakaryocytes and platelets appear to have high levels of sphingosine kinase activities brought by SPHK1 and/or SPHK2 [113,118,119]. In platelets, the abundance of SPHKs together with the lack of one of the enzymes that degrade S1P, the S1P lyase [120], leads to high levels of intracellular S1P. Interestingly, de novo sphingolipid synthesis in platelets appears to be weak, and it is proposed that platelet S1P is formed from the phosphorylation of sphingosine taken up from the extracellular space or formed in the outer leaflet of the plasma membrane from hydrolysis of SM [121].



Despite the significant amount of intracellular S1P, in normal conditions, platelets do not contribute to plasma S1P, a function elicited by erythrocytes and endothelial cells [84,122]. On the other hand, platelets seem to control the S1P level in the serum [123] in response to specific stimuli such as thrombin [124] or fluid shear stress [125]. The release of S1P by activated platelets has been linked to the formation of atheromas. In fact, high levels of serum sphingoid base phosphates (S1P and dhS1P) are associated with thrombocythemia and are best correlated with platelet count rather than RBCs [126]. Recent studies have proposed different potential mechanisms for the release of S1P from platelets. First, the major facilitator superfamily transporter 2b (Mfsd2b) has been shown to export S1P from platelets and RBCs into the blood [89]. Consistently, platelets and RBCs from Mfsd2b knock out mice accumulated S1P intracellularly while its overexpression favored the active extracellular transport of S1P. In addition to Mfsd2b, the ATP-dependent transporter, Multidrug Resistance Protein 4 (MDRP4), has also been proposed to contribute in part to the release of S1P from platelets [127]. Platelets from mice lacking MDRP4 secreted less S1P following activation with the thromboxane receptor agonist, U-46619. MDRP4 facilitates the loading of S1P into storage granules which are secreted by platelets upon activation [128]. In line with an active role for MDRP4, the S1P level was found to be significantly higher in the serum from WT compared with MRP4−/− mice [128]. Thus, altogether, these studies suggest that the release of S1P from activated platelets may occur via two mechanisms, one mediated by Mfsd2b at the plasma membrane and one mediated by MDRP4 from storage granules.




2.4. Sphingolipids in Myeloid Differentiation


Traditionally, myeloid cells have been thought to arise from the CMP. The CMP further differentiates into granulocyte/macrophage progenitors (GMP) which in turn commit to granulocytic (eosinophil, neutrophil, and basophil) or monocytic lineages [129]. Recently, this view has been revised to include two distinct pathways of myelopoiesis. Myeloid cells can be GATA1 positive (GATA1+) and that includes mast cells, basophils, and eosinophils, or GATA1 negative (GATA1−) with neutrophils, monocytes, and macrophages [130]. Based on this distinction, Drissen et al. sought to identify whether these two myeloid groups could be differentiated on the basis of lineage commitment. It was observed that CD34+CD38+ progenitors have the potential to develop neutrophils/monocytes or eosinophils/basophils/mast cells, and they cannot give rise to all of the myeloid cell types [131]. This indicates that GATA1+ and GATA1− myeloid cells separate at an earlier stage than initially thought, and that there are two pathways of myelopoiesis.



Sphingolipid metabolism plays a role in promoting myelopoiesis. Expression of the S1P receptor, S1PR3 has been specifically associated with myeloid lineages; while S1PR3 expression is very low in primitive CD34+ cells, it is detected on a small portion of granulocyte-monocyte progenitors and found to be specifically expressed in granulocytes and monocytes [116]. The role of S1PR3 in lineage commitment was directly evaluated by overexpressing S1PR3 in human HSCs; in this case, S1PR3 favored CD33+ myeloid and CD41+ megakaryocytic lineage commitment at the expense of erythroid and lymphoid lineages as observed in in vitro clonogenic assays and/or in vivo transplantation (Figure 3B) [116]. The overexpression of S1PR3 in HSCs also induced a pro-inflammatory gene response program (including NF-kB activated genes) and an ERG-NAB-GFI1 myeloid gene regulatory network. As this particular lineage profile mimics inflammation-induced changes [116], a cooperative effect between the expression of S1PR3 and TNFα was shown to potentiate myelopoiesis.



As we mentioned earlier, ceramide generated in response to TNFα via the action of neutral sphingomyelinase 2 was also shown to promote myelopoiesis while inhibiting erythroid differentiation [74]. This effect was associated with changes in specific transcription factors, such as increased levels of PU.1 and GATA-2 which are known to inhibit erythropoiesis and favor myeloid differentiation.



Granulocytes: Parthibane et al. identified a novel role for SPTLC1 in myeloid differentiation [132]. Specifically, the deletion of SPTLC1 in the BM yields significantly fewer granulocytes. SPTLC1 deletion did not affect erythroid or lymphoid output, nor the generation of MEPs. On the other hand, the generation of CMPs was significantly depleted, indicating an important role of SPTLC1 in granulopoiesis. Building upon these findings, this group continued their investigation of SPT in hematopoiesis, and they also revealed a role for ssSPTa in myelopoiesis similar to that of SPTLC1 [133]. Specifically, the loss of ssSPTa, but not of ssSPTb, from adult HSCs using Mx-1-Cre mice led to specific impairment of myelopoiesis with increased Lin−Sca1+c-Kit+ stem cells, as well as increased progenitors. [133]. Molecularly, the defect in myelopoiesis was accompanied by evidence of ER stress. Altogether, in vivo results in SPTLC1 and ssSPTa conditional mouse models support a central role for SPT in myelopoiesis.



Monocytes/Macrophages: Several early studies utilized in vitro models of monocytic/macrophagic differentiation to probe sphingolipid changes during the process. For the most part, these models employed the treatment of specific cell lines such as HL-60, U937, and THP-1 with either vitamin D3 or the phorbol ester, TPA. Some consistent changes correlating with differentiations included the modulation of glycosphingolipids, albeit different classes of glycosphingolipids responded differently depending on the cell type and treatment. An increase of ganglioside GM3 and decrease of lactosylceramide was reported early on following the differentiation of HL-60 cells into macrophage-like cells with TPA, suggesting the stimulation of GM3 synthase [134,135,136]. The stimulation of GM3 synthase was indeed confirmed [137] and treatment of HL-60 and U937 cells with exogenous GM3 was shown to induce differentiation into monocyte/macrophage lineage [138,139]. The activation of GM3 synthase and increase of GM3 were also confirmed using HL-60 cells sensitive to TPA-induced differentiation versus those resistant to the treatment and in human blood monocytes [140,141]. In addition to GM3, GM1 has also been linked to monocytic differentiation and most interestingly, its high surface level defined a small subset of peripheral blood human monocytes which dramatically expanded in number upon in vitro differentiation into macrophages [142,143]. In some cell models, such as U937 and HL-60 treated with TPA, stimulation of the initial steps of the synthesis of glycosphingolipids was also observed with the increased activity of GCS and accumulation of glucosylceramide [144,145]. Similarly, an increase of SM synthesis also accompanied monocytic/macrophage differentiation and these complex sphingolipid changes were reflective of only the adherent portion of the differentiating cells [145,146]. Importantly, both the accumulation of glycosphingolipids and SM seems to contribute to adhesion of macrophage-like cells, as treatment with PDMP, an inhibitor of GCS, or exogenously added bacterial sphingomyelinase blocked adherence of the differentiated cells. In addition to SM, lysoSM was also found to promote the adhesion of TPA-treated U937 and THP-1 cells [147]. Changes in other sphingolipids have also been reported, such as C1P via stimulation of CERK activity in BM-derived monocytes [148] and ceramide via the hydrolysis of SM in HL-60 cells treated with vitamin D3 [149]. A recent report also detailed changes of some sphingolipids and sphingolipid-metabolizing enzymes in human peripheral blood monocytes during differentiation with human monocyte-colony stimulating factor [150]. While a decrease of total lactosylceramide confirmed previous reports, no significant changes in total levels of ceramide, SM, and hexosylceramide were observed. As results were reported only at day four of differentiation, additional dynamic changes at different times could have been missed. Furthermore, the levels of acid sphingomyelinase and acid ceramidase increased with differentiation possibly to push production of S1P and extend the life of macrophages.



In addition to sphingolipids, changes in the expression of specific S1PRs have also been documented. An early study probing mRNA expression by RT-PCR reported that human blood monocytes express mostly S1PR2 and S1PR3 [151] with little to no S1PR1. Further to this, when Hohenhaus et al. thoroughly characterized the expression of the G-protein coupled receptor (GPCR) by RT-PCR during monocyte to macrophage differentiation, they found that S1PR1 and S1PR4 seemed to have contrasting patterns, with low S1PR1 and high S1PR4 levels when differentiating from monocytes to macrophages [152]. Further to this, another study reported that the M1 specific polarization of murine BM macrophages led to the suppression of S1PR4 expression [153] suggesting that specific S1PR patterns on macrophage subtypes might be functionally linked to implementing specific processes (i.e., migration). For a comprehensive discussion of the functions of S1P and S1PRs in macrophage activation, the reader is referred to Weigert et al. [154].



Mast Cells: Mast cells participate in innate immunity and are generally found in epithelial and mucosal tissues [155]. Mast cells uniquely reach their mature differentiated state in the tissue in which they will reside, rather than in the BM from which the progenitors originate. They normally are not found in circulation. The destination tissue of mast cells is determined by specific cytokines, chemokines, integrins, and other growth factors [156]. For example, VCAM-1 directs mast cell progenitors out into the circulation [157], and CXCR2 helps direct them to the small intestine [158]. Two types of mast cells, mucosal or connective tissue cells, are found in epithelial and mucosal tissues.



The role of sphingolipids in mast cell activation is well established. S1P is known to be secreted by mast cells once they are activated and activation is inhibited in the presence of sphingosine and ceramide [159]. However, only a few studies have addressed the role of sphingolipids in mast cell differentiation. Mucosal mast cells produce tryptase, while connective tissue mast cells produce tryptase, as well as chymase and carboxypeptidase [160]. Interestingly, Price et al. reported that when cord blood-derived progenitor cells were cultured with stem cell factor alone, they differentiated into tryptase-only producing mast cells, indicating a mucosal phenotype. However, exposure of cord blood progenitor cells to S1P (which physiologically is encountered in circulation en route to the destination tissue) augmented mast cell differentiation and also influenced them to produce chymase in addition to tryptase, phenocopying the connective tissue/epithelial phenotype [161]. These observations suggest a role for S1P in the differentiation of mast cells and in the development of their epithelial phenotype. The same study also revealed that the stimulation of macrophages with S1P caused the release of IL-6; as IL-6 is known to promote the differentiation of mast cells [161], it is possible that a macrophage-mediated mechanism can also participate in the pro-differentiation function of S1P.




2.5. Lymphocytes: T-Cells, B-Cells, Natural Killer Cells


Lymphoid hematopoiesis diverges from other blood cell lineages at the progenitor level, with the traditional view being that those common lymphoid progenitors (CLPs) give rise to T-cells, B-cells, and natural killer cells [162,163,164,165]. CLPs originate in the BM and then proceed to initiate lymphoid cell development in the thymus. The thymus itself possesses no self-renewal capacity and thus relies on CLPs being seeded within it to give rise to the various lymphoid cells [166]. However, recruitment of CLPs to the thymus is not a continuous process and often depends on thymic demand [167,168]. It is unclear whether T-cell lineage commitment occurs before the CLPs reach the thymus, or upon entrance, and there is also evidence for extra-thymically originating T-cells [169,170]. Early lymphoid differentiation is still not fully understood, with contradicting evidence existing on the role of CLPs and their exclusive commitment to cells of the lymphoid lineage [171].



The role of sphingolipids in lymphoid differentiation is being actively examined. Sphingolipids’ role in lymphocyte differentiation was suggested after modulation of the S1P lyase, the activity of which controls the only known way to exit the sphingolipid pathway (Figure 2). Vogel et al. showed that systemic loss of S1P lyase leads to an expected increase of S1P in serum [172]. The increase of serum S1P led to depletion of T cells from the peripheral blood and to sequestration of mature T cells in the thymus and lymph nodes [172], corroborating earlier findings that lymphocytic departure from the thymus is dependent on S1P gradients and directly impacted by S1P lyase activity [83]. Additionally, complete S1P lyase knock out also caused hypocellularity of the thymus which was linked to increased apoptosis and impaired maturation at the intermediary steps of T-cell development [83].



These results were supported and expanded by another study by Weber et al. who reported on the role of S1P lyase in postnatal thymocyte development [173]. The study found that S1P lyase deficient mice showed discontinuation of lymphopoiesis beginning at two weeks after birth, specifically as a result of the deficiency in T-cell progenitors [173]. Additionally, increased ceramide levels were detected in the thymus of S1P lyase knock out mice (SGPL1−/−) which led to the increased apoptosis of thymocytes causing further depletion of T-cell progenitors [173].



As mentioned earlier, plasma S1P is essential for lymphocytic egress from lymphoid organs, via S1PR1 located on the surface of T-cells [85,174,175]. Importantly though, this process is not mediated by the pool of S1P complexed with apolipoprotein M (S1P-ApoM) [176,177]. On the other hand, S1P-ApoM (and not S1P complexed to albumin) was shown to curb lymphopoiesis as mice lacking ApoM presented with expanded proliferation of Lin− Sca1+cKit+ hematopoietic progenitor cells and of CLPs [177]. Furthermore, the activation or overexpression of S1PR1 restored lymphopoiesis in the BM, suggesting that these changes were transduced via S1PR1-mediated signaling.



Additionally, changes in acid sphingomyelinase levels have been reported to alter the number of regulatory T cells in vitro and in vivo [178,179,180]. Specifically, the pharmacological and genetic inhibition of acid sphingomyelinase correlated with an increase in Foxp3+ regulatory T cells, possibly involving CD28 co-stimulation. These observations point to a negative role of acid sphingomyelinase on Foxp3+ regulatory T cells [178,179,180].



Limited research has addressed the roles of sphingolipids in the differentiation of B cells. One of the few studies implicates de novo ceramide synthesis in the differentiation of plasma cells [181]. The differentiation of plasma cells requires expansion of the endoplasmic reticulum (ER) in addition to that of secretory functions, and it is supported by the scaling up of both lipid and protein synthesis. Importantly, the expansion of the ER was largely reduced when de novo ceramide synthesis was blocked with fumonisin B1 [181]. Additionally, ceramide synthesis was stimulated by XBP-1 in its spliced form, a critical transcription factor regulating ER biogenesis in the context of ER stress. Furthermore, in line with a relevant function in quality control mechanisms for protein folding, the inhibition of ceramide synthesis prevented n-linked glycosylation; conversely, when an increase in de novo ceramide synthesis is observed, so is N-linked glycosylation. This relationship is not observed in resting B cells, rather only in those that are activated and differentiated into plasma cells, further supporting a role for ceramide synthesis in the process of plasma cell differentiation [181]. Of note, it has also been reported that B cells have a significantly lower ratio of dhCer/Cer in comparison to HSCs, however, the biological relevance of these findings is still unknown [55]. Interestingly, retinoic acid, which is known to modulate sphingolipid metabolism, regulates B cell differentiation, and retinoic acid together with α-galactosylceramide complementarily regulated B cell differentiation [182]. In addition to differentiation, there have been findings implicating sphingolipid-mediated signaling in B cell functions, such as S1P4 regulation of B cell migration [183].



A specific role for sphingolipids in the development of invariant natural killer T cells (iNKT) was also proposed [184]. Natural killer cells are a subset of T-cells that function as effectors of innate immunity as well as regulators of the immune response [185]. iNKT, in turn, are a subset of natural killer cells that mature in the thymus and mostly reside in the liver, where they comprise about 30% of the hematopoietic cells. Using CerS2 null mice, it was shown that very long chain sphingolipids in hematopoietic cells contribute to the maturation of iNKT in the thymus [184]. CerS2 is the enzyme that synthesizes dihydroceramide precursors utilized for the formation of sphingolipids with acyl chains made of 22 to 24 carbons (Figure 2), and CerS2 null mice are devoid of such sphingolipids. These mice also presented a significant decrease in iNKT cells in the thymus and the liver. Chimera BM transplantation experiments between CerS2 knock out and WT mice demonstrated the requirement of these sphingolipids for the generation of iNKT in the thymus, however, the molecular mechanism responsible for such modulation remains unknown.





3. Concluding Remarks


Hematopoietic stem cells are one of the major remedial components in BM transplantation and subsequently stem cell therapy. Dysregulation of the processes that govern HSC self-renewal and differentiation also leads to hematological diseases.



In this review of the literature, we have discussed several functions for different sphingolipids and sphingolipid-metabolizing enzymes in the regulation of the distinct hematological lineage compartments. The involvement of specific components of the sphingolipid pathway in the different arms of lineage commitment discussed throughout the manuscript is summarized in the schematic (Figure 5).



The literature discussed herein not only highlights the emerging understanding of the roles and functions of sphingolipids in hematopoiesis but may provide a connection between altered sphingolipid metabolism and pathological conditions of the hematopoietic system, including hematological malignancies. Therefore, further understanding of the process by which stem/progenitor cells commit to the different lineages and further sphingolipid research in (patho)physiological conditions is vital to fully utilize and optimize metabolic tools to understand the mechanism of hematopoietic dysfunction and advance therapies.
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Figure 1. The Hematopoietic Differentiation Scheme. This schematic reflects the current understanding of the hematopoietic lineage commitment as a hierarchy, as well as a two-tier process of multipotent hematopoietic stem cells differentiating along a continuum into the megakaryocytic lineage. Created with BioRender.com (accessed on 28 July 2021). 
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Figure 2. Sphingolipid Metabolism. In this simplified schematic overview of the sphingolipid pathway, gene names are italicized. The ceramide structure is from www.lipidmaps.org (accessed on 28 July 2021). Enzymes shown are either directly involved in hematopoiesis and/or lineage differentiation or they regulate a sphingolipid that is being discussed in the context of hemopoiesis. The figure was created using BioRender.com (accessed on 28 July 2021). PC: phosphatidylcholine; P-Chol: phosphoryl choline; R1: fatty acid; SPT: Serine Palmitoyl Transferase; SPTLC: SPT long base chain subunit; ssSPT: small subunit of SPT. SPT consists of three enzymatic subunits: SPTLC1, SPTLC2 or 3, and ssSPTa or b and one of three regulatory subunits ORMDL1-3. 
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Figure 3. Roles of Sphingolipids and proinflammatory signals in erythroid and myeloid lineage commitment in CD34+ cells (A) and hematopoietic stem cells (HSCs) (B). Created with BioRender.com (accessed on 28 July 2021). EPO: erythropoietin, TF: transcription factors, TNFα: tumor necrosis factor alpha, nSMase2: neutral sphingomyelinase 2, SPHK: sphingosine kinase, S1P: sphingosine-1-phosphate, CER: ceramide, S1PR3: sphingosine-1-phosphate receptor 3, HSCs: hematopoietic stem cells. 
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Figure 4. S1P production in erythrocytes. Synthesis of S1P in erythrocytes occurs from utilization of either plasma or intracellular sphingosine. Efflux of S1P is mediated by Mfsd2b, and Band3 and facilitated by HDL and albumin in the blood. Created with BioRender.com. SPHK: sphingosine kinase, CDase: ceramidase, SPL: sphingolipid, ACER2: alkaline ceramidase 2, S1P: sphingosine-1-phosphate, HDL: high-density lipoproteins. 
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Figure 5. An Overview of Sphingolipid Involvement in Hematopoiesis and Lineage Commitment. Created with BioRender.com (accessed on 29 August 2021). S1P: sphingosine-1-phosphate, dhCer: dihydroceramide, Cer: ceramide, SM: sphingomyelin, VLC: very long chain, SL: sphingolipid, KDSR: 3 Ketodihydrosphingosine reductase, ACER: alkaline ceramidase, CerS: ceramide synthase, DEGS: delta 4-desaturase, SPHK: sphingosine kinase, S1PR: sphingosine-1-phosphate receptor, nSMase: neutral sphingomyelinase, ASMase: acid sphingomyelinase, SPTLC: serine palmitoyltransferase long base chain subunit, ssSPTa: small subunit of SPT. 
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