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gosine, which itself is converted back into ceramide by
ceramide synthases and eventually into sphingomyelin by
sphingomyelin synthases. S1P is released into the extracellular environment by various cells, including those of the
hematopoietic system.8 It is highly enriched in the circulatory
and lymphatic systems but is lower in interstitial fluids of
tissues, thus creating a gradient. This gradient is essential as
a chemotactic cue in the traverse of various hematopoietic
cells into lymphatic and vascular channels.9
S1P exerts powerful effects on the vascular endothelium.6
The prototypical S1P receptor (S1P1) was originally cloned as
an abundant and inducible mRNA from human endothelial
cells.10 Activation of S1P receptors in endothelial cells result
in the redistribution of adherens junction proteins into areas
of cell– cell contact and the their assembly. For example,
treatment of human endothelial cells in vitro with S1P results
in the rapid translocation of VE-cadherin, ␤-catenin, and
␣-catenin to areas of cell– cell contact.11 Indeed Triton X-100
solubility of adherens junction proteins decreases with S1P
treatment, suggesting that signaling from S1P receptors
induce the assembly of adherens junction in endothelial cells.
This signaling event requires the heterotrimeric Gi protein
and small GTPases Rac and Cdc42.11,12 This effect of S1P
(via the S1P1 receptor) results in tightening of junctions and
increase in transmonolayer electric resistance in vitro.13
Furthermore, acute agonism of S1P1 with the pharmacological agent FTY720 results in profound suppression of vascular
endothelial growth factor–induced vascular permeability in
vivo.14 In addition, S1P treatment suppressed lipopolysaccharide-induced pulmonary vascular permeability in canine and
murine models.15 Indeed, inhibition of S1P1 signaling with a
specific pharmacological antagonist resulted in the increased
vascular permeability in the lung and the skin tissues.16
Moreover, a recent study using conditional Sphk-knockout
mice showed that reduction in plasma S1P resulted in
increased basal vascular permeability in the lung and decreased survival during platelet activating factor-induced
anaphylactic shock.17 These data form the basis for the
emerging concept that tonic signaling of the endothelial cell
S1P1 receptor is needed for maintenance of the homeostatic
barrier property of the vascular system. In addition, during
infection and inflammation, S1P1 receptor system is required
for the restoration of normal vascular barrier function. This is
clinically important because increased fluid retention in the
lung caused by abnormal vascular permeability is a significant clinical problem in infectious diseases.
Given the importance of S1P signaling in pulmonary
edema, in this issue of Circulation Research, Zhao et al report
the role of Sphk enzyme in the BMPCs in the restoration of
vascular permeability in a murine model of lipopolysaccha-

he bone marrow is a rich reservoir of cells that are
mobilized in response to physiological stress signals
(hypoxia, inflammation) or pathological states (cancer,
chronic inflammation).1 Although mobilization of myeloid
cells that participate in innate immune responses and inflammation has been appreciated for some time, recent studies
have focused on so-called bone marrow– derived progenitor
cells (BMPCs).1 It is now appreciated that distinct progenitor
population, which can differentiate into cells with both
myeloid and vascular markers, exit the bone marrow and
enter into tissues in response to chemokine cues. Indeed,
BMPCs may circulate widely in the body; recent work has
shown that sphingosine 1-phosphate (S1P) signaling is used
as a egress signal for these cells to reenter the lymphatic
system to eventually return to the bone marrow.2 Once in the
tissue, BMPCs respond to extracellular signals to differentiate
into cells that are closely associated with the vascular system.
Although opinions are divided whether BMPCs are incorporated into the vascular tree or are perivascular, it is clear that
their presence is functionally important for inflammation,
neoplasia and angiogenesis.3 Indeed, several clinical trials are
currently testing the efficacy of bone marrow cell therapy in
ischemic tissues.4,5
Such bone marrow– derived cells modulate vascular and
tissue responses by elaborating cytokines, chemokines and
lipid mediators.1,3 Interestingly, the lipid mediator S1P has
been the subject of recent interest as a regulator of vascular
and immune systems.6 It is produced by the metabolism of
sphingomyelin, an abundant phospholipid essential for the
formation of membrane domains such as rafts and caveolae.7
Sphingomyelinase hydrolyzes sphingomyelin to form ceramide, which is further degraded by ceramidase to form
sphingosine. Sphingosine levels are kept low because sphingosine kinase (Sphk) catalyzes the phosphorylation into S1P.
Subsequently, S1P lyase catalyzes its irreversible degradation
of S1P into hexadecenal and phosphoethanolamine, intermediates in the biosynthesis of phospholipids. Many of the steps
in the S1P metabolic pathway are reversible. For example,
S1P is converted by S1P phosphatase enzymes into sphinThe opinions expressed in this editorial are not necessarily those of the
editors or of the American Heart Association.
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ride-induced lung injury.18 They show that intravenous therapy with BMPCs improved pulmonary edema and lethality
from lipopolysaccharide. Interestingly, BMPCs from
Sphk1⫺/⫺ mice did not provide similar protection, suggesting
that secretion of S1P from the BMPCs in the local environment and activation of S1P1 receptors on the pulmonary
vasculature protected the lung tissue from excessive vascular
leak. In support of this, the authors show that BMCP from
wild-type mice secreted S1P and induced transendothelial
monolayer resistance in a S1P1-dependent manner. Indeed,
the ability of BMPCs to induce adherens junctions in endothelial cell monolayers required signaling by small GTPases
Rac and Cdc42, which is very similar to signal transduction
pathways induced by S1P-induced activation of its receptor
on endothelial cells.12 These data are of importance in the
understanding of pathogenesis of pulmonary edema induced
during infections. In addition, from a therapeutic standpoint,
activation of S1P1 receptors by agonists should aid in the
alleviation of pulmonary vascular leak. Indeed, S1P receptor
modulators have been tested for potential clinical application
in the control of autoimmune reactions in multiple sclerosis.19
However, the prototypical S1P receptor modulator, FTY720
has a complex mode of action: although it is a potent agonist
on S1P1, it acts as a functional antagonist because it downregulates S1P1 receptors and induces ubiquitinylationdependent proteosomal degradation of the receptor.6 Thus, an
agonist of S1P1 that does not induce receptor downregulation
or degradation is needed to inhibit pathological vascular
permeability in the lung. In the absence of such a pharmacological tool, BMPC therapy appears promising.
Despite these promising findings, data in the report suggest
that more complex mechanisms may be at play. Characterization of BMPCs from wild-type and Sphk1⫺/⫺ mice indicated significant differences in cell surface marker expression. Interestingly, progenitor/stem cell markers were
reduced and differentiated vascular and hematopoietic markers were elevated in Sphk1⫺/⫺ BMPCs, suggesting that lack
of Sphk1 enzyme facilitates cellular differentiation. Indeed,
work from the laboratory of Gamble has shown that Sphk1
regulates the rate of endothelial progenitor cell differentiation.20 The mechanism by which Sphk1 regulates renewal
and/or differentiation of BM stem cells and progenitors is not
known, but G protein– coupled receptor–independent mechanisms may be involved. Indeed, because Sphk1 occupies a
central position in the sphingolipid metabolic pathway, lack of
this enzyme may alter cell fate in rapidly proliferating progenitor
populations that require tight control of membrane turnover.
Alternatively, intracellular signaling function of sphingolipid
metabolites, such as sphingosine, ceramide or S1P itself may be
involved. Thus, functional differences in BMPCs from wild-type
versus Sphk1⫺/⫺ mice may be involved in the differential
protective functions of these two populations. Second, Zhao et al
noted that pulmonary retention of wild-type and Sphk1⫺/⫺
BMPCs are very different. Although it is not known why
injected Sphk1⫺/⫺ BMPCs are not retained in the lungs, differential cellular adhesion or survival may be responsible. Thus, in
addition to released S1P, phenotypic alterations between
BMPCs from wild-type and Sphk1⫺/⫺ mice may explain the
differences in pulmonary protection.
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Non-standard Abbreviations and Acronyms
BMPC
S1P
Sphk

bone marrow– derived progenitor cell
sphingosine 1-phosphate
sphingosine kinase

Several critical questions are highlighted by the interesting
results of Zhao et al. For example, how is Sphk1 activated in
BMPCs? What is the functional role of Sphk1 in BMPCs?
What cytokines are elaborated by Sphk1⫺/⫺ BMPCs and does
S1P signaling play a role in migration and/or egress of
BMPCs in the lung? Ultimately, one would like to know if
BMPCs are recruited physiologically during infection to help
restore pulmonary microvascular function. Nevertheless,
these results also suggest exciting opportunities for
BMPC-based therapies to control infectious diseases. In
addition, Sphk1 and S1P1 function were shown to be
critical for human ES cell proliferation.21 Therefore, this
system may be a fundamental signaling pathway in stem/
progenitor cell biology.

Sources of Funding
Supported by NIH grants HL67330 and HL89934.

Disclosures
None.

References
1. Kopp HG, Ramos CA, Rafii S. Contribution of endothelial progenitors
and proangiogenic hematopoietic cells to vascularization of tumor and
ischemic tissue. Curr Opin Hematol. 2006;13:175–181.
2. Massberg S, Schaerli P, Knezevic-Maramica I, Kollnberger M, Tubo N,
Moseman EA, Huff IV, Junt T, Wagers AJ, Mazo IB, von Andrian UH.
Immunosurveillance by hematopoietic progenitor cells trafficking
through blood, lymph, and peripheral tissues. Cell. 2007;131:994 –1008.
3. Hirschi KK, Ingram DA, Yoder MC. Assessing identity, phenotype, and
fate of endothelial progenitor cells. Arterioscler Thromb Vasc Biol. 2008;
28:1584 –1595.
4. Segers VF, Lee RT. Stem-cell therapy for cardiac disease. Nature. 2008;
451:937–942.
5. Dimmeler S, Zeiher AM. Cell therapy of acute myocardial infarction:
open questions. Cardiology. 2009;113:155–160.
6. Skoura A, Hla T. Lysophospholipid receptors in vertebrate development,
physiology, and pathology. J Lipid Res. 2009;50(suppl):S293–S298.
7. Hannun YA, Obeid LM. Principles of bioactive lipid signalling: lessons
from sphingolipids. Nat Rev Mol Cell Biol. 2008;9:139 –150.
8. Hla T, Venkataraman K, Michaud J. The vascular S1P gradient-cellular
sources and biological significance. Biochim Biophys Acta. 2008;1781:
477– 482.
9. Schwab SR, Cyster JG. Finding a way out: lymphocyte egress from
lymphoid organs. Nat Immunol. 2007;8:1295–1301.
10. Lee MJ, Van Brocklyn JR, Thangada S, Liu CH, Hand AR, Menzeleev R,
Spiegel S, Hla T. Sphingosine-1-phosphate as a ligand for the G proteincoupled receptor EDG-1. Science. 1998;279:1552–1555.
11. Lee MJ, Thangada S, Claffey KP, Ancellin N, Liu CH, Kluk M, Volpi M,
Sha’afi RI, Hla T. Vascular endothelial cell adherens junction assembly
and morphogenesis induced by sphingosine-1-phosphate. Cell. 1999;99:
301–312.
12. Komarova YA, Mehta D, Malik AB. Dual regulation of endothelial
junctional permeability. Sci STKE. 2007;2007:re8.
13. Garcia JG, Liu F, Verin AD, Birukova A, Dechert MA, Gerthoffer WT,
Bamberg JR, English D. Sphingosine 1-phosphate promotes endothelial
cell barrier integrity by Edg-dependent cytoskeletal rearrangement. J Clin
Invest. 2001;108:689 –701.

616

Circulation Research

September 25, 2009

14. Sanchez T, Estrada-Hernandez T, Paik JH, Wu MT, Venkataraman K,
Brinkmann V, Claffey K, Hla T. Phosphorylation and action of the
immunomodulator FTY720 inhibits vascular endothelial cell growth
factor-induced vascular permeability. J Biol Chem. 2003;278:
47281– 47290.
15. McVerry BJ, Peng X, Hassoun PM, Sammani S, Simon BA, Garcia JG.
Sphingosine 1-phosphate reduces vascular leak in murine and canine
models of acute lung injury. Am J Respir Crit Care Med. 2004;170:
987–993.
16. Sanna MG, Wang SK, Gonzalez-Cabrera PJ, Don A, Marsolais D,
Matheu MP, Wei SH, Parker I, Jo E, Cheng WC, Cahalan MD, Wong CH,
Rosen H. Enhancement of capillary leakage and restoration of lymphocyte egress by a chiral S1P1 antagonist in vivo. Nat Chem Biol.
2006;2:434 – 441.
17. Camerer E, Regard JB, Cornelissen I, Srinivasan Y, Duong DN, Palmer
D, Pham TH, Wong JS, Pappu R, Coughlin SR. Sphingosine-1-phosphate
in the plasma compartment regulates basal and inflammation-induced
vascular leak in mice. J Clin Invest. 2009;119:1871–1879.

18. Zhao YD, Ohkawara H, Rehman J, Wary KK, Vogel SM, Minshall RD,
Zhao Y-Y, Malik AB. Bone marrow progenitor cells induce endothelial
adherens junction integrity by sphingosine-1-phosphate–mediated Rac1
and Cdc42 signaling. Circ Res. 2009;105:696 –704.
19. O’Connor P, Comi G, Montalban X, Antel J, Radue EW, de Vera A,
Pohlmann H, Kappos L. Oral fingolimod (FTY720) in multiple sclerosis:
two-year results of a phase II extension study. Neurology. 2009;72:73–79.
20. Bonder CS, Sun WY, Matthews T, Cassano C, Li X, Ramshaw HS, Pitson
SM, Lopez AF, Coates PT, Proia RL, Vadas MA, Gamble JR. Sphingosine kinase regulates the rate of endothelial progenitor cell differentiation. Blood. 2009;113:2108 –2117.
21. Pebay A, Wong RC, Pitson SM, Wolvetang EJ, Peh GS, Filipczyk A, Koh
KL, Tellis I, Nguyen LT, Pera MF. Essential roles of sphingosine-1phosphate and platelet-derived growth factor in the maintenance of
human embryonic stem cells. Stem Cells. 2005;23:1541–1548.
KEY WORDS: bone marrow progenitor cells 䡲 vascular permeability
sphingosine kinase 䡲 sphingosine 1-phosphate

䡲

Downloaded from http://circres.ahajournals.org/ by guest on January 20, 2018

Plugging Vascular Leak by Sphingosine Kinase From Bone Marrow Progenitor Cells
Timothy Hla
Downloaded from http://circres.ahajournals.org/ by guest on January 20, 2018

Circ Res. 2009;105:614-616
doi: 10.1161/CIRCRESAHA.109.207068
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2009 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, along with updated information and services, is located on the
World Wide Web at:
http://circres.ahajournals.org/content/105/7/614

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the
Editorial Office. Once the online version of the published article for which permission is being requested is
located, click Request Permissions in the middle column of the Web page under Services. Further information
about this process is available in the Permissions and Rights Question and Answer document.
Reprints: Information about reprints can be found online at:
http://www.lww.com/reprints
Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournals.org//subscriptions/

