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Abstract

Abstract Of the multiple and diverse homeostatic events that involve the lung vascular
endothelium, participation in preserving vascular integrity and therefore organ function is
paramount. We were the first to show that the lipid growth factor and angiogenic factor,
sphingosine-1-phosphate, is a critical agonist involved in regulation of human lung vascular barrier
function (Garcia et al. J Clin Invest, 2011). Utilizing both in vitro models and preclinical murine,
rat, and canine models of acute and chronic inflammatory lung injury, we have shown that S1Ps,
as well as multiple S1P analogues such as FTY720 and ftysiponate, serve as protective agents
limiting the disruption of the vascular EC monolayer in the pulmonary microcirculation and
attenuate parenchymal accumulation of inflammatory cells and high protein containing
extravasated fluid, thereby reducing interstitial and alveolar edema. The vasculo-protective
mechanism of these therapeutic effects occurs via ligation of specific G-protein-coupled receptors
and an intricate interplay of S1P with other factors (such as MAPKS, ROCKs, Rho, Racl) with
rearrangement of the endothelial cytoskeleton to form strong cortical actin rings in the cell
periphery and enhanced cell-to-cell and cell-to-matrix tethering dynamics. This cascade leads to
reinforcement of focal adhesions and paracellular junctional complexes via cadherin, paxillin,
catenins, and zona occludens. S1P through its interaction with Rac and Rho influences the
cytoskeletal rearrangement indicated in the later stages of angiogenesis as a stabilizing force,
preventing excessive vascular permeability. These properties translate into a therapeutic potential
for acute and chronic inflammatory lung injuries. S1P has potential for providing a paradigm shift
in the approach to disruption of critical endothelial gatekeeper function, loss of lung vascular
integrity, and increased vascular permeability, defining features of acute lung injury (ALI), and
may prove to exhibit an intrinsically protective role in the pulmonary vasculature ameliorating
agonist- or sepsis-induced pulmonary injury and vascular leakage.
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Introduction

The lung vascular endothelium is a critical participant in multiple homeostatic events that
preserve the lung’s physiologic function. These range from maintenance of vascular tone,
blood coagulation, inflammation, angiogenesis, cell homeostasis, and the maintenance of
lung fluid balance. For example, the lung endothelium is essential to adequate gas transfer
and tissue oxygenation but serves as a primary cellular target in the profound physiologic
derangement that accompanies acute and chronic inflammatory lung injuries. Via disruption
of critical endothelial gatekeeper function, the loss of lung vascular integrity results in
parenchymal accumulation of leukocytes and extravascular lung water and increased
vascular permeability, defining features of acute lung injury (ALI) that contribute to the
increased morbidity and mortality of this devastating syndrome. Consequently, there is
substantial interest in the development and utilization of clinically effective agents that either
interfere with or prevent lung vascular endothelial cell (EC) barrier dysfunction, restore EC
barrier integrity, reduce alveolar flooding, and improve respiratory mechanics (Schuchardt et
al. 2011; Snider et al. 2010; Belvitch and Dudek 2012; Bazzoni and Dejana 2004; Jacobson
and Garcia 2007; Komarova et al. 2007).

The vascular endothelium is composed of a single layer of ECs and an underlying layer of
extracellular matrix and serves as a semipermeable barrier, regulating exchange of gases,
water, and solutes across it (Donati and Bruni 2006; Belvitch and Dudek 2012; Bazzoni and
Dejana 2004). The transport of fluids and macromolecules across the endothelium is
regulated by three main processes. Capillary beds contain fenestrae that are small diaphragm
covered pores in the endothelium allowing the passive diffusion based transport of the
particles based on the size and charge selective characteristics of the particle. In contrast to
diffusion, transcytosis is an active process that involves the fusion of endocytic vesicles with
the luminal endothelial membrane in response to ligation with cell surface glycoproteins.
The third process, and the most important in pathological conditions, is the paracellular
pathway, which involves the transit of particles through the gaps between ECs (McVerry and
Garcia 2004). The pulmonary vascular and microvascular network is extremely extensive
and is composed of non-fenestrated type of endothelium and is the major hub of fluid and
solute exchange. Prolonged disruption of this homeostatic exchange is an indication of
inflammatory pathological conditions such as acute lung injury and sepsis (Snider et al.
2010; Donati and Bruni 2006; Belvitch and Dudek 2012; Bazzoni and Dejana 2004; English
et al. 2001).

The class of cell membrane components termed the sphingolipids (Schuchardt et al. 2011),
aptly named in 1884 after the mysterious Sphinx of Greek mythology, is recognized as
integral components of cellular function and modulators of EC function. This chapter
focuses on the role of sphingolipids as critical integral participants in numerous vascular
physiological and biological responses (Hla and Brinkmann 2011; Snider et al. 2010) with a
particular focus on lung vascular barrier regulation (Lucke and Levkau 2010). The
cumulative effects of these actions are the reduction of barrier permeability resulting in
decreased fluid collection, diminished inflammatory cell migration, and vascular cellular
disruption, ultimately leading to enhancement of barrier integrity. We outline the molecular
mechanisms of both homeostatic and pathobiologic lung vascular barrier regulation and
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barrier restoration processes that occur in response to the bioactive sphingolipid growth
factor, sphingosine-1-phosphate (S1P), and ligation of the family of S1P G-protein-coupled
receptors and the translation of this information into novel barrier-modulatory therapeutic
strategies (Lucke and Levkau 2010; Donati and Bruni 2006; Belvitch and Dudek 2012;
Bazzoni and Dejana 2004; Bode et al. 2010; Boguslawski et al. 2002; Rosen et al. 2007).

2 Sphingosine-1-Phosphate Biosynthesis in Lung Endothelium

As noted elsewhere in this book, over 300 different sphingolipids have been identified, each
having a unique head group and a common long chain sphingoid base backbone of
ceramide. Sphingosine-1-phosphate (S1P) is a sphingolipid resulting from the
phosphorylation of sphingosine, a product of sphingomyelinase catabolism of
sphingomyelin, catalyzed by sphingosine kinase (SphK) (Fig. 1). The catabolism of
ceramide also may lead to the production of S1P (Schuchardt et al. 2011; Lucke and Levkau
2010). Various enzymes are involved in this process of S1P genesis and may take one of two
routes: de novo generation or via a salvage pathway. The endoplasmic reticulum is the main
site for the de novo pathway and involves various intermediates such as serine, palmitoyl
coenzyme A, and fatty acids, leading to the formation of ceramide. The remaining steps
ultimately leading to S1P production occur in the Golgi apparatus and involve the
phosphorylation of sphingosine by SphK which exists in two isoforms (SphK1, SphK2)
exhibiting a similar structure but distinct catalytic properties, cellular distribution, and
expression traits (Schuchardt et al. 2011; Lucke and Levkau 2010; Waeber et al. 2004). The
salvage pathway involves the recycling of sphingolipids and ceramide by catabolic actions
of glucocerebrosidases and sphingomyelinases and the action of ceramidases that breakdown
ceramides to sphingosine and finally the formation of S1P, which then exerts its influence
through the S1P receptors (Schuchardt et al. 2011; Snider et al. 2010). All cells in the body
have the ability to produce S1P during the course of sphingomyelin metabolism; however,
erythrocytes and ECs are very prominent source of S1P present in plasma (Fig. 2). The
transfer of the S1P from the intracellular environment of its genesis to the extracellular
environment of its action is facilitated by ATP-binding cassette (ABC)-type transporters,
although additional mechanisms must exist as experiments in mice lacking these transporters
showed unchanged levels of S1P in the plasma. The concentration of S1P in the plasma
ranges between 200 and 1,000 nM, primarily bound to HDL but also to albumin, LDL, and
VLDL. Even though the total quantity of S1P in the plasma is greater than the concentration
of its receptors, the biologically active available fraction of S1P is only about 1-2 %. This
indicates that the major portion of the S1P in the plasma is present as a buffered form or in a
condensed form, explaining the enormous capacity of the HDL to transport S1P in the
plasma, buffer it, and to carry away excess S1P produced at sites of inflammation. This
relationship is also involved in many HDL-S1P biological activities such as NO-induced
vasodilatation, antioxidant, anti-apoptotic, angiogenic, and anti-inflammatory responses. A
likely explanation is that the HDL transports S1P such that only a limited portion of its cargo
is exposed to S1P receptors, potentially intricate process involving HDL engagement with its
own receptors before S1P docking with S1P receptors. This mechanism is supported by the
observation that experimental exogenous loading of HDL with S1P enhances inhibition of
apoptosis in EC induced by oxidized LDLs (Schuchardt et al. 2011; Lucke and Levkau
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2010; Hla and Brinkmann 2011; Donati and Bruni 2006; Zhao et al. 2007; Berdyshev et al.
2011; Venkataraman et al. 2006; Yang et al. 1999; Yatomi et al. 1995; Waeber et al. 2004;
Boguslawski et al. 2002; Saba and Hla 2004).

3 S1P Signal Transduction via Lung Endothelial S1P Receptors and Rho
Family GTPases

The neglected status of S1P changed with the discovery and study of the five G-protein-
coupled S1P cell surface receptors (S1IPR1-S1PR5), formerly known as endothelial
differentiation gene or £dg receptors, resulting in the appreciation of S1P as a
multifunctional bioactive signaling lipid molecule. Although in mouse embryonic fibroblasts
devoid of S1P receptors, S1P continued to mediate growth and survival, the majority of S1P-
associated functions are performed through receptor-mediated signaling. The various S1PRs
interact mainly with a subunits of G proteins: Gi, Gg, and G 12/13 to initiate signaling
associated with S1P (Snider et al. 2010; Garcia et al. 2001; Waeber et al. 2004; Rosenfeldt et
al. 2003; Lee et al. 1998; Liu et al. 2000; An et al. 2000; Ohmori et al. 2001). These
receptors have prominent effects on the vasculature, promoting endothelial cell mitogenesis,
chemotaxis, and angiogenesis. The primary S1P receptors expressed in ECs are SIPR1 and
S1PR3, which exhibit distinct coupling to Rho family GTPases (Rho, Rac, and Cdc42), a
group of regulatory molecules that channel signals from cell surface receptors to their
downstream effectors including actin cytoskeletal components. Rac activity is associated
with adherens junctional assembly, cytoskeletal rearrangement, and lamellipodia formation
(Lucke and Levkau 2010; Snider et al. 2010; Garcia et al. 2001; Berdyshev et al. 2011;
Gosens et al. 2004; Lee et al. 1996, 1998, 1999; Birukova et al. 2004; Rosen and GoetzI
2005; Rosenfeldt et al. 2003; Amano et al. 1996; Ohmori et al. 2001). We demonstrated that
S1PR1 is the critical S1P receptor for barrier enhancement (McVerry and Garcia 2004; Sun
et al. 2009) mediated by the small GTPase Racl, inducing a signaling pathway that leads to
cytoskeletal rearrangement with increased cortical peripheral actin resulting in increased EC
junctional integrity and focal adhesion strength (Garcia et al. 2001; Adyshev et al. 2011;
Wang and Dudek 2009; Lee et al. 1996; Singleton et al. 2005) (Fig. 3). Ligation of S1IPR1
increases Rac GTPase activity resulting in increased endoplasmic reticulum-derived
cytosolic calcium (Worthylake et al. 2001), processes critical to S1P-mediated vascular
effects. S1P activates Rac GTPase in pertussis toxin-sensitive fashion to aid in the
enhancement of vascular integrity via the construction of adherens junctions and cytoskeletal
modifications and lamellipodia formation (Fig. 3). Microinjection of dominative-negative
Rac into EC reduces S1P-induced VE-cadherin and B-catenin accumulation at the cell-cell
junctions, translocation of cortactin, and the polymerization of cortical actin. Overexpression
of activated Rac GTPase institutes changes in the cortical actin similar to those produced by
S1P ligation of SIPR1 (Adyshev et al. 2011; Ebnet et al. 2000; Wojciak-Stothard et al. 2006;
Corada et al. 1999; Carmeliet et al. 1999; Mitra et al. 2005; Owen et al. 2007; Chae et al.
2004; Waterman-Storer et al. 1999). In addition to lamellipodia, there is increased actin
polymerization at the cell periphery (i.e., the cortical actin ring) that occurs with increased
force driven by the actin-binding proteins, cortactin, and nmMLCK, which also translocate
to this spatially defined region. Like lamellipodia formation, Rac GTPase-dependent
increases in cortical actin follow, after exposure to multiple EC barrier-enhancing or
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maintaining functions, with cortactin directly interacting with nmMLCK, an association
which is increased by p60 Src tyrosine phosphorylation of either cortactin or nmMLCK
(Parizi et al. 2000). Rac activation is in conjunction with Akt-mediated phosphorylation
events known to be involved in EC proliferation and migration (Singleton et al. 2007) and
EC barrier enhancement (McVerry and Garcia 2004; Krump-Konvalinkova et al. 2005;
Mehta et al. 2005; Arce et al. 2008; Birukova et al. 2004, 2007; Ryu et al. 2002).

The cortical cytoskeletal rearrangement produced by the S1P involves specific signaling
sequences that bind to the p21-associated Ser/Thr kinase (PAK), an important downstream
Rac target (Shikata et al. 2003b; Arce et al. 2008), as its binding to Rac results in the
phosphorylation and activation of LIM kinase and the subsequent inactivation of the LIM
kinase target, cofilin (Shikata et al. 2003b; Arce et al. 2008). Cofilin is an actin-binding
protein with actin-severing capabilities leading to actin disassembly, events resulting in EC
barrier enhancement. PAK and cofilin allow polymerization—depolymerization cycling to
occur and thus facilitate rearrangement of actin from primarily transcytoplasmic to primarily
cortical in a spatially distinct organization as a cortical actin cellular ring, findings which are
integral to EC barrier function (Schuchardt et al. 2011). Transfection of EC with PAK-1
dominant negative construct significantly reduces S1P-mediated increases in the cortical
restructuring, whereas adenoviral-mediated cofilin overexpression prominently attenuates
the barrier stabilizing actions of S1P. Rac activation is also critical to the translocation of
cortactin, an actin-binding protein that stimulates actin polymerization and stabilizes actin
filaments. (Belvitch and Dudek 2012; Shikata et al. 2003b; Singleton et al. 2005; Mitra et al.
2005; Narumiya et al. 1997) And via binding to MLCK localizes to the site of cortical actin
polymerization (Belvitch and Dudek 2012; Sun et al. 2009). S1P induced increases in
transendothelial electrical resistance (TER) responses, a reflection of barrier integrity, are
also reduced when Rac expression is experimentally reduced using siRNA. Of the remaining
two members the Rho family of GTPases, Rho has been shown to be involved in the
phenotypic modulation and contraction in smooth muscles along with the formation of stress
fibers and focal adhesions, whereas Cdc42 has been shown to be a regulator in filopodia
formation (Adyshev et al. 2011; Arce et al. 2008; Wojciak-Stothard et al. 2006; Birukova et
al. 2004; Wysolmerski and Lagunoff 1990; Ohmori et al. 2001).

4 S1P Recruitment of Signaling Molecules to Lipid Rafts

Lipid rafts are a complex aggregation of various proteins and lipids with sphingolipids and
cholesterol embedded within the plasma membrane. Integral components of the lipid rafts
include the ganglioside GM1 and caveolin-1 that are directly involved in lipid raft-mediated
cell signaling and in S1P-directed vascular barrier regulation as disruption of the liquid-
ordered phase of lipid rafts results in inhibition of S1P-mediated barrier enhancement. The
dependence of S1P on raft-mediated signaling to maintain and enhance vascular barrier
integrity was confirmed through two-dimensional gel electrophoresis (2-DE) immunoblots
of phosphotyrosine proteins that demonstrated an attenuation in levels of phosphotyrosine
induced by S1P when the membrane raft formation is interrupted. Mass spectrometry
identified over 200 proteins in membrane rafts with S1P inducing recruitment of >20 barrier-
regulatory phosphotyrosine proteins established such as focal adhesion kinase (FAK),
cortactin, p85a phosphatidylinositol 3-kinase (p85a. PI13K), myasin light-chain kinase
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(nmMLCK), filamin A/C, and the non-receptor tyrosine kinase, c-Abl (McVerry et al. 2004).
In addition, S1P-induced signaling in human lung EC caveolin-rich microdomains (CEMs)
identified additional upstream effectors that contribute to the barrier regulatory properties
including Rac, PAK, cofilin, S1IP1, S1P3, PI3 kinase catalytic subunits p110a/p, Tiam1 (T-
cell lymphoma invasion and metastasis-inducing protein 1), and a-actinin 1/4 to CEMs
(Quadri et al. 2003; Vestweber 2008; Venkiteswaran et al. 2002; Parizi et al. 2000; Spiegel
and Milstien 2003; Rosenfeldt et al. 2003). Experimental reduction or inhibition of each
upstream effector components derails the P13 kinase-Tiam-Racl pathway and impairs S1P-
induced cytoskeletal rearrangement imperative for barrier enhancement. Disruption of the
CEM using methyl-p-cyclodextrin (MBCD), a cholesterol exhausting agent, hampers the
recruitment of S1IPR and PI3 kinase p110a/p by S1P to CEMs and negatively impacts EC
barrier enhancement. Similarly, reductions in expression of SIPR1, Tiam1, or PI3k all yield
the same negative results on barrier dynamics. Finally, advanced studies employing
quantitative proteomic analysis (iTRAQ) revealed additional proteins involved with S1P in
barrier maintenance such as myristoylated alanine-rich protein kinase C substrate
(MARCKS) and MARCKS-related protein (MRP) whose silencing also attenuates S1P-
mediated EC barrier enhancement. Endoplasmic reticulum Ca2* also plays a vital role in the
S1P-mediated Rac activation. S1P produces an increase in the intracellular Ca2*
concentration via the Gp-dependent pathway, which can be blocked by inhibition of G,
phospholipase C (PLC), or inositol triphosphate receptors, thus preventing the increase in
Ca?*, Rac activation, adherens junction assembly, and ultimately barrier enhancement
(Mehta et al. 2005; Singleton et al. 2005; Brinkmann et al. 2002; Argraves et al. 2004;
Rosen et al. 2007).

5 S1PR1 Signaling to the Lung Endothelial Cytoskeleton and Restoration

of Vascular Integrity

As noted above, we demonstrated that S1PR1 is the critical S1P receptor for barrier
enhancement (Berdyshev et al. 2011; Adyshev et al. 2011; Arce et al. 2008) mediated by
Racl GTPase-mediated signaling pathway, leading to cytoskeletal rearrangement with
increased cortical peripheral actin resulting in increased EC junctional integrity and focal
adhesion strength (Berdyshev et al. 2011; Adyshev et al. 2011; Arce et al. 2008; Birukova et
al. 2004) (Fig. 3). Consistent with the conceptual framework that barrier regulation is
intimately linked to the cytoskeleton, changes in the actin cytoskeleton were essential for
S1P-mediated barrier enhancement as cytochalasin B, an actin depolymerizing agent, and
latrunculin B, which inhibits actin polymerization; each prevent the barrier-enhancing
effects of S1P. While increases in MLC phosphorylation within stress fibers are critical to
barrier disruption (Fig. 4), MLC phosphorylation is also a key element in S1P-mediated
barrier enhancement and occurs in a peripheral distribution within the cortical actin ring
(Schuchardt et al. 2011), providing strength to this spatially directed scaffolding force and
enhancing cell—cell tethering as we described via atomic force microscopy (Belvitch and
Dudek 2012). Immunofluorescence studies demonstrated that overexpressed GFP-nmMLCK
distributes along cytoplasmic actin fibers, but rapidly translocates to the cortical regions of
the cell after S1P treatment, rapidly catalyzing MLC phosphorylation. In addition, confocal
microscopy studies show EC challenged with S1P demonstrates colocalization of nmMLCK
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with the key actin-binding and EC barrier-regulatory protein, cortactin (Belvitch and Dudek
2012; Garcia et al. 2001; Sammani et al. 2010) (Fig. 4). Cortactin is involved in stimulating
actin polymerization (Owen et al. 2007) and cortical actin rearrangement (Belvitch and
Dudek 2012), and tyrosine phosphorylation of cortactin is seen after stimuli which cause
cytoskeletal rearrangement (Belvitch and Dudek 2012). The C-terminal SH3 region of
phosphorylated cortactin directly interacts with nmMLCK at higher rates than non-
phosphorylated cortactin, and the interaction of cortactin and nmMLCK decreases cortactin-
stimulated actin polymerization (Belvitch and Dudek 2012; Sun et al. 2009; Garcia et al.
2001; Sammani et al. 2010; Shikata et al. 2003b; Singleton et al. 2005) and is essential to
S1P barrier protection. A cortactin-blocking peptide (CBP), which competitively blocks the
cortactin SH3 site and nmMLCK interaction, did not affect S1P-induced cortactin
translocation or cortical actin ring formation, but significantly attenuated S1P-induced
barrier enhancement. Immunofluorescence showed that S1P as well as other barrier-
enhancing agents (such as HGF) produced rapid translocation of cortactin to the EC
periphery, an effect not seen when EC are treated with the barrier-disrupting agent, thrombin
(Narumiya et al. 1997). Thus, tyrosine phosphorylation of cortactin is not necessary for
peripheral translocation of cortactin after S1P but is necessary for S1P-induced barrier
enhancement. p60°C is not involved in this pathway, but other tyrosine kinases, such as c-
abl, are likely involved (Garcia et al. 2001; Sammani et al. 2010; Shikata et al. 2003b;
Singleton et al. 2005). Thus, cortactin, nmMLCK, and the intracellular location of
phosporylated MLC are all critically important in the barrier enhancement induced by S1P
(Wang and Dudek 2009; Vouret-Craviari et al. 2002; Xu et al. 2007; Vestweber 2008;
Venkiteswaran et al. 2002; Narumiya et al. 1997; Parizi et al. 2000; Wysolmerski and
Lagunoff 1990; Rosenfeldt et al. 2003; Zondag et al. 1998). Antisense oligonucleotide
techniques to create depleted cortactin states result in a significant blunting of EC barrier
response to S1P. Similarly studies also showed elevated TER readings in EC following
overexpression of wild-type cortactin after administration of S1P. EC with a reduced
expression of cortactin, when exposed to S1P, showed AFM elasticity patterns that closely
resembled the elasticity patterns of unstimulated EC. It has been observed that in order to
achieve peak S1P-induced barrier enhancement phosphorylation of cortactin at three
essential tyrosine residues (Tyr421, Tyr466 and Tyr 482) is required. This phosphorylation is
mediated through Src. When parallel studies are done in mutant strains of cortactin that lack
these tyrosine residues, significantly lower TER patterns are obtained. As with cortactin,
S1P-stimulated rapid displacement of nmMLCK to areas of active membrane ruffling acting
in concert with the relocated cortactin combined actions essential for the optimal action of
S1P. Thus, cortactin and nmMLCK play a critical role in the enhancement of vascular barrier
integrity in response to S1P (Donati and Bruni 2006; Sun et al. 2009; Zhang et al. 1997).

6 S1P Signaling to Lung Endothelial Adherens Junctions and Focal

Contacts

Highly specialized proteins serve as points of contact between the individual ECs and
between the ECMs with three main types of junctional points of contact between the ECs:
the adherens junctions (AJ or zonula adherens), tight junctions (TJ or zonula occludens), and
gap junctions (GJ). AJ and TJ have very few junctional proteins in common and institute
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intracellular adhesion through the formation of paracellular zipper-like structures along their
transmembrane adhesion sites (Bazzoni and Dejana 2004; Furuse et al. 1994; Lee et al.
2006; Ebnet et al. 2000; Mehta et al. 2002, 2005). The major structural protein of AJ in the
EC is the vascular endothelial cadherin (VE-cadherin) composed of five extracellular
cadherin domains and employing a Ca2-dependent mechanism to mediate homophilic
interaction between adjacent ECs. The VE-cadherin cytoplasmic tail is similar to other
cadherins and avidly binds to p-catenin or plakoglobin (y-catenin). B-catenin or plakoglobin
actively bind to a-catenin, an actin-binding protein, firmly anchoring the AlJ to the actin
cytoskeleton. a-catenin can also bind a-actinin and vinculin, further adding stability to the
AJ complexes. An additional non-actin-binding player that also assists in AJ stability is
p120, binding to a membrane proximal domain of VE-cadherin. VE-cadherin is essential in
barrier function and normal vascular development as evident from VE-cadherin knockout
mice, which do not survive embryonically due to immature vascular development. In mouse
model, exposure to anti-VE-cadherin antibodies results in increased pulmonary vascular
permeability; similarly, overexpression of VE-cadherin lacking mutant, or the chelation of
extracellular Ca2* by EDTA, also yields the same results along with EC barrier disruption.
Severing interaction between B-catenin and VE-cadherin negatively alters the AJ junction
formation and its adhesive strength with adjacent cells and the actin cytoskeleton. Studies in
human EC show a substantial increase in the levels of VE-cadherin and B-catenin at the cell-
cell contact region to enhance AJ assembly and interaction. Both protein complexes are
critical to maintaining EC barrier function and signal transduction from within each cell to
its surrounding matrix and neighboring cells (Sun et al. 2009; Bazzoni and Dejana 2004;
Furuse et al. 1994; Lee et al. 1996; Ebnet et al. 2000; Mehta et al. 2002, 2005). Co-
immunoprecipitation studies revealed the increased association of VE-cadherin with FAK
and paxillin in S1P-challenged EC with enhancement of VE-cadherin interaction with a-
catenin and B-catenin associated with the increased formation of FAK-B-catenin protein
complexes. Depletion of p-catenin using specific SIRNA resulted in complete loss of S1P
effects on VE-cadherin association with FAK and paxillin rearrangement. These results
demonstrate that S1P-induced endothelial barrier enhancement involves p-catenin-linked
adherens junction/focal adhesion interaction (Hla and Brinkmann 2011; Sun et al. 2009;
Bazzoni and Dejana 2004; Furuse et al. 1994; Lee et al. 1996; Quadri and Bhattacharya
2007; Shikata et al. 2003a, b; Venkiteswaran et al. 2002; Corada et al. 1999). Experiments
involving human embryonic kidney cell lines show that overexpression of S1P increases the
expression values of P and E-cadherin, but not a- and p-cadherin, to promote cell—cell
aggregation through a Ca2-based mechanism. Similarly S1P silencing leads to an
underexpression of both VE-cadherin and platelet endothelial cell adhesion molecule-1
(PECAM-1). Despite all this evidence regarding the important role of VE-cadherin in
assisting in AJ junctional stability, a direct link between VE-cadherin and S1P-mediated
barrier regulation is still vague; furthermore, recent studies have shown that VE-cadherin
may not be involved in the rapid and immediate effects of S1P on the barrier regulation as
shown through TER studies but may play a role in the delayed onset-sustained effects of S1P
on barrier enhancement. Thus, the S1P/S1P1 signaling pathways not only plays a crucial
role in the translocation of cadherin molecules and AJ assembly but also oversees the
expression of integral junctional molecules (Bazzoni and Dejana 2004; Furuse et al. 1994;
Gosens et al. 2004; Ebnet et al. 2000; Mehta et al. 2005; Quadri and Bhattacharya 2007;

Handb Exp Pharmacol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbasi and Garcia

Page 9

Corada et al. 1999; Carmeliet et al. 1999; Birukova et al. 2007; Narumiya et al. 1997,
Vestweber et al. 2009).

The influence of S1P in relation is not limited to just AJ but also includes tight junctions
(TJ). The TJ are positioned on the outer leaflets of the lateral membranes between adjacent
cells. TJ regulates the movement of solutes across intercellular spaces (barrier function) and
the movement of membrane proteins between the apical and basolateral domains of the
plasma membrane (fence function). The TJ consists of a complex of proteins including
claudins, occludins, and junctional adhesion molecules (JAM). The TJ anchors into the actin
cytoskeleton through the interaction and binding of the occludins, claudins, and JAM with
the zona occludens proteins (ZO-1, ZO-2, or Z0O-3). Following stimulation by S1P, ZO-1 is
reassigned to the lamellipodia and to the cell—cell junctions via the S1P1/Gi/Akt/ Rac
pathway, whereas the barrier-enhancing actions of S1P are blunted by siRNA-induced
downregulation of ZO-1 expression. So like the AJ, the TJ also plays an important role in
barrier regulation in association with S1P (Donati and Bruni 2006; Bazzoni and Dejana
2004; Furuse et al. 1994; Gosens et al. 2004; Ebnet et al. 2000; Mehta et al. 2005; Mitra et
al. 2005; Narumiya et al. 1997).

7 S1P Signaling to Lung Endothelial Focal Adhesions

Focal adhesions (FA) are a specific set of cellular sites that help anchor cells to the
underlying ECM and play an essential role in the maintenance of the endothelial monolayer
by adhering the cells to their underlying substrate and providing bidirectional signaling
between the ECM and the EC cytoskeleton. Focal adhesions bridge the intracellular and
extracellular space and are composed of extracellular matrix proteins, transmembrane
proteins, and cytoplasmic focal adhesion plaques (Snider et al. 2010; Ebnet et al. 2000).
Focal adhesions facilitate communication between the actin cytoskeleton and the
extracellular space. FA is an amalgamation of integrin proteins, actin-binding structural
proteins such as vinculin, talin, and a-actinin, adaptor proteins such as paxillin, and focal
adhesion kinases (FAK). The integrins exist as multiple a.- and p-glycoprotein chains that
non-covalently link in parallel arrays to form different heterodimers. These different dimers
then specify the ECM-binding target such as collagen, laminin, or fibronectin. FAK is a
highly conserved cytoplasmic tyrosine kinase that is involved in the engagement of integrins
and the assembly of FA through the breakdown of numerous downstream signals. S1P
initiates a series of rapid signaling events in the EC membrane that are realized by
downstream effectors into cytoskeletal changes and variations in barrier function. FAK also
participates in these events at multiple levels and, with other effector molecules, is recruited
to lipid rafts or CEMs and undergo phosphorylation and activation. These CEM signaling
platforms are integral for S1P-mediated barrier regulation. S1P promotes FAK
phosphorylation at specific sites (Y576), leading to FA disruption and relocation toward the
periphery of the cell. S1P also mediates a temporary association between G-protein-coupled
receptor kinase-interacting protein 1 (GITI1) and paxillin and induces relocation of the
GIT2-paxillin complex toward the cortical ring of the cell (Mehta and Malik 2006; Peng et
al. 2004; Ebnet et al. 2000; Quadri and Bhattacharya 2007; Narumiya et al. 1997; Dudek et
al. 2007; Yuan et al. 2005; Birukova et al. 2004; Wysolmerski and Lagunoff 1990). In
contrast to S1P, thrombin induces FAK phosphorylation at specific sites (Y397, Y576,

Handb Exp Pharmacol. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abbasi and Garcia

Page 10

Y925), resulting in translocation of FA proteins to stress fiber ends and EC barrier
disruption. Inhibition of Src with Src-specific inhibitor PP2 abolishes S1P-induced FAK
phosphorylation and migration of FA proteins that is potentially unique for specific signaling
pathways (Mehta et al. 2005; Shikata et al. 2003b; Singleton et al. 2005; Mitra et al. 2005;
Spiegel and Milstien 2003; Miura et al. 2000; Rosenfeldt et al. 2001; Mehta and Malik
2006).

8 Transactivation of S1IPR1 in Lung Endothelial Signal Transduction

Activated protein C (APC) has the ability to induce cytoskeletal changes that resemble those
produced by S1P. APC itself is an anti-inflammatory protein, and its recombinant human
version is used in the clinical settings of severe sepsis. APC quickly increases the
phosphorylation of endothelial MLC upon the attenuation of endothelial protein C receptor
(EPCR) and induces robust actin-phospho-MLC, restructuring at the periphery of the cell
and at the same time reducing the formation of central stress fibers. S1P1 is also
phosphorylated by APC on the threonine residue 236 through an EPCR and P13-kinase/
AKT-dependent pathway to mediate Rac1-dependent cytoskeletal changes. On the other
hand, ligation of S1P1 results in a blunting of the APC-mediated barrier enhancements,
especially against thrombin. All this points toward the importance of APC and EPCR in the
transactivation of S1P1-mediated signaling in barrier integrity enhancement (Tani et al.
2007; Xu et al. 2007; Zhang et al. 1997; Wang et al. 2009).

Our earlier studies were the first to link the angiogenic properties of S1P and S1P-receptor
ligation to vascular barrier regulation and demonstrated that physiologic doses of S1P induce
EC activation, marked cytoskeletal rearrangement, and stabilization of lung EC barrier
function in vitro (Belvitch and Dudek 2012; Camp et al. 2009). This novel function for S1P
was of particular relevance to clinical medicine as thrombocytopenia is well known to be
associated with increased vascular leak (Peng et al. 2004; Shea et al. 2010), and while the
mechanism of this effect was unknown, we demonstrated that activated platelets are an
important source of S1P and directly enhance barrier function via S1P1 ligation (Arce et al.
2008). Platelets contain significant levels of sphingosine kinase but reduced levels of
sphingosine lyase, thereby serving as enriched sources for the barrier-promoting S1P (Arce
et al. 2008). Prior to the last decade, permeability-reducing strategies primarily consisted of
cAMP augmentation, producing only modest barrier enhancement (Peng et al. 2004; Arce et
al. 2008; Shea et al. 2010). More recently, a number of barrier-promoting agents have been
identified that share common signal transduction mechanisms that are distinct from cAMP
signals and target the endothelial actin cytoskeleton to facilitate barrier-restorative processes.
We have conceptualized a paradigm whereby barrier recovery after edemagenic agonists
involves development of a cortical actin ring to anchor cellular junctions and a carefully
choreographed (but poorly understood) gap-closing process via formation of Rac GTPase-
dependent lamellipodial protrusions into the paracellular space between activated ECs.
Within these lamellipodia, signals are transduced to actin-binding proteins (hmMLCK and
cortactin) and phosphorylated MLCs in spatial-specific cellular locations. Lamellipodia also
require formation of focal adhesions (regulated by the cytoskeleton) critical to establishment
of linkage of the actin cytoskeleton to target effectors that restore cell-cell adhesion and
cell-matrix adhesion (Tani et al. 2007; Wojciak-Stothard et al. 2006; Xu et al. 2007,
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Birukova et al. 2004; Zhang et al. 1997; Wang et al. 2009; Hla 2004; Kihara and lgarashi
2008; Bode et al. 2010; Boguslawski et al. 2002; Fyrst and Saba 2010; Futerman and
Riezman 2005; English et al. 2001). Another molecule that plays a role in the transactivation
of S1P1 signaling is the glycosaminoglycan (GAG) called hyaluronan (HA). HA is
composed of a high molecular weight HA (HMW-HA) and a low molecular weight HA
(LMW-HA). HMW-HA has the ability to induce S1P1 phosphorylation via AKT to enhance
barrier integrity. However, LMW-HA promotes Src and ROCK 1/2-mediated
phosphorylation of S1P3 to cause barrier disruption. Blocking of S1P1 or S1P3 mutes the
actions of HMW-HA and LMW-HA, respectively, on the endothelium in terms of barrier
stability. Keeping the negative effects of S1P3 on the endothelium in mind, a novel approach
toward enhancing barrier protection would be the blocking of S1P3. One such protein
understudy is methylnaltrexone (MNTX), which is mu-opioid receptor antagonist that
inhibits the actions of S1P3, and provides barrier protection against thrombin and LPS
(Donati and Bruni 2006; McVerry and Garcia 2004; Tani et al. 2007; Xu et al. 2007; Owen
et al. 2007; Singleton et al. 2006, 2007; Zhang et al. 1997; Wang et al. 2009; Hla 2004;
Kihara and Igarashi 2008; Waterman-Storer et al. 1999).

9 SI1PR3 Signaling to the Lung Endothelial Cytoskeleton and Loss of

Vascular Integrity

Interestingly, S1P at elevated concentrations (>5 M) results in SIPR3-dependent RhoA-
mediated signaling and increased barrier permeability (Adyshev et al. 2011; Gosens et al.
2004; Narumiya et al. 1997; Birukova et al. 2004). A “conversation” elicited by ligation of
G-protein-coupled receptors takes place between transmembrane components (such as large
and small GTPases) and cytoskeletal proteins in membrane domains such as caveolin-
enriched lipid rafts and Rac GTPase-dependent lamellipodia. These pathways induce EC
cytoskeletal rearrangement resulting in enhanced junctional linkages between ECs as well as
increased linkage of the cytoskeleton with the underlying extracellular matrix. These events
provide the conceptual underpinning for the molecular targeting of these permeability-
reducing therapeutic strategies. Barrier-restorative agonists (detailed in reference) evoke a
carefully choreographed resolution of inflammation-mediated paracellular gaps by
promoting the formation of lamellipodia, which protrude into the paracellular space driven
by actin polymerizations with focal contacts, which reseal the gaps between activated ECs
(Fig. 3). These lamellipodia contain a variety of actin-binding proteins such as the Ca2*/
calmodulin-dependent non-muscle myosin light-chain kinase (nmMLCK), which triggers
myosin ATPase activity, actin polymerization, and EC tension development. Increases in
vascular permeability must ultimately be attributed to loss or disruption of endothelial
intercellular junctions, in combination with a breakdown of the tethering forces
characteristic of cell-cell or cell-matrix interactions, which result in paracellular vascular
leakage (Zhang et al. 1997; Jaillard et al. 2005; Bode et al. 2010; Boguslawski et al. 2002;
Fyrst and Saba 2010; Futerman and Riezman 2005).

Disruption of pulmonary barrier integrity and edema are cardinal characteristics of
pulmonary pathologies. Airway administration of S1P induces the pulmonary vasculature
leak phenomenon by disruption of epithelial tight junctions that is mediated through the
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S1P3 receptors. The disruption of tight junctions is accompanied by the development of gaps
in the paracellular spaces and a disintegration of cytoplasmic plaques associated with tight
junctions along with other integral membrane organizer proteins. This effect can be
experimentally compounded by the addition of the pro-inflammatory cytokine TNF. The
integral role of S1P3 receptors can be gauged in S1P3-null mice as they are resistant to S1P-
induced vascular leakage, indicating a probable protective role of S1P3 antagonism. This
role of S1P3 is in sharp contrast to that of S1P1 receptors that enhance the stability of
vascular endothelial barrier. Interestingly, IV infusion of S1P inhibits pulmonary leakage in
the pulmonary endothelium, when it is exposed to thrombin or LPS. This is again quite the
opposite, as the effect of S1P when introduced via IT injection on pulmonary epithelium is
to induce vascular leakage leading to acute pulmonary edema. Immunoreactivity studies in
mice (WT and S1P3-null mice) have shown the presence of S1P3 receptors on all pulmonary
epithelial surfaces and not on the pulmonary endothelium. When these mice were exposed to
S1P, disruption was mainly seen in the epithelial tight junctions, indicating that S1P-
induced, and S1P3-mediated, vascular disruption was epithelial in nature. In this complex
interplay, Rho signaling has been assumed to play a very integral role in the molecular
regulation of tight junctional integrity. S1P3 fosters actin cytoskeleton rearrangement by the
activation of Ga12 and Ga 13 via Rho signaling. Rho activity has been linked to the
regulation of the cellular tight junctions as well as seen in the overexpression of
constitutively active RhoA which results in a disarray of the structured tight junction
morphology. This effect is mediated through ROCK1 (Rho-associated, coiled-coil
containing protein kinase 1) which oversees the formation of stress fibers by maintaining the
active state of myosin light chains by inactivating myaosin light-chain phosphatase (MLCP),
and it also stimulates LIM kinases to exert their effect on cofilin, by inhibiting it, ultimately
resulting in a reorganization of actin cytoskeleton (Gon et al. 2005; Gosens et al. 2004;
Birukova et al. 2004; Worthylake et al. 2001; Wang et al. 2009; Hla 2004; Fyrst and Saba
2010; Ohashi et al. 2000; Amano et al. 1996).

10 S1P and Lung Angiogenesis

The interface between EC barrier regulation and angiogenesis is an exciting area of vascular
biology. New blood vessel formation, or angiogenesis, is a complex process involving EC
activation, migration, maturation, and remodeling. These events may occur in a variety of
contexts including during normal development and growth, in response to wound healing, or
as part of the pathogenesis of a number of cancers and autoimmune diseases (Birukova et al.
2004; Boguslawski et al. 2002). Our initial studies determined that S1P is the most potent
EC chemotactic agent present in serum and is ultimately involved in angiogenesis and
vascular hemostasis through its ability to evoke various cell-specific responses (Singleton et
al. 2007; Birukova et al. 2004; Bode et al. 2010; Boguslawski et al. 2002). In the setting of
coagulation, S1P is abundantly released from platelets and, via its pleiotropic effects,
potentially contributes to new blood vessel formation. This is evidenced by in vivo studies
that establish S1P as remarkably effective in avian chorioallantoic membranes, in Matrigel-
implanted plugs in mice (McVerry et al. 2004; Bazzoni and Dejana 2004; Corada et al. 1999;
Argraves et al. 2004; Liu et al. 2000; English et al. 2001) and in the avascular mouse cornea.
In contrast to VEGF-induced increases in EC permeability, we were the first to report that
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another angiogenic factor (S1P) can also produce EC barrier restoration and enhancement.
S1P strongly enhances TER across human EC monolayers and significantly attenuates
thrombin-induced barrier disruption while rapidly restoring barrier integrity in the isolated
perfused murine lung (McVerry and Garcia 2004; Peng et al. 2004; Sammani et al. 2010;
Mathew et al. 2011; McVerry et al. 2004). A single intravenous dose of S1P, given 1 h after
intratracheal endotoxin administration, produced highly significant reductions in multiple
indices of inflammatory lung injury, including vascular leak, as demonstrated in both murine
(Peng et al. 2004; Sammani et al. 2010; Mathew et al. 2011; McVerry et al. 2004; English et
al. 2001) and canine models of ALI (Quadri et al. 2003; Paik et al. 2004; Liu et al. 2001).
Furthermore, S1P is a major serum component released by platelets and represents a key
mechanism by which platelets nurture the microcirculation and preserve vascular integrity
(McVerry and Garcia 2004; Peng et al. 2004; Sammani et al. 2010; Mathew et al. 2011,
McVerry et al. 2004; Singleton et al. 2007; Shea et al. 2010; Sanna et al. 2006; English et al.
2001).

11 In Vivo Effects of S1P in Preclinical Models of Human Lung Disease

One of the main pathophysiological mechanisms involved in the genesis of various vascular
disease conditions is endothelial dysfunction. Conditions ranging from atherosclerosis,
hypertension, pulmonary hypertension, and cerebrovascular disease have a basis in
endothelial barrier imbalance and dysregulation. Devastating inflammatory conditions such
as acute lung injury (ALI) are characterized by significant and prolonged vascular
permeability. Experimentally the intratracheal administration of lipopolysaccharide (LPS)
has been used to mimic the clinical presentation of ALI in murine lung models. LPS induces
all the responses associated with ALI including inflammatory lung injury, thickening of the
alveolar wall, neutrophilic migration into the lung interstitium, and alveolar space. However,
after appropriate spacing, the delivery of S1P prominently reduces the inflammatory
landscape and attenuates neutrophilic migration into the LPS-exposed lung parenchyma.
Similar effects have also been achieved usinga S1P analogue FTY720 in reducing
inflammatory changes associated with LPS administration. Experiments on both murine and
canine models have yielded promising results into the therapeutic potential of S1P in
countering the devastating effects of barrier dysfunction-related pathologies of the
vasculature. However, given studies implicating gene expression in the modulation of AL,
the exact manner in which S1P imparts protection may involve the reduction of
inflammatory and/or innate immunity gene expression (Donati and Bruni 2006; McVerry
and Garcia 2004; Sammani et al. 2010; Mathew et al. 2011; McVerry et al. 2004; Komarova
et al. 2007; Mansoor and Melendez 2008; Chae et al. 2004; Brinkmann et al. 2002).

In addition to the abundant in vitro data describing the EC barrier-enhancing effect of S1P,
the potential utility of S1P in restoring lung water balance in patients with inflammatory
injury was underscored in studies involving small and large animal models of ALI in which
S1P provided dramatic attenuation of LPS-mediated lung inflammation and permeability.
Mice treated with S1P had significantly less histologic evidence of inflammatory changes/
lung injury, with decreased neutrophil alveolitis on BAL and decreased lung
myeloperoxidase (MPO) activity. Interestingly, mice treated with S1P after intratracheal LPS
also showed an attenuated renal inflammatory response compared to control, measured by
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tissue MPO activity and Evans blue dye extravasation as a measure of capillary leak. S1P
also protected against intrabronchial LPS-induced ALI and concomitant VILI in a canine
model, with decreased shunt fraction, decreased BAL protein, decreased extravascular lung
water, and improved oxygenation (Kihara and Igarashi 2008). Use of a large animal canine
model allowed investigation of regional lung changes in ALI and the effect of S1P on these
changes. Computed tomography (CT) scans of animals subjected to LPS/VILI found that
animals treated with S1P had dramatic improvement in alveolar air content (with decreased
edema) in all lung regions (Kihara and Igarashi 2008). Additional in vivo studies found that
S1P protects against ventilator-induced lung injury (VILI) in a murine model as assessed by
Evans blue dye extravasation (Sammani et al. 2010; Mathew et al. 2011; McVerry et al.
2004; Mansoor and Melendez 2008; Kihara and Igarashi 2008; Chae et al. 2004; Brinkmann
et al. 2002; Rogers et al. 1989).

As a result, we are excited about the potential utility of FTY720, an unphosphorylated S1P
analogue and a derivative of the natural immunosuppressant myriocin that has been recently
described to cause peripheral lymphopenia by inhibiting cellular egress from lymphoid
tissues. We demonstrated FTY to induce delayed endothelial barrier enhancement through a
Gi-coupled receptor and to protect against murine inflammatory lung injury. Thus, targeting
S1PR1 activation, either directly or via SIPR1 transactivation by agonists such as activated
protein C and high molecular weight hyaluronan (both robustly barrier protective), or
antagonism of S1PR3 as with methylnaltrexone appears to be promising strategies for
attenuating the vascular leak associated with ALI (Peng et al. 2004; Sammani et al. 2010;
Mc\erry et al. 2004; Camp et al. 2009; Yuan et al. 2005; Chae et al. 2004; Paik et al. 2004;
Wu 2005; Waeber et al. 2004; Shea et al. 2010). MLC phosphorylation is also a key element
in S1P-mediated barrier enhancement and occurs in a peripheral distribution within the
cortical actin ring (Belvitch and Dudek 2012; Camp et al. 2009), providing strength to this
spatially directed scaffolding force and enhancing cell—cell tethering as we described via
atomic force microscopy. Immunofluorescence studies have also demonstrated this via the
overexpression of Green Fluorescent Protein-nmMLCK at sites of barrier remodelling.
(Birukova et al. 2004; Boguslawski et al. 2002). These observations serve to highlight the
importance of the cellular location of cytoskeletal proteins in small and large animal models
of ALI in which S1P provided dramatic attenuation of LPS-mediated lung inflammation and
permeability. Mice treated with S1P had significantly less histologic evidence of
inflammatory changes/lung injury, with decreased neutrophil alveolitis on bronchoalveolar
lavage (BAL) and decreased lung myeloperoxidase (MPO) activity (Peng et al. 2004;
Mathew et al. 2011; McVerry et al. 2004; Camp et al. 2009; Jacobson and Garcia 2007,
Birukova et al. 2004, 2007; Dudek et al. 2007; Brinkmann et al. 2002). Similarly, mice
treated with S1P after intratracheal LPS also showed an attenuated renal inflammatory
response compared to control, measured by tissue MPO activity and Evan’s blue dye
extravasation as a measure of capillary leak. S1P also protected against intrabronchial LPS-
induced ALI and concomitant VILI in a canine model, with decreased shunt fraction,
decreased BAL protein, decreased extravascular lung water, and improved oxygenation. Use
of a large animal canine model allowed investigation of regional lung changes in ALI and
the effect of S1P on these changes. Computed tomography scans of animals subjected to
LPS/VILI found that animals treated with S1P had dramatic improvement in alveolar air
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content (with decreased edema) in all lung regions. Additional in vivo studies found that S1P
protects against VILI in a murine model as assessed by Evan’s blue dye extravasation (Peng
et al. 2004; Mathew et al. 2011; McVerry et al. 2004; Camp et al. 2009; Chae et al. 2004;
Paik et al. 2004; Wu 2005; Waeber et al. 2004; Shea et al. 2010; Rosen and Goetzl 2005;
Rosenfeldt et al. 2003).

We have also evaluated a potential role for S1P in ameliorating lung ischemia— reperfusion
(IR) injury, a common sequelae of lung transplantation, which is characterized by alveolar
damage, edema, and inflammation in donor lungs and is a significant cause of transplant
failure. Utilizing a rat model of IR injury (pulmonary artery ligation and reperfusion), we
determined that rats pretreated with S1P exhibited reduced lung vascular permeability and
inflammation compared to controls. Lung myeloperoxidase activity, an index of
parenchymal leukocyte infiltration, and levels of IL-6, IL-1b, and IL-2 were also attenuated
in S1P-treated animals exposed to IR injury. Together, these findings suggest that S1P may
serve as an effective permeability-reducing agent in diverse conditions that share an element
of lung inflammatory burden (Peng et al. 2004; Sammani et al. 2010; Mathew et al. 2011;
McVerry et al. 2004; Camp et al. 2009; Chae et al. 2004; Paik et al. 2004; Wu 2005; Waeber
et al. 2004; Shea et al. 2010; Sanna et al. 2006). Clinically significant radiation-induced lung
injury (RILI) is a common toxicity in patients administered thoracic radiotherapy. Although
the molecular etiology is poorly understood, we previously characterized a murine model of
RILI in which alterations in lung barrier integrity surfaced as a potentially important
pathobiologic event and genome-wide lung gene mRNA levels identified dysregulation of
sphingolipid metabolic pathway genes. We hypothesized that sphingolipid signaling
components serve as modulators and novel therapeutic targets of RILI. Sphingolipid
involvement in murine RILI was confirmed by radiation-induced increases in lung
expression of sphingosine kinase (SphK) isoforms 1 and 2 and increases in the ratio of
ceramide to sphingosine-1-phosphate (S1P) and dihydro-S1P (DHSL1P) levels in plasma,
bronchoalveolar lavage fluid, and lung tissue. Mice with a targeted deletion of SphK1
(SphK1(=/-)) or with reduced expression of S1P receptors (SIPR1(+/-), SIPR2(-/-), and
S1PR3(-/-)) exhibited marked RILI susceptibility. Finally, studies of 3 potent vascular
barrier-protective S1P analogues, FTY720, (S)-FTY720-phosphonate (fTyS), and
SEW-2871, identified significant RILI attenuation and radiation-induced gene dysregulation
by the phosphonate analogue, fTyS (0.1 and 1 mg/kg i.p., 2x per week) and to a lesser
degree by SEW-2871 (1 mg/kg i.p., 2x per week), compared with those in controls. These
results support the targeting of S1P signaling as a novel therapeutic strategy in RILI (Peng et
al. 2004; Mathew et al. 2011; McVerry et al. 2004).

S1P-induced Rac activation, and cytoskeletal rearrangement produce increased linkage of
actin to VE-cadherin and B-catenin, both important AJ components, as well as S1P-induced
phosphorylation of focal adhesion-related proteins paxillin and focal adhesion kinase (FAK),
with translocation of these proteins to the EC periphery, further implicating S1P-induced
cell—cell adhesive changes as part of the mechanism of S1P-induced barrier enhancement
(Quadri et al. 2003; Worthylake et al. 2001; Zhang et al. 1997; Spiegel and Milstien 2003;
Kihara and Igarashi 2008). Despite profound attractiveness as a therapeutic agent targeting
the endothelium in high permeability states, S1P has several attributes which limit its
potential utility as a permeability-reducing strategy. With an affinity for ligation of the S1P3
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receptor (S1PR3), intratracheal S1P has been implicated as a cause of pulmonary edema via
endothelial/epithelial barrier disruption. S1P also causes bradycardia via ligation of cardiac
S1P3 receptors. These findings generated increased interest in FTY720, a derivative of the
natural immunosuppressant myriocin and a recently described immunosuppressive agent
that causes peripheral lymphopenia by inhibiting cellular egress from lymphoid tissues.
FTY720 is structurally similar (but not identical) to S1P and is phosphorylated by
sphingosine kinase to FTY720-phosphate, which is an agonist at S1P receptors. This
characteristic prompted investigation of the effect of FTY720 on EC barrier function.
FTY720 did not have superior efficacy compared to mycophenolate mofetil in preventing
renal transplant rejection, but it is in Phase 111 clinical trials as an immunosuppressant in
multiple sclerosis patients. The clinical availability of FTY720 makes it attractive as a
potential mediator of EC barrier function in patients with ALI. An in vivo study
demonstrated that intraperitoneal FTY 720 protected against intratracheal LPS in a murine
model of ALI, as measured by Evans blue dye extravasation. Like S1P, FTY720 causes
increased TER measurements in pulmonary EC, an effect which is abolished by pertussis
toxin (implicating Gj-coupled receptor activation), and requires the generation of signaling
components within membrane lipid rafts. Interestingly, however, the mechanism of FTY720-
induced EC barrier enhancement diverges from the mechanism described for S1P in several
ways including the delayed kinetics of the rise in TER compared to S1P. Decreased
expression of the S1P1 receptor prevented S1P-induced increase in TER but did not affect
FTY720-induced TER increases. Unlike S1P, FTY720 did not result in threonine
phosphorylation of the S1P1 receptor, nor did inhibition of P13 kinase prevent FTY720-
induced EC barrier enhancement. Furthermore, FTY720 did not cause the increased
intracellular calcium, the MLC phosphorylation, or the cytoskeletal rearrangement seen in
response to S1P (Waeber et al. 2004). Downregulation of Rac or cortactin using siRNAs
attenuated the barrier-enhancing effect of S1P, but not that of FTY720. Although FTY720 is
an S1P receptor agonist, its mechanism of barrier enhancement is distinct from that of S1P
and does not require the S1P1 receptor (Camp et al. 2009; Dudek et al. 2007; Chae et al.
2004; Paik et al. 2004; Wu 2005; Waeber et al. 2004; Shea et al. 2010; Liu et al. 2001).

12 Summary

Sphingosine-1-phosphate is a biologically active lipid growth factor secreted by
erythrocytes, activated platelets, and other cells including endothelium that is integral to
numerous vascular biological mechanisms ranging from cell differentiation, proliferation,
motility, angiogenesis, and barrier regulation. S1P is the natural ligand for five G-protein-
coupled receptors and is an integral intracellular secondary messenger exhibiting an
intrinsically protective role in the pulmonary vasculature ameliorating agonist- or sepsis-
induced pulmonary injury and vascular leakage. These vasculo-protective mechanisms
involve an intricate interplay of S1P with other factors (such as MAPKS, ROCKSs, Rho,
Rac1) with rearrangement of the endothelial cytoskeleton to form strong cortical actin rings
in the cell periphery and enhanced cell-to-cell and cell-to-matrix tethering dynamics. This
cascade leads to reinforcement of focal adhesions and paracellular junctional complexes via
cadherin, paxillin, catenins, and zona occludens. S1P through its interaction with Rac and
Rho influence the cytoskeletal rearrangement indicated in the later stages of angiogenesis as
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a stabilizing force, preventing excessive vascular permeability. These properties translate
into a therapeutic potential for S1P, as shown by its analogue FTY720, as a protective agent
limiting the disruption of the vascular EC monolayer in the pulmonary microcirculation that
results in accumulation of protein and inflammatory cell-filled fluid in the interstitial and
alveolar compartments leading to pulmonary edema and ultimately respiratory failure.
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Serin + Palmitoyl CoA + Fatty acid

de novo syntesis via multiple intermediates

Sphingomyelinase Ceramidase Sphingosinkinase
SphingomyelinA_' Ceramide_._' SphingosineA_' Sphingosine -1- phosphate
Sphingomyelin synthase Ceramide synthase Sphingosine phosohatase

S1P lyase

Phosphoethanolamin
+ Hexadecanal

Fig. 1.

Cgramide is either formed de novo from serine, palmitoyl coA, and fatty acid or via
breakdown of membrane sphingomyelin. Ceramide is further converted to sphingosine,
which can be phosphorylated to generate S1P. Degradation of S1P could be reversible by
dephosphorylation or irreversible by S1P lyase. S1P, sphingosine-1-phosphate [Modified
from Schuchardt et al. (2011)]
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Fig. 2.

Regulation of vascular permeability by S1P/ SIP1 signaling. Binding of S1P to the SIP;
receptor stimulates the Gj-dependent recruitment of P13 kinase, Tiam1, and Racl to lipid
rafts (CEM), which serves to activate Racl in a G;-PI3K-Tiam1-dependent manner. In
addition, S1P induces an increase in intracellular Ca* concentration via a G;-PLC pathway
with additional activation of Racl. After the activation of Racl, S1P induces a series of
profound events including adherens junction and tight junction assembly, cytoskeletal
reorganization, and formation of focal adhesions that combine to enhance vascular barrier
function. Furthermore, the transactivation of S1P; signaling by other barrier-enhancing
agents is recently recognized as a common mechanism for promoting endothelial barrier
function. 7Jtight junction, AJadherens junction, SZP sphingosine-1-phosphate, S/P1
sphingosine-1-phosphate receptor 1, /3K phosphoinositide 3-kinase, 7iam 1t-lymphoma
invasion and metastasis gene 1, RacZ Rho family of GTPase Racl, PAKZ p21-activated
protein kinase 1, L/MK LIM kinase, PLC phospholipase C, ZO-1 zona occluden protein-1,
nmMLCK non-muscle myosin light-chain kinase, VE-Cad vascular endothelial cadherin, a-
Cata-Catenin, B-Cat p-Catenin, Vinvinculin, Pax paxillin, FAK focal adhesion kinase,
G/T2 G-protein-coupled receptor kinase interactor-1, £ECM extracellular matrix, APC
activated protein C, HMW-HA high molecular weight hyaluronan [Modified from Wang and
Dudek (2009)]
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Fig. 3.

SlgP regulates enhanced EC barrier function. Ligation of the SIPR1 G; protein-coupled
receptor by S1P rapidly (within 1-5 min) activates Rac and recruits signaling molecules and
cytoskeletal effectors such as c-Abl, cortactin, and nmMLCK to lipid rafts (or CEMS).
Tyrosine phosphorylation of these molecules is observed both in lipid rafts and at the EC
periphery in association with cortical actin and lamellipodia formation. This activated
complex likely interacts with Arp 2/3 machinery to produce lamellipodia protrusion at the
cell periphery, which serves to increase overlap between adjacent ECs. The initiation and
precise sequence of events responsible for these protein movements are unclear, but within 5
min after S1P stimulation, these proteins are found simultaneously distributed in lipid rafts,
cortical actin structures, and peripheral membrane ruffling/lamellipodia (indicated by the
bidirectional circle). S1P also induces adherens junction (AJ) and tight junction (TJ)
assembly that serve to further strengthen the endothelial barrier. Multiple other signaling and
cytoskeletal effector molecules participate in this process as reviewed elsewhere (Wang and
Dudek 2009). ML CK non-muscle myosin light-chain kinase, VE-cad vascular endothelial
cadherin, ZO-1 zona occluden protein-1 [Modified from Belvitch and Dudek (2012)]
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Fig. 4.
Secretion of S1P by erythrocytes, platelets, macrophages, and endothelium. Once secreted,

most of the S1P is uptaken by serum albumin or various serum lipoproteins. Intracellular-
produced S1P in ECs or vascular smooth muscle cells could be transported across the
membrane by ABC transporters. HDL high-density lipoprotein, LDL low-density
lipoprotein, Sphk sphingosine kinase, SZPsphingosine-1-phosphate, VLDL very low-
density lipoprotein [Modified from Belvitch and Dudek (2012)]
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