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Abstract The zwitterionic lysophospholipid Sphingosine 1-Phosphate (S1P) is a
pleiotropic mediator of physiology and pathology. The synthesis, transport, and
degradation of S1P are tightly regulated to ensure that S1P is present in the proper
concentrations in the proper location. The binding of S1P to five G protein-coupled
S1P receptors regulates many physiological systems, particularly the immune and
vascular systems. Our understanding of the functions of S1P has been aided by the
tractability of the system to both chemical and genetic manipulation. Chemical
modulators have been generated to affect most of the known components of S1P
biology, including agonists of S1P receptors and inhibitors of enzymes regulating
S1P production and degradation. Genetic knockouts and manipulations have been
similarly engineered to disrupt the functions of individual S1P receptors or
enzymes involved in S1P metabolism. This chapter will focus on the development
and utilization of these chemical and genetic tools to explore the complex biology
surrounding S1P and its receptors, with particular attention paid to the in vivo
findings that these tools have allowed for.
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1 Chemical Tools to Explore S1P Biology

Despite the relatively recent identification of S1P receptors pinpointing S1P as an
important player in many physiological systems, a wide variety of chemical tools
have been developed to understand the biology of SIP and its receptors. The S1P
axis continues to be an area of significant drug discovery efforts. Chemical tools
possess several benefits, including the ability to examine acute effects following
treatment as opposed to genetic models where precise temporal control is not
possible. This section will discuss three broad categories of chemical tools that
have been generated and used to explore S1P biology: First, those that affect the
normal production or degradation of S1P produced. Second, chemical agonists
that activate S1P receptors. Third, chemical antagonists that inactivate S1P
receptors. Special attention will be paid to the in vivo effects that these compounds
have, and the relation of these compounds to treating human disease.

1.1 Chemical Modulators of Physiological SIP Levels

SIP levels are precisely controlled both in circulation, where S1P is present in
high-nanomolar concentrations (Hla 2004), and in peripheral tissues, where S1P
levels are significantly lower (Schwab et al. 2005) through the coordinated actions
of sphingosine kinases, which produce S1P, SIP transporters, which export S1P
into the extracellular environment, and S1P phosphatases and lyase, which degrade
SIP. Two intracellular sphingosine kinases Sphingosine kinases, SphK1 and
SphK?2, act to phosphorylate the hydroxyl group of sphingosine to produce S1P.
While S1P can act upon intracellular targets, its actions on S1P receptors requires
transport to the extracellular environment by one or more SI1P transporters,
including Spns2 (Kawahara et al. 2009; Fukuhara et al. 2012; Mendoza et al. 2012;
Kohama et al. 1998; Liu et al. 2000). S1P is degraded by either reversible
dephosphorylation by two S1P-specific phosphatases and three nonspecific lipit
phosphate phosphatases (Kai et al. 1997; Roberts et al. 1998; Mandala 2001) or by
irreversible cleavage at the C,_; carbon bond by S1P lyase (Zhou and Saba 1998).
Chemical tools have been generated to affect several components of this pathway,
and others remain possible targets for development.

Chemical modulation of sphingosine kinases began with the discovery that the
sphingosine analogs D-, L-, and DL-threo-dihydrosphingosine and N, N-dimeth-
ylsphingosine inhibited the activity of sphingosine kinase in human platelets
(Buehrer and Bell 1992; Yatomi et al. 1995). These sphingosine derivatives, though
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potent, exhibit significant nonselectivity, particularly the inhibition of protein kinase
C (Merrill et al. 1989; Khan et al. 1990). Numerous other sphingosine analogs,
including FTY720, a S1P receptor prodrug used clinically for the treatment of
relapsing-remitting multiple sclerosis, also inhibit sphingosine kinases (Tonelli et al.
2010). In addition to binding competitively, several sphingosine kinase inhibitors
also induce proteasomal degradation after binding, providing additional inhibition of
the generation of S1P (Tonelli et al. 2010; Lim et al. 2011). Continued efforts have
generated nanomolar potency, isoform-selective antagonists of both SphK1 (Paugh
et al. 2008; Kennedy et al. 2011) and SphK2 (French et al. 2010).

Sphingosine kinase inhibitors have been investigated as potential treatments for
a variety of diseases, particularly inflammatory disorders (Snider et al. 2010) and
cancer (Maceyka et al. 2012). The non-S1P-like sphingosine kinase inhibitor
ABC747080 was found to reduce inflammation and tissue S1P concentrations in
an acute model of inflammatory bowel disease (Maines et al. 2008), while the
selective SphK1 inhibitor SK1-i inhibited a mouse model of allergic asthma (Price
et al. 2012). Selective antagonism of SphK2 by the antagonist ABC294640 has
also demonstrated efficacy in mouse models of inflammatory Crohn’s disease
(Maines et al. 2010) and osteoarthritis (Fitzpatrick et al. 2011). Sphingosine kinase
inhibitors can also have antitumor effects, as SK1-i was originally found to inhibit
leukemia cell proliferation in vitro and inhibit xenograft tumor growth in vivo
(Paugh et al. 2008). While efforts have largely focused on the ability of sphin-
gosine kinase inhibitors to reduce proliferation of tumor cells, SK1-i also has been
found to inhibit breast cancer tumor growth and metastasis in mice by affecting
angiogenesis and lymphangiogenesis (Nagahashi et al. 2012). Inhibition of SphK2
by ABC294640 has demonstrated a similar ability to inhibit tumor progression in
hepatocellular carcinoma xenografts (Beljanski et al. 2011). The precise mecha-
nisms by which chemical inhibition of sphingosine kinases can lead to either
suppression of inflammation or tumor growth and/or metastasis remain unclear.
Lowering SIP levels by inhibiting sphingosine kinases may have many effects,
both extracellular through reducing signaling through S1P receptors, and intra-
cellular through undetermined mechanisms (Strub et al. 2010), that may act in
coordination to alleviate pathology (Table 1).

While inhibitors of sphingosine kinases effectively reduce the abundance of
S1P, inhibitors of the enzymes that normally degrade S1P have also been designed
to raise the concentrations of S1P present in both tissues and circulation. One such
inhibitor is tetrahydroxybutylimidazole, or THI, a caramel food coloring that at
high concentrations acts as a S1P lyase inhibitor, elevating the concentration of
S1P 100-fold in lymphoid tissues and leading to the sequestration of lymphocytes
from blood and lymph, similar to treatment with either S1P; agonists or antago-
nists (Schwab et al. 2005). THI recently has also been shown to acutely alleviate
cardiac ischemia-reperfusion injury concomitant with an increase in both tissue
and plasma concentrations of S1P (Bandhuvula et al. 2011). S1P lyase inhibition
has also been pursued clinically for the treatment of rheumatoid arthritis, pre-
sumably in part by sequestering lymphocytes from circulation (Bagdanoff et al.
2010).
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While not a small molecule, one additional tool that has been developed to
modulate the availability of S1P is sphingomab, a monoclonal antibody directed
against SIP itself which is being developed as an anticancer drug. In animal
models, treating mice with sphingomab can inhibit both growth and metastasis of
tumors (Visentin et al. 2006; Ponnusamy et al. 2012). Additionally, treatment
of mice with sphingomab can cause lymphopenia despite increasing blood and
lymphatic concentrations of S1P, much of which is bound to sphingomab (Sensken
et al. 2011). The continued development of tools that can increase, decrease, or
bind S1P that is normally produced will help dissect out the many roles that S1P
can play in physiology and may eventually lead to effective treatments for human
diseases.

1.2 SIP Receptor Agonists

S1P receptor agonists have been heavily investigated following the discovery that
FTY720 (fingolimod, Gilenya), an immunosuppressive derivative of the fungal
metabolite myriocin, was phosphorylated in vivo to generate a highly potent,
nonselective agonist of four of five S1P receptors (Mandala et al. 2002). In the past
decade a remarkably wide array of compounds that activate one or more S1P
receptors have been developed for use as chemical tools to investigate S1P
receptor function, with FTY720 already progressing to clinical use.

1.2.1 Nonselective S1P Receptor Agonists

As previously mentioned, the phosphorylated form of FT'Y720, FTY720-P, is a
highly potent yet nonselective agonist of S1P;, S1P;, S1P,4, and S1P5 with ECsq
values in the low nanomolar range (Brinkmann et al. 2002). FTY720 is an analog
of sphingosine and is phosphorylated in vivo exclusively by Sphk2 to generate
FTY720-P (Paugh et al. 2003; Kharel et al. 2005), which can be exported into the
extracellular environment by Spns2 (Hisano et al. 2011). AAL-R, a close relative
of FTY720 differing only in the lack of a hydroxyl group, is also efficiently
phosphorylated by Sphk2 to generate AFD-R, a nonselective agonist of S1P
receptors (Jary et al. 2010). Treatment with nonselective SIP receptor agonists
leads to rapid, sustained sequestration of both T and B cells from the blood and the
lymph and causes short-lasting bradycardia in both mice and humans (Luo et al.
1999; Budde et al. 2002; Sanna et al. 2004). The immunosuppressive properties of
FTY720 and other nonselective S1P receptor agonists led to investigation into
their potential as a therapy for both transplant rejection (Suzuki et al. 1996;
Brinkmann et al. 2001; Shimizu et al. 2005) and autoimmune disorders, particu-
larly multiple sclerosis (Fujino et al. 2003; Thomson 2006). While it has not
progressed to clinical use for transplant rejection, FTY720 has been approved as a
treatment for relapsing-remitting multiple sclerosis in humans.
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While it may contribute to its clinical efficacy, the lack of selectivity of FTY720
makes it a less than ideal tool for dissecting the roles of individual S1P receptors
play in physiology, FTY720 has been very useful in helping elucidate the differ-
ences in downstream signaling and receptor fate across S1P receptors. Treatment
of cells expressing different S1P receptors with FTY720 leads to rapid and sus-
tained internalization and degradation of S1P;, even after washout, but does not
lead to the degradation of S1P3 or S1P, (Graler and Goetzl 2004; Mullershausen
et al. 2009). Given the high potency of FTY720-P across S1P receptors, most of
the focus of generating new chemical tools to study S1P receptors has focused on
improving selectivity, which has allowed for elucidating the role that individual
S1P receptors can play in physiology and pathology.

1.2.2 Selective S1P; Agonists

S1P; has been by far the most studied S1P receptor both chemically and geneti-
cally due to its critical role in lymphocyte recirculation. S1P;-selective agonists,
even from direct screening hits such as SEW2871, have generally been able to
achieve strong potency, with ECs, values at least in the nanomolar range, and have
been generated with a wide variety of chemical scaffolds (Zhang et al. 2009; Meng
et al. 2012; Nakamura et al. 2012; Reed et al. 2012), of which several shown in
Fig. 1. It is readily apparent that many S1P; agonists exhibit long hydrophobic
cores along with a polar or charged headgroup. These structures resemble the
amphipathic nature of S1P, which consists of a long acyl chain and a zwitterionic
headgroup consisting of a positively charged amine and a negatively charged
phosphate. These groups in S1P interact with charged arginine and glutamate
residues (Argl20 and Glul21) that are positioned within the binding pocket close
to the extracellular side (Parrill et al. 2000). Despite the lack of a charged head-
group, SEW2871 still relies on interaction with Arg120 to activate S1P; (Jo et al.
2005). One relatively unique agonist is CYM-5442, which does not possess a
charged or highly polar headgroup, instead having a hydroxyl group. CYM-5442
has been shown to not require interactions with Argl120 or Glul21 of S1P;, and in
fact binds S1P; in a different manner, instead relying on interaction with a critical
tryptophan residue (W269) deep in the S1P; pocket for its potency (Gonzalez-
Cabrera et al. 2008; Hanson et al. 2012). Modifications of CYM-5442 have led to a
class of arylpropionic acids that activate S1P; with picomolar ECs, values
(Cahalan et al. 2011; Teijaro et al. 2011). These S1P; agonists can vary signifi-
cantly in their potency, pharmacokinetic profiles, and their effects on S1P; fol-
lowing binding. Some S1P; agonists, like SEW2871 or the native ligand S1P,
cause S1P; to be internalized from the cell surface but then recycled back to the
surface, whereas others, such as the FTY720-P homolog AFD-R and CYM-5442,
cause internalization, polyubiquitination, and degradation via the proteasome
(Gonzalez-Cabrera et al. 2007).

The ability of FTY720 to sequester lymphocytes from the blood and the lymph
relies on its activity on S1P;, as S1P-selective agonists lead to similar
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Fig. 1 Chemical structures of S1P receptor agonists

sequestration of lymphocytes both in mice (Sanna et al. 2004) and in humans.
Treatment of mice with SEW2871 causes the arrest of lymphocytes close to the
lymph node medullary sinus but does not affect the velocity of lymphocytes found
in the cortex (Wei et al. 2005; Sanna et al. 2006). While the receptor mediating
lymphocyte sequestration induced by FTY720, S1P;, is the same between mice
and humans, the receptors mediating bradycardia elicited by FTY720 differ sig-
nificantly. Bradycardia caused by FTY720 in mice relies on its actions on S1P3
(Sanna et al. 2004), with S1P;-selective agonists causing negligible bradycardia,
whereas S1P;-selective agonists can cause significant bradycardia in humans by
activating the G protein-coupled inwardly rectifying potassium (GIRK) channel
expressed in myocytes (Gergely et al. 2012).

Since the activation of S1P; inhibits lymphocyte recirculation, selective S1P;
agonists have been investigated as treatments for autoimmune diseases as potential
alternatives to nonselective agonists like FTY720-P. S1P;-selective agonists have
demonstrated efficacy in several animal models, including multiple sclerosis
(Galicia-Rosas et al. 2012; Gergely et al. 2012; Gonzalez-Cabrera et al. 2012),
autoimmune arthritis (Piali et al. 2011), and ulcerative colitis (Sanada et al. 2011).
Several S1P; agonists have progressed into clinical trials focused on multiple
sclerosis, with the goal of limiting the off-target effects resulting from treatment
with FTY720. However, the possibility exists that the actions of FTY720 on other
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S1P receptors or other targets such as sphingosine kinases may aid in its efficacy.
Whether these selective drugs can improve outcomes or minimize adverse events
when compared to FTY720 remains to be seen.

Recent studies have also found that S1P; agonists can have compelling effects
in inhibiting cytokine production following infection by influenza virus. Local
treatment with the nonselective S1P receptor proagonist AAL-R in the lungs of
mice prior to infection with influenza virus leads to the suppression of viral spe-
cific T cell response and the suppression of cytokine production within the lungs
(Marsolais et al. 2008; Marsolais et al. 2009). The suppression of cytokines by
AAL-R is of particular interest, as excessive cytokine production has been
implicated in the pathogenicity of several “pandemic” influenza strains, including
H5N1 “avian” flu and HINT strains from both the 1918 pandemic and the more
recent “swine” flu outbreak in 2009 (Arankalle et al. 2010; Lee et al. 2011).
Indeed, mice treated with AAL-R exhibited significantly less mortality than
untreated mice following infection with a 2009 HINI influenza strain, and this
reduction in lethality was synergized by the administration of the clinically used
neuraminidase inhibitor oseltamivir (Walsh et al. 2011). While the mechanisms by
which AAL-R inhibits cytokine production aren’t fully understood, it appears that
S1P; expressed on endothelial cells plays a critical role in this suppression of
cytokine production as well as inhibiting the infiltration of innate immune cells
into the lung (Teijaro et al. 2011). The ability of S1P; agonists to suppress
cytokine production may be of much broader significance, as excessive cytokine
production has also been implicated in other viral infections such as SARS (Huang
et al. 2005; Nagata et al. 2008) or bacterial infections such as pneumococcal
pneumonia (Fernandez-Serrano et al. 2003).

1.2.3 Selective S1P,, S1P;, SIP,, and S1Ps Agonists

Unlike S1Py, very few selective agonists have been developed against S1P, (Rosen
2007), S1P5 (Jo et al. 2012), S1P4 (Urbano et al. 2011) or S1P5 (Mattes et al.
2010). In fact, no in vivo activity of any selective agonist of these receptors has
been established to date, and only for a selective agonist of S1Ps, which increased
the number of mature oligodendrocytes obtained in vitro from neonatal rat corti-
ces, has any physiological effect been determined in vitro (Mattes et al. 2010).
While the abundance of S1P;-selective agonists in comparison to the dearth of
selective agonists of other SIP receptors is largely due to the high-clinical rele-
vance of S1P;, there may be additional factors at play, including the difficulty in
actually discovering and generating compounds that fit specifically into the
binding pocket of those receptors. For instance, S1P; is thought to have a sig-
nificantly smaller binding pocket than S1P;, which may constrain the amount of
interaction between the agonist and the receptor; additionally compounds found in
high-throughput screening libraries are more similar to identified S1P; agonists
than they are to S1P; agonists (Schurer et al. 2008). The only published S1P3-
selective agonist to date is in fact an allosteric agonist, CYM-5541, that does not
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compete with S1P binding. Such allosteric agonists may provide an alternative
route to discovering selective agonists to the S1P receptors, relying predominantly
on interactions deep within the binding pocket rather than interactions with
charged residues located near the top of the binding pocket.

1.3 SIP Receptor Antagonists

While FTY720-P was initially characterized as a potent agonist of S1P receptors, it
was soon determined that FTY720-P and other agonists could cause the inter-
nalization of S1P; from the surface of the cell. This ability of FTY720-P led many
to develop antagonists against SI1P receptors in part to determine what the effect of
in vivo blockade of normal SIP receptor signaling could have, and also to
determine whether treatment with S1P receptor antagonists could replicate the
effects seen following treatment with FTY720 or other S1P receptor agonists.

1.3.1 S1P; Antagonists

The first published S1P; antagonists were discovered following the finding that
moving the substituents around the phenyl ring in FTY720-P from para- to ortho-
caused a switch from agonism to antagonism on S1P; (Davis et al. 2005), as shown
in Fig. 2. The resulting compound, VPC23019, was a dual S1P,/S1P; antagonist,
though it exhibits significantly greater inhibition of S1P; compare to S1P;.
Another early S1P; antagonist exhibiting a similar ortho- substitution, W123, was
found to be selective for S1P;, with no activity on S1P;, and could reverse the
arrest of lymphocytes in the medulla of explanted lymph nodes (Wei et al. 2005).
However, both of these initial antagonists were unsuitable for in vivo work due to
their instability when administered to mice.

Optimization of these ortho-substituted FTY720-P analogs eventually led to the
replacement of phosphate groups for a phosphonate group, yielding a chiral
antagonist, W146, or MLO056, that could act in vivo. While the R- enantiomer was
found to be an antagonist, the S- enantiomer exhibited no activity on S1P;. When
administered in vivo, W146 did not appear to cause lymphocyte sequestration and
could, in fact, reverse lymphocyte sequestration induced by the S1P; selective
agonist SEW2871 when examined 4 h after treatment (Sanna et al. 2006).
VPC44116, which is the equivalent phosphonate of VPC23019, had much the
same effect in vivo, not causing lymphocyte sequestration in vivo but reversing the
sequestration induced by another S1P; agonist, VPC44152 (Foss et al. 2007).
W146 also induce significant vascular leakage in the lung and exacerbated VEGF-
induced leakage in the skin, and recently was shown to stabilize the binding pocket
of S1P, allowing for the crystallization and structural determination of S1P; joined
to T4 lysozyme (Hanson et al. 2012). The lack of lymphocyte sequestration and the
reversal of agonist-induced sequestration originally observed with S1P;
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antagonists led to the hypothesis that agonists acted not as functional antagonists
of S1P; expressed on lymphocytes, but as direct agonists of S1P; expressed on
endothelial cells leading to the tightening of cell—cell junctions and the inhibition
of lymphocyte egress.

More recent work has demonstrated that selective S1P; antagonists, including
W146 if examined at earlier timepoints, can in fact cause lymphocyte sequestra-
tion by themselves (Tarrason et al. 2011). Additional newer antagonists exhibiting
higher potency or improved pharmacokinetic properties can induce lymphocyte
sequestration that can be sustained for many hours, including TASP0277308

Fig. 2 Chemical structures of S1P receptor antagonists
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(Fujii et al. 2012) and a series of biaryl benzylamine derivatives (Angst et al.
2010). These antagonists are structurally different from the previous S1P-like
antagonists like W146 and VPC44116 and can upregulate S1P; on lymphocytes
(Cahalan et al. 2013; Fujii et al. 2012), opposite of the effect seen with S1P;
agonists. Furthermore, the ability to sequester lymphocytes by these antagonists
has been accompanied by efficacy in animal models of allograft rejection (Angst
et al. 2012), arthritis (Fujii et al. 2012), and multiple sclerosis(Quancard et al.
2012; Cahalan et al. 2013).

The ability of S1P-like antagonists such as W146 to reverse lymphocyte
sequestration by S1P; agonists at some timepoints while causing lymphocyte
sequestration at earlier timepoints raises some interesting possibilities regarding
the competition within the binding pocket and downstream signaling, which may
be an area for further study. Future work should also determine whether antago-
nists may be useful as potential therapeutics for autoimmune disease, or whether
they elicit significantly worse adverse events, such as pulmonary or peripheral
edema, compared to S1P; agonists. Additionally, the development of longer-
lasting antagonists may allow for extended studies of other physiological and
pathological conditions.

1.3.2 S1P,, S1P3, S1P4, and S1P5 Antagonists

Similar to what has occurred with S1P receptor agonists, studies using S1P
receptor antagonists have predominantly focused on S1P;, with fewer antagonists
against S1P,, S1P;3, S1P,, and S1Ps. A specific antagonist to S1P,, JTE-013, has
been widely used to study the role of S1P, both in vitro and in vivo, particularly
the role that S1P, can play in vascular physiology. Treatment of vascular endo-
thelial cells with JTE-013 can improve their barrier integrity in vitro (Sanchez
et al. 2007) and inhibit S1P-induced vasoconstriction in excised arteries (Kono
et al. 2007). Some questions have been raised about the specificity of JTE-013, as
it may have effects independent of SI1P, (Salomone and Waeber 2011; Li et al.
2012).

Two selective S1P5 antagonists have been described: TY-52156, which could
inhibit S1P-dependent coronary flow within isolated rat hearts in vitro and inhibit
FTY720-induced bradycardia in vivo (Murakami et al. 2010), and SPM-242,
which is able to compete both with the native agonist S1P and with an allosteric
agonist to S1P3, thus making it a “bitopic” antagonist, although no in vivo actions
of this antagonist have been established to date (Jo et al. 2012). Additionally an
anti-S1P5 antibody has been described that blocks the activation of S1P; (Harris
et al. 2012). This antibody could block lethality in mice caused by systemic LPS
treatment and inhibit the growth of breast cancer xenografts, providing potential
avenues for further examination of the roles of S1P; in two distinct pathological
conditions. S1P, antagonists have been described in vitro (Guerrero et al. 2011),
but with no relevant physiological data published to date. With regard to S1Ps, no
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data has been published describing the inhibition of S1P5 by selective antagonists,
though a patent application was filed describing scaffolds that may act as either
agonists or antagonists of S1Ps (Harris et al. 2010).

2 Genetic Tools to Explore S1P Biology

In addition to the numerous chemical tools that have been generated to modulate the
levels of S1P produced and the activity of the five S1P receptors, genetically engi-
neered mice have been generated to examine the complex physiological processes
controlled by S1P. Genetic knockouts have the benefit of completely eliminating the
gene of interest, with potentially fewer off-target effects, though the potential for
compensation by other genes remain possible. Additionally, cell-type specific
deletion or overexpression can be achieved by genetic modification, something
not able to be done by chemical treatment. Some significant drawbacks exist, such as
the difficulty to control precisely when the gene of interest is inhibited or reversing
such inhibition. This section will review briefly three general types of mouse models
that have been generated; significantly more detail on several of these mouse models
will be discussed in later chapters. First, mice in which the generation, degradation,
or transport of S1P has been modified. Second, mice where the expression of
S1Preceptors have been deleted, either globally or conditionally. Lastly, mice where
a tagged or mutated S1P receptor replaces the endogenous S1P receptor.

2.1 Genetic Modification of Physiological S1P Production,
Degradation, and Transport

Similar to the variety of chemical modulators of SIP levels in vivo, a number of
genetic mouse models have been generated lacking or overexpressing the genes
that are involved in regulating the physiological levels of S1P.

2.1.1 Sphingosine Kinase Deficient Mice

Genetic knockouts to both the sphingosine kinases, SphK1 and SphK2, alone and in
combination have been generated and have revealed many important roles for the
generation of S1P in physiology. While they play many unique roles, they can also
act somewhat redundantly, as either SphK1-deficient or SphK2-deficient mice are
viable and fertile (Allende et al. 2004; Kharel et al. 2005; Mizugishi et al. 2005).
SphK1-deficient mice display significantly reduced SphK activity in some tissues,
particularly the spleen, but only in the serum is a significant reduction in S1P
observed. SphK2-deficient mice also display only a partial reduction in circulating
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S1P, but display a complete inability to phosphorylate FTY720. However, mice that
are deficient in both SphK1 and SphK2 are rendered completely unable to produce
S1IP and begin to exhibit severe vascular hemorrhage in utero, with no embryos
surviving past E13.5 (Mizugishi et al. 2005).

The lethality of SphK1/SphK2 double knockout mice has been circumvented
using mice where SphK2 is constitutively deleted while SphK1 is deleted shortly
after birth in many tissues by using inducible Mx1-Cre driven excision of SphK1
(Pappu et al. 2007). Such “S1P-less” mice are viable and lack detectable amounts
of circulating S1P in either the blood or the lymph. The sources of the S1P found
in the blood and in the lymph are distinct, with S1P in the blood being produced by
hematopoieitic cells, largely erythrocytes, while S1P in the lymph is produced in
large part by lymphatic endothelial cells (Pham et al. 2010). S1P-less mice also
display significant basal vascular leakage in the lung, similar to what is observed in
mice treated with S1P; antagonists, and also display greatly increased sensitivity
to passive systemic anaphylaxis, a sensitivity that could be largely reversed by
agonism of S1P; (Camerer et al. 2009).

Despite playing somewhat redundant roles in the production of circulating S1P,
deletion of either of the sphingosine kinases in mice can have effects by themselves.
SphK1 can play an important role in inflammation induced by TNF. TNF leads to
the activation SphK1, which can eventually lead to production of prostaglandin E2
by COX2 (Pettus et al. 2003). Mice deficient in SphK1 display significantly reduced
pathology in several experimental inflammatory pathologies, including dextran
sulfate sodium-induced colitis (Snider et al. 2009) and arthritis induced by trans-
genic expression of TNF (Baker et al. 2010), in keeping with the findings mentioned
earlier utilizing the selective sphingosine kinase inhibitor SK1-i. These findings
would suggest that inhibiting SphK1 might be a good treatment for these diseases,
but this is complicated by the finding that SphK1~'~ mice display significantly
increased pulmonary edema in response to either inflammatory LPS or PAR-1
agonist peptide treatment, potentially by lowering the amount of S1P that is able to
activate S1P;, which normally acts to tighten vessel permeability.

Recent work utilizing SphK?2-deficient mice has also suggested a protective role
of SphK2 following ischemia. In a model of cerebral ischemia, mice deficient in
SphK2 exhibited significantly larger ischemic lesion sizes 24 h following a 2 h
occlusion of the middle cerebral artery (Pfeilschifter et al. 2011). FTY720 treat-
ment was found to have a protective effect following ischemic injury, but this
protection was abolished in SphK2-deficient mice, pointing toward this protection
as a function of FTY720-P. Hearts from SphK2-deficient mice are also sensitized
to ischemia/reoxygenation injury within the heart, exhibiting significantly larger
infarct sizes (Vessey et al. 2011). Hearts from SphK2-deficient mice were also
resistant to protection usually offered by ischemic preconditioning, but the addi-
tion of exogenous S1P to SphK2-deficient hearts could offer protection.
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2.1.2 S1P Lyase and Phosphatase Deficient Mice

On the opposing side of S1P metabolism, mice deficient in some of the enzymes
that normally degrade S1P have been generated to study what role the proper
degradation of SIP can play. Mice deficient in S1P lyase, encoded by the gene
Sgpll, display significantly reduced viability, size, and weight, and all mice were
dead by 8 weeks of age (Schmahl et al. 2007). When examined at early ages,
sphingolipid levels of not only SIP, but of ceramide and sphingomyelin, were
elevated in plasma, and levels of dihydrosphingosine, ceramide, sphingosine,
dihydro-S1P, and S1P were elevated within the liver (Bektas et al. 2010). These
mice also display higher levels of cholesterol in the serum and exhibited signifi-
cant differences in the metabolism of many other lipids in the liver, pointing
toward an important role for S1P degradation in total lipid metabolism. The broad
elevation of several other sphingolipids points to a potential increase in the
recycling of S1P by S1P phosphatases, which may provide more sphingosine that
can act as a substrate for ceramide synthase to in turn produce more ceramide
(Hagen-Euteneuer et al. 2012). Mice deficient in S1P lyase have significant
changes in immune cell development and function, as they have reduced T and B
cell numbers in the blood and in the spleen while exhibiting elevated numbers of
neutrophils and monocytes in the blood and elevated proinflammatory cytokines in
the serum (Allende et al. 2011). The elevated numbers of neutrophils and increase
in proinflammatory cytokines could be partially rescued by also deleting S1P, but
not S1P;.

As opposed to the irreversible cleavage of SIP caused by S1P lyase, several
phosphatases, either S1P-specific SIP phosphatases (SPPs) or nonspecific lipid
phosphate phosphatases (LPPs), can reversibly dephosphorylate SIP to yield
sphingosine. While mice lacking either of the specific SPPs have not been
described to date, mice lacking each of the LPPs have been generated. Mice
deficient in LPP1 have been described to have deficient clearance of lysophos-
phatidic acid, but were otherwise phenotypically normal (Tomsig et al. 2009).
Likewise, mice deficient in LPP2 were found to be viable and did not display any
significant phenotype to date (Zhang et al. 2000). Mice deficient in LPP3, in
contrast, die in utero prior to E10.5 due to both gastrulation deficits and inefficient
vascularization of the yolk sac (Escalante-Alcalde et al. 2003). Conditional dele-
tion of LPP3 in specialized astrocytes known as Bergmann glia can lead to
alterations of S1P metabolism within the cerebellum, resulting in motor coordi-
nation deficits (Lopez-Juarez et al. 2011). In keeping with the important role for
SIP in lymphocyte development, inducible deletion of LPP3 leads to inefficient
egress of mature thymocytes into the periphery (Breart et al. 2011). Deletion of
LPP3 on either endothelial cells or on epithelial cells leads to a similar inefficiency
of egress, concomitant with a downregulation of CD69 that would be expected to
be a result of exposure of mature thymocytes to higher concentrations of S1P.
LPP3 deletion also has effects in smooth muscle cells, as mice where LPP3 has
been deleted in smooth muscle exhibit higher inflammation after vascular injury
(Panchatcharam et al. 2013).
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2.1.3 S1P Transporter Deficient Mice

Since S1P is produced largely inside the cell, it must be transported to the outside of
the cell in order to act on extracellular targets such as S1P receptors. S1P is thought to
be transported in part by ABC type transporters such as ABCA1 and ABCC1 (Mitra
et al. 2006; Sato et al. 2007), but mice deficient in these transporters display no
changes in circulating S1P. Recently, a separate S1P transporter, Spns2, was iden-
tified in a zebrafish mutant that displayed impaired migration of myocardial pre-
cursors, similar to the deletion of the zebrafish homolog of S1P, (Kawahara et al.
2009). Several groups have generated mice lacking Spns2, identifying that it is
indeed an S1P transporter that when deleted can lead to deficiencies in thymocyte
egress and B cell development (Fukuhara et al. 2012; Hisano et al. 2012; Mendoza
etal. 2012; Nagahashi et al. 2012; Nijnik et al. 2012). Spns2 expressed on endothelial
cells, not erythrocytes, is critical for the efficient egress of mature thymocytes. The
presence of significant concentrations of circulating SIP even in the absence of
Spns2 points toward some level of redundancy, either through the functions of the
ABC type transporters or another S1P transporter that has yet to be determined.

2.2 Mice Deficient in SIP Receptors

2.2.1 S1P; Deficient Mice

S1P; was originally identified as an endothelial differentiation gene, and thus was
given the gene name Edgl. Mice deficient in S1P; die between E12.5 and E14.5
due to vascular hemorrhage and an inability of smooth muscles to migrate to
enclose blood vessels (Liu et al. 2000). Mice that lack S1P; solely on endothelial
cells exhibit a similar phenotype, pointing to the critical role that S1P; plays in
vascular development (Allende et al. 2003). S1P; expressed on endothelial cells
can also play an important role in the development of a mature vascular network,
particularly the inhibition of excess sprouting. Abnormal sprouting of vascular
networks is seen in the embryos where S1P; has been deleted only in endothelial
cells (Shoham et al. 2012), and a similar increase in branching is seen in mice
where S1P; is deleted inducibly shortly after birth, either in all tissues, or solely in
endothelial cells (Jung et al. 2012). Interestingly, S1P; expression seems to be
highest in areas of vasculature with fluid flow, and S1P; may function as a sensor
of shear flow, providing another way that S1P; can regulate vascular function
(Jung et al. 2012). The roles of S1P; specifically within the vascular system will be
discussed in significantly more detail in a later chapter.

Following the finding that FTY720-P acted as an agonist to S1P receptors,
many became interested in elucidating the functions of different S1P receptors in
lymphocyte function. Deletion of S1P; in developing T cells, either by conditional
knockout or bone marrow chimeric approaches, leads to the retention of mature
CD4" and CD8™ T cells within the thymus, leaving the blood and lymph depleted
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of lymphocytes (Allende et al. 2004; Matloubian et al. 2004). Mice in which B
cells are deficient S1P; have also been generated, and such mice display impaired
egress of immature B cells from the bone marrow into the blood as well as a
decrease in splenic B cell numbers (Allende et al. 2010). A more detailed
examination of the roles of lymphocytic S1P;, particularly the functions S1P; can
have in lymphocyte recirculation and the positioning of lymphocytes within the
lymphoid tissues, will also follow in a later chapter.

S1P,, in addition to its critical roles in vascular and lymphocyte physiology,
plays important roles within the central nervous system. S1P; is highly expressed
within the brain and the spinal cord, across multiple cell types including neurons
and astrocytes, and FTY720-P and other S1P; agonists can penetrate efficiently
into the CNS, giving rise to the potential for actions of these agonists directly on
CNS tissue. Mice in which S1P; has been deleted in astrocytes are refractory to
developing experimental autoimmune encephalomyelitis (EAE), a mouse model of
multiple sclerosis, whereas mice in which S1P; was deleted only in neurons
develop EAE similar to wild-type mice (Choi et al. 2011). Interestingly, whereas
wild-type mice with EAE displayed improvements in clinical scores following
treatment with FTY720, mice with EAE that lacked S1P; on astrocytes did
not display any additional improvement in their symptoms following FTY720
treatment. SIP; may also play a role in inflammatory pain, as S1P and the S1P-
selective agonist SEW2871 can cause thermal hyperalgesia following intraplanar
injection. This hyperalgesia is dependent in part on S1P; expressed on nociceptive
neurons, as mice where S1P; has been deleted in Na, 1.8-expressing neurons have
reduced hyperalgesia following SI1P administration (Mair et al. 2011).

2.2.2 S1P, Deficient Mice

Like S1P;, S1P, has a critical role in vascular physiology. Unlike mice lacking
S1P;, mice lacking S1P, are viable (MacLennan et al. 2001; Ishii et al. 2002; Kono
et al. 2004); however, S1P, deficient mice are deaf, potentially as a result of
malformed stria vascularis in the inner ear or defects in hair cells (Herr et al. 2007;
Kono et al. 2007). S1P, deficient mice in some genetic backgrounds can also
exhibit spontaneous seizures (MacLennan et al. 2001). S1P, may play somewhat
overlapping roles with both S1P; and S1P3, as mice lacking both S1P; and S1P,
display a more severe embryonic lethal phenotype than mice lacking S1P; alone
while mice lacking S1P, and S1P; display significant perinatal lethality (Ishii et al.
2002; Kono et al. 2004). Mice deficient in both S1P, and S1P; also display
significantly larger myocardial infarct sizes following ischemia/reperfusion injury,
but mice lacking either display no difference, once again pointing to the significant
overlap in function between the two receptors (Means et al. 2007). Another role of
S1P, within the vascular system is seen when examining neovascularization within
the eye, as S1P, deficient mice displayed significantly less intravitreal angiogen-
esis following ischemia (Skoura et al. 2007). Conditional knockout mouse lines for
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S1P, have yet to be reported, but could potentially determine which cell types are
responsible for the phenotypes seen in mice completely lacking S1P,.

2.2.3 S1P; Deficient Mice

Viable S1P; deficient mice have also been generated which display no significant
abnormalities, but display marginal deficits in reproduction when deficient mice
intercrossed (Ishii et al. 2001). S1P5 deficient mice have been used to show roles
for S1P; in cardiac physiology, as S1P; deficient mice display resistance to bra-
dycardia induced by the nonselective proagonist AAL-R (Sanna et al. 2004) and
are resistant to developing cardiac fibrosis observed when SphK1 is transgenically
overexpressed (Takuwa et al. 2010). S1P5 deficient mice additionally exhibit a
lack of vasorelaxation caused by S1P and show diminished vasorelaxation induced
by injection of high-density lipoprotein (HDL), presumably as a result of the high
amounts of S1P found within HDL (Nofer et al. 2004).

S1P; has also been studied for its role in the immune system, particularly
marginal zone (MZ) B cells and dendritic cells. While no conditional knockout
mouse strain has been described, reciprocal bone marrow chimera experiments and
adoptive transfer experiments have been used with great success between wild-
type and S1P; deficient mice. Such approaches have suggested that S1P; expressed
on MZ B cells helps properly position them within the white pulp, and that
migration of MZ B cells to S1P is mediated in large part by S1P; (Cinamon et al.
2004; Cinamon et al. 2008). S1P; expressed on dendritic cells can regulate their
migration to S1P (Maeda et al. 2007) and mediates inflammation induced through
various pathways. First, S1P; deficient mice display significantly less systemic
inflammatory cytokine production following LPS treatment than do wild-type
mice, a reduction that was reversed by adoptively transferring wild-type dendritic
cells (Niessen et al. 2008). S1P; deficient mice also displayed improved survival
compared to wild-type mice following LPS treatment and delayed lethality in a
model of cecal ligation and puncture that could be reversed by adding in exoge-
nous wild-type dendritic cells. S1P; deficient mice are also resistant to kidney
ischemia reperfusion injury, and this resistance is dependent on the deletion of
S1P5 on dendritic cells, as injection of wild-type dendritic cells into S1P5 deficient
mice prior to injury could lead to a reversal in the protection granted by S1P;
deficient mice (Bajwa et al. 2012).

2.2.4 S1P, Deficient Mice

S1P, was the last S1P receptor to be described and likewise was the last to have
any in vivo phenotype ascribed to its deletion. Like S1P; and S1P5, S1P,4 plays an
important role in several different cell types in the immune system. S1P, knockout
mice display impaired terminal differentiation of megakaryocytes, which leads to a
deficit in platelet repopulation following administration of an antiplatelet antibody
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but not any observable differences in platelet counts under normal conditions
(Golfier et al. 2010). S1P, deficient mice also may help regulate neutrophil
inflammation that can be caused by high levels of S1P and other sphingolipids in
S1P lyase deficient mice (Allende et al. 2011). S1P, is also expressed on dendritic
cells and may affect both their migration and their activation of T cells, as den-
dritic cells in mice lacking S1P, display accelerated in vivo migration to draining
lymph nodes while S1P, deficient dendritic cells may have a reduced ability to
cause T cells to secrete IL-17 (Schulze et al. 2011). No conditional S1P4 mice have
been described to date.

2.2.5 S1P5 Deficient Mice

S1Ps deficient mice, like mice lacking either S1P; or S1P,, are viable and fertile.
S1P5 knockout mice were first described in the context of the function of S1P5 on
oligodendrocytes, as S1Ps deficient oligodendrocytes did not exhibit process
retraction following treatment with S1P (Jaillard et al. 2005). The most noted
function of S1Ps has also been found in the immune system, particularly its
functions in natural killer (NK) cell migration, similar to the way other S1P
receptors can regulate the migration of other types of immune cells. S1Ps deficient
mice display significant reductions in NK cells found within the blood and the
spleen, but increased numbers in the bone marrow and lymph nodes, and NK cells
lacking S1P5 do not migrate to S1P as do wild-type NK cells (Walzer et al. 2007,
Jenne et al. 2009; Mayol et al. 2011). Like all the other S1P receptors other than
S1P;, no S1Ps conditional knockout mice have yet been described.

2.3 Knockin Mice Expressing Tagged or Mutated S1P
Receptors

2.3.1 Fluorescence-Tagged Knockin Mice

While many genetically modified mice have been generated to delete S1P
receptors in cells of interest, recent work has generated mice in which a fluores-
cence-tagged version of an individual S1P receptor replaces that S1P receptor.
These mice allow for the clarification of the expression of S1P receptors in vivo by
both flow cytometry and classic biochemistry, and can also be used in intravital
two-photon microscopy to directly visualize changes in the subcellular localization
of S1P receptors in real-time. Mice in which S1P; fused to the fluorescent protein
eGFP have been used to study how treatment with different S1P receptor agonists
and antagonists can affect the expression of S1P; on lymphocytes (Cahalan et al.
2011), endothelial cells, and within the central nervous system (Gonzalez-Cabrera
et al. 2012), have been used to visualize the differential labeling of distinct vas-
cular types with fluorescent particles (Sarkisyan et al. 2012), and have been critical
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in the identification of endothelial cells as important regulators of cytokine pro-
duction following influenza infection (Teijaro et al. 2011). A similar approach has
also been taken in generating viable mice that express S1P; fused to the fluorescent
protein mCherry (Hugh Rosen, personal communication). While many potential
avenues of research may derive from native fluorescence of the fusion proteins,
many may also come from the ability to immunoprecipitate the receptors using
antibodies against these fluorescent proteins in order to determine posttranslational
modifications such as phosphorylation and polyubiquitination of the receptors, as
well as potentially determining associated proteins.

2.3.2 S1P; Mutant Knockin Mice

As mentioned previously, S1P; becomes rapidly internalized following the binding
of agonists. As lymphocyte sequestration induced by S1P; agonists is thought to
occur due to this internalization, the mechanisms by which this internalization
occurs have been studied in detail. The internalization of S1P, is mediated in part by
the phosphorylation of a number of serine and threonine residues located in
C-terminal tail by G protein-coupled receptor kinases, or GRKSs, leading to f-arrestin
binding and clathrin-mediated endocytosis (Oo et al. 2007). Recently, knockin mice
have been generated where native S1P; has been replaced by S1P; in which five of
these C-terminal serines have been mutated to alanines (S1P;-S5A), thus preventing
the internalization of S1P; (Thangada et al. 2010). While S1P;-S5A expressed on
lymphocytes could still be internalized following either agonist treatment or expo-
sure to blood, S1P;-S5A exhibited delayed internalization in response to S1P;
agonist treatment compared to wild-type S1P;. This resistance to internalization
paralleled a delay in lymphocyte sequestration in response to either S1P; agonism or
S1P lyase inhibition. S1P;-S5A expressing lymphocytes show increased migration
toward high concentrations of S1P, suggesting that higher concentrations of S1P
may normally internalize S1P, preventing migration. A similar knockin mouse in
which a threonine and two serines in the C-terminal tail have been replaced by
alanines (S1P;-TSS) has also been generated that displays similar resistance to
internalization and an increase in migration to S1P but not to other chemokines
(Arnon et al. 2011). These two knockin mice, which appear to cause similar
downstream signaling to wild-type mice, can help separate out which events
following S1P; agonist treatment are a result of S1P; signaling, and which events
may be affected by the internalization of the receptor.

3 Conclusions

The pleiotropic functions and complex biology of S1P make it a delicate system to
study. Studying the actions of S1P on its receptors has yielded significant insights
into a broad range of physiological systems. SIP will continue to be an exciting
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area of study, particularly because of its relevance in human disease. Despite the
relatively recent discovery of S1P receptors, modulation of S1P biology has
already progressed to clinical treatment of disease. This progression has been
aided significantly by the generation of an incredible diversity of both chemical
and genetic tools that affect all aspects of S1P biology. While significant progress
has been made, several areas of development of these tools remain, particularly the
generation of selective in vivo chemical modulators and conditional knockouts.
A summary of Additionally, it is likely that other genes regulating S1P function
have yet to be found Truly, the combined use of chemical and the genetic tools
within a single experiment provides the most useful and conclusive findings into
the functions of S1P and its receptors. The continued development and refinement
of both will hopefully continue to aid in our understanding of physiology and in
the treatment of human disease.
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