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ABSTRACT

After undergoing positive and negative selection in the thymus, surviving
mature T cells egress from the thymic parenchyma and enter the bloodstream
to participate in adaptive immunity. Thymic egress requires signals mediated
by sphingosine-1-phosphate (S1P), a bioactive lipid that serves as the ligand for
a family of G protein-coupled receptors (S1P1-5) expressed on many cell types,
including T cells. In the final stage of their development, T cells upregulate
S1P1 expression on the cell surface, which enables them to recognize and
respond to a chemotactic S1P gradient that lures them into the bloodstream.
The gradient is generated by an S1P source close to the site of egress combined
with an S1P sink generated by the actions of S1P catabolic enzymes including
S1P lyase (SPL), the only enzyme that irreversibly degrades S1P. The requisite
contribution of SPL to thymic egress is demonstrated by the profound
lymphopenia observed in SPL knockout (KO) mice and wild type mice treated
with SPL inhibitors. SPL is robustly expressed in thymic epithelial cells (TECs),
which make up the stromal reticular network of the thymus. However, TEC SPL
was recently found to be dispensable for thymic egress. In contrast, deletion of
SPL in dendritic cells (DCs) — which represent only a small percent of thymic
stroma — disrupts the S1P gradient and blocks thymic egress. These recent
observations identify DCs as homeostatic regulators of thymic export through
the actions of SPL, thereby adding one more piece to the complex puzzle of
how S1P signaling contributes to the regulation of T cell trafficking.

Introduction

After undergoing positive and negative selection in the thymus,
mature T cells egress from the thymic parenchyma and enter the
bloodstream as naive T cells which become a central feature of the
adaptive immune system. The migration of mature T cells from
thymus into the circulation, i.e., “thymic output” is generally a
constitutive process that steadily adds to the peripheral naive T cell
pool. However, conditions such as aging, HIV infection, chemotherapy
and/or radiation can reduce thymic output and thereby impact
immune function'*. The augmentation of thymic output could have
therapeutic benefit in some conditions such as to hasten immune
reconstitution after bone marrow transplantation, whereas
inhibition of thymic output to prevent the release of self-reactive
T cells could be therapeutic in the context of autoimmune disease.
A more complete understanding of the physiological mechanisms
involved in T cell egress could lead to novel immunomodulatory
strategies for illness and aging.

Sphingosine-1-phosphate (S1P) is a bioactive metabolite
generated by the degradation of sphingolipids. S1P produces signals
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that control cell movement, adhesion, survival/apoptosis
and differentiation primarily by ligating to a family of five G
protein-coupled receptors (S1PRs) ubiquitously expressed
on the surface of mammalian cells. S1P is formed when
sphingosine kinases (SphK1 and SphK2) phosphorylate the
long chain base sphingosine. Nonspecific lipid phosphate
phosphatases (LPPs) and S1P-specific phosphatases
(Sgpp1 and Sgpp2) can dephosphorylate S1P, regenerating
sphingosine. However, only the intracellular enzyme S1P
lyase (SPL) cleaves the S1P carbon backbone and thereby
irreversibly degrades S1P to form hexadecenal and
ethanolamine phosphate®. Assuch, SPL, encoded by the gene
SGPL1, is a critical regulator of cellular, extracellular, tissue
and circulating S1P levels. This review will summarize
selected insights from the last fifteen years of research
regarding the role of S1P signaling and metabolism in T cell
egress from the thymus and peripheral lymphoid organs.

SP

Recent findings on the mechanism of SPL's influence on
thymic egress and implications regarding modulation of
SPL for therapeutic benefit will be highlighted.

T cell development in the thymus

Bone marrow-derived lymphoid progenitor -cells
destined to become T lymphocytes enter the thymus at
the cortico-medullary junction (CMJ]) and settle in the
cortex®”. There, they upregulate a repertoire of unique
and stochastically determined T cell receptors (TCR)
as well as the TCR co-receptors CD4 and CD8 (Figure
1). These “double positive” (DP) thymocytes undergo
positive selection, resulting in the removal of T cells
expressing inefficient TCRs®®. Surviving DP thymocytes
then differentiate into semi-mature T cells by upregulating
the homing receptor CCR7 and becoming either CD4+ or
CD8+ “single positive” (SP) thymocytes. SP thymocytes

SP

SP

Figure 1. Thymocyte maturation and egress. Thymic cortex is depicted in aqua, thymic medulla in light blue. Cortico-medullary junction
(CM), the site of T cell egress, is indicated by a dark red bold arrow. Key steps are shown in black arrows. Cortical thymic epithelial cells
(cTEC) and medullary thymic epithelial cells (mTEC) that comprise the reticular network of the thymus are depicted in yellow. Bone
marrow-derived T lymphocyte precursors emerge from vessels at the CMJ and settle in the thymic cortex, where they begin to express
the T cell receptor (TCR) and co-receptors CD4 and CD8 (i.e., double positive cells). 1) CD4* and CD8* double positive (DP) thymocytes
migrate from the cortex to the medulla, where they differentiate into CD4* and CD8* single-positive (SP) thymocytes. 2) As SP cells
mature, they express S1P lyase (SPL) and the transcriptional factor KLF2. The latter leads to increased transcription of s1pri, resulting
in a high expression of surface S1P1 (indicated in bright green). CD62L is also upregulated, and CD69 is downregulated. This process
occurs for both CD4+ and CD8+ thymocytes but is depicted here for CD8+ cells for simplicity. 3) Pericytes (PC) that surround blood
vessels located at the CMJ harbor sphingosine kinases (SphK) that catalyze formation of S1P (small dark blue circles) and secrete it into
the adjacent thymic parenchyma. 4) Thymic dendritic cells (DC) close to the CMJ internalize extracellular S1P by S1PR-mediated uptake,
making it accessible to intracellular S1P lyase (SPL). SPL catalyzes the irreversible degradation of S1P. 5) In mTECs and endothelial cells
(ECs), S1P is dephosphorylated by LPP3. Both LPP3 and SPL activities are required for egress. 6) The S1P chemotactic gradient produced
by the S1P source (pericytes) and S1P sink (DCs and mTECs) interacts with S1P1 on mature thymocytes, thereby facilitating their egress
into the bloodstream where high S1P concentrations derived from erythrocytes persist.
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move into the medulla and are subjected to negative
selection, which culls lymphocytes with self-recognizing
TCRs®°. Approximately 2% of T cells survive both positive
and negative selection and subsequently undergo thymic
egress.

The initial discoveries linking S1P signaling to thymic
egress

The basic steps involved in thymic egress — and the
critical role of S1P signaling in this process — have been
illuminated over the past fifteen years through a series
of key studies. Historically, both passive and facilitated
mechanisms of T cell egress had been considered, but by
2001 two separate reports provided evidence that T cell
egress was dependent upon a G, protein-coupled receptor-
dependent mechanism inhibited by pertussis toxin®1%,

In 2002, Mandala and colleagues made a seminal
discovery linking S1P and its G protein coupled receptors
to the control of thymic egress. They observed that
administration of a small molecule called FTY720 to mice
could block thymic egress. FTY720 had been developed
as a derivative of myriocin, a natural product with
immunosuppressive properties shown by its inhibitory
activity in the mixed lymphocyte reaction'?. Myriocin’s
activity is due to its ability to inhibit sphingolipid
biosynthesis'?. Structure/function analysis of myriocin’s
immunosuppressive activity led to the development of
FTY720 (also known as fingolimod), which was less toxic
and exhibited markedly more potent immunosuppressive
functions than myriocin at doses below those required
to inhibit the mixed lymphocyte reaction®®. FTY720
pretreatment prevented graft rejection in preclinical
models of organ transplantation!*. Importantly, FTY720
did not induce a globally immunodeficient state, which
was a potential advantage over other known immune
modulators. Despite these promising findings, its specific
mechanism of action was not revealed until Mandala’s
group discovered that FTY720 prevents T cell egress from
thymus and peripheral lymph nodes, and that it does so by
targeting S1PRs'>!¢ Treatment of mice with either FTY720
or S1P eliminated T cells from efferent lymphatic vessels,
indicating that these interventions blocked egress by
trapping lymphocytes at thymic and peripheral lymphoid
organ exit sites. Simultaneously, Volker Brinkmann and
researchers at Novartis observed similar effects of FTY720
on T cell trafficking, established that the drug targets
S1PRs and — importantly — demonstrated its efficacy
in a preclinical model of the autoimmune neurological
disorder multiple sclerosis!. FTY720 was shown to be a
pro-drug that when phosphorylated in vivo by the enzyme
sphingosine kinase 2 becomes a structural analog of S1P
and targets four out of the five known S1P receptors (all
but S1P2)Y". Using an antigen-challenged mouse model,
Rosen’s group confirmed that FTY720 prevents the

recirculation of naive T cells and traps antigen-challenged
T cells in the draining lymph node, but without reducing in
vivo or in vitro T cell proliferation?®.

The dynamic role of S1P1 in thymic egress

In 2004, Matloubian et al showed that S1P1 expression
by T and B cells was critical for their ability to exit
lymphoid organs and further demonstrated that S1P-
dependent chemotaxis was a dynamic process — namely,
that S1P1 was upregulated on the cell surface before
thymocytes exited the thymus, and downregulated after
lymphocytes underwent stimulation'®. Downregulation of
T lymphocyte S1P1 after antigenic stimulation led to their
retention in peripheral lymphoid organs. Similarly, FTY720
induced downregulation of S1P1 on lymphocytes, causing
their retention in lymph nodes!. Consistent with these
findings, Richard Proia’s group showed that disruption
of the SIPR1 gene in murine T cells was sufficient to
prevent thymic egress?’. Subsequent studies proved that
T-cell intrinsic S1P1 signaling promotes T cell egress by
overcoming retention signals mediated through CCR7
and other G, protein-coupled receptors?!. The necessity of
S1PR-dependent signaling for T cell trafficking was shown
to be highly context-dependent by the Bromberg group.
They showed that within lymph nodes T cell migration to
some signals (i.e, CXCL12) but not to others (i.e., CCL19)
required dual chemokine and S1PR stimulation, whereas
this was not true of splenic T cells, which did not require
S1PR stimulation to migrate to either chemokine?2

The contribution of S1P catabolism and transport to
thymic egress

In 2005, Schwab and colleagues demonstrated that S1P1
expressionwasnotthe only factor needed to facilitate thymic
egress. By reducing local tissue S1P levels, SPL generated a
chemotactic gradient that was essential for guiding S1P1-
expressing mature thymocytes away from thymus and into
the blood?. The importance of the chemotactic S1P gradient
was confirmed by the demonstration that inhibition of SPL
activity by tetrahydroxybutylimidazole — a compound
found in caramel food coloring known previously to
cause lymphopenia?* — also blocked thymic egress when
administered to mice, consistent with the lymphopenia
characteristic of global SPL knockout mice??. Thus,
an S1P chemotactic gradient combined with a receptor
system for sensing that gradient are the two fundamental
requirements that enable mature naive T cells to enter the
circulation.

Interestingly, the Schwab group established that the lipid
phosphatase LPP3 is also required for thymic egress and that
disruption of LPP3 in either Endothelial Cells (EC) or TEC
compartments causes a block in thymic egress?®. Fukuhara and
colleagues showed further that S1P export from EC by the S1P
transporter Spns2 is also required for egress?’. Collectively,
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these findings suggest that the S1P gradient is dependent
upon multiple activities to produce S1P at the site of egress
and eliminate S1P signals elsewhere, thereby shaping the
gradient to generate the optimal chemotactic effect.

Additional revelations about the S1P signaling axis
and thymic egress

In 2006, Carlson et al demonstrated that mature
thymocytes upregulate Kruppel-like factor 2 (KLF2),
a transcription factor that promotes the transcription
of genes involved in homing and trafficking?®. S1P1
was found to be a transcriptional target of KLF2 that is
upregulated along with CD62L during the final stage of T
cell maturation?®. Thymocytes lacking KLF2 expression
failed to express beta7 integrin, CD62L and S1P1 and were
unable to egress the thymus?®.

Utilizing in vivo labeling of SP CD4+ thymocytes
combined with fluorescent microscopy, Zachariah and
colleagues showed that mature T cells exit the thymus
through blood vessels located at the CMJ]?. They also
showed that sphingosine kinase activity within pericytes
located at the CM] produce the critical S1P signal that —
together with S1P catabolic activities — generates the S1P
chemotactic gradient essential for egress.

In 2009, Weber and colleagues, studying SPL knockout
mice, established that SPL expression is essential for
thymic development and that without SPL toxic ceramides
accumulate and new thymic settling is prevented, reducing
the availability of thymic early T cell progenitors®. These
studies suggest that S1P metabolism plays multiple roles
in thymic function and T cell development in addition to its
essential contribution to thymic egress.

Integration of S1P1 signaling within a dynamic
immune response system

Similar to their role in thymic egress, S1P gradients and
S1P1 signaling are critical regulators of T cell trafficking in
the periphery. Lymphocyte migratory responses are highly
complex and dynamic, occurring in a tissue-dependent
context and responsive to antigen-mediated activation,
cytokines associated with the inflammatory state, and
regulatory mechanisms that control S1P1 gene expression,
protein stability and subcellular localization. Along
with numerous other retention and chemotactic signals
including CCR7, interferon gamma and others, S1P1 signals
are integrated by lymphocytes within a sophisticated and
hierarchical response system modulated by environmental
cues and conditions. Due to the complexity of this subject
and limitations of space, we refer the interested reader to
an excellent recent review on this subject?’.

S1P-targeted drugs: anew class ofimmune modulators

Although conflicting results over whether FTY720

acts as an S1PR agonist or antagonist created some initial
controversy in the field, it is now clear that FTY720
functions as a super-agonist that activates the receptor but
also causes its internalization followed by its proteasomal
degradation®?*. Gatfield and colleagues showed that
after the natural S1P ligand causes S1P1 internalization,
recycling of the receptor back to the cell surface requires
ligand unloading by SPL-dependent S1P catabolism. In
contrast, FTY720-P is not catabolized by SPL and remains
bound to its target, thereby preventing its recycling*. Thus,
the ultimate impact of the drug is to provide a chronic
blockade of lymphocyte egress caused by the inability of the
T cells to re-express S1P1, thereby protecting target tissues
from lymphocyte-mediated inflammation and injury.
Importantly, blockade of lymphocyte trafficking by FTY720
was shown to be efficacious in the treatment of chronic
relapsing multiple sclerosis®. FTY720 and other rationally
designed S1P1 targeted drugs are being evaluated in
clinical trials for several autoimmune disorders, and early
results appear promising3¢38,

By reducing the S1P gradient, partial inhibition of SPL
through pharmacological means also prevents lymphocyte
egress from lymph nodes. In preclinical studies, this strategy
has been shown to exert protective effects in several T cell
dependent models of inflammation including multiple
sclerosis, rheumatoid arthritis, ischemia reperfusion injury,
and the genetic disorder Duchenne’s muscular dystrophy,
which is characterized by a marked inflammatory response
within the affected muscles®*.

The cellular source of SPL that generates the S1P
chemotactic gradient

Itwasassumed by many in the field that thymic epithelial
cells (TECs) — which make up the stromal reticular network
of the thymus and which express abundant SPL. — must
harbor the SPL activity that generates the S1P sink needed
to strengthen the amplitude of the chemical gradient. To
confirm this, we employed Cre/Lox technology to generate
transgenic (Tg) mice in which SGPL1 is disrupted selectively
in TECs (SPLT-X0 mice). Interestingly, SPLT™X® mice had
no egress phenotype**. Even more surprisingly, S1P levels
in the whole thymus of SPL™“¥° mice were unaffected
compared to controls*.

Considering that the thymus is composed largely of
blood and vascular cell types, we next generated Tg mice
in which SPL was disrupted in all hematopoietic cell types
and ECs using a similar Cre/Lox strategy. The SPLM<-X mice
thus generated exhibited profound accumulation of CD4+,
CD8+ and mature T cells in the thymus, in association
with lymphopenia and elevated thymic S1P levels*.
Extracellular thymic S1P levels at the site of egress were
also high, as shown by a complete downregulation of S1P1
on the cell surface of mature thymic T cells**. Bone marrow
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transplantation studies showed that thymic egress was
blocked only when SPL was lacking in the hematopoietic
compartment, whereas EC SPL was not essential for thymic
egress*t,

Disruption of SPL in B lymphocytes, monocyte/
macrophages and lymphatic endothelium resulted in no
impact on thymic egress*. Driving SPL disruption in T
lymphocytes, however, caused a partial block in thymic
egress. In addition, S1P in thymic extracellular fluid was
higher than normal. Nonetheless, the severity of the
egress phenotype was modest compared to that exhibited
by SPLM<LK0 mice*. This indicated that some other
hematopoietic cell type must harbor the SPL pool essential
for generating the S1P gradient and sustaining T cell egress.

Dendritic cells (DCs) make up only 0.5% of thymic
cellular content, yet they play important roles in thymic
function and T cell education*. DCs are highly efficient
antigen-presenting cells and play a seminal role in the
development of central tolerance through mechanisms
thought to involve the stimulation of immature thymocytes
with antigens brought from the periphery by circulating
DCs**’. Thymic DCs are located in the medulla and
CM]*. However, no role for DCs in T cell trafficking had
been previously identified. We generated DC-specific SPL
knockout mice (SPLP®*° mice) lacking SPL in classical and
plasmacytoid DCs*. SPLP“¥° mice showed a prominent
egress defect, with severe accumulation of SP and mature
T cells in the thymus and reduced T cells in blood, lymph,
lymph nodes and spleen*’. In addition, their total thymic
S1P levels were significantly elevated, and extracellular
S1P levels at the site of T cell egress were substantially
increased, recapitulating the finding of SPLM*-KO mice*.
Double KO micelacking SPLinboth T cells and DCs exhibited
a block in thymic egress that was equivalent in severity to
that observed in SPLP¥0 mjce*4. Thus, T cell SPL does not
add appreciably to DC SPL in regulating thymic egress. To
confirm the importance of DC SPL in regulating egress,
we performed rescue experiments, taking advantage of a
previously reported finding that labeled donor splenic DCs
could be traced to the thymus after infusion into recipient
mice*. The DCs from both SPL wild type and knockout
donor mice homed to the recipient thymus in equal
proportions after intravenous administration. However,
only the infusion of DCs from wild type donors relieved the
egress blockade*.

Following the uptake of D7-S1P (a stable isoform of
S1P) provided in the cell culture medium, we showed
that mature bone marrow-derived DCs as well as CD4+ SP
thymocytes from SPL flox/flox control mice degraded D7-
S1P rapidly and did not accumulate S1P, with DCs exhibiting
more efficient S1P uptake than thymocytes. In contrast,
DCs generated from SPLM*-K0 mice accumulated S1P over
time, demonstrating efficient S1P uptake and dependence

upon intracellular SPL for its degradation**.

To determine how DCs take up S1P and make it available
to SPL, we employed a series of inhibitors to block the
three most likely processes involved in S1P uptake, namely
S1P1-mediated uptake, receptor-independent endocytosis
or dephosphorylation, the latter representing a common
mechanism for uptake of phosphorylated drugs and other
compounds.Inhibition of S1P1 activity by FTY720 completely
blocked S1P uptake into DCs. Inhibition of endocytosis
with dynasore and inhibition of LPP ectoenzyme with XY-
14 reduced S1P uptake to a lesser degree*. These findings
demonstrate that DCs take up S1P from the extracellular
fluid by receptor-mediated endocytosis and degrade it via
the actions of SPL (Figure 1).

Conclusions and remaining questions

Our cumulative results demonstrate that SPL activity
contained within thymic DCs is essential for maintaining
low extracellular S1P levels at the site of egress, thereby
producing the S1P chemotactic gradient essential for
enabling mature T cell entry into the circulation. DCs
import S1P via a S1P receptor-dependent mechanism,
thereby making it available for degradation by SPL. T
cells are also capable of importing S1P and degrading
it, but the contribution of T cell SPL to the S1P gradient
and thymic egress is nominal compared to that of DCs,
based on comparisons of S1P1 cell surface expression on
mature thymic T cells, the rates of S1P uptake, and the
egress phenotypes of T cell, DC and double knockout SPL-
deficient mice. Our findings, in conjunction with the finding
by others that vascular and perivascular sources of LPP3,
Spns2 and SphK activities are also essential for thymic
egress, emphasize the importance of highly localized S1P
gradients in regulating immune cell trafficking. Our findings
also reveal a novel role for DCsin T cell egress, independent
of their other important functions in the development of
central tolerance and immune surveillance.

These findings, however, raise many new questions
regarding SPL's role in immunity. What purpose does SPL
serve in TECs, wherein SPL is so highly expressed and yet
not involved in T cell trafficking? What impact does SPL
have on T cell differentiation, the TCR repertoire and the
egress of other T cell subsets and NKT cells emerging from
the thymus? A complex set of proteins including S1P1, SPL,
LPP3, the S1P transporter SPNS2, and sphingosine kinases
are all required for proper egress®:. How do all these
players coordinately control S1P metabolism, transport
and signaling to maintain efficient egress and shape the S1P
gradient? Does DC SPL also maintain localized gradients in
peripheral lymphoid organs and within sub-compartments
of organs such as spleen, lymph nodes and Peyer’s patches?
Our study was performed under relatively controlled
and static conditions. The immune system, however, is a
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dynamic process that changes during development and
aging and that responds to pathogens, drugs and other
stimuli. What central or peripheral factors might modulate
SPL expressionand/or activity in DCs or other cell types and
thereby influence lymphocyte trafficking? Considering that
S1P signaling is also important in regulating the trafficking
and activation of other immune cell types including DCs,
what role does SPL play in the intrinsic functions of innate
immune cells?

Recently, we reported the discovery of a novel human
syndrome ofimmunodeficiency, steroid-resistant nephrotic
syndrome, adrenal insufficiency, central and peripheral
neuropathy, and acanthosis caused by inactivating
mutations in SGPL1%°. The finding of lymphopenia in the
affected patients substantiates the role of SPLin lymphocyte
trafficking as elucidated by studies in mice. However, some
of the patients in the cohort exhibited other immunological
and hematopoietic phenotypes, including abnormalities
in natural killer (NK) cells®*. Combined with another
recent report implicating SPL in the regulation of NK cell
trafficking and tumor suppression in a cancer metastasis
model, it seems likely that SPL plays an important role
in NK function that could be harnessed for therapeutic
purposes in cancer patients®!. These findings will require
further investigation to elucidate the potential role of SPL
in NK cell emergence into the circulation, differentiation,
activation and trafficking.

FTY720 is approved by the Food and Drug
Administration for the treatment of chronic relapsing
multiple sclerosis®. Clinical studies testing the utility
of FTY720 and more recently developed selective S1P1
antagonists in multiple sclerosis and a range of other
autoimmune diseases including inflammatory bowel
disease, psoriasis, rheumatoid arthritis are ongoing?®.
Based on positive early results, it seems likely that S1PR
targeted drugs represent a powerful new class of immune
modulators that will soon make their way to the clinic.
Their ability to block lymphocyte-mediated target organ
damage without disabling other T cell functions is a clear
advantage over steroids and other immunosuppressive
drugs.

Whether SPL-targeted therapy will be useful as an
immune modulator remains to be determined. The serious
manifestations of human SPL deficiency syndrome raise
concerns that sustained and complete pharmacological
SPL inhibition for immunomodulation in autoimmune
disease, cancer, or to improve thymic output after bone
marrow transplantation may produce unacceptable
toxicities. On the other hand, temporary, partial or cyclical
SPL inhibition to improve the survival of transplanted cells,
tissues or organs or to promote immune-mediated cancer
cell destruction may have its place in combination with
other pharmacological strategies of the future. Additional

research will be required to address these possibilities.

S1P signaling and metabolism clearly represent a
common mechanistic theme that is reprised in different
tissues and cell types of the immune system. As we reveal
more about the specific and coordinated functions of S1P
and S1P-related proteins in this process and in relation to
the dynamic interplay of chemokine signals that influence
lymphocyte trafficking, the more it will become possible to
harness this system for therapeutic benefit.
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