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S1P signalling background

Summary

Sphingosine-1-phosphate (S1P) is a lipid second messenger that signals
via five G protein-coupled receptors (S1P,_s). S1P receptor (S1PR) signal-
ling is associated with a wide variety of physiological processes including
lymphocyte biology, their recirculation and determination of T-cell phe-
notypes. The effect of FTY720 (Fingolimod, Gilenya™) to regulate lym-
phocyte egress and to ameliorate paralysis in experimental autoimmune
encephalomyelitis, an animal model of multiple sclerosis led to the use of
FTY720 as a first-line oral agent for treatment of relapsing-remitting mul-
tiple sclerosis. However, a significant body of research suggests that S1P
signalling may participate in diverse immune regulatory functions other
than lymphocyte trafficking. This review article discusses the current
knowledge of SIP signalling in the fate and function of T regulatory, T
helper type 17 and memory T cells in health and disease.
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compound created by chemical modification of the fungal
derivative Myriocin,” revealed its ability to cause substan-

Sphingosine-1-phosphate (S1P) is a lipid second messen-
ger that signals via five G protein-coupled receptors
(S1P,_5).! The S1P receptor (S1PR) signalling is associ-
ated with a wide variety of physiological processes, such
as vascular development,” central nervous system homeo-
stasis,” and lymphocyte biology, particularly their recircu-
lation and determination of T-cell phenotype.* This
review will focus on the signalling pathways of SIPR in T
cells, which is mainly limited to S1P; and S1P,. As the
majority of studies have investigated the role of S1P;, our
knowledge of S1P, function in T cells is limited. For
comprehensive reviews of the biochemistry, metabolism
and structural biology of S1P and its signalling in other
cell types, the reader is referred to these reviews.” ®

tial lymphopenia and prolonged allograft survival in vari-
ous species.'” The discovery that the mechanism of action
of FTY720 occurs via SIPR modulation'' spurred interest
in immunological functions of S1P signalling. Later studies
demonstrated amelioration of experimental autoimmune
encephalomyelitis (EAE), an animal model of multiple
sclerosis, with low-dose FTY720,'? which has since been
approved as a first-line oral agent for treatment of relaps-
ing-remitting multiple sclerosis.'>'> The pharmacology
and biology of FTY720 are covered in great depth by other

reviews. %17

S1P, in lymphocyte trafficking

Early observation on studies with FTY720 (Fingolimod,

M

Studies to characterize the mechanisms underlying the

Gilenya™, Novartis Pharma, Basel, Switzerland), a induction of lymphopenia by FTY720 paved the way to

Abbreviations: CD, cluster of differentiation; CCR7, C-C chemokine receptor type 7; CCL19, C-C motif ligand 19; CCL21, C-C
motif ligand 21; EAE, experimental autoimmune encephalomyelitis; IL-12, interleukin 12; Jak, Janus-activated kinase; KLF2,
Kruppel-like factor 2; RORyt, RAR-related orphan nuclear receptor gamma t; S1P, sphingosine 1-phosphate; S1PR, sphingosine-
1-phosphate receptor; S1P;, sphingosine-1-phosphate receptor 1; STAT, signal transducer and activator of transcription; Tcm, T
central memory cells; TGF-f, transforming growth factor-f; Th, T helper cells; Treg, T regulatory cells; Trm, T resident memory
cells
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better understanding of the basic biological principles of
lymphocyte circulation and revealed the importance of
SIP, in this process* (Fig. la). Using fetal liver from
Slprl~’~ embryos to create bone marrow chimeric mice,
Matloubian, et al. demonstrated that egress of lympho-
cytes from thymus and secondary lymphoid organs did
not occur in the absence of S1P signalling, establishing a
requirement for S1IP-SIP; interaction in regulating lym-
phocyte egress. Additional studies established that S1P,
expression was temporally regulated during T-cell devel-
opment, culminating in high expression by mature single-
positive CD4 or CD8 thymocytes and that conditional
deletion of Slpr; in T cells alone was sufficient to block
their egress from the thymus. As S1P; provides a critical
chemotactic cue, and levels of S1P are high in the blood
and lymph and low in most tissues,” it was postulated
that this ‘S1P gradient’ would play a role in lymphocyte
egress. Indeed, disruption of the SIP gradient by 2-acetyl-
4-tetrahydroxyimidazole, an inhibitor of the S1P degrada-
tive enzyme S1P lyase, led to lymphopenia and blocked
T-cell egress from the thymus.'® This effect was mediated
by increases in tissue concentrations of S1P and S1P-
mediated down-regulation of surface S1P;, so impairing
chemotactic responses.'® Studies using conditional dele-
tion of the S1P biosynthetic enzymes, sphingosine kinases
1 and 2 (Sphk1/2) demonstrated that an almost complete
loss of SIP in the blood and lymph correlated with high
cell surface expression of S1P; on naive T cells in the cir-
culation. Lymphopenia was also evident, but infusion of
SIP (in the form of S1P-producing erythrocytes) into
sphingosine kinase-deficient mice, led to the release of

lymphocytes into the blood concomitant with decreased
cell surface expression of S1P;.'" Mutant mice that
express an internalization-defective S1P; that is signalling
competent have delayed lymphopenia kinetics in response
to FTY720 or 2-acetyl-4-tetrahydroxyimidazole treatment,
further supporting the premise that cell surface residency
of SIP, is a primary determinant of lymphocyte egress.*’
These observations combine to create a model whereby
high concentrations of ligand lead to S1P; surface down-
regulation and so to non-responsiveness to S1P chemo-
tactic cues. Conversely, low ligand concentrations result
in S1P; surface residency, allowing greater sensitivity to
S1P-mediated egress.

The ability to trap lymphocytes within lymph nodes or
to allow their recirculation is an important feature of
mounting an effective adaptive immune response. In a typ-
ical antigen-specific response to infection, local inflamma-
tion triggers activation and retention of cells in the relevant
draining lymph node, and this accumulation increases the
probability of lymphocytes finding cognate antigens and
becoming activated. This is believed to occur in three
phases, the first of which is the initiation of short serial
contacts between T cells and antigen-bearing dendritic cells
allowing T cells that are specific for dendritic cell-presented
antigen to up-regulate activation markers and decrease
their motility.”! Approximately 12 hr later, stable contacts
are formed between dendritic cells and T cells, which begin
to produce effector cytokines. In the last phase, T cells
become primed for migration and have developed pro-
nounced effector functions. Shiow et al. observed that T-
cell and B-cell numbers precipitously decrease in the circu-
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Figure 1. S1P; signalling in T cells. SIP; signalling regulates immune trafficking and effector T (Treg, Th17) and T memory cell differentiation.

(a) S1P-S1P; interaction promotes ligand—receptor internalization, disrupts S1P gradient and trigger lymphocyte egress into systemic circulation.

(b) Treg cell differentiation of negatively regulated by SIP,. (c) S1P; C-terminal region phosphorylation enhanced Jak/STAT3-mediated Th17

polarization. (d) S1P; signalling may also influence Tcm and Trm cell expression and fate. Abbreviations: SI1P, sphingosine-1-phosphate; S1P,

sphingosine-1-phosphate receptor 1; SK, sphingosine kinase; SL, sphingosine lyase; THI, SL inhibitor 2-acetyl-5-tetrahydroxybutyl imidazole;

Treg, T regulatory cells; Th17, T helper type 17 cells; Tcm, T central memory cells; Trm, T resident memory cells; Jak/STAT3, Janus-like kinase/

signal transducer and activator of transcription 3; CD, cluster of differentiation; Akt, serine threonine protein kinase B; CCR7, C-C chemokine

receptor type 7.
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lating lymph®* after treating mice with poly I:C, which
mimics viral double-stranded RNA and is therefore a
potent inducer of interferon-a/ff production. This lymp-
hopenia was attributable to a decrease in lymphocyte S1P,
responsiveness to S1P and therefore decreased egress. The
interferon response also led to surface expression of the
activation marker CD69, which was required for lympho-
cyte retention, as Cd69 ™'~ cells transferred to wild-type
hosts were refractory to the induction of lymphopenia by
poly I:C injection or infection with lymphocytic chorio-
meningitis virus. In vitro studies later demonstrated that an
interaction between specific domains of CD69 and S1P,
was required for their reciprocal regulation and mutual
exclusion from expression on the cell surface.”> A model
was proposed whereby S1P; expression prevents CD69 sur-
face expression, allowing unactivated lymphocytes to exit
lymphoid organs. Alternatively, cellular activation pro-
motes lymphocyte retention by up-regulating surface
expression of CD69, so forcibly reducing S1P, surface
expression and S1P responsiveness.

The balance between C-C chemokine receptor type 7
(CCR7) retention signals and S1P; egress signals is also
important for modulating T-cell activation.**** CCR7 is a
chemokine receptor for the T-cell cortex homing chemo-
kines C-C motif ligand 19 (CCL19) and CCL21.%° Exposure
to high concentrations of S1P results in S1P; internaliza-
tion, making cells unresponsive to migration cues in blood
or lymph,***” whereas CCL19 can desensitize CCR7 signal-
ling.”® Loss of CCRY7 results in reduced T-lymphocyte dwell
time in the lymph node, implying that CCR7 provides a
signal to counter S1P;-mediated egress. To determine if
this counter-regulation of S1P; was activation state-depen-
dent, similar to CD69-mediated repression, the ovalbumin
immunization model was used. Transfer experiments using
OT-II transgenic T cells, which are specific for an ovalbu-
min peptide, revealed that T cells that had undergone
multiple rounds of cell division up-regulated S1P; and
down-regulated CCR7, and cells that had undergone a high
number of divisions were more frequently found in the
circulation.”* Presumably, this would allow effector cells to
exit the lymph node and scan the periphery for antigen.
Similarly, transgenic mice over-expressing S1P; in T cells
had increased T cells in blood, had elevated IgE before and
after immunization, and exhibited aberrant activation pro-
files in delayed-type hypersensitivity responses, including
decreased cell recruitment to the site of inflammation and
lower surface CD69 expression by lymph node T cells.”
These studies suggest that proper cell activation is a func-
tion of cell localization, and a model constructed from
balancing lymph node retention versus escape mechanisms
demonstrates that these signals dictate lymphocyte dwell
time within the lymph node, potentially affecting the
generation of the adaptive immune response.”**!

Sphingosine-1-phosphate receptor 1 is coupled to G,
and is therefore pertussis-toxin-sensitive. Signals from
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T-cell S1P signalling

S1P; are transduced via multiple downstream pathways,
including mitogen-activated protein kinase, phospholipase
C, phosphoinositide 3 kinase/Akt and adenylyl cyclase.”
Activation of these different signalling cascades is known
to result in diverse biological outcomes; however, their
applicability to T-cell biology is, in some cases, unknown.
For instance, Akt-mediated phosphorylation of S1P; is
required for Rac activation and chemotaxis in endothelial
cells, yet it is unclear if this same mechanism is active
within T cells.”> Phosphoinositide 3 kinase and mamma-
lian target for rapamycin are known to affect T-cell traf-
ficking by regulating Kruppel-like factor 2 (KLF2)
expression.”* KLF2 is a transcription factor that can mod-
ulate expression of CD62L (r-selectin), CCR7 and
S1P,*>>*® and may maintain T-cell quiescence, as its loss
results in unrestrained expression of inflammatory
chemokine receptors.”” Phosphoinositide 3 kinase and/or
mammalian target for rapamycin inhibition resulted in
higher expression of KLF2, CD62L, CCR7 and SI1P;.
Lymph node homing chemokine receptors such as CCR7
and CD62L are expressed on naive T cells and are lost on
T effector cells, which home to tissues to fight infection.*
It is unclear how CCR?7 is lost while S1P, surface expres-
sion increases when expression of both factors are con-
trolled by KLF2, although post-translational modifiers
and protein—receptor interactions may be involved. It is
also possible that transcription of S1P; or CCR7 can be
initiated by other transcription factors, since expression
of both receptors is dependent on the T-cell developmen-
tal stage as well as phenotype and location.

S1P, in T regulatory cell differentiation

Sphingosine-1-phosphate  receptor 1 signalling has
recently been reported to play a role in the development
of T regulatory (Treg) cells, a subset of T cells believed to
control the response of other T-cell subsets, preventing
untoward immune activation (Fig. 1b). Because of this,
the dysregulation of Treg cells has been implicated in the
development of autoimmune diseases such as rheumatoid
arthritis, type 2 diabetes, and multiple sclerosis. Treg cells
from S1P; knockout animals exhibited a greater capacity
to suppress T-cell proliferation, and selective loss of S1P,
in T cells results in greater numbers of thymus-derived
Treg cells.”® Conversely, transgenic over-expression of
S1P; led to diminished numbers and activity of Treg cells
that could not suppress efficiently and did not prevent
colitis induction in the conventional T cell-Ragl™’~
adoptive transfer colitis model. This may result from
S1P,-triggered activation of Akt, which inhibits Treg cell
bioactivity. This is an interesting proposal because it asso-
ciates SIP;, typically considered a trafficking mediator,
with the development of a T-cell phenotype subset; how-
ever, because it is appreciated that T-cell trafficking is a
critical determinant of activation,” it is reasonable to
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suggest that modulation of a trafficking receptor could
strongly impact immunity, either through direct signalling
pathways or secondary to trafficking-dependent effects.

S1P,, STAT3 activation, and Thi7 induction

Reports from the cancer biology field have proposed a
connection between S1P; signalling and signal transducer
and activator of transcription 3 (STAT3) activation. This
was first observed in studies using the B16 melanoma cell
line, which has low STAT3 activity in vitro and high
STATS3 activity in vivo.”” Microarray analysis revealed that
S1P, was significantly elevated in tumour-derived myeloid
cells from Stat3"' mice, but not in cells isolated from
Stat3~/~ cells.” In support of a direct regulatory mecha-
nism, STAT3 was found to bind the promoter of Slprl,
and activity of STAT3 positively correlated with S1P;
expression levels, suggesting that STAT3 directly regulated
S1P; expression. This activation model was recapitulated
in vivo when MB49 bladder tumour cells over-expressing
S1P; showed pronounced STAT3 activation resulting in
enhanced malignancy. As STAT3 activation may occur via
S1P; signalling, this may be reinforced in a Janus-acti-
vated kinase 2 (Jak2) -dependent manner, as Jak2 also
associates with SIP; and inhibition of Jak2 or S1P,
blocked STAT3 activation. Whether S1P; directly associ-
ates with Jak2 and activates STAT3 needs to be confirmed
in other systems to determine if this indeed is a general
signalling paradigm.

The STATS3 signalling in T cells is critical for the induc-
tion of T helper type 17 (Th17) cells. The Th17 cells are
a subset of T cells that are critical in host anti-microbial
immunity, but also play a driving force in tissue specific
autoimmunity.** Before the Th17 lineage was formally
discovered, the primary model for autoimmune neuroin-
flammation, EAE, was thought to be mediated by the Thl
T-cell subtype. This model was challenged in a landmark
study by Cua et al., who used a series of cytokine subunit
knockout mice to prove that Thl immune cells were not
the primary drivers of EAE pathology.* The differentia-
tion of Thl cells is dependent upon the cytokine interleu-
kin-12 (IL-12), which is composed of two subunits, p35
and p40. The p40 subunit can also bind to p19 to form
IL-23.** Induction of EAE by immunization with myelin
oligodendrocyte glycoprotein(35-55) peptide in p35
knockout mice produced a strong paralytic disease, char-
acteristic of disease in wild-type control animals, whereas
knockouts of either p19 or p40 had no EAE symptoms.*!
Replacement of IL-23 expression within the central ner-
vous system of pl9~'~ or p40~'" mice restored the
development of disease pathology, providing strong
evidence for IL-23 as a key mediator of EAE.

Interleukin-23 was found to expand a population of T
cells that were distinct in their production of IL-17A,
IL-17F and IL-6, and had elevated production of tumour
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necrosis factor-o.*> These cells were strongly encephalitic
in the adoptive transfer model of EAE, providing evi-
dence that this T-cell subtype was a principal driver of
EAE development. Curiously, addition of IL-23 to in vitro
cultures of naive T cells could not polarize them towards
an IL-17 producing phenotype (Th17);* however, it was
found that the addition of transforming growth factor-f
(TGF-p) and IL-6 to naive T-cell cultures did elicit Th17
differentiation, and this was confirmed in additional stud-
ies.*>*® It is also notable that key Th1 and Th2 polarizing
factors, interferon-y and IL-4, respectively, could inhibit
Th17 polarization.***®

A feature common to T-cell subset differentiation is
that they require a master transcription factor that drives
the cellular programme for a specific phenotype, i.e.
T-bet is required for Thl development and GATA3 is
required for Th2. The nuclear receptor retinoic acid
receptor-related orphan nuclear receptor yt (RORyt) was
found to be essential for induction and maintenance of
the Thl7 differentiation programme.*” Knockout of
RORyt abolished Th17 differentiation, and IL-6/TGF-f
treatment of T-cell receptor-stimulated naive T cells
increased expression of RORyt before observed increases
in IL-17A and IL-17F, implying that RORyt activation is
upstream of effector cytokine production. Induction of
RORyt required IL-6, a cytokine that activates phosphory-
lation of STAT3 in a Jak-dependent manner. This was
negatively regulated by the suppressor of cytokine signal-
ling 3 protein, as T cell-specific deletion of suppressor of
cytokine signalling 3 resulted in hyperactivation of STAT3
and induction of the Th17 programme, which occurred
even in the absence of additional IL-6 and TGE-f.%8
STAT3 also bound to the promoters for IL-17A and
IL-17F, indicating that STAT3 is a direct regulator of
Th17 effector functions. The induction of Th17 differenti-
ation in this setting was dependent on neutralization of
interferon-y and IL-4, underscoring the inhibitory activity
of these cytokines on the Th17 lineage.

This still begs the question of precisely how IL-23 fits
in the Th17 model. Naive T cells do not express the
IL-23 receptor (IL-23R); however, when exposed to IL-6,
IL-23R expression is up-regulated in a STAT3-dependent
manner.** Over-expression of a hyperactive variant of
STAT3 potentiated T-cell production of IL-17 and
increased expression of Th17-associated genes, such as IL-
23 and RORyt. Conversely, conditional knockout of
STAT3 abolished Th17 differentiation, providing a partial
explanation as to why IL-23 itself, in the absence of IL-6
or STAT3 signalling, did not have biological activity on
Th17. Gene expression analysis of naive T cells stimulated
with Th17 polarizing cytokines found that IL-21 and IL-
23R were highly up-regulated in response to IL-6.°°
Forced expression of IL-23R overcame the requirement
for IL-6 in Th17 polarization, though this still depended
upon activation of RORpyt, the expression of which is
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inducible via IL-23/IL-23R signalling. Curiously, signalling
through IL-21/IL-21R could also replace IL-6 in polariz-
ing assays, suggesting that IL-6 functions as an upstream
signal to IL-21. The IL-21-mediated Th17 induction also
depended on STAT3 activation. Although in vitro studies
using IL-21R™'~ cells exhibited an inhibition to induce
IL-17 production in response to IL-6 and TGF-f5, how-
ever, clear defects in Th17 induction were not observed
in vivo in IL-21R™'" mice. Collectively, these data indi-
cate that IL-6 functions as an instructive cue to induce
T-cell expression of IL-21, which both signals through
STAT3 and increases its expression. This leads to feed-
forward STAT3 activation and sensitization of cells to
IL-23 by promoting expression of IL-23R. The TGF-f
and IL-6 signals induce expression of RORyt, which in
combination with STAT3, synergistically drives the Th17
programme.

The requirement for TGF-f in programming Th17 is
intriguing because TGF-f can also induce Treg cell devel-
opment.”’ The decision between Treg and Th17 appears
to be dictated by levels of TGF-f and IL-6:**°% IL-6 sig-
nalling can block Treg cell differentiation, presumably
through STATS3 activation. Since S1P; signalling may acti-
vate STAT3 in tumour cells, it would be interesting to
know if cells from S1P; over-expressing transgenic ani-
mals, particularly T cells, have enhanced STAT3 activa-
tion. One hypothesis for how SIP; inhibits Treg cell
development is interference with the TGF-f signalling
pathway.”® The TGEF-f signalling can induce the expres-
sion of both the RORyt (Th17-driving) and Foxp3 (Treg-
driving) transcription factors, and these factors can be
co-expressed.”® There is cross-talk between the two pro-
grammes, as Foxp3 is known to inhibit RORyt function
and hence Thl17 differentiation. If the S1P; transgenic
animals used by Liu et al® indeed show enhanced
STAT3 activation, this could block the induction of
Foxp3 in response to TGF-f, explaining the observed
reduction in Treg cells.

Using mice that express an internalization defective
S1P;, created by mutation of five C-terminal serine resi-
dues to alanine (S1P,**),*° we demonstrated that this
altered S1P; resulted in the development of substantially
worse EAE pathology.”* These mice also had enhanced
Th17 polarization with significantly increased production
of both IL-6 and IL-17. This manifested as more severe
neuroinflammation and a significant increase in central
nervous system-infiltrating Th17 cells (Fig. 1c). Since
SIP; was reported to impact STAT3 signalling, we
hypothesized that the observed increase in Th17 cells was
due to potentiation of STAT3 signalling. Indeed, even at
resting state, these cells displayed increased phosphoryla-
tion of STAT3, and inhibiting STAT3 signalling or Jak
activation resulted in diminished IL-17 production. Other
models where S1P; was transgenically over-expressed in T

cells were consistent with increased Th17 activation.>

© 2014 John Wiley & Sons Ltd, Immunology, 142, 347-353
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Adding S1P to Thl7 polarizing cultures also assisted in
Th17 induction® to an extent similar to IL-23 supple-
mentation. Dynamic interactions between S1P; trafficking
roles and effector cell polarization activities have not been
investigated, and connection of these two processes could
add to the model of how T cells integrate information
from their surroundings and make phenotype decisions.

S1P, in memory T cells

Our focus so far has centred on the trafficking patterns of
naive T cells and subset differentiation affected by S1P;;
however, memory T cells may also be influenced by S1P;
signalling (Fig. 1d). Memory T cells are considered to be
‘antigen-experienced’, because they have been activated by
a previous encounter with their cognate antigen, and sur-
vive after the primary immune response to be mobilized
in the case of re-exposure or re-infection. These memory
cells can be further subdivided into T central memory
(Tem) and T effector memory (Tem) subsets.”” The Tem
cells retain expression of the lymph node homing recep-
tors CCR7 and CD62L, whereas Tem cells do not express
CCR7 and can migrate into tissues and respond to inflam-
matory chemokines. Clinical studies using the drug
FTY720 demonstrated that modulation of SI1P signalling
could reduce both naive and Tcm cells in circulating blood
and enrich for the CCR7™ Tem cells, presumably because
the principal egress signal is blocked, whereas the ability to
home to lymph nodes is maintained in naive and Tcm
cells.”® Previous studies established the importance of
Th17 cells in EAE, but there is strong evidence that mem-
ory T cells also have roles in multiple sclerosis pathol-
ogy.””® Treatment with FTY720 reduced the frequency of
IL-17-producing T cells in the blood of patients, which led
to the hypothesis that Tcm cells were the primary precur-
sors of Th17 cells in multiple sclerosis.®" It is unclear if
this is the case, as isolation and characterization of lymph
node-resident Tcm cells would be required to confirm this
supposition. Since SIP; signalling leads to activation of
STAT3 to drive Th1l7 responses,” it is possible that
FTY720 treatment negatively impacts Th17 development,
potentially decreasing Tcm cell numbers as well. The Tem
cells produce primarily IL-2 in response to T-cell receptor
activation, which signals through STATS5, and promotes
Tem cell proliferation and differentiation into effector
cells.”” Pepper et al. suggest that, although Th17 cells are
not likely to enter the long-lived memory cell pool, IL-17-
producing cells retain expression of CCR7, suggesting that
these cells bear some features of Tem cells.” Cytokines
such as IL-2, IL-7 and IL-15 are needed for memory T-cell
responses and maintenance of the memory cell pool.>”¢>%?
All of these cytokines signal through downstream activa-
tion of STATS5, which can inhibit the generation of Th17
cells.* This may explain why Th17 cells do not persist in
the memory pool.
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Memory T cells can also reside in non-lymphoid tis-
sues® and can be rapidly mobilized to provide immunity
in a range of tissues including the skin, small intestine,
brain and salivary glands. These T resident memory
(Trm) cells were uniformly positive for the activation
marker CD69 and showed low expression of KLF2 and its
target, S1plr.®® This expression pattern was temporally
regulated based on time of residence in non-lymphoid
tissue. Forced expression of KLF2 in CD8 T cells resulted
in increased S1P; and decreased CD69, supporting previ-
ous findings. Forced expression of S1P; in CD8 T cells
that seeded the Trm cell pool prevented the establishment
of Trm cell populations, implying that S1P; is a negative
regulator of Trm cell development. It is likely that the co-
regulation of CD69 versus S1P, surface expression is
involved in maintaining Trm cells in non-lymphoid tis-
sues, much as they regulated lymphoid organ resi-
dency.®>® S1P, inhibition of TGF-f signals may also be
involved in subpopulations of Trm cells, since expression
of the Trm tissue retention integrin CD103 is induced by
TGEF-f. Since decreased expression of S1P; is likely the
key to settling of the Trm cell niche, modulation of TGF-
pICD103 by S1P; in specific Trm cell subsets may affect
retention signals.

Conclusion

The SIP receptors are best known for their functions
within the vasculature and for their effects on lymphocyte
trafficking. Although these are important features of S1P/
SIPR signalling, they are by no means the only settings
where this system is active. Indeed, crucial roles for the
S1P/S1P; signalling axis in T lymphocyte activation and
subset polarization are now being appreciated.’®>>>*
These effects on T-cell phenotype may function in con-
cert with well-established S1P, trafficking mechanisms to
integrate location signals with activation cues in vivo,
ensuring proper segregation to distinct sites for effective
priming and induction of effector functions in response
to infection. Further characterization of how S1P; expres-
sion is involved in these interactions will require the abil-
ity to interrogate, in depth, the in vivo dynamics of this
system, as the resolution of spatial positioning cues can
differ markedly when cells are removed from their native
context. Critical inquiry into S1P; signal modulation of
micro-environmental factors resulting in establishment of
and expulsion from specific T-cell niches will permit
greater characterization of how all facets of the immune
system co-ordinately respond to generate a robust
response to invading pathogens.
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