1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Trends Immunol. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Trends Immunol. 2015 December ; 36(12): 778-787. d0i:10.1016/}.it.2015.10.005.

Exit strategies: S1P signaling and T cell migration

Audrey Baeyensl”, Victoria Fangl”, Cynthia Chenl, and Susan R. Schwab!?

1Skirball Institute of Biomolecular Medicine, New York University School of Medicine, New York,
NY 10016

Abstract

Whereas the role of sphingosine 1-phosphate receptor 1 (S1PR1) in T cell egress and the
regulation of S1P gradients between lymphoid organs and circulatory fluids in homeostasis are
increasingly well-understood, much remains to be learned about S1P signaling and distribution
during an immune response. Recent data suggest that the role of SIPR1 in directing cells from
tissues into circulatory fluids is reprised again and again, particularly in guiding activated T cells
from non-lymphoid tissues into lymphatics. Conversely, S1P receptor 2 (S1PR2), which
antagonizes migration towards chemokines, confines cells within tissues. Here we review the
current understanding of the roles of S1P signaling in activated T cell migration. In this context,
we outline open questions, particularly regarding the shape of S1P gradients in different tissues in
homeostasis and inflammation, and discuss recent strategies towards measuring S1P.

Establishing tissue residence

A basic question in immune cell migration is how a cell decides whether to stay in a tissue —
surveying for antigen, becoming activated, or performing effector functions — or to move on.
This decision fundamentally shapes the course of the immune response.

A series of elegant experiments, which has been previously reviewed, established that
S1PR1 guides lymphocytes out of lymphoid organs into blood and lymph in response to the
high concentration of S1P at exit sites[1-3]. Briefly, a natural products screen for immune
suppressive compounds that inhibited the mixed lymphocyte reaction yielded the fungal
metabolite myriocin. To reduce toxicity, myriocin was modified to FTY720, which
effectively blocked transplant rejection /n vivo at concentrations that were ineffective in the
mixed lymphocyte reaction[4, 5]. Two observations that held the key to the mechanism were
(1) that FTY720 depletes lymphocytes from efferent lymphatics in the lymph nodes,
suggesting that FTY720 blocks lymph node exit, and (2) that FTY720 is phosphorylated in
vivo and phospho-FTY 720 binds four of five S1P receptors[6, 7]. Fetal liver chimeras,
conditional knockouts, and adoptive transfer experiments revealed that cell-intrinsic SIPR1
expression is required for T cell egress from the thymus and secondary lymphoid organs|[8,
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9]. Subsequent studies showed that SIPR1 guides T cells from the low-S1P environment of
the lymphoid organs towards high S1P concentrations at the sites of exit into blood and
lymph. An investigation of why high doses of caramel food coloring cause lymphopenia
revealed that maintenance of low concentrations of interstitial S1P within lymphoid organs
by S1P lyase is required for lymphocyte egress[10], while conditional knockouts of the two
sphingosine kinases that make S1P revealed that high levels of S1P in circulatory fluids are
also required for exit[11].

Most of this early work was in homeostasis, but S1P signaling also regulates activated T cell
exit from lymph nodes. FTY720 is FDA-approved for treatment of multiple sclerosis, and
next-generation drugs targeting S1P receptors have shown promise in a range of diseases
including colitis and psoriasis[12]. One important reason for these drugs’ efficacy is that
they prevent activated T cells from exiting the lymphoid organs and accessing inflamed
tissues. Yet much remains to be learned about how S1P signaling and S1P gradients are
regulated during an immune response. How does the distribution of cues that promote egress
or tissue retention change? Do different T cell subsets integrate these cues differently? How
does the role of S1P in egress differ between lymphoid and non-lymphoid tissues? This
review will discuss recent discoveries about the role of S1P signaling in activated T cell
migration and will highlight some important outstanding questions, particularly about the
location and regulation of S1P gradients that guide T cells.

S1P signaling and T cell exit from lymphoid organs

One key issue is how both naive and activated T cells balance cues that retain them within
lymph nodes versus S1P signals that guide them out of lymph nodes into circulation. In
lymph nodes, naive T cells can continue to survey for antigen, T cells that have encountered
antigen can continue their activation, and some subsets of T cells such as follicular T helper
cells can exert effector function. In circulation, naive T cells can travel elsewhere in search
of antigen, and activated T cells can migrate to the site of infection.

A classic study showed that signaling through the chemokine receptor CCR7 counteracts
S1PR1’s role in promoting egress [13]. Ccr7*~ naive T cells exit the lymph nodes more
quickly than WT, and the failure of SIPR1-deficient T cells to exit lymph nodes can be
partially rescued by treatment of the cells with pertussis toxin, which inhibits all Gi protein
coupled receptor signaling. In line with these findings, treatment of chronic lymphoblastic
leukemia patients with the Btk inhibitor ibrutinib induces lymph node shrinkage and
concomitant transient lymphocytosis, which is associated with upregulation of SIPR1 and
downregulation of CCR7 on peripheral blood B cells[14]. Recently, it has been
demonstrated that the chemokine receptor CXCR4 acts with CCR7 to retain T cells within
lymph nodes [15]. Notably, while CXCRA4 retains both T and B cells in lymph nodes, in
Peyer’s patches CXCR4 brings B cells in proximity to the efferent lymphatics and promotes
B cell exit; this result highlights the importance of considering differences in the anatomy of
each lymphoid tissue [16]. The integrin LFA-1 appears to favor response to lymph node
chemokines over S1P, as /fga/-/-T cells exit lymph nodes faster than WT and /tgal-/-T
cells probing lymphatic vessels more frequently cross into lymph than their WT counterparts
[17]. While dynamin 2, a component of the endocytic pathway, regulates the response of
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both S1IPR1 and CXCR4, the dominant effect of dynamin 2 deficiency in T cells is an exit
block[18].

Much ongoing work addresses how the balance of cues shifts in inflammation, either
because of changes in expression of homing receptors or of their ligands. A canonical
feature of T cell activation is altered expression of chemokine receptors, which enable T
cells to perform their effector function in the correct location [19]. Loss of CCR7 upon
activation likely contributes to accelerated exit from lymph nodes, although this effect may
be mitigated in some settings. For example, recent work showed that p2 adrenergic receptors
physically couple with both CCR7 and CXCR4, enhance signaling through these receptors,
and restrain both naive and activated T cell exit [15]. IFNy in infected lymph nodes reduces
expression of CCL21 (one of two CCR7 ligands) and CXCL13 (the CXCRS5 ligand); this
results in reduced homing of naive lymphocytes to infected nodes, and likely increased
lymphocyte egress [20]. It is less clear how acquisition of receptors for inflammatory, non-
homeostatic chemokines may affect exit rates, which will likely vary depending on the
distribution of the corresponding chemokines relative to exit sites. An important study
showed that regulatory T cell depletion after herpes simplex virus infection caused
substantial elevation of pro-inflammatory chemokines in the draining lymph nodes. This was
associated with delayed arrival of lymphocytes to the mucosal site of infection and impaired
viral clearance [21]. CXCL10 production by dendritic cells in the hepatic LN has been
implicated in retaining Th1 cells within LN and reducing liver injury upon infection with
Propionibacterium acnes [22].

Like the chemokine receptors, S1IPR1 is regulated both post-translationally and
transcriptionally during inflammation. In response to type | interferons and other stimuli,
lymphocytes up-regulate the early activation marker CD69. CD69 binds surface S1PR1 and
induces its internalization, trapping naive lymphocytes in inflamed lymph nodes and
increasing the time they have to survey for cognate antigen [23, 24]. Upon T cell receptor
stimulation, SZpr1is down-regulated transcriptionally [1]. Although these two factors are
clearly important, much more remains to be learned about regulation of S1PR1 signaling in
the context of infection, and how pathogens may manipulate S1P sensing. T cells are
sequestered in lymph nodes of HIV patients, and T cells from lymph nodes of viremic
patients have blunted S1PR1 signaling without a parallel defect in signaling through
CXCR4; the defect cannot be explained either by CD69 expression or transcriptional down-
regulation of SIPR1[25]. Intriguingly, the mycobacterial cell wall glycophospholipid
mannose-capped lipoarabinomannan (ManLAM) inhibits Th1 cell migration towards
S1P[26]. By contrast, CD4~CD8™ thymocytes from mice infected with 7rypanosoma cruzi
have enhanced chemotactic responses to S1P, although it is not clear to what extent this
represents an effect on developing T cells or infiltration of the thymus by another
CD4~CD8" cell type[27].

Recent studies have further improved our understanding of how S1P gradients are regulated
in homeostasis (Figure 1), but we know little about how these gradients are regulated in
inflammation. In homeostasis, lipid phosphate phosphatase 3 acts with S1P lyase to maintain
low parenchymal S1P within lymphoid organs [28](Ramos-Perez et al., in press). The high
level of lymph S1P is supplied by lymphatic endothelial cells using the transporter Spns2,
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while blood S1P is largely supplied by red blood cells using an unidentified transporter[29—
33]. There is a small drop in blood S1P concentration in the absence of Spns2 (roughly
25%), which is likely due to loss of S1P export by vascular endothelial cells[29-33].
Interestingly, loss of S1P production or export by endothelial cells has a more dramatic
effect on T cell exit from the thymus than loss of S1P production by red blood cells,
although red blood cells contribute the bulk of plasma S1P[11, 29-33]. This observation
suggests that local production of S1P at the exit site may be the most important determinant
of lymphocyte egress. The majority of blood S1P is bound to ApoM/HDL, with most of the
remaining S1P bound to albumin; the carriers of S1P in tissues remain to be defined[34, 35].
It will be very important to address whether altered expression of S1P metabolic enzymes,
transporters, and carriers shifts S1P gradients in disease.

A provocative series of related studies addresses whether the principles that regulate T cell
exit extend to other cell types in lymph nodes. Echoing reports that S1P receptor expression
by dendritic cells regulates dendritic cell egress from non-lymphoid tissues, a study
examining how Yersinia pestis spreads suggests that expression of SIPR1 by monocytes
enables these cells to carry Y. pestis from lymph node to lymph node via efferent
lymphatics. Targeting S1IPR1 with the small molecule SEW2871 upon footpad injection of
Y. pestishad little effect on the number of infected cells or bacterial burden in the primary
draining popliteal lymph node, but there was a reduction in the downstream iliac lymph node
and prolonged survival of infected mice. Deletion of SIPR1 in mononuclear phagocytes
with CX3CR1-Cre had a similar effect [36]. Dendritic cells entering lymph nodes from
afferent lymph travel first into the T zone, then move to the medullary regions, and some can
be seen in efferent lymphatics [37, 38]. This observation raises the question of whether
dendritic cell exit also requires S1IPR1 — if so, it would be possible to test how dendritic cell
movement among lymph nodes affects the immune response. It will be particularly
important to address whether cancer cells use S1PR1 to metastasize beyond lymph nodes.

Positioning T cells within lymphoid organs

In addition to guiding egress from lymphoid organs, S1P signaling is also increasingly
recognized to position lymphocytes within lymphoid organs. S1P receptor 2 (S1PR2)
expression by germinal center B cells confines these cells to the germinal center [39, 40]. A
recent elegant study demonstrates that S1IPR2 also positions follicular T helper cells (Tfh) in
the germinal center. The subset of Tfh that localizes in germinal centers expresses high
levels of S1IPR2, and S1PR2-deficiency reduces the number of Tth cells in the germinal
center at least in part because these cells fail to return to the germinal center upon migration
towards the boundary between the germinal center and the follicle mantle [41]. Reduced
S1PR2 expression by germinal center Tfh cells in a memory response may facilitate more
rapid exchange of Tfh among follicles at that stage[42]. How S1PR2 confines T and B cells
to the germinal centers remains an outstanding question. While S1PR1 couples to Gai,
activates Rac, and induces migration towards S1P, SIPR2 couples to Ga12/13, activates
Rho, and suppresses Rac-mediated migration towards chemokines [43]. An attractive model
that has been proposed to explain these findings is that S1P levels are lower in the germinal
center than the surrounding tissue, and that as germinal B cells reach the boundary of the

Trends Immunol. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Baeyens et al.

Page 5

germinal center SIPR2 senses elevated S1P and causes the cells to reverse direction (Figure
2)[39, 43].

Interestingly, while S1IPR2 signaling is not required for Tth development [41], loss of
S1PR1 signaling is necessary for Tth differentiation [44]. Tfh cells have low levels of
S1PR1 and KLF2, a transcription factor that promotes S1IPR1 expression, and forced
expression of S1IPR1 or KLF2 prevents differentiation of Tfh cells[44-46]. S1IPR1
expression may inhibit Tfh differentiation by preventing Tfh from localizing in the B follicle
and pulling them prematurely out of the draining lymph node. However, KLF2
downregulation is required for efficient Tfh formation even in the absence of S1PR1; this is
in large part due to effects on Blimp-1, and may also be due to effects on other homing
receptors [44, 45].

S1P signaling and T cell exit from non-lymphoid organs

In the last 3 years, findings about the role of S1P signaling in lymphocyte exit from
lymphoid organs have been substantially extended with the discovery of a role of S1P
signaling in immune cell migration through non-lymphoid organs, particularly in positioning
of resident memory T cells (TRM). TRM are retained at a site of infection after pathogen
clearance and guard against re-infection, and different subsets sit in different anatomical
locations within tissues — many CD8 TRM lodge in epithelial layers, and both CD8 and CD4
TRM reside in non-epithelial locations, often in organized memory lymphocyte clusters [47—
49]. One hallmark of TRM in many tissues is the transcriptional loss of SZprI and surface
expression of CD69 [50-53]. But although it had been speculated that SIPR1 down-
regulation retained TRM in tissues, until recently it was unclear whether these changes were
functionally meaningful. It was possible that SZprI loss was simply secondary to down-
regulation of pleotropic transcriptional regulators such as K/f2, and that the up-regulation of
CD69 was simply secondary to loss of SIPR1, as CD69 and S1PR1 negatively regulate each
other’s surface expression.

Recent work has demonstrated that loss of SZpr1 is required for establishment of resident
memory T cells in many tissues, likely by preventing TRM from exiting tissues via afferent
lymphatics. In a critical study, Skon et al. found that forced expression of SZpr1 prevented
“settling” of TRM in kidney, salivary gland, intestine, and skin [54]. Mackay et al. further
found that Ca69™"~ T cells failed to persist in the skin after herpes simplex virus infection
[50]. This failure was associated with a transcriptional up-regulation of Ca69that preceded
full transcriptional down-regulation of SZpri1. Moreover, it was linked to the ability of CD69
to repress S1PR1 expression, because when S1PR1 internalization was induced by FTY720
treatment, Cd69™~ T cells remained in skin similar to WT T cells early after infection [55].
Whether CD69 plays any additional roles later in TRM function, after transcriptional down-
regulation of SZpri, remains unknown.

Many interesting questions remain, and they parallel the outstanding questions about S1P
signaling and T cell exit from and positioning within lymphoid organs. One issue is how
additional chemokine/chemokine receptor pairs complement or compete with S1P/S1PR1
signaling. Like SIPR1, CCR7 guides T cells out of peripheral tissues [56-58], and Ccr7”" T
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cells that have been activated in vitro and intradermally transferred into WT recipients are
more efficient in forming TRM than WT controls [50]. In physiological conditions, it is not
clear when CCRY7 acts in concert with S1IPR1 to guide tissue exit, and whether the two
receptors can fully compensate for each other. Interestingly, SZpr5, which directs NK cell
exit from lymph nodes and is not down-modulated by CD69, is also transcriptionally down-
regulated in resident memory T cells, but the functional significance of this decreased
expression is unknown [50, 60, 61]. Analogous to lymph nodes, egress cues from non-
lymphoid tissues are countered by retention cues. For example, CXCR3 facilitates
establishment of CD8 TRM in the epidermis, CXCR3 ligands are necessary and sufficient to
establish and retain CD8 TRM in the vaginal mucosa, and CCL5 retains both CD8 and CD4
TRM in the vaginal mucosa [50, 53, 62]. More remains to be learned about retention cues in
different tissues, and where gradients of these chemokines intersect with S1P gradients.

A second unanswered question is how S1P gradients in non-lymphoid tissues are regulated
in infection. Increases in tissue S1P would be predicted to slow exit, and indeed drugs
targeting S1PR1 can retain circulating cells in peripheral tissues, likely by blinding them to
endogenous gradients that would guide the cells out. FTY720-treated T cells injected into
the footpad fail to migrate to the draining popliteal lymph node [59], and FTY720 similarly
traps circulating hematopoietic stem cells surveying non-lymphoid tissues [63]. Whether
extracellular S1P gradients are altered in inflammation is unknown, although studies using
mass spectrometry have found that S1P increases in several diseases, including experimental
autoimmune encephalomyelitis, multiple sclerosis, asthma, rheumatoid arthritis, and
adenovirus-induced skin inflammation [59, 64-67]. While these findings are tantalizing,
extrapolating increases in total tissue S1P to signaling-available extracellular S1P is
problematic, as discussed below.

Finally, the differences in the SIPR1 requirement for exit from different tissues and different
structures within tissues, and for exit during different phases of the immune response,
remain to be fully described and explained. During chronic inflammation, neither loss of
CCR7 nor FTY720 treatment (nor the combination) fully blocks exit of T cells from CFA-
inflamed skin [68]. Interestingly, over-expression of S1IPR1 had less effect on seeding of
TRM in the small intestinal epithelium than the kidney, salivary gland, or small intestine
lamina propria [54]. The integrin CD103 retains CD8 TRM cells in some epithelial tissues
[50, 69-71], and one might predict that CD103 compensates for SIPR1 over-expression in
the small intestinal epithelium. However, the S1PR1-transduced cells that established
residence in the small intestine and salivary gland were not enriched in CD103* cells[54],
and CD103~CD8* TRM in the lamina propria do not downregulate K/f2or S1pr1 transcripts
to the same extent as CD103* TRM in the intestinal lamina propria or the epithelium [72]. A
landmark study of the distribution of LCMV-specific CD8 TRM showed that CD69, which
represses surface S1IPR1 expression, is only an imperfect marker of residence; in the
pancreas, only 25% of TRM were CD69", and only 65%—75% of TRM in the female
reproductive tract and salivary gland were CD69" [73]. Whether these CD69~ TRM remain
responsive to S1P remains to be determined. The recent discovery of efferent lymphatics in
the brain begs the question of whether S1P signaling regulates T cell trafficking through the
central nervous system [74, 75]. One study has shown that migration of macrophages and
dendritic cells from the central nervous system into the cervical lymph nodes is blocked by
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FTY720 [76], and this work should be revisited with the new understanding of the anatomy
of CNS drainage.

Measurement of S1P gradients

A common theme in the above discussion is that we do not know the shape of S1P gradients
in tissues. It has been challenging to measure the distribution of any signaling lipid,
including S1P. Much has been learned about the location of protein chemokines by knocking
fluorescent reporters into the chemokine-coding locus [52, 77, 78]. But lipids are not
encoded genetically, and instead sit amid complex metabolic pathways in which the
expression of a single enzyme or transporter is not predictive of extracellular lipid
concentrations. In the case of S1P, this pathway is not even completely defined; most
notably we do not know which transporter supplies S1P to blood. Mass spectrometry has
been widely used to measure bioactive molecules, including S1P. But many signaling lipids
including S1P have dual roles inside and outside cells, making mass spectrometry
measurements of total tissue concentrations misleading. While extracellular S1P is a ligand
for 5 G protein-coupled receptors, all cells make S1P intracellularly as an intermediate in
sphingolipid metabolism and in some cases as a protein co-factor, and total concentrations of
tissue S1P have been reported to be very high[1, 79]. Although some bioactive molecules
have been selectively extracted from interstitial fluid by insertion of a probe, the
inflammatory response to the probe may in itself alter S1P levels. Moreover, many lipids,
including S1P, are only sparingly soluble and are largely protein bound; we do not have a
full picture of which molecules carry S1P in different tissues, and how these carriers either
sequester S1P from or present S1P to receptors [80, 81].

Our knowledge of S1P distribution to date has been based on two types of measurement.
First, mass spectrometry measurements of S1P in blood and lymph plasma have revealed
high concentrations of lipid — in the 200nM-1 uM range for blood plasma, and
approximately 6-fold lower in lymph[82]. While the issue of carriers complicates
interpretation of the biological significance of these numbers, these concentrations are much
higher than those required for signaling through S1IPR1[7, 83]. Second, we have learned
much by taking advantage of the observation that S1IPR1 is internalized upon binding
S1P[10, 84]. Assuming no transcriptional, translational, or post-translational modifications
of S1PR1, a cell with high levels of surface S1PR1 is sensing little S1P, while a cell with
low surface S1PR1 is sensing abundant S1P. This inference has been validated in many ways
for naive T cells circulating among lymphoid organs[1]. Consistent with the high
concentrations of circulatory S1P measured by mass spectrometry, naive T cells in blood and
lymph have little surface SIPR1. By contrast, T cells in the lymph nodes and white pulp of
the spleen have high S1PR1, and are seeing little S1P[85]. While these experiments
demonstrate the existence of the gradient that guides lymphocyte exit from lymphoid organs
in homeostasis, in inflammation and non-lymphoid tissues there are many transcriptional
and post-translational modifications to S1IPR1 that complicate interpretation of S1P levels.
Furthermore, we have had little insight into S1P gradients within tissues.

To address these problems, we have recently developed a mouse that expresses an S1P
reporter (Ramos-Perez et al., in press). The core of the reporter is GFP-tagged S1PR1, which
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sits on the plasma membrane in the absence of S1P and in endosomes in the presence of
S1P. Cells also express an RFP-tagged mutant SIPR1 with a single amino acid substitution
that prevents S1P binding; this marks the plasma membrane, allows calculation of
ratiometric measure of surface S1IPR1, and flags situations in which there is ligand-
independent receptor internalization. The two receptors are separated by a 2A ribosomal
skip sequence. The construct is knocked into the Rosa26 locus, driven by the CAG promoter,
and preceded by a floxed transcriptional stop.

Thus far, we have used the S1P reporter mouse to measure S1P gradients in the spleen in
homeostasis, and the clearest message is that assumptions about S1P distribution based on
common inferences are unreliable. We had expected the splenic red pulp to have abundant
S1P, because red blood cells are the main source of plasma S1P, and the red pulp has a
hematocrit even higher than circulating blood[11, 86]. Yet many areas of the red pulp are
S1P-low. We had expected the white pulp to have low S1P, based on the high expression of
S1PR1 by naive lymphocytes in the spleen[85]. Yet macrophages in the white pulp near the
marginal sinus are clearly detecting S1P, an observation which is consistent with the
hypothesis that S1P gradients regulate Tfh confinement to germinal centers. We hypothesize
that much regulation of S1P will be local, depending on the balance of synthetic and
degrading enzymes in individual cells.

A complementary reporter has been recently developed to measure signaling through
endogenous S1PR1 by adapting the TANGO system [87]. In this system, genomic S1PR1 is
replaced with S1IPR1 linked at the C-terminus to the tetracycline-controlled transactivator.
The linkage is a TEV protease cleavage site, and the mice also express a -arrestin/TEV
protease fusion protein. Activated S1PR1 recruits the B-arrestin/protease fusion, which
releases the transactivator, and in turn stimulates expression of a stable GFP reporter gene.
This elegant reporter reflects a combination of S1P levels and S1PR1 receptor expression
and function, and used with the ligand reporter should provide a rich picture of the anatomy
of S1P signaling.

As in the case of the S1P ligand reporter, results from the S1PR1 signaling reporter suggest
that the regulation of S1P signaling is more complex than previously predicted. Blood has a
high concentration of S1P that is secreted in part by vascular endothelial cells themselves,
and blood vessel endothelial cells express abundant S1PR1; nonetheless, few endothelial
cells have detectable S1PR1 signaling in the absence of inflammation[81, 87]. Consistent
with these observations, the S1P ligand reporter also suggests that endothelial cells, unlike
circulating lymphocytes, may not be exposed to high levels of S1P (WDRP and SRS,
unpublished data). Much work will be required to understand these results. One possibility is
that both reporters, which rely on B-arrestin recruitment to SIPR1 upon ligand binding, fail
to detect S1P bound to certain carriers. A second possibility is that local degradation of S1P
limits S1P’s access to endothelial S1P receptors. The latter possibility is consistent with two
additional findings suggesting that endothelial SIPR1, unlike SIPR1 on T cells in blood, is
not saturated in homeostasis: the observation that SIPR1 agonists alter endothelial
permeability /n vivo, and that inflammation increases endothelial SIPR1 signaling[87, 88].
Tonic endothelial S1IPR1 signaling is important to maintain vascular integrity, but limiting
this signal is likely important to prevent receptor desensitization and to enable endothelial
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cells to respond to inflammatory challenges[89]. Defining S1P gradients around the
endothelium will be important for understanding both regulation of vascular integrity and
immune cell migration into vessels.

Concluding remarks

S1P signaling is a key regulator of T cell exit from both lymphoid and non-lymphoid tissues,
as well as T cell retention in tissue microenvironments such as the germinal center. Many
questions remain outstanding, particularly about how S1P distribution is regulated in
inflammation in both lymphoid and non-lymphoid tissues, and how different T cell subsets
integrate S1P signaling and other chemotactic cues (Outstanding Questions). Imaging
gradients of S1P and chemokines that regulate tissue retention may provide part of the
answers, and we now have tools to accomplish this. In addition to the implications for the
basic biology of the immune system, manipulation of S1P signaling is of intense interest for
the development of immune suppressive drugs, and this work will inform the most
promising applications of these therapies.

Outstanding Questions

»  What is the shape of S1P gradients within lymphoid and non-lymphoid organs?
How do these differ among tissues and disease state?

*  How do microbes manipulate S1P gradients or S1P signaling?

» How does S1PR1 signaling interact with signaling through other receptors such
as CCR7 and S1PRS5, which in some cases also promote tissue egress, or
CXCR3, which promotes tissue retention?

» Do different T cell subsets have different dependence on S1P signaling?
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Trends

e S1PR1 signaling guides T cells out of lymph nodes, and T cells balance the pull
of S1P with retention cues from chemokines within the lymph nodes. The
relative weight of these signals changes over the course of an immune response.

» S1PR2signaling, by contrast, retains follicular T helper (Tfh) cells in germinal
centers (GCs). S1IPR2 is expressed in high amounts in Tfh cells that localize to
GCs, and genetic deletion of SZpr2leads to lower numbers of Tth cells in GC.

» S1PR1 signaling regulates effector T cell residence time in non-lymphoid
tissues, with many parallels to SIPR1 function in lymphoid organs. S1IPR1 is
downregulated in CD8™ resident memory T (TRM) cells in many tissues, and
forced expression leads to failed establishment of TRM cells. Cytokines in the
tissue environment induce downregulation of KLF2, a transcription factor that
induces expression of S1IPR1.
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