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Abstract: Sphingolipids are crucial molecules of the mammalian epidermis. The formation of
skin-specific ceramides contributes to the formation of lipid lamellae, which are important for the
protection of the epidermis from excessive water loss and protect the skin from the invasion of
pathogens and the penetration of xenobiotics. In addition to being structural constituents of the
epidermal layer, sphingolipids are also key signaling molecules that participate in the regulation of
epidermal cells and the immune cells of the skin. While the importance of ceramides with regard to
the proliferation and differentiation of skin cells has been known for a long time, it has emerged in
recent years that the sphingolipid sphingosine 1-phosphate (S1P) is also involved in processes such as
the proliferation and differentiation of keratinocytes. In addition, the immunomodulatory role of this
sphingolipid species is becoming increasingly apparent. This is significant as S1P mediates a variety
of its actions via G-protein coupled receptors. It is, therefore, not surprising that dysregulation in
the signaling pathways of S1P is involved in the pathophysiological conditions of skin diseases. In
the present review, the importance of S1P in skin cells, as well as the immune cells of the skin, is
elaborated. In particular, the role of the molecule in inflammatory skin diseases will be discussed.
This is important because interfering with S1P signaling pathways may represent an innovative
option for the treatment of inflammatory skin diseases.

Keywords: sphingolipids; ceramides; keratinocytes; fibroblasts; T-cells; dendritic cells; mast cells;
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1. Introduction
1.1. Sphingolipids as Essential Structural Components of the Skin

In recent years, it has been discovered that sphingolipids, such as ceramides and
sphingosine 1-phosphate (S1P), are important signaling molecules in the skin. Before
that, it was assumed that sphingolipids were primarily responsible for building up the
epidermal barrier. It is all the more surprising that specific sphingolipid species are also
involved in the regulation of the epidermal barrier. Since the epidermal barrier plays such
an important role, the structural composition, with a focus on skin-specific sphingolipids,
is briefly described.

The barrier between the environment and the human organism is formed by the
stratum corneum, the outermost layer of the skin. The stratum corneum provides a primary
layer of protection against countless increasingly damaging invaders and chemicals and
reduces transepidermal water loss (TEWL) [1]. Normally, the stratum corneum consists of
15-25 layers of terminally differentiated keratinocytes, called corneocytes, embedded in
an extracellular lipid environment. These lipid lamellae are composed of sphingolipids,
cholesterol, and free fatty acids in an approximately equimolar ratio and are arranged in a
dense orthorhombic lateral packaging in the interstices of the stratum corneum. Ceramides
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are considered to be one of the most important epidermal sphingolipids and represent
approximately 50% of the intercellular lipids of the stratum corneum [2,3]. Ceramides
are composed of a sphingoid base backbone linked to a fatty acid via an amide bond.
At least four types of sphingoid bases, namely sphingosine [S], 6-hydroxysphingosine
[H], dihydrosphingosine [DS], and phytosphingosine [P], occur in the stratum corneum,
differing in the degree of unsaturation and the position and number of the hydroxyl
groups (Figure 1). Different types of fatty acids, esterified w-hydroxy [EO], w-hydroxy
[O], a-hydroxy [A], and non-hydroxy [N] fatty acids, presented in Figure 1, are proven
to occur at the sphingoid bases, leading to a multitude of different ceramide species [4].
The orthorhombic lateral packing of these ceramide species is essential in maintaining the
skin’s lipid lamellae structure.
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Figure 1. Structures and nomenclature of sphingoid backbones and fatty acids that have been
identified to occur at the sphingoid base. Created with BioRender.com.

Skin barrier formation is a fine-tuned procedure in which proliferating basal ker-
atinocytes cease mitotic activity, differentiate, and migrate through four epidermal layers
(stratum basale, stratum spinosum, stratum granulosum, and stratum corneum), thereby
adjusting to the demands of the particular cell layer. It has been indicated that three routes
contribute to the generation of ceramides in the skin [5]. The de novo pathway, which is
presented in Figure 2, takes place at the outer membrane of the endoplasmic reticulum
and is initiated by the action of serine palmitoyltransferase starting with the condensation
of the preferred substrates serine and palmitoyl-CoA. The resultant 3-ketosphinganine is
then reduced by 3-ketosphinganine reductase to sphinganine. Ceramide synthases link
fatty acyl CoAs to the amino group of sphinganine, leading to the formation of dihydro-
ceramides. The introduction of a double bond between carbons C-4 and C-5, mediated
by dihydroceramide desaturase, forms the central product of ceramide. It is a peculiarity
of keratinocytes that the enzymes that lead to the formation of skin-specific acylated ce-
ramides are also localized in the endoplasmic reticulum. The fatty acid elongases ELOVL1
and ELOVLA yield ultralong-chain fatty acids of up to C26 and C28 carbon-chain-lengths,
respectively [6,7]. The cytochrome P450 enzyme CYP4F22 subsequently hydroxylates at the
w-position, generating w-hydroxylated ultralong-chain fatty acids [8]. Ceramide synthase
3 uses these w-hydroxylated fatty acids for ceramide formation [9]. Finally, the transacylase
PNPLA1 (Patatin-like Phospholipase Domain Containing 1) generates an ester linkage
between the fatty acid taken from triglycerides and the w-hydroxy group from ceramide to
create such an acylceramide [10].
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Figure 2. The formation of acylceramides in the human epidermis. Acylceramides are formed in the
endoplasmic reticulum and secreted into the extracellular environment through the Golgi apparatus
and assembling of lamellar bodies. The de novo pathway starts with the condensation of the serine
and palmitoyl-CoA via the serine palmitoyl transferase (SPT). The resultant 3-ketosphinganine is then
reduced by 3-ketosphinganine reductase (3-KSR) to sphinganine. The fatty acid elongases ELOVL1
and ELOVL4 yield ultralong-chain fatty acids of up to C26 and C28 carbon-chain-lengths, which are
hydroxylated via CYP4F22 at the w-position. These generated w-hydroxylated ultralong-chain fatty
acids (ULCFAs) are linked to the amino group of sphinganine by the ceramide synthase 3 (CerS3),
leading to the formation of dihydroceramides. The introduction of a double bond between carbons
C-4 and C-5, mediated by dihydroceramide desaturase, forms the central product of ceramide. The
transacylase PNPLA1 (Patatin-like Phospholipase Domain Containing 1) generates an ester linkage
between the fatty acid taken from triglycerides and the w-hydroxy group from ceramide to create the
acylceramide. In the Golgi apparatus, acylceramides are glycosylated by the UDP-glucose ceramide
glucosyltransferase UGCG, followed by an ABCA12-mediated transport into lamellar bodies. After
secretion, glucosylacylceramides are reconverted back to their ceramide species to form organized
lipid lamellae. For the generation of protein-bound ceramides, the fatty acid portions of acylceramides
are oxidized via the lipoxygenases ALOX12B and ALOXE3, which enables a cross-link of the w-
hydroxyl group with cornified envelope proteins such as involucrin and envoplakin. Created with
BioRender.com.

However, ceramides can also be generated via the degradation of glucosylceramides
by B-glucocerebrosidase and the hydrolysis of sphingomyelin by sphingomyelinase [11].
It has been indicated that excessive keratinocyte-specific ceramide synthesis is already
increased in the suprabasal cell layer via the de novo pathway. These ceramides are trans-
ported from the endoplasmic reticulum to the Golgi apparatus, where the conversion
to glucosylceramides or sphingomyelin occurs. These lipids are then encapsulated into
epidermal lamellar bodies, exclusive secretory organelles of keratinocytes, which become
more abundant with the differentiation state of keratinocytes. Lamellar bodies secrete
glucosylceramides and sphingomyelins into the extracellular environment at the interface
of the stratum granulosum and the stratum corneum. There they are reconverted back to
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their ceramide species due to an activation of the enzymes f3-glucocerebrosidase and sph-
ingomyelinase, forming repeated sheets of lipid lamellae in the stratum corneum [12-15].
Moreover, some acylceramides at the fatty acid position are subjected to peroxidation via
the lipoxygenases ALOX12B and ALOXES3, followed by deglycosylation. These w-hydroxy
ceramides can then covalently bind to the protein structures of the corneocytes, such as
involucrin and envoplakin, leading to a stable lipid—cell scaffold (Figure 2).

1.2. Sphingolipids as Signaling Molecules in the Skin

Beyond their structural properties, sphingolipids have been identified as crucial com-
pounds that are also involved as signaling molecules during barrier formation as they
communicate with the mitotic active keratinocytes residing in the stratum basale. Thus,
even the involvement of ceramides in the essential functions of keratinocytes has been
well documented. In cultured keratinocytes, ceramides have been shown to diminish cell
proliferation and increase cell differentiation [16,17]. This is in congruence with the signal-
ing pathways such as protein kinase B (Akt), protein kinase C (PKC), mitogen-activated
protein kinase (MAPK), Jun N-terminal kinase (JNK), or phospholipase D (PLD) that are
modulated in response to ceramide stimulation [18]. Thus, elevated ceramide levels in
differentiating keratinocytes are not only required for lamellar membrane production but
also corneocyte development.

It has also been known for quite some time that another bioactive sphingolipid, namely
51P, is involved in the modulation of keratinocyte-specific actions [19]. Noteworthy, S1P
influences not only keratinocytes but also the immune cells located in the skin, indicating
that S1P, therefore, plays a major role in skin inflammatory processes. The present review
summarizes the importance of this sphingolipid species on different skin cell types; in
particular, a distinction is also made here from the systemic effects that emanate from S1P
and which can be modulated by the systemic action of S1P-receptor modulators.

2. Sphingosine 1-Phosphate Metabolism, Signaling, and Immune Cell Migration
2.1. Sphingosine 1-Phosphate Metabolism

The bioactive sphingolipid, S1P, occurs in tissues at relatively low concentrations
owing to its ability to exert its effects via receptor-mediated actions. However, intracellular
target proteins have also been identified to be directly modulated via sphingolipids increas-
ing the complexity of S1P signaling. In the sphingolipid metabolic pathways, ceramide
serves as a crucial nexus for the generation of S1P as it is the only known precursor for
the formation of sphingosine from which S1P is generated. Sphingosine is formed via
the deacylation of ceramides via ceramidases, which is then phosphorylated by either
sphingosine kinase 1 (SPHK1) or 2 (SPHK2), thereby producing the bioactive molecule
S1P [20]. S1P is able to modulate a multitude of cellular processes, such as proliferation
and migration, the regulation of epigenetic key enzymes, angiogenesis, and lymphan-
giogenesis [21]. Consequently, S1P biosynthesis and breakdown are precisely balanced,
and disequilibrium in such enzymes that control these processes can lead to pathological
conditions, including defective skin barrier formation (Figure 3).

The functions of the two SPHK enzymes appear to overlap in some respects, as the
selective knockdown of SPHK1 or SPHK2 does not result in any vital deficits. However,
the simultaneous deletion of SPHK1 and 2 results in embryonic lethality. In fact, SPHK1
and SPHK?2 often possess divergent functions and even have contrasting roles in cellular
processes depending on their distinctive tissue occurrence, cellular compartmentalization,
and cellular regulation [22]. SPHK1 is typically found in the cytoplasm, and the enzyme can
be stimulated by phosphorylation through extracellular signal-regulated kinases (ERK 1/2)
or other signaling bioactive lipids, such as ceramide 1-phosphate [23]. The stimulation of
SPHK1 is accompanied by translocation to the plasma membrane, a process where calcium-
and integrin-binding proteins are involved [24]. Nevertheless, an additional modulation of
SPHK1 occurs during the transcriptional stage [25]. In contrast, SPHK?2 is the less closely
studied of the two isoenzymes. It has been indicated that SPHK?2 is also activated via
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phosphorylation in response to ERK1/2. Concerning its localization, SPHK2 is mainly
found in the nucleus and at the inner mitochondrial membrane, which enables the specific
crosstalk of S1P with nuclear and mitochondrial proteins and enzymes [26]. The elimination
of S1P takes place due to the irreversible breakdown of the sphingosine backbone at the
C2-C3 position, resulting in the generation of hexadecenal and phosphoethanolamine.
This process is catalyzed by S1P lyase. S1P-lyase knockout mice die a few weeks after
weaning. These mice show several severe developmental abnormalities and a pronounced
dysregulation of lipid species in various organs, such as the liver and brain [27]. The
deletion of S1P lyase is accompanied by an enhanced sphingolipid generation via the
salvage pathway, whereas the de novo pathway is decreased [28]. In addition to the
irreversible degradation, S1P can also be reversibly dephosphorylated to sphingosine via
the action of two specific isoforms of the S1P phosphatases SGPP1 and SGPP2, as well as
via the action of nonspecific lipid phosphate phosphatases (LPP1-3) [29].
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Figure 3. S1P metabolism and signaling. S1P is synthesized via SPHK1 and SPHK2. SPHK2 is
mainly located in the nucleus, whereas SPHK1 is present in the cytoplasm. SPHK1 can translocate to
the plasma membrane after stimulation, which facilitates the secretion of SIP into the extracellular
environment. SPNS2 and several ABC transporters have been identified as transporters of S1P
through the cell membrane. Extracellular S1P can act via five G-protein coupled receptors, namely
S1PR1-5. The degradation of extracellular S1P occurs via three lipid phosphate phosphatases, LPP1-
3. Intracellular S1P is metabolized by two phosphatases, SGPP1 and 2, which are located at the
endoplasmic reticulum membrane with the active site on the luminal side. An irreversible degradation
of S1P is catalyzed by the S1P lyase, which is also present in the endoplasmic reticulum with the
active site on the cytosolic side, leading to the formation of hexadecenal and phosphoethanolamine.
Created with BioRender.com.

Since S1P is formed within the cell and a variety of effects are conveyed by the
stimulation of S1P receptors (S1PR) in a paracrine and/or autocrine manner, a dedicated
shuttle for the transport of S1P into the extracellular matrix must exist. Indeed, a number
of transport proteins have been found to shuttle S1P across the cell membrane. Spinster
homologue 2 (SPNS2), a member of the superfamily of non-ATP-dependent organic ion
transporters, is a specific transporter for S1P in a variety of cells [30]. However, S1P can
also be transported via the members of the ATP-binding cassette (ABC) transporters, a
protein family that plays a central role, especially in keratinocytes [31].
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2.2. Sphingosine 1-Phosphate Signaling

Generated S1P is able to activate five S1P-specific G-protein-coupled receptors (SIPR1-
5), which are cell-specific expressed and interact with a wide array of heterotrimeric G
proteins, thereby leading to broad, and sometimes contradictory cellular and physiological
effects [32]. The S1P generated inside the cell also has the ability to regulate intracellular
responses; nevertheless, in distinction to the receptor-mediated effects, only a limited
number of intracellular targets have been identified so far. Thus, an important intracellular
binding partner of S1P is tumor necrosis factor (TNF) receptor-associated factor 2 (TRAF2),
a key adaptor protein in TNF-receptor signaling. The binding of S1P to TRAF2 in response
to the stimulation of SPHK1 promotes the TNF-receptor signaling downstream pathways,
resulting in the activation of the major pro-inflammatory transcription factor, NF-«B [33].
Another intracellular target of S1P is connected to epigenetic regulation. S1P, which is
generated via SPHK?2, is able to inhibit histone deacetylases (HDAC), a class of enzymes
that remove acetyl groups from an N-acetyl lysine amino acid on a histone, thus allowing
the histones to wrap around the DNA more tightly. This is of interest, as HDAC inhibition
is connected to cancer-cell-cycle arrest, differentiation, and cell death [34]. On the contrary,
it has been shown that intranuclearly generated S1P also binds to telomerase reverse
transcriptase and increases telomerase activity, which may enhance cancer cell growth [35].

2.3. Sphingosine 1-Phosphate and Immune Cell Migration

In recent years it has been well established that S1P plays a fundamental role in
immune cell trafficking. One function of S1P is to regulate the egress of lymphocytes from
the lymph nodes into the bloodstream, from where they can target the site of inflammation.
A finely tuned S1P gradient between the lymph nodes, lymph, and blood is essential for this
action. Normally, mature lymphocytes in search of antigens circulate between secondary
lymphoid organs, such as lymph nodes, where antigens from local tissues are present [36].
Lymphocytes reach the lymph nodes from the circulation via high endothelial venules.
A lymphocyte spends some time scanning the lymph node for antigens, and if it detects
none, it leaves the lymph node via the lymph and returns to the blood, and the process
starts all over again. However, when the lymphocyte hits its cognate antigen, it will remain
in the lymph node, proliferate, and gain an effector role. An important component of
gaining effector function is modifying the expression of homing receptors, leading to an
optimal migration of the lymphocyte to reach the site of the infection. The crucial role
of S1P receptors in the process of lymph-node-exit signaling was first demonstrated by
studies using FI'Y720 [37].

FTY720, also known as Fingolimod, was the first drug approved by the US Food and
Drug Administration (FDA) for the treatment of relapsing-remitting multiple sclerosis,
a disorder in which T cells contribute to the damage of the myelin layer of neurons [38].
Indeed, FTY720 was shown to be able to prevent T cells from leaving the lymph nodes, and
the molecular mechanism of how FTY720 exerts its effect has also been elucidated [39,40].
FTY720 is a prodrug that must first be phosphorylated via SPHK2 in vivo to its active
compound FTY720-phosphate (FTY720-P). As an S1P analog, FTY720-P binds to four of
the five S1P receptor subtypes, and only the SIPR2 receptor is not targeted. FTY720-P has
mixed agonist-antagonist effects on S1IPR1. Initially, there is a strong activation of this
receptor subtype. It should be mentioned that this is also the cause of the cardiac side effects
of bradycardia that can occur at the beginning of therapy [41]. However, the inactivation of
S1PR1 occurs during the further response to FTY720-P stimulation. This is due to the fact
that FTY720-P brings S1PR1 into a conformation that leads to preferential ubiquitination
and degradation rather than recycling [42]. The result is a decreased number of SIPR1s
on the cell surface. In accordance, it has been shown by the use of a mouse model with
an internalization-resistant S1PR1 that the ability of FTY720 to inhibit lymphocyte egress
is significantly diminished [43]. Moreover, that this SIPR1 is responsible for the egress of
lymphocytes from the lymph node has also been shown in S1PR1-deficient T and B cells,
as they are able to enter the lymph node but are unable to exit it [39]. It is of interest that
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S1PR1 signaling in T cells competes with the retention signals from CCR7 and CXCR4. This
suggests that S1PR1 is essential in controlling exit, especially in the presence of retention
signals [44].

Because S1PR1 expression and other retention signals are dynamically regulated
during an immune response, a variety of S1P receptor modulators other than FTY720
have been developed and tested in clinical trials in several autoimmune diseases, such as
psoriasis [45].

However, in addition to the central role of S1P in the circulation of T cells, it has also
emerged that S1P, and its receptor-mediated signaling, especially in addition to S1PR1,
affects almost every cell type, including the cells of the skin. Therefore, in the following,
the effects of S1P on the skin cells and immune cells present in the skin will be discussed.
The focus is also on the fact whether a topical application of S1P or S1P modulators could
play an important role in inflammatory skin diseases.

3. Sphingosine 1-Phosphate and Skin Cells
3.1. Sphingosine 1-Phosphate and Keratinocytes

Compared to many cell types, S1P has a unique feature in keratinocytes. This is because
S1P promotes proliferation in many cells, but an opposite effect is visible in keratinocytes,
where proliferation is inhibited. The treatment of keratinocytes with S1P is accompanied
by the inhibition of cyclin D synthesis and the stimulation of p21(WAF1/CIP1) (p21) and
p27(KIP1) (p27) synthesis. As a consequence, cyclin-dependent kinase is inhibited, and
the cell cycle is arrested at the G1 phase [46—48]. Thus, with respect to cell growth, S1P
has analogous effects to ceramides, but the two molecules differ in their modulation of
apoptosis. While ceramides possess a proapoptotic effect, S1P protects keratinocytes from
programmed cell death [47]. Moreover, S1P enhances the differentiation of keratinocytes.
The typical differentiation markers of early and late differentiation, such as keratin 1 and
involucrin, are enhanced in response to S1P stimulation [48]. Regarding the inhibitory
effect on cell growth, it has been clearly demonstrated that the prolonged activation of
ERK and the transient inactivation of Akt is the crucial pathway in S1P-mediated cell-
growth arrest [46]. Calcium is required to initiate the differentiation of keratinocytes
as it upregulates the genes involved in the differentiation process. Indeed, S1P causes
transient increases in intracellular free Ca®* concentrations. This enhancement is obviously
mediated by the stimulation of phospholipase C and involves Ca?* mobilization from
thapsigargin-sensitive stores and subsequent Ca?* influx [49]. The molecular mechanism
of the anti-apoptotic action induced by S1P in keratinocytes is less characterized. However,
it has been shown that S1P induces the activation of endothelial nitric oxide synthase
(eNOS) in human keratinocytes, leading to a moderate enhancement of nitric oxide. The
cell-protective effect of S1P is diminished in eNOS-deficient keratinocytes, indicating that
S1P protects keratinocytes from apoptosis via eNOS activation [50]. This is consistent
with the fact that autologous nitric oxide protects human keratinocytes from ultraviolet-B-
radiation-induced apoptosis [51].

The effects on proliferation and differentiation are also apparent when the enzymes
that affect the S1P levels are modulated. Thus, intracellular S1P levels are increased in S1P
phosphatase 1-deficient keratinocytes. This is visible in the keratinocytes isolated from the
skin of SGPP1-deficient pups. The increased intracellular S1P levels are accompanied by
a gene expression profile that indicates the overexpression of the genes associated with
keratinocyte differentiation [52]. A similar result can be obtained through the inhibition
of S1P lyase, which leads not only to a cell cycle arrest but also to the upregulation of the
differentiation markers of keratinocytes [53].

The results have to be considered in a slightly more discriminating way when both
SPHK1/2 are modulated. The hydrophobic compound K6PC-5 has been identified as an
activator of SPHKI. The treatment of keratinocytes with K6PC-5 inhibits their proliferation
and increases the expression of the differentiation markers involucrin and filaggrin. In
congruence with an S1P treatment, K6PC-5 also induces an influx of intracellular Ca?*
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concentrations. These effects are abolished when SPHK1 is abrogated via siRNA, indicating
that K6PC-5 acts to regulate both the differentiation and proliferation of keratinocytes via
S1P production [54].

This contrasts with the results obtained when the inhibition of SPHK2 occurs. HWG-
35D and ABC294640 represent inhibitors of SPHK2, and topical treatment with these
inhibitors reduces the expression of keratin K6 and K16 of stressed keratinocytes at the
suprabasal layers of the epidermis [55,56]. As keratin K6 and K16 are markers of ker-
atinocyte hyperproliferation, these results indicate that the inhibition of SPHK2 contributes
to an antiproliferative effect in keratinocytes. However, at least, ABC294640 also affects
further enzymes of the sphingolipid pathway, such as dihydroceramide desaturase [57,58].

In keratinocytes, all five S1P receptor subtypes are expressed, and the subtypes of
S1PR2 and S1PR3 appear to be particularly responsible for the S1P-mediated effects on
proliferation, differentiation, and cytoprotection. Thus, the putative S1IPR3 antagonist,
BML-241, inhibits the S1P-induced Ca%* increase, the crucial event for differentiation [49].
Additionally, S1P almost completely loses its ability to protect human keratinocytes from
apoptosis when the S1IPR3 is abrogated [50]. Regarding cell growth arrest, SIPR2 plays
an important role. The abrogation of SIPR2 restores not only the inhibitory effect of S1P
on Akt phosphorylation but also prevents S1P-induced growth arrest [59]. In agreement,
FTY720-P, not acting on the S1PR?2, is not able to inhibit the cell growth of keratinocytes.
S1PR2 have also been identified as a crucial receptor for the maintenance of epidermal
barrier homeostasis. A recent publication indicated that SIPR2 knockout mice have more
fragile skin due to the reduced expression of tight junction proteins, such as Zo-1, occludin,
claudin-1, and cornedesmosin in the keratinocytes of the epidermis of S1PR2-deficient
mice [60]. As a consequence, these mice show a slightly enhanced TEWL as a measurement
for the barrier defect, which increases dramatically upon tape stripping. In addition,
filaggrin 2 expression is also negatively regulated in SIPR2 knockout mice. Consequently,
the topical administration of Staphylococcus aureus led to the deeper penetration of bacteria
and more severe signs of infection in S1PR2 knockout mice.

3.2. Sphingosine 1-Phosphate and Dendritic Cells

The skin contains a variety of specialized antigen-presenting cells (APCs) that belong to
the family of classical dendritic cells (DCs). A crucial DC subtype in the skin are Langerhans
cells (LCs), which form dense cellular networks in the basal and suprabasal layers of the
epidermis [61,62]. They sense exogenous molecules that have penetrated the skin barrier
and relay this information to the skin’s lymph nodes. LCs exhibit a distinct capacity for
phagocytosis and are characterized by intracellular organelles, Birbeck granules, which act
as endosomal recycling spaces. The antigen-processing activity of Birbeck granules is linked
to the surface expression of the endocytotic receptor Langerin (CD207). A further subtype of
DCs in the skin are dermal DCs (dDCs), which are located in the dermis and also participate
in antigen presentation. Thus, the function of LCs and dDCs is the uptake, endosomal
processing, and presentation of antigens, which endows them with the unique ability
to elicit adaptive immune responses and induce and control tolerance. When immature
LCs/dDCs capture and process antigens, they migrate toward secondary lymphoid organs,
where they interact with naive T cells. As they migrate, the capacity of LCs/dDCs to take
up additional antigens diminishes, and they acquire the competence to present antigens to
naive T cells in a properly synchronized sequence of events known as maturation.

S1P interferes with numerous processes of the physiological functions of LCs/DCs,
including migration, antigen uptake, and maturation. With respect to antigen capture,
a concentration-dependent reduction in endocytotic capacity in immature LCs/DCs by
S1P could be determined. Several endocytosis mechanisms are available for the uptake
of antigens by immature LCs/DCs from their immediate environment, which can be
subdivided into macropinocytosis, phagocytosis, and receptor-mediated endocytosis. In
fact, S1P has been shown to reduce macropinocytosis, the unspecific fluid uptake and the
antigens dissolved therein. The investigation of the signaling pathway responsible for
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this showed the regulation of phosphoinositide-3-kinase (PI3K) activity as the cause of the
altered endocytosis behavior of immature LCs/DCs. Moreover, the stimulation of SPHK
activity is connected not only with enhanced S1P levels but also with diminished antigen
capture. In congruence, the decreasing activity of PI3K involved in actin polymerization
or macropinocytosis is accompanied by increasing S1P concentrations. Most interestingly,
S1PR2 has been identified as the crucial receptor subtype to inhibit this antigen capture [63].

However, another effect has also been demonstrated for the SIPR2 subtype in DCs.
S1PR2 appears to be involved in the expression of CCL17 and CCL22 in mature DCs [64].
This is of interest, as CCL17 and CCL22 are known to assist lymphocytes in targeting their
response to skin-located pathogens. They accomplish this by binding to CCR4, a chemokine
receptor expressed especially on type 2 helper T cells, which then release a multitude of
cytokines.

There are further reports that S1P directly influences cytokine release in DCs. Pro-
inflammatory cytokines of the IL-12 family play a central role in the development and
maintenance of inflammatory diseases. The IL-12 family is unique in that it comprises
the only heterodimeric cytokines, which include IL-12 (p40/p35), IL-23 (p40/p19), IL-27
(EBI3/p28), and IL-35 (p35/EBI3) [26,65]. Although they share many structural features and
molecular partners, they have surprisingly different functional effects. It has been indicated
that S1P modulates IL-12 production in human DCs. Mature DCs show a diminished
secretion of IL-12 and TNF-« but an enhanced release of IL-10. The suppression of IL-12
production in DCs in response to S1P is accompanied by a Th1 to Th2 switch of in vitro
primed T cells [66]. It has been demonstrated that SPHK1-delivered extracellular S1P
inhibits the production of IL-12 in DCs via S1IPR1 [67].

However, there have been no studies on the cytokines IL-23 and IL-27. To further
characterize the influence of S1P on cytokine production, murine bone marrow derived
DCs were utilized. S1P significantly reduced IL-12 and IL-23 production induced by LPS,
while the secretion of IL-27 was not inhibited. Since IL-12 and IL-23 have a common subunit
(p40) in contrast to IL-27, it could be demonstrated that S1P inhibits IL-12/23p40 secretion
in a concentration-dependent manner [65].

S1P and S1P-regulating enzymes have also been indicated to modulate the function of
plasmacytoid dendritic cells (pDCs), also known as natural interferon (IFN)-producing cells.
These cells comprise a specific cell type within the innate immune system. pDCs are able
to recognize viral RNA and DNA via Toll-like receptor (TLR)-7 and TLR-9. Consequently,
they rapidly secrete large amounts of type 1 IFN upon contact with the virus. Then,
pDCs start to differentiate into professional APCs, which possess the capacity to stimulate
the T cells of the adaptive immune system. pDCs can be found in primary lymphoid
organs and the lymph nodes of secondary lymphoid tissues. While generally lacking in
normal skin, pDCs infiltrate the skin in several pathologies, such as psoriasis and systemic
lupus erythematosus. It has been shown that treatment of pDCs with S1P decreases
IFN-« production via SIPR4. Thus, SIPR4 signaling inhibits the IFN-o« production by a
diminished internalization of the pDC-specific inhibitory receptor, Ig-like transcript 7 [68].
In addition, SIPR1 seems to be involved in IFN-« production. The stimulation of SIPR1
in pDCs diminishes IFN autoamplification through the induced degradation of the IFN-o
receptor 1 and the suppression of STAT1 signaling [69]. The reduced IFN-« production
via S1P also affects the production of cytokines in a coculture system with T cells from a
Th1 (mainly IFN-y) to a regulatory profile characterized by enhanced IL-10 production [68].
This implicates a beneficial role of S1P, particularly in the context of psoriasis, where
pDC are found to be increased in lesional skin and where a Th1/Th17 cytokine profile is
dominant [70]. However, a controversial role has been implicated concerning the role of
SPHK1. The pharmacological inhibition or genetic deletion of SPHK1 results in a decreased
production of type I IEN. It has been suggested that intracellular S1P is essential for the
efficient uptake of TLR7/9 ligands and trafficking to endosomes and that this effect is
independent of the extracellular actions of S1P as a ligand of S1PRs. Therefore, a clear
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distinction between the intracellular effects and receptor-mediated functions of S1P must
also be made for pDC [71].

3.3. Sphingosine 1-Phosphate and Macrophages

Macrophages are innate immune cells that play an important role in the initiation of
inflammatory processes but also participate in the resolution of inflammation. Depend-
ing on their functional role, pro-inflammatory “classically activated” (M1) macrophages
(stimulus, e.g., LPS and IFN-vy) are distinguished from anti-inflammatory “alternatively
activated” (M2) macrophages (stimulus, e.g., IL-4). It has been demonstrated that human
macrophages express S1IPR1-4 [72]. In contrast, murine macrophages seem to express par-
ticularly S1PR1 and 2 [73]. Comparable to DCs, S1P is essential for macrophage migration
under physiological and pathophysiological conditions [74]. In an inflammatory condition
(mouse peritonitis model), SIPR2 inhibited macrophage recruitment while SIPR3 promoted
it [73,75]. The particular role of SIPR1 was evaluated in a separate study. Interestingly, a
classic activation of macrophages with IFN-y and LPS does not induce an upregulation of
S1PR1, which would be a pre-requisite for the emigration of macrophages from the site of
inflammation. However, alternatively activated macrophages (by IL-4) display upregulated
S1PR1 and thus emigrate out of the site of inflammation during resolution. This was
confirmed in an in vivo model of peritonitis in mice, where the enhanced migration of
macrophages during resolution was abolished in S1PR1 knockout mice [76].

More recently, a novel function of SIPR4 on macrophage function was evaluated by
the same group [77]. In the imiquimod-induced mouse model of psoriasis (see below), the
PASI score was moderately reduced in S1PR4 knockout mice. This was accompanied by a
reduced influx of macrophages into the inflamed skin. Again, a similar effect was observed
in a peritonitis model, but with fewer macrophages at the site of inflammation. This was
preceded by reduced levels of CCL2 and IL-6. Particularly CCL2 is a chemoattractant for
macrophages, and at the same time, macrophages are a main source of CCL2. The incu-
bation of macrophages with zymosan induced marked CCL2 expression in macrophages
generated from wild-type mice but not in those generated from S1PR4 knockout mice [77].
Generally, the incubation of macrophages with S1P seems to have predominantly anti-
inflammatory effects due to the significantly reduced production of the pro-inflammatory
cytokines TNFw, IL-6, IL-12, and CCL2 after their activation by, e.g., LPS [78].

3.4. Sphingosine 1-Phosphate and Mast Cells

Mast cells are central players in allergic diseases, such as atopic dermatitis. Mast
cells express high-affinity receptors for IgE, FceRI. Via IgE-dependent and independent
activation and degranulation, mast cells secrete lysosomal enzymes, proteases, and his-
tamine. Antigen-stimulated mast cells also actively produce and secrete a wide variety
of lipids and proteins that require de novo synthesis. Among de novo synthesized lipid
mediators are eicosanoids, such as prostaglandins, leukotrienes, and S1P. The activation of
FceRI facilitates the recruitment of both SPHK1 and SPHK?2 to lipid rafts in proximity to
their substrate. A peak of S1P synthesis in mast cells upon FceRI activation occurs within
minutes. However, a second increase in S1P synthesis occurs after 30 min, and this is
accompanied by enhanced S1P concentrations in the extracellular environment [79].

S1P excreted into the extracellular environment can act on mast cells in an autocrine
manner. Mainly two receptors (51PR1 and S1PR2) are described for mast cells [79]. Two
pivotal mast cell functions, mast cell migration as well as degranulation, are modulated by
S1P via binding to the extracellular receptors (intracellular signals via S1P are much less
understood but also seem important).

SPHK activation and S1PR1 signaling are involved in the migration of mast cells
toward antigens. Depending on the mast cell type and the experimental settings, SIPR2
can play a central role in FceRI-induced degranulation [80]. However, in other settings, the
role of S1IPR2 seems less clear /pronounced [81]. Nevertheless, pharmacological inhibition
of S1PR2, e.g., by JTE013, impairs degranulation and cytokine and chemokine secretion
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from human mast cells [82]. This is corroborated in vivo in a passive systemic anaphylaxis
experiment. SIPR2 knockout mice or wild-type mice treated with the SIPR2 antagonist
JTE013 show dramatically reduced signs of IgE-mediated anaphylaxis (drop in temperature,
histamine release, and lung edema) [82]. Chronic exposure to high concentrations of S1P
seems to change the mast cells” phenotype. Incubation with S1P leads to a hyper-responsive
phenotype [81]. However, the complex role of S1P is once more revealed by the fact that an
injection of S1P can diminish the signs of anaphylaxis in mouse models (e.g., induced by
histamine) [83].

Several mast-cell-released mediators are involved in inflammation but also in the
activation of sensory nerve fibers to induce itch (histamine, serotonin, endothelin, IL-31,
and proteases). In this context, it is noteworthy that mast cells are localized in close
proximity to afferents innervating the skin. The activation of the IgE-receptor-mediated
formation of S1P might thus also participate in the induction of itch (see below).

3.5. Sphingosine 1-Phosphate and T-Lymphocytes of the Skin

Human skin is home to abundant populations of «f3 as well as vd T cell receptor
(TCR)-expressing T cells. Upon microbial invasion, APCs migrate from the skin to the
lymph node resulting in the generation of effector o3 TCR-expressing T cells that travel to
the site of inflammation. These effector T cells clear the infection typically within 3-10 days.
Upon microbial eradication, the majority of effector T cells die, while subsets of x3 TCR-
expressing T cells become recirculating memory cells or remain in the skin as tissue-resident
memory T cells. Recirculating memory T cells exit in response to gradients of S1P and the
chemokine ligand 21 (CCL21) via S1PR1 and the chemokine receptor CCR?. In contrast to
recirculating memory T cells, tissue-resident memory T cells are often characterized by the
expression of CD69. Indeed, CD69 is able to form a complex with S1PR1. Following the
formation of this complex, SIPR1 is internalized and degraded within the cell, inhibiting
its ability to bind S1P and initiate downstream signaling. This mechanism contributes to
the maintenance of cells in the skin.

However, a unique T cell subgroup has been identified in the dermis, which is charac-
terized by the expression of a yd heterodimeric TCR on the cell surface. In contrast to o3 T
cells, v T cells are non-MHC-restricted in recognizing antigens and, therefore, may have
an innate immune signaling function [84-86]. Under physiological conditions, v T cells
largely reside in the dermis and migrate only to a small extent to the draining lymph nodes
in the skin. It has been indicated that dermal yd T cells are a major origin of IL-17 secretion
in response to skin infections. Thus, this T cell subtype possesses a crucial role in neutrophil
recruitment and, therefore, a primary defense against pathogens [86,87]. Moreover, an
increased turnover of y6 T cells from the dermis to the lymph nodes takes place under
inflammatory conditions. Recently, a specific role of the SIPR2 has been identified in v
T cell migration [88]. Thus, y6 T cells lacking both S1IPR2 and CD69 show an increased
migration rate from the dermis to the lymph nodes indicating a specific role of the SIPR2
in restraining the egress of these tissue-resident cells. In this context, it is of interest that the
acute depletion of y6 T cells is protective in an animal model of psoriasis [89]. Thus, the
topical administration of SIPR2 modulators may affect the progression of diseases such as
psoriasis, which are characterized by a substantial immune response where tissue-resident
lymphocytes are involved.

4. Sphingosine 1-Phosphate and Inflammatory Skin Diseases
4.1. Sphingosine 1-Phosphate and Psoriasis

Psoriasis is a chronic, immune-mediated, multifactorial skin disease that impacts
2-3% of the population worldwide. Classically, clinical symptoms are well-demarcated
erythematous plaques with silvery scales. These plaques are usually found on the scalp,
extensor surfaces and buttocks but can occur at any place on the body.

The histologic features are epidermal hyperplasia, a loss of the granular layer (hy-
pogranulosis), a thickening of the stratum corneum (hyperkeratosis), and an incomplete
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cornification (parakeratosis). Moreover, the elongation and fusion of the rete ridges, di-
lated, protruding blood vessels in the dermis, and an inflammatory infiltrate of T cells and
neutrophils (Munro’s abscess) are present in psoriasis [90]. The thickened epidermis is a
consequence of premature hyperproliferating keratinocytes and incomplete cornification.
Psoriasis is attributed to multiple interactions between keratinocytes and immune cells,
especially Thl and Th17 cells [91]. It can be assumed that the inflammatory cascade starts
with skin antigens stimulating neutrophils and DCs, resulting in the release of cytokines,
such as TNFa, IL-23, and IL-17. Thus, it is not astonishing that a systemic action of S1PR1
receptor modulators seems to be beneficial in the treatment of psoriasis. Ponesimod, a
selective modulator of SIPR1, S1PR4, and S1PRS5, has been tested in a phase 2 study in
psoriasis. This 28-week, randomized, double-blind, placebo-controlled study investigated
the efficacy, safety, and tolerability of treatment with ponesimod versus placebo in adult
patients with moderate-to-severe chronic plaque psoriasis. Although clinical data indicate a
significant reduction in psoriasis area and severity Index (PASI75), ponesimod is no longer
being studied in this patient population. A reason could be adverse events, which in-
clude dyspnea, elevated liver enzymes, headache, nasopharyngitis, dizziness, bradycardia,
pruritus, and cough [45].

Both environmental and genetic factors are involved in the pathophysiology of psori-
asis. Common environmental triggers of psoriasis involve bacterial and viral infections,
stress, smoking, obesity, and probably diet [92,93]. Therefore, it is not surprising that
several studies indicate an altered plasma lipid homeostasis, including S1P, in psoriasis
patients. It has been well established that the plasma S1P content is higher in psoriatic
patients. However, studies are not entirely consistent as to whether S1P levels correlate
with disease severity [94-96]. Similarly, there are also contradictory results if S1P levels
return to lower levels when psoriasis is successfully treated [94,97]. Thus, it is not yet clear
whether increased levels of S1P contribute to the pathogenesis of the disease or represent
an outcome of the multifaceted skin disease. Therefore, several psoriasis animal studies
have been performed to investigate the role of S1P within the skin in this inflammatory
disease.

Most recently, a mouse line carrying a missense mutation of the S1P lyase was investi-
gated under inflammatory conditions [98]. This mutation is accompanied by a dysfunc-
tional S1P lyase activity leading to increased S1P contents within the skin. The mutant mice
do not show visible skin alterations under steady-state conditions, as their ear anatomy
and thickness are similar to wild-type mice. However, upon treatment with imiquimod,
the mutant mice displayed exacerbated skin inflammation as manifested by increased
acanthosis and orthokeratotic hyperkeratosis. Imiquimod as a TLR7 agonist is widely used
as a psoriasis model in mice. Mechanistically, imiquimod activates DCs and other innate
immune cells, which recruit and prime IL-17-producing v T cells within the treated skin.
Most interestingly, S1P lyase mutant mice showed an increased number of y5 T cells in the
skin. This is consistent with the fact that the conditional depletion of v5 T cells, but not
constitutive deficiency, is connected with protection from imiquimod-induced psoriasis [89].
While these results suggest that the elevation of S1P via dysfunctional S1P lyase levels con-
tributes to the progression of psoriasis, another study shows the opposite entirely. Jeon et al.
indicated that the inhibition of S1P lyase improves psoriasis in the imiquimod-mediated
psoriasis model [53]. Thus, the subcutaneous administration of an S1P lyase inhibitor
resulted in diminished symptoms of psoriasis, such as erythema, scaling, and epidermal
thickness in mouse skin due to a decreased proliferation and increased differentiation of
keratinocytes. However, there was no effect on the severity of inflammation after treatment
with the S1P lyase inhibitor.

The direct topical administration of S1P has also been investigated in the imiquimod-
induced psoriasis mouse model [99]. The results of this study revealed that topical admin-
istration of S1P decreases the inflammatory reaction of the ears induced by imiquimod.
Although Th17 cells and IL-17 secretion play a crucial role in maintaining inflammation in
psoriatic skin, topical treatment of S1P showed no effect on this cytokine. This seems to be
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in accordance with the study of Liao et al., who indicated S1P possesses the ability to rather
enhance the development of Th17 cells [100]. However, a pronounced attenuated epidermal
hyperproliferation could be detected in the imiquimod model after topical treatment with
S1P. This effect was confirmed in the severe combined immunodeficiency mice (SCID)
model, where S1P-treated skin from patients suffering from psoriasis showed a decrease in
epidermal thickness compared to the vehicle [99]. It is of interest that FTY720 did not show
such an effect on hyperproliferation, which is consistent with the fact that the S1P-induced
inhibition of keratinocytes is mediated via the SIPR2 receptor subtype [59].

While these studies indicate a beneficial effect of the topical application of S1P on psori-
asis, further studies exist demonstrating that inhibition of SPHK2 leads to an improvement
of psoriasis. Shin et al. figured out that the topical application of SPHK2 inhibitors, namely
ABC294640 and HWG-35D, alleviated imiquimod-induced skin lesions and reduced the
serum IL-17 levels induced by the application of imiquimod [55,56]. Moreover, the applica-
tion of these inhibitors also decreased the skin mRINA levels of the genes associated with
inflammation and keratinocyte differentiation elevated by imiquimod. These data suggest
that the inhibition of SPHK2 possesses a protective effect in the imiquimod psoriasis model.
However, it should be mentioned that the inhibitors of SPHK1 are not effective [55]. Rather,
further studies indicated that at least ABC294640 has further effects on enzymes of the
sphingolipid metabolism, which even leads to unexpected increased levels of S1P levels in
different cells [57,58]. Therefore, it would be of great interest to investigate the influence of
SPHK2 inhibitors on the S1P contents in keratinocytes.

Taken together, it seems certain that altered S1P levels of the skin have a significant
influence on psoriasis, modulating skin and immune cells in a divergent manner. While
elevated S1P levels are mainly able to inhibit the proliferation of keratinocytes and promote
their differentiation, elevated S1P levels seem to promote a Th17 response. If these effects
are due to different mechanisms or different S1P receptor subtypes, S1IP modulators can be
considered novel therapeutic approaches for the treatment of psoriasis.

4.2. Sphingosine 1-Phosphate and Atopic Dermatitis

Atopic dermatitis (AD) is a chronic inflammatory skin disease that typically occurs in
early childhood. Itis hallmarked by dry, erythematous, and itchy rashes. These rashes result
in a vicious circle of itching and scratching, which is associated with a drastic deterioration
in the quality of life [101]. It has been well-established that both environmental and genetic
factors contribute to the development of AD [102]. Environmental factors include cold and
dry weather, dampness, and more specific triggers such as house dust mites, pet fur, pollen,
and molds. The best-known genetic cause leading to AD is a loss-of-function mutation
in the FLG gene, which encodes for the structural protein filaggrin [103]. Additionally, a
deficiency in cholesterol, fatty acid, ceramides, and tight junctions is visible in AD [104,105].
Consequently, penetration of allergens through the skin is strengthened, allowing them
to interact with skin cells. Keratinocytes and dendritic cells act as important sentinels of
the skin by recognizing danger signals or microbial pathogens and eliciting downstream
immune responses, which include the production of type 2 cytokines. In addition to type 2
cytokines, type 17 cytokines have also been linked to the pathogenesis of AD [106].

S1P has also been shown to have a central role in AD, as the lipid mediator not only in-
fluences cytokine modulation but is also involved in the formation of the epidermal barrier.
S1P serum levels have recently been found to be significantly enhanced in patients suffering
from AD, and the levels of S1P correlate with the severity of the disease [107]. In atopic
skin, it seems to be exactly the opposite, as an aberrant S1P metabolism has been shown
in lesions of AD. Several studies indicate an increased S1P lyase activity in human and
canine atopic lesions [108-110]. Thus, the levels of S1P in lesional canine skin are decreased
compared to healthy controls [108]. These findings are in agreement with enhanced S1P
lyase mRNA levels of lesional human and canine skin [109,110]. The diminished S1P levels
suggest that topical application with S1P may be advantageous for the treatment of AD.
Contact hypersensitivity is a well-established animal model to investigate immunological
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mechanisms of AD. In fact, in this model, the topical administration of S1P decreased the
inflammatory reaction in the sensitization as well as in the elicitation phase [111]. S1IP was
able to decrease the weight and cell count of the draining auricular lymph node and reduce
the inflammatory reaction.

Regarding the S1P receptor subtypes, SIPR2 has been identified as a crucial receptor
subtype for skin barrier function (Figure 4) [60]. Although the skin of S1IPR2-deficient mice
exhibits no difference in phenotype and barrier function compared with that of wild-type
mice, a higher TEWL after tape removal occurs in the S1IPR2-deficient mice, indicating that
S1PR2 is beneficial for epidermal barrier formation. All the more surprising are the studies
in an animal model of AD, as the inflammatory response is significantly ameliorated in
S1PR2-deficient mice [64,112]. Similarly, the topical administration of the SIPR2 antagonist
JTE-013 is also able to suppress atopic responses in the ears and lymph nodes of wild-type
mice. It has been suggested that this in vivo anti-atopic effect of topical JTE-013 treatment
may be caused by the inhibition of SIPR2 in mast cells and DCs because SIPR2 has been
proven to function as an activator of mast cell degranulation and DC maturation and
migration [63,81,113-115]. Indeed, further studies are definitely needed to elucidate the
important role of S1P and its signaling pathways in AD.

UNINVOLVED SKIN ATOPIC DERMATITIS

—— Nerve

Langerhans cell

Bacteria Dust mite

— S1PR2/3

Figure 4. Schematic of uninvolved skin (left) and lesional skin in atopic dermatitis (right). SIPR2 and
partially SIPR3 are involved in crucial pathways associated with atopic dermatitis. Lichenification
and skin proliferation are under the control of SIPR2. Bacterial infection with S. aureus induces
an alarmin function in keratinocytes mediated via SIPR2. Langerhans cells are pivotal antigen-
presenting cells in the skin. The uptake of antigen and allergens is modulated via SIPR2. Itch, a
pivotal symptom of atopic dermatitis, is partially mediated via SIPR2 and S1PR3.
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4.3. Sphingosine 1-Phosphate and Itch

Pruritus or itch is one of the main symptoms of AD and psoriasis. Itch evokes a desire
to scratch and thus induces superficial damage to the skin. In the case of AD, this can lead
to the vicious circle of further barrier disruption, leading to further allergen penetration
and inflammatory exacerbation with increased itch sensation. There seems to be some
overlap but also some striking differences concerning the signals inducing pain or itch
that are initiated at primary sensory neurons in the skin by a wide variety of mediators or
stimuli [116].

The sensory transduction of itch is realized by exciting a subpopulation of cutaneous,
bare nerve endings (C-fibres and Ad-fibres). It is questionable whether itch-specific nerve
fibers exist. The current understanding is that these are rather a subspecies of nociceptive
fibers. The cell bodies of these fibers are found in the dorsal root ganglia (DRG). The
knowledge about excitation and signal transduction from the DRG to the spinal cord and
brain has increased dramatically within the last decade but is still far from completely
understood. Single-cell RNA sequencing experiments using mouse DRG revealed a diverse
population of DRG cells that can be grouped into 11 distinctive clusters. Among those, itch-
associated markers, such as histamine receptors, serotonin receptors, endothelin receptor
A, or IL-31 receptor A, were quite selectively enriched in three subtypes of itch neurons
termed NP1, NP2, and NP3. Histomorphologically, these represent non-myelinated, small-
diameter neurons that also respond to a variety of itch-inducing substances in vitro [117].
A recent study on human DRG confirmed several of the findings in mice but also displayed
some striking differences [118]. After the activation of itch-related receptors on DRG cells
by, e.g., IL-31 or histamine, intracellular pathways activate specific ion channels, such
as transient receptor potential vanilloid 1 (TRPV1) or ankyrin 1 (TPRA1), which finally
evokes the discharge of the neurons [116]. The initial itch signal is transmitted from the
periphery to the DRG and into the dorsal horn of the spinal cord. The ascending signals are
then transmitted through the lateral spinothalamic tract into the brain, where several itch-
processing areas have been identified, e.g., thalamic nuclei, part of the cortex, amygdala,
and nucleus accumbens. The descending signals include signals from the areas that belong
to the reward system, such as the periaqueductal gray and the striatum, and are manifested
in scratching behavior [119].

The itch associated with inflammatory skin diseases, such as AD and psoriasis, is
triggered by certain endogenous cytokines, such as IL-31 and TSLP, as well as biogenic
amines, such as histamine and serotonin. However, lipids, such as leukotriene B4, and
sphingolipids, such as sphingosylphosphorylcholine (SPC), have been associated with
itch [120]. The possible involvement of S1P in the mediation of pain was elucidated quite
early, and recent publications indicate that S1P is also associated with itch, although only
very few studies exist and with partly contradictory results. S1P activates SIPR3, which
induces both itch and pain. Thus, it has been suggested that itch transduction is due to
the activation of TRPA1 via the Gy signaling pathway, but pain transduction is realized
by TRPV1 activation via PLC-mediated signal transduction [121]. On the contrary, it has
been discovered that itch-related scratching is decreased in TRPV1-deficient mice but not
in TRPA1-deficient mice [122]. Interestingly, in the latter work, the selective SIPR2 agonist
CYM 5520 induces a distinct calcium signal in sensory neurons, indicating its role in sensory
perception (Figure 4). In addition, it has been demonstrated that SIPR3-deficient mice show
less itch behavior in the imiquimod-induced psoriasis model but not in an AD-like model
(induced by MC903) [123]. However, further studies are urgently needed to elucidate the
exact role of S1P in acute and chronic itch associated with AD and psoriasis.

5. Conclusions

Recent research clearly indicates the role of S1P as a pivotal signaling lipid in inflam-
matory and pruritic skin conditions, such as atopic dermatitis and psoriasis. Particularly,
subtype-specific agonists and antagonists help to further understand the complex role
of S1P signaling, and it seems promising to further elucidate these roles, especially the
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role of SIPR2 and S1PR3 in inflammatory skin diseases and itch. This is of great interest
as interfering with S1P signaling pathways may represent an innovative option for the
treatment of inflammatory skin diseases and itch.

Author Contributions: Conceptualization, B.K. and W.B.; writing—original draft preparation, B.K.
and W.B.; writing—review and editing, B.K. and W.B. All authors have read and agreed to the
published version of the manuscript.

Funding: No external funding received for this review.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank Zornitsa Shtereva, Fabian Schumacher and Dominik Wigger for their
support in creating the figures.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Proksch, E.; Brandner, ].M.; Jensen, ].M. The skin: An indispensable barrier. Exp. Dermatol. 2008, 17, 1063—-1072. [CrossRef]

2. Masukawa, Y.; Narita, H.; Sato, H.; Naoe, A.; Kondo, N.; Sugai, Y.; Oba, T.; Homma, R.; Ishikawa, J.; Takagi, Y.; et al. Comprehen-
sive quantification of ceramide species in human stratum corneum. J. Lipid Res. 2009, 50, 1708-1719. [CrossRef] [PubMed]

3.  vanSmeden, J.; Hoppel, L.; van der Heijden, R.; Hankemeier, T.; Vreeken, R.J.; Bouwstra, J.A. LC/MS analysis of stratum corneum
lipids: Ceramide profiling and discovery. J. Lipid Res. 2011, 52, 1211-1221. [CrossRef] [PubMed]

4.  Kawana, M.; Miyamoto, M.; Ohno, Y.; Kihara, A. Comparative profiling and comprehensive quantification of stratum corneum
ceramides in humans and mice by LC/MS/MSIS]. J. Lipid Res. 2020, 61, 884-895. [CrossRef]

5. Uchida, Y.; Park, K. Ceramides in Skin Health and Disease: An Update. Am. |. Clin. Dermatol. 2021, 22, 853-866. [CrossRef]
[PubMed]

6. Ohno, Y,; Suto, S.; Yamanaka, M.; Mizutani, Y.; Mitsutake, S.; Igarashi, Y.; Sassa, T.; Kihara, A. ELOVL1 production of C24
acyl-CoAs is linked to C24 sphingolipid synthesis. Proc. Natl. Acad. Sci. USA 2010, 107, 18439-18444. [CrossRef]

7. Vasireddy, V.; Uchida, Y.; Salem, N., Jr.; Kim, S.Y.; Mandal, M.N.; Reddy, G.B.; Bodepudi, R.; Alderson, N.L.; Brown, ].C.; Hama,
H.; et al. Loss of functional ELOVL4 depletes very long-chain fatty acids (> or =C28) and the unique omega-O-acylceramides in
skin leading to neonatal death. Hum. Mol. Genet. 2007, 16, 471-482. [CrossRef]

8. Ohno, Y.; Nakamichi, S.; Ohkuni, A.; Kamiyama, N.; Naoe, A.; Tsujimura, H.; Yokose, U.; Sugiura, K.; Ishikawa, J.; Akiyama, M.;
et al. Essential role of the cytochrome P450 CYP4F22 in the production of acylceramide, the key lipid for skin permeability barrier
formation. Proc. Natl. Acad. Sci. USA 2015, 112, 7707-7712. [CrossRef]

9. Jennemann, R.; Rabionet, M.; Gorgas, K.; Epstein, S.; Dalpke, A.; Rothermel, U.; Bayerle, A.; van der Hoeven, E; Imgrund, S.;
Kirsch, J.; et al. Loss of ceramide synthase 3 causes lethal skin barrier disruption. Hum. Mol. Genet. 2012, 21, 586—-608. [CrossRef]

10. Grond, S.; Eichmann, T.O.; Dubrac, S.; Kolb, D.; Schmuth, M.; Fischer, J.; Crumrine, D.; Elias, PM.; Haemmerle, G.; Zechner,
R.; et al. PNPLA1 Deficiency in Mice and Humans Leads to a Defect in the Synthesis of Omega-O-Acylceramides. J. Investig.
Dermatol. 2017, 137, 394-402. [CrossRef]

11. Mizutani, Y.; Mitsutake, S.; Tsuji, K.; Kihara, A.; Igarashi, Y. Ceramide biosynthesis in keratinocyte and its role in skin function.
Biochimie 2009, 91, 784-790. [CrossRef] [PubMed]

12.  Hamanaka, S.; Hara, M.; Nishio, H.; Otsuka, F; Suzuki, A.; Uchida, Y. Human epidermal glucosylceramides are major precursors
of stratum corneum ceramides. J. Investig. Dermatol. 2002, 119, 416—423. [CrossRef]

13. Jensen, ].M.; Folster-Holst, R.; Baranowsky, A.; Schunck, M.; Winoto-Morbach, S.; Neumann, C.; Schutze, S.; Proksch, E. Impaired
sphingomyelinase activity and epidermal differentiation in atopic dermatitis. J. Investig. Dermatol. 2004, 122, 1423-1431. [CrossRef]
[PubMed]

14. Lampe, M.A,; Burlingame, A.L.; Whitney, J.; Williams, M.L.; Brown, B.E.; Roitman, E.; Elias, PM. Human stratum corneum lipids:
Characterization and regional variations. J. Lipid Res. 1983, 24, 120-130. [CrossRef] [PubMed]

15.  Menon, G.K,; Grayson, S.; Elias, PM. Cytochemical and biochemical localization of lipase and sphingomyelinase activity in
mammalian epidermis. J. Investig. Dermatol. 1986, 86, 591-597. [CrossRef]

16. Bektas, M.; Dullin, Y.; Wieder, T.; Kolter, T.; Sandhoff, K.; Brossmer, R.; Ihrig, P.; Orfanos, C.E.; Geilen, C.C. Induction of apoptosis
by synthetic ceramide analogues in the human keratinocyte cell line HaCaT. Exp. Dermatol. 1998, 7, 342-349. [CrossRef]

17.  Jung, EMM.; Griner, R.D.; Mann-Blakeney, R.; Bollag, W.B. A potential role for ceramide in the regulation of mouse epidermal
keratinocyte proliferation and differentiation. J. Investig. Dermatol. 1998, 110, 318-323. [CrossRef] [PubMed]

18. Ohanian, J.; Ohanian, V. Sphingolipids in mammalian cell signalling. Cell Mol. Life Sci. 2001, 58, 2053-2068. [CrossRef]

19. Japtok, L.; Baumer, W.; Kleuser, B. Sphingosine-1-phosphate as signaling molecule in the skin: Relevance in atopic dermatitis.

Allergo |. Int. 2014, 23, 54-59. [CrossRef]


http://doi.org/10.1111/j.1600-0625.2008.00786.x
http://doi.org/10.1194/jlr.D800055-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19349641
http://doi.org/10.1194/jlr.M014456
http://www.ncbi.nlm.nih.gov/pubmed/21444759
http://doi.org/10.1194/jlr.RA120000671
http://doi.org/10.1007/s40257-021-00619-2
http://www.ncbi.nlm.nih.gov/pubmed/34283373
http://doi.org/10.1073/pnas.1005572107
http://doi.org/10.1093/hmg/ddl480
http://doi.org/10.1073/pnas.1503491112
http://doi.org/10.1093/hmg/ddr494
http://doi.org/10.1016/j.jid.2016.08.036
http://doi.org/10.1016/j.biochi.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/19364519
http://doi.org/10.1046/j.1523-1747.2002.01836.x
http://doi.org/10.1111/j.0022-202X.2004.22621.x
http://www.ncbi.nlm.nih.gov/pubmed/15175033
http://doi.org/10.1016/S0022-2275(20)38005-6
http://www.ncbi.nlm.nih.gov/pubmed/6833889
http://doi.org/10.1111/1523-1747.ep12355263
http://doi.org/10.1111/j.1600-0625.1998.tb00334.x
http://doi.org/10.1046/j.1523-1747.1998.00137.x
http://www.ncbi.nlm.nih.gov/pubmed/9540968
http://doi.org/10.1007/PL00000836
http://doi.org/10.1007/s40629-014-0008-2

Int. . Mol. Sci. 2023, 24, 1456 17 of 21

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Gandy, K.A.; Obeid, L.M. Regulation of the sphingosine kinase/sphingosine 1-phosphate pathway. Handb. Exp. Pharmacol. 2013,
216, 275-303. [CrossRef]

Maceyka, M.; Spiegel, S. Sphingolipid metabolites in inflammatory disease. Nature 2014, 510, 58—67. [CrossRef] [PubMed]
Maceyka, M.; Sankala, H.; Hait, N.C.; Le Stunff, H.; Liu, H.; Toman, R.; Collier, C.; Zhang, M.; Satin, L.S.; Merrill, A.H., Jr.; et al.
SphK1 and SphK2, sphingosine kinase isoenzymes with opposing functions in sphingolipid metabolism. . Biol. Chem. 2005, 280,
37118-37129. [CrossRef] [PubMed]

Nishino, S.; Yamashita, H.; Tamori, M.; Mashimo, M.; Yamagata, K.; Nakamura, H.; Murayama, T. Translocation and activation of
sphingosine kinase 1 by ceramide-1-phosphate. . Cell Biochem. 2019, 120, 5396-5408. [CrossRef]

Pulkoski-Gross, M.].; Obeid, L.M. Molecular mechanisms of regulation of sphingosine kinase 1. Biochim. Biophys. Acta Mol. Cell
Biol. Lipids 2018, 1863, 1413-1422. [CrossRef] [PubMed]

Bonica, J.; Mao, C.; Obeid, L.M.; Hannun, Y.A. Transcriptional Regulation of Sphingosine Kinase 1. Cells 2020, 9, 2437. [CrossRef]
[PubMed]

Snider, A.J.; Orr Gandy, K.A.; Obeid, L.M. Sphingosine kinase: Role in regulation of bioactive sphingolipid mediators in
inflammation. Biochimie 2010, 92, 707-715. [CrossRef] [PubMed]

Bektas, M.; Allende, M.L.; Lee, B.G.; Chen, W.; Amar, M.].; Remaley, A.T.; Saba, J.D.; Proia, R.L. Sphingosine 1-phosphate lyase
deficiency disrupts lipid homeostasis in liver. J. Biol. Chem. 2010, 285, 10880-10889. [CrossRef]

Hagen-Euteneuer, N.; Lutjohann, D.; Park, H.; Merrill, A.H., Jr.; van Echten-Deckert, G. Sphingosine 1-phosphate (S1P) lyase
deficiency increases sphingolipid formation via recycling at the expense of de novo biosynthesis in neurons. J. Biol. Chem. 2012,
287,9128-9136. [CrossRef]

Le Stunff, H.; Giussani, P.; Maceyka, M.; Lepine, S.; Milstien, S.; Spiegel, S. Recycling of sphingosine is regulated by the concerted
actions of sphingosine-1-phosphate phosphohydrolase 1 and sphingosine kinase 2. J. Biol. Chem. 2007, 282, 34372-34380.
[CrossRef] [PubMed]

Nagahashi, M.; Kim, E.Y; Yamada, A.; Ramachandran, S.; Allegood, J.C.; Hait, N.C.; Maceyka, M.; Milstien, S.; Takabe, K.; Spiegel,
S. Spns2, a transporter of phosphorylated sphingoid bases, regulates their blood and lymph levels, and the lymphatic network.
FASEB]. 2013, 27, 1001-1011. [CrossRef]

Nieuwenhuis, B.; Luth, A.; Chun, J.; Huwiler, A.; Pfeilschifter, J.; Schafer-Korting, M.; Kleuser, B. Involvement of the ABC-
transporter ABCC1 and the sphingosine 1-phosphate receptor subtype S1P(3) in the cytoprotection of human fibroblasts by the
glucocorticoid dexamethasone. |. Mol. Med. 2009, 87, 645-657. [CrossRef]

Spiegel, S.; Milstien, S. Sphingosine-1-phosphate: Signaling inside and out. FEBS Lett. 2000, 476, 55-57. [CrossRef] [PubMed]
Park, E.S.; Choi, S.; Shin, B.; Yu, ].; Yu, J.; Hwang, ].M.; Yun, H.; Chung, Y.H.; Choi, ].S.; Choi, Y.; et al. Tumor necrosis factor (TNF)
receptor-associated factor (TRAF)-interacting protein (TRIP) negatively regulates the TRAF2 ubiquitin-dependent pathway by
suppressing the TRAF2-sphingosine 1-phosphate (S1P) interaction. J. Biol. Chem. 2015, 290, 9660-9673. [CrossRef] [PubMed]
Hait, N.C.; Allegood, J.; Maceyka, M.; Strub, G.M.; Harikumar, K.B.; Singh, S.K.; Luo, C.; Marmorstein, R.; Kordula, T.; Milstien,
S.; et al. Regulation of histone acetylation in the nucleus by sphingosine-1-phosphate. Science 2009, 325, 1254-1257. [CrossRef]
[PubMed]

Panneer Selvam, S.; De Palma, R.M.; Oaks, J.J.; Oleinik, N.; Peterson, Y.K.; Stahelin, R.V.; Skordalakes, E.; Ponnusamy, S.;
Garrett-Mayer, E.; Smith, C.D.; et al. Binding of the sphingolipid S1P to hTERT stabilizes telomerase at the nuclear periphery by
allosterically mimicking protein phosphorylation. Sci. Signal. 2015, 8, ra58. [CrossRef] [PubMed]

Cyster, ].G.; Schwab, S.R. Sphingosine-1-phosphate and lymphocyte egress from lymphoid organs. Annu. Rev. Immunol. 2012, 30,
69-94. [CrossRef]

Brinkmann, V; Billich, A.; Baumruker, T.; Heining, P.; Schmouder, R.; Francis, G.; Aradhye, S.; Burtin, P. Fingolimod (FT'Y720):
Discovery and development of an oral drug to treat multiple sclerosis. Nat. Rev. Drug Discov. 2010, 9, 883-897. [CrossRef]
[PubMed]

Chun, J.; Kihara, Y.; Jonnalagadda, D.; Blaho, V.A. Fingolimod: Lessons Learned and New Opportunities for Treating Multiple
Sclerosis and Other Disorders. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 149-170. [CrossRef]

Matloubian, M.; Lo, C.G.; Cinamon, G.; Lesneski, M.].; Xu, Y.; Brinkmann, V.; Allende, M.L.; Proia, R.L.; Cyster, ].G. Lymphocyte
egress from thymus and peripheral lymphoid organs is dependent on S1P receptor 1. Nature 2004, 427, 355-360. [CrossRef]
Mehling, M.; Brinkmann, V.; Antel, J.; Bar-Or, A.; Goebels, N.; Vedrine, C.; Kristofic, C.; Kuhle, J.; Lindberg, R.L.; Kappos, L.
FTY720 therapy exerts differential effects on T cell subsets in multiple sclerosis. Neurology 2008, 71, 1261-1267. [CrossRef]
Camm, J.; Hla, T.; Bakshi, R.; Brinkmann, V. Cardiac and vascular effects of fingolimod: Mechanistic basis and clinical implications.
Am. Heart ]. 2014, 168, 632—644. [CrossRef]

Oo, M.L,; Thangada, S.; Wu, M.T,; Liu, C.H.; Macdonald, T.L.; Lynch, K.R,; Lin, C.Y.; Hla, T. Immunosuppressive and anti-
angiogenic sphingosine 1-phosphate receptor-1 agonists induce ubiquitinylation and proteasomal degradation of the receptor. J.
Biol. Chem. 2007, 282, 9082-9089. [CrossRef] [PubMed]

Thangada, S.; Khanna, K.M.; Blaho, V.A.; Oo, M.L.; Im, D.S.; Guo, C.; Lefrancois, L.; Hla, T. Cell-surface residence of sphingosine
1-phosphate receptor 1 on lymphocytes determines lymphocyte egress kinetics. J. Exp. Med. 2010, 207, 1475-1483. [CrossRef]
[PubMed]

Pham, T.H.; Okada, T.; Matloubian, M.; Lo, C.G.; Cyster, ].G. S1P1 receptor signaling overrides retention mediated by G alpha
i-coupled receptors to promote T cell egress. Immunity 2008, 28, 122-133. [CrossRef]


http://doi.org/10.1007/978-3-7091-1511-4_14
http://doi.org/10.1038/nature13475
http://www.ncbi.nlm.nih.gov/pubmed/24899305
http://doi.org/10.1074/jbc.M502207200
http://www.ncbi.nlm.nih.gov/pubmed/16118219
http://doi.org/10.1002/jcb.27818
http://doi.org/10.1016/j.bbalip.2018.08.015
http://www.ncbi.nlm.nih.gov/pubmed/30591148
http://doi.org/10.3390/cells9112437
http://www.ncbi.nlm.nih.gov/pubmed/33171624
http://doi.org/10.1016/j.biochi.2010.02.008
http://www.ncbi.nlm.nih.gov/pubmed/20156522
http://doi.org/10.1074/jbc.M109.081489
http://doi.org/10.1074/jbc.M111.302380
http://doi.org/10.1074/jbc.M703329200
http://www.ncbi.nlm.nih.gov/pubmed/17895250
http://doi.org/10.1096/fj.12-219618
http://doi.org/10.1007/s00109-009-0468-x
http://doi.org/10.1016/S0014-5793(00)01670-7
http://www.ncbi.nlm.nih.gov/pubmed/10878250
http://doi.org/10.1074/jbc.M114.609685
http://www.ncbi.nlm.nih.gov/pubmed/25716317
http://doi.org/10.1126/science.1176709
http://www.ncbi.nlm.nih.gov/pubmed/19729656
http://doi.org/10.1126/scisignal.aaa4998
http://www.ncbi.nlm.nih.gov/pubmed/26082434
http://doi.org/10.1146/annurev-immunol-020711-075011
http://doi.org/10.1038/nrd3248
http://www.ncbi.nlm.nih.gov/pubmed/21031003
http://doi.org/10.1146/annurev-pharmtox-010818-021358
http://doi.org/10.1038/nature02284
http://doi.org/10.1212/01.wnl.0000327609.57688.ea
http://doi.org/10.1016/j.ahj.2014.06.028
http://doi.org/10.1074/jbc.M610318200
http://www.ncbi.nlm.nih.gov/pubmed/17237497
http://doi.org/10.1084/jem.20091343
http://www.ncbi.nlm.nih.gov/pubmed/20584883
http://doi.org/10.1016/j.immuni.2007.11.017

Int. . Mol. Sci. 2023, 24, 1456 18 of 21

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

Vaclavkova, A.; Chimenti, S.; Arenberger, P.; Hollo, P; Sator, P.G.; Burcklen, M.; Stefani, M.; D’Ambrosio, D. Oral ponesimod in
patients with chronic plaque psoriasis: A randomised, double-blind, placebo-controlled phase 2 trial. Lancet 2014, 384, 2036-2045.
[CrossRef] [PubMed]

Kim, D.S.; Kim, S.Y,; Kleuser, B.; Schafer-Korting, M.; Kim, K.H.; Park, K.C. Sphingosine-1-phosphate inhibits human keratinocyte
proliferation via Akt/protein kinase B inactivation. Cell. Signal. 2004, 16, 89-95. [CrossRef]

Manggau, M.; Kim, D.S.; Ruwisch, L.; Vogler, R.; Korting, H.C.; Schafer-Korting, M.; Kleuser, B. 1Alpha,25-dihydroxyvitamin
D3 protects human keratinocytes from apoptosis by the formation of sphingosine-1-phosphate. J. Investig. Dermatol. 2001, 117,
1241-1249. [CrossRef]

Vogler, R.; Sauer, B.; Kim, D.S.; Schafer-Korting, M.; Kleuser, B. Sphingosine-1-phosphate and its potentially paradoxical effects
on critical parameters of cutaneous wound healing. . Investig. Dermatol. 2003, 120, 693-700. [CrossRef]

Lichte, K.; Rossi, R.; Danneberg, K.; ter Braak, M.; Kurschner, U.; Jakobs, K.H.; Kleuser, B.; Meyer zu Heringdorf, D. Lysophospho-
lipid receptor-mediated calcium signaling in human keratinocytes. . Investig. Dermatol. 2008, 128, 1487-1498. [CrossRef]
Schmitz, E.I; Potteck, H.; Schuppel, M.; Manggau, M.; Wahydin, E.; Kleuser, B. Sphingosine 1-phosphate protects primary human
keratinocytes from apoptosis via nitric oxide formation through the receptor subtype S1P(3). Mol. Cell. Biochem. 2012, 371,
165-176. [CrossRef]

Weller, R.; Schwentker, A.; Billiar, T.R.; Vodovotz, Y. Autologous nitric oxide protects mouse and human keratinocytes from
ultraviolet B radiation-induced apoptosis. Am. J. Physiol. Cell Physiol. 2003, 284, C1140-C1148. [CrossRef] [PubMed]

Allende, M.L.; Sipe, L.M.; Tuymetova, G.; Wilson-Henjum, K.L.; Chen, W.; Proia, R.L. Sphingosine-1-phosphate phosphatase 1
regulates keratinocyte differentiation and epidermal homeostasis. J. Biol. Chem. 2013, 288, 18381-18391. [CrossRef] [PubMed]
Jeon, S.; Song, J.; Lee, D.; Kim, G.T.; Park, S.H.; Shin, D.Y.; Shin, K.O,; Park, K.; Shim, S.M.; Park, T.S. Inhibition of sphingosine
1-phosphate lyase activates human keratinocyte differentiation and attenuates psoriasis in mice. J. Lipid Res. 2020, 61, 20-32.
[CrossRef] [PubMed]

Hong, ]. H.; Youm, ] K.; Kwon, M.].; Park, B.D.; Lee, Y.M.; Lee, S.I; Shin, D.M.; Lee, S.H. K6PC-5, a direct activator of sphingosine
kinase 1, promotes epidermal differentiation through intracellular Ca2+ signaling. J. Investig. Dermatol. 2008, 128, 2166-2178.
[CrossRef] [PubMed]

Shin, S.H.; Cho, K.A.; Hahn, S.; Lee, Y.; Kim, Y.H.; Woo, S.Y.; Ryu, K.H.; Park, W.J; Park, J.W. Inhibiting Sphingosine Kinase 2
Derived-sphingosine-1-phosphate Ameliorates Psoriasis-like Skin Disease via Blocking Th17 Differentiation of Naive CD4 T
Lymphocytes in Mice. Acta Derm. Venereol. 2019, 99, 594-601. [CrossRef]

Shin, S.H.; Kim, H.Y.; Yoon, H.S.; Park, W.J.; Adams, D.R.; Pyne, N.J.; Pyne, S.; Park, ].W. A Novel Selective Sphingosine Kinase 2
Inhibitor, HWG-35D, Ameliorates the Severity of Imiquimod-Induced Psoriasis Model by Blocking Th17 Differentiation of Naive
CD4 T Lymphocytes. Int. J. Mol. Sci. 2020, 21, 8371. [CrossRef]

Alsanafi, M.; Kelly, S.L.; Jubair, K.; McNaughton, M.; Tate, R.].; Merrill, A.H., Jr.; Pyne, S.; Pyne, N.J. Native and Polyubiquitinated
Forms of Dihydroceramide Desaturase Are Differentially Linked to Human Embryonic Kidney Cell Survival. Mol. Cell. Biol.
2018, 38, €00222-18. [CrossRef]

McNaughton, M.; Pitman, M.; Pitson, S.M.; Pyne, N.J.; Pyne, S. Proteasomal degradation of sphingosine kinase 1 and inhibition
of dihydroceramide desaturase by the sphingosine kinase inhibitors, SKi or ABC294640, induces growth arrest in androgen-
independent LNCaP-AlI prostate cancer cells. Oncotarget 2016, 7, 16663-16675. [CrossRef]

Schuppel, M.; Kurschner, U.; Kleuser, U.; Schafer-Korting, M.; Kleuser, B. Sphingosine 1-phosphate restrains insulin-mediated
keratinocyte proliferation via inhibition of Akt through the S1P2 receptor subtype. J. Investig. Dermatol. 2008, 128, 1747-1756.
[CrossRef]

Igawa, S.; Ohzono, A.; Pham, P; Wang, Z.; Nakatsuji, T.; Dokoshi, T.; Di Nardo, A. Sphingosine 1-Phosphate Receptor 2 Is Central
to Maintaining Epidermal Barrier Homeostasis. J. Investig. Dermatol. 2021, 141, 1188-1197.e5. [CrossRef]

Christensen, A.D.; Haase, C. Inmunological mechanisms of contact hypersensitivity in mice. APMIS 2012, 120, 1-27. [CrossRef]
Kaplan, D.H. In vivo function of Langerhans cells and dermal dendritic cells. Trends Immunol. 2010, 31, 446-451. [CrossRef]
[PubMed]

Japtok, L.; Schaper, K.; Baumer, W.; Radeke, H.H.; Jeong, S.K,; Kleuser, B. Sphingosine 1-phosphate modulates antigen capture by
murine Langerhans cells via the S1P2 receptor subtype. PLoS ONE 2012, 7, e49427. [CrossRef] [PubMed]

Park, S.J.; Im, D.S. Blockage of sphingosine-1-phosphate receptor 2 attenuates 2,4-dinitrochlorobenzene-induced atopic dermatitis
in mice. Acta Pharmacol. Sin. 2020, 41, 1487-1496. [CrossRef]

Schaper, K.; Kietzmann, M.; Baumer, W. Sphingosine-1-phosphate differently regulates the cytokine production of IL-12, IL-23
and IL-27 in activated murine bone marrow derived dendritic cells. Mol. Immunol. 2014, 59, 10-18. [CrossRef] [PubMed]

Idzko, M.; Panther, E.; Corinti, S.; Morelli, A.; Ferrari, D.; Herouy, Y.; Dichmann, S.; Mockenhaupt, M.; Gebicke-Haerter, P.; Di
Virgilio, E; et al. Sphingosine 1-phosphate induces chemotaxis of immature and modulates cytokine-release in mature human
dendritic cells for emergence of Th2 immune responses. FASEB |. 2002, 16, 625-627. [CrossRef] [PubMed]

Schroder, M.; Richter, C.; Juan, M.H.; Maltusch, K.; Giegold, O.; Quintini, G.; Pfeilschifter, ] M.; Huwiler, A.; Radeke, H.H. The
sphingosine kinase 1 and S1P1 axis specifically counteracts LPS-induced IL-12p70 production in immune cells of the spleen. Mol.
Immunol. 2011, 48, 1139-1148. [CrossRef]


http://doi.org/10.1016/S0140-6736(14)60803-5
http://www.ncbi.nlm.nih.gov/pubmed/25127208
http://doi.org/10.1016/S0898-6568(03)00114-1
http://doi.org/10.1046/j.0022-202x.2001.01496.x
http://doi.org/10.1046/j.1523-1747.2003.12096.x
http://doi.org/10.1038/sj.jid.5701207
http://doi.org/10.1007/s11010-012-1433-5
http://doi.org/10.1152/ajpcell.00462.2002
http://www.ncbi.nlm.nih.gov/pubmed/12676653
http://doi.org/10.1074/jbc.M113.478420
http://www.ncbi.nlm.nih.gov/pubmed/23637227
http://doi.org/10.1194/jlr.RA119000254
http://www.ncbi.nlm.nih.gov/pubmed/31690639
http://doi.org/10.1038/jid.2008.66
http://www.ncbi.nlm.nih.gov/pubmed/18385762
http://doi.org/10.2340/00015555-3160
http://doi.org/10.3390/ijms21218371
http://doi.org/10.1128/MCB.00222-18
http://doi.org/10.18632/oncotarget.7693
http://doi.org/10.1038/sj.jid.5701259
http://doi.org/10.1016/j.jid.2020.09.026
http://doi.org/10.1111/j.1600-0463.2011.02832.x
http://doi.org/10.1016/j.it.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21035396
http://doi.org/10.1371/journal.pone.0049427
http://www.ncbi.nlm.nih.gov/pubmed/23145172
http://doi.org/10.1038/s41401-020-0412-8
http://doi.org/10.1016/j.molimm.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24434636
http://doi.org/10.1096/fj.01-0625fje
http://www.ncbi.nlm.nih.gov/pubmed/11919175
http://doi.org/10.1016/j.molimm.2011.02.007

Int. . Mol. Sci. 2023, 24, 1456 19 of 21

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

Dillmann, C.; Ringel, C.; Ringleb, J.; Mora, J.; Olesch, C.; Fink, A.F; Roberts, E.; Brune, B.; Weigert, A. SIPR4 Signaling Attenuates
ILT 7 Internalization To Limit IFN-alpha Production by Human Plasmacytoid Dendritic Cells. J. Immunol. 2016, 196, 1579-1590.
[CrossRef]

Teijaro, J.R.; Studer, S.; Leaf, N.; Kiosses, W.B.; Nguyen, N.; Matsuki, K.; Negishi, H.; Taniguchi, T.; Oldstone, M.B.; Rosen, H.
S1PR1-mediated IFNAR1 degradation modulates plasmacytoid dendritic cell interferon-alpha autoamplification. Proc. Natl. Acad.
Sci. USA 2016, 113, 1351-1356. [CrossRef]

Kim, J.; Moreno, A.; Krueger, J.G. The imbalance between Type 17 T-cells and regulatory immune cell subsets in psoriasis vulgaris.
Front. Immunol. 2022, 13, 1005115. [CrossRef]

Mohammed, S.; Vineetha, N.S.; James, S.; Aparna, ].S.; Babu Lankadasari, M.; Maeda, T.; Ghosh, A.; Saha, S.; Li, Q.Z.; Spiegel, S.;
et al. Regulatory role of SphK1 in TLR7/9-dependent type I interferon response and autoimmunity. FASEB ]. 2020, 34, 4329-4347.
[CrossRef]

Duong, C.Q.; Bared, S.M.; Abu-Khader, A.; Buechler, C.; Schmitz, A.; Schmitz, G. Expression of the lysophospholipid receptor
family and investigation of lysophospholipid-mediated responses in human macrophages. Biochim. Biophys. Acta 2004, 1682,
112-119. [CrossRef]

Michaud, J.; Im, D.S.; Hla, T. Inhibitory role of sphingosine 1-phosphate receptor 2 in macrophage recruitment during inflamma-
tion. J. Immunol. 2010, 184, 1475-1483. [CrossRef]

Weigert, A.; Weichand, B.; Brune, B. S1P regulation of macrophage functions in the context of cancer. Anticancer Agents Med.
Chem. 2011, 11, 818-829. [CrossRef]

Keul, P; Lucke, S.; von Wnuck Lipinski, K.; Bode, C.; Graler, M.; Heusch, G.; Levkau, B. Sphingosine-1-phosphate receptor 3
promotes recruitment of monocyte/macrophages in inflammation and atherosclerosis. Circ. Res. 2011, 108, 314-323. [CrossRef]
[PubMed]

Weichand, B.; Weis, N.; Weigert, A.; Grossmann, N.; Levkau, B.; Brune, B. Apoptotic cells enhance sphingosine-1-phosphate
receptor 1 dependent macrophage migration. Eur. |. Immunol. 2013, 43, 3306-3313. [CrossRef] [PubMed]

Schuster, C.; Huard, A; Sirait-Fischer, E.; Dillmann, C.; Brune, B.; Weigert, A. SIPR4-dependent CCL2 production promotes
macrophage recruitment in a murine psoriasis model. Eur. J. Immunol. 2020, 50, 839-845. [CrossRef] [PubMed]

Hughes, J.E.; Srinivasan, S.; Lynch, K.R.; Proia, R.L.; Ferdek, P.; Hedrick, C.C. Sphingosine-1-phosphate induces an antiinflamma-
tory phenotype in macrophages. Circ. Res. 2008, 102, 950-958. [CrossRef]

Kulinski, ].M.; Munoz-Cano, R.; Olivera, A. Sphingosine-1-phosphate and other lipid mediators generated by mast cells as critical
players in allergy and mast cell function. Eur. |. Pharmacol. 2016, 778, 56—67. [CrossRef]

Jolly, PS.; Bektas, M.; Olivera, A.; Gonzalez-Espinosa, C.; Proia, R.L.; Rivera, J.; Milstien, S.; Spiegel, S. Transactivation of
sphingosine-1-phosphate receptors by FcepsilonRI triggering is required for normal mast cell degranulation and chemotaxis. J.
Exp. Med. 2004, 199, 959-970. [CrossRef]

Olivera, A.; Dillahunt, S.E.; Rivera, J. Interrogation of sphingosine-1-phosphate receptor 2 function in vivo reveals a prominent
role in the recovery from IgE and IgG-mediated anaphylaxis with minimal effect on its onset. Immunol. Lett. 2013, 150, 89-96.
[CrossRef] [PubMed]

Oskeritzian, C.A.; Price, M.M.; Hait, N.C.; Kapitonov, D.; Falanga, Y.T.; Morales, ].K.; Ryan, ].J.; Milstien, S.; Spiegel, S. Essential
roles of sphingosine-1-phosphate receptor 2 in human mast cell activation, anaphylaxis, and pulmonary edema. J. Exp. Med. 2010,
207,465-474. [CrossRef] [PubMed]

Olivera, A.; Eisner, C.; Kitamura, Y.; Dillahunt, S.; Allende, L.; Tuymetova, G.; Watford, W.; Meylan, F.; Diesner, S.C.; Li, L.; et al.
Sphingosine kinase 1 and sphingosine-1-phosphate receptor 2 are vital to recovery from anaphylactic shock in mice. J. Clin.
Investig. 2010, 120, 1429-1440. [CrossRef] [PubMed]

Cai, Y;; Shen, X,; Ding, C,; Qi, C; Li, K,; Li, X;; Jala, V.R.; Zhang, H.G.; Wang, T.; Zheng, ].; et al. Pivotal role of dermal
IL-17-producing gammadelta T cells in skin inflammation. Immunity 2011, 35, 596-610. [CrossRef]

Gray, E.E.; Suzuki, K,; Cyster, ].G. Cutting edge: Identification of a motile IL-17-producing gammadelta T cell population in the
dermis. J. Immunol. 2011, 186, 6091-6095. [CrossRef]

Sumaria, N.; Roediger, B.; Ng, L.G.; Qin, J.; Pinto, R.; Cavanagh, L.L.; Shklovskaya, E.; Fazekas de St Groth, B.; Triccas, ].A;
Weninger, W. Cutaneous immunosurveillance by self-renewing dermal gammadelta T cells. J. Exp. Med. 2011, 208, 505-518.
[CrossRef]

Nakamizo, S.; Egawa, G.; Tomura, M.; Sakai, S.; Tsuchiya, S.; Kitoh, A.; Honda, T.; Otsuka, A.; Nakajima, S.; Dainichi, T.; et al.
Dermal Vgamma4(+) gammadelta T cells possess a migratory potency to the draining lymph nodes and modulate CD8(+) T-cell
activity through TNF-alpha production. J. Investig. Dermatol. 2015, 135, 1007-1015. [CrossRef]

Laidlaw, B.J.; Gray, E.E.; Zhang, Y.; Ramirez-Valle, E; Cyster, ].G. Sphingosine-1-phosphate receptor 2 restrains egress of
gammadelta T cells from the skin. J. Exp. Med. 2019, 216, 1487-1496. [CrossRef]

Sandrock, I.; Reinhardt, A.; Ravens, S.; Binz, C.; Wilharm, A.; Martins, J.; Oberdorfer, L.; Tan, L.; Lienenklaus, S.; Zhang, B.; et al.
Genetic models reveal origin, persistence and non-redundant functions of IL-17-producing gammadelta T cells. J. Exp. Med. 2018,
215, 3006-3018. [CrossRef]

Boehncke, W.H.; Schon, M.P. Psoriasis. Lancet 2015, 386, 983-994. [CrossRef]

Tokuyama, M.; Mabuchi, T. New Treatment Addressing the Pathogenesis of Psoriasis. Int. J. Mol. Sci. 2020, 21, 7488. [CrossRef]
[PubMed]


http://doi.org/10.4049/jimmunol.1403168
http://doi.org/10.1073/pnas.1525356113
http://doi.org/10.3389/fimmu.2022.1005115
http://doi.org/10.1096/fj.201902847R
http://doi.org/10.1016/j.bbalip.2004.03.002
http://doi.org/10.4049/jimmunol.0901586
http://doi.org/10.2174/187152011797655096
http://doi.org/10.1161/CIRCRESAHA.110.235028
http://www.ncbi.nlm.nih.gov/pubmed/21164103
http://doi.org/10.1002/eji.201343441
http://www.ncbi.nlm.nih.gov/pubmed/23934754
http://doi.org/10.1002/eji.201948349
http://www.ncbi.nlm.nih.gov/pubmed/32017036
http://doi.org/10.1161/CIRCRESAHA.107.170779
http://doi.org/10.1016/j.ejphar.2015.02.058
http://doi.org/10.1084/jem.20030680
http://doi.org/10.1016/j.imlet.2013.01.005
http://www.ncbi.nlm.nih.gov/pubmed/23337656
http://doi.org/10.1084/jem.20091513
http://www.ncbi.nlm.nih.gov/pubmed/20194630
http://doi.org/10.1172/JCI40659
http://www.ncbi.nlm.nih.gov/pubmed/20407207
http://doi.org/10.1016/j.immuni.2011.08.001
http://doi.org/10.4049/jimmunol.1100427
http://doi.org/10.1084/jem.20101824
http://doi.org/10.1038/jid.2014.516
http://doi.org/10.1084/jem.20190114
http://doi.org/10.1084/jem.20181439
http://doi.org/10.1016/S0140-6736(14)61909-7
http://doi.org/10.3390/ijms21207488
http://www.ncbi.nlm.nih.gov/pubmed/33050592

Int. . Mol. Sci. 2023, 24, 1456 20 of 21

92.
93.
94.

95.

96.

97.

98.

99.

100.

101.

102.
103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Ikeda, K.; Morizane, S.; Akagi, T.; Hiramatsu-Asano, S.; Tachibana, K.; Yahagi, A.; Iseki, M.; Kaneto, H.; Wada, J.; Ishihara, K,;
et al. Obesity and Dyslipidemia Synergistically Exacerbate Psoriatic Skin Inflammation. Int. J. Mol. Sci. 2022, 23, 4312. [CrossRef]
Zhou, S.; Yao, Z. Roles of Infection in Psoriasis. Int. J. Mol. Sci. 2022, 23, 6955. [CrossRef]

Checa, A.; Xu, N.; Sar, D.G.; Haeggstrom, J.Z.; Stahle, M.; Wheelock, C.E. Circulating levels of sphingosine-1-phosphate are
elevated in severe, but not mild psoriasis and are unresponsive to anti-TNF-alpha treatment. Sci. Rep. 2015, 5, 12017. [CrossRef]
[PubMed]

Kozlowska, D.; Harasim-Symbor, E.; Mysliwiec, H.; Milewska, A.J.; Chabowski, A.; Flisiak, I. Serum sphingolipid level in
psoriatic patients with obesity. Postepy Dermatol. Alergol. 2019, 36, 714-721. [CrossRef] [PubMed]

Mysliwiec, H.; Baran, A.; Harasim-Symbor, E.; Choromanska, B.; Mysliwiec, P.; Milewska, A.].; Chabowski, A.; Flisiak, I. Increase
in circulating sphingosine-1-phosphate and decrease in ceramide levels in psoriatic patients. Arch. Dermatol. Res. 2017, 309, 79-86.
[CrossRef]

Nada, H.A; Elshabrawy, M.M.; Ismail, N.I.; Hassan, E.T.; Jafferany, M.; Elsaie, M.L. Therapeutic implications and role of serum
sphingolipids on psoriasis severity after narrow band ultraviolet B treatment: A cross sectional controlled study. Dermatol. Ther.
2020, 33, e13988. [CrossRef]

Yang, W.; Zhou, B.; Liu, Q.; Liu, T.; Wang, H.; Zhang, P; Lu, L.; Zhang, L.; Zhang, F.; Huang, R; et al. A Murine Point Mutation of
Sgpll Skin Is Enriched With Vgammaé IL17-Producing Cell and Revealed With Hyperpigmentation After Imiquimod Treatment.
Front. Immunol. 2022, 13, 728455. [CrossRef]

Schaper, K.; Dickhaut, J.; Japtok, L.; Kietzmann, M.; Mischke, R.; Kleuser, B.; Baumer, W. Sphingosine-1-phosphate exhibits
anti-proliferative and anti-inflammatory effects in mouse models of psoriasis. J. Dermatol. Sci. 2013, 71, 29-36. [CrossRef]

Liao, J.J.; Huang, M.C.; Goetzl, E.J. Cutting edge: Alternative signaling of Th17 cell development by sphingosine 1-phosphate. J.
Immunol. 2007, 178, 5425-5428. [CrossRef]

Xue, Y,; Bao, W.; Zhou, ].; Zhao, Q.L.; Hong, S.Z.; Ren, J.; Yang, B.C.; Wang, P; Yin, B.; Chu, C.C,; et al. Global Burden, Incidence
and Disability-Adjusted Life-Years for Dermatitis: A Systematic Analysis Combined With Socioeconomic Development Status,
1990-2019. Front. Cell. Infect. Microbiol. 2022, 12, 861053. [CrossRef] [PubMed]

Bieber, T. Atopic dermatitis. N. Engl. J. Med. 2008, 358, 1483-1494. [CrossRef]

Palmer, C.N.; Irvine, A.D.; Terron-Kwiatkowski, A.; Zhao, Y.; Liao, H.; Lee, S.P.; Goudie, D.R.; Sandilands, A.; Campbell, L.E,;
Smith, FJ.; et al. Common loss-of-function variants of the epidermal barrier protein filaggrin are a major predisposing factor for
atopic dermatitis. Nat. Genet. 2006, 38, 441-446. [CrossRef] [PubMed]

De Benedetto, A.; Rafaels, N.M.; McGirt, L.Y.,; Ivanov, A.L; Georas, S.N.; Cheadle, C.; Berger, A.E.; Zhang, K.; Vidyasagar,
S.; Yoshida, T.; et al. Tight junction defects in patients with atopic dermatitis. J. Allergy Clin. Immunol. 2011, 127, 773-786.€7.
[CrossRef]

Elias, PM. Primary role of barrier dysfunction in the pathogenesis of atopic dermatitis. Exp. Dermatol. 2018, 27, 847-851.
[CrossRef] [PubMed]

Ong, P.Y. Atopic dermatitis: Is innate or adaptive immunity in control? A clinical perspective. Front. Immunol. 2022, 13, 943640.
[CrossRef] [PubMed]

Sakai, T.; Herrmann, N.; Maintz, L.; Numm, T.J.; Welchowski, T.; Claus, R.A.; Graler, M.H.; Bieber, T. Serum sphingosine-1-
phosphate is elevated in atopic dermatitis and associated with severity. Allergy 2021, 76, 2592-2595. [CrossRef]

Baumer, W.; Rossbach, K.; Mischke, R.; Reines, L.; Langbein-Detsch, I.; Luth, A.; Kleuser, B. Decreased concentration and enhanced
metabolism of sphingosine-1-phosphate in lesional skin of dogs with atopic dermatitis: Disturbed sphingosine-1-phosphate
homeostasis in atopic dermatitis. . Investig. Dermatol. 2011, 131, 266-268. [CrossRef]

Seo, E.Y.; Park, G.T,; Lee, KM.; Kim, J.A ; Lee, ] H.; Yang, ].M. Identification of the target genes of atopic dermatitis by real-time
PCR. J. Investig. Dermatol. 2006, 126, 1187-1189. [CrossRef]

Wood, S.H.; Clements, D.N.; Ollier, W.E.; Nuttall, T.; McEwan, N.A.; Carter, S.D. Gene expression in canine atopic dermatitis and
correlation with clinical severity scores. J. Dermatol. Sci. 2009, 55, 27-33. [CrossRef]

Reines, I.; Kietzmann, M.; Mischke, R.; Tschernig, T.; Luth, A.; Kleuser, B.; Baumer, W. Topical application of sphingosine-1-
phosphate and FTY720 attenuate allergic contact dermatitis reaction through inhibition of dendritic cell migration. J. Investig.
Dermatol. 2009, 129, 1954-1962. [CrossRef] [PubMed]

Kang, J.; Lee, ].H.; Im, D.S. Topical Application of SIP2 Antagonist JTE-013 Attenuates 2,4-Dinitrochlorobenzene-Induced Atopic
Dermatitis in Mice. Biomol. Ther. 2020, 28, 537-541. [CrossRef] [PubMed]

Bock, S.; Pfalzgraff, A.; Weindl, G. Sphingosine 1-phospate differentially modulates maturation and function of human
Langerhans-like cells. J. Dermatol. Sci. 2016, 82, 9-17. [CrossRef]

Oskeritzian, C.A.; Hait, N.C.; Wedman, P.; Chumanevich, A.; Kolawole, E.M.; Price, M.M.; Falanga, Y.T.; Harikumar, K.B.; Ryan,
J.J.; Milstien, S.; et al. The sphingosine-1-phosphate/sphingosine-1-phosphate receptor 2 axis regulates early airway T-cell
infiltration in murine mast cell-dependent acute allergic responses. J. Allergy Clin. Immunol. 2015, 135, 1008-1018.e1. [CrossRef]
[PubMed]

Park, S.J.; Im, D.S. Blockage of sphingosine-1-phosphate receptor 2 attenuates allergic asthma in mice. Br. J. Pharmacol. 2019, 176,
938-949. [CrossRef]

Szollosi, A.G.; Olah, A ; Lisztes, E.; Griger, Z.; Toth, B.I. Pruritus: A Sensory Symptom Generated in Cutaneous Immuno-Neuronal
Crosstalk. Front. Pharmacol. 2022, 13, 745658. [CrossRef]


http://doi.org/10.3390/ijms23084312
http://doi.org/10.3390/ijms23136955
http://doi.org/10.1038/srep12017
http://www.ncbi.nlm.nih.gov/pubmed/26174087
http://doi.org/10.5114/ada.2019.91422
http://www.ncbi.nlm.nih.gov/pubmed/31998000
http://doi.org/10.1007/s00403-016-1709-9
http://doi.org/10.1111/dth.13988
http://doi.org/10.3389/fimmu.2022.728455
http://doi.org/10.1016/j.jdermsci.2013.03.006
http://doi.org/10.4049/jimmunol.178.9.5425
http://doi.org/10.3389/fcimb.2022.861053
http://www.ncbi.nlm.nih.gov/pubmed/35493737
http://doi.org/10.1056/NEJMra074081
http://doi.org/10.1038/ng1767
http://www.ncbi.nlm.nih.gov/pubmed/16550169
http://doi.org/10.1016/j.jaci.2010.10.018
http://doi.org/10.1111/exd.13693
http://www.ncbi.nlm.nih.gov/pubmed/29799646
http://doi.org/10.3389/fimmu.2022.943640
http://www.ncbi.nlm.nih.gov/pubmed/35967329
http://doi.org/10.1111/all.14826
http://doi.org/10.1038/jid.2010.252
http://doi.org/10.1038/sj.jid.5700234
http://doi.org/10.1016/j.jdermsci.2009.03.005
http://doi.org/10.1038/jid.2008.454
http://www.ncbi.nlm.nih.gov/pubmed/19194476
http://doi.org/10.4062/biomolther.2020.036
http://www.ncbi.nlm.nih.gov/pubmed/32487782
http://doi.org/10.1016/j.jdermsci.2016.01.002
http://doi.org/10.1016/j.jaci.2014.10.044
http://www.ncbi.nlm.nih.gov/pubmed/25512083
http://doi.org/10.1111/bph.14597
http://doi.org/10.3389/fphar.2022.745658

Int. . Mol. Sci. 2023, 24, 1456 21 of 21

117.

118.

119.

120.

121.

122.

123.

Usoskin, D.; Furlan, A.; Islam, S.; Abdo, H.; Lonnerberg, P.; Lou, D.; Hjerling-Leffler, J.; Haeggstrom, J.; Kharchenko, O.;
Kharchenko, P.V.; et al. Unbiased classification of sensory neuron types by large-scale single-cell RNA sequencing. Nat. Neurosci.
2015, 18, 145-153. [CrossRef]

Nguyen, M.Q.; von Buchholtz, L.J.; Reker, A.N.; Ryba, N.J.; Davidson, S. Single-nucleus transcriptomic analysis of human dorsal
root ganglion neurons. Elife 2021, 10, e71752. [CrossRef]

Ehling, S.; Butler, A.; Thi, S.; Ghashghaei, H.T.; Baumer, W. To scratch an itch: Establishing a mouse model to determine active
brain areas involved in acute histaminergic itch. IBRO Rep. 2018, 5, 67-73. [CrossRef]

Andoh, T,; Saito, A.; Kuraishi, Y. Leukotriene B(4) mediates sphingosylphosphorylcholine-induced itch-associated responses in
mouse skin. J. Investig. Dermatol. 2009, 129, 2854-2860. [CrossRef]

Hill, R.Z.; Morita, T.; Brem, R.B.; Bautista, D.M. SIPR3 Mediates Itch and Pain via Distinct TRP Channel-Dependent Pathways. J.
Neurosci. 2018, 38, 7833-7843. [CrossRef] [PubMed]

Kittaka, H.; DeBrecht, J.; Mishra, S.K. Differential contribution of sensory transient receptor potential channels in response to the
bioactive lipid sphingosine-1-phosphate. Mol. Pain. 2020, 16, 1744806920903515. [CrossRef] [PubMed]

Hill, R.Z; Rifi, Z.; Vuong, C.; Bautista, D.M. Loss of SIPR3 attenuates scratching behaviors in mice in the imiquimod model of
psoriasis, but not in the MC903 model of atopic dermatitis. Itch 2020, 5, 35. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/nn.3881
http://doi.org/10.7554/eLife.71752
http://doi.org/10.1016/j.ibror.2018.10.002
http://doi.org/10.1038/jid.2009.155
http://doi.org/10.1523/JNEUROSCI.1266-18.2018
http://www.ncbi.nlm.nih.gov/pubmed/30082422
http://doi.org/10.1177/1744806920903515
http://www.ncbi.nlm.nih.gov/pubmed/32089077
http://doi.org/10.1097/itx.0000000000000035

	Introduction 
	Sphingolipids as Essential Structural Components of the Skin 
	Sphingolipids as Signaling Molecules in the Skin 

	Sphingosine 1-Phosphate Metabolism, Signaling, and Immune Cell Migration 
	Sphingosine 1-Phosphate Metabolism 
	Sphingosine 1-Phosphate Signaling 
	Sphingosine 1-Phosphate and Immune Cell Migration 

	Sphingosine 1-Phosphate and Skin Cells 
	Sphingosine 1-Phosphate and Keratinocytes 
	Sphingosine 1-Phosphate and Dendritic Cells 
	Sphingosine 1-Phosphate and Macrophages 
	Sphingosine 1-Phosphate and Mast Cells 
	Sphingosine 1-Phosphate and T-Lymphocytes of the Skin 

	Sphingosine 1-Phosphate and Inflammatory Skin Diseases 
	Sphingosine 1-Phosphate and Psoriasis 
	Sphingosine 1-Phosphate and Atopic Dermatitis 
	Sphingosine 1-Phosphate and Itch 

	Conclusions 
	References

