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Abstract: In severe asthma, symptoms are unstable despite intensive treatment based on
high doses of inhaled corticosteroids and on-demand use of oral corticosteroids. Although,
recently, various biological agents related to Th2 cytokines have been added to intensive
controller medications for severe asthma, a significant progress has not been observed
in the management for symptoms (dyspnea, wheezing and cough). Medical treatment
focused on Type 2 inflammation is probably insufficient to maintain good long-term man-
agement for severe asthma. Airway eosinophilia and decreased reversibility in forced
expiratory volume in 1 second (FEV;) are listed as major predictors for exacerbation-prone
asthma. However, it is generally considered that asthma is complex and heterogeneous.
It is necessary to establish precision medicine using treatable traits based on a multidi-
mensional approach related to asthma. Since phospholipids generate lysophospholipids
and arachidonic acid by phospholipases, lysophospholipids can be associated with the
pathogenesis of this disease via action on smooth muscle, endothelium, and epithelium
in the airways. Lysophosphatidic acid (LPA), lysophosphatidylcholine (LPC), and sphin-
gosine 1-phosphate (S1P) are increased in bronchoalveolar fluid after allergen challenge.
LPA, LPC, and S1P recruit eosinophils to the lungs and cause 3;-adrenergic desensitization.
LAP and S1P cause contraction and hyperresponsiveness in airway smooth muscle. More-
over, lysophosphatidylserine and S1P are associated with the allergic reaction related to
IgE/FceRI in mast cells. Lysophospholipid action is probably comprised of corticosteroid
resistance and is independent of Type 2 inflammation, and may be corelated with oxidative
stress. Lysophospholipids may be a novel molecular target in advancing the management
and treatment of asthma. This review discusses the clinical relevance of lysophospholipids
in asthma.

Keywords: lysophosphatidic acid; lysophosphatidylserine; lysophosphatidylcholine;
sphingosine 1-phosphate; epithelial cells; endothelial cells; smooth muscle cells; eosinophils;
mast cells; allergic diseases; refractory asthma

1. Introduction

Phospholipids that constitute the cell membrane are classified as glycerophospho-
lipids and sphingolipids. It is generally thought that phospholipase (PL) A2 converts glyc-
erophospholipids to lysophospholipids and free fatty acids. Biologically active eicosanoids
(prostaglandins and leukotrienes) are closely related to the pathophysiology of asthma.
Platelet-activating factor (PAF), which is synthesized from lyoPAF by acetyltransferase, is
involved in the inflammatory processes of asthma [1-3]. Moreover, it has recently been
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reported that other lysophospholipids are probably associated with the pathophysiology of
this disease [4-6]. However, details are still unknown about it.

Lysophispholipids are synthesized from glycerophospholipids that consists of a glyc-
erol backbone by phospholipases in the plasma membrane. They are released outside the
cells. Lysophospholipids mainly contain lysophosphatidic acid (LPA), lysophosphatidylser-
ine (LPS), lysophosphatidylcholine (LPC), etc. (Figure 1). Extracellular lysophospholipids
act as lipid mediators and exert various physiological effects in inflammatory cells, such
as mast cells, eosinophils and neutrophils [5-10] and airway constituent cells, such as
epithelial [11], endothelial [12], and smooth muscle cells [13]. Sphingolipids, the other
form of phospholipid, are characterized by containing a sphingoid backbone, such as
sphingomyelin. Sphingosine 1-phosphate (S1P), another type of lysophospholipid, is syn-
thesized in the cell membrane from sphingomyelin through metabolites, such as ceramide
and sphingosine (Figure 2). S1P also acts as a lipid mediator by its release into extracellular
fluids, and exerts various physiological effects in inflammatory cells, such as mast cells [14],
eosinophils [15] and neutrophils [5], and airway constituent cells, such as epithelial [16],
endothelial [17], and smooth muscle cells [18].

------- hydrophebic acyl group
glycerol backbone (fatty acid chain)
X =H, Iysophosphatidic acid
X = serine, lysophosphatidylserine
X = choline, lysophosphatidylcholine

Figure 1. The representative structures of glycerophospholipids that consist of a glycerol backbone.
The number of carbons and double bonds varies depending on each fatty acid.
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Figure 2. The representative structures of sphingolipids, the other form of phospholipid, are charac-
terized by containing a sphingoid backbone. Sphingosine 1-phosphate, another type of lysophospho-
lipid, is synthesized in the cell membrane from sphingomyelin through metabolites such as ceramide
and sphingosine.
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In severe asthma, symptoms (dyspnea, wheezing and cough) are unstable despite in-
tensive treatment based on high doses of inhaled corticosteroids and on-demand use of oral
corticosteroids. When various biological agents relate to IgE, thymic stromal lymphopoietin
(TSLP) and Th2 cytokines (IL-4, IL-5, IL-13) are added to intensive controller medications;
these agents are somewhat effective for a subgroup of patients with severe asthma. But their
effects are limited, and significant progress has not been achieved in the management of
this disease. Medical treatment focused on Type 2 inflammation, such as IgE, Th2 cytokines,
and group 2 innate lymphoid cells (ILC2s) due to TSLP, is probably insufficient to maintain
good long-term management (complete remission) for severe asthma. Airway eosinophilia
and decreased reversibility in forced expiratory volume in 1 second (FEV) are listed as
major predictors for exacerbation-prone asthma [19-21]. However, asthma is complex and
heterogenous. This disease is classified into phenotypes according to onset (juvenile and
adult), allergy (atopy and non-atopy), and inflammation (eosinophil and non-eosinophil),
including non-Type 2 inflammation. Serum IgE levels and inflammatory cytokines (IL-4,
IL-5, IL-13) can link phenotypes with endotypes. However, the current standard therapy
including these biological agents does not have the ability to allow for complete remission
or cure asthma through overcoming airway hyperresponsiveness [22]. Although airway
eosinophilia and airway hyperresponsiveness are the most important pathophysiologies
in this disease, these mechanisms are not fully understood yet [23,24]. Therefore, it is
necessary to establish precision medicine using treatable traits based on a multidimensional
approach related to asthma.

Allergen challenges to patients with allergies increase lysophospholipids in the
bronchial alveolar lavage fluid (BALF), indicating the involvement of lysophospholipids in
allergic reactions, including asthma [4]. In this review, we explore the possible usefulness
of lysophospholipids to improve therapy for severe asthma.

2. Lysophospholipids
2.1. Structures

Lysophospholipds (LPA, LPS, and LPC) are produced by PLA1 and PLA2 acting on
glycerophospholipids, which include phosphatidic acid (PA), phosphatidylserine (PS), and
phosphatidylcholine (PC) in the plasma membranes, respectively. Lysophospholipids are
composed of a hydrophobic acyl group (one fatty acid chain with variations due to the
carbon number ranging from 16 to 22 and an unsaturation degree of 0 to 6) and a glycerol
backbone with a hydrophilic phosphate group. LPA, LPS, and LPC have a hydroxy group,
serine, and choline attached to a glycerol backbone with a hydrophilic phosphate group,
respectively (Figure 1).

Extracellular lysophospholipids have various effects on many types of cells through
their specific receptors belonging to G protein-coupled receptors (GPCRs) [5]. LPA binds
to six subtypes of specific LPA receptors (LPA;_¢), and LPA;_3 are endothelial differential
gene (Edgp47) types, respectively (Figure 3). On the other hand, LPA4 4 are non-Edg
types. In addition to this, peroxisome proliferator-activated receptor gamma (PPARYy) is
rgarded as an intracellular receptor of LPA [25]. LPS binds to three subtypes of specific
LPS receptors (LPS;_3). G protein-coupled receptor 34 (GPR34), P2Y10, and GPR174 are
currently shown to be specific receptors for LPS;_3, respectively [26-28] (Table 1). LPC also
binds to the specific receptors. It is generally considered that GPR4, GPR40, GPR55, GPR119,
G2A (GPR132), and Toll-like receptors, are probably specific receptors for LPC [29-33]
(Figure 3). In addition to these, ovarian cancer G protein-coupled receptor 1 (OGR1), and T
cell death-associated gene 8 (TDAGS), are thought to be specific receptors of LPC [33,34].

Sphingomyelin, the other phospholipid (sphingolipids), contains a sphingoid back-
bone, is metabolized to sphingosine through ceramide by sphingomyelinase and cerami-
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dase (Figure 2), and sphingosine (the simplest shingolipids) is metabolized to S1P through
phosphorylation by sphingosine kinase (SphK), which consists of SphK1 and SphK2. S1P is
composed of sphingosine and a phosphate group (Figure 2). S1P binds to five subtypes of
specific receptors (S1P1_5), which are GPCRs [5] (Figure 3). S1P1_5 belong to the Edg; 5563

\JU/S>

\JU/B>

\JU/S>

types, respectively.
Lysophospholipids LPA LPS LPC S1P
\ \ \ \
- Q0 N = a0 0 - a0 N - a0 N

\JU/ S>

G, G, G, G,
LPA, — LPA GPR34, GPR174 GPR4, GPR40, S1P, — S1P;
P2Y10, GPRS55, GPR119,
G2A
= g“;’l}'o';ggsf Guuns Gy G, G,
\; ¥ ¥ v
Reiated Rho PLC/IP3 Ras/ERK AC/PKA
molecules PKC PI3K/Akt
| ' ' |
. . contractility contractility cell proliferation phosphorylation
Phys:)clg‘g,;fizls cell migration eosinophil chemotaxis mast cell degranulation

cell-cell interaction ~ growth factor generation

eosinophil adhesion
cytoskeleton reorganization

Figure 3. The receptors and intracellular signal transduction processes of lysophospholipids, and
the physiological activities of lysophospholipids. LPA: lysophosphatidic acid; LPA;-LPA¢: specifice
receptors of LPA; S1P1-S1Ps: specific receptors of S1P; LPS: lysophosphatidylserine; LPC: lysophos-
phatidylcholine; S1P: sphingosine 1-phosphate; GPR: G protein-coupled receptor; IP3: inositol
1,4,5-trisphosphate; PLC: phospholipase C; PKC: protein kinase C; AC: adenylyl cyclase; PKA: pro-
tein kinase A; ERK: extracellular signal-regulated kinase; PI3K: phosphoinositol 3-kinase; Akt: protein
kinase B. Illustrated based on Refs. [5,26-33,35-38].

2.2. Signal Pathways and Functions

The physiological activities of these lysophospholipids (LPA, LPC, LPS, S1P) are de-
pendent on the o subunit of G proteins (Gy), determining coupling with their specific
receptors (Figure 3). Four types of the « subunit of G proteins (Gi2/13, Gg/11, Gi and
G;) are coupled to specific GPCRs for these lysophospholipids, and their effector signals
are transduced in various cells, including inflammatory and airway constituent cells as
described below [35,36] (Figure 3). G12/13 activates Rho/Rho-kinase processes, leading
to contractility, migration, adhesion, cell-cell interaction, and cytoskeleton reorganiza-
tion. Gg/11 activates phospholipase C (PLC)/inositol 1,4,5-trisphosphate (IP3) processes,
leading to contractility, chemotaxis, and growth factor generation (Figure 3). G; activates
Ras/extracellular signal-regulated kinase (ERK) processes and phosphoinositol 3-kinase
(PI3K)/ Akt processes, leading to cell proliferation (Figure 3). G activates adenylyl cyclase
(AC)/protein kinase A (PKA) processes, leading to phosphorylation (Figure 3). Therefore,
excessive lysophospholipids cause alteration in cell functions (phenotype changes) in lung
cells. Furthermore, in the physiological activities of lysophospholipids (LPA;, GPR 34,
and S1P;), the mechanisms of the conformational changes in receptors have recently been
elucidated by an analysis of their cryo-electron microscopy structure [37,38].
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3. Lysophosphatidic Acid
3.1. Structure and Function

An outline of the structure, signal pathways, and function of LPA is described in
Section 2. The ligands recognized in LPA¢ are associated with conformational rearrange-
ment (inward shift in transmembrane helices 6 and 7) [39]. The activity of PLA1 or PLA2
converts PA to LPA in the cell membrane. As another pathway in intracellular synthe-
sis, acylglycerol kinase (AGK) phosphorylates monoacylglycerol (MAG), leading to the
production of LPA [40]. Moreover, LPA is synthesized from LPC by autotoxin (ATX) in
the extracellular side. ATX, which is derived from the epithelium and macrophages, is a
constitutively active enzyme possessing PLD activity, and is classified as ectonucleotide
pyrophosphatase-phosphodiesterase 2 (ENPP2). LPA; ; activate Rho/Rho-kinase, resulting
in smooth muscle contraction via an increase in the response to intracellular Ca?* (Ca®*
sensitization) [41,42] (Figure 3). Rho/Rho-kinase also leads to the dynamic reorganization
of the actin cytoskeleton in the epithelium and endothelium [42], resulting in augmented
cell migration and impaired cell—cell adhesion (Figure 3). In addition to this, LPA; > ac-
tivate Ras/ERK and PI3K/Akt, resulting in cell proliferation (Figure 3). Therefore, LPA
causes alteration in function (phenotype changes) in the lung cells [35]. LPA; » are probably
potential target molecules for treating lung diseases. Recently, it has also been reported that
LPAs5 may be an important molecule for the establishment of advanced therapy against
inflammation and malignancy [43].

3.2. Effects of Lysophosphatidic Acid on Airway Constituent Cells
3.2.1. Epithelial Cells

The airway epithelium is the first tissue that contacts with inhaled microorganisms, aller-
gens, and other environmental substances. Inflammatory cytokines are secreted from airway
epithelial cells to modulate the immune response against inflammatory stimulation. Therefore,
the airway epithelium plays an important part in various immune responses [44,45].

In bronchial epithelium, mRNA expression is abundant in the order LPA;, LPA3, LPA,,
LPA,, and LPA5, and LPA;_3 exist in not only the plasma membrane, but also the cytoplasm
of the cells [45,46]. LPA; and LPA; exist in the human airway epithelium [47]. Although the
regulation of LPA receptor expression has not been sufficiently investigated, that expression
may be varied between healthy individuals and patients with asthma. The expression of
LPA; mRNA may be upregulated approximately 3.2-fold; in contrast, that of LPA; mRNA
may be downregulated approximately 2.6-fold [45].

In the first step, external LPA increases the intracellular Ca?* concentration and acti-
vates p38 mitogen-activated protein kinase (p38 MAPK), protein kinase C (PKC), and PLD,
resulting in the exertion of physiological effects (immunity, cell proliferation, and barrier
function) through the generation of cytokines and the activation of growth factors. LPA
activates the nuclear factor (NF)-«B through p38 MAPK and PKC$, resulting in increases
in the secretion of interleukin (IL)-8, the expression of cyclo-oxygenase (COX)-2, and the
release of prostaglandin (PG) E; [48,49] (Table 1). LPA also increases the expression of the
IL-13 receptora2 (IL-13R2) without changing the mRNA levels of IL-4Roe [50] (Table 1).
LPA also increases the expression of TSLP and the chemokine CCL20 via the regulation
of NF-«kB [51]. Therefore, LPA probably modulates immune responses, including the
pathogenesis of asthma.
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Table 1. The effects of lysophosphatidic acid on the constituent cells in the respiratory system, and
related molecular mechanisms, physiological activities, and pathophysiology of asthma. PKC: protein
kinase C; IL: interleukin; TSLP: thymic stromal lymphopoietin; COX-2: cyclo-oxygenase-2; PGE;:
prostaglandin Ey; EGF: epidermal growth factor; PDGF: platelet-derived growth factor; ICAM-1:
intercellular adhesion molecule 1; VCAM-1: vascular cell adhesion molecule-1; MIP-13: macrophage
inflammatory protein-1f3; MCP-1: monocyte chemoattractant protein-1.

Lysophosphatidic Acid
Effetor Cells Epithelial Cells Endothelial Cells Inflammatory Cells Smooth Muscle Cells
PKCp and ¢ Rho-kinase
Molecular 1L-8, IL-13, TSLP ICAM-1. VCAM-1 Ca?* entry Rho-kinase
mechanisms COX-2, PGE,, EGF, L . MIP-13, MCP-1, IL-8 EGF
E-selectin, 31-integrin
PDGF
Contractility
. . Eosinophil adhesion Mast cell degranulation Cell proliferation
. . o Cell proliferation . . . L
Biological activities Cell migration Cytoskeleton Eosinophil chemotaxis Cell migration
& reorganization Neutrophil chemotaxis Cytoskeleton
reorganization
Airway
. . Eosinophil recruitment hyperresponsiveness
. Immune responses Barrier dysfunction . . .
Pathophysiology . . . - . Neutrophil recruitment 2-adrenergic
Airway remodeling Eosinophil recruitment . . e S
Allergic reactions desensitization
Airway remodeling
References [40,47-52] [6,53-56] [67-63] [64-84]

LPA causes a transactivation (tyrosine phosphorylation) of epidermal growth factor
receptor (EGFR) and the platelet-derived growth factor receptor b (PDGFRb) through PLD2
and PKC( processes [40,49] (Table 1), leading to the regulation of gene expression and
cell proliferation involving ERK1/2 and CCAAT/enhancer-binding protein (3 (C/EBPf).
The transactivation of EGFR induces IL-3 secretion, COX-2 expression, and IL-13Rx2
expression as the second pathway [49]. LPA also enhances epithelial cell migration, which
is reversed through the inhibition of PKC56 [52] (Table 1), resulting in the airway remodeling
related to asthma (Figure 4). Moreover, LPA enhances the serine phosphorylation of c-Met
through the activation of PKC? and ¢, and c-Mer is relocalized with E-cadherin from the
cytoplasm to cell—cell interaction, resulting in the regulation of the airway epithelial barrier
function [85]. Treatment with LPA causes integrity in cell-cell conjugation in the airway
epithelium [45,86]. Since it is generally thought that the bronchial epithelial barrier in
asthma is in a functional disorder, this defect may facilitate the passage of allergens and
other agents into the airway tissue, leading to immune activation [87]. Therefore, this
effect of LPA may protect against the invasion of allergens through the dysfunction of
airway epithelial barrier integrity in patients with asthma. However, further investigation
is needed to clarify the.
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Figure 4. Involvement of lysophospholipids in the pathophysiology of asthma. LPA, LPC, and S1P
are elevated in bronchial alveolar lavage fluids in patients with asthma, and LPS causes degranu-
lation from eosinophils and mast cells. These lysophospholipids affect the pulmonary constituent
cells. These phenomena are closely associated with the major pathophysiology of asthma. LPA:
lysophosphatidic acid; LPS: lysophosphatidylserine; LPC: lysophosphatidylcholine; S1P: sphingosine
1-phosphate. Inflammatory cells: eosinophils, mast cells, and neutrophils. Illustrated based on
Refs. [7,47,88-92].

3.2.2. Endothelial Cells

In the analysis of the LPA receptor subtype, LPA; ¢ are mostly expressed in human
pulmonary arterial endothelial cells (HPAECs) and human microvascular endothelial cells
(HMVECsS); in contrast, LPA 3 4 are modestly expressed in HPAECs [53]. It is generally
thought that LPA exerts the effects of barrier dysfunction and adhesion molecule expression
on pulmonary endothelial cells [6]. The exposure of HPAECs to LPA impairs barrier func-
tion in a concentration-dependent manner mainly through LPA¢ independent of LPA; [53],
and, in contrast, another report has demonstrated that AM966, an inhibitor of LPA1, re-
duces barrier function in human pulmonary microvascular endothelial cells [54] (Table 1).
Cytoskeleton reorganization due to fiber stress through Rho/Rho-kinase is probably asso-
ciated with the LPA-induced loss of barrier function as the cell-specific mechanism [6,42]
(Table 1).

It is generally thought that LPA induces the adhesion properties of pulmonary en-
dothelium. Exposure to LPA increases the expression of intracellular adhesion molecule
1 (ICAM-1), E-selectin, B1-integrin, and vascular cell adhesion molecule 1 (VCAM-1),
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which are adhesion molecules [55] (Table 1). These effects probably cause the infiltration
of inflammatory cells to the lungs. When LPA is inhaled in guinea pigs, the number of
neutrophils and eosinophils is increased in BALF in a concentration-dependent fashion,
and, followed by that, more superoxide is generated [56] (Table 1). The LPA-induced
infiltration of the inflammatory cell and LPA-induced superoxide synthesis are inhibited
by Y-27632, a Rho-kinase inhibitor [56]. The Rho/Rho-kinase processes are associated with
these phenomena related to LPA. LPA may be involved in airway eosinophilic inflammation
in asthma (Figure 4).

3.2.3. Inflammatory Cells

Since LPA, is expressed in the high level in naive CD**, LPA facilitates chemotaxis
but reduces IL-2 production [93]. On the other hand, since LPA; is expressed at low
levels in activated T lymphocytes, LPA reduces chemotactic responses but increases in IL-2
production. LPA can enhance IL-13 gene expression in T lymphocytes through synergy
with other T cells [94], indicating involvement in Th2 inflammation.

Dendritic cells (DCs) are involved in antigen presentation in immune responses in
mammals. The detailed effects of LPA on DCs are still unknown. Previous reports have
suggested that LPA activates or inhibits DC functions [10]. However, the activation of LPA,
may cause an inhibitory regulation of DC activation and allergic inflammation [95].

LPA enhances monocyte migration [96]. In addition to this, LPA differentiates mono-
cytes to macrophages through the activation of PPARy, a non-canonical LPA receptor [97].
LPA synthesizes IL-1$3 and reactive oxygen species (ROS) in macrophages [98], indicating
that this phenomenon may be associated with chronic inflammatory diseases [99].

Neutrophils are activated through LPA-induced Ca?* dynamics [57]. LPA facilitates
chemotactic responses on neutrophils [58], and it also facilitates migration through bind-
ing with LPA; [59] (Table 1). LPA action on eosinophils is essentially similar to that on
neutrophils. LPA has effects on chemotaxis and Ca?* dynamics in human eosinophils [60]
(Table 1). Moreover, LPA causes ROS production in eosinophils, similar to macrophages [60].
Inhalation of LPA causes the infiltration of neutrophils and eosinophils to the lungs in
guinea pigs [56]. Mast cells are differentiated through exposure to LPA [61], and the release
of histamine and tryptase is enhanced, and the generation of macrophage inflammatory pro-
tein (MIP)-1f3, IL-8, and monocyte chemoattractant protein (MCP)-1 are augmented [62,63]
(Table 1). Therefore, LPA is probably associated with inflammatory responses related to
asthma and chronic obstructive pulmonary disease (COPD) (Figure 4).

3.2.4. Smooth Muscle Cells

LPA does not have an effect on airway smooth muscle tone; however, LPA enhances
muscarinic agonist-induced contraction [64]. In addition to this, LPA reduces (3;-adrenergic
agonist-induced relaxation [64]. LPA is probably involved in airway hyperresponsiveness
and (3;-adrenergic desensitization, which are related to the pathophysiology of asthma
(Table 1). The functional antagonism between muscarinic and (3,-adrenergic receptors prob-
ably converge on the G protein (G;, Gs)/Ca?*-activated K* (Kc,) channel pathway [65-68]
and the RhoA /Rho-kinase pathway [42,69,70]. The former causes Ca>* dynamics due to
voltage-dependent Ca?* channels [71,72], the latter causes Ca®* sensitization due to myosin
phosphatase [42,62,63]. The functional antagonism between these GPCRs is involved in
airway hyperresponsiveness [18,73] and B,-adrenergic desensitization [13,74-77]. Ca?*
signaling due to these intracellular pathways is probably associated with cross talk (syner-
gistic action) between muscarinic antagonists and 3;-adrenergic agonists [72,78]. LPA does
not cause contraction with Ca2* entry; however, Y-27632, a Rho-kinase inhibitor, attenu-
ates LPA-induced contractility under the experimental conditions of embedded collagen
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gel [79] (Table 1). Rho-kinase-induced Ca?* sensitization probably causes the LPA-induced
hyperresponsiveness to muscarinic agonists and LPA-induced hyporesponsiveness to
[32-adrenergic agonists (Table 1).

LPA enhances cell proliferation through synergistic action with epidermal growth
factor (EGF) for facilitating mitogenesis [80,81] (Table 1). The upregulation of EGF receptors
and the activation of multiple transcription factors are probably associated with the mecha-
nisms of this phenomenon [82]. LPA also causes the migration of bovine tracheal smooth
muscle cells from the wounded confluent monolayer (Table 1); however, the chemotactic
migration is not facilitated toward LPA, referred to as random migration [83]. This LPA-
induced migration is inhibited by 3,-adrenergic receptor agonists and other cAMP /protein
kinase A-related agents (dibutyryl cAMP, forskolin) [83]. LPA causes actin cytoskeleton
reorganization in the wound edge, but not in migrated cells, through RhoA /Rho-kinase
processes, indicating that LPA-induced cell motility may play an important role in the
initiation of cell migration [83] (Table 1). In contrast, previous reports have indicated
that LPA causes actin cytoskeleton reorganization (augmented filamentous actin staining)
through Rho-kinase [84]. LPA-induced actin cytoskeleton reorganization is inhibited in
the presence of the C3 exoenzyme, an inactivator of RhoA, and GGTI-2147, an inhibitor of
geranylgeranyltransferase (RhoA isoprenylation) [84,100]. Therefore, LPA has these effects
on proliferation, migration, and actin cytoskeleton reorganization, resulting in airway
remodeling related to the pathophysiology of asthma (Figure 4).

3.3. Involvement in Asthma

The physiological activities exerted by LPA are associated with the pathophysiology
of asthma, such as mast cell degranulation, eosinophil recruitment, barrier dysfunction,
[2-adrenergic receptor agonists, airway hyperresponsiveness, and airway remodeling
(Table 1). LPA is probably involved in asthma by affecting the pulmonary constituent
cells. including inflammatory cells [88,101,102] (Figure 4). A previous report demonstrated
that LPA is detectable in BALF from patients who have allergic diseases, and that LPA
is markedly increased in them following allergen challenges [47] (Figure 4). LPA levels
are not significantly consistent with augmented eosinophils, neutrophils, or lymphocytes,
suggesting that LPA causes barrier integrity by acting on airway epithelial cells. ATX and
polyunsaturated LPA are markedly elevated in BLAF from patients with mild asthma,
who are identified using an allergen skin test and a methacholine challenge test, after
allergen challenges [88]. Moreover, eosinophils, IL-4, and IL-5 are more increased in BALF
from the ATX transgenic mice after allergen challenges than that from wild-type mice [88].
In contrast, IL-4 and IL-5 levels are more attenuated in BALF from the LPA, knock-out
mice than that from wild-type mice [88]. H2L5186303, an antagonist of LPA;, suppresses
increases in eosinophil counts and Th2 cytokine (IL-5 and IL-13) in BALF in a murine
model of asthma after allergen challenges [103]. Airway hyperresponsiveness is generally
defined as hyperresponsiveness to muscarinic agonists and histamine using measurement
of reduced FEV; or respiratory resistance by the cumulative inhalation of these agents.
H2L5186303, an antagonist of LPA,, inhibits augmented respiratory resistance induced by
the administration of methacholine, an agonist of muscarinic receptors, in the sensitized
mice in measurements using restrained plethysmography [103]. In contrast, an agonist of
LPA;, 2-[4-(1,3-dioxo-1H,3H-benzoisoquinolin-2-yl)butylsulfamoyl]benzoic acid (DBIBB),
reduces Type 2 inflammation in the airways of allergen-challenged mice [104]. LPA; may
also inhibit DC function and allergic airway inflammation [10,95]. Although the ATX-LPA
axis can be a potential target for the management and treatment of asthma [105], the role of
LPA in asthma is not fully understood yet.
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4. Lysophosphatidylserine
4.1. Structure and Function

An outline of the structure, signal pathways, and function of LPS is described in
Section 2. A recent report shows the relationship between LPS receptors and the subunits
of G protein. LPS; (GPR34) is coupled to G;, LPS; 3 (P2Y10, GPR174) are coupled to Gy /13,
and LPS; (GPR174) is also coupled to G [106] (Figure 3). It is well known that the plasma
concentration of LPS is approximately 10 nM (much less than that of S1P), and this concen-
tration is insufficient to activate these receptors, suggesting that LPS acts as a local lipid
medjiator, not a systemic lipid mediator. The most characterized physiological activities of
LPS are an acceleration of degradation in inflammatory cells (mast cells and eosinophils) [7]
(Table 2), indicating that LPS is involved in allergic reactions, including asthma. Analysis
of the structure of GPR34 using cryo-electron microscopy may elucidate the mechanisms
of endogenous agonist recognition and antagonist inhibition in this receptor, leading to a
promising strategy for disease management [28].

4.2. Effects of Lysophosphatidylserine on Airway Constituent Cells
4.2.1. Epithelial Cells

As a novel proinflammatory function of LPS, a recent report has indicated that LPS
may induce Mucin 5 subtype AC (MUC5AC) production in airway epithelial cells through
the positive feedback control of the tumor necrosis factor-alpha converting enzyme (TACE)-
EGFR-ERK pathway, independent of receptors and ROS [107] (Table 2). It is generally
thought that an excessive production of Mucin may lead to worsening condition in asthma
and COPD. However, since anti-asthmatic agents that suppress mucin have never been
developed, other than corticosteroids, this pathway may be a novel target molecule for
therapy for asthma.

Table 2. The effects of lysophosphatidlyserine on the constituent cells in the respiratory system,
and related molecular mechanisms, physiological activities, and pathophysiology of asthma. PI3K:
phosphoinositol 3-kinase; ERK: extracellular signal-regulated kinase. MUC5AC: Mucin 5 subtype
AC; PKC: protein kinase C; FceRI: the high-affinity receptor for the Fc region of IgE.

Lysophosphatidylserine

Effetor Cells Epithelial Cells Fibroblasts Inflammatory Cells
. G;, PI3K, ERK
molecular mechanisms ERK PKC, Ca?* entry IgE/FceRI
biological activities MUC5AC production Cell migration Mast cell degranulation

pathophysiology

Eosinophil degranulation
Airway inflammation Airway remodeling Allergic reaction

References

[107] [107,108] [7,26,88]

4.2.2. Fibroblasts

LPS facilitates the chemotactic migration of fibroblasts, and this LPS-induced fibroblast
migration is suppressed with an antagonist of ERK1/2 (PD98059) and a broad-spectrum
antagonist of PI3K (LY294002) [108] (Table 2). PI3K and EFK are associated with this
phenomenon [107]. Moreover, since LPS-induced fibroblast migration suppresses exposure
to an inhibitor for coupling between G; and GPCRs (pertussis toxin), G; is associated
with this phenomenon [107]. However, another report has indicated that LPS augments
intracellular Ca?* concentration through PKC, but is insensitive to pertussis toxin [108].
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4.2.3. Inflammatory Cells

LPS causes histamine release and eicosanoid production via the activation of GPR34
in mast cells [109] and promotes degranulation through the activation of P2Y10 in
eosinophils [26] (Table 2). Furthermore, a previous report has demonstrated that LPS
facilitates the antigen-induced cross-linking of IgE connected to high-affinity IgE receptors
(FceRlI), resulting in an increase in histamine release from peritoneal mast cells [7]. Hence,
LPS is probably involved in allergic reactions, including asthma (Table 2). Nerve growth
factor also enhances mast cell activation through interaction with LPS [110]. Moreover, LPS
acts on T cells and attenuates their proliferation and generation through the activation of
GPR174 [111], indicating that LPS may also be associated with immune responses.

4.3. Involvement in Asthma

The physiological activities exerted by LPS are associated with the pathophysiology
of asthma, such as IgE-induced allergic reaction and airway remodeling (Figure 4). As
described above, LPS facilitates the degranulation of mast cells through the activation of
the IgE/FceRI process [7] (Table 2). Furthermore, eosinophils from patients with severe
asthma shows greater eosinophil extracellular trap formation and degranulation by a
high concentration of LPS (50 uM) than those from patients with non-severe asthma
(Figure 4), accompanied by significant expression of surface P2Y10 (a subtype of LPS
receptor) [89]. LPS is also involved in eosinophilic inflammation in patients with severe
asthma. P2Y10 may be a novel therapeutic molecule for severe asthma. Therefore, LPS
is probably associated with IgE-induced allergic reaction and eosinophil-induced airway
inflammation (the major pathophysiology of this disease).

5. Lysophosphatidylcholine
5.1. Structure and Function

An outline of the structure, signal pathways, and function of LPC is described in
Section 2. Extracellular LPC causes various inflammatory responses, such as the pro-
duction of proinflammatory cytokines, the expression of adhesion molecules and growth
factors [112-114], the facilitation of monocyte chemotaxis [8,115], and the induction of
macrophage activities [116], resulting in the onset of atherosclerosis and other inflamma-
tory diseases [32,117,118]. LPC activates eosinophils [9] and T-lymphocytes [119], and
also augments the production of ROS, leading to the facilitation of oxidative stress [12].
Therefore, LPC is probably related to asthma and COPD [99]. These LPC-induced physio-
logical effects are associated with intracellular Ca?* signaling such as Ca?* dynamics (Ca?*
entry and Ca®* mobilization) [120] and Ca?* sensitization (Rho-kinase activation) [13,121].
Molecules related to Ca®* signaling can be therapeutic targets for these inflammatory
respiratory diseases [32,122].

5.2. Effects of Lysophosphatidylcholine on Airway Constituent Cells
5.2.1. Effects on Epithelial Cells

The exposure of vascular endothelial growth factor (VEGF) facilitates release for LPC
from human bronchial epithelial cells, and released LPC has the ability to cause injury in the
airway epithelium [123] (Table 3). In human ciliated epithelium, platelet-activating factor
(PAF), lyso-PAF, and LPC cause reduced ciliary beating and damaged structural integrity
through membrane-directed cytotoxic mechanisms which are induced by activated human
polymorphonuclear leukocytes due to oxidative stress [124]. Therefore, barrier dysfunction
is caused by LPC in the airway epithelium (Table 3). This phenomenon facilitates antigen
entry, leading to the onset and exacerbation of allergic diseases including asthma. LPC-
induced epithelia injury is suppressed with vitamin E, an antioxidant [124].
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Table 3. The effects of lysophosphatidlycholine on the constituent cells in the respiratory system,
and related molecular mechanisms, physiological activities, and pathophysiology of asthma. VDGF:
vascular endothelial growth factor; MAPK: mitogen-activating protein kinase; PKA: protein kinase
A; MCP-1: monocyte chemoattractant protein-1, RANTES: regulated on activation, normal T ex-
pressed and secreted is the same as C-C motif chemokine ligand 5 (CCL5); IL: interleukin; ICAM-1:
intercellular adhesion molecule 1; VCAM-1: vascular cell adhesion molecule-1.

Lysophosphatidlycholine

Effetor Cells Epithelial Cells Endothelial Cells Smooth Muscle Cells
Gi, MAPK, PKA
Rho-kinase, Ca®* entry
Molecular mechanisms VEGF MCP-1, IL-8 Rho-kinase

Biological activities

Pathophysiology

RANTES, (32-integrin

ICAM-1, VCAM-1
Ciliary beating disorder
Structural integrity loss

Contractility
Respiratory resistance
[3;-adrenergic desensitization
Airflow limitation

Eosinophil adhesion

Barrier dysfunction Eosinophil recruitment

References

[123,124] [112,114,125-130] [9,13,120,131,132]

5.2.2. Effects on Endothelial Cells and Inflammatory Cells

LPC induces the expression of chemokines, such as MCP-1 and IL-8, and is regulated
on activation, and in normal T expression and secretion (RANTES), which cause chemotaxis
in inflammatory cells, such as monocytes, in microvascular endothelial cells, and pertussis
toxin (a Gi coupling inhibitor), and SB202190 (a p38 mitogen-activated protein kinase
inhibitor) inhibits the LPC-enhanced expression of IL-8 and RANTES [125] (Table 3). It
is generally thought that LPC in oxidized low-density lipoprotein (LDL) acts as a potent
chemotactic factor for monocytes (recruitment of monocytes) [8], and, in addition to this,
acts as a potent inhibitor of endothelial motility (limiting wound healing) [126]. LPC also
has the ability to induce adhesion molecules in the endothelium, such as ICAM-1 and
VCAM-1 [112], leading to the adhesion of monocytes to the endothelium (Table 3). More-
over, LPC facilitates migration and proliferation in smooth muscle cells and fibroblasts,
resulting in the remodeling of the arterial walls through the expression of growth factors,
such as platelet-derived growth factor (PDGF) and heparin-binding EGF-like protein (HB-
EGF) [127]. LPC-induced adhesion molecules (ICAM-1 and VCAM-1) are associated with
the G2A-related signaling pathway [114]. LPC is essentially involved in the pathophysiol-
ogy of atherosclerosis. The CD11b/CD18 (Mac-1) molecule of the 32-integrin subfamily
and CD49d/CD29 (VLA-4) of the $1-integrin subfamily causes the adhesion of eosinophils
to endothelial cells through binding to ICAM-1 and VCAM-1 [128] (Table 3). LPC enhances
the expression of CD11b/CD18 to induce eosinophil adhesion through Ca?* entry due
to a non-store-operated Ca?* entry [129], resulting in eosinophil recruitment to the lungs
in asthma [9]. GPR4 causes the upregulation of adhesion molecules in endothelial cells
through the cAMP/PKA /cAMP pathway [130] (Table 3). Therefore, LPC causes eosinophil
infiltration to the airway walls through the induction of adhesion molecules in endothelium
in pulmonary vessels (Table 3).

5.2.3. Effects on Smooth Muscle

In vascular smooth muscle, LPC (lysolecithin) probably impairs endothelium-
dependent relaxation [131], and directly causes contraction in atherosclerosis [118]. On
the other hand, although intracellular Ca?* concentration is elevated with LPC in vascular
smooth muscle with the endothelium removed, this LPC-induced Ca%* entry does not
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cause contraction, but enhances the response to contractile agents [120]. The contractile
response to angiotensin I is enhanced in the presence of LPS, and this effect is attenuated
by Y-27632 [132]. Ca®* sensitization via Rho-kinase activity is associated with physiological
activities related to LPC.

In trachealis, LPC does not cause contraction without changes in Ca* levels inside the
cells, and pre-treatment with LPC does not enhance the contractile response to methacholine
(a muscarinic agonist) [13]. However, pre-treatment with LPC inhibits the relaxant response
to isoproterenol (a 3;-adrenergic agonist) against methacholine without changes in Ca?*
levels inside the cells [13] (Table 3). This desensitization to 3;-adrenegic agonists is also
reversed with Y-27632 [13], similar to tryptase-induced (3;-adrenergic desensitization [77].
LPC reduces [3;-adrenergic action through Rho-kinase-induced Ca?* sensitization (Table 3,
Figure 4). In contrast, Ca* entry due to the Ca?*-activated K* channel/voltage-dependent
Ca?* channel linkage is involved in B,-adrenergic desensitization after excessive exposure
to an agonist [71,74,75]. G, function failure may be essential for reduced responsiveness to
[2-adrenergic agonists [133]. The inhalation of LPC induces eosinophil infiltration to the
lungs and causes a slow increase in respiratory resistance 6 h later [9]. This result indicates
that LPC probably augments respiratory resistance via eosinophilic airway inflammation,
not direct action on airway smooth muscle cells. It is still unknown whether LPC acts
on proliferation and migration in airway smooth muscle cells, which are different from
vascular smooth muscle cells [6].

5.3. Involvement in Asthma

The physiological activities exerted by LPC are associated with the pathophysiology
of asthma, such as airflow limitation, eosinophil recruitment, barrier dysfunction, and f3,-
adrenergic desensitization (Table 3). Concentrations of LPC in BALF are elevated after mice
are challenged with allergens [134]. Respiratory resistance is elevated after eosinophils
are recruited to the respiratory system by the inhalation of LPC [9] (Table 3). The pre-
exposure of LPC to tracheal smooth muscle causes modest effects on methacholine-induced
contraction using isometric tension records in vitro [13]; however, the pre-inhalation of LPC
enhances methacholine-induced respiratory resistance in guinea pigs in vivo [135]. LPC
levels in BALF are also elevated with PLA2 activity in patients with asthma, compared to
healthy individuals [90] (Figure 4). The plasma concentration of LPC is significantly raised
in asthma and rhinitis compared with healthy individuals, and increased LPC levels are
correlated with increased airway responsiveness to histamine in most cases of asthma [136]
(Figure 4). These results indicate that LPC may be involved in airway contraction (airway
limitation), eosinophil infiltration to the lungs (airway eosinophilic inflammation), and
hyperresponsiveness to methacholine (airway hyperresponsiveness), which are essential
features of asthma [137] (Table 3, Figure 4). Furthermore, LPC may induce emphysema,
since LPC causes the dysfunction of pulmonary alveolar and epithelial cells through the
enhancement of permeability and apoptosis [138,139]. Although LPC may be involved in
the pathophysiology of asthma, it is still unclear which subtypes of LPC can be molecular
targets for the management and treatment of this disease.

6. Sphingosine 1-Phosphate
6.1. Structure and Function

An outline of the structure, signal pathways, and function of LPA is described in
Section 2. S1P; is coupled with the inhibitory G protein of adenylyl cyclase (G;) in endothe-
lial cells, leading to the activation of the Ras/ERK and PI3K/Ark processes (Figure 3) [140].
Although S1P; 3 are connected with multiple G proteins, S1P , is mainly coupled with
Gi2/13, leading to Ca?* sensitization due to Rho-kinase activation, and S1P; is mainly
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connected to Gg,11, leading to Ca?* entry due to PKC activation (Figure 3) [141]. S1P
exhibits various physiological activities (proliferation, migration, differentiation, and actin
cytoskeleton reorganization) on epithelium, endothelium, and smooth muscle cells in the
respiratory system [142] (Figure 3). Moreover, S1P is probably involved in vascular de-
velopment and function [143,144]. Since S1P is released in large quantities from various
tissues [145], a higher concentration of S1P (~1 pM) is maintained in plasma in healthy
subjects [145-147]; on the other hand, lower concentrations of S1P (~nM) are generally
found in interstitial fluid [147]. Therefore, S1P in the plasma has the ability to exert various
physiological activities on the respiratory system [148].

6.2. Effects of Sphingpsine 1-Phosphate on Airway Constituent Cells
6.2.1. Effects on Endothelial and Inflammatory Cells

It is generally thought that S1P in plasma reduces vascular leakage through the
integrity of the barrier function, and this physiological action is caused by S1P;/G; and
the Rac-induced recruitment of actin filaments [143,149]. A loss of S1P; in the endothelium
increases pulmonary vascular leakage [150], indicating that S1P; probably has the ability
to maintain the barrier function in the endothelium. Therefore, S1P probably suppresses
acute respiratory distress syndrome (ARDS), including acute lung injury (ALI) that causes
non-cardiogenic pulmonary edema due to pulmonary vasculature injury [147]. Since
severe COVID-19 (severe acute respiratory syndrome coronavirus 2 infection) causes
ARDS, S1P may also be a protective agent for severe cases of COVID-19 [151]. Hence,
lower concentrations of S1P in the plasma can worsen prognosis in severe cases of COVID-
19 [152]. A deficiency of SphK; and SphKj; significantly reduces the concentration of S1P in
the plasma and enhances vascular leakage in response to serotonin and histamine [149].
51P,-deficient mice also have delayed histamine clearance [153] and lower resistance
(higher mortality rate) to these anaphylaxis-induced agents than wild-type mice [149]. The
expression of S1P; is attenuated in pulmonary endothelium isolated from chronic smokers
compared to non-smokers [154]. This phenomenon is correlated with the impairment of
the autophagic response to S1P. S1P transiently augments intracellular Ca?* levels through
stretch-induced Ca%* entry in the endothelium [155].

It is generally thought that S1P levels through SphK1 activation are augmented by
the antigen/IgE/FceRI pathway in mast cells, leading to the facilitation of degranula-
tion [156,157], and this phenomenon is associated with allergic reactions, including asthma
(Table 4). S1P has the ability to facilitate chemotaxis and the recruitment of eosinophils to the
lungs through its receptors and CC chemokine receptor 3 (CCR3) [15,158]; moreover, exter-
nal S1P also enhances the expression of VCAM-1 and ICAM-1 in the endothelium [15,159]
(Table 4). S1P/Gi leads to the expression of these adhesion molecules, and this physiological
activity is associated with Ca?* dynamics through non-selective cation channels in HU-
VECs [160] (Table 4). However, the S1P-induced expression of ICAM-1 is modest in human
pulmonary microvascular endothelial cells (HPMVECs) compared to that of VCAM-1 [15].
Pre-treatment with pertussis toxin and Y-27632 suppresses the S1P-induced expression of
VCAM-1 in a concentration-dependent fashion [15] (Table 4). In an adhesion assay, S1P
causes a concentration-dependent increase in the eosinophil adhesion to HPMVECs [15]
(Table 4). S1P-induced eosinophil adhesion is reduced by pre-treatment with pertussis toxin
and Y-27632 [15], indicating that G; and Rho-kinase are probably associated with S1P action
on the endothelium (Table 4). Moreover, S1P also has the ability to facilitate neutrophil
chemotaxis, and to enhance lipopolysaccharide-induced chemotaxis in mice [161].
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Table 4. The effects of sphingosine 1-phosphate on the constituent cells in the respiratory system and
related molecular mechanisms, physiological activities, and pathophysiology of asthma. ICAM-1:
intercellular adhesion molecule 1; VCAM-1: vascular cell adhesion molecule-1. FceRI: the high-
affinity receptor for the Fc region of IgE. RANTES: Regulated on activation, normal T cell expressed
and secreted; CCR3: CC chemokine receptor 3; YAP: yes-associated protein.

Sphingosine 1-Phosphate

Effetor Cells Endothelial Cells Inflammatory Cells Smooth Muscle Cells
G;, Rho-kinase IgE/FceRI G;, Rho-kinase
Molecular mechanisms Ca®* entry CCR3 Ca®* entry
ICAM-1, VCAM-1 RANTES YAP
Eosinophil chemotaxis Contractility
Biological activities Eosinophil adhesion Neutrophil chemotaxis Cell proliferation
Mast cell degranulation Cell migration
Airflow limitation
Eosinophil recruitment h errglrgr?s}gveness
Pathophysiology Eosinophil recruitment Neutrophil recruitment yp dp .
Allergic reaction dﬁz-a TNeTsIc
esensitization
Airway remodeling
references [15,155,159,160] [15,156-158,161] [18,162-167]

6.2.2. Effects of Smooth Muscle

S1P generates tension in airway smooth muscle with increasing intracellular Ca®* lev-
els [18]. S1P-produced tension is attenuated with SKF-96364 (a Ca®* channel inhibitor) and
verapamil (a L-type voltage-dependent Ca?* channel inhibitor) with decreased intracellular
Ca?* levels; in contrast, Y-27632 (a Rho-kinase inhibitor) suppresses it with no change in
intracellular Ca?* levels [18] (Table 4). Hence, S1P-induced contraction is caused by both
Ca?* dynamics and Ca?* sensitization. S1P-induced contraction has also been observed in a
collagen gel contraction assay using human and rat tracheal smooth muscle cells [162,163].

S1P augments the muscarinic contraction of airway smooth muscle with no change in
intracellular Ca?* levels, and this augmented muscarinic action independent of intracellular
Ca?* levels return to control levels with Y-27632 [18] (Table 4). Pre-treatment with pertus-
sis toxin also suppresses this S1P-induced augmentation in muscarinic contraction [18]
(Table 4). In human airway smooth muscle, pre-exposure to S1P causes increased reactivity
to methacholine and histamine [164]. Systemic administration of S1P to mice also causes
muscarinic hyperresponsiveness in the isolated bronchial tissues and total lungs [165].
Furthermore, external S1P probably causes heterologous [3,-adrenergic desensitization in
airway smooth muscle [166,167], similar to TGF-p1 [168] and PDGEF [76]. Pre-exposure
to S1P suppresses the relaxant action of isoproterenol and forskolin (a direct activator of
adenylyl cyclase) without changes in the Ca®* levels inside the cells, and this S1P-induced
tachyphylaxis in these agents is returned to control levels with Y-27632 and pertussis
toxin [166] (Table 4). These results indicate that external S1P is probably associated with
airway hyperresponsiveness and [3;-adrenergic desensitization through the intracellular
signal pathway due to G; and Rho-kinase (Table 4, Figure 4).

S1P facilitates the expression of forkhead box M1 (FOXM1) and cyclin D1 via yes-
associated protein (YAP) dephosphorylation and nuclear localization, resulting in increases
in proliferation and migration in rat tracheal and main bronchial smooth muscle cells,
and this S1P-induced action is abolished with JTE013 (an antagonist of S1P;), CAY10444
(an antagonists of S1P3), and Y-27632 [163] (Table 4). S1P; 3 causes the proliferation and
migration of airway smooth muscle cells, and Rho-kinase activity is related to this S1P
action. S1P also causes a concentration-dependent increase in the cell proliferation of
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human airway smooth muscle through S1P; [165] (Table 4). S1P probably leads to airway
remodeling (Table 4, Figure 4).

6.3. Involvement in Asthma

The physiological activities exerted by S1P are associated with the pathophysiol-
ogy of asthma, such as airflow limitation, mast cell degranulation, eosinophil recruit-
ment, 3;-adrenergic desensitization, airway hyperresponsiveness, and airway remodeling
(Table 4). S1P-induced action is involved in asthma [14,16,91,169-171]. Allergen chal-
lenges to patients with asthma cause an increase in S1P concentration in BALF in these
patients [172] (Figure 4). The administration of S1P to mice in the absence of allergens
facilitates mast cell infiltration and airway hyperresponsiveness, and moreover, S1P in-
creases IgE levels in plasma and Th2 cytokines (IL-4, IL-13) in lung tissues [173]. The
51P; antagonist JTE-013 decreases eosinophil counts and Th2 cytokine (IL-4, IL-5) levels
in BALF in allergen-challenged mice (animal model for asthma) [92]. S1P evokes action
potential generation in afferent C-fibers of the vagal nerve in the airways, which is asso-
ciated with wheezing and airway hyperreactivity; this S1P-induced action is suppressed
with TY 52156 (a S1P3 antagonist) [174]. Since airway hyperresponsiveness is not observed
in S1P3-deficient mice, S1P3 receptor antagonists may bring a novel therapeutic strategy for
inhibiting airway hyperresponsiveness, which is related to asthma severity [175]. Therapy
for airway hyperresponsiveness in asthma has not been established yet. SK1-I (a SphK1
inhibitor) reduces airway eosinophilia and airway hyperresponsiveness via the suppres-
sion of NF-«B after allergen challenge [176]. Furthermore, S1P generates tension and
augments the response to muscarinic agonists in the airways [12,175]. S1P, 3 also facilitate
smooth muscle proliferation and airway pro-remodeling action by Ca?* signaling, includ-
ing Rho-kinase activity, and this S1P-induced action is steroid-resistant [177]. Therefore,
S1P is related to major features of asthma (airway obstruction, airway eosinophilia, airway
hyperresponsiveness, airway remodeling, and (3-adrenergic desensitization) (Figure 4).
Moreover, S1P;,3 may be novel therapeutic molecules for this disease.

In genetic analysis, genome-wide association studies (GWASs) show that the ORM
(yeast)-like protein isoform 3 (ORMDL3) gene encoded in the 17q21 locus is probably
associated with severity and exacerbations in asthma [178-180]. Allergen-induced airway
neutrophilic inflammation is markedly attenuated with a decrease in IL-17 with reduced
external S1P in the ORMDL3 transgenic mice compared to wild-type mice [161]. OR-
MDL3 overexpression reduces the biosynthesis of sphingolipids via the inhibition of serine
palmitoyltransferase, leading to a decrease in the external level of S1P [161,181]. SI1P
may be involved in non-Th2 asthma due to airway neutrophilia. However, the impaired
generation of sphingolipids due to ORMDL3 overexpression is associated with asthma ex-
acerbation [182,183] and airway hyperresponsiveness [184]. Little detail is currently known
about the involvement of S1P in non-Th2 asthma. Recently, it has been indicated that the
elongation of very-long-chain fatty acid protein 6 (ELOVL6), a regulating enzyme for the
elongation of saturated and monounsaturated fatty acids with C12 to C16 and those with
C18, may be involved in asthma. The expression of ELOVLS6 is enhanced in the bronchial
epithelial cells of patients with severe asthma, and both Th2 and non-Th2 inflammation is
enhanced with increases in ceramides and S1P in ELOVL6-deficiency mice, suggesting that
ELOVL6 may be a novel target molecule for the treatment of asthma [185,186].

7. Conclusions

Since recent clinical trials have indicated that lysophospholipids are associated with
patients with asthma [47,89,90,175] (Figure 4), lysophospholipids are probably novel target
molecules for the development of asthma therapy [5,6,187]. Although lysophospholipids
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are generated with eicosanoids from phospholipids by PLA;, it is still unknown whether
lysophospholipids are related to asthma specifically, rather than eicosanoids. However,
since PLA, group regulates immune responses against allergens, lysophopholipids may be
associated with the pathogenesis of this disease [188]. Since lysophospholipids probably
act as lipid mediators in asthma, they may be released from inflammatory cells and have
an effect on epithelial, endothelial, and smooth muscle cells in the airways, similarly to
chemical mediators. However, their origin is still unknown because lysophospolipids are
probably generated in various tissues other than inflammatory cells in the airways.

Lysophospholipids act on GPCRs (muscarinic, 3;-adrenergic receptor) and G protein
(Gi, Gs, Gg/11, G12/13) In the respiratory constituent tissues, such as epithelial, endothelial,
smooth muscle, and inflammatory cells (mast cells, eosinophils, neutrophils), as described
in the text. In these GPCRs, G proteins in the airway tissues are related factors in the
onset of this disease. Moreover, the specific receptors of lysophospholipids are widely
distributed in these inflammatory and respiratory constituent cells [4]. However, the effects
of lysophospholipids on them have not be considered as molecular targets for precision
medicine against asthma. Therefore, research on lysophospholipids may be beneficial for
establishing treatment for the complete remission of asthma.
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