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Elevated secreted phospholipase A, (sPLA,) activity in the airways has been implicated in the pathogenesis of
asthma and allergic disease for some time. The identity and function of these enzymes in asthma is becoming
clear from work in our lab and others. We focused on sPLA, group X (sPLA,-X) after identifying increased levels
of this enzyme in asthma, and that it is responsible for a large portion of sPLA, activity in the airways and that
the levels are strongly associated with features of airway hyperresponsiveness (AHR). In this review, we discuss

studies that implicated sPLA,-X in human asthma, and murine models that demonstrate a critical role of this
enzyme as a regulator of type-2 inflammation, AHR and production of eicosanoids. We discuss the mechanism by
which sPLA,-X acts to regulate eicosanoids in leukocytes, as well as effects that are mediated through the
generation of lysophospholipids and through receptor-mediated functions. This article is part of a Special Issue
entitled Novel functions of phospholipase A2 Guest Editors: Makoto Murakami and Gerard Lambeau.

1. Introduction

Asthma is a disease with components of variable airflow obstruc-
tion, airway hyperresponsiveness (AHR) and structural remodeling of
the airways that are linked to inflammation of the airways. Work to
define the underlying basis of airway inflammation has identified
components of both the innate and adaptive immune systems that are
accentuated in asthma and biased towards a type-2 immune response,
typified by production of the key type-2 cytokines, IL-4, IL-5, and IL-13.
The precise underlying basis for this altered immune response in
asthma is not fully understood; however, there is significant evidence
that there are alterations in the biosynthesis of eicosanoids in asthma.
These mediators are responsible for many of the clinical features of
asthma, and can serve as central regulators of the immune response in
asthma. A central discovery was the overproduction of a group of
mediators collectively known as the cysteinyl leukotrienes (CysLT) that
are over-produced in asthma, replicate many of the features of asthma,
and can be targeted therapeutically. Work from our laboratories have
revealed that CysLTs play a key role in the regulation of inflammation
and structural remodeling in murine models of asthma [1-3], and that

the increased production of CysLTs in asthma is linked to features of
“indirect” AHR [4]. The identification of patient populations with in-
creased production of CysLTs and other eicosanoids spurred further
work in this area to identify upstream regulators of eicosanoid bio-
synthesis in asthma. This led to the identification of secreted PLA,
(sPLA,) group-X (sPLA,-X) as a potential regulator of airway in-
flammation in asthma. In particular, our labs have shown that this
enzyme is expressed in epithelial cells, macrophages and eosinophils in
the airways [5,6], is clearly elevated in the airway fluid of patients with
asthma [2] and is linked to a number of features of asthma including
AHR and asthma severity. Murine models with the deletion of this
enzyme have revealed that sPLA,-X serves as a central regulator of
many of the features of asthma that are replicated in this model system
[1,2]. Using a small molecule inhibitor of the human sPLA,-X, our work
has revealed that sPLA,-X serves as a key regulator of CysLT formation
and eosinophil activation, and that such an inhibitor can be effective in
a transgenic murine model of asthma where the human PLA2G10 gene
was substituted for the murine Pla2g10, identifying the therapeutic
potential of the inhibition of this pathway.
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2. Functions of secreted PLA,s relevant to asthma

A central factor that contributes to the pathogenesis of asthma is the
biosynthesis of eicosanoids in the airways [7], including cysteinyl leu-
kotrienes (CysLT) and prostaglandins (PG). The limiting factor in ei-
cosanoid biosynthesis is the release of free fatty acids, namely arachi-
donic acid (AA), from the sn2 position of membrane phospholipids
through the action of phospholipase A, (PLA,) enzymes [8]. In addition
to the well-studied group IVA cytosolic PLA-alpha (cPLA,a), there are
10 known secreted PLA,s (sPLA,) that have been described in humans
and 11 in mice, and studies suggest that eicosanoid biosynthesis may
involve the coordinated action of both cPLA,, and sPLA,s [9-11]. In-
dividual sPLA,s display unique specificity towards certain phospholi-
pids, dictating the cellular or molecular target for each enzyme. Com-
pared to other sPLA,s, sPLA>-X was shown to be the most efficient at
releasing free fatty acids from mammalian cells due to its high affinity
for phosphatidylcholine (PC) rich cell membranes [12-14]. This spe-
cificity also implicates sPLA,-X in the degradation of pulmonary sur-
factant, as a large portion of endogenous surfactants contain PC (e.g.
dipalmitoylphosphatidylcholine, DPPC) and can be a target of sPLA,
activity [15]. Degradation of surfactants has a well-established role in
lung injury [16,17], and surfactant dysfunction can also contribute to
loss of lung function in asthma, specifically through disruption of sur-
face tension and resultant closure of peripheral airways [18-20]. In-
terestingly, in vivo overexpression of constituatively active sPLA>-X in
macrophages leads to neonatal death due to severe pneumonia and
surfactant dysfunction [21]. The alveolar macrophages in these animals
contain copious amounts of surfactant, indicating that unrestrained
sPLA,-X activity has deleterious effects on lung function. In another
study, transgenic expression of sPLA,-V, but not sPLA,-X, resulted in
neonatal lethality due to degradation of lung surfactant and resultant
severe lung dysfunction [22]. The lack of a phenotype following
transgenic sPLA,-X expression was attributed to the presence of a
propeptide that requires enzymatic cleavage to generate the active
enzyme, as active sPLA,-X was only observed after the initiation of
tissue inflammation where enzymatic cleavage and activation of sPLA,-
X occured.

Further evidence supporting the likely role of sPLA,-X in asthma
was revealed following allergen challenge in both animal models and
human subjects. We found that allergen challenge induced expression
of the sPLA,-X gene (mouse, Pla2g10; human, PLA2G10) and resulted in
increased release of sPLA,-X protein in the airways of both mice and
humans [2,5,23,24]. Moreover, our group has demonstrated the im-
portance of sSPLA,-X in initiating CysLT synthesis in human eosinophils
[6,25], providing evidence that products from elevated sPLA>-X activity
in asthma feed into the eosinophil LTC, synthase pathway, increasing
the CysLT pool in the lung. We have also shown that mice lacking the
Pla2g10 gene display blunted CysLT production in the airways fol-
lowing exposure to house dust mite (HDM) [2]. In asthma, CysLTs and
PGD, are the primary eicosanoids implicated in disease pathogenesis
and are also involved in promoting type-2 inflammation and immune
cell activation [26-28]. Taken together, sPLA»-X is a central regulator
of eicosanoid biosynthesis in the lung and has emerged as a strong
candidate for therapeutic intervention.

CysLTs were thought to play a major role in asthma early on, evi-
denced by their abundance in the airways of asthmatics and potent
induction of smooth muscle contraction [29,30]. Early studies showed
that direct inhalational administration of LTC4 or LTD,4 resulted in
bronchoconstriction in both asthmatics and non-asthmatics [29,31,32].
While LTE4 inhalation resulted in substantially less severe broncho-
constriction overall, it was more potent in asthmatics than healthy
controls [33]. A study by Gauvreau and colleagues further demon-
strated that airway challenge with LTE, but not LTD, led to cellular
influx of eosinophils in the airways [34]. This persistent eosinophilia
could be prevented using a CysLT1 receptor (CysLTR1) antagonist,
zafirlukast, following inhalation of LTE4 in mild asthma [35]. Despite
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these studies, the exact role of LTE, in asthma is still not well under-
stood, as LTE,4 is a weak activator of both canonical CysLT receptors,
CysLTR1 and CysLTR2. In fact, in mice lacking both CysLTR1 and
CysLTR2, LTE, administration promotes airway inflammation and eo-
sinophil influx via activation of the purinergic receptor, P2Y12 [36].
Recent evidence also suggests that there is a third type of CysLT re-
ceptor (i.e. GPR99) that preferentially binds LTE4 [37] and stimulates
mast cell-dependent mucous release from airway epithelial cells [38].
The presence of additional receptors that are not well-studied might
explain some of the heterogeneous results from leukotriene receptor
antagonist therapy, which primarily targets CysLTR1, and offer an al-
ternative avenue for intervention. PGD, signaling is dependent on two
known receptors: D prostanoid receptor 1 (DP1) and DP2, also called
chemoattractant receptor-homologous molecule expressed on Th2 cells
(CRTH2) [39]. The major contribution of PGD, to asthma pathogenesis
has been linked to enhanced eosinophil activation in transgenic mice
overexpressing PGD, synthase [26]. PGDs-induced pro-inflammatory
effects are largely governed by CRTH2, which is highly expressed in
eosinophils, as well as Th2 cells and ILC2s [40-42]. Following PGD,-
dependent activation via CRTH2, Th2 cells and ILC2s produce abundant
type 2 cytokines, a hallmark feature of allergic asthma [43-45]. The
implication of CRTH2 in asthma made this a key target for therapeutic
development; however, initial studies using CRTH2 antagonists to treat
asthma have shown only modest effect [46]. While the involvement of
PGD in driving inflammation through CRTH2 is clear, the role of DP1
appears to be more distinct in activating sensory nerves. Evidence
suggests that DP1 activation may be a key signal for bronchoconstric-
tion and cough via activation of sensory neurons in the airways, and
targeting this receptor may be effective in the setting of asthma [47].
These data highlight the central role of CysLTs and PGD, in the pa-
thogenesis and exacerbation of asthma, and reveal the potential impact
of targeting specific eicosanoids and their receptors, and the potential
to target upstream regulators of eicosanoid production such as sPLA,-X
in asthma.

A consequence of phospholipid hydrolysis by sPLA,s, including
SPLA,-X, is the release of lysophospholipids (LysoPL; e.g. lysopho-
sphatidylcholine, LysoPC; lysophosphatidic acid, LysoPA), which are
readily detected in human BAL fluid, and are elevated after allergen
challenge [48]. Subsequent studies focused on understanding the spe-
cific function of LysoPL species have implicated LysoPLs in asthma and
inflammation. For instance, LysoPLs can possess adjuvant-like proper-
ties to drive antigen sensitization [49] and the LysoPC-derived platelet
activating factor (PAF) plays a critical role in inflammation and ana-
phylaxis [50,51]. In asthmatics with impaired lung function, increased
levels of bioactive forms of LysoPC (18:0, 16:0) were detected in
bronchoalveolar lavage (BAL) fluid [52]. In vitro studies have revealed
that the airway epithelium is a major source of LysoPC, as stimulation
of cultured bronchial epithelial cells with growth factors led to in-
creased release of bioactive forms of LysoPC [53]. Bansal and collea-
gues investigated the importance of LysoPC in a mouse model following
exposure to cockroach extract and found that LysoPC promoted the
maturation and recruitment of a subset of NKT cells to the airways,
offering insights into the potential function of LysoPC in human asthma
[54]. Another LysoPL byproduct from sPLA, activity, LysoPA, has both
pro-and anti-inflammatory roles in the airways, acting to regulate cy-
tokines and chemokines in the airway epithelium [55-57].

Of the 6 known LysoPA receptors (LPA;) in mice, LPA, has
emerged as an important mediator of inflammation in the airways via
activation of cell-protective signals. In LPA,-deficient mice exposed to
ovalbumin (OVA), airway inflammation and AHR were elevated com-
pared to WT animals [58]. In addition, activation of LPA, signaling
using a LPA, agonist protected against HDM-induced airway in-
flammation [59]. In contrast to these findings, two studies suggest that
lack of LPA, confers resistance to the development of lung inflamma-
tion, including a study using a Schistosoma egg antigen model in LPA,
heterozygous mice [60] and another study using the HDM, ragweed and
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Aspergillus model of allergic lung inflammation in LPA,-deficient mice
[61]. The etiology of these discrepant findings are uncertain, but may
reflect differences in the model antigen used and the genetic back-
ground of animals in experiments, and dominance of pro- versus anti-
inflammatory effects. As with other LysoPL species [48], LysoPA is
detectable in the BAL fluid at baseline and is elevated following seg-
mental airway allergen challenge [62]. Relevant to asthma, LysoPA also
induces expression and release of IL-13R alpha 2 (IL-13Ra2) in bron-
chial epithelial cells [63]. This receptor is shared by both IL-4 and IL-13
and is thought to act in part as a decoy receptor to mediate the extent of
type-2 inflammation. The exact function of IL-13Ra2, however, may
depend on its membrane-bound or soluble form. Overexpression of
membrane-bound IL-13Ra2 in airway epithelial cells leads to increased
eosinophil influx and lung inflammation following allergen challenge
[64]. Interestingly, both soluble and membrane-bound forms of IL-
13Ra2 are found in mice, but only the membrane-bound form can be
found in humans [65,66], highlighting the translational relevance of
studies focusing on membrane-bound IL-13Ra2. While targeting
downstream components of the type-2 immune response has proven to
be successful in certain subsets of patients with asthma, it is intriguing
to consider whether inhibiting the inflammatory cascade further up-
stream of eicosanoid formation (i.e. SPLA,-X activity) may represent a
more effective option for the treatment of asthma.

The expression of the sPLA,-X gene is inducible in the airways, but
production of functional enzyme requires additional modification at the
post-translational level. Secretion of sPLA,-X can occur via either the
classical secretory pathway or through degranulation [67]. Similar to
SPLA,-IB, sPLA,-X is translated as a zymogen and requires enzymatic
cleavage of an N-terminal pro-peptide to generate an active, mature
form of the enzyme [68]. The 11 amino acid N-terminal pro-peptide
ends with a dibasic doublet [69], indicating that it is the target of a pro-
protein convertase. Unlike sPLA,-X, the highly active sPLA,-V, which is
found at high levels in airway macrophages, does not require proteo-
lytic cleavage for activation [70]. Subsequent investigation discovered
that maturation of the pro-sPLA,-X can occur via the intracellular ac-
tivity of a furin-like pro-protein convertase, and activation is likely
differentially regulated depending on the disease state and the cellular
source of the enzyme [71,72]. Interestingly, Jemel and colleagues also
note that secretion of the zymogen and subsequent extracellular acti-
vation of pro-sPLA,-X by trypsin-like proteases cannot be ruled out
[72]. This raises important questions about extracellular regulation of
sPLA,-X in settings of asthma, where proteolytic allergen exposure or
elevated mast cell proteases in the airways of asthmatics may act to
augment sPLA,-X activity [73].

In addition to their enzymatic functions, sPLA,s can also bind to
receptors, including the C-type lectin receptor, PLA,R1 [74]. PLA,R1 is
closely related to receptors in the C-type lectin superfamily, and is a
paralog of the macrophage mannose receptor [75] which can bind
sPLA,s and potentially other carbohydrates [76]. PLA,R1 plays a
multifaceted role, as ligation by sPLA,s has been implicated in both
activation of cellular signaling events [77-79] and clearance of sys-
temic sPLA,s [74,80,81], depending on the presence of its membrane-
bound or soluble form. Investigations into the binding specificity of
mouse sPLA,s to PLA5R1 revealed a subset of sSPLAs, including sPLA,-
ITA and sPLA,-X, which are high affinity ligands [76]. This receptor-
ligand interaction results in a decrease in enzymatic activity of the
bound sPLA,, further indicating the possible regulatory role of PLA,R1
[76]. This is of particular importance, as sPLA,-X appears to have a
pathogenic role in asthma; thus, regulation of enzyme levels by PLA,R1
may represent a critical means of controlling sPLA,-directed in-
flammation. In support of this, our group has shown that the expression
of this receptor is elevated in asthmatics, particularly in the airway
epithelium [82], and findings in animal models indicate a likely role for
PLA,R1 in regulating effects of sPLA, activity in asthma [82,83]. Taken
together, sPLA,-X has several functions relevant to the im-
munopathogenesis of asthma and may represent a potential opportunity
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for therapeutic intervention.
3. Implication of sPLA,-X in human asthma

Asthma is a complex disorder that has significant heterogeneity in
the phenotypic manifestations of the disease as well as the underlying
immunopathogenesis. The common phenotypic manifestations of
asthma include variable airflow obstruction and symptoms of cough
and shortness of breath that often occurs in response to specific triggers
including allergens, respiratory viruses and exercise. In general, airway
inflammation, secretion of gel forming mucins and structural re-
modeling of the airways contributes to the clinical features of asthma,
but also occurs in other airway diseases. A highly specific feature of
asthma is called indirect AHR, where a stimulus such as exercise or
allergen exposure causes airway narrowing by virtue of release of en-
dogenous mediators from the airways. Work from our lab and others
demonstrates that patients with indirect AHR have increased levels of
CysLTs [4]. In patients with indirect AHR, dry air exercise challenge
induces airway narrowing called exercise-induced bronchoconstriction
(EIB). This is accompanied by the release of eicosanoids, including
CysLTs and PGD,, that are mechanistically linked to the development of
airway narrowing induced by exercise challenge [84,85]. This pheno-
typic variation in the manifestations of asthma provides an excellent
platform to further unravel the basis of dysregulated eicosanoid
synthesis in asthma.

As we have discussed, dysregulated eicosanoid synthesis has been
strongly implicated in the pathogenesis of asthma for many years, but
the precise alterations leading to the accentuated production of eico-
sanoids in asthma is not fully understood. The rate-limiting step in ei-
cosanoid generation is the release of AA by PLA,-dependent hydrolysis
of membrane phospholipids, feeding into both the cyclooxygenase
(COX) and 5-lipoxygenase (5-LO) pathways. Although intracellular
PLA,s serve as key regulators of eicosanoids, these enzymes are not
released into the extracellular space. It was noted early on that the
airway lining fluid contains an enzyme that has activity consistent with
a sPLA,, but the identity of the enzymes responsible for this sPLA,
activity were not ascertained. In addition to the release of AA, sPLA,s
also lead to the generation of LysoPL and can degrade surfactant
phospholipids, contributing to airway dysfunction [15]. Initial studies
noted that total sPLA, activity is elevated in the airways of asthmatics
compared to healthy controls and that allergen challenge in both the
upper and lower airways leads to an increase in the sPLA, activity ac-
companied by AA release and eicosanoids biosynthesis [48,86]. These
results suggested that a sSPLA, can serve as a key checkpoint leading to
the overproduction of eicosanoids (such as CysLTs) in asthma and can
be upregulated following allergen or exercise challenge.

To further ascertain the identity of the specific sSPLA, responsible for
increased activity in asthma, we conducted studies on the expression
level of both the secreted and cytosolic PLA,s. We also obtained sam-
ples of airway cells from patients with asthma who displayed notable
indirect AHR, as well as a healthy control group [5]. We further ex-
amined the effects of exercise challenge in both of these groups and
showed a marked alteration in the balance of eicosanoids favoring the
production of CysLTs in asthmatics relative to PGE,, which generally
plays a protective role in the airways [87]. The results of screening
based on gene expression and immunostaining of airway cells showed
that several of the sPLA, enzymes, including sPLA,-IB, -IIA, -IID, -IIF, -X
and -XIIA, were expressed in airway cells although the expression of
SPLA,-IIE, -III, -V and -XIIB could not be detected at the level of PCR. A
striking finding was that sPLA,-X and sPLA,-XIIA were expressed at
high levels in the airways. Further comparisons between asthmatics and
healthy controls using immunostaining of airway cells revealed that
subjects with asthma have greater immunostaining for both sPLA,-X
and sPLA,-XIIA (Fig. 1). We also identified some immunostaining for
sPLA,-V, however this was in a smaller portion of airway cells and was
not statistically different from the control group. Following analysis of
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Fig. 1. Comparison of immunostaining for
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immunostaining for sPLA,-X, we found that airway macrophages, epi-
thelial cells and eosinophils were significant sources of this enzyme and
that after exercise there was an increase in the immunostaining in
macrophages and epithelial cells in the group of subjects with asthma
with evidence of indirect AHR (Fig. 2). As the protein is secreted we
examined the levels of the protein by Western blot and found that there
was generally an increase in the sPLA,-X immunostaining in induced
sputum supernatant in the group with asthma compared to the control
group after exercise challenge. These results suggested that several of
the sPLA,s are present in the airways, but that SPLA,-X was the enzyme
that exhibited the most profound difference in asthma and post exercise
challenge, suggesting it is a key target. Strengthening the link between

sPLA,-X and asthma, the PLA2G10 gene is located on chromosome 16
(16p13.1-p.12), near the gene for the IL-4 receptor (IL4R), a region that
is associated with asthma [88,89]. It is also notable that SPLA,-XIIA
appears to be significantly dysregulated in asthma; however, this en-
zyme is less implicated as a regulator of eicosanoid synthesis as it does
not contribute significantly to the AA pool [12,90], further pointing to
the importance of SPLA,-X in asthma.

Based on our results in patients with indirect AHR, we further ex-
amined the relationship between sPLA,s and asthma severity using
samples from the severe asthma research program where differences in
lung function were more prominent [23]. We further used this oppor-
tunity to ascertain differences in the subtype responsible for the PLA,
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Fig. 4. Differences in the levels of sPLA»-X in BAL
fluid relative to lung function and asthma severity.
(A) The levels of sPLA,-X protein differed by asthma
severity, and were specifically increased in the group
of individuals with severe asthma relative to non-
asthmatic controls (N = 18-20/group, medians and
interquartile ranges shown in graph). Kruskal-Wallis
test used to compare three groups (*) and compar-
isons between subgroups done using Dunn's post-hoc
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activity in the airways as well as the cellular localization of sPLA, en-
zymes. Using small molecule inhibitors that target specific sPLA,s, we
found that the majority of PLA, activity in the BAL fluid could be at-
tributed to sPLA,-IIA and -X. Additionally, we found that sPLA,-X ex-
pression was markedly higher in the epithelium compared to the other
SPLA,s, and sPLA,-IIA and -X were expressed at high levels in cells from
BAL fluid (Fig. 3). Using the time resolved immunofluorescent assay
(TRIFA), we found that the level of sPLA,-X protein was increased in
the BAL fluid of severe asthmatics, and this was related to the severity
of lung function abnormalities, the extent of neutrophilic inflammation
and the levels of PGE, in the airways. In this study, we were not able to
detect other eicosanoids that had been assayed at the time of sample
collection. It is also notable in this patient population that the level of
SsPLA,-IIA was increased in severe asthma while the levels of sPLA,-V
were below the detection limit in BAL fluid (Fig. 4).

Because of the studies implicating the involvement of sPLA,-X in
asthma, we conducted a definitive study using detailed characterization
of AHR by both direct and indirect stimuli and collected endobronchial
biopsies at the time of research bronchoscopy [24]. This allowed us to
further characterize the level of sPLA,-X in the airway epithelium and
confirm that in asthma the expression of sPLA,-X gene (PLA2G10) is
much higher in the epithelium than in cells that are in the airway
lumen. At the expression level, we did not observe any difference be-
tween subjects with asthma and healthy controls in either epithelial
brushings or sputum cells; however, we did note that the protein level
of sPLA,-X was markedly elevated in asthma relative to the healthy
controls, suggesting an association between sPLA,-X and asthma, and
particularly associated with enhanced AHR and decreased lung function
(Figs. 4 & 5). We used quantitative morphometry to examine the vo-
lume of sPLA,-X staining in the epithelium relative to the surface area
of the basal lamina revealing a trend towards greater protein levels in
the epithelium associated with greater indirect AHR. The im-
munostaining also revealed that basal cells, which are increased in the
airway epithelium in asthma [91], also prominently stain for sPLA,-X
[24]. These results revealed that the expression level, which is high in
both healthy controls as well as subjects with asthma, was not different,
but sPLA,-X protein in airway epithelial cells and the airway lumen are
increased in asthma. This may suggest that the key regulatory point is at
the level of protein production or secretion into the airways, a process
that involves cleavage of a pro-peptide from the enzyme, resulting in its
active form. We used primary airway epithelial organotypic cell culture
to further examine the regulation of sPLA,-X and found that the enzyme
increases markedly during cellular differentiation, possibly while basal
cells are differentiating into ciliated cells and that the enzyme is con-
stitutively expressed and secreted into the apical fluid. Retinoic acid, a
key epithelial differentiation factor, also induces the expression of the
enzyme, although there was no difference between cells from asth-
matics and healthy controls [24]. In the epithelium the combination of
TNF plus IL-1p, or IL-13 or IL-17 alone induce the expression PLA2G10
[24]. These results suggest that in human asthma sPLA,-X may serve as
a key source of sPLA, activity and is a key regulator of eicosanoid
synthesis, LysoPL generation and surfactant dysfunction which can all

FEV; % Predicted

test (). (B) The level of sPLA,-X protein in BAL fluid
was related to the percentage of prediced FEV,
across the study population by linear regression
analysis. Adapted from Hallstrand et al., Clin Exp
Allergy, 2011 [23].

75 100 125

A Induced Sputum Sup B Asthma Subjects
10000, p— 12007 p=g.07 .
E 80001 p<gos :
g 6000 i
>|< L]
N
< 4000{ .. .
DU_) —
2000/ v
Ctrl  EIB () EIB (+) 2 6 10 14 18
Asthma Vs sPLA,-X

Fig. 5. Quantification of sPLA»-X in induced sputum and airway tissue relative
to features of airway hyperresponsiveness. (A) The concentration of SPLA,-X
protein in induced sputum was elevated in asthmatics relative to control sub-
jects. These differences are more accentuated in subjects who have exercise-
induced bronchoconstriction (EIB +) compared to individuals without EIB (EIB-
) and controls (N = 10-19/group; Kruskal-Wallis test with Dunn's post-hoc
test). (B) In asthmatics, the amount of positive immunostaining for sPLA,-X in
the epithelium trended towards an association with airway hyperresponsive-
ness (AHR; linear regression analysis). Adapted from Hallstrand et al., Am J
Resp Crit Care Med, 2013 [24].

contribute to the development of airflow obstruction, asthma severity
and AHR.

4. Function of sPLA,-X in the biosynthesis of cysteinyl
leukotrienes by leukocytes

The biosynthesis of CysLTs is dependent on the presence of 5-LO and
LTC4 synthase (LTC,4S), the latter of which conjugates glutathione
(GSH) to LTA,, generating LTC,, the first of the CysLTs [92]. LTC4 can
then be rapidly metabolized to LTD,4, and ultimately the more stable
LTE,, by gamma glutamyl transpeptidases and dipeptidases, respec-
tively. Expression of the LTC4S gene is primarily limited to immune
cells, including mast cells, basophils, monocytes/macrophages and eo-
sinophils [93]. Structural cells in the airways, including epithelial cells,
are not known to express high levels of LTC,S, although a prior study
suggested primary human bronchial epithelial cells can express LTC,S
in vitro [94]. Several studies have shown that structural cell-derived
sPLA,s can indirectly contribute to the CysLT pool by providing AA
which can be readily taken up by immune cells containing 5-LO and
LTC,4S [95]. Epithelial cells in asthmatics do, however, express high
levels of sPLA,-X [5], which likely contributes to the CysLT pool in-
directly by releasing abundant AA into the airway lumen. AA is cell
permeable and can readily be used by immune cells as a substrate for 5-
LO to generate LTA4, which is metabolized by LTC4S to LTC,4 or by LTA4
hydrolase (LTA4H) to LTB,. Studies have demonstrated the importance
of transcellular biosynthesis of CysLTs and LTB, in in vivo models of
inflammation, which likely proceeds via the uptake of LTA4 [96,97].

The high levels of sPLA,-X identified in the airways prompted us to
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examine the potential role of this enzyme as a regulator of CysLT for-
mation in target cells such as eosinophils in the airways. Because of the
ability of free fatty acids to cross the plasma membrane, as well as the
ability of sPLA,-X to act on the outer cell membrane of mammalian
cells, this enzyme has the potential to initiate significant eicosanoid
synthesis. We found that when sPLA,-X was added exogenously to eo-
sinophils there was the rapid and dose-dependent increase in both the
AA release and CysLT formation which reached a maximum at ap-
proximately 20 min [25]. This ability to initiate CysLT synthesis was
dependent upon sPLA, enzymatic activity as demonstrated through
both the use of an active site-directed small molecule inhibitor and by
heat deactivation of the enzyme. Addition of sPLA,-X also led to the
release of LysoPL species that are enriched in the outer cell membrane
of mammalian cells. Because sPLA,-X has been shown in transfected
cells to release AA before and after secretion and to be secreted via the
classical secretory pathway, we further investigated the mechanism of
CysLT formation.

It is known that in mammalian cells, cPLA,, plays a dominant role
in the formation of eicosanoids including CysLTs [98-100]. It has also
been shown that in some instances sPLA,s act in concert with cPLA,, to
coordinate eicosanoid synthesis [9]. In our studies, the addition of
sPLA,-X to eosinophils led to a rapid release of AA that was not de-
pendent on cPLA,,; however, maximal CysLT formation mediated
through sPLA,-X was dependent on the activation of cPLA,, [25]. This
coordinated function may be important for the pathogenesis of asthma
since it may lead to augmented release of CysLT in the local environ-
ment of the airways. In particular, we found that sPLA,-X both led to
phosphorylation of cPLA,, as well as intracellular calcium flux in-
dicating that sPLA,-X could activate cPLA,,. Further examination of the
potential mechanism revealed that sPLA,-X mediated CysLT formation
through the p38 MAPK and c-Jun N-terminal kinase (JNK) pathways.
This could potentially be through receptor-mediated signaling via
PLA,R1, or through activation of eosinophils by LysoPC, as LysoPC
addition also induced CysLT formation [25] (Fig. 6). Finally, we used
pre-activation of eosinophils with fMLP, which is known to strongly
activate cPLA,,, in order to demonstrate that the addition of sPLA,-X
led to further augmentation of CysLT formation which may be a key
finding in understanding the augmented levels of these eicosanoids that

LysoPL + FFA (AA)

SPLA,-X

Ca?* p38"INK

e

CyslLTs

Fig. 6. Scheme of the mechanism of sPLA,-X-mediated CysLT synthesis in eo-
sinophils. Enzymatic activity of sPLA,-X causes the release of lysophospholipids
(LysoPL) and free fatty acids (FFA), such as arachidonic acid (AA), from
membrane phospholipids. Synthesis of CysLT is dependent upon downstream
activation of cPLA,, via Ca? flux and phosphorylation of cPLA,, through p38
and JNK-dependent signaling. Activity of sPLA,-X can cause a Ca® flux in
human eosinophils. The sPLA,-X and LysoPC-induced synthesis of CysLT was
dependent on p38 and JNK activity, as inhibition of either prevented CysLT
release in this context. Free AA released by sPLA,-X activity may also lead to
transcellular synthesis of eicosanoids, as AA is readily taken up by cells.
Adapted from Lai et al., J Biol Chem, 2010 [25].
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are identified in the airways of patients with asthma.

In our initial study in which we examined the cellular location of
sPLA>-X in the airways of subjects with asthma, we noted im-
munostaining in eosinophils [6] along with bronchial macrophages and
epithelial cells [5]. Prior studies have shown that sPLA,-V is present in
eosinophils and can mediate CysLT formation in the absence of cPLA,,
activation [101]. We further confirmed the presence of sPLA,-X at the
protein level in lysates from eosinophils from allergic donors as well as
at the gene expression level [6]. The eosinophil lysates show a slight gel
shift to a larger molecular weight suggesting that the protein has been
modified, but we did not ascertain the etiology of the protein mod-
ification. We studied endogenous PLA, activation in eosinophils using
fMLP as a model stimulus revealing that sPLA,-X localized to the en-
doplasmic reticulum, eosinophil granules and lipid bodies following
stimulation. More importantly, an active site-directed small molecule
inhibitor of sPLA,-X attenuated both the release of AA, and fMLP-
mediated CysLT release in a dose-dependent manner. Further, a struc-
tural analog of this inhibitor containing a methyl group preventing it
from docking in the active site of sSPLA,-X did not inhibit the formation
of CysLTs. We further examined the relationship between cPLA,, and
sPLA,-X and showed that sPLA,-X appeared to serve as a signal for
further activation through the MAPK cascade, particularly ERK1/2 and
p38. As we had seen before, cPLA,, activation was essential for CysLT
formation and 5-LO translocation to the perinuclear space indicating
that cPLA,, is necessary for sustained CysLT formation and that sPLA»-
X serves as a key signal leading to the amplification of CysLT formation.
Because of our findings that sPLA,-X is inducible and may serve as a
pro-inflammatory mediator in asthma, we examined the ability of pro-
inflammatory cytokines to induce PLA2G10 gene expression in eosi-
nophils. We found that PLA2G10 expression was induced by a combi-
nation of TNF and IL-1f or by IL-13 alone but was not induced by
common activating signals for eosinophils, such as IL-5 and GM-CSF,
nor by IL-33 or TSLP [6]. To further demonstrate the relevance of the
ability of pro-inflammatory cytokines to prime the synthesis of CysLTs
through sPLA,-X, we showed that TNF in combination with IL-1f3 en-
hanced the release of CysLTs following stimulation with fMLP. In
summary, these results suggest that sPLA,-X plays a key role in the
heightened synthesis of CysLTs by eosinophils in asthma, and further
clarify the respective roles of sSPLA,-X and cPLA,, in the generation of
eicosanoids such as CysLTs that are secreted by eosinophils.

5. Function of sSPLA,-X in animal models of asthma

A central role for sPLA,-X in Th2 cytokine-driven airway in-
flammation has been demonstrated in mouse asthma models utilizing
animals that are globally deficient in the Pla2gl0 gene [1,2]. Since
sPLA,-X exhibits the greatest phospholipid hydrolysis activity of the
sPLA, enzymes, it is a potential target for interrupting eicosanoid for-
mation by inflammatory cells in the immunopathogenesis of asthma. In
mice, sPLA,-X co-localizes to airway epithelial cells expressing
MUCSAC protein and is also present in alveolar macrophages and
splenic mononuclear cells [1]. In initial studies, Pla2g107/ ~ mice were
generated by retroviral-mediated insertion of an exon-trapping cassette
[1]. In acute and chronic mouse asthma models using OVA as allergen
that reflects key features of Th2 cytokine-driven asthma with airway
remodeling, Pla2g10~/~ mice had significantly reduced airway in-
flammation and decreased AHR compared to WT controls [1]. Char-
acteristic features of airway remodeling such as goblet cell metaplasia
and mucus hypersecretion, smooth muscle hyperplasia, and sub-
epithelial fibrosis were significantly decreased in Pla2gl0~/~ mice in
the chronic asthma model. Mice deficient in the sPLA,-X protein exhibit
marked impairment of the Th2 cytokine response to OVA with reduc-
tion in OVA-specific IgE, CD3"/CD4"/CD8™" T cell trafficking to the
airway lumen, and type-2 cytokine (i.e., IL-4, IL-5 and IL-13) levels in
lung tissue and BAL fluid. Generation of both 5-LO (i.e., CysLTs and
LTB,4) and COX (i.e., PGE, and PGD,) products were markedly reduced
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Fig. 7. Expression and localization of PLA,R1 in human endobronchial airway tissue. (A) PLA2R1 expression from airway epithelial brushings was elevated in
children with asthma compared to healthy non asthmatics (HNA = healthy non-asthmatic, AA = allergic asthmatic; N = 9/group, mean + SEM). (B-E)
Immunostaining for PLA,R1 reveals distinct staining in submucosal epithelium (B, 10 X; C, 40 x). Further analysis shows that columnar epithelial cells are also
positive for PLA,R1 immunostaining (D, 60 X oil). Cytospins also show positive staining for PLA,R1 in airway epithelial cells. AEC, airway epithelial cell; BL, basal
lamina; SG, submucosal gland. Adapted from Nolin et al., Am J Resp Cell Mol Biol, 2016 [82].

in the OVA-treated Pla2g10’/ ~ mice compared to controls [1]. The 5-
LO products of AA metabolism have many key effects on the biologic
actions of the cells associated with asthma. In mice, the CysLTs increase
dendritic cell activation and recruitment, goblet cell mucus release and
hyperplasia, endothelial cell vascular permeability, smooth muscle cell
contractility and proliferation, and fibroblast/myofibroblast con-
tractility and proliferation [102]. LTB4 and CysLTs recruit eosinophils,
mast cells, and T cells to the lungs and stimulate type-2 inflammatory
responses [102]. These data indicate that sSPLA,-X plays a critical role in
AA metabolism to leukotrienes and prostaglandins and impairment of
eicasonoid generation by deficiency of sPLA,-X prevents key features of
type-2 cytokine-driven airway inflammation, remodeling and hyperre-
sponsiveness.

In mouse asthma models using a proteolytic allergen relevant to
induction of human asthma [e.g., house dust mite (HDM) or cock-
roach], there is less dependence on T cells and greater involvement of
epithelial and innate immune mechanisms, especially IL-33-driven re-
sponses in comparison to the OVA model. Studies using mice lacking
SPLA,-X demonstrated similar protection in HDM-driven AHR and in-
filtration by T cells and eosinophils, and type-2 cytokine production by
antigen-triggered leukocytes [2]. In particular, the Pla2g10~/~ mice
had decreased levels of IL-33 in the airway lumen and fewer type-2
innate lymphoid cells (ILC2) in the lungs after HDM challenge com-
pared to wild-type controls [2]. Other significant immunologic defects
in the sPLA,-X-deficient mice stimulated by HDM are reduction in IL-
33-stimulated IL-13 production by mast cells and abrogation of new
recruitment of macrophages and subsequent M2 polarization in the
airways. These data indicate that sPLA>-X is a pivotal regulator of both
adaptive and innate immune responses induced by proteolytic allergen
relevant in the pathogenesis of human asthma [2]. This protection of
allergen-induced airway inflammation and airway dysfunction is abol-
ished following knock-in of the human PLA2GI0 gene into the
Pla2g10~/~ mice, showing that functional enzyme drives many of the
features associated with asthma [103]. These mice were generated with
knock-in of human PLA2G10 to assess the effect of pharmacologic
blockade of sPLA,-X-mediated responses in the airways in a mouse
model. Knock-in of human PLA2GI10 in the Pla2g10~/~ mice restored
allergen-driven airway eosinophilic inflammatory cell response, mucus
hypersecretion, and AHR to methacholine in the Pla2g10~/~ mice. In
vivo systemic administration of a specific human sPLA,-X inhibitor
[104] to a plasma concentration substantially greater than the ICs, for

in vitro inhibition of the human enzyme significantly reduced the al-
lergen-driven asthma phenotype with impairment of airway in-
flammation, mucus hypersecretion, and hyperresponsiveness to me-
thacholine after OVA treatment.

These studies together indicate that sPLA,-X plays a pathogenic role
in different models of experimental asthma, likely through its enzy-
matic activity, and contributes to airway inflammation and dysfunc-
tion. Furthermore, inhibition of human sPLA,-X activity in a knock-in
mouse model provides strong evidence that sPLA,-X inhibition may be a
novel direction for further drug development in asthma. One of the
most important findings from the studies of Pla2g10 ™/~ animals is the
dependence on functional sPLA,-X for propagation of type-2-driven
inflammation. In these studies, lack of the Pla2g10 gene significantly
attenuated the type-2 immune response in both OVA- and HDM-ex-
posed animals. This provides further evidence that targeting the eico-
sanoid pathways further upstream instead of targeting the resultant
mediators (CysLTs, PGD,) may be a more effective and promising
treatment option.

6. Interaction of sSPLA,-X through receptor-mediated functions

As we noted before, several sPLAs, including sPLA,-X act as high
affinity ligands for a receptor designated as PLA,R1. This receptor is a
180-kD integral transmembrane receptor that has a large extracellular
domain but a short cytoplasmic domain. The receptor belongs to the
superfamily of C-type lectin receptors and is a paralog of the macro-
phage mannose receptor and is closely related to other receptors within
this family [75]. PLA,R1 is strongly implicated as a key auto-antigen in
membranous nephropathy, where the glomerular basement membrane
becomes leaky [105]. Although several studies have revealed that li-
gands of this receptor can induce cellular signaling, a major function
has been attributed to the release of the soluble form of the enzyme
either through alternative transcription or cleavage of the large extra-
cellular domain. Thus, the enzyme may serve to bind and remove high
affinity sPLA, ligands, including groups IB, IIA, IIE, IIF, and X, limiting
the overall sPLA, activity [76]. It is also likely that PLA,R1 acts as a
pleiotropic receptor that binds to non-sPLA, ligands.

We became interested in the potential function of this receptor in
asthma following a genome wide expression study of airway epithelial
cells collected from children with atopic asthma as compared to a
healthy nonatopic control group showed that this receptor was
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Fig. 8. Scheme depicting the role of sPLA,-X as a key regulator of type-2 inflammation in asthma. The airway epithelium is the major source of sSPLA,-X, although
other cells, including macrophages (M®), eosinophils (Eos) and mast cells (MC) can potentially contribute the the sPLA,-X pool in the airways. Levels of sPLA,-X are
elevated in the airways of asthmatics and contribute to disease pathogenesis in part through release of lysophospholipids (LysoPL), free fatty acids (FFA), such as
arachidonic acid (AA), and subsequent production of eicosanoids by eosinophils. In animal models, sPLA,-X deficiency is protective, leading to less mucus pro-
duction, decreased eosinophilia, impaired activation of MCs, fewer pathogenic macrophages in the lungs, and dampened IL-33 release in the airways that corresponds
with decreased production of type-2 cytokines. Another possible consequence of increased sPLA»-X levels is surfactant degradation, leading to surfactant dysfunction

and airway closure.

significantly overexpressed in asthma [82] and (Fig. 7A). Our results
were further confirmed in a second group of epithelial brushings from a
distinct cohort of children with and without atopic asthma that also
revealed an increase in the expression of this receptor in asthma using
qPCR [82]. In epithelial brushings, the expression of this receptor was
strongly correlated with the expression of PLA2G1B, PLA2G2F, PLA2G5
and PLA2G12A, but tended to be inversely correlated with the expres-
sion of PLA2G10. Immunostaining for PLA,R1 in endobronchial biop-
sies from subjects with asthma revealed immunostaining for this re-
ceptor that is prominent in submucosal glandular epithelium as well as
columnar airway epithelial cells [82] and (Fig. 7B-E).

To further characterize the function of PLA,R1 and its relation to
sPLA,-X we conducted an asthma model in mice lacking PLA,R1. Our
model involved sensitization to ovalbumin (OVA) in the presence of an
exogenous adjuvant Alum followed by OVA challenge via the airways.
A prior study had shown reduced clearance of sSPLA,-IB in mice lacking
PLA,R1 [83]. We found that the basal levels of sPLA,-X were markedly
higher in mice lacking PLA,R1 [82], suggesting that in mice this re-
ceptor is primarily acting to enhance the clearance of sPLA,s. Our re-
sults revealed that mice lacking PLA,R1 had a marked increase in AHR
to methacholine challenge and that there was a modest but significant
increase in airway inflammation associated with hyperresponsiveness.
In particular, the number of eosinophils and T cells was increased in the
BAL fluid and the number of CD11c™ dendritic cells was increased in
the lung. In concordance with these findings, the levels of antigen
specific IgG were also elevated in the blood of the receptor deficient
mice. As the accentuation of AHR was more prominent than might have
been expected based on the differences in inflammation, we further
characterized airway permeability and mucus release, two mechanisms
that are known to contribute to AHR [106]. We found that airway
permeability measured by the transit of the large protein IgM to the
airways following methacholine challenge was increased in the re-
ceptor deficient mice and that the mucin content of the airway epi-
thelium was significantly reduced following methacholine challenge in
the receptor deficient mice suggesting enhanced mucin release pre-
dominantly from goblet cells. The basis for these findings are not en-
tirely certain, but could be related to changes in the permeability of the
basement membrane as has been described in membranous nephro-
pathy.

An area that needs more attention regarding the function of PLA,R1
in relation to asthma is the potential to regulate inflammation. The
accentuated inflammation in knockout mice described in our study and
the study by Tamaru and colleagues [82,83] could simply be the con-
sequence of the increased levels of sSPLA,-X and other sPLA,s, or due to
other mechanisms entirely. To further understand this alteration in
inflammation we examined the release of cytokines from lung leuko-
cytes that were re-stimulated with the antigen OVA. While we found
that the antigen-induced increases in IL-2, IL-4, and IL-17 were atte-
nuated in the PLA,R1-deficient animals, the production of a broad array
of pro-inflammatory cytokines were increased in lung leukocytes from
the receptor knockouts. Relating these findings back to human asthma,
these findings might suggest that the increased expression of the re-
ceptor in the airway epithelium may be a protective mechanism that
occurs in response to airway inflammation.

7. Summary

Since the discovery of the sPLA,-X enzyme, our work has revealed
that it may be a key therapeutic target in asthma (Fig. 8). In particular,
the enzyme has a number of attributes that implicate it as a regulator of
immune processes through the release of free fatty acids and LysoPLs
with high activity from mammalian cell membranes. Further, our work
has revealed that although there are no differences in the expression of
the enzyme in the epithelium in asthma, there are clear differences in
the amount of the secreted protein in the airways that are related to
features of asthma, specifically AHR. In humans, we have found that the
airway epithelium, bronchial macrophages and eosinophils are key
sources of the enzyme, and have further identified the expression in
mast cells in murine models. The increased levels of this enzyme are
also implicated in the dysregulated production of eicosanoids in
asthma. Murine models further revealed that sPLA,-X serves as a central
regulator of allergen-induced inflammation and AHR. In particular, lack
of sSPLA,-X in a T-cell dependent model of asthma reveals that the lack
of this enzyme disrupts T-cell signaling as well as the production of key
eicosanoids including CysLTs. The lack of this enzyme in a complete
allergen model of airway dysfunction mediated through HDM, reveals
that the lack of this enzyme alters both the innate and adaptive immune
response to allergen and alters type-2 inflammation as well as the levels
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of IL-33 in the airways suggesting it may have an upstream effect on a
key pathway leading to type 2 inflammation. Cellular studies have
further revealed that sPLA,-X serves as a key regulator of CysLT
synthesis both as an extracellular activator of immune cells such as
eosinophils, as well as in endogenous regulator of CysLT formation
acting in concert with cPLA,,. Collectively, these studies suggest that
sPLA,-X serves as an important regulator of airway dysfunction in
asthma and may serve as a critical target for therapeutically managing
airway inflammation in individuals with asthma.

Conflict of interest

The authors declare that no conflict of interest exists.

Transparency document

The Transparency document associated with this article can be
found, in online version.

Acknowledgements

This work was supported by grants from the National Institutes of
Health (NIH; F32HL134217 to J.D.N., RO1HL089215 and K24A1130263
to T.S.H., RO1HL122895 to W.A.A. and R37HL036235 to M.H.G.)

References

[1]

[2]

[31

[4]

[5]

[6

—

71
(8]

[9]

[10]

[11]

[12]

[13]

[14]

W.R. Henderson Jr., E.Y. Chi, J.G. Bollinger, Y.T. Tien, X. Ye, L. Castelli,

Y.P. Rubtsov, A.G. Singer, G.K. Chiang, T. Nevalainen, A.Y. Rudensky, M.H. Gelb,
Importance of group X-secreted phospholipase A2 in allergen-induced airway in-
flammation and remodeling in a mouse asthma model, J. Exp. Med. 204 (2007)
865-877.

J.D. Nolin, Y. Lai, H.L. Ogden, A.M. Manicone, R.C. Murphy, D. An, C.W. Frevert,
F. Ghomashchi, G.S. Naika, M.H. Gelb, G.M. Gauvreau, A.M. Piliponsky,

W.A. Altemeier, T.S. Hallstrand, Secreted PLA2 group X orchestrates innate and
adaptive immune responses to inhaled allergen, JCI Insight 2 (2017).

W.R. Henderson Jr., G.K. Chiang, Y.T. Tien, E.Y. Chi, Reversal of allergen-induced
airway remodeling by CysLT1 receptor blockade, Am. J. Respir. Crit. Care Med.
173 (2006) 718-728.

T.S. Hallstrand, M.W. Moody, M.L. Aitken, W.R. Henderson Jr., Airway im-
munopathology of asthma with exercise-induced bronchoconstriction, J. Allergy
Clin. Immunol. 116 (2005) 586-593.

T.S. Hallstrand, E.Y. Chi, A.G. Singer, M.H. Gelb, W.R. Henderson Jr., Secreted
phospholipase A, group X overexpression in asthma and bronchial hyperrespon-
siveness, Am. J. Respir. Crit. Care Med. 176 (2007) 1072-1078.

T.S. Hallstrand, Y. Lai, K.A. Hooper, R.C. Oslund, W.A. Altemeier, G. Matute-Bello,
M.H. Gelb, Endogenous secreted phospholipase A2 group X regulates cysteinyl
leukotrienes synthesis by human eosinophils, J. Allergy Clin. Immunol. 137 (2016)
268-277.e268.

T.S. Hallstrand, W.R. Henderson Jr., Leukotriene modifiers, Med. Clin. North Am.
86 (2002) 1009-1033 (vi).

T.S. Hallstrand, W.R. Henderson Jr., Role of leukotrienes in exercise-induced
bronchoconstriction, Curr Allergy Asthma Rep 9 (2009) 18-25.

C.M. Mounier, F. Ghomashchi, M.R. Lindsay, S. James, A.G. Singer, R.G. Parton,
M.H. Gelb, Arachidonic acid release from mammalian cells transfected with
human groups IIA and X secreted phospholipase A, occurs predominantly during
the secretory process and with the involvement of cytosolic phospholipase A,-
alpha, J. Biol. Chem. 279 (2004) 25024-25038.

M.A. Balboa, Y. Shirai, G. Gaietta, M.H. Ellisman, J. Balsinde, E.A. Dennis,
Localization of group V phospholipase A, in caveolin-enriched granules in acti-
vated P388D; macrophage-like cells, J. Biol. Chem. 278 (2003) 48059-48065.
Y. Satake, B.L. Diaz, B. Balestrieri, B.K. Lam, Y. Kanaoka, M.J. Grusby, J.P. Arm,
Role of group V phospholipase A, in zymosan-induced eicosanoid generation and
vascular permeability revealed by targeted gene disruption, J. Biol. Chem. 279
(2004) 16488-16494.

A.G. Singer, F. Ghomashchi, C. Le Calvez, J. Bollinger, S. Bezzine, M. Rouault,
M. Sadilek, E. Nguyen, M. Lazdunski, G. Lambeau, M.H. Gelb, Interfacial kinetic
and binding properties of the complete set of human and mouse groups I, II, V, X,
and XII secreted phospholipases A,, J. Biol. Chem. 277 (2002) 48535-48549.

M. Murakami, T. Kambe, S. Shimbara, K. Higashino, K. Hanasaki, H. Arita,

M. Horiguchi, M. Arita, H. Arai, K. Inoue, I. Kudo, Different functional aspects of
the group II subfamily (Types IIA and V) and type X secretory phospholipase A(2)s
in regulating arachidonic acid release and prostaglandin generation. Implications
of cyclooxygenase-2 induction and phospholipid scramblase-mediated cellular
membrane perturbation, J. Biol. Chem. 274 (1999) 31435-31444.

K. Hanasaki, T. Ono, A. Saiga, Y. Morioka, M. Ikeda, K. Kawamoto, K. Higashino,
K. Nakano, K. Yamada, J. Ishizaki, H. Arita, Purified group X secretory

[15]

[16]

[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

BBA - Molecular and Cell Biology of Lipids xxx (xxxx) XXX—XXX

phospholipase A, induced prominent release of arachidonic acid from human
myeloid leukemia cells, J. Biol. Chem. 274 (1999) 34203-34211.

R.D. Hite, M.C. Seeds, R.B. Jacinto, R. Balasubramanian, M. Waite, D. Bass,
Hydrolysis of surfactant-associated phosphatidylcholine by mammalian secretory
phospholipases A2, Am. J. Phys. 275 (1998) L740-L747.

R.D. Hite, M.C. Seeds, R.B. Jacinto, B.L. Grier, B.M. Waite, D.A. Bass,
Lysophospholipid and fatty acid inhibition of pulmonary surfactant: non-enzy-
matic models of phospholipase A2 surfactant hydrolysis, Biochim. Biophys. Acta
1720 (2005) 14-21.

D. Machado-Aranda, Z. Wang, B. Yu, M.V. Suresh, R.H. Notter, K. Raghavendran,
Increased phospholipase A2 and lyso-phosphatidylcholine levels are associated
with surfactant dysfunction in lung contusion injury in mice, Surgery 153 (2013)
25-35.

J.M. Hohlfeld, The role of surfactant in asthma, Respir. Res. 3 (2002) 4.

M.A. Kwatia, C.B. Doyle, W. Cho, G. Enhorning, S.J. Ackerman, Combined activ-
ities of secretory phospholipases and eosinophil lysophospholipases induce pul-
monary surfactant dysfunction by phospholipid hydrolysis, J. Allergy Clin.
Immunol. 119 (2007) 838-847.

C. Winkler, J.M. Hohlfeld, Surfactant and allergic airway inflammation, Swiss
Med. WKly. 143 (2013) w13818.

D.M. Curfs, S.A. Ghesquiere, M.N. Vergouwe, I. van der Made, M.J. Gijbels,

D.R. Greaves, J.S. Verbeek, M.H. Hofker, M.P. de Winther, Macrophage secretory
phospholipase A, group X enhances anti-inflammatory responses, promotes lipid
accumulation, and contributes to aberrant lung pathology, J. Biol. Chem. 283
(2008) 21640-21648.

M. Ohtsuki, Y. Taketomi, S. Arata, S. Masuda, Y. Ishikawa, T. Ishii, Y. Takanezawa,
J. Aoki, H. Arai, K. Yamamoto, I. Kudo, M. Murakami, Transgenic expression of
group V, but not group X, secreted phospholipase A, in mice leads to neonatal
lethality because of lung dysfunction, J. Biol. Chem. 281 (2006) 36420-36433.
T.S. Hallstrand, Y. Lai, Z. Ni, R.C. Oslund, W.R. Henderson Jr., M.H. Gelb,

S.E. Wenzel, Relationship between levels of secreted phospholipase A, groups ITA
and X in the airways and asthma severity, Clin. Exp. Allergy 41 (2011) 801-810.
T.S. Hallstrand, Y. Lai, W.A. Altemeier, C.L. Appel, B. Johnson, C.W. Frevert,
K.L. Hudkins, J.G. Bollinger, P.G. Woodruff, D.M. Hyde, W.R. Henderson Jr.,
M.H. Gelb, Regulation and function of epithelial secreted phospholipase A2 group
X in asthma, Am. J. Respir. Crit. Care Med. 188 (2013) 42-50.

Y. Lai, R.C. Oslund, J.G. Bollinger, W.R. Henderson Jr., L.F. Santana,

W.A. Altemeier, M.H. Gelb, T.S. Hallstrand, Eosinophil cysteinyl leukotriene
synthesis mediated by exogenous secreted phospholipase A, group X, J. Biol.
Chem. 285 (2010) 41491-41500.

Y. Fujitani, Y. Kanaoka, K. Aritake, N. Uodome, K. Okazaki-Hatake, Y. Urade,
Pronounced eosinophilic lung inflammation and Th2 cytokine release in human
lipocalin-type prostaglandin D synthase transgenic mice, J. Immunol. 168 (2002)
443-449,

L. Xue, A. Barrow, V.M. Fleming, M.G. Hunter, G. Ogg, P. Klenerman, R. Pettipher,
Leukotriene E4 activates human Th2 cells for exaggerated proinflammatory cy-
tokine production in response to prostaglandin D2, J. Immunol. 188 (2012)
694-702.

L. Xue, J. Fergusson, M. Salimi, I. Panse, J.E. Ussher, A.N. Hegazy, S.L. Vinall,
D.G. Jackson, M.G. Hunter, R. Pettipher, G. Ogg, P. Klenerman, Prostaglandin D2
and leukotriene E4 synergize to stimulate diverse TH2 functions and TH2 cell/
neutrophil crosstalk, J. Allergy Clin. Immunol. 135 (2015) 1358-1366.e1351-
1311.

J.W. Weiss, J.M. Drazen, N. Coles, E.R. McFadden Jr., P.F. Weller, E.J. Corey,
R.A. Lewis, K.F. Austen, Bronchoconstrictor effects of leukotriene C in humans,
Science 216 (1982) 196-198.

M. Griffin, J.W. Weiss, A.G. Leitch, E.R. McFadden Jr., E.J. Corey, K.F. Austen,
J.M. Drazen, Effects of leukotriene D on the airways in asthma, N. Engl. J. Med.
308 (1983) 436-439.

J.M. Drazen, Comparative contractile responses to sulfidopeptide leukotrienes in
normal and asthmatic human subjects, Ann. N. Y. Acad. Sci. 524 (1988) 289-297.
J.W. Weiss, J.M. Drazen, E.R. McFadden Jr., P.F. Weller, E.J. Corey, R.A. Lewis,
K.F. Austen, Comparative bronchoconstrictor effects of histamine, leukotriene C,
and leukotriene D in normal human volunteers, Trans. Assoc. Am. Phys. 95 (1982)
30-35.

A.B. Davidson, T.H. Lee, P.D. Scanlon, J. Solway, E.R. McFadden Jr., R.H. Ingram
Jr., E.J. Corey, K.F. Austen, J.M. Drazen, Bronchoconstrictor effects of leukotriene
E4 in normal and asthmatic subjects, Am. Rev. Respir. Dis. 135 (1987) 333-337.
G.M. Gauvreau, K.N. Parameswaran, R.M. Watson, P.M. O'Byrne, Inhaled leuko-
triene E(4), but not leukotriene D(4), increased airway inflammatory cells in
subjects with atopic asthma, Am. J. Respir. Crit. Care Med. 164 (2001)
1495-1500.

A. Laitinen, A. Lindqvist, M. Halme, A. Altraja, L.A. Laitinen, Leukotriene E(4)-
induced persistent eosinophilia and airway obstruction are reversed by zafirlukast
in patients with asthma, J. Allergy Clin. Immunol. 115 (2005) 259-265.

S. Paruchuri, H. Tashimo, C. Feng, A. Maekawa, W. Xing, Y. Jiang, Y. Kanaoka,
P. Conley, J.A. Boyce, Leukotriene E4-induced pulmonary inflammation is medi-
ated by the P2Y12 receptor, J. Exp. Med. 206 (2009) 2543-2555.

Y. Kanaoka, A. Maekawa, K.F. Austen, Identification of GPR99 protein as a po-
tential third cysteinyl leukotriene receptor with a preference for leukotriene E4
ligand, J. Biol. Chem. 288 (2013) 10967-10972.

L.G. Bankova, J. Lai, E. Yoshimoto, J.A. Boyce, K.F. Austen, Y. Kanaoka,

N.A. Barrett, Leukotriene E4 elicits respiratory epithelial cell mucin release
through the G-protein-coupled receptor, GPR99, Proc. Natl. Acad. Sci. U. S. A. 113
(2016) 6242-6247.

R. Pettipher, T.T. Hansel, R. Armer, Antagonism of the prostaglandin D2 receptors


https://doi.org/10.1016/j.bbalip.2018.11.009
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0005
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0005
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0005
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0005
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0005
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0010
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0010
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0010
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0010
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0015
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0015
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0015
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0020
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0020
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0020
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0025
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0025
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0025
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0030
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0030
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0030
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0030
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0035
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0035
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0040
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0040
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0045
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0045
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0045
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0045
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0045
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0050
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0050
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0050
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0055
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0055
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0055
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0055
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0060
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0060
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0060
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0060
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0065
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0070
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0070
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0070
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0070
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0075
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0075
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0075
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0080
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0080
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0080
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0080
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0085
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0085
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0085
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0085
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0090
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0095
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0095
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0095
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0095
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0100
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0100
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0105
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0105
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0105
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0105
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0105
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0110
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0110
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0110
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0110
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0115
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0115
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0115
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0120
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0120
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0120
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0120
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0125
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0125
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0125
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0125
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0130
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0130
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0130
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0130
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0135
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0135
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0135
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0135
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0140
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0140
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0140
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0140
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0140
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0145
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0145
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0145
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0150
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0150
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0150
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0155
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0155
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0160
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0160
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0160
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0160
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0165
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0165
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0165
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0170
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0170
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0170
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0170
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0175
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0175
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0175
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0180
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0180
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0180
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0185
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0185
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0185
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0190
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0190
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0190
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0190
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0195

J.D. Nolin et al.

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

DP1 and CRTH2 as an approach to treat allergic diseases, Nat. Rev. Drug Discov. 6
(2007) 313-325.

H. Hirai, K. Tanaka, O. Yoshie, K. Ogawa, K. Kenmotsu, Y. Takamori, M. Ichimasa,
K. Sugamura, M. Nakamura, S. Takano, K. Nagata, Prostaglandin D2 selectively
induces chemotaxis in T helper type 2 cells, eosinophils, and basophils via seven-
transmembrane receptor CRTH2, J. Exp. Med. 193 (2001) 255-261.

K. Nagata, H. Hirai, The second PGD(2) receptor CRTH2: structure, properties, and
functions in leukocytes, Prostaglandins Leukot. Essent. Fat. Acids 69 (2003)
169-177.

J.M. Mjosberg, S. Trifari, N.K. Crellin, C.P. Peters, C.M. van Drunen, B. Piet,
W.J. Fokkens, T. Cupedo, H. Spits, Human IL-25- and IL-33-responsive type 2
innate lymphoid cells are defined by expression of CRTH2 and CD161, Nat.
Immunol. 12 (2011) 1055-1062.

K. Tanaka, H. Hirai, S. Takano, M. Nakamura, K. Nagata, Effects of prostaglandin
D2 on helper T cell functions, Biochem. Biophys. Res. Commun. 316 (2004)
1009-1014.

L. Xue, S.L. Gyles, F.R. Wettey, L. Gazi, E. Townsend, M.G. Hunter, R. Pettipher,
Prostaglandin D2 causes preferential induction of proinflammatory Th2 cytokine
production through an action on chemoattractant receptor-like molecule ex-
pressed on Th2 cells, J. Immunol. 175 (2005) 6531-6536.

L. Xue, M. Salimi, I. Panse, J.M. Mjosberg, A.N. McKenzie, H. Spits, P. Klenerman,
G. Ogg, Prostaglandin D2 activates group 2 innate lymphoid cells through che-
moattractant receptor-homologous molecule expressed on TH2 cells, J. Allergy
Clin. Immunol. 133 (2014) 1184-1194.

H. Farne, D.J. Jackson, S.L. Johnston, Are emerging PGD2 antagonists a promising
therapy class for treating asthma? Expert Opin. Emerg. Drugs 21 (2016) 359-364.
S.A. Maher, M.A. Birrell, J.J. Adcock, M.A. Wortley, E.D. Dubuis, S.J. Bonvini,
M.S. Grace, M.G. Belvisi, Prostaglandin D2 and the role of the DP1, DP2 and TP
receptors in the control of airway reflex events, Eur. Respir. J. 45 (2015)
1108-1118.

F.H. Chilton, F.J. Averill, W.C. Hubbard, A.N. Fonteh, M. Triggiani, M.C. Liu,
Antigen-induced generation of lyso-phospholipids in human airways, J. Exp. Med.
183 (1996) 2235-2245.

N.W. Palm, R.K. Rosenstein, S. Yu, D.D. Schenten, E. Florsheim, R. Medzhitov, Bee
venom phospholipase A2 induces a primary type 2 response that is dependent on
the receptor ST2 and confers protective immunity, Immunity 39 (2013) 976-985.
N. Kajiwara, T. Sasaki, P. Bradding, G. Cruse, H. Sagara, K. Ohmori, H. Saito,

C. Ra, Y. Okayama, Activation of human mast cells through the platelet-activating
factor receptor, J. Allergy Clin. Immunol. 125 (2010) 1137-1145.e1136.

F.M. Cuss, C.M. Dixon, P.J. Barnes, Effects of inhaled platelet activating factor on
pulmonary function and bronchial responsiveness in man, Lancet 2 (1986)
189-192.

M. Yoder, Y. Zhuge, Y. Yuan, O. Holian, S. Kuo, R. van Breemen, L.L. Thomas,
H. Lum, Bioactive lysophosphatidylcholine 16:0 and 18:0 are elevated in lungs of
asthmatic subjects, Allergy, Asthma Immunol. Res. 6 (2014) 61-65.

Y. Zhuge, Y. Yuan, R. van Breemen, M. Degrand, O. Holian, M. Yoder, H. Lum,
Stimulated bronchial epithelial cells release bioactive lysophosphatidylcholine
16:0, 18:0, and 18:1, Allergy, Asthma Immunol. Res. 6 (2014) 66-74.

P. Bansal, S.N. Gaur, N. Arora, Lysophosphatidylcholine plays critical role in al-
lergic airway disease manifestation, Sci. Rep. 6 (2016) 27430.

S. Matsuzaki, T. Ishizuka, T. Hisada, H. Aoki, M. Komachi, I. Ichimonji, M. Utsugi,
A. Ono, Y. Koga, K. Dobashi, H. Kurose, H. Tomura, M. Mori, F. Okajima,
Lysophosphatidic acid inhibits CC chemokine ligand 5/RANTES production by
blocking IRF-1-mediated gene transcription in human bronchial epithelial cells, J.
Immunol. 185 (2010) 4863-4872.

B.D. Medoff, A.L. Landry, K.A. Wittbold, B.P. Sandall, M.C. Derby, Z. Cao,

J.C. Adams, R.J. Xavier, CARMA3 mediates lysophosphatidic acid-stimulated cy-
tokine secretion by bronchial epithelial cells, Am. J. Respir. Cell Mol. Biol. 40
(2009) 286-294.

Y. Zhao, V. Natarajan, Lysophosphatidic acid (LPA) and its receptors: role in
airway inflammation and remodeling, Biochim. Biophys. Acta 1831 (2013) 86-92.
J. Emo, N. Meednu, T.J. Chapman, F. Rezaee, M. Balys, T. Randall, T. Rangasamy,
S.N. Georas, Lpa2 is a negative regulator of both dendritic cell activation and
murine models of allergic lung inflammation, J. Immunol. 188 (2012) 3784-3790.
S.A. Knowlden, S.E. Hillman, T.J. Chapman, R. Patil, D.D. Miller, G. Tigyi,

S.N. Georas, Novel inhibitory effect of a lysophosphatidic acid 2 agonist on al-
lergen-driven airway inflammation, Am. J. Respir. Cell Mol. Biol. 54 (2016)
402-409.

Y. Zhao, J. Tong, D. He, S. Pendyala, B. Evgeny, J. Chun, A.I. Sperling,

V. Natarajan, Role of lysophosphatidic acid receptor LPA2 in the development of
allergic airway inflammation in a murine model of asthma, Respir. Res. 10 (2009)
114.

G.Y. Park, Y.G. Lee, E. Berdyshev, S. Nyenhuis, J. Du, P. Fu, L.A. Gorshkova, Y. Li,
S. Chung, M. Karpurapu, J. Deng, R. Ranjan, L. Xiao, H.A. Jaffe, S.J. Corbridge,
E.A. Kelly, N.N. Jarjour, J. Chun, G.D. Prestwich, E. Kaffe, I. Ninou, V. Aidinis,
A.J. Morris, S.S. Smyth, S.J. Ackerman, V. Natarajan, J.W. Christman, Autotaxin
production of lysophosphatidic acid mediates allergic asthmatic inflammation,
Am. J. Respir. Crit. Care Med. 188 (2013) 928-940.

S.N. Georas, E. Berdyshev, W. Hubbard, I.A. Gorshkova, P.V. Usatyuk, B. Saatian,
A.C. Myers, M.A. Williams, H.Q. Xiao, M. Liu, V. Natarajan, Lysophosphatidic acid
is detectable in human bronchoalveolar lavage fluids at baseline and increased
after segmental allergen challenge, Clin. Exp. Allergy 37 (2007) 311-322.

Y. Zhao, D. He, J. Zhao, L. Wang, A.R. Leff, E.W. Spannhake, S. Georas,

V. Natarajan, Lysophosphatidic acid induces interleukin-13 (IL-13) receptor
alpha2 expression and inhibits IL-13 signaling in primary human bronchial epi-
thelial cells, J. Biol. Chem. 282 (2007) 10172-10179.

10

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

BBA - Molecular and Cell Biology of Lipids xxx (xxxx) XXX—XXX

W. Chen, U. Sivaprasad, A.M. Gibson, M.B. Ericksen, C.M. Cunningham, S.A. Bass,
K.G. Kinker, F.D. Finkelman, M. Wills-Karp, G.K. Khurana Hershey, IL-13 receptor
alpha2 contributes to development of experimental allergic asthma, J. Allergy
Clin. Immunol. 132 (2013) 951-958.951-956.

W. Chen, U. Sivaprasad, Y. Tabata, A.M. Gibson, M.T. Stier, F.D. Finkelman,
G.K. Hershey, IL-13R alpha 2 membrane and soluble isoforms differ in humans and
mice, J. Immunol. 183 (2009) 7870-7876.

M. O'Toole, H. Legault, R. Ramsey, T.A. Wynn, M.T. Kasaian, A novel and sensitive
ELISA reveals that the soluble form of IL-13R-alpha2 is not expressed in plasma of
healthy or asthmatic subjects, Clin. Exp. Allergy 38 (2008) 594-601.

M. Triggiani, F. Granata, G. Giannattasio, G. Marone, Secretory phospholipases A,
in inflammatory and allergic diseases: not just enzymes, J. Allergy Clin. Immunol.
116 (2005) 1000-1006.

Y. Morioka, A. Saiga, Y. Yokota, N. Suzuki, M. Ikeda, T. Ono, K. Nakano, N. Fujii,
J. Ishizaki, H. Arita, K. Hanasaki, Mouse group X secretory phospholipase A2 in-
duces a potent release of arachidonic acid from spleen cells and acts as a ligand for
the phospholipase A2 receptor, Arch. Biochem. Biophys. 381 (2000) 31-42.

L. Cupillard, K. Koumanov, M.G. Mattei, M. Lazdunski, G. Lambeau, Cloning,
chromosomal mapping, and expression of a novel human secretory phospholipase
A,, J. Biol. Chem. 272 (1997) 15745-15752.

S. Ohta, M. Imamura, W. Xing, J.A. Boyce, B. Balestrieri, Group V secretory
phospholipase A2 is involved in macrophage activation and is sufficient for
macrophage effector functions in allergic pulmonary inflammation, J. Immunol.
190 (2013) 5927-5938.

M. Murakami, Y. Taketomi, C. Girard, K. Yamamoto, G. Lambeau, Emerging roles
of secreted phospholipase A2 enzymes: lessons from transgenic and knockout
mice, Biochimie 92 (2010) 561-582.

1. Jemel, H. Ii, R.C. Oslund, C. Payre, A.S. Dabert-Gay, D. Douguet, K. Chargui,
S. Scarzello, M.H. Gelb, G. Lambeau, Group X secreted phospholipase A, proen-
zyme is matured by a furin-like proprotein convertase and releases arachidonic
acid inside of human HEK293 cells, J. Biol. Chem. 286 (2011) 36509-36521.
T.S. Hallstrand, Y. Lai, B. Johnson, C.W. Frevert, K.L. Hudkins, D.M. Hyde,

W.R. Henderson, Intraepithelial mast cells with a unique phenotype in the airways
of asthmatic patients with exercise-induced bronchoconstriction (abstract), Am. J.
Respir. Crit. Care Med. 183 (2011) A4418.

K. Hanasaki, H. Arita, Phospholipase A2 receptor: a regulator of biological func-
tions of secretory phospholipase A2, Prostaglandins Other Lipid Mediat. 68-69
(2002) 71-82.

AN. Zelensky, J.E. Gready, The C-type lectin-like domain superfamily, FEBS J.
272 (2005) 6179-6217.

M. Rouault, C. Le Calvez, E. Boilard, F. Surrel, A. Singer, F. Ghomashchi,

S. Bezzine, S. Scarzello, J. Bollinger, M.H. Gelb, G. Lambeau, Recombinant pro-
duction and properties of binding of the full set of mouse secreted phospholipases
A2 to the mouse M-type receptor, Biochemistry 46 (2007) 1647-1662.

A.N. Fonteh, G. Atsumi, T. Laporte, F.H. Chilton, Secretory phospholipase A2 re-
ceptor-mediated activation of cytosolic phospholipase A2 in murine bone marrow-
derived mast cells, J. Immunol. 165 (2000) 2773-2782.

A K. Mandal, Z. Zhang, J.Y. Chou, A.B. Mukherjee, Pancreatic phospholipase A2
via its receptor regulates expression of key enzymes of phospholipid and sphin-
golipid metabolism, FASEB J. 15 (2001) 1834-1836.

F. Granata, A. Petraroli, E. Boilard, S. Bezzine, J. Bollinger, L. Del Vecchio,

M.H. Gelb, G. Lambeau, G. Marone, M. Triggiani, Activation of cytokine produc-
tion by secreted phospholipase A2 in human lung macrophages expressing the M-
type receptor, J. Immunol. 174 (2005) 464-474.

E. Zvaritch, G. Lambeau, M. Lazdunski, Endocytic properties of the M-type 180-
kDa receptor for secretory phospholipases A2, J. Biol. Chem. 271 (1996) 250-257.
Y. Yokota, M. Notoya, K. Higashino, Y. Ishimoto, K. Nakano, H. Arita, K. Hanasaki,
Clearance of group X secretory phospholipase A(2) via mouse phospholipase A(2)
receptor, FEBS Lett. 509 (2001) 250-254.

J.D. Nolin, H.L. Ogden, Y. Lai, W.A. Altemeier, C.W. Frevert, J.G. Bollinger,

G.S. Naika, A. Kicic, S.M. Stick, G. Lambeau, W.R. Henderson Jr., M.H. Gelb,
T.S. Hallstrand, Identification of epithelial phospholipase A2 receptor 1 as a po-
tential target in asthma, Am. J. Respir. Cell Mol. Biol. 55 (2016) 825-836.

S. Tamaru, H. Mishina, Y. Watanabe, K. Watanabe, D. Fujioka, S. Takahashi,

K. Suzuki, T. Nakamura, J.E. Obata, K. Kawabata, Y. Yokota, M. Murakami,

K. Hanasaki, K. Kugiyama, Deficiency of phospholipase A2 receptor exacerbates
ovalbumin-induced lung inflammation, J. Immunol. 191 (2013) 1021-1028.
T.D. Mickleborough, M.R. Lindley, S. Ray, Dietary salt, airway inflammation, and
diffusion capacity in exercise-induced asthma, Med. Sci. Sports Exerc. 37 (2005)
904-914.

T.S. Hallstrand, M.W. Moody, M.M. Wurfel, L.B. Schwartz, W.R. Henderson Jr.,
M.L. Aitken, Inflammatory basis of exercise-induced bronchoconstriction, Am. J.
Respir. Crit. Care Med. 172 (2005) 679-686.

D.L. Bowton, M.C. Seeds, M.B. Fasano, B. Goldsmith, D.A. Bass, Phospholipase A,
and arachidonate increase in bronchoalveolar lavage fluid after inhaled antigen
challenge in asthmatics, Am. J. Respir. Crit. Care Med. 155 (1997) 421-425.

R. Torres, C. Picado, F. de Mora, The PGE2-EP2-mast cell axis: an antiasthma
mechanism, Mol. Immunol. 63 (2015) 61-68.

K.A. Deichmann, A. Heinzmann, J. Forster, S. Dischinger, C. Mehl,

E. Brueggenolte, F. Hildebrandt, M. Moseler, J. Kuehr, Linkage and allelic asso-
ciation of atopy and markers flanking the IL4-receptor gene, Clin. Exp. Allergy 28
(1998) 151-155.

K.A. Risma, N. Wang, R.P. Andrews, C.M. Cunningham, M.B. Ericksen,

J.A. Bernstein, R. Chakraborty, G.K. Hershey, V75R576 IL-4 receptor alpha is
associated with allergic asthma and enhanced IL-4 receptor function, J. Immunol.
169 (2002) 1604-1610.


http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0195
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0195
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0200
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0200
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0200
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0200
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0205
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0205
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0205
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0210
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0210
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0210
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0210
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0215
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0215
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0215
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0220
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0220
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0220
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0220
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0225
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0225
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0225
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0225
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0230
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0230
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0235
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0235
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0235
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0235
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0240
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0240
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0240
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0245
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0245
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0245
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0250
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0250
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0250
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0255
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0255
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0255
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0260
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0260
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0260
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0265
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0265
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0265
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0270
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0270
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0275
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0275
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0275
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0275
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0275
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0280
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0280
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0280
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0280
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0285
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0285
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0290
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0290
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0290
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0295
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0295
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0295
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0295
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0300
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0300
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0300
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0300
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0305
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0310
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0310
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0310
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0310
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0315
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0315
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0315
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0315
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0320
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0320
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0320
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0320
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0325
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0325
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0325
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0330
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0330
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0330
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0335
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0335
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0335
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0340
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0340
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0340
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0340
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0345
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0345
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0345
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0350
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0350
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0350
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0350
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0355
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0355
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0355
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0360
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0360
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0360
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0360
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0365
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0365
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0365
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0365
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0370
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0370
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0370
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0375
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0375
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0380
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0380
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0380
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0380
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0385
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0385
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0385
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0390
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0390
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0390
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0395
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0395
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0395
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0395
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0400
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0400
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0405
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0405
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0405
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0410
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0410
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0410
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0410
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0415
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0415
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0415
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0415
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0420
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0420
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0420
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0425
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0425
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0425
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0430
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0430
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0430
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0435
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0435
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0440
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0440
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0440
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0440
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0445
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0445
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0445
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0445

J.D. Nolin et al.

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

Z. Ni, N.M. Okeley, B.P. Smart, M.H. Gelb, Intracellular actions of group IIA se-
creted phospholipase A2 and group IVA cytosolic phospholipase A2 contribute to
arachidonic acid release and prostaglandin production in rat gastric mucosal cells
and transfected human embryonic kidney cells, J. Biol. Chem. 281 (2006)
16245-16255.

S.M. Warner, T.L. Hackett, F. Shaheen, T.S. Hallstrand, A. Kicic, S.M. Stick,

D.A. Knight, Transcription factor p63 regulates key genes and wound repair in
human airway epithelial basal cells, Am. J. Respir. Cell Mol. Biol. 49 (2013)
978-988.

B.K. Lam, J.F. Penrose, G.J. Freeman, K.F. Austen, Expression cloning of a cDNA
for human leukotriene C4 synthase, an integral membrane protein conjugating
reduced glutathione to leukotriene A4, Proc. Natl. Acad. Sci. U. S. A. 91 (1994)
7663-7667.

B.K. Lam, K.F. Austen, Leukotriene C4 synthase: a pivotal enzyme in cellular
biosynthesis of the cysteinyl leukotrienes, Prostaglandins Other Lipid Mediat. 68-
69 (2002) 511-520.

A.J. Jame, P.M. Lackie, A.M. Cazaly, I. Sayers, J.F. Penrose, S.T. Holgate,

A.P. Sampson, Human bronchial epithelial cells express an active and inducible
biosynthetic pathway for leukotrienes B4 and C4, Clin. Exp. Allergy 37 (2007)
880-892.

T.G. Brock, J.A. Anderson, F.P. Fries, M. Peters-Golden, P.H. Sporn, Decreased
leukotriene C4 synthesis accompanies adherence-dependent nuclear import of 5-
lipoxygenase in human blood eosinophils, J. Immunol. 162 (1999) 1669-1676.
J.E. Fabre, J.L. Goulet, E. Riche, M. Nguyen, K. Coggins, S. Offenbacher,

B.H. Koller, Transcellular biosynthesis contributes to the production of leuko-
trienes during inflammatory responses in vivo, J. Clin. Invest. 109 (2002)
1373-1380.

S. Zarini, M.A. Gijon, A.E. Ransome, R.C. Murphy, A. Sala, Transcellular bio-
synthesis of cysteinyl leukotrienes in vivo during mouse peritoneal inflammation,

11

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

BBA - Molecular and Cell Biology of Lipids xxx (xxxx) XXX—XXX

Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 8296-8301.

N. Uozumi, K. Kume, T. Nagase, N. Nakatani, S. Ishii, F. Tashiro, Y. Komagata,
K. Maki, K. Ikuta, Y. Ouchi, J. Miyazaki, T. Shimizu, Role of cytosolic phospho-
lipase A2 in allergic response and parturition, Nature 390 (1997) 618-622.

S.H. Cho, H.J. You, C.H. Woo, Y.J. Yoo, J.H. Kim, Rac and protein kinase C-delta
regulate ERKs and cytosolic phospholipase A2 in FcepsilonRI signaling to cysteinyl
leukotriene synthesis in mast cells, J. Immunol. 173 (2004) 624-631.

E. Kikawada, J.V. Bonventre, J.P. Arm, Group V secretory PLA2 regulates TLR2-
dependent eicosanoid generation in mouse mast cells through amplification of
ERK and cPLA2alpha activation, Blood 110 (2007) 561-567.

N.M. Munoz, A.Y. Meliton, J.P. Arm, J.V. Bonventre, W. Cho, A.R. Leff, Deletion of
secretory group V phospholipase A2 attenuates cell migration and airway hy-
perresponsiveness in immunosensitized mice, J. Immunol. 179 (2007) 4800-4807.
M. Peters-Golden, W.R. Henderson Jr., Leukotrienes, N. Engl. J. Med. 357 (2007)
1841-1854.

W.R. Henderson Jr., R.C. Oslund, J.G. Bollinger, X. Ye, Y.T. Tien, J. Xue,

M.H. Gelb, Blockade of human group X secreted phospholipase A, (GX-sPLA)-
induced airway inflammation and hyperresponsiveness in a mouse asthma model
by a selective GX-sPLA, inhibitor, J. Biol. Chem. 286 (2011) 28049-28055.

R.C. Oslund, N. Cermak, M.H. Gelb, Highly specific and broadly potent inhibitors
of mammalian secreted phospholipases A,, J. Med. Chem. 51 (2008) 4708-4714.
L.H. Beck Jr., R.G. Bonegio, G. Lambeau, D.M. Beck, D.W. Powell, T.D. Cummins,
J.B. Klein, D.J. Salant, M-type phospholipase A2 receptor as target antigen in
idiopathic membranous nephropathy, N. Engl. J. Med. 361 (2009) 11-21.

C.M. Evans, D.S. Raclawska, F. Ttofali, D.R. Liptzin, A.A. Fletcher, D.N. Harper,
M.A. McGing, M.M. McElwee, O.W. Williams, E. Sanchez, M.G. Roy,

K.N. Kindrachuk, T.A. Wynn, H.K. Eltzschig, M.R. Blackburn, M.J. Tuvim,

W.J. Janssen, D.A. Schwartz, B.F. Dickey, The polymeric mucin Muc5ac is re-
quired for allergic airway hyperreactivity, Nat. Commun. 6 (2015) 6281.


http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0450
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0450
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0450
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0450
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0450
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0455
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0455
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0455
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0455
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0460
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0460
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0460
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0460
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0465
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0465
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0465
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0470
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0470
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0470
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0470
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0475
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0475
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0475
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0480
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0480
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0480
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0480
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0485
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0485
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0485
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0490
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0490
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0490
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0495
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0495
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0495
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0500
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0500
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0500
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0505
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0505
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0505
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0510
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0510
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0515
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0515
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0515
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0515
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0520
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0520
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0525
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0525
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0525
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0530
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0530
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0530
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0530
http://refhub.elsevier.com/S1388-1981(18)30365-2/rf0530

	Function of secreted phospholipase A2 group-X in asthma and allergic disease
	Introduction
	Functions of secreted PLA2s relevant to asthma
	Implication of sPLA2-X in human asthma
	Function of sPLA2-X in the biosynthesis of cysteinyl leukotrienes by leukocytes
	Function of sPLA2-X in animal models of asthma
	Interaction of sPLA2-X through receptor-mediated functions
	Summary
	Conflict of interest
	Transparency document
	Acknowledgements
	References




