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Abstract Among more than 30 members of the phospholi-
pase A, (PLA,) superfamily, secreted PLA, (sPLA,) enzymes
represent the largest family, being Ca™'-dependent low-
molecular-weight enzymes with a His-Asp catalytic dyad. Indi-
vidual sPLAys exhibit unique tissue and cellular distributions
and enzymatic properties, suggesting their distinct biologi-
cal roles. Recent studies using transgenic and knockout
mice for nearly a full set of SPLA, subtypes, in combination
with sophisticated lipidomics as well as biochemical and cell
biological studies, have revealed distinct contributions of
individual sPLAys to various pathophysiological events, in-
cluding production of pro- and anti-inflammatory lipid me-
diators, regulation of membrane remodeling, degradation
of foreign phospholipids in microbes or food, or modifi-
cation of extracellular noncellular lipid components.Eli In
this review, we highlight the current understanding of the in
vivo functions of sPLA,s and the underlying lipid pathways
as revealed by a series of studies over the last decade.—
Murakami, M., H. Sato, Y. Miki, K. Yamamoto, and Y. Taketomi.
A new era of secreted phospholipase A,. J. Lipid Res. 2015.
56: 1248-1261.
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More than one third of the phospholipase Ay, (PLAy) en-
zymes belong to the secreted PLA, (sPLAy) family, which
contains 10 catalytically active isoforms (IB, IIA, IIC, IID,
IIE, ITF, II1, V, X, and XITA) and one inactive isoform (XIIB)
in mammals (1-4). Individual sPLAys exhibit unique tissue
and cellular distributions and substrate selectivity, suggest-
ing their distinct biological roles. Because sPLAos are se-
creted and require millimolar Ca” for their catalytic action,
they principally target phospholipids in the extracellular
space. Individual sPLAys participate in diverse biological
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events through generation of a variety of lipid mediators,
promotion of membrane remodeling, modification of ex-
tracellular noncellular lipid components such as surfactant,
microparticles and lipoproteins, or degradation of foreign
phospholipids in microbes and dietary components in re-
sponse to given microenvironmental cues. The biological
effects of sSPLLAys may also be driven or counter-regulated by
binding to soluble and membrane-bound M-type sPLA, re-
ceptor (PLA2R1). Therefore, the phenotypes displayed in
sPLA, gene-manipulated mice may not rely merely on the
changes in lipid mediator signaling (more particularly eico-
sanoid signaling), but may also involve one or a combina-
tion of the above possibilities. Here, we overview the latest
knowledge regarding the pathophysiological roles of indi-
vidual sPLAs as revealed by studies using gene-manipulated
mice over the past decade, focusing particularly on their
target substrates and products in vivo. The classification and
biochemical properties of sPLAys have also been detailed in
other elegant reviews (1-6).

GENERAL ASPECTS

Conventional sPLAys (group 1/11/V/X) are closely re-
lated low-molecular-weight enzymes with a highly con-
served Ca2+-binding loop and a His/Asp catalytic dyad as
well as conserved disulfide bonds, while atypical sPLAys
(group III and XII) are each classified into distinct classes
(Fig. 1). Of these, sPLAy-IB and -IIA are two prototypic
sPLAys that were originally identified by classical protein
purification from pancreas and inflamed sites, respectively

Abbreviations: AA, arachidonic acid; DC, dendritic cell; DPA, doc-
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L-PGDS, lipocalin-type prostaglandin Dy synthase; LPS, lipopolysaccha-
ride; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PGDy, prostaglandin Dy; PGE,, prostaglandin Ey;
PS, phosphatidylserine; PLA,, phospholipase Ay; cPLAya, cytosolic
phospholipase Aqa; SPLA,, secreted phospholipase Aq; PLA2R1, M-type
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Fig. 1. A phylogenetic tree of the sPLA, family and the functions
of individual sPLAys as revealed by studies using gene-manipulated
mice. Several examples for the functions of individual sPLAys, in
which underlying lipid metabolisms have been clarified (see text),
are illustrated on the phylogenetic tree. The overall functions of
SPLAs reported so far are summarized in Table 1. Although sPLA,-
XIIB, which is catalytically inactive, has been implicated in steato-
hepatitis, the mechanistic action is unknown.

(7-10). Structurally, sSPLA,-IB and -ITA are similar to snake
venom group I and II sPLAys, respectively. Among the
conventional sPLAys, sPLA,IB is evolutionally the oldest
sPLA, isoform in the animal kingdom because three genes
encoding IB-like sPLAys are present in nematode (Cae-
norhabditis elegans) , whereas group II, V, and X sPLAys exist
only in vertebrates (3). sPLAy-V does not possess the key
features of group I and II sPLAys, yet it is often classified
into the group II subfamily of sPLAys because its gene is
mapped to the group II sPLAy cluster locus (11, 12).
sPLAy-X has both group I- and group Il-like structural fea-
tures, suggesting that it emerged during the diversification
from group I to II sPLAys (13). sPLAy-III is an atypical
sPLA, that is more similar to bee venom group III sPLA,
than to other mammalian sPLAys (14). Another atypical
SPLAy-XII subfamily, XIIA and XIIB, has very unique struc-
tural and functional features (15, 16), and the preservation
of sPLA,-XII members from bacteria to human indicates
that they emerged early in evolution prior to Eubacteria
(17). Currently known sPLA, inhibitors can inhibit con-
ventional sPLAys to various degrees, yet an agent that spe-
cifically inhibits sPLAo-III or -XIIA has not yet become
available. Otoconin-90/95, which has two sPLA.-IB-like
domains, can also be classified into the sPLA, family, yet
we do not describe it in detail here because it is a struc-
tural protein of the inner ear and is unrelated to phospho-
lipid metabolism (18, 19).

Biochemical analyses using pure sPLAys have shown
that individual sPLAys have distinct substrate selectivity in
terms of the polar head groups or sn-2 fatty acids of phos-
pholipids. For instance, sPLLAy-X is very active on phospha-
tidylcholine (PC), while sPLA,-IIA has much higher
affinity for phosphatidylethanolamine (PE) or phosphati-
dylserine (PS) than for PC, and this substrate selectivity is
partly attributable to their crystal structures (20, 21). With

regard to sn-2 fatty acid specificity, SPLAy-IB, -IIA, and -III
do not discriminate fatty acid species, sPLA,-V tends to
prefer those with a lower degree of unsaturation such as
oleic acid, and sPLAy-X tends to prefer PUFAs including
arachidonic acid (AA) and DHA (22-26). It should be
noted that the enzyme activity is influenced by the assay
conditions employed, such as the composition of the sub-
strate phospholipids (pure phospholipid vesicles or mixed
micelles comprising multiple phospholipid species), the
concentrations of the sPLAs, presence of detergents, pH,
and so on. Hence, the enzymatic properties of individual
sPLAys determined in different studies are not entirely
identical. The use of excess super-physiological amounts
of sSPLA, in in vitro experiments often masks the substrate
selectivity. As membranes comprising a single phospho-
lipid molecular species do not exist and detergent is ab-
sent under most physiological conditions, a result obtained
using artificial phospholipid membranes may not reflect
the true enzymatic properties of a given sPLAy. An excep-
tion is sPLAo-IB, for which a detergent (bile acid) is impor-
tant for full enzymatic activity in the intestinal lumen (27).
Ideally, the enzymatic activity of each sPLA, isoform
should be evaluated at a physiologically relevant enzyme
concentration and with a physiologically relevant mem-
brane on which the enzyme acts intrinsically. Nonetheless,
the overall selectivity of sPLAys for the various phospho-
lipid head groups and for saturated versus unsaturated
fatty acids has been well-depicted by several in vitro enzy-
matic studies, and the in vivo data using lipidomics have
revealed an even more selective pattern of hydrolysis. In
some aspects, the use of transgenic versus knockout mice
is similar to the in vitro versus in vivo studies regarding the
sPLA, selectivity toward the full diversity of phospholipids
with various head groups and sn-2 fatty acids.

Some of the biological actions of sSPLAys in vivo have been
investigated using sPLAj-overexpressing transgenic mice
(28-38). However, the results should be interpreted with
caution, as a super-physiological level of sPLLA,, even in tis-
sues or cells where the enzyme is not intrinsically expressed,
could result in an artificial phenotype. Nevertheless, studies
using transgenic mice have yielded informative insights into
some of the pathophysiological roles of sPLAys. If mice
transgenic for a certain sPLA, display a particular pheno-
type opposite to that in knockout mice lacking the same
sPLA,, it can be concluded that this phenotype represents
the intrinsic function of this sPLA, isoform. In cases such as
this, transgenic mice are useful when searching for lipid-
metabolic processes driven by a particular sPLA, in vivo, be-
cause lipid mobilization in the transgenic mice is typically
prominent and easy to chase using a lipidomics approach.
Another noteworthy issue is that the overall phenotypes of
mice transgenic for different sPLAys are not entirely identi-
cal (28-38). If different sPLLAys have similar enzymatic prop-
erties, then the output phenotypes of mice transgenic for
them should be similar. However, this is not actually the
case. Why do mice transgenic for different sPLAys display
distinct phenotypes? The most likely explanation is that
individual sPLAys have distinct enzymatic properties, act-
ing on different phospholipid substrates and mobilizing
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different lipid metabolites in vivo. Likewise, while it is unde-
niable that knockout mice have provided much insight into
the pathophysiological role of sPLAys, there is often the
potential problem of compensatory mechanisms (i.e., that
one enzyme compensates the absence of a related one by
increasing its expression, activity, and/or function). How-
ever, accumulating evidence obtained from knockout mice
for different sPLAys suggests that it is also not the case in
most situations, likely because each sPLA, displays unique
substrate selectivity and tissue distribution. This point im-
plies that sSPLLAys are not “functional” isozymes in vivo.

In order to comprehensively understand the specific
biological roles of this enzyme family, it is important to
consider as to when and where different sPLAys are ex-
pressed, which isoforms are involved in specific types of
pathophysiology, and how the sPLAys exhibit their unique
functions by driving specific types of lipid metabolism. In
subsequent sections, we will describe the functions of indi-
vidual sPLAys as revealed by studies using knockout and/
or transgenic mice along with lipidomics approaches to
clarify their in vivo substrates and metabolites. The roles of
individual sPLAys, and the underlying lipid-metabolic
pathways in which they are involved, are summarized in
Table 1, and several examples are illustrated in Fig. 1 and

Fig. 2.

CONVENTIONAL sPLAys

PLA2G1B/sPLA,IB

sPLAo-IB is abundantly expressed in the pancreas, and to
amuch lesser extent in the lung and kidney. After secretion
from pancreatic acinar cells into the duodenal lumen, an
N-terminal heptapeptide of the inactive zymogen is cleaved
by trypsin to yield an active enzyme (7, 8). Gene disruption
of sPLA,IB (PlaZglb_/ ) results in decreased digestion of
dietary and biliary phospholipids in the gastrointestinal
tract (39). Accordingly, the reduced gastrointestinal pro-
duction and absorption of lysophosphatidylcholine (LPC),
a causal factor for insulin resistance, confers protection
against dietinduced obesity, glucose intolerance, hyperlip-
idemia, and atherosclerosis in Pla2g1b7/7 mice (40-43).
On the other hand, pancreatic acinar cell-specific Pla2glb-
transgenic mice develop more severe obesity and insulin
resistance (28). Oral supplementation with methyl-indoxam,
a pan-sPLA, inhibitor, prevents diet-induced obesity and
diabetes in mice, most probably through inhibition of
sPLAy-IB (44). Moreover, the PLA2GIB gene maps to a lo-
cus for obesity susceptibility in humans (45). Thus, pharma-
cological inhibition of sPLA.IB, a “digestive sPLA,,” could
be an effective oral therapeutic option for treatment of
metabolic diseases.

PLA2G2A/sPLA,-TIA

sPLAo-IIA is the only isoform detectable in the circula-
tion, particularly under pathological conditions. Because
sPLA.-TIA expression is induced by pro-inflammatory stimuli
in various cells and because its levels in sera or inflammatory
exudates are correlated with the severity of inflammation
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(9, 10, 46), it is often referred to as an “inflammatory
sPLA,.” However, the precise role of sSPLA-IIA in inflamma-
tion has remained unknown until recently, because a frame-
shift mutation in the Pla2g¢2a gene in C57BL/6 and 129Sv
mice has prevented adequate evaluation of its functions by
gene targeting (47, 48). Up to now, therefore, the in vivo
functions of sPLAy-IIA have been addressed mainly using
transgenic mice.

The most probable physiological role of sPLAy-IIA is
degradation of bacterial membranes, thereby providing a
first line of antimicrobial defense (49). Indeed, sPLA,-ITA
kills bacteria (Gram-positive in particular) at physiological
concentrations (50). Bacterial membranes are rich in PE
and phosphatidylglycerol (PG), whereas PC is a major
phospholipid in the outer leaflet of the plasma membrane
of mammalian cells. sSPLA,-ITA has a much higher affinity
for PE and PG than PC, thus accounting for the preferen-
tial action of this enzyme on bacterial cells rather than on
mammalian cells. In addition to this substrate specificity,
the highly cationic nature of sPLAo-IIA, which is not shared
with other sPLAys, is essential for bacterial membrane hydro-
lysis by this enzyme (51, 52). As such, PLA2G2A-transgenic
mice, or wild-type mice treated with recombinant sPLA,-
IIA, are resistant to pneumonia and sepsis following bacte-
rial infection (31, 32, 53-55). For this reason, sPLA,-ITA
can be regarded as a “bactericidal sPLA,.” Some bacteria
such as Pseudomonas aeruginosa and Bacillus anthracis have
developed a resistance mechanism against sSPLAy-IIA by in-
hibiting its induction in macrophages (55, 56).

Mouse strains with natural disruption of the Pla2g2a gene
(see above) are more sensitive to intestinal tumorigenesis
(48). Transgenic transfer of the Pla2g2a gene into these
mice reduces the incidence of intestinal polyposis (57),
indicating that sSPLA-IIA acts as a tumor suppressor in the
gastrointestinal tract. Consistently, there is an inverse rela-
tionship between PLA2G2A expression and gastric cancer in
humans (58), and polymorphisms in the PLA2G2A gene are
associated with fundic gland polyposis in patients with famil-
ial adenomatous polyposis (59). Given its function as a “bac-
tericidal sSPLA,,” sSPLA,-IIA secreted from intestinal Paneth
cells might control the gastrointestinal microflora, thereby
preventing tumor development. In contrast, SPLA,-TIA ex-
pression shows a positive correlation with several types of
cancer, including prostate cancer (60-62), suggesting dis-
tinct impacts of SPLAy-IIA on different types of cancer.

In a recent study, the mutated Pla2g2a allele in the
C57BL/6 strain was backcrossed onto the BALB/c strain
to produce Pla2g2a_/ "~ BALB/c mice. These Pla2g2a_/ -
mice are protected from autoantibody-induced arthritis,
while PLA2G2A-transgenic mice display more severe symp-
toms in the same model (63), thus providing compelling
evidence for the bona fide pro-inflammatory role of sPLA,-
ITA. Mechanistically, sSPLA,-ITA targets phospholipids in
microparticles, particularly in extracellular mitochon-
dria, thereby amplifying inflammation (64). Mitochondria,
which were originated from bacteria during evolution, are
released from activated platelets or leukocytes to accumu-
late at inflamed sites (65). Hydrolysis of the mitochondrial
membrane by sPLAo-IIA yields inflammatory mediators
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Fig. 2. Examples of the sPLAy-driven lipid path-
ways. Individual sPLAys are involved in distinct bio-
logical processes or diseases through driving unique
lipid pathways that involve or do not depend on lipid
mediators. In all cases, sPLAys act on extracellular
phospholipids (e.g., adjacent cells, lipoproteins, mic-
roparticles, diet, and bacteria membranes) after se-
cretion. For details, please see the text. RvD1, resolvin
D1; OA, oleic acid; LA, linoleic acid.
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including eicosanoids and lysophospholipids as well as
mitochondrial DNA as a danger-associated molecular
pattern, which promotes leukocyte activation. Moreover,
sPLAy-IIA-targeted extracellular mitochondria interact
with neutrophils, triggering adhesion of these cells to the
vascular wall. This breakthrough finding explains a long-
sought mechanism for the function of sSPLA,-IIA as an “in-
flammatory sPLA,.” Thus, sPLA-IIA is primarily involved
in host defense by both killing bacteria and alarming the
innate immunity response, and over-amplification of the
response can lead to excessive inflammation. In the latter
case, SPLAy-IIA can be viewed as a “double-edged sword.”
Transgenic overexpression of sPLAy-IIA results in skin
abnormalities manifested by hair loss and epidermal hy-
perplasia (29), and by increased carcinogen-induced skin
cancer (33). Importantly, sPLA,-IIA has long been impli-
cated in atherosclerosis as a potential causal factor or as a
biomarker in many studies, which are summarized in pre-
vious reviews (1-6). For instance, in line with clinical evi-
dence that PLA2G2A gene polymorphisms are associated
with atherosclerosis (66) and that serum sPLAo-IIA levels
show a positive correlation with cardiovascular diseases
(67), PLA2G2A-transgenic mice develop more advanced
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atherosclerotic lesions (30, 68). However, conclusive evi-
dence for the offensive roles of SPLA,-IIA in skin and ath-
erosclerosis will await future studies using Pla2g2a /~ mice
on the proper genetic background.

PLA2G2D /sPLA,IID

SPLA,-IID shows the closest structural relationship to
SPLAG-ITIA (69). This isoform is expressed preferentially in
dendritic cells (DCs) in secondary lymphoid organs such
as the spleen and lymph nodes of mice and humans (70),
suggesting its regulatory role in adaptive immunity. In a
model of Thl-dependent contact hypersensitivity, resolu-
tion of inflammation is compromised in the skin and
lymph nodes of Pla2¢g2d”’~ mice (70). sSPLA,-IID in re-
gional lymph nodes mobilizes a pool of w3 PUFAs that
are metabolized to pro-resolving lipid mediators such as
DHA-derived resolvin D1, which suppresses Thl cytokine
production and DC activation. sPLAy-IID preferentially
hydrolyzes DHA-containing PE in lymph node mem-
branes (possibly in microparticles). Consistent with its anti-
inflammatory role, sPLAy-IID expression in DCs is down-
regulated after cell activation. Furthermore, administration
of sSPLA,-IID-Fc protein attenuates autoimmune diseases



in mice (71). Thus, sPLA,IID is a “resolving sPLA,” that
ameliorates inflammation by mobilizing DHA-derived pro-
resolving lipid mediators. In humans, a PLA2G2D poly-
morphism is associated with body weight loss in chronic
obstructive pulmonary disease (72).

PLA2G2E/sPLAyIIE

Like sPLAy-IID, sPLAGIIE is structurally most homolo-
gous to sSPLA,TIA (73). Expression of sPLA,-IIE is markedly
induced in adipocytes after high-fat feeding in vivo and
during adipogenesis in vitro. Pla2g2 '~ mice are modestly
protected from dietinduced obesity, fatty liver, and hyper-
lipidemia (74). Mechanistically, sSPLA,-IIE hydrolyzes minor
lipoprotein phospholipids, PE, and PS, with no apparent
fatty acid selectivity. As such, SPLAy-IIE alters lipid composi-
tion in lipoproteins, thereby affecting fat accumulation in
adipose tissue and liver. Thus, sPLAyIIE is a “metabolic
sPLA,” that regulates systemic metabolic states by modifying
lipoprotein phospholipids. However, expression of sPLAo-
IIE in human adipose tissue is very low, revealing a species
difference. In humans, a polymorphism in the PLA2G2E
gene is associated with ulcerative colitis (75).

PLA2G2C,/sPLA,TIC and PLA2G2F/sPLA, IIF

sPLAo-IIC and -IIF have structural characteristics of group
IT sPLAs, but possess an extra sequence in the middle and
C-terminal regions, respectively (73, 76). A cell biological
study using Pla2g2c knockdown has shown that sPLA-IIC is
upregulated in hepatitis B-infected mouse hepatocytes to
produce lysophosphatidylethanolamine (LPE), which is
then presented to CD1d on natural killer T cells, leading to
propagation of an anti-virus immune response (77). sPLAy-
IIC is also expressed in meiotic cells in rodent testis (78).
However, as sPLA,-IIC is a pseudogene in humans (12),
analysis of Pla2g2¢’~ mice has not been performed.

sPLAG-IIF is abundantly expressed in the suprabasal epi-
dermis (79, 80). Gene disruption of SPLA,IIF (Pla2g2f ' )
has been reported to impair the acidification of the stra-
tum corneum and delay recovery of the skin barrier after
tape-stripping (79), although a mechanistic insight is cur-
rently obscure and it should be confirmed or expanded in
other ongoing studies.

PLA2G5/sPLA, V

Because sPLA,-V is able to hydrolyze PC more efficiently
than is sPLA,-ITA (81), most investigators in this research
field have focused on the potential role of this enzyme in
inflammation in the context of AA metabolism. It should
be noted, however, that sPLA,-V releases fatty acids with a
low degree of unsaturation, such as palmitic, oleic, and
linoleic acids, in preference to AA from cellular mem-
branes, lipoproteins, and even pure phospholipid vesicles
(22, 23, 25, 26). Therefore, the possibility that sPLAy-V
mobilizes lipid metabolites other than AA-derived eico-
sanoids should be taken into consideration to explain the
biological actions of this enzyme.

Zymosan-induced peritonitis or lipopolysaccharide (LPS)-
induced air pouch inflammation is partially ameliorated
in mice lacking sPLA,-V (Pla2g57/7) (82, 83). sPLA,-V is

expressed in bronchial epithelial cells and alveolar macro-
phages, and Pla2g5_/ "~ mice are protected from airway
disorders such as antigen-induced asthma and LPS- or ven-
tilator-induced alveolar injury (84-86). These studies lend
support to the offensive roles of SPLAo-V, yet the underlying
mechanisms remain uncertain. Although these phenotypes
in Pla2g57/ " mice are often accompanied by reduced levels
of eicosanoids, it is unclear whether sPLAy-V indeed drives
AA metabolism by itself in vivo because of its fatty acid selec-
tivity as noted above. Considering that the inflammatory
responses are often accompanied by activation of cytosolic
PLAya (cPLAya), a major AA-releasing PLA, (87), the ob-
served alterations in eicosanoid levels in Pla2g57/ ~ mice
might merely reflect the disease-associated changes in
cPLAyo activation, rather than hydrolytic liberation of AA
by sPLA,-V. In relation to this, there is evidence suggesting
that sPLA,-V regulates cPLAya phosphorylation (88, 89).
Moreover, transgenic overexpression of sPLA,-V leads to
respiratory distress and neonatal death with no or only a
modest increase in pulmonary eicosanoid levels (34). This
transgenic phenotype is attributable to aberrant hydrolysis
of surfactant phospholipids (dipalmitoyl-PC) and is appar-
ently eicosanoid-independent.

Although sPLAy-V was previously thought to be upregu-
lated by pro-inflammatory stimuli (as in the case of sPLA,-
ITA) (90, 91), it has recently become obvious that its
expression is induced by the Th2 cytokines, IL-4 and IL-
13, much more potently than by pro-inflammatory stimuli
including LPS, zymosan, and Th1 cytokines (74, 92, 93).
Indeed, sPLAy-V is expressed in IL-4-driven M2 macro-
phages and Th2 cells, which facilitate Th2-type immunity
while attenuating Thl- or Th17-type immunity. Notably,
Th2 responses such as IL-4 expression and IgE production
are reduced in Pla2g57/7 mice (74, 92, 94), which ac-
counts for the reduced allergic response in the absence of
SPLA,-V (84, 94, 95). In this regard, sPLAy,-V can be re-
ferred to as a “Th2-prone sPLA,.”

Thus, researchers should consider a bi-faceted action for
sPLA,-V, which could play both pro- and anti-inflammatory
(“Th2-prone”) roles depending on conditions, cell types,
and species. In the process of Th2-dependent asthma,
sPLA,-V appears to function in antigen-presenting cells
to regulate antigen processing and thereby the Th2 re-
sponse, as well as in airway epithelial cells to promote
airway injury that may involve surfactant degradation (34,
92, 94, 95). In contrast, Pla2g5_/_ mice are more suscep-
tible to Candida albicans or Escherichia coliinfection (Thl
immunity) and arthritis (Th17 immunity) accompanied
by reduced clearance of harmful materials (microorgan-
isms and immune complex, respectively) by macrophages
(63, 96, 97). As M2 macrophages have greater phagocytic
activity, the reduced phagocytosis in Pla2g57/7 macro-
phages could also be partly explained by the ability of
sPLAy-V to promote M2 macrophage polarization in Th2
immunity and therefore to counteract Th1/Th17 immu-
nity. Alternatively, sSPLAy-V may produce a certain lipid
metabolite that directly regulates macrophage phagocyto-
sis. In fact, it has recently been reported that IL-4-induced
sPLA,-V promotes phagocytosis in human macrophages
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through production of LPE, which fully restores defective
phagocytosis of zymosan and bacteria in sPLAy-V-knock-
down cells (93).

Because hydrolysis of phospholipids in LDL by sPLA,-V is
capable of promoting foam cell formation by macrophages
in vitro (98), sPLA,-V (and several other sPLAys) has cur-
rently been implicated in the development of atherosclero-
sis and related cardiovascular disorders. However, the roles
of sPLAy-V in cardiovascular diseases, particularly in the
context of lipoprotein metabolism, are controversial.
Ldl™’~ mice given transplants of Pla2g5 ~ bone marrow
cells are mildly protected from atherosclerosis (99); yet
neither the plaque formation nor plasma LDL levels are
affected by global Pla2g5 deficiency on the Apoe /™ back-
ground (100). Pla2g5 ablation attenuates myocardial infarc-
tion (101), while it worsens angiotensin Il-induced cardiac
fibrosis (102). Moreover, it has been reported that varesp-
ladib, a sPLA, inhibitor that broadly inhibits conventional
sPLA,s, failed to show efficacy in a phase III clinical trial for
cardiovascular diseases (103). Thus, it appears that sSPLAy-V
is not a major contributor to atherosclerosis and associated
diseases, even though it may promote these diseases in cer-
tain situations. Rather, it has recently been clarified that
LDL phospholipid hydrolysis by sPLA,-V is associated with
obesity-related metabolic syndrome.

In obesity, sSPLAy-V is induced in hypertrophic adipocytes
(74). When fed a high-fat diet, Pla2g57/ ~ mice display hy-
perlipidemia with higher plasma levels of lipid-rich LDL
and increased obesity, fatty liver, and insulin resistance.
sPLA,-V plays a protective role in metabolic disorders by hy-
drolyzing and thereby normalizing PC in LDL and by tip-
ping the immune balance toward an Th2/M2 state that
counteracts adipose tissue inflammation. Mechanistically,
sPLAy-V-driven oleic and linoleic acids from PC in LDL
dampen M1 macrophage polarization by saturated fatty
acids (e.g., palmitic acid), probably through attenuation of
endoplasmic reticulum stress. Together, these studies have
underscored the physiological relevance of lipoprotein hy-
drolysis by sPLAs, highlighted two adipocyte-driven “meta-
bolic sSPLAys” (sPLAG-IIE and -V) as integrated regulators of
immune and metabolic responses, and brought about a
paradigm shift toward a better understanding of the roles of
the sPLA, family as metabolic coordinators (74).

In humans, PLA2G5 gene polymorphisms are correlated
with LDL levels in subjects with type 2 diabetes (104). In vi-
tro sPLA.-V susceptibility of LDL from patients with type 2
diabetes is greater than that of LDL from healthy controls
(105). Moreover, PLA2G5 expression in human visceral adi-
pose tissue inversely correlates with plasma LDL levels (74).
These results imply a human relevance for the metabolic
role of sPLA,V. Additionally, biallelic mutations in the
PLA2G5 gene cause benign fleck retina (106). Loss of LPC
acyltransferase 1 (LPCAT1) also causes retinal degenera-
tion (107), suggesting a potential link between sPLA,-V and
LPCATT in PC metabolism for retina homeostasis.

PLA2G10/sPLAyX

As in the case of SPLAyIB, sPLA,-X is synthesized as a zy-
mogen, and removal of an N-terminal propeptide produces

1254 Journal of Lipid Research Volume 56, 2015

an active mature enzyme (13). This processing occurs ei-
ther before secretion intracellularly by furin-like conver-
tase or after secretion extracellularly (108, 109). Among
the sPLAys, sSPLAy-X has the highest affinity for PC and
thus exhibits the most potent ability to hydrolyze plasma
membrane phospholipids in intact cells (110, 111). Be-
cause of this property, many investigators have speculated
that sSPLAy-X plays a pro-inflammatory role, although con-
flicting evidence also exists (see below).

Mice lacking sPLAy-X (Pla2gl10 ') are refractory to
antigen-induced asthma, with marked reductions in infiltra-
tion of eosinophils, hyperplasia of goblet cells, thickening
of the smooth muscle layer, and levels of Th2 cytokines
and eicosanoids (112). The attenuated asthmatic responses
in Pla2g10”’~ mice are restored by knock-in of human
sPLA,-X, and treatment of the knock-in mice with an in-
hibitor specific for human sPLAy-X suppresses airway in-
flammation (113). Mechanistically, sSPLAy-X secreted from
the airway epithelium may act on infiltrating eosinophils
to augment leukotriene production in a process involving
LPC-dependent activation of cPLAya (114). In addition,
sPLAy-X expression is increased during in vitro epithelial
differentiation and directly participates in AA release by
epithelial cells (115). Pla2gl 0~’" mice are also partially
protected from the early phase of lung inflammation in a
model of pandemic influenza infection (116), further un-
derlining the pro-inflammatory role of this enzyme in the
airway. Moreover, sPLAy-X is one of the major sPLA, iso-
forms detected in the airway of patients with asthma (117),
thus directing attention to sPLAy-X, an “asthmatic sPLA,,”
as a novel therapeutic target for asthma. Unlike sPLAy-V,
however, sPLAy-X does not influence the Th2 response it-
self, because antigen-sensitized Pla2g10”’~ and wild-type
mice have similar IgE and IL-4 levels (94).

Pla2g10”’~ mice are also protected from myocardial in-
farction or aneurysm (118-120), show a reduced inflamma-
tory pain (121), have an increased adrenal steroidogenesis
(122), and exhibit alteration in insulin secretion by pancre-
atic 3 cells, perhaps as a result of reduced prostaglandin E,
(PGE,) synthesis (123). However, several of the phenotypes
reported for Pla2g10”’~ mice are controversial. Although
sPLA,-X (like sSPLAy-V) has been implicated in atherosclero-
sis, different groups have reported opposite (exacerbated
or attenuated) atherosclerotic phenotypes in Pla2g] 0’/
mice (119, 124). In humans, polymorphisms in the PLA2G10
gene are linked to a decreased risk of recurrent cardiovas-
cular events (125), or not associated with plasma sPLA, ac-
tivity or with coronary heart disease risk (126). Additionally,
in different studies, Pla2g10_/_ mice display altered or
unaltered macrophage functions (127) or increased or de-
creased adiposity (121, 128). Although some of these studies
were performed under the assumption that sPLAs-X is ex-
pressed in macrophages or adipocytes, our own investiga-
tions have shown that its expression in these cells is low or
almost undetectable. Rather, sPLA,-X might be expressed
in a limited subset of these cells or supplied from proximal
or even distal cells in a paracrine manner. As sPLA,-X is
abundantly expressed in the gut epithelium (a “gastrointes-
tinal sPLA,”), it is likely that the decreased digestion and



absorption of dietary and biliary phospholipids are eventu-
ally linked to the reduced adiposity in Pla2, 107" mice
(121), a situation similar to that in Pla2glb ’ mice (see
above). Alternatively, the intestinal expression of sPLA-X
might alter the microbiota, which could secondarily influ-
ence both immune and metabolic balances (129-131). This
might account for some of the discrepancies observed in
Pla2¢10”'~ mice maintained in different facilities. Another
feature of note is that sPLAy-X is able to release w3 PUFAs,
such as DHA, in addition to w6 AA (26, 37). Hence, when
assessing the biological roles of sSPLAy-X, researchers should
consider the balance between w6 and w3 PUFA metabo-
lism, rather than focusing only on AA metabolism.

In addition to the gastrointestinal tract, sSPLAs-X is
abundantly expressed in the testis, where it is stored in ac-
rosomes in the head of sperm cells (132). sPLAy-X is re-
leased from activated sperm cells during the acrosome
reaction. Pla2gl 0" spermatozoa display a poorer acro-
some reaction and lower fertility, despite showing normal
maturation and motility (121, 132). Thus, sPLAy-X, a “re-
productive sPLA,,” plays a specific role in sperm activa-
tion, boosting the acrosome reaction probably through
production of some lipid products from sperm mem-
branes in a paracrine or autocrine manner. LPC is a candi-
date product responsible for the action of sPLAyX,
because it can partially restore the defective fertilization of
wild-type sperm treated with anti-sPLA,-X antibody (132).

Lastly, a striking skin phenotype characterized by alope-
cia in Pla2gl(+transgenic mice points to a unique role of
sPLA,-X in hair homeostasis (36). Although the coat hairs
of Pla2gl 0~ mice appear grossly normal, they have ultra-
structural abnormalities including a hypoplasic outer root
sheath and reduced melanin granules in their hair follicles.
However, considering that the expression of endogenous
sPLA,-X in mouse skin is very low, it is possible that the
transgenic overexpression of sSPLAy-X might have mimicked
the intrinsic action of a specific skin-resident sPLA, (e.g.,
sPLAG-IIF).

ATYPICAL sPLA,s

PLA2G3/sPLA,III

sPLAG-III, an atypical sPLA,, has a central sPLA, domain
with a typical group III feature that is flanked by unique
N- and C-terminal domains (14). The N- and C-terminal
domains are removed to give rise to a mature sPLA, do-
main-only form (133). Transgenic overexpression of
SPLA,-IIT in Apoe /™ mice results in increased atheroscle-
rosis due to accelerated LDL hydrolysis and increased
thromboxane A, synthesis (37). These mice also develop
systemic inflammation as they age due to increased eico-
sanoid formation (38). Thus, beyond the overexpression
strategy, SPLAo-III has pro-inflammatory potential.

Microenvironmental alterations in mast cell phenotypes
affect susceptibility to allergy, yet the mechanisms underlying
the proper maturation of mast cells toward an allergy-
sensitive phenotype have been poorly understood. sPLAg-IIT
is released from mast cell granules, and mast cell-associated

anaphylactic responses are markedly attenuated in Pla2g37/ -
mice and conversely augmented in Pla2g3-transgenic mice
(134). Tissue mast cells in Pla2g37/ ~ mice are immature,
and therefore resistant to Igk-dependent and even IgE-in-
dependent activation. Similar mast cell abnormalities are
also seen in mice lacking lipocalin-type prostaglandin Dy
(PGDy) synthase (L-PGDS) or those lacking the PGD, re-
ceptor DPI1, suggesting their functional relationship. In-
deed, genetic or pharmacological inhibition of DP1 in mast
cells or L-PGDS in fibroblasts phenocopies that of sSPLA,-III
in mast cells in terms of defective mast cell maturation and
anaphylaxis. Mechanistically, sSPLA-III secreted from imma-
ture mast cells is coupled with fibroblastic L-PGDS to pro-
vide PGD,, which in turn promotes mast cell maturation via
DP1. It has long been believed that mast cell maturation
requires some unknown factor(s) derived from microenvi-
ronmental fibroblasts. The PGD, driven by the sPLAG-III/
L-PGDS/DP1 loop provides a missing microenvironmental
cue that underlies the proper maturation of mast cells
(134). This paracrine loop also appears to be operative for
maturation of human mast cells.

SsPLAG-IIT is highly expressed in the epididymal epithe-
lium, where it acts on immature sperm cells passing
through the duct in a paracrine manner to regulate phos-
pholipid remodeling (135). During epididymal transit of
spermatozoa, PC in the sperm membrane undergoes a
dramatic shift in its acyl groups from oleic acid and AA to
docosapentaenoic acid (DPA) and DHA, and the in-
creased proportion of DPA/DHA consequently contrib-
utes to increased sperm membrane fluidity and thereby
flagellar motility. This sperm membrane remodeling is
severely compromised in Pla2g3_/ "~ mice, whose spermato-
zoa, with a low proportion of DPA/DHA, have aberrant
acrosomes and flagella with an abnormal axoneme con-
figuration and display reduced motility and fertility (135).
Thus, the two “reproductive sPLAys” (sPLAo-III and -X),
which are expressed in different locations within male
genital organs, exert nonredundant but interrelated func-
tions in two major steps of male fertility; the former during
sperm maturation in the epididymis and the latter during
capacitation and acrosome reaction, likely after ejacula-
tion in the female genital duct.

In humans, SPLA.-III is a candidate biomarker for colon
cancer (136), and a PLA2G3 haplotype is correlated with a
higher risk of colon cancer (137). PLA2G3 polymorphisms
are associated with acquired immune deficiency syndrome
(138). sPLA,III is induced in a human neuronal model of
oxidative stress, and PLA2G3 polymorphisms are associated
with Alzheimer’s disease (139). Lastly, a functional genomic
screen for modulators of ciliogenesis has identified sPLAo-
IIT as a negative ciliogenesis regulator probably through
regulation of the endocytic recycling pathway (140).

PLA2G12/sPLA,-XII subfamily

The atypical group XII subfamily contains two isoforms,
SsPLAy-XIIA and -XIIB. Although sPLA,-XIIA is highly ex-
pressed in various tissues, its physiological functions are
largely obscure because studies using Pla2g12a_/ " mice
have not yet been conducted. Reportedly, sPLA,-XIIA kills
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Gram-negative bacteria such as Helicobacter pylori even
more efficiently than sPLAG-IIA in vitro (50, 141). Ectopic
overexpression of sPLA-XIIA in Xenopus laevis embryos
leads to neurogenesis toward olfactory sensory structures
(142). sPLA,-XIIA is present in axon terminals and den-
drites in rat brain, and injection of its antisense oligonu-
cleotide into the prefrontal cortex results in deficits of
working memory and attention (143). In humans, there is
a suggestive association between a PLA2GI2A polymor-
phism and response to anti-vascular endothelial growth
factor therapy in patients with exudative age-related macu-
lar degeneration (144).

sPLAy-XIIB, preferentially expressed in the liver, is cata-
lytically inactive due to the replacement of the catalytic
histidine by a leucine residue (16). Hepatic expression of
sPLA,-XIIB is induced by the transcription factor HNF-4a
and its coactivator PGC-la, and Pla2g12b~’~ mice display
steatohepatitis due to impaired hepatic secretion of VLDL
(145). However, the molecular mechanism underlying the
action of this catalytically inactive sPLA, remains fully
unknown.

PLA2R1/sPLA, RECEPTOR

PLA2R]1, also known as Clecl3c belonging to the C-type
lectin family, binds to several conventional sPLAys with dis-
tinct affinities (146). PLA2R1 exists as an integral mem-
brane protein with a very large extracellular region
comprising 10 distinct domains and only a short cytoplas-
mic domain, or as a soluble protein produced by alterna-
tive splicing or shedding from the membrane-bound
receptor (147-149). PLA2R1 may act in three modes: i) as
a clearance receptor that inactivates sPLAys; i) as a signal-
ing receptor that transduces sPLAs-dependent signals in a
catalytic activity-independent fashion; or i) as a pleiotro-
pic receptor that binds to nonsPLA, ligands.

Pla2r]”’~ mice show lower inflammation after LPS chal-
lenge through some unknown mechanism (150). In a
model of allergen-induced asthma, the lungs of Pla2rl -
mice show greater infiltration of immune cells and higher
levels of eicosanoids and Th2 cytokines, accompanied by
greater levels of SPLAy-IB and -X proteins, than those of
wild-type mice (151), providing the first in vivo evidence
that PLA2RI serves as a clearance receptor for these sP-
LAys. In a model of myocardial infarction, Pla2r] /" mice
exhibit higher rates of cardiac rupture, with impaired
collagen-dependent migration, growth, and activation of
myofibroblasts (152). Mechanistically, binding of sPLAy-IB
to PLA2R1 augments the migration and growth of myofi-
broblasts, and thereby wound healing, through functional
interaction with integrin, supporting the signaling role of
PLA2RI1. However, as the cardiac expression of SPLAy-IB is
very low, other sPLAy(s) or unknown component(s) might
act as a PLA2RI ligand in this situation. Alternatively, con-
sidering that ablation of sPLA-V or -X ameliorates myocar-
dial infarction (101, 118), the lower clearance of these
sPLA,s might explain the observed phenotypes in Pla2rl™’~
mice. PLA2R1 may also function as a tumor suppressor by
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inducing cellular senescence (153-155). In line with this,
Pla2rI'’" mice have increased susceptibility to skin tu-
morienesis due to escape from senescence (155). Al-
though the anti-tumor function of PLA2R1 may be
sPLAy-independent, it is also possible that the protective
effect of PLA2R1 against skin cancer is due to the clear-
ance of a skin-resident sPLA,.

Recently, PLA2R1 has been identified as a major auto-
antigen in membranous nephropathy, a severe autoim-
mune disease leading to podocyte injury and high levels of
proteinuria (156, 157), suggesting that PLA2R1 is a key
protein expressed in human renal podocytes. However, it
is not clear whether the role of PLA2R1 in podocytes is
sPLAy-dependent or -independent, or whether sPLAys may
play some roles in the microenvironment of the glomeru-
lus by being supplied from the circulation or from neigh-
boring cells such as mesangial cells, which are known to
secrete SPLA,-ITA under inflammatory conditions (158).

Several features of PLA2RI pose questions regarding
the signaling role of this protein. Although various sPLAys
bind to mouse PLA2R1 with high to moderate affinity, this
ligand specificity is not conserved in other species, includ-
ing humans (146). Furthermore, unlike most signaling
receptors that have a long cytoplasmic region with one
or more signaling motifs, PLA2R1 possesses only a short
stretch in the cytoplasmic tail without any known signaling
module except for an endocytosis motif (159). With this
structural property, it is difficult to envisage that PLA2R1
itself would act as a signaling receptor. Hence, the pres-
ence of a second, as yet unknown, signaling subunit that
could form a functional complex with PLA2R1 should be
taken into consideration. It is interesting to note that sev-
eral C-type lectins can act cooperatively with other signal-
ing receptors (160, 161). For instance, mannose-binding
lectin enhances TLR2/TLR6 signaling (162), dectin-1,
which recognizes a fungal component, can collaborate
with TLR2 (163), and dectin-2, which does not possess an
intracellular signaling motif, can transmit signals by inter-
acting with ITAM motif-bearing receptors such as FcRy
and DAP12 (164). By analogy, PLA2RI, as a member of
the C-type lectins, might be functionally coupled with
other signaling receptors leading to cellular responses.

CONCLUDING REMARKS

Studies during the last decade have revealed the patho-
physiological functions of various sPLAys, as exemplified
by sPLA-IB, ITA, 1ID, IIE, V, X, and III acting as “digestive,”
“inflammatory or bactericidal,” “resolving,” “metabolic,” “re-
productive or anaphylactic,” “Th2-prone or metabolic,” and
“asthmatic, reproductive, or gastrointestinal” sPLAys, re-
spectively (Figs. 1 and 2) (64, 70, 74, 112, 121, 132, 134, 135).
It is now obvious that individual sPLAys play unique and
tissue-specific roles by acting on extracellular phospholip-
ids, which include adjacent cell membranes, noncellular
lipid components, and foreign phospholipids, such as those
in microbes and food. The diversity of target phospho-
lipids and products may explain why the sPLA, family



contains multiple isoforms. However, as most of our knowl-
edge on sPLA, functions has been obtained from mouse
studies, it is important to translate these studies to humans
with caution. Indeed, not all of these studies might be
translated into humans (as exemplified by sPLAo-IIA in
humans versus sPLA-IIE in mice (74)), and evidence also
exists that knockout mice for the same enzyme on different
backgrounds behave differently (165). Nonetheless, sev-
eral functions of sPLAys in mice, as depicted in Fig. 2, ap-
pear to be conserved in humans (55, 70, 74, 93, 117, 134).
Further advances in this research field and their integra-
tion for therapeutic applications are expected to benefit
from improved lipidomics that will allow monitoring of
individual sPLAys and associated lipid metabolisms within
specific tissue niches. Hopefully, the next decade will yield
a comprehensive map of the sPLA,-driven lipid networks,
thus allowing the therapeutic application of inhibitors for
some sPLAys central to human diseases. Bl

In the interest of brevity, the authors have referenced other
reviews whenever possible and apologize to the authors of the
numerous original papers that were not explicitly cited.
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