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1 Abbreviations

AdPLA adipose phospholipase A2

APC antigen presenting cell

CA Cornu Ammonis

CD cluster of differenciation

CHS contact hypersensitivity

CL cardiolipin

COX cyclooxygenase

cPLA2 cytosolic phospholipase A2

DC dendritic cell

DNBS dinitrobenzenesulfonic acid

DNFB dinitrofluorobenzene

EST expressed sequence tags

FITC fluorescein isothiocyanate

GFP green fluoroscent protein

H&E hematoxylin and eosin

hPGDS hematopoietic-type prostaglandin D synthase

Ht heterozygous

iPLA2 calcium-independent phospholipase A2

KO knockout

LC Langerhans cell

LPA lysophosphatidic acid

LPC lysophosphatidylcholine

LPE lysophosphatidylethanolamine

lPGDS lipocalin-type prostaglandin D synthase

LPI lysophosphatidylinositol

LPL lysophospholipase

LPLA2 lysosomal phospholipase A2

LPS lysophosphatidylserine

LT leukotriene

MHC major histocompatibility complex

mPGES membrane-associated prostaglandin E sythase

PAF platelet activating factor

PAF-AH PAF acetyl hydrolase

PAPC 1-palmitoyl-2-arachidonoyl phosphatidylcholine

PC phosphatidylcholine

PCR polymerase chain reaction

PE phosphatidylethanolamine

PE phycoerythrin

PG prostaglandin

PI phosphatidylinositol

PLA1 phospholipase A1

PLB phospholipase B

PLC phospholipase C

PLD phospholipase D

PS phosphatidylserine

sPLA2 secretory phospholipase A2

SRM selected reaction monitoring

TNCB trinitrochlorobenzene

WAT white adipose tissue

WT wild type
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2 Abstract

Cytosolic phospholipase A2β (cPLA2β) is identified in the expressed sequence tag

data base, but the function of the enzyme is not yet well known. I generated cPLA2β

deficient mice to elucidate the role of the enzyme in vivo. Ablation of cPLA2β enhanced

the contact hypersensitivity response induced by 1-fluoro-2,4-dinitro-benzene (DNFB)

as marked by edema and hemorrhage. Though no difference was observed between wild

type (WT) mice and cPLA2β knockout (KO) mice in fluorescein isothiocyanate (FITC)-

induced in vivo cell migration assay, dinitrobenzenesulfonic acid (DNBS)-induced cell

proliferation in lymph nodes was promoted in the elicitation phase, and simultaneously,

enhanced eicosanoid production was observed in the skin.

I performed quantitative profiling of lysophospholipids in lymph nodes from

cPLA2β-deficient mice and WT mice using LC/MS/MS, and was able to observe

changes in lysophospholipid composition associated with DNFB sensitization and

depletion of cPLA2β were observed. These results suggest that cPLA2β plays a role in

regulating the immune response through lipid metabolism.
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3 Introduction

Glycerophospholipids and phospholipases

A glycerophospholipid contains 2 fatty acids and a polar head attached to the

glycerol backbone. Various classes of phospholipids with different polar head groups

are known such as phosphatidylcholine (PC), phosphatidylehanolamine (PE), phos-

phatidylinositol (PI) and phosphatidylserine (PS), and they are subclassified into 3

groups such as diacyl, alkylacyl and alkenylacyl according to differences in the chemical

linkage of the fatty chain (i. e. ester, ether, and vinyl-ether, respectively) at the sn-1

position of the glycerol backbone. In general, saturated fatty acids are esterified at the

sn-1 position while unsaturated fatty acids are usually found at the sn-2 position1).

Phospholipases are enzymes that hydrolyze ester bonds in glycerophospholipids.

Phospholipase A1 (PLA1) [EC 3. 1. 1. 32] and phospholipase A2 (PLA2) [EC 3. 1. 1. 4]

are aliphatic esterases that hydrolyze glycerophospholipids at the sn-1 and sn-2 posi-

tions, respectively, and phospholipase B (PLB) has both PLA1 and PLA2 activities.

Phospholipase C (PLC) and Phospholipase D (PLD) are phosphodiesterases, which

release diacylglycerol and phosphatidic acid, respectively. Lysophospholipase (LPL)

hydrolyzes lysophospholipids and releases fatty acids.

The phospholipase A2 family comprises a large number of distinct enzymes, which
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are classified into 6 groups: secretory PLA2 (sPLA2), cytosolic PLA2 (cPLA2), calcium-

independent PLA2 (iPLA2), PAF acetylhydrolase (PAF-AH), lysosomal PLA2 (LPLA2),

and adipose PLA2 (AdPLA)2).

Hydrolysis of the sn-2 position of glycerophospholipids is of particular importance

when the esterified fatty acid is arachidonic acid, because it can be converted into an

eicosanoid. The eicosanoids are a group of bioactive fatty acid metabolites that includes

the prostaglandins (PGs) and the leukotrienes (LTs). The other reaction products, the

lysophospholipids, also contain biologically active molecules, and some of them can be

converted into platelet-activating factor (PAF) by lysoPAF acetyltransferases3).

cPLA2α

The cytosolic phospholipase A2 family contains 6 members, namely cPLA2α,

cPLA2β, cPLA2γ, cPLA2δ, cPLA2ε, and cPLA2ζ. The first cPLA2, now referred as

cPLA2α, was reported to be active in human neutrophils4) and platelets5), and cDNA

was cloned from U937 cells6). cPLA2α has a substrate preference for arachidonic acid

at their sn-2 position6), and cPLA2α plays a pivotal role in the production of PGs

and LTs. cPLA2α has a Ca2+-binding domain, called the C2 domain, and intracellular

Ca2+ causes translocation of the cPLA2α protein7). In addition, cPLA2α can be acti-

vated through phosphorylation by MAP kinase8). Production of eicosanoids and PAF
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are markedly decreased in cPLA2α-deficient mice, and ovalbumin-induced anaphylactic

responses are significantly reduced in these mice9). In addition, cPLA2α-deficient mice

exhibit much milder symptoms in a number of disease models10).

cPLA2β

Human cPLA2β cDNA was cloned using the expressed sequence tags (EST)

database. cPLA2β mRNA is strongly expressed in pancreas and cerebellum, and is

detected at a low levels in other tissues11)12). In the rat brain, there is a moderate to

strong expression of cPLA2β mRNA in the granule cell layer, a weak expression in the

molecular layer, and no expression in the Purkinje cells. Weak expression in the hip-

pocampal CA1-3 and dentate gyrus, and a very weak expression in the olfactory bulb,

amygdala, basal forebrain, cerebral cortex, thalamus and midbrain are also found13).

The catalytic residues known in cPLA2α, Ser-218 in the GXSGS motif and Asp-549 in

the DXG motif, are conserved in cPLA2β along with another essential arginine, Arg-

566, and the enzymatic activities of cPLA2β are dependent on these residues. When

1-palmitoyl-2-arachidonoyl PC (PAPC) was used as a substrate, human cPLA2β showed

both PLA1 and PLA2 activities, which were Ca2+ dependent. It did not release the sn-

2 arachidonate from 1-O-hexadeacyl-2-arachidonyl-PC, suggesting the possibility that

the PLA2 activity observed was a combination of PLA1 activity and lysophospholipase
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activity (or transacylase activity)12).

Recently, 2 splice variants of human cPLA2β, named cPLA2β2 and cPLA2β3

were reported. The cPLA2β molecule originally reported was renamed cPLA2β1. These

splice variants were cDNA cloned from the lung epithelial cell line BEAS-2B. They have

internal deletions between the DXG motif and the C-terminus. Although both have the

same catalytic residues as cPLA2β1, exon 23 is missing in cPLA2β2, which causes a

frameshift, while cPLA2β3 has a deletion that does not cause a frameshift (Fig. 1).

cPLA2β1 has lysophospholipase activity that is weakly inhibited by cPLA2α inhibitors

such as pyrrophenone, Az-1, and methyl arachidonoyl fluorophosphonate.14).

Murine cPLA2β (m-cPLA2β) was first reported by Ghomashchi, et al. They

showed that mcPLA2β is a phospholipase A2 rather than a lysophospholipase, and it

has significant PLA1 activity. Although the C2 domain is conserved in this enzyme, the

function of this domain is not typical in that Ca2+ is not required for interfacial binding

of this domain and or for the activity of the full-length protein, even though they are

promoted by phosphoinositides15).

cPLA2γ

Human cPLA2γ was also discovered from the EST database, and cDNA was

cloned from a human skeletal muscle cDNA library16). The amino acid sequence of
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its catalytic domain is homologous to that of cPLA2α, but it lacks a C2 domain, and

therefore its PLA2 activity is Ca2+ independent. This enzyme is expressed in heart,

skeletal muscle, and the brain. The molecule contains a prenyl group-binding motif

and appears to be largely membrane-bound11). Overexpression of cPLA2γ increased

the proportion of polyunsaturated fatty acids in phosphatidylethanolamine, suggesting

that the enzyme modulates phospholipid composition. This enzyme is possibly involved

in remodeling and maintaining membrane phospholipids17).

cPLA2δ, cPLA2ε and cPLA2ζ

Human cPLA2δ was found to be expressed in psoriatic skin. This gene encodes a

protein that has homology with other cPLA2s in the C2 and catalytic domains. Human

cPLA2δ mRNA has been found in fetal skin and cervix18).

Murine cPLA2δ, cPLA2ε and cPLA2ζ were found in a genome database. These

genes form a gene cluster with cPLA2β. In these cPLA2s, the C2 domain and the

catalytic domain are conserved along with the catalytic dyad (Ser-228 and Asp-549 in

human cPLA2α) and a catalytically essential amino acid residue (Arg-200 in human

cPLA2α). Murine cPLA2δ mRNA is found in placenta, cPLA2ε in thyroid, heart, and

skeletal muscle, and cPLA2ζ in thyroid19).
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Contact hypersensitivity

Contact hypersensitivity (CHS) is an animal model of allergic contact dermatitis.

It is widely used in the study of basic immunological mechanisms. In this model, animals

are sensitized by an antigen and then re-exposed to the same antigen, which causes an

immunological reaction at the site of antigen exposure. CHS consists of 2 phases: a

sensitization phase and an elicitation phase. In the sensitization phase, the first hapten

to contact the skin binds to an endogenous skin protein and forms an immunogenic

hapten-carrier complex. The complex is taken up by Langerhans cells (LCs) and dermal

dendritic cells (dDCs). These cells migrate to the draining lymph nodes to present

the haptenated peptides and activate näıve T cells. The activated T cells proliferate

and migrate out of the lymph nodes and into the circulation. Traditionally, CHS is

considered a model of a type-IV allergic reaction, which is solely driven by T cells, but

recent studies have revealed that other cell types, such as B1 cells, natural killer cells,

and natural killer T cells, also seem to mediate important functions20). In the elicitation

phase, a bi-phasic ear-swelling response, with its first and second peaks at 2 h and 24

h, respectively, after challenge, is observed21). The early phase is mediated by T cells

and mast cells, and complement C5/C5a is known to be involved in recruitment of T

cells22). Local platelets are also known to play a pivotal role by releasing vasoactive
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inflammatory mediators such as serotonin23).

Studies of cytokine knockout mice have revealed contributions of cytokines to

CHS. TNFα-deficient mice and IL-1-deficient mice showed diminished reactions in trini-

trochlorobenzene (TNCB) or oxazolone-induced CHS. TNFα was required for the in-

duction of local inflammation during the elicitation phase. On the other hand, IL-1

is required for hapten-specific T cell priming in the sensitization phase24). IFNγ is

also an effector molecule during the elicitation phase. IFNγ-receptor KO mice showed

reduced dermal mononuclear cell infiltration25) and DNFB-induced CHS responses26).

Several chemokines and chemokine receptors are known to be involved in LC migration

and CHS initiation. The CHS reaction was abolished in mice lacking CCR7 which is a

CCL19 and CCL21 receptor27).

CHS and mast cells

A number of studies have demonstrated an increase in mast cell counts at CHS

reaction sites28). Repeated topical application of picryl chloride caused an increase

in mast cell numbers29). These cells can originate from the bone marrow or by cell

proliferation in the skin. Cells with characteristics of mast cells are found in the cultured

hair follicles, suggesting that the hair follicles in the skin can be a source of mast cells30).

Degranulation of mast cells is observed at the reaction site. A time-course study
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showed a dual-phase degranulation in TNCB-induced CHS31). There was a modest

degranulation between 1 and 6 h and an extensive degranulation at 12 h after antigen

challenge. Although this model was classically known as a type-IV allergic model, a

contribution of IgE has also been demonstrated. The reaction in oxazolone or DNFB-

induced CHS was diminished in IgE-deficient mice32).

Langerhans cells and dermal dendritic cells

Epidermal LCs are skin resident dendritic cells. They ingest and process antigens,

and migrate to draining lymph nodes for antigen presentation. However, the function of

LCs in CHS has recently been controversial because of conflicting results in studies using

LC-deficient mice. Langerin-DTA transgenic mice, lacking epidermal LCs constitutively

and durably, develop enhanced CHS induced by DNFB or oxazolone33). Acute ablation

of LCs consistently enhanced CHS reaction to DNFB34). The absence of both LCs and

Langerin-positive dermal DCs resulted in reduced CHS, which suggested that dermal

DCs are crucial for the CHS reaction35).

CHS and lipid mediators

Lipid mediators such as prostaglandins (PGs) and leukotrienes (LTs) have a piv-

otal role in inflammatory responses, and some of these mediators are reported to be
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involved in the CHS reaction. PGE2, which is reportedly produced in the skin36), pro-

moted migration and maturation of LCs through one of its specific receptors, EP4
37). On

the other hand, an EP3-selective agonist, ONO-AE-248, suppressed the CHS reaction.

PGE2-EP3 signaling inhibited keratinocyte activation and exerted anti-inflammatory

actions in murine CHS model38).

PGD2 is produced by hematopoietic-type PGD sythase (hPGDS) and lipocalin-

type PGD synthase (lPGDS), and binds to the G protein-coupled receptors DP and

the chemoattractant receptor-homologous molecule expressed on Th2 cells (CRTH2).

hPGDS-deficient mice showed enhanced reaction to TNCB. CHS reactions were consis-

tently enhanced in DP-deficient mice and DP/CRTH2 double knockout mice, suggesting

that the PGD2-DP axis suppresses CHS reaction39). However, CRTH2-deficient mice

showed milder reaction to skin allergic inflammation with DNFB application after treat-

ment with DNP-specific IgE40).

PGI2 exerts its actions via the specific receptor IP. IP-deficient mice showed

significantly milder CHS responses. Thus, PGI2-IP signaling seems to promote Th1

differentiation41).

Thromboxane A2 (TxA2) binds to its specific receptor TP. TP-deficient mice

showed enhanced CHS responses. TxA2-TP signaling may modulate interaction of DCs
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and T cells42).

Two LTB4 receptors, BLT1 and BLT2 have been reported. Mice lacking both

of the receptors showed reduced CHS response to DNFB. BLT1-deficient DCs and

BLT1/BLT2-deficient DCs showed dramatic decreases in migration to draining lymph

nodes, which suggests the importance of LTB4 as a chemoattractant of DCs43). Similar

results were observed in delayed-type hypersensitivity (DTH) experiment44).

Multidrug resistance-associated protein 1 (MRP1) has been identified as an LTC4

transporter, and MRP1-deficient mice show reduced DC mobilization that can be re-

stored by exogenous cysteinyl LTs. MRP1 seemed to promote DC chemotaxis to CCL19

by transporting LTC4
45).
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type group subgroup
molecular

mass (kDa)

catalytic

residues

sPLA2 GI A, B 13-15 His/Asp

GII A, B, C, D, E, F 13-17

GIII 15-18

GV 14

GIX 14

GX 14

GXI A, B 12-13

GXII A, B 19

GXIII < 10

GXIV 13-19

cPLA2 GIV
A(α), B(β), C(γ),

D(δ), E(ε), F(ζ)
60-114 Ser/Asp

iPLA2 GVI
A(β), B(γ), C(δ),

D(ε), E(ζ), F(η)
84-90 Ser/Asp

PAF-AH GVII
A(Lp-PLA2),

B(PAF-AH II)
40-45 Ser/His/Asp

GVIII A(α1), B(α2), β 26-40

LPLA2 GXV 45 Ser/His/Asp

AdPLA GXVI 18 His/Cys

Table 1. Phospholipase A2 superfamily

This table is taken from Dennis E. A. 20112).
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Disease Models

Ischemia-reperfusion injury46)47)

MPTP-induced neurotoxicity48)49)

Experimental allergic encephalomyelitis (EAE)50)

Ovalbumin-induced anaphylaxis and bronchial asthma9)51)52)

Thrombosis and platelet functions53)

Acute respiratory distress syndrome (ARDS)54)55)

Bleomycin-induced lung fibrosis56)

Collagen-induced arthritis57)

Inflammatory bone resorption58)

Intestinal polyposis59)60)

Parasite and bacterial infection61)62)63)

Type I diabetes mellitus64)

Table 2. Phenotype of cPLA2α-null mice, protection from

disease models

This table is modified from Shimizu T. 200910).
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Figure 1. Schematic illustration of human cPLA2βs.

JmjC and C2 indicate Jumonji C domain and C2 domain.

respectively. * and ** indicate GXSGS motif and DAG motif,

respectively. cPLA2β1 and cPLA2β3 have the same C terminus

(red square), while cPLA2β2 has a different one (yellow square).
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4 Objective

Enzymatic activities cPLA2β have been studied to a certain degree11)12)14)15),

but presently, only some of its enzymatic activities in vitro and its fractional tissue

distribution are known. Neither its physiological relevance nor its role in disease has been

reported, and tissue distribution found in a database is the only information available

to estimate its functions.

According to the database (BioGPS, http://biogps.org/), cPLA2β expression is

relatively high in B cells, T cells, and DCs — cells involved in acquired immunity.

These data suggest that cPLA2β may participate in acquired immunity. cPLA2β may

release fatty acids or lysophospholipids through its PLA1, PLA2, and lysophospholipase

activities, which can act as mediators by themselves or when metabolized.

To investigate the function of cPLA2β in vivo , I disrupted the gene encoding

cPLA2β in ES cells and generated cPLA2β-deficient mice. I examined a CHS model,

which is classically regarded as a model of type-IV allergy, but is now considered to

involve various types of cells, using cPLA2β-deficient mice to examine the possible role

of cPLA2β in acquired immune responses.
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5 Materials and Methods

Mice

Mice were housed under specific pathogen-free conditions in an air-conditioned

room and fed standard laboratory chow ad libitum (MF; Oriental Yeast, Tokyo, Japan),

in accordance with institutional guidelines. All experiments were approved by the In-

stitutional Animal Care and Use Committee of the University of Tokyo (M-P12-73).

Generation of cPLA2β deficient mice

cPLA2β deficient mice were generated by standard gene targeting procedures

using ES cells derived from C57BL/6N mice65). Briefly, the pla2g4b gene was disrupted

with a targeting vector, which was designed to replace the exon containing a GXSGS

motif with a neo cassette9). Genomic DNA samples from G418-resistant ES cells were

digested with Bcl I and screened by Southern blot analysis using the 3′ probe to identify

homologous recombination. Of 182 G418-resistant ES cell clones screened by Southern

blot analysis, 1 was found to be disrupted for pla2g4b. This clone was injected into

C57BL/6N blastocysts. The resulting chimeric males were bred to C57BL/6N females

to obtain heterozygous (pla2g4b+/−) mice, and these were mated to generate cPLA2β-

deficient (pla2g4b−/−) mice.
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Reverse transcription (RT)

Total RNAs were extracted with ISOGEN (Nippon Gene, Tokyo, Japan) or

RNeasy Mini kit (QIAGEN). One or 2µg of total RNAs were reverse-transcribed to

cDNAs by SuperScript III Reverse Transcriptase (Invitrogen).

Quantitative real time PCR

The mRNA levels were quantified using the LightCycler System (Roche Applied

Science, Indianapolis, IN). The PCRs were set up in microcapillary tubes in a total

volume of 20 µL, consisting of 5µL solution, 1 × FastStart DNA Master SYBR Green

I (Roche Applied Science), and 0.5 µM each forward and reverse primers. The PCR

program was as follows: denaturation at 95 ◦C for 3 min and 45 cycles of amplification

(denaturation at 95 ◦C for 15 s, annealing at 65 ◦C for 5 s, and elongation at 72 ◦C for

7 s). Primer sequences are shown in Table 3. The cDNA in each sample was quantified

using the second derivative maximum method in the LightCycler analysis software, and

normalized by the internal standard 36B4.

Evaluation of ear swelling in the DNFB-induced CHS model

Mice (9-15 weeks old, male) were sensitized with 25 µL of 0.5% DNFB (Sigma)

on shaved abdomen, and ear swelling was assessed 48 h after challenge by 20µL of 0.3%
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DNFB to the right ear and the same volume of vehicle to the left ear. DNFB was

dissolved in acetone with 25% olive oil (Fluka). For histological analysis, ears were

collected, fixed and H&E stained. The ears were examined under light microscopy and

then scored.

FITC-induced in vivo cell migration assay

Fluorescein isothiocyanate (FITC)-based in vivo cell migration assay was per-

formed essentially as described66). Briefly, 1% FITC (Sigma) dissolved in a 1 : 1 (v/v)

acetone/dibutyl phthalate mixture was applied to right half of the shaved body, and ve-

hicle to left half. After 24 h, brachial, inguinal, and axillary lymph nodes were collected

and dissociated with gentleMACS (Miltenyi Biotec). Dissociated cells were labeled with

anti-B220 antibody conjugated with phycoerythrin (PE) (Biolegend) and then B220-

positive (B220+) cells were depleted with AutoMACS (Miltenyi Biotec) using anti-PE

beads. The proportion of MHC class II+ FITC+ cells was determined by flow cytome-

try37).

T cell proliferation assay

Four and 5 days before lymph node collection, mice were sensitized with 100 µL

of 0.5% DNFB on the shaved abdomen. Collected lymph nodes were dissociated and

– 19 –



cultured in absence or presence of DNBS (50µg/mL, Sigma) for 3 days; [3H]thymidine

was incorporated during the last 24 h of culture.

Cell population analysis

Mice were sensitized with 50 µL of 0.5% DNFB on the right half of the shaved

body, and vehicle was applied to the left half. One day after sensitization, lymph

nodes were collected and dissociated. Lymph node cells were stained with anti-B220-

PE antibody and anti-CD4-FITC antibody or anti-CD8-FITC antibody (Biolegend).

Proportions of B220+ cells, CD4+ cells and CD8+ cells were determined by flowcytom-

etry.

Eicosanoids and Lysophospholipid analysis during the sensitization phase

Mice were sensitized with 50 L of 0.5% DNFB on the right half of the shaved

body, and vehicle was applied to the left half. One day after sensitization, lymph

nodes were collected and snap-frozen in liquid nitrogen. The samples were crushed

to a powder without thawing using AutoMill (Tokken, Chiba, Japan)67). Eicosanoids

were extracted and quantified as described68)69). Briefly, lipids were extracted with

1mL of methanol at 4 ◦C after the addition of 10µL of internal standard. Then the

crasher was removed and centrifuged at 5 minutes. The supernatant was transferred
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to glass test tubes, and 3mL of 0.3% formic acid in water was added to each vial.

The samples were subjected to solid phase extraction using an Oasis HLB cartridge

cluster (10mg; Waters, Milford, MA). They were applied to preconditioned cartridges,

and washed serially with water : formic acid (100 : 0.03), water : ethanol : formic acid

(85 : 15 : 0.03), and petroleum ether. Samples were eluted into plastic vials with 200µL

of MeOH : formic acid (100 : 0.2) by centrifugation (100 × g, 2 min). and stored at 4 ◦C

in the autosampler while awaiting injection. The volumes of the eluted fractions were

170-180 µL, 120 µL of which was transferred to glass vials and 50µL was injected for

eicosanoid analysis. Remaining samples were used for lysophospholipids analyses.

A column-switching liquid chromatography (LC)-electrospray ionization (ESI)-

MS/MS method was used for the simultaneous quantification of eicosanoids. Capcell

Pak C18 MGS3 (1×100mm; Shiseido, Tokyo, Japan) was used as a separating column.

The column oven temperature was set at 46 ◦C. Water and acetonitrile : formic acid

(100 : 0.1) were used as mobile phases A and B, respectively. The flow rate was

0.12mL/min. The gradient of the B concentration was 37% (0-6.0 min), 45% (6.0-7.0

min) following isocratic flow of 65% B concentration (7.0 min-next injection; typically

14.5 min). A TSQ Quantum Ultra triple stage quadrupole MS instrument equipped with

an ESI interface (Thermo Fisher Scientific, Waltham, MA) was operated in a selected
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reaction-monitoring (SRM) mode for the detection of target compounds. Quantifica-

tion was performed by internal standard method using deuterium-labeled compounds as

references. Compounds for which corresponding deuterium-labeled internal standards

were not available were calibrated using deuterium-labeled PGB2(for LTC4 and LTD4)

or deuterium-labeled 15-HETE (for 8-HETE and 11-HETE). SRM transition of target

compounds and internal standards are shown in Table 4. Since PGI2 and TxA2 are

unstable in vivo, their quantities were estimated by those of 6-keto-PGF1α and TxB2,

respectively. 6-keto-PGF1α and TxB2 are stable metabolites of PGI2 and TxA2.

Comprehensive lysophospholipid analysis was performed using a Nexera UHPLC

system and a LCMS-8040 triple quadrupole mass spectrometer (Shimadzu Corp.). Ac-

quity C8 column (1.7mm, 1.0× 100mm; Waters, Milford, MA) was used for chromato-

graphic separation. The column oven temperature was set at 45 ◦C. Solutions of 20 mM

NH4HCO3 in water and acetonitrile were used as mobile phases A and B, respectively.

The flow rate was 0.1mL/min. The gradient of the B concentration was 20% (0 min)

to 95% (20 min) following 15 minutes isocratic flow of 95% B concentration. SRM

transitions for lysophospholipids were set as follows: PC (M → 184.3, positive mode)

PE (M → M − 141, positive mode), PS (M → M − 87, negative mode), PI (M → 241,

negative mode), where M is the m/z value of molecular related ions. Tangible putative
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molecular species of lysophospholipids are shown in Table 5-8. Molecular formulas of

fatty acid chains are represented by the number of carbon atoms and double bonds.

For example, 20:4 stands for arachidonic acid containing 20 carbon atoms and 4 double

bonds. When the linkage of fatty acids and the glycerol backbone is ether or vinyl-ether,

this is specified.

Eicosanoids and Lysophospholipid analysis during the elicitation phase

Four and 5 days before elicitation, mice were sensitized with 100µL of 0.5% DNFB

on the shaved abdomen. Then, as the elicitation, 50µL of 0.5% DNFB was applied on

the right half of the shaved body, and vehicle was applied to the left half. One day after

the elicitation, lymph nodes and skin were collected. Extraction and quantification of

eicosanoids and lysophospholipids were carried out as described above.

Statistical analysis

Data were expressed as the mean ± standard error of the mean (SEM). Statistical

analysis was carried out with GraphPad Prism 5 for Mac OS X software (GraphPad

Software, San Diego, CA) P values less than 0.05 were considered statistically signifi-

cant.
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Principal component analysis

Principal component analysis (PCA) was performed with JMP Pro 9.0.3 (SAS

Institute Inc., Cary, NC). PCA is one of the procedures used in multivariate statistics in

order to rescale high-dimensional data sets to much lower dimensions, keeping the same

amount of information as the original sets, assuming that the results of quantification

of a large number of molecular species of lipid as follows:

Sample Name Lipid1 Lipid2 Lipid3 · · ·
Mouse 1 x1 x2 x3 · · ·
Mouse 2 y1 y2 y3 · · ·
Mouse 3 z1 z2 z3 · · ·

Measured values are normalized to eliminate the effect of the absolute abundance

of the molecules. After normalization, the means are 0 and the variances are 1 for each

lipid molecule. That is,

x1 + y1 + z1 + · · · = 0, x2
1 + y2

1 + z2
1 + · · · = 1

To this, data are transformed as expressed by a linear combination of normalized

original values. Thus a new variable belonging to the sample “Mouse 1”, X1, is expressed

as:

X1 = a1x1 + a2x2 + a3x3 + · · · .

Under a constraint that
n∑

k=1

a2
k = 1, a1 . . . an are chosen to maximize the variance

of a set of new variables, X1, Y1, Z1, . . .. These new variables are called the first principal

component, and,
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−→
V1 = (a1, a2, a3, · · · )

is the eigenvector for the first principal component. The percent contribution of the

first principal component signifies its contribution to characterizing the samples. It is

calculated from the eigenvalue, and the larger the variance of new variables, the larger

the percent contribution of the principal component.

As the second principal component is orthogonal to the first one, the same pro-

cedure is applied to the set of residual errors: the differences of original normalized

values from factors of a projection of the vector of the original normalized values on the

eigenvector. For
−→
x = (x1, x2, x3, . . .), the residual errors are

−→
x −

(−→
x ·

−→
V1

)−→
V1.

The factor loading of each normalized lipid amount to the principal component

is a correlation coefficient between the principal components and the normalized lipid

amounts. The larger the absolute value of the factor loading, the larger the contribution

to enlarging the variance of the principal component.
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gene forward reverse reference

m36B4 5′− ctgagattcgggatatgctgttg−3′ 5′− aaagcctggaagaaggaggtctt−3′

cPLA2α 5′− ctggtgtgatgaaggcactgta−3′ 5′− gtaagagagggttgtggctga−3′

cPLA2β 5′− ttcctaagcaagaggaagcaggt−3′ 5′− ccgtgatataggagatgcagtcg−3′

cPLA2γ 5′− ccctcagctctgcctaattg−3′ 5′− ccgagctctgctgtatttc−3′

cPLA2δ 5′− aggtggcacaaggtctatgg−3′ 5′− ctctcgccatttgtagagc−3′

cPLA2ε 5′− gccaagacactaagtcagatgc−3′ 5′− catgatggctattatcggtacctc−3′

cPLA2ζ 5′− gactacacagctagaaaggacttcg−3′ 5′− ggaatagtcaaaggacacaatgag−3′

COX-1 5′− agaacccagtgtccagcaag−3′ 5′− ccatctgttccctccacatc−3′ 70)

COX-2 5′− tcaggtcattggtggagagg−3′ 5′− gcaaactgcaggttctcagg−3′ 70)

mPGES-1 5′− atgaggctgcggaagaagg−3′ 5′− gccgaggaagaggaaaggatag−3′ 71)

hPGDS 5′− tgggaagacagcgttggaga−3′ 5′− aggcgaggtgcttgatgtg−3′ 71)

lPGDS 5′− cctcaatctcacctctaccttcc−3′ 5′− gtggtggaggccaactatga−3′ 71)

Table 3. primers for quantitative RT-PCR
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Compounds SRM transition

6-keto-PGF1α 369 → 245

TxB2 369 → 195

PGF2α 353 → 193

PGE2 351 → 271

PGD2 351 → 271

LTB4 335 → 195

LTC4 624 → 272

LTD4 495 → 177

5-HETE 319 → 115

8-HETE 319 → 155

11-HETE 319 → 167

12-HETE 319 → 179

15-HETE 319 → 219

6-keto-PGF1α-d4 373 → 249

TxB2-d4 373 → 199

PGF2α-d4 357 → 197

PGE2-d4 355 → 275

PGD2-d4 355 → 275

PGB2-d4 337 → 239

LTB4-d4 339 → 197

5-HETE-d8 327 → 116

12-HETE-d8 327 → 184

15-HETE-d8 327 → 226

Table 4. SRM conditions for eicosanoid quantification
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M → 184.3 target molecule
440.2 184 12:0
438.2 184 12:1
468.2 184 14:0
466.2 184 14:1
464.2 184 14:2
496.2 184 16:0
494.2 184 16:1
492.2 184 16:2
490.2 184 16:3
524.3 184 18:0
522.3 184 18:1
520.3 184 18:2
518.3 184 18:3
516.3 184 18:4
552.3 184 20:0
550.3 184 20:1
548.3 184 20:2
546.3 184 20:3
544.3 184 20:4
542.3 184 20:5
580.3 184 22:0
578.3 184 22:1
576.3 184 22:2
574.3 184 22:3
572.3 184 22:4
570.3 184 22:5
568.3 184 22:6
608.4 184 24:0
606.4 184 24:1
604.4 184 24:2
602.4 184 24:3
600.4 184 24:4
598.3 184 24:5
596.3 184 24:6
594.3 184 24:7
426.2 184 12:0 ether
424.2 184 12:1 ether or 12:0 vinyl-ether
454.2 184 14:0 ether
452.2 184 14:1 ether or 14:0 vinyl-ether
450.2 184 14:2 ether or 14:1 vinyl-ether
482.2 184 16:0 ether
480.2 184 16:1 ether or 16:0 vinyl-ether
478.2 184 16:2 ether or 16:1 vinyl-ether
476.2 184 16:3 ether or 16:2 vinyl-ether
510.3 184 18:0 ether
508.3 184 18:1 ether or 18:0 vinyl-ether
506.3 184 18:2 ether or 18:1 vinyl-ether
504.3 184 18:3 ether or 18:2 vinyl-ether
502.3 184 18:4 ether or 18:3 vinyl-ether
538.3 184 20:0 ether
536.3 184 20:1 ether or 20:0 vinyl-ether
534.3 184 20:2 ether or 20:1 vinyl-ether
532.3 184 20:3 ether or 20:2 vinyl-ether
530.3 184 20:4 ether or 20:3 vinyl-ether
528.3 184 20:5 ether or 20:4 vinyl-ether
526.3 184 20:6 ether or 20:5 vinyl-ether
564.3 184 22:1 ether or 22:0 vinyl-ether
562.3 184 22:2 ether or 22:1 vinyl-ether
560.3 184 22:3 ether or 22:2 vinyl-ether
558.3 184 22:4 ether or 22:3 vinyl-ether
556.3 184 22:5 ether or 22:4 vinyl-ether
554.3 184 22:6 ether or 22:5 vinyl-ether
540.3 184
566.3 184

Table 5. SRM transition (LPC)
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M → M − 141 target molecule
398.2 257.1 12:0
396.2 255.1 12:1
426.2 285.1 14:0
424.2 283.1 14:1
422.2 281.1 14:2
454.2 313.1 16:0
452.2 311.1 16:1
450.2 309.1 16:2
448.2 307.1 16:3
482.2 341.1 18:0
480.2 339.1 18:1
478.2 337.1 18:2
476.2 335.1 18:3
474.2 333.1 18:4
510.3 369.1 20:0
508.3 367.1 20:1
506.3 365.1 20:2
504.3 363.1 20:3
502.3 361.1 20:4
500.3 359.1 20:5
538.3 397.1 22:0
536.3 395.1 22:1
534.3 393.1 22:2
532.3 391.1 22:3
530.3 389.1 22:4
528.3 387.1 22:5
526.3 385.1 22:6
566.3 425.2 24:0
564.3 423.2 24:1
562.3 421.2 24:2
560.3 419.2 24:3
558.3 417.2 24:4
556.3 415.2 24:5
554.3 413.2 24:6
552.3 411.2 24:7
382.2 241.1 12:1 ether or 12:0 vinyl-ether
380.2 239.1 12:2 ether or 12:1 vinyl-ether
410.2 269.1 14:1 ether or 14:0 vinyl-ether
408.2 267.1 14:2 ether or 14:1 vinyl-ether
406.2 265.1 14:3 ether or 14:2 vinyl-ether
438.2 297.1 16:1 ether or 16:0 vinyl-ether
436.2 295.1 16:2 ether or 16:1 vinyl-ether
434.2 293.1 16:3 ether or 16:2 vinyl-ether
432.2 291.1 16:4 ether or 16:3 vinyl-ether
466.2 325.1 18:1 ether or 18:0 vinyl-ether
464.2 323.1 18:2 ether or 18:1 vinyl-ether
462.2 321.1 18:3 ether or 18:2 vinyl-ether
460.2 319.1 18:4 ether or 18:3 vinyl-ether
458.2 317.1 18:5 ether or 18:4 vinyl-ether
494.2 353.1 20:1 ether or 20:0 vinyl-ether
492.2 351.1 20:2 ether or 20:1 vinyl-ether
490.2 349.1 20:3 ether or 20:2 vinyl-ether
488.2 347.1 20:4 ether or 20:3 vinyl-ether
486.2 345.1 20:5 ether or 20:4 vinyl-ether
484.2 343.1 20:6 ether or 20:5 vinyl-ether
522.3 381.1 22:1 ether or 22:0 vinyl-ether
520.3 379.1 22:2 ether or 22:1 vinyl-ether
518.3 377.1 22:3 ether or 22:2 vinyl-ether
516.3 375.1 22:4 ether or 22:3 vinyl-ether
514.3 373.1 22:5 ether or 22:4 vinyl-ether
512.3 371.1 22:6 ether or 22:5 vinyl-ether
550.3 409.2 24:1 ether or 24:0 vinyl-ether
548.3 407.2 24:2 ether or 24:1 vinyl-ether
546.3 405.2 24:3 ether or 24:2 vinyl-ether
544.3 403.2 24:4 ether or 24:3 vinyl-ether
542.3 401.2 24:5 ether or 24:4 vinyl-ether
540.3 399.1 24:6 ether or 24:5 vinyl-ether
578.3 437.2 26:1 ether or 26:0 vinyl-ether
576.3 435.2 26:2 ether or 26:1 vinyl-ether
574.3 433.2 26:3 ether or 26:2 vinyl-ether
572.3 431.2 26:4 ether or 26:3 vinyl-ether
570.3 429.2 26:5 ether or 26:4 vinyl-ether
568.3 427.2 26:6 ether or 26:5 vinyl-ether
498.3 357.1
524.3 383.1

Table 6. SRM transition (LPE)
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M → M − 87 target molecule
440.2 353.1 12:0
468.2 381.1 14:0
466.2 379.1 14:1
496.2 409.2 16:0
494.2 407.2 16:1
492.2 405.2 16:2
490.2 403.2 16:3
524.3 437.2 18:0
522.3 435.2 18:1
520.3 433.2 18:2
518.3 431.2 18:3
516.3 429.2 18:4
552.3 465.2 20:0
550.3 463.2 20:1
548.3 461.2 20:2
546.3 459.2 20:3
544.3 457.2 20:4
542.3 455.2 20:5
580.3 493.2 22:0
578.3 491.2 22:1
576.3 489.2 22:2
574.3 487.2 22:3
572.3 485.2 22:4
570.3 483.2 22:5
568.3 481.2 22:6
608.4 521.3 24:0
606.4 519.3 24:1
604.4 517.3 24:2
602.4 515.3 24:3
600.4 513.3 24:4
598.3 511.3 24:5
596.3 509.3 24:6
594.3 507.3 24:7
426.2 339.1 12:0 ether
454.2 367.1 14:0 ether
452.2 365.1 14:1 ether or 14:0 vinyl-ether
450.2 363.1 14:2 ether or 14:1 vinyl-ether
482.2 395.1 16:0 ether
480.2 393.1 16:1 ether or 16:0 vinyl-ether
478.2 391.1 16:2 ether or 16:1 vinyl-ether
476.2 389.1 16:3 ether or 16:2 vinyl-ether
510.3 423.2 18:0 ether
508.3 421.2 18:1 ether or 18:0 vinyl-ether
506.3 419.2 18:2 ether or 18:1 vinyl-ether
504.3 417.2 18:3 ether or 18:2 vinyl-ether
502.3 415.2 18:4 ether or 18:3 vinyl-ether
538.3 451.2 20:0 ether
536.3 449.2 20:1 ether or 20:0 vinyl-ether
534.3 447.2 20:2 ether or 20:1 vinyl-ether
532.3 445.2 20:3 ether or 20:2 vinyl-ether
530.3 443.2 20:4 ether or 20:3 vinyl-ether
528.3 441.2 20:5 ether or 20:4 vinyl-ether
526.3 439.2 20:6 ether or 20:5 vinyl-ether
564.3 477.2 22:1 ether or 22:0 vinyl-ether
562.3 475.2 22:2 ether or 22:1 vinyl-ether
560.3 473.2 22:3 ether or 22:2 vinyl-ether
558.3 471.2 22:4 ether or 22:3 vinyl-ether
556.3 469.2 22:5 ether or 22:4 vinyl-ether
554.3 467.2 22:6 ether or 22:5 vinyl-ether
540.3 453.2
566.3 479.2

Table 7. SRM transition (LPS)
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M → 241 target molecule
515.3 241.1 12:0
513.3 241.1 12:1
543.3 241.1 14:0
541.3 241.1 14:1
539.3 241.1 14:2
571.3 241.1 16:1
569.3 241.1 16:2
567.3 241.1 16:3
565.3 241.1 16:4
599.3 241.1 18:0
597.3 241.1 18:1
595.3 241.1 18:2
593.3 241.1 18:3
591.3 241.1 18:4
627.4 241.1 20:0
625.4 241.1 20:1
623.4 241.1 20:2
621.4 241.1 20:3
619.4 241.1 20:4
617.4 241.1 20:5
655.4 241.1 22:0
653.4 241.1 22:1
651.4 241.1 22:2
649.4 241.1 22:3
647.4 241.1 22:4
645.4 241.1 22:5
643.4 241.1 22:6
683.4 241.1 24:0
681.4 241.1 24:1
679.4 241.1 24:2
677.4 241.1 24:3
675.4 241.1 24:4
673.4 241.1 24:5
671.4 241.1 24:6 ether
669.4 241.1 24:7 ether
501.3 241.1 12:0 ether
529.3 241.1 14:0 ether
557.3 241.1 16:0 ether
585.3 241.1 18:0 ether
613.3 241.1 20:0 ether
499.3 241.1 12:1 ether or 12:0 vinyl-ether
497.3 241.1 12:2 ether or 12:1 vinyl-ether
527.3 241.1 14:1 ether or 14:0 vinyl-ether
525.3 241.1 14:2 ether or 14:1 vinyl-ether
523.3 241.1 14:3 ether or 14:2 vinyl-ether
555.3 241.1 16:1 ether or 16:0 vinyl-ether
553.3 241.1 16:2 ether or 16:1 vinyl-ether
551.3 241.1 16:3 ether or 16:2 vinyl-ether
583.3 241.1 18:1 ether or 18:0 vinyl-ether
581.3 241.1 18:2 ether or 18:1 vinyl-ether
579.3 241.1 18:3 ether or 18:2 vinyl-ether
577.3 241.1 18:4 ether or 18:3 vinyl-ether
575.3 241.1 18:5 ether or 18:4 vinyl-ether
611.4 241.1 20:1 ether or 20:0 vinyl-ether
609.4 241.1 20:2 ether or 20:1 vinyl-ether
607.4 241.1 20:3 ether or 20:2 vinyl-ether
605.4 241.1 20:4 ether or 20:3 vinyl-ether
603.4 241.1 20:5 ether or 20:4 vinyl-ether
601.4 241.1 20:6 ether or 20:5 vinyl-ether
615.4 241.1
641.4 241.1

Table 8. SRM transition (LPI)
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6 Results

Generation of cPLA2β-deficient mice

The pla2g4b gene was disrupted by a conventional method using ES cells derived

from C57BL/6N mice. The design of the targeting is shown in Fig. 2. I found 1

homologously recombinant clone from 183 ES clones. Mice were genotyped by PCR.

The sequences of primers and the predicted sizes of the products are shown in Table 9.

Results of PCR genotyping are shown in Fig. 3.

cPLA2β-deficient mice seemed to develop normally, and no difference was ob-

served in terms of appearance, growth, and fertility.

Tissue distribution of cPLA2β

Transcription of pla2g4b was evaluated by quantitative RT-PCR. The results are

shown in Fig. 4. cPLA2β mRNA was highly expressed in brain and stomach, and

expressed at low levels in other tissues.

Ear swelling in the DNFB-induced CHS model

With CHS as a model, I investigated whether loss of cPLA2β affected immune re-

sponses to an exogenous antigen. In the DNFB-induced CHS model, as the sensitization

phase, DNFB is applied to the shaved abdomen. Haptens bind to epidermal proteins
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and form hapten-carrier complexes, which are taken up by LCs or dDCs that then mi-

grate to draining lymph nodes. The complex is expressed as a haptenated peptides in

the antigen-binding groove of MHC classes I and II molecules on the cell surface. The

complex is presented to näıve T cells. The activated T cells proliferate and migrate out

of the lymph nodes to the bloodstream where they re-circulate between the lymphoid

organs and the skin20).

The second phase, the elicitation phase, is initiated after re-exposure of the skin

to the hapten. I applied DNFB the ears, which were previously unexposed to the

hapten. The hapten-specific recall response was measured during subsequent days as

an increased ear thickness secondary to inflammation, vasodilation, and edema20).

cPLA2β-deficient mice showed significantly greater ear swelling than WT mice

(Fig. 5A). Results of histological analysis are shown in Fig. 5B, and scoring is outlined

in Table 10. My analysis revealed that cPLA2β-deficient mice showed more severe

symptoms in terms of hemorrhage and dermal or hypodermal edema (Table 10).

FITC-induced in vivo cell migration assay

To investigate whether the function of LCs is altered in cPLA2β-deficient mice,

I examined migration of LCs from skin to draining lymph nodes. After application of

FITC, LCs uptake the FITC and migrate to the draining lymph nodes. At 24 h after
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application of FITC to the right half of the shaved body, lymph nodes of cPLA2β-WT

and KO mice were collected and dissociated. After the depletion of B220+ cells, the

numbers of MHC Class II+ and FITC+ cells were determined. There was no difference

in the number of MHC Class II+ and FITC+ cells, suggesting that antigen uptake and

migration of LCs in cPLA2β-deficient mice is the same as in WT mice (Fig. 6).

T cell proliferation assay

To evaluate the proliferation of T cells in the elicitation phase, I collected cells

from lymph nodes of mice that were sensitized with DNFB 4 and 5 days prior to the

collection, and cultured them in vitro with or without DNBS for 3 days. In the final

24 h, [3H]thymidine was added to the culture medium, and [3H]thymidine incorporation

was measured. The proliferation of T cells from cPLA2β-deficient mice was significantly

enhanced compared with that of T cells from WT mice (Fig. 7). This result suggests

that the capabilities of LCs and dDCs to present hapten-carrier complexes to näıve

T cells and/or the reactivity of näıve T cells to antigen presentation are stronger in

cPLA2β-deficient mice than in WT mice.

Determination of cell population

To determine the cell populations of lymph nodes in the sensitization phase, I
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collected and analysed the lymph nodes. The numbers of B220+ cells, CD4+ cells and

CD8+ cells were determined. The proportions of CD4+ cells and CD8+ cells decreased

and the proportion of B220+ cells increased after DNFB treatment (Fig. 8), which is

possibly due to the migration of T cells out of draining lymph nodes20). However, there

was no notable difference between cPLA2β-deficient mice and WT mice.

Eicosanoid production in lymph nodes in the sensitization phase

I measured the amounts of eicosanoids in lymph nodes 1 day after topical applica-

tion of DNFB. In lymph nodes from the right side of the body, to which the DNFB was

applied, the production of prostaglandins was upregulated compared with those from

the left side, to which vehicle was applied. The production of prostaglandins tended to

be enhanced in lymph nodes from cPLA2β deficient mice compared to those from WT

mice, though this was not statistically significant(Fig. 9).

Expression of cPLA2s in lymph nodes in the sensitization phase

The expression of the cPLA2 mRNA were evaluated by quantitative RT-PCR.

The levels of cPLA2α, cPLA2β, cPLA2γ, cPLA2δ, and cPLA2ζ mRNA in lymph nodes

are shown in Fig. 10. cPLA2ε mRNA was not detected in WT mice or in KO mice,

and cPLA2β expression was not observed in KO mice. No significant difference in
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expressions of other cPLA2s was observed between WT and KO mice.

To control this experiment, I collected RNA from the lung, which is likely to be

independent of inflammation in the CHS model, from cPLA2β-WT and KO mice. The

amounts of mRNA of cPLA2s were similarly quantified and no significant difference

between WT and KO mice was observed (Fig. 11).

Expression of arachidonic acid-metabolizing enzymes in cPLA2β-deficient

mice

The expression of the enzymes of the arachidonic acid cascade in lymph nodes

was examined by quantitative RT-PCR. Cyclooxygenase-1 (COX-1), cyclooxygenase-

2 (COX-2), membrane-associated PGE sythase-1 (mPGES-1), and hPGDS expression

was observed in mice of both genotypes (Fig. 12). lPGDS mRNA was not detected. No

significant difference between WT and KO mice was observed.

Expressions of the enzymes in the lung were also examined, and no significant

difference between WT and KO mice was observed (Fig. 13).

Eicosanoid production in lymph nodes in the elicitation phase

I measured the amounts of eicosanoids produced in lymph nodes 1 day after the

DNFB challenge following DNFB sensitization of 4 and 5 days before. No significant
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difference was observed between WT and KO mice (Fig. 14).

Eicosanoid production in the skin during the elicitation phase

I measured the amounts of eicosanoids produced in skin 1 day after the DNFB

challenge. Prostaglandins and leukotriene B4 productions were markedly upregulated

in the DNFB-treated skin of cPLA2β-deficient mice (Fig. 15). Much higher levels of

hydroxyeicosatetraenoic acids (HETEs), except for 8-HETE, were produced by cPLA2β-

deficient mice (Fig. 16).

During the elicitation phase, the mast cells in the skin are activated and play an

important role in the infiltration of the effector cells: CD4 T cells, CD8 cells, and neu-

trophils. Keratinocytes release chemokines at once for the recruitment of inflammatory

cells20). Therefore a strong inflammation response was observed in the skin. By this re-

sult, cPLA2β-deficient mice showed an enhanced inflammation response compared with

WT mice, which is consistent with the results from the evaluation of ear swelling in the

CHS model (Fig. 5A).

Lysophospholipid in the lymph nodes during the sensitization phase

I measured the amount of various lysophospholipids in the same samples used for

eicosanoid measurement. Amounts of lysophospholipids were determined by normalized
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peak areas. Chromatograms from portions of the samples are shown in Fig. 17. The

retention time of the sn-1 esterified lysophospholipids was prolonged compared to that of

the lysophospholipids that were esterified with the same fatty acid at the sn-2 position.

Polyunsaturated fatty acids are tend to be found at the sn-2 position, whereas saturated

fatty acids are generally at the sn-1 position (Fig. 17).

Using the data sets from lymph nodes in the sensitization phase, a principal com-

ponent plot was produced (Fig. 18). The first principal component seemed to be related

to the difference caused by the DNFB treatment, while the second principal component

correlated with the genetic difference. In agreement with this, the factor loading of

18:0 LPE to the first principal component was the largest and it was upregulated on

the DNFB treated sides. The amounts of 26:5 LPC, 22:6 LPE, 20:2 LPC, 16:0 LPC,

and 18:0 alkyl LPC changed similarly (Fig. 19, Table 11). The factor loading of 20:0

LPC to the second principal component was the largest, and it was down-regulated in

the cPLA2β-deficient mice. The amounts of 20:3 LPC, 24:5 LPE, 20:5 LPE and 24:5

LPC changed similarly, and 12:1 LPE was detected only in the DNFB-treated sides of

WT mice (Fig. 20, Table 12). The factor loading of LPC with m/z of 476.2 to the sec-

ond principal component was the smallest and it was upregulated in cPLA2β-deficient

mice. The levels of 22:3 LPE, 24:6 LPC, and LPCs with m/z of 566.3, 480.2, and 564.3
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changed similarly (Fig. 20, Table 12).

Lysophospholipid in skin during the elicitation phase

I measured the amounts of various lysophospholipids in the same samples used for

eicosanoid measurement. Amount of lysophospholipids were determined by normalized

peak areas. In the PCA of the skin lysophospholipids during the elicitation phase, the

first principal component distinguished the DNFB-treated cPLA2β-deficient skin from

other groups (Fig. 22). Levels of 18:1 LPC, 18:2 LPC. 16:0 LPC, 16:0 LPE 20:4 LPC,

and 20:2 LPC were high in the cPLA2β deficient mice. On the other hand, Amounts

of 16:2 LPC, 24:5 LPE, 24:6 LPE, 22:0 alkyl LPC, LPE with m/z of 406.2, and LPC

with m/z of 528.3 were small in cPLA2β-deficient skin (Fig. 23, 24, Table 13).
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Figure 2. Generation of cPLA2β deficient mice

Knockout strategy of the pla2g4b gene. B, H and P indicate

cleavage cites of Bcl I, HinC II and Psi I, respectively. These cites

are ends of the fragments detected in Southern blot analysis.
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sequence size

Forward primer for WT allele 5′− gccaataggcaataaagcctggcccgtcag−3′ 510

Forward primer for KO allele 5′− actacctgagcacccagtccgccctgagca−3′ 310

Reverse primer (common) 5′− ttcctgggagcaccctgtgcccttctgcga−3′

Table 9. Sequences of the primers for PCR genotyping

The predicted sizes of the PCR products for WT and KO

allele are 510 and 310 base pairs, respectively.
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Figure 3. PCR genotyping

The predicted sizes of the PCR products for WT and KO

allele are 510 and 310 base pairs, respectively. φX 174/Hae Ⅲ was

used for the size marker.

– 42 –



cPLA2 beta

bra
in

live
r
he

art lun
g

kid
ne

y

sto
mac

h

sm
all

 in
tes

tin
e

lar
ge

 in
tes

tin
e

sk
ele

tal
 m

us
cle

sp
lee

n
tes

tis
sW

AT
eW

AT
0

200

400

600

800

ar
bi

to
ra

ry
un

it

m36b4

bra
in

live
r
he

art lun
g

kid
ne

y

sto
mac

h

sm
all

 in
tes

tin
e

lar
ge

 in
tes

tin
e

sk
ele

tal
 m

us
cle

sp
lee

n
tes

tis
sW

AT
eW

AT
0

5

10

15

ar
bi

to
ra

ry
un

it

cPLA2 beta / m36b4

bra
in

live
r
he

art lun
g

kid
ne

y

sto
mac

h

sm
all

 in
tes

tin
e

lar
ge

 in
tes

tin
e

sk
ele

tal
 m

us
cle

sp
lee

n
tes

tis
sW

AT
eW

AT
0

100

200

300

400

ar
bi

to
ra

ry
un

it

Figure 4. Tissue distribution of cPLA2β

Tissue distribution of cPLA2β mRNA was determined by

quantitative RT-PCR.
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Figure 5. Contact hypersensitivity responce

A Ear thickness (N = 4, 8, 10, ∗ : p < 0.05). WT, KO and Ht

indicate pla2g4b+/+, pla2g4b−/− and pla2g4b+/−, respectively.

B H&E staining of DNFB challenged ears from wild type mice

and cPLA2β deficient mice.
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WT1 WT2* WT3 WT4 WT5 KO1 KO2 KO3* KO4

erosion or ulcer +++ + + − ++ +++ ± ++ +++

hemorrhage − + − − + ++ − ++ +

cornification + + + + + + + + +

epidermal

hyperplasia
+ + + + + + + + +

epidermal edema ++ ++ + + ++ + + + ++

epidermal

infiltration
+ + + + + + + + +

dermal or

hypodermal edema
++ + + + ++ +++ ++ +++ +++

dermal or

hypodermal

infiltration

+++ ++ ++ ++ +++ +++ ++ ++ +++

dermal or

hypodermal fibrosis
+ + + + + + + + +

Table 10. Inflammation score

Scoring of severity for 5 wild type mice and 4 cPLA2β defi-

cient mice. * indicates the mice shown in fig.5B.
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Figure 6. FITC-induced in vivo cell migration

FITC+ antigen presenting cells (APC) were not found in

lymph node from left side, to which vehicle applied, while found

in lymph node from right side. The numbers of FITC+ APCs were

almost same in lymph nodes from both genotypes. N = 9

– 46 –



3H-thymidine

WT D
NBS

WT ve
hic

le

KO D
NBS

KO ve
hic

le
0

5000

10000

15000

D
PM

*

Figure 7. T cell proliferation assay

Under the condition of cotaining DNBS, proliferation of T

cells were enhanced in cPLA2β deficient lymph nodes. *, p < 0.05,

N = 5
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Figure 8. T cell and B cell population of lymph node cells

in the sensitization phase

The proportion of CD4+ and CD8+ cells decreased and the

proportion of B220+ cell increased after DNFB application. *,

p < 0.05, N = 6
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Figure 9. Prostaglandins in lymph node in the sensitiza-

tion phase

PG productions tend to be upregulated in cPLA2β deficient

lymph nodes. N = 12
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Figure 10. Expression of cPLA2s in lymph node in the

sensitization phase

Significant differences were not observed. N = 9
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Figure 11. Expression of cPLA2s in lung.

Significant differences were not observed. N = 9
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Figure 12. Expression of fatty acid metabolic enzymes in

lymph node in the sensitization phase

Significant differences were not observed. N = 9
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Figure 13. Expression of fatty acid metabolic enzymes in

lung

Significant differences were not observed. N = 9
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Figure 14. Prostaglandins in lymph nodes in the elicita-

tion phase

Significant difference were not observed. N = 6
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Figure 15. Prostaglandins and leukotriene B4 in skin in

the elicitation phase

PG and LT productions were upregulated in cPLA2β defi-

cient skin. *, p < 0.05, N = 6
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Figure 16. HETEs in skin in the elicitation phase

HETEs productions were upregulated in cPLA2β deficient

skin. *, p < 0.05, N = 6
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Figure 17. Chromatogram of LPCs

Intensities of 20 : 0, 20 : 1, 20 : 2, and 20 : 3 are magnified

10 times, 20 : 4 and 20 : 5 are magnified 5 times.
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Figure 18. Principal component plot of lysophospholipid

profile in lymph node of the sensitization phase

First and second principal component distinguished DNFB-

treatment and genotype, respectively.
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Rank SRM transition Factor loading molecule

1 482.2 > 341.1 0.95711 LPE 18:0

2 482.2 > 184.0 0.95011 LPC 16:0 alkyl

3 526.3 > 385.1 0.94997 LPE 22:6

4 548.3 > 184.0 0.94798 LPC 20:2

5 496.2 > 184.0 0.94351 LPC 16:0

6 510.3 > 184.0 0.9363 LPC 18:0 alkyl

7 468.2 > 184.0 0.93613 LPC 14:0

8 478.2 > 337.1 0.9233 LPE 18:2

9 550.3 > 184.0 0.91802 LPC 20:1

10 544.3 > 184.0 0.91236 LPC 20:4

Rank SRM transition Factor loading molecule

1 508.3 > 184.0 -0.45048 LPC 18:1 alkyl or 18:0 alkenyl

2 538.3 > 397.1 -0.41608 LPE 22:0

3 558.3 > 417.2 -0.36065 LPE 24:4

4 578.3 > 437.2 -0.33837 LPE 26:1 alkyl or 26:0 alkenyl

5 482.2 > 395.1 -0.33837 LPS 16:0 alkyl

6 562.3 > 421.2 -0.32499 LPE 24:2

7 466.2 > 379.1 -0.32499 LPS 14:1 alkyl or 14:0 alkenyl

8 506.3 > 365.1 -0.31129 LPE 20:2

9 566.3 > 425.2 -0.24586 LPE 24:0

10 406.2 > 265.1 -0.18422 LPE 14:3 alkyl or 14:2 alkenyl

Table 11. SRM transitions whose factor loadings to the

1st principal component were large or small
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Rank SRM transition Factor loading molecule

1 552.3 > 184.0 0.80695 LPC 20:0

2 546.3 > 184.0 0.72257 LPC 20:3

3 556.3 > 415.2 0.67511 LPE 24:5

4 396.2 > 255.1 0.66663 LPE 12:1

5 500.3 > 359.1 0.65863 LPE 20:5

6 598.3 > 184.0 0.62857 LPC 24:5

7 426.2 > 285.1 0.59674 LPE 14:0

8 542.3 > 184.0 0.53751 LPC 20:5

9 464.2 > 323.1 0.52656 LPE 18:2 alkyl or 18:1 alkenyl

10 540.3 > 184.0 0.49706 LPC 20:0 alkyl

Rank SRM transition Factor loading molecule

1 476.2 > 184.0 -0.69805 LPC 16:3 alkyl or 16:2 alkenyl

2 566.3 > 184.0 -0.62376 LPC 22:1 alkyl or 22:0 alkenyl

3 480.2 > 184.0 -0.61832 LPC 16:1 alkyl or 16:0 alkenyl

4 564.3 > 184.0 -0.60087 LPC 22:1 alkyl or 22:0 alkenyl

5 532.3 > 391.1 -0.56543 LPE 22:3

6 596.3 > 184.0 -0.55865 LPC 24:6

7 382.2 > 241.1 -0.52392 LPE 12:1 alkyl or 12:0 alkenyl

8 571.3 > 241.1 -0.52136 LPI 16:1 alkyl or 16:0 alkenyl

9 558.3 > 417.2 -0.49958 LPE 24:4

10 568.3 > 184.0 -0.44356 LPC 22:6

Table 12. SRM transitions whose factor loadings to the

2nd principal component were large or small
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Figure 19. Lysophospholipids in the lymph nodes of the

sensitization phase, whose factor loadings to the first prin-

cipal component were large

The amount was determined by the normalized peak area.

N = 3.
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Figure 20. Lysophospholipids in the lymph nodes of the

sensitization phase, whose factor loadings to the second

principal component were large.

The amount was determined by the normalized peak area.

N = 3.
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Figure 21. Lysophospholipids in the lymph nodes of the

sensitization phase, whose factor loadings to the second

principal component were small.

The amount was determined by the normalized peak area.

N = 3.
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Figure 22. Principal component plot of lysophospholipid

profile in skin of the elicitation phase

DNFB-treated cPLA2β mice were distinguished by PCA,

then samples from DNFB treated cPLA2β deficient mice were far

from the others.
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Rank SRM transition Factor loading molecule

1 522.3 > 184.0 0.98965 LPC 18:1

2 520.3 > 184.0 0.98513 LPC 18:2

3 496.2 > 184.0 0.97926 LPC 16:0

4 454.2 > 313.1 0.97914 LPE 16:0

5 544.3 > 184.0 0.9762 LPC 20:4

6 548.3 > 184.0 0.97423 LPC 20:2

7 478.2 > 337.1 0.97265 LPE 18:2

8 520.3 > 184.0 0.9692 LPC 18:2

9 546.3 > 184.0 0.96742 LPC 20:3

10 554.3 > 184.0 0.96076 LPC 22:6 alkyl or 22:5 alkenyl

Rank SRM transition Factor loading molecule

1 492.2 > 184.0 -0.75566 LPC 16:2

2 556.3 > 415.2 -0.46228 LPE 24:5

3 556.3 > 415.2 -0.44433 LPE 24:5

4 554.3 > 413.2 -0.38204 LPE 24:6

5 406.2 > 265.1 -0.35081 LPE 14:3 alkyl or 14:2 alkenyl

6 406.2 > 265.1 -0.35081 LPE 14:3 alkyl or 14:2 alkenyl

7 438.2 > 184.0 -0.33101 LPC 12:1

8 498.3 > 357.1 -0.31476 LPE 20:1 alkyl or 20:0 alkenyl

9 528.3 > 184.0 -0.29771 LPC 20:5 alkyl or 20:4 alkenyl

10 448.2 > 307.1 -0.27288 LPE 16:3

11 490.2 > 349.1 -0.26702 LPE 20:3 alkyl or 20:2 alkenyl

12 564.3 > 184.0 -0.25747 LPC 22:1 alkyl or 22:0 alkenyl

Table 13. SRM transitions whose factor loadings were

large or small
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Figure 23. Lysophospholipids in the skin of the elicitation

phase, whose factor loadings to the first principal compo-

nent were large.

The amount was determined by the normalized peak area.

N = 3.
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Figure 24. Lysophospholipids in the skin of the elicitation

phase, whose factor loadings to the first principal compo-

nent were small.

The amount was determined by the normalized peak area.

N = 3.
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7 Discussion

To date, studies to characterize cPLA2β have been based on experiments using

cultured cells and recombinant enzymes, so that only biochemical features are described

and there has been no information available regarding its roles in vivo. Herein, I have

demonstrated that cPLA2β-deficient mice show phenotypes that differs from WT mice,

suggesting that murine cPLA2β plays a significant role in vivo.

In the CHS model, cPLA2β-deficient mice showed enhanced ear swelling

(Fig. 5A). In FITC-induced in vivo cell migration assay, cPLA2β-WT mice and KO

mice showed similar results (Fig. 6), and therefore there seemed to be no difference in

antigen uptake and migration of LCs or dDCs. On the other hand, DNBS-induced cell

proliferation was enhanced in the cPLA2β-deficient mice (Fig. 7), and the difference in

phenotypes in the CHS model appears likely to be derived from the difference in the

abilities of LCs or dDCs to present the hapten-carrier complex, or from the reactivity

of proliferating cells, possibly T cells.

Though statistically significant differences were not observed in the sensitization

phase in the present experiments, the markedly enhanced eicosanoid production in the

skin during the elicitation phase (Fig. 15 and Fig. 16) indicated that inflammatory

responses in cPLA2β-deficient mice are much stronger than those in WT mice. This
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result is consistent with the phenotype in the CHS model.

Detailed analysis of cPLA2β expression in the CHS model remains to be accom-

plished in order to determine the cell types in which cPLA2β plays a pivotal role. In

my results confirming cPLA2β expression in lymph nodes (Fig. 10), the reaction of T

cells was shown to be altered in T cell proliferation assays (Fig. 7), suggesting that T

cells are among the most probable candidates. B lymphocytes are also candidates, since

recent data have indicated that not only T cells but also B cells, are involved in CHS

reactions20). Antigen presenting cells, such as LCs or dDCs, should not be excluded

either. The cell proliferation observed (Fig. 7) is a result of interaction between T cells

and LCs or dDCs, therefore, enhanced capability of antigen presentation could explain

the phenotype in this study.

In my results, the production of eicosanoids was significantly enhanced in the

skin during the elicitation phase (Fig. 15 and Fig. 16). PGs and LTs are known as

inflammatory mediators, and the intensity of inflammation is often correlated to their

levels. The CHS model is not an exception, as PGs and LTs have been reported to

play a pivotal role in this pathological condition 37)38)39)40)41)42)43). Since cPLA2β

depletion increased PG and LT counts in the skin in the elicitation phase, it is unlikely

that the role of cPLA2β in this model involves the release of arachidonic acids from
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phospholipids.

Although cPLA2α-deficient mice are known to show milder symptoms in many

inflammatory states, there have been no reports demonstrating the contribution of

cPLA2α to the CHS model. In general, cPLA2α depletion causes a global decrease

of PGs and LTs. As a result, a characteristic effect by a single molecule-receptor axis

might be abolished with counter-effects derived from another axis. Some mediator-

receptor pairs are inflammatory, while others are protective. The cPLA2β contribution

to the arachidonic acid cascade is not necessarily negated, because it might be modu-

lated indirectly via another mediator or a metabolic pathway that affects phospholipid

composition. In addition, it might cooperate with other enzymes of the arachidonic

acid cascade in a different way from cPLA2α. The possible contribution of cPLA2α to

the enhanced CHS reaction in cPLA2β-deficient mice may remain to be assessed, since

the expression of cPLA2α in cPLA2β-deficient lymph nodes is possibly up-regulated,

though the difference is statistically insignificant. Depletion of cPLA2β might change

the property of the lymphocytes , which results to the enhanced expression of cPLA2α,

and may alter the cell composition of lymph nodes.

Eicosanoid production in the skin should be further investigated, because the re-

sults shown in Fig. 15 are consistent with the results from DNFB-induced CHS (Fig. 5).
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This is possibly due to the change of the ability to generate eicosanoids in some specific

cells and/or the change of the cell population in the skin. These hypotheses remain to

be validated. The histological analysis revealed that increased dermal or hypodermal

edema and hemorrhage are likely to contribute to the differences between WT mice and

cPLA2β-deficient mice. Though detailed analysis of the types of cells that infiltrated

into skin after DNFB-treatment was not carried out, according to the histological anal-

ysis, the numbers of the infiltrating cells did not seem differ (Fig. 5B and Table 10).

Several types of cells that appear to produce PGs and LTs are found in the skin. In

inflammatory conditions, macrophages and neutrophils are probable candidates as the

source of PGs and LTs; however, keratinocytes, which are known to express COX-2, may

also produce PGs, and melanocytes are thought to be able to produce PGD2, because

they are distinguished by their expression of lPGDS72). Thus, the cell types producing

eicosanoids and expressing cPLA2β are remained to be definitively identified.

HETEs are generated from arachidonic acid by lipoxygenases. The biological

functions of HETEs are less well-known than those of LTs, however, they were observed

in higher concentration. HETEs, especially 11-HETE are reported to act as ligands

of the G-protein coupled receptor G2A along with 9-hydroxyoctadecadienoic acid (9-

HODE)73). Recently the G protein-coupled receptor GPR31 was reported as a specific
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receptor of 12-HETE74). It is possible that the other HETEs also have specific receptors

and that they act as mediators. 12-HETE is known to bind specifically to human LCs75),

suggesting that it is involved in allergic reactions in the skin.

Since cPLA2β-deficient mice showed enhanced CHS reactions, it is possible that

cPLA2β produces protective mediators or reduces inflammatory mediators. Though

enzymatic targets of cPLA2β are not clear, lysophospholipids are possible candidates.

Since cPLA2β seems to have PLA2 and lysophospholipase activity, cPLA2β may be

involved in both the generation and the degradation of lysophospholipids. GPR34 is

a G protein-coupled receptor that is abundant in mast cells, and is reported to be a

lysophosphatidylserine (lysoPS) receptor76). Mice lacking GPR34 showed increased paw

swelling in delayed type hypersensitivity tests77), therefore lysoPS is positive candidate

of an immunosuppressive lysophospholipid mediator. GPR55 is a putative cannabinoid

receptor, but is reported as a lysophosphaticylinositol (lysoPI) receptor78). In addition,

other lysophospholipids may act as mediators. As cPLA2β can release fatty acids,

fatty acid metabolites are also candidates for protective mediators. Along with lipoxins

derived from arachidonic acid via lipoxygenases, resolvins from eicosapentaenoic acid

and docosahexaenoic acid (DHA) and protectins from DHA are reported to be related to

the resolution of inflammation79). Recently resolvin E1 was reported to improve atopic
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dermatitis in mice model80), so the mediators derived from ω-3 polyunsaturated fatty

acid (PUFA) might well be play some roles in skin inflammation. Since the enzymes

which release PUFAs for the sources of these mediators are not yet determined, cPLA2β

is one of the candidates.

In quantifying lysophospholipids, I detected more than 100 types of lysophospho-

lipid molecules. Selected reaction monitoring (SRM) proved appropriate for quantifi-

cation and its sensitivity was high enough for comprehensive and simultaneous quan-

tification, which cn be suitably termed a lipidomics analysis. In principal component

analysis, samples were classified in a manner consistent with classification by genotype

and treatment. In this method, the meaning of the principal component was easily

comprehended by two-dimensional plots of scores, and factor loadings to the principal

components enabled me to detect the molecules that characterized the samples without

checking the graphs one-by-one. It may be helpful for finding new lysophospholipid

mediators generated by cPLA2β, when the quantities changes due to cPLA2β deple-

tion. The inverse effect by cPLA2β overexpression might be observed by the analysis

of cultured cells.

The effect of cPLA2β is not necessarily due to the change of quantities of certain

mediators. cPLA2β is likely to hydrolyze phospholipids and lysophospholipids; there-

– 73 –



fore, the lipid composition of the cell membrane might change, and such type of change

may be detected in this way.

If this analysis is applied to other KO mice in which the phenotypes in the CHS

model are well known, helpful information for determining the role of cPLA2β in the

CHS model or to clarify the role of phospholipids in this model would be obtained.

Moreover, this method could possibly be commonly used to analyze the phenotypes of

KO mice.

Not only was substrate specificity of the enzyme not well known, but PLA2 ac-

tivity in the strict sense has not been confirmed12). This problem remains to be solved,

but I have determined that the phospholipid composition in cPLA2β-deficient mice is

different from that in WT mice. It is very likely that cPLA2β can hydrolyze phos-

pholipids, therefore, this enzyme should be regarded as one that is directly involved in

phospholipid metabolism. I have succeeded in profiling of many lysophospholipid molec-

ular species in this thesis, and this may help in investigations of enzymatic activities

and substrate specificity.

In the experiment completed in this thesis, I succeeded in confirming that cPLA2β

plays a significant role in immunological response. cPLA2β depletion enhanced prolifer-

ation of DNBS-treated cells from lymph nodes and intensified the skin inflammation in
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the CHS model. cPLA2β may work protectively against pathological inflammation, and

further investigation will be helpful to understand inflammation more precisely, and to

find new mechanism for appropriate inhibition or resolution of inflammation.
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