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Although the role of arachidonic acid (AA) metabolism to eicosa-
noids has been well established in allergy and asthma, recent studies
in neoplastic cells have revealed that AA remodeling through
phospholipids impacts cell survival. This study tests the hypothesis
that regulation of AA/phospholipid-remodeling enzymes, cytosolic
phospholipase A2 a(cPLA2-a, gIVaPLA2) and CoA-independent
transacylase (CoA-IT), provides a mechanism for altered eosinophil
survival during allergic asthma. In vitro incubation of human eosino-
phils (from donorswithout asthma) with IL-5 markedly increased cell
survival, induced gIVaPLA2 phosphorylation, and increased both
gIVaPLA2 and CoA-IT activity. Furthermore, treatment of eosino-
phils with nonselective (ET18-O-CH3) and selective (SK&F 98625)
inhibitors of CoA-IT triggered apoptosis, measured by changes in
morphology, membrane phosphatidylserine exposure, and caspase
activation, completely reversing IL-5–induced eosinophil survival. To
determine if similar activation occurs in vivo, human blood eosino-
phils were isolated from either normal individuals at baseline or from
subjects with mild asthma, at both baseline and 24 hours after
inhaled allergen challenge. Allergen challenge of subjects with
allergic asthma induced a marked increase in cPLA2 phosphoryla-
tion, augmented gIVaPLA2 activity, and increased CoA-IT activity.
These findings indicate that both in vitro and in vivo challenge of
eosinophils activated gIVaPLA2 and CoA-IT, which may play a key
role in enhanced eosinophil survival.
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A primary mechanism involved in the resolution of lung
inflammation is thought to be the death and clearance of eo-
sinophils. If allowed to accumulate in tissues, eosinophils can
release a wide variety of proinflammatory mediators including
cytotoxic granule proteins, lipid mediators, and cytokines,
thereby exacerbating inflammatory diseases such as allergic
asthma (1). In vivo, normal induction of eosinophil death by
apoptosis facilitates their clearance by macrophages and other
phagocytic cells (2). However, various growth factors and
cytokines released during inflammation render eosinophils
more resistant to apoptosis (3).

In allergic diseases, production of the cytokines IL-5 and
GM-CSF delay eosinophil apoptosis (4). IL-5 exposure causes
eosinophils to enter a nonresting state, referred to as priming. In
the primed state, intracellular pathways are partially activated,
decreasing the time necessary for eosinophils to release gran-
ules and produce lipid mediators and cytokines in response to
a second agonist. Thus, during diseases such as allergic asthma,
priming cytokines such as IL-5 prolong the life span of the
infiltrating eosinophils by delaying apoptosis, thereby heighten-
ing their potential to cause tissue damage. This concept has
been supported by in vivo studies that show that reduced
apoptosis of sputum eosinophils is related to increased clinical
severity of allergic asthma (5), and also by observations of
apoptotic airway eosinophils in vivo (6). Together, these find-
ings provide evidence that the regulation of eosinophil apopto-
sis plays a critical role in the resolution of inflammation in
diseases such as asthma.

While AA is predominantly recognized as a substrate yield-
ing biologically active metabolites such as eicosanoids, recent
studies from cancer literature have demonstrated that levels
of free (unesterified) AA (controlled by AA-phospholipid
turnover) can regulate apoptosis in several cell types (7–9).
More specifically, these studies have shown that blockage of
AA-phospholipid remodeling leads to a marked increase in
intracellular AA and cellular apoptosis.

There are two known pathways which regulate intracellular
levels of AA via its incorporation and remodeling into different
phospholipid pools. The first has been termed a ‘‘high affinity–
low capacity’’ pathway (10). Cells use this pathway to rapidly
incorporate and remodel AA through various glycerophospho-
lipids. The predominant enzymes in this pathway include long
chain fatty-acid ligase (FACL, or AA-CoA ligase), lysophos-
pholipid:acyl-CoA acyltransferase, and acyl-CoA independent
transacylase (CoA-IT) (11). Both AA-CoA ligase and CoA-IT
show a high specificity for arachidonate relative to other fatty
acids. Recent studies by Zarini and colleagues have demon-
strated that reacylation of free AA back into phospholipids
using lysophospholipid:acyl-CoA acyltransferase and AA-CoA
ligase is critical in controlling free AA levels in primed and
stimulated neutrophils (12).

There is a second ‘‘low affinity–high capacity’’ pathway that
is used when cells encounter high concentrations of AA. In this
pathway, AA is ultimately incorporated into triacylglycerides
and diarachidonoyl phospholipids using the classical de novo
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These findings indicate that both in vitro and in vivo
challenge of eosinophils activated gIVaPLA2 and CoA-IT,
which may play a key role in enhanced eosinophil survival.
Understanding the activation of these inflammatory cells in
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glycerolipid biosynthesis pathway. Along with others, we have
demonstrated that inflammatory cells accumulate triglycerides
in cellular lipid bodies at sites of inflammation using this
pathway (13).

The generation of lysophospholipid acceptors necessary to
drive these de novo synthesis and remodeling pathways is
thought to be accomplished by the action of phospholipase
A2(s). The identity of the phospholipase is not clear at this time
but is potentially different under various cellular situations.
Evidence suggests that the group VI (calcium independent)
iPLA2 may function in this capacity in many unstimulated cells
(14), whereas the gIVaPLA2 (calcium dependent cytosolic
PLA2, cPLA2) is activated in other cell types, especially
leukocytes (15). In colorectal tumors, gIVaPLA2 levels and
function have been associated with cancer pathogenesis (16).
Many of the effects of gIVaPLA2 in neoplastic cells have been
postulated to be due to effects of elevating free AA and its
subsequent effects on mitochondrial-mediated apoptosis.

Given the growing body of work on AA-phospholipid
remodeling enzymes and apoptosis in the cancer cells, the
current study was performed to better understand how these
enzymes impact eosinophil survival and apoptosis during inflam-
mation. These data suggest that AA-phospholipid remodeling
orchestrated by CoA-IT and gIVaPLA2 may function to re-
gulate eosinophil apoptosis.

MATERIALS AND METHODS

Reagents

Cell buffer (Hank’s with calcium and magnesium, HBSS) was pur-
chased as a 10X stock from Life Technologies (Grand Island, NY) and
was diluted fresh daily with ultrafiltered deionized water (Pure Flow,
Mebane, NC). Isolymph was obtained from Gallard Schlesinger (Carle
Place, NY). Leupeptin and pepstatin A were purchased from Peninsula
Labs (Belmont, CA). Protein determinations were made with a Pierce
BCA assay (Rockford, IL). Immobilon PVDF, chemiluminescence
developing reagents, 1-palmitoyl-2 [14C] arachidonoyl-glycerophospho-
choline, and [3H]-arachidonic acid were purchased from PerkinElmer/
New England Nuclear (Boston, MA). Peroxidase-linked goat-anti-rabbit
IgGwasobtainedfromICN/Cappel(Durham,NC).Partiallyphosphorylated
(insect cell expressed) recombinant human cPLA2 was a kind gift from Dr.
Ruth Kramer (Eli Lily, Indianapolis, IN). IL-5, transforming growth factor
(TGF)-b, Annexin V, and caspase 8 and 9 fluorometric substrates were
from R&D Systems (Minneapolis, MN). Anti-Fas antibody (CD-95) was
from Immunotech, Inc., (Westbrook, ME), SK&F 98625 as described from
Dr. Floyd Chilton (17), Diff-Quik stains from Baxter (McGraw Park, IL),
and 1-O-octadecyl-2-O-methyl-sn-glycerol-3-phosphocholine (Et-18-O-
CH3) from Alexis (San Diego, CA). All high-performance liquid chroma-
tography–grade organic solvents were from Fisher Chemicals (Atlanta,
GA) and unless specified, other substances were the best reagent grade as
purchased from Sigma (St. Louis, MO). Silica Gel G thin-layer chroma-
tography (TLC) plates were from Analtech (Newark, DE).

Asthma Subject Selection

Adult subjects with mild atopic asthma and normal, nonsmoking
subjects without history of chronic illness or allergy were studied in
protocols approved by our Institutional Review Board. A written
informed consent was obtained from each subject. Each subject with
asthma met the criteria proposed by the American Thoracic Society
to define asthma, having documented reversible airflow obstruction
demonstrated by an increase in FEV1 of more than 15% after b-agonist
inhalation, or episodic symptoms of airflow obstruction, including
cough, dyspnea, and wheezing, consistent with reversible airflow ob-
struction, without a significant cigarette smoking exposure history (, 5
pack-years). Anti-inflammatory medications, including inhaled and
systemic corticosteroids, were withheld for at least 6 weeks before
study initiation. Inhaled b-agonists (except salmeterol) were withheld
for 6 hours, and salmeterol and theophyllines were withheld for
24 hours before each study.

Allergen Challenge

Inhaled allergen challenges were performed in each subject with asthma
as previously described (18) using cat dander (Felis domesticus), dust
mite (Dermatophagoides farinae) (both from Greer Laboratories, Inc.,
Lenoir, NC), or standardized cat hair (ALK Laboratories, Inc., Wallingford,
CT). All subjects demonstrated both skin test reactivity to the specific
allergen, had a clinical history compatible with allergic asthma, and a
PC20 methacholine less than or equal to 8 mg/ml. Blood was drawn before
the administration of allergen and at either 6 hours or 24 hours after
challenge. Subjects were monitored for a minimum of 10 hours after
inhaled allergen challenge, including determination of the late asthmatic
response (LAR, defined as a drop in FEV1 of at least 15%), which oc-
curred in all subjects 3 to 10 hours after challenge and which persisted for
more than 30 minutes.

Eosinophil Isolation

Granulocytes were isolated from heparinized venous blood by density
gradient centrifugation through Isolymph (Gallard Schlesinger, Carle
Place, NY) as described (19). Eosinophils were then purified by
negative immunomagnetic selection as described (20). The average
preparation of eosinophils was more than 95% pure by this method.
Enough eosinophils were available from each blood sample for to
perform either gIVaPLA2 Western blots, measurement of cPLA2 ac-
tivity, or measurement of Co-A-IT activity. For human donors without
asthma, subjects with absolute peripheral blood eosinophil counts
below 350 per mm3 were used.

Cytokines and CoA-IT Inhibitors

IL-5, TGF-b, and anti-Fas antibody (CD-95) were used at final
concentrations of 0.05 ng/ml, 0.5 ng/ml, and 10 mg/ml, respectively.
SK&F 98625 was diluted in DMSO and used at a final concen-
tration of 20 mM and 40 mM. 1-O-octadecyl-2-O-methyl-sn-glycerol-3-
phosphocholine (Et-18-O-CH3) was diluted in EtOH and used at
10 mM and 25 mM final concentrations.

Cell Isolation, Stimulation, and Fractionation

Isolated eosinophils were incubated in RPMI 1640 media with
100 U/ml penicillin, 100 mg/ml streptomycin, 10% FBS, and L-
glutamine at 1–2 3 106 cells/ml at 378C in a 5% CO2 incubator. Cells
were treated with recombinant human IL-5 in RPMI 1640 media at
the concentrations and times described in RESULTS; control cells
received no IL-5 supplement. For cPLA2 experiments, stimulation of
cells was terminated as described (21).

Phospholipase A2 Assays

cPLA2 enzymatic activity was assayed by the hydrolysis of 1-palmitoyl-
2 [14C] arachidonoyl-glycerophosphocholine ([14C] AA-GPC) (19),
using 80 mg of cytosolic protein and terminated after 20 minutes by
organic extraction as described (21, 22).

CoA-IT Assay

Eosinophils were washed once in PBS without Ca11 or Mg11 and
were sonicated at 2.5 3 107 cells/ml in 10 mM phosphate-buffered
saline containing 1 mM EDTA (CoA-IT buffer). CoA-IT enzymatic
activity was assayed by the formation of phosphatidylcholine from
radiolabeled lysophosphatidylcholine (acceptor assay), using 0.5 mCi
1-[3H] alkyl-2-lyso-sn-glycero-3-phosphocholine as a tracer as de-
scribed (15). Reactions contained 892 pmoles of unlabeled lysophos-
phatidylcholine in CoA-IT buffer with 50 mg of cell sonicate. After
30 minutes of incubation at 378C, the reactions were terminated
by organic extraction, followed by TLC. Bands corresponding to
1-[3H]alkyl-2-lyso-GPC and 1-[3H]alkyl-2-acyl-GPC were identified
and scraped, and radioactivity was determined by liquid scintillation.

Labeling of Cellular Glycerophospholipids with [3H]-AA and

Analysis of Labeled Products

Eosinophil glycerophospholipids were labeled with [3H]-AA as de-
scribed (9). Briefly, cells were incubated with 1 mCi of [3H]-AA (New
England Nuclear) per 1 3 106 cells in HBSS containing essentially fatty
acid–free human serum albumin (250 mg/ml) for 1 hour at 378C and
washed several times to remove excess label. These pulse-labeled cells
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were incubated for 24 hours at 378C in RMPI to allow AA
redistribution through glycerophospholipids before inhibition with
20 or 40 mM SK&F 98625 for an additional 24 hours. Cells were
centrifuged, lipids extracted (22), and AA distribution analyzed by
TLC on Silica Gel G plates resolved with heaxane:ether:formic acid
(90:60:6) (21).

PAGE and Western Analysis

Polyacrylamide gel electrophoresis and Western analysis was performed
on eosinophil cytosolic fractions to determine the degree of gIVaPLA2

phosphorylation. Fifty micrograms of eosinophil cytosolic protein were
resolved on 7.5% PAGE with SDS. Proteins were transferred to
Immobilon PVDF membrane. A rabbit, anti-peptide antibody was raised
against peptide residues 443 to 462 of gIVaPLA2 as described (19, 21),
affinity purified, and used as described (21). Blots were developed and
detected by enhanced chemiluminescence. Densitometry of film bands
was obtained using a Pharmacia Biotech Image Master software system
(Uppsala, Sweden) coupled to a Sharp X 32F6 scanner. Images in this
article are from single experiments representative of –three to nine
experiments per condition and were reproduced here by scanning an
ECL film using a Hewlett -Packard Scanjet 5370C (Palo Alto, CA).

Apoptosis Assays: DNA Ladders

Apoptotic induction of DNA fragmentation ladders was assayed using
a Gentra Puregene DNA Isolation kit (Qiagen, Valencia, CA) according
to the manufacturer’s instructions as described (20) and resolved by
electrophoresis on a 1.2% agarose gel with ethidium bromide detection.

Phosphatidylserine Exposure

Annexin V binding to newly exposed cell surface phosphatidylserine
was measured using an R&D Systems protocol without a final wash
step. At least 100 cells per sample were quantitated utilizing a Zeiss
inverted fluorescence microscope (Thornwood, NY).

Cell Volume

Eosinophil cell volumes were quantitated by a Coulter counter
(Coulter Electronics, Hialeah, FL), counting 10,000 cells per condition.

Light Microscopy

Eosinophil cytospins were prepared and stained in Baxter’s Diff-Quik
Stains and examined under light microscopy (. 100 cells each) for
morphologic changes, including nuclear rounding and shrinkage (20).

Membrane Integrity

Membrane integrity was measured by examining the exclusion of
trypan blue by light microscopy.

Caspase Activity

Caspase 8 or 9 activity was measured using an R&D Systems protocol
with samples incubated for 2 hours with fluorescent conjugated
caspase-specific peptide substrates, IETD-AFC substrate for caspase
8 and LEHD-AFC substrate for caspase 9. Fluorescence was measured
at an excitation of 400/505 nm excitation/emission on an SLM 8000C
spectrofluorometer.

Statistics

All data are presented as the mean 6 SEM, where n > 3 separate
blood donors. Significance (P < 0.05 unless stated) of asthma subject
data before and after allergen challenge was evaluated by paired t test
unless noted. Comparison of patient data to that of control subjects
without asthma was evaluated by unpaired t test.

RESULTS

Influence of In Vitro Treatment with IL-5 on

gIVaPLA2 and CoA-IT

IL-5 has been documented to prolong eosinophil survival and
to prime a number of eosinophil functions including oxidant
production and LTC4 release (23). Initial in vitro experiments

confirmed that IL-5 (50 ng/ml) prolonged the survival of
peripheral blood eosinophils in tissue culture for over 50% of
the cells at 96 hours in vitro (our unpublished data).

In several neoplastic cells, enhanced cell survival and pro-
liferation have been associated with a notable increase in AA-
phosopholipid remodeling. Consequently, the influence of IL-5
on the activity of enzymes that control AA-phospholipid
remodeling in leukocytes was measured. Measurement from
cell sonicates demonstrated that incubation of normal donor
eosinophils with 100 pg/ml IL-5 activated cPLA2. In vitro, IL-5
activated cPLA2 activity (255 6 60% increase over unstimu-
lated control cells) within 30 minutes of providing the cytokine
(Figure 1, squares). This doubling of activity was maintained for
the 20 hours in which it was examined (241 6 65%). Results
with IL-5 were normalized relative to the paired control (no
IL-5) sample at each time point.

IL-5 also increased CoA-IT activity; however, these changes
were not observed until later in the time course (Figure 1,
circles). At 72 hours there was a significant increase (155 6

19%, P , 0.05) in CoA-IT activity when compared with non–
IL-5–treated cells.

Effects of CoA-IT Inhibitors on the Apoptosis of Eosinophils

Blocking AA-phospholipid remodeling using CoA-IT inhibitors
has been reported to induce apoptosis in several neoplastic cell
lines (24). Therefore, the next set of experiments examined the
effect of CoA-IT inhibitors on eosinophil apoptosis. The CoA-
IT inhibitor, SK&F 98625, is a reversible antagonist of CoA-IT
with an IC50 of 5–10 mM in cell-free assays and an IC50 of 15 to
25 mM in whole cells (25). In initial experiments, peripheral
blood eosinophils were isolated and cultured with increasing
concentrations of SK&F 98625 and then apoptosis was moni-
tored by examining the formation of 200–base pair fragments of
DNA into DNA ladders. DNA fragmentation was evident as
SK&F 98625 concentration increased, consistent with apoptotic
activation of nuclease activity (Figure 2A). This induction of
apoptosis was confirmed by measuring the translocation of
phosphatidylserine (PS) to the surface of the plasma membrane
of eosinophils cultured in the presence and absence of IL-5.
Figure 2B shows that SK&F 98625 caused significant concen-
tration-dependent increases in PS translocation 24 hours after

Figure 1. IL-5 activated eosinophil cytosolic phospholipase A2 (cPLA2)

and CoA-independent transacylase (CoA-IT) with different kinetics
in vitro. Eosinophils from healthy individuals without asthma were

isolated and incubated with IL-5 for the indicated periods in cell cul-

ture, harvested, fractionated, and either cPLA2 or CoA-IT enzymatic

activities assayed as described in MATERIALS AND METHODS. IL-5 (100 ng/ml)
significantly increased cPLA2 activity (squares) within 30 minutes and

maintained that activation for at least 20 hours. However, IL-5 failed to

activate CoA-IT (circles) within 30 minutes and required at least 72 hours
(at 50 ng/ml) to significantly increase CoA-IT activity in cultured

eosinophils. *P 5 0.05 by paired t test versus unstimulated 0-minute

samples.
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treatment. Other apoptotic characteristics observed included
changes in cell volume, morphology, and trypan blue exclusion
(our unpublished data). All of these assays confirmed that
SK&F 98625 induced apoptosis of eosinophils. Similarly, when
eosinophils were incubated with IL-5, fewer cells became
apoptotic (solid bars in Figure 2C). However, SK&F 98625
(20 mM or 40 mM) completely reversed the capacity of IL-5 to
increase eosinophil survival, inducing significant apoptosis in
a dose-dependent manner (Figure 2C).

Et-18-O-CH3, a nonselective inhibitor of CoA-IT (25), also
rapidly induced apoptosis in control eosinophils (Figure 3A)
and completely reversed IL-5–induced increases in eosinophil
survival measured by cell volume changes (Figure 3B).

To determine the impact of CoA-IT inhibition on AA
distribution in the eosinophils, cells were pulse-labeled with
[3H]-AA before inhibition with SK&F 98625. After 48 hours of
total culture time, AA was elevated in the combined free fatty
acids plus triglyceride fraction, and increased further upon
incubation with the CoA-IT inhibitor (Figure 4). There was
a corresponding decrease in the AA content of the phospholipid
pool (not shown). Even the untreated cells have high levels of
unesterified AA after the total 48 hours in culture, more so in
this primary cell than seen in immortalized tumor cell lines in
the literature. This occurs at a point at which approximately
50% of the eosinophils are apoptotic, which is consistent with
the hypothesis that limiting AA remodeling causes increased
AA and affects apoptosis in the eosinophils.

Caspase Activation by CoA-IT Inhibitors

Caspases 8 and 9 are activated by diverse pro-apoptotic agents,
and this activation has been shown to be a key early and

Figure 2. The CoA-IT inhibitor, SK&F 98625, induced eosinophil

apoptosis in vitro. (A) Human eosinophils were cultured for 7 to 24 hours

alone, or with SK&F 98625 at 0, 1, or 10 mM (as marked). DNA was

harvested and apoptosis was indicated by the banding pattern of the
resulting DNA ladder (3 mg total DNA per lane, one example shown). (B)

Human eosinophils were cultured for 0 to 72 hours alone (control, solid

bars), or with SK&F 98625 at 20 mM (hatched bars) or 40 mM (open bars).
Apoptosis was measured as the percent of eosinophils expressing surface

phosphatidylserine (annexin V binding). Samples were taken at 0, 24, 48,

or 72 hours. *P , 0.05 between control and SK&F 98625 at each time

point. (C) The experiment was repeated by adding IL-5 alone (50 pg/ml,
solid bars) to human eosinophils in culture for 0 to 72 hours or in

combination with SK&F 98625 at 20 mM (hatched bars) or 40 mM (open

bars). Apoptosis was again measured as the percent of eosinophils

expressing surface phosphatidylserine. *Significant differences of P ,

0.05 between IL-5 alone and SK&F 98625 1 IL-5 at each time point (n 5

3–4 separate cell preparations).

Figure 3. The CoA-IT inhibitor, Et-18-O-CH3, induced eosinophil
apoptosis in vitro. (A) Human eosinophils were cultured for 0 to 72

hours in media alone (control, solid bars), or with Et-18-O-CH3 10 mM

(hatched bars) or 25 mM (open bars). Apoptosis was determined as the
percent of eosinophils with decreased cell volume as shown by Coulter

counter measurements. Samples were taken at 0, 24, 48, or 72 hours.

(B). Eosinophils were cultured for 0 to 72 hours in media with IL-5 alone

(50 pg/ml, solid bars), or combination with Et-18-O-CH3 at 10 mM
(hatched bars) or 25 mM (open bars). Apoptosis was determined as the

percent of eosinophils with decreased cell volume as shown by Coulter

counter measurements. Samples were taken at 0, 24, 48, or 72 hours.

Significant differences of P , 0.05 were seen between eosinophils
treated with IL-5 and Et-18-O-CH3 1 IL-5 after 48 hours, as indicated

by asterisks (n 5 3–4 separate cell preparations per assay).
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committed step in the apoptotic pathway. Caspase activity was
measured in eosinophils after CoA-IT inhibitor addition using
two fluorogenic substrates. Caspase 8 activity (Figure 4A) and
caspase 9 activity (Figure 4B) remained low in untreated
eosinophils throughout the 7-hour experiment. IL-5 did not
influence caspase 8 and 9 activity when compared with un-
treated eosinophils (Figures 4A and 4B). Caspase 8 and 9
activities in eosinophils were elevated at 1 hour after addition of
SK&F 98625 (40 mM) and remained elevated throughout the
7-hour experiment. Activation of caspases by SK&F 98625 was
more rapid than several other apoptosis-inducing agents in-
cluding Fas ligand, TGF-b, and the F1-F0-ATPase inhibitor,
oligomycin (data not shown). A similarly rapid activation of
caspase 8 and 9 was observed after CoA-IT inhibitor treatment
of IL-5–primed eosinophils (Figures 5A and 5B). These data
revealed that CoA-IT inhibitors are potent and rapid inducers
of caspase 8 and 9 activity as an early step in apoptosis in both
control and IL-5–primed eosinophils.

Influence of Apoptosis-Inducing Agents on CoA-IT Activity

To determine if apoptosis caused by other apoptosis-inducing
agents is associated with a change in CoA-IT activity, eosino-
phils were cultured with either the cytokine TGF-b (0.5 ng/ml)
or Fas ligand. In both cases eosinophils underwent apoptosis at
an increased rate compared with untreated cells (Figure 6).
CoA-IT enzymatic activity remained similar to control values
throughout the 72-hour time course. Together these data suggest
that although blocking CoA-IT activity can induce apoptosis,
a blockage in CoA-IT activity is not a central requirement for
eosinophil apoptosis induced by all physiologic agonists.

Effect of In Vivo Allergen Challenge on cPLA2 and CoA-IT

Regulation of AA and phospholipid remodeling enzymes could
provide a mechanism for regulating not only eicosanoid pro-
duction, but also the increased life-span of eosinophils in al-
lergic asthma. The studies outlined above were performed
in vitro. While this provides important information regarding
mechanism, it does not address the important question as to
whether these responses occur in vivo in a disease population.
To address this question, peripheral blood eosinophils from
healthy donors without asthma, and from donors with allergic
asthma, before and after in vivo allergen challenge were
isolated and both cPLA2 and CoA-IT activity were determined.

Blood eosinophils from healthy donors without asthma
contained cPLA2 enzymatic activity of 8.2 6 2.2 nmol hydro-

lyzed phospholipid/80 mg protein/20 minutes (n 5 10). In the
current study, cPLA2 enzymatic activity was measured from
cytosolic fractions of eosinophils isolated from individuals with
asthma before and after allergen challenge. cPLA2 enzymatic
activity increased approximately 3-fold 24 hours after allergen
challenge (Figure 7A), from hydrolysis of 5 6 4 nmol phospho-
lipid/80 mg protein/20 minutes at baseline to 18 6 10 nmol/
80 mg/20 minutes 24 hours after allergen challenge (P 5 0.05,
paired t test, n 5 4). This increase is similar to that seen by
in vitro stimulation of eosinophils with IL-5 (Figure 1) and as
reported for neutrophils stimulated in vitro (19, 26). Enzymatic
activity was not significantly elevated at 6 hours after challenge
(6 6 3 nmol/80 mg/20 min, P 5 0.4, n 5 4), nor was the baseline
activity significantly lower than the nonasthmatic cPLA2 activ-
ities given above (P 5 0.23, unpaired t test).

Previous work by several laboratories has indicated that the
activation of gIVaPLA2 is correlated with phosphorylation
gel shifts, which occur in parallel to a corresponding increase
in enzymatic activity assayed in vitro (19, 26–29). Gel shift
assays measure gIVaPLA2 activation produced by phosphory-
lation of ser505 (28, 30). To corroborate the above data on
gIVaPLA2 activation, Western blots were used to quantitate
the phosphorylation-dependent gel shift indicative of cPLA2

activation in peripheral blood eosinophils of subjects with
asthma before and after allergen challenge. Using densitometry
of the Western blot (ECL) films, the amount of protein in the

Figure 4. The CoA-IT inhib-

itor, SK&F 98625, induced
AA accumulation in eosino-

phils in vitro. Human eosino-

phils were pulse-labeled
with [3H]-AA for 1 hour,

washed, and then incubated

for an additional 24 hours to

allow isotopic equilibrium
through all glycerophospho-

lipid classes and subclasses.

Subsequently, cells were

cultured for an additional
24 hours alone or with

SK&F 98625 at 20 mM or 40 mM. Cellular glycerolipids were extracted
and separated in a neutral lipid TLC system. Significant AA accumulated

in the combined free fatty acid and triglyceride fraction with a corre-

sponding decrease in AA in the phospholipid fraction (PL). *P , 0.04

versus no inhibitor, n 5 3.

Figure 5. Caspase 8 and 9 are activated in eosinophils treated with

SK&F 98625. Eosinophils were cultured with media alone (control, solid

bars), SK&F 98625 40 mM (stippled bars), IL-5 (50 pg/ml, open bars),

or with both IL-5 and SK&F 98625 (hatched bars) for times of 0, 1, 2,
and 7 hours and then lysed. Lysates were incubated with fluorogenic

substrates for (A) caspase 8 or (B) caspase 9, and fluorescence intensity

was measured. Significant differences of P , 0.05 were seen between
media controls and SK&F 98625–treated eosinophils (as noted by

asterisks). Similar significant differences of P , 0.05 were also seen

between eosinophils treated with IL-5 alone and those treated with

SK&F 98625 1 IL-5 (n 5 3–7 separate cell preparations per condition).

362 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 41 2009



upper phosphorylated band (examples in Figure 7B) was
quantitated relative to the lower band. On average, the pro-
portion of gel-shifted cPLA2 was elevated in the eosinophils of
patients with asthma at baseline relative to blood donors
without asthma (19 6 3% versus 3 6 3%, mean 6 SEM, P 5

0.004 unpaired t test, n 5 4 each) and increased further 24 hours
after allergen challenge (44 6 11%, n 5 7) (Figure 7C). This
increase was significant relative to blood donors without asthma
(P 5 0.01, unpaired t test) and nearly significant relative to the
already elevated baseline values in the same patients (P 5 0.06,
paired t test, n 5 4). Phosphorylation was apparent from the gel
shifts in gIVaPLA2 samples taken 24 hours after allergen
challenge. Consistent with the activation of gIVaPLA2, the
total intensity was decreased in the more activated samples
(Figure 7B, lane 4). This decreased intensity of cPLA2 may

represent translocation to a membrane fraction or some degra-
dation of the activated enzyme at this time point.

CoA-independent transacylase was also measured in unsti-
mulated peripheral blood eosinophils from patients with asthma
at baseline and at 24 hours after inhaled allergen challenge
(Figure 7D). CoA-IT enzymatic activity increased markedly
(2.8 6 1.1-fold, P 5 0.059, n 5 3) in the blood eosinophils of
patients with asthma 24 hours after allergen challenge. There
was no significant increase in activity at 6 hours after challenge.
Thus, 24 hours after inhaled allergen challenge, both gIVaPLA2

and CoA-IT activities were stimulated in circulating blood
eosinophils from subjects with asthma.

DISCUSSION

In allergic asthma, peripheral blood eosinophils migrate into
lung tissue in response to a multistep activation process (4). This
process includes IL-5–directed expansion, maturation, and
survival of eosinophils from both bone marrow and blood
(31). Using in vivo and in vitro models, the current study ad-
dressed the relationship between prolonged survival of eosino-
phils and enzymes that affect AA-phospholipid remodeling.
Importantly, we found phenotypic changes in peripheral blood
eosinophils within 24 hours after in vivo allergen challenge,
confirming that activation of eosinophils occurred and was
measurable systemically even though allergen challenge was
administered directly to the lung tissue. This change in eosin-
ophil phenotype to a primed or activated state was documented
by the detection of phosphorylated gIVaPLA2 by gel shift
assay. The phosphorylation of gIVaPLA2 was paralleled by
activation of both cPLA2 and CoA-IT enzyme activities,
measured ex vivo. Upon allergen challenge, activation of both
gIVaPLA2 and CoA-IT occurred to a similar magnitude.
Surprisingly, activation of gIVaPLA2 was significant at baseline
in this cohort of subjects with mild disease, demonstrating that
these individuals can have partially activated or primed eosino-
phils as an altered blood phenotype during periods between
obvious clinical episodes of their asthma. The increased activa-
tion of gIVaPLA2 seen at 24 hours after challenge suggests that
it may contribute to the persistence of an asthmatic event after
acute exposure. Primed peripheral blood eosinophils have been
reported in other studies from subjects with asthma, including
up-regulated surface receptors (32), up-regulated intergrins
(33), primed responses to chemoattractants (34), and increased
transepithelial migration (35), as well as primed superoxide
gerneration (36) and leukotriene production (37). These primed
features are further augmented in eosinophils in the airway fluid
obtained by BAL, where activated eosinophilic cationic protein
(38), lipid body formation with increased AA and eicosanoid
generation (39), and hyperadhesive phenotypes (33) have been
reported. The inflammatory signals responsible for the activa-
tion of asthmatic eosinophils remain to be identified, and may
be either direct allergens or secondary products of allergen
stimulation of airway cells. However, eosinophil priming is
likely to occur during repeated passage through the pulmonary
circulation in order for it to be evident in peripheral blood cells.

These in vivo observations were mimicked when isolated
eosinophils were incubated with IL-5. IL-5 increased cPLA2

activity as well as CoA-IT activity and markedly enhanced the
lifespan of eosinophils by delaying apoptosis. These cellular
events could enhance AA-phospholipid remodeling, since aug-
menting gIVaPLA2 activity in the eosinophils would provide
unesterified AA as a substrate for eicosanoid production, as
well as generate lysophospholipid acceptors. Enhanced CoA-IT
activity would increase the capacity of the cell to reacylate
lysophospholipid acceptors and continue remodeling glyceroli-

Figure 6. TGF-b and Fas ligand induced eosinophil apoptosis but did
not activate CoA-IT. (A) Human eosinophils cultured with TGF-b (500

pg/ml) for 0 to 96 hours were assayed by arachidonic acid transfer to

radiolabeled lyso-PAF, and CoA-IT hydrolytic activity calculated as

a percent of control. CoA-IT enzymatic activity (circles) was measured
for times from 0 to 72 hours. Eosinophil apoptotic characteristics were

also determined including phosphatidylserine exposure (open dia-

monds), cell volume reduction (open squares), morphologic changes

(solid squares), and membrane integrity (solid diamonds) by trypan blue
exclusion. Data are the average of three to eight experiments per assay.

(B) Human eosinophils cultured with anti-Fas (100 ng/ml), which acts

as a Fas ligand, and were measured for CoA-IT hydrolytic activity
(circles) out to 72 hours. Apoptotic characteristics were also determined

including phosphatidylserine exposure (open diamonds), cell volume

reduction (open squares), morphologic changes (solid squares), and

membrane integrity (solid diamonds) by trypan blue exclusion. Data are
the average of three to nine experiments per assay.
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pid AA in stimulated cells. Thus, activation of these systems
may contribute to delayed eosinophil apoptosis. We do not yet
know if the mechanism is because both events can lower free
AA levels when coupled to other metabolic enzymes, or if
specific eicosanoid products contribute to delayed apoptosis
(40). Evidence from T-lymphocytes suggests that gIVaPLA2

may not be directly involved in AA remodeling in glycerophos-
pholipids (41). However, other studies suggest that gVIPLA2

(calcium-independent iPLA2) can play a critical role in AA-
glycerolipid remodeling in conjunction with CoA-IT (42).

The current study also tested the hypothesis that CoA-IT
activity is central to the induction of apoptosis by physiologic
stimuli, such as TGF-b and Fas ligand. Exposure of eosinophils
to TGF-b or anti-Fas antibody increased several markers of
apoptosis, but did not influence CoA-IT activity. Thus, not all
receptor agonists use this pathway of CoA-IT activation
or inhibition in regulating apoptosis. Indeed, the timing of
CoA-IT activation is delayed relative to gIVaPLA2 in IL-5–
stimulated eosinophils, and though elevated in asthmatic blood
eosinophils after allergen challenge, the increase is small. It is
not yet known if activation of CoA-IT is a limited stimulated
response seen in stressed cells or if constitutive activity is
normally sufficient to remodel AA in primary cells. Neutrophil
CoA-IT has been reported to be fully active without stimula-
tion (15).

Over the past decade, inhibitors of CoA-IT have been
discovered and have been shown to decrease AA-phospholipid
remodeling (43). These include the specific inhibitor diethyl 7-
(3,4,5-triphenyl)ureido]-4-(trifluoromethylphenoxy)-4,5-dichlo-
robenzene sulfonic acid (SK&F 98625) and a nonspecific
inhibitor 1-O-octadecyl-2-O-methyl-sn-glycerol-3-phosphocho-
line (Et-18-O-CH3) (17). The fact that these inhibitors can
dramatically affect the viability of numerous cancer cell types
implies that AA-phospholipid remodeling may play a pivotal
role in the survival of certain cancers. Our laboratory has
previously shown that inhibitors of AA uptake, remodeling,
and metabolism induce apoptosis in SK-MES-1 cells and that
this apoptosis is probably mediated by the accumulation of
unesterified AA (9). Other studies have also drawn similar
conclusions with regard to COX inhibition (25, 44, 45), FACL-4
(8, 9), and CoA-IT (7, 9, 42). Overexpression of COX and
FACL-4 synergistically lowered free AA and inhibited apopto-
sis in cancer cells (8). Each of these enzymes may affect cell
survival depending upon the level of cell stimulation or pro-
liferation (41, 42). The common finding in these combined
studies is the elevated level of free AA in apoptotic cells
(Figure 8).

The mechanisms by which elevated free AA levels can
regulate apoptosis are uncertain. One recent report suggests
that AA can affect mitochondrial membrane permeabiliza-
tion, with the subsequent release of cytochrome c and cell
death (46, 47). We have demonstrated that eosinophil mito-
chondria can function as potent regulators of apoptosis (20) in
part through anti-apoptotic Bcl-2 proteins (48). However,
though parallels between AA and its metabolites and Bcl-2
protein balance have been observed, the mechanisms by which
these molecules regulate mitochondrial function and apoptosis
is complex (47). Other evidence suggests that elevated AA
may stimulate ceramide-induced apoptosis via the activation
of shingomyelinases, an effect that is reduced in gIVaPLA2-
deficient mice (47).

We have also demonstrated that dysregulation of AA-
glycerolipid remodeling induced by CoA-IT inhibitors results
in marked alterations in genes critical to cell survival and
apoptosis (10). Our laboratory recently provided a putative
mechanism for this apoptosis by showing that elevating in-

Figure 7. Allergen challenge of patients with asthma resulted in an

eosinophil cPLA2 and CoA-IT activation. Peripheral blood eosinophils

were isolated from patients with asthma before and at 6 or 24 hours after
allergen challenge. (A) cPLA2 enzyme activity in the eosinophil cytosolic

fraction was assayed in vitro by the hydrolysis of 2-arachidonoyl-

glycerophosphatidylcholine. *P , 0.05 by unpaired t test versus non-
asthmatic samples. (B) cPLA2 was resolved by SDS-PAGE (50 mg/lane

total protein) with Western blotting and the gel shift in cPLA2 measured

by densitometry. Individual examples shown in B include subject 1 before

(lane 1) and after challenge (lane 2), and subject 2 before (lane 3) and
after challenge (lane 4). (C) The mean proportion (6 SEM) of gel-shifted

(phosphorylated) protein was significantly higher both at baseline and

after allergen challenge in the subjects with asthma compared with

unstimulated control subjects without asthma. *P 5 0.01 by unpaired t
test of samples from subjects with asthma versus those from subjects

without asthma. (D) Eosinophils from patients were assayed for CoA-IT

activity at baseline, and at 6 or 24 hours after allergen challenge. Fold

increase is shown normalized to the unstimulated baseline for each
patient (P 5 0.059 for difference between baseline versus 24 h, n 5 3).
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tracellular AA affects a number of genes that participate in cell
survival and apoptosis in colon cancer cells (10). Of the 29 genes
up-regulated by elevating intracellular AA, six coded for AP-1
proteins implicated in Jun dimerization and apoptotic signaling,
and two more coded for the EGR-1 zinc finger transcription
factor, which has been shown to physically interact with c-Jun in
neuronal apoptosis. Together, these data suggest that disrupting
AA-phospholipid remodeling can be a potent approach to
induce cellular apoptosis.

The current study was performed to better understand
whether AA remodeling enzymes impact eosinophil survival
and apoptosis during allergic inflammation, where delayed
apoptosis could prolong an inflammatory response. The eosin-
ophil provides a great opportunity to examine this phenome-
non, since numerous cytokines markedly increase their lifespan.
IL-5 in vitro, and allergen challenge in vivo, enhanced the
activity of gIVaPLA2 and CoA-IT, both of which would
contribute to AA metabolism and remodeling. The current
study also demonstrated that CoA-IT inhibitors both increased
apoptosis in non–IL-5–treated eosinophils and prevented en-
hanced cell survival in IL-5–treated cells. Eosinophil AA
metabolism may not be as rapid as that of tumor cells (9) or
promonocytes like U937 cells (42), and thus they may be
especially sensitive to changes in unesterified AA. Collectively,
these data suggest that AA-phospholipid remodeling may play
an important role in the survival of asthmatic eosinophils.

Current treatments of allergic eosinophilic diseases involve
the use of glucocorticosteroids (49, 50). Glucocorticosteroids
increase the rate of eosinophil apoptosis, although they delay
the rate of apoptosis in neutrophils (48, 51). Over the last
decade, induction of apoptosis has been recognized as a major
therapeutic strategy for blocking tumorigenesis. This study
supports the hypothesis that selective strategies, such as block-
ing AA-phospholipid remodeling, may induce apoptosis and
help resolve acute and chronic inflammation.
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