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Abstract
Purpose The ubiquitous calcium–independent phospholipase A2 enzyme (iPLA2) is inhibited by calmodulin binding and known
to be responsible for phospholipid remodeling housekeeping functions including granule exocytosis–associated membrane
fusion in normal human neutrophils. We evaluate in human neutrophils the iPLA2 secretagogue effects using normal neutrophils,
where reactive oxygen species (ROS) generation has been blocked by diphenyleneiodonium, as well as in neutrophils from
chronic granulomatous disease (CGD) patients.
Methods Neutrophils were pretreated with W7, a calmodulin inhibitor known to activate iPLA2 and exocytosis of granules, and
vesicles as well as intra- and extra-microbicidal activity against Staphylococcus aureus and Aspergillus fumigatus were
evaluated.
Results W7 increases exocytosis of primary, secondary, and tertiary granules and vesicles and improves neutrophil microbicidal
activity against S. aureus and A. fumigatus.
Conclusions In neutrophils, calmodulin-mediated iPLA2 inhibition controls granule and vesicle exocytosis in the phagosome
and in the extracellular microenvironment. Relieving iPLA2 inhibition results in increased exocytosis of primary, secondary, and
tertiary granules and secretory vesicles with correction of defective intracellular and extracellular microbicidal activity. In CGD
patients presenting ROS defective production, this increase in the non-oxidative killing pathway partially corrects their micro-
bicidal defects.
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Introduction

Polymorphonuclear cells (PMN) kill micro-organisms by
oxygen-dependent and oxygen-independent mechanisms.
Stimulation of neutrophil plasma membrane NADPH oxidase
by a number of stimuli leads to the production of reactive
oxygen species (ROS) directly toxic to the micro-organisms.

Oxygen-independent killing depends on the delivery either
into the phagosome or into the extracellular environment of
pre-formed anti-microbial compounds stored in the neutrophil
granules and vesicles. Inherited disorders with an inability to
kill certain types of bacteria and/or fungus leading to recurrent
life–threatening infections are seen in a variety of rare dis-
eases: chronic granulomatous disease (CGD) patients have
an inherited functional defect of the NADPH oxidase complex
associated with absent or greatly reduced production of super-
oxide anion and downstream ROS; in contrast, Chediak-
Higashi patients or patients having neutrophil-specific granule
deficiency have an intact NADPH oxidase activity but defec-
tive granule mobilization or absent granules. Controversy ex-
ists whether ROS or the anti-microbial peptides are the neu-
trophil’s microbe-killing machines [1]. On the other hand,
collaboration within the neutrophil among oxidants and gran-
ule proteins may be necessary for optimal microbe damage
[2]. Thus, among Gram-positive micro-organisms, individuals
with CGD have recurrent Staphylococcus aureus (S. aureus)
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infections which require oxidative mechanisms for efficient
killing while they do control Streptococcus pneumoniae
infections through effective exocytosis of a number of
granule-derived microbicidal proteins [3].

Phospholipase A2 (PLA2) enzymes act on membrane phos-
pholipids generating lipidmetabolites that have an essential role
in the final stage of membrane fusion [4]. The calcium-
independent PLA2 (iPLA2) enzyme present in terminally dif-
ferentiated granulocytes has been associated with cell division
and granule exocytosis–associated membrane fusion [4–6]. In
the cytosol, iPLA2 activity is inhibited through calmodulin
binding and in human PMN, exposure to molecules containing
calmodulin bindingmotifs results in increased in iPLA2 activity
together with exocytosis of anti-microbial peptides [6].

To further evaluate the iPLA2 secretagogue effect in mye-
loid cell physiology, we investigated in both normal human
PMN and in PMNwhere ROS generation was blocked byDPI
how iPLA2 activation through W7-induced calmodulin inhi-
bition was associated with (i) upregulation of primary, second-
ary, and tertiary granules and secretory vesicles, (ii) in-
creased microbicidal activity, and (iii) compared these
results with those obtained after cell exposure to the
powerful PMN-activating chemotactic factor fMLP. We
also assessed the role of iPLA2 activation in PMN isolated
from CGD patients.

Materials and Methods

Isolation of Human Neutrophils and Reagents

Neutrophils were isolated from citrated venous blood of healthy
volunteers using a one-step separation Polymorphoprep (Axis-
Shield). When indicated, cells were pretreated with the calmod-
ulin antagonist W7 (50 μM) or its less active congener W12
(50 μM), for 60 min, with bromoenol lactone (BEL), 10 μM, a
suicide substrate inhibitor of iPLA2, for 30 min, with the R- or
S-isomer of BEL (R- and S-BEL), 25 μM for 30 min or with
DPI (10 μM) for 15 min, a concentration which does not affect
viability or phagocytosis and inhibit by more than 95% ROS
production [7]. Cell viability after W7 treatment was assessed
by their ability to mobilize calcium by platelet-activating factor
(PAF) or fMLP (Supplementary Figure S1).

Patient Characteristics

PMN were obtained from 9 CGD patients after written autho-
rization in accordance with Declaration of Helsinki, following
protocol approved by the Hôpital des Enfants ethical commit-
tee. Genotyping of 9 CGD patients revealed a group of 5
males with gp91 phox–linked disease, 2 gp91 phox heterozy-
gous females presenting multiple infections and in vitro defect
in ROS production (30% and 5% using flow cytometry based

DCFH), and 1 female with autosomal p67 phox deficiency.
Homozygous autosomal recessive CGDwas diagnosed in one
female patient without conclusive genotyping based on the
absence of ROS production (0%) by PMN using flow
cytometry–based DCFH assay.

Degranulation Assays

Cell surface expression of CD63, CD66b, and CD35 was mon-
itored by flow cytometry for assessing degranulation of
azurophilic and specific granules and secretory vesicles respec-
tively [8]. PMN were either untreated or pretreated with DPI
(10 μM) for 15 min or BEL (10 μM) for 30 min, R- or S-BEL
(25 μM) for 30 min, followed by stimulation withW7 (50 μM)
or W12 (50 μM) for 60 min or fMLP (10−6 M) for 20 min
(CD63) or 60 min (CD66b, CD35) before staining with
FITC-coupled antibodies for 20 min at 4 °C. Lysis solution
(BD Biosciences) was used to lyse residual red blood cells
and to fix the cells before flow cytometry analysis. The release
in the supernatant of α defensin, lactoferrin, and MMP-9 was
monitored for assessing degranulation of azurophilic and spe-
cific and gelatinase granules respectively in cells (1 × 107/ml)
pretreated or not with cytochalasin B (Cyt B, 5 μg/ml) for
20 min and exposed to W7 (50 μM) for 60 min. Released α-
defensin and lactoferrin (Hycult Biotech) andMMP-9 (R andD
systems) activity were measured by ELISA according to the
manufacturer’s recommendations. The release in the superna-
tant of MPO, a marker of azurophilic granules, was monitored
in cells pretreated or not with CB and exposed to W7 (50 μM)
for 60 min or fMLP (10−6 M) for 10 min. Released MPO
activity was measured using a chromogenic substrate as de-
scribed by the manufacturer (Sigma).

iPLA2 Activity Assay

PMN (1 × 107 cells/ml) were collected, sonicated 3 times for
10 s with a 15-s break between cycles, and centrifuged at
15,000g for 20 min at 4 °C. The supernatant was removed
and kept on ice. After determination of the protein concentra-
tion (Bradford assay), iPLA2 activity measurement was ob-
tained in presence of W7 and R-BEL using the cPLA2 assay
kit (Cayman chemical) [6]. Activity of iPLA2 is expressed as
percent of control (untreated cells). Results were from ten
similar experiments, and each was performed in duplicate.

Phagocytosis Assay

Bacterial phagocytosis was evaluated by flow cytometry [9].
PMN were exposed to W7 (50 μM) for 60 min prior to addi-
tion of FITC-labeled S. aureus (subsp. aureus ROSENBACH,
ATCC 25923) opsonized with serum from the same donor at a
ratio of 1:10 at 37 °C. Fluorescence intensity of bacteria was
determined after 15 min.
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Intracellular and Extracellular S. aureus Killing

For intracellular killing assays [9], cells untreated or pretreated
with DPI were exposed to W7 or fMLP. Cells were then
counted again and an identical number (1 × 107/ml) was incu-
bated with human serum opsonized (5 min) S. aureus (4
McFarland standard, 1.2 × 109 bacteria suspension/ml) for
20 min. A 100-μL sample was then diluted into 1 ml ice-
cold water (pH 11) to lyse neutrophils. Each sample was di-
luted further into water (pH 7) and spread on nutrient agar
plates. Plates were incubated overnight at 37 °C and the num-
ber of colonies formed was counted. For extracellular killing
assays, supernatant of 1 × 107/ml CB-primed neutrophils ex-
posed to either buffer or W7 of fMLP were incubated with
S. aureus for 60 min. The bacteria were spun down, resus-
pended, plated, and incubated for 18 h and percent S. aureus
survival was calculated based on colony plate counting [10].
W7 alone did not affect the S. aureus viability.

Intracellular and Extracellular Killing of Aspergillus

To assess the hyphae killing by granulocytes, a clinical
Aspergillus fumigatus isolate was used. Conidia were over-
night incubated in HBSS and young hyphae were co-
cultured with untreated or treated PMNs (1 × 107/ml) for
20 h [9]. Hereafter, cells were lysed in distilled water (pH 7)
and hyphae injury was quantified by measuring the metabolic
activity of fungi by reduction of the tetrazolium reagent XTT.
To assess non-oxidative hyphae killing, young hyphae were
incubated with neutrophil supernatant and cell-free hyphae
killing was measured by XTT reduction assay [11]. W7 alone
did not affect the hyphae viability.

Statistical Analysis

Data were analyzed as appropriate either byWilcoxonmatched-
pairs test or by ANOVA using GraphPad Prism Software v3.0.
Results are expressed as mean ± standard error of the mean
(SEM). A p value ≤ 0.05 indicated significant differences.

Results and Discussion

Increased membrane expression by flow cytometry of CD63,
CD66b, and CD35 was used respectively to quantify exocy-
tosis of primary (azurophilic), secondary (specific) granules,
and secretory vesicles [10, 12]. Detection in the supernatant of
α-defensin and MPO was used to evaluate exocytosis of pri-
mary granules while lactoferrin and MMP-9 measurements
were respectively for secondary and tertiary (gelatinase) gran-
ule exocytosis [13]. In normal human PMN, W7 increases
membrane expression of CD63, CD66b, and CD35
(Fig. 1a–c). W7 alone inhibits ROS production induced by

fMLP by more than 95% [14, 15]. Additional inhibition of
NADPH oxidase by DPI did not affect the W7 exocytosis
increase of azurophilic granules and vesicles (Fig. 1d, f).
However, it inhibited the exocytosis of secondary granules
(Fig. 1e). BEL, a selective iPLA2 inhibitor, inhibited the exo-
cytosis of azurophilic granules and secretory vesicles
(Fig. 1d, f). In contrast to W7, the less active calmodulin
antagonist W12, the unchlorinated analogue of W7, did not
affect exocytosis (Fig. 1g–j).

The racemic form of BEL used in our experiments is con-
stituted by the 2 enantiomers R-BEL and S-BEL, R-BEL be-
ing approximately an order of magnitude more selective for
iPLA γ than iPLA2 β [16]. As shown in Fig. 1k, R-BEL but
not S-BEL inhibits CD35 upregulation by W7. In human
PMN, BEL including R and S-BEL has been reported to in-
hibit iPLA2 activity [6]; in our study, we confirm that R-BEL
is involved in this inhibition, as shown in Fig. 1l.

The cortical actin network prevents granules accessing to
the plasma membrane [12]; primary granules which contain
the largest number of bactericidal proteins are the most diffi-
cult granules to mobilize [13]. However, disruption of the
actin cytoskeleton by cytochalasin B was not necessary to
observe W7-increased exocytosis of all granule subsets
(Fig. 2a) while it wasmandatory for fMLP-induced exocytosis
of MPO-derived primary granules (Fig. 2b).

Based on these results, we hypothesize that in normal
PMN, calmodulin-mediated iPLA2 inhibition controls granule
and secretory vesicle exocytosis. iPLA2 activity can be re-
leased from this tonic inhibition resulting in granule and ves-
icle exocytosis in the phagosome and into the extracellular
microenvironment. To evaluate the microbicidal activity of
W7-associated increased exocytosis, both intracellular and ex-
tracellular killing against S. aureus was performed using W7-
treated PMN where NADPH oxidase activity has been
inhibited by DPI. DPI-treated PMN display a profound intra-
cellular bactericidal defect against S. aureus which is partially
restored by W7, while fMLP does not have any corrective
effect (Fig. 2c). This increased in W7-associated bactericidal
activity is also observed in extracellular killing assays
(Fig. 2c). Similarly, in DPI-treated PMN, there is a profound
defect in intracellular anti-aspergillus activity which is also
partially restored by W7 (Fig. 2d). In contrast to fMLP,
A. fumigatus supernatant killing was increased in W7-
exposed cells (Fig. 2d). Of interest, although W7 inhibits by
more than 95% ROS production in PMN [14, 15], there were
no statistical differences in either intra- and extra-bactericidal
activity or intra- and extra-fungicidal activity between PMN
and W7-treated PMN. Since W7 does not have any effect on
phagocytosis (Fig. 2e), our results support the hypothesis that
the correction of the microbicidal defects inW7-treated cells is
associated with secretagogue effects on granules and vesicles
and increased exocytosis of microbicidal compounds in the
phagosome or into the micro-environment.
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In CGD neutrophils, non-oxygen-dependent killing oc-
curs indicating that degranulation and release of micro-
bicidal proteins occur [7, 17]. We then evaluated the

activity of W7 on PMN isolated from nine CGD patients.
In these cells, W7 increased CD63 and CD35 membrane
expression (Fig. 3a, b, c–e) while no effect was seen on
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Fig. 1 The calmodulin inhibitor W7 stimulates granule and vesicle
exocytosis. (a, b, and c). Release of subset types of granules and vesicles
was tested by flow cytometry following cell surface expression of CD63
(azurophilic granules), CD66b (specific granules), and CD35 (secretory
vesicles) in neutrophils treated as described in material and methods. a–c
Histogram overlays showing the expression of granule markers (CD63,
CD66b, and CD35) on neutrophils following treatment either with W7
(bold lines), fMLP (dotted lines), or with vehicle control (thin lines),
representative data from one blood donor is shown. d–f Results are
expressed as mean ± SEM between control, W7, and fMLP pretreated cells
and exposed to DPI or BEL as described in the BMaterials and Methods^
section. g–jW12 does not induce cell surface expression of CD63, CD66b,
and CD35 as assessed by flow cytometry. g–i Histogram overlays showing

the expression of granulemarkers (CD63, CD66b, andCD35) on neutrophils
following treatment either with W7 (bold lines), W12 (dotted lines), or
vehicle control (thin lines), representative data from one blood donor is
shown. A minimum of 9 independent experiments in duplicate were
performed. Results are expressed as mean ± SEM. k R-BEL but Not S-
BEL inhibits CD35 upregulation by W7. PMN were pretreated by 10 μM
BEL, 25 μM R-BEL, or 25 μM S-BEL for 30 min before addition of W7,
CD35 was determined as above. Data are represented as the mean ± S.E.M.
of at least six separate experiments. l iPLA2 activity is increased in PMN
pretreated with W7. iPLA2 activity after treatment by 50 μMW7 or/and R-
BEL 25 μM an iPLA2γ inhibitor was measured as described in the
BMaterials and Methods^ section using control cells as 100% enzyme activ-
ity. Results from ten independent experiments are presented as mean ± SEM



CD66b expression (data not shown); this last result ob-
tained from only three patients agrees with our data

obtained from normal DPI–treated PMN where W7 ex-
posure did not upregulate CD66b expression (Fig. 1e).
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Fig. 2 W7 triggers the release of α-defensin, lactoferrin, and MMP-9. a
Human PMN pretreated or not with cytochalasin B were stimulated with
W7 and cell-free supernatants were assayed by ELISA for α-defensin,
lacotoferrin, and MMP-9 contents. A minimum of 9 independent experi-
ments in duplicate were performed. Results are expressed as mean ± SEM.
b Human PMN pretreated or not with cytocholasin B were stimulated with
either W7 or with fMLP and released MPO, a marker of primary granules,
was monitored using a chromogenic substrate. Statistics as in (a). c The
calmodulin inhibitor W7 corrects defective bactericidal and fungicidal activ-
ity in DPI-treated PMN. c Human neutrophils, untreated or pretreated with
DPI were exposed to W7 or fMLP as described in the BMaterials and
Methods^ section. Cells were washed, counted, and an identical number of
cells were incubated with serum opsonized S. aureus and survival was
assessed following a 20-min incubation. On the graph, the numbers of col-
onies with non stimulated PMN (NS) represent 100% killing. Raw data
including number of bacterial colonies are shown in Table S2. For superna-
tant killing assays, supernatant of 1 × 107/ml untreated, W7 or fMLP treated

PMN were incubated with S. aureus for 60 min. The bacteria were spun
down, resuspended, plated, and incubated for 18 h and percent S. aureus
survival was calculated based on colony plate counting. No difference was
observed between NS and DPI pretreated cells (not shown). d To assess the
hyphae killing by granulocytes, conidia were overnight incubated in HBSS
and young hyphae were co-cultured with untreated or treated PMN (1 × 107/
ml) as in A for 20 h. Hereafter, cells were lysed in distilled water (pH 7) and
hyphae injurywas quantified bymeasuring themetabolic activity of fungi by
reduction of the tetrazolium reagent XTT. To assess non-oxidative hyphae
killing, young hyphae were incubated with neutrophil supernatant prepared
as in a and hyphae killing wasmeasured by XTT reduction assay. eW7 does
not modify human neutrophil phagocytosis as assessed by counting the
uptake of opsonized S. aureus as described in the BMaterials and
Methods^ section. A minimum of 9 independent experiments performed in
duplicate were performed for bacterial killing. A minimum of 6 independent
experiments in duplicate were performed for A. fumigatus killing and phago-
cytosis. Results are expressed as mean ± standard error of the Mean (SEM)



In addition, W7 partially corrected the deficit in in-
tracellular bactericidal activity against S. aureus present-
ed by the CGD PMN (Fig. 3f). Thus in CGD patients

presenting ROS defective production, this increase in
the non-oxidative killing pathway partially corrects their
microbicidal defects.
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Fig. 3 W7 induces degranulation of azurophilic and secretory granules
and increases S. aureus killing in CGD neutrophils. a–e Cell surface
expression of CD63 (n = 8) and CD35 (n = 9) was monitored by flow
cytometry as described in Fig. 1 a, c in CGD PMN exposed to W7
(50 μM) for 1 h. f Increased intracellular killing of S. aureus by CGD

PMN (n = 7) was determined by colony plate counting as described in
Fig. 1 g. Cells were treated with buffer or W7 (50 μM) for 1 h before
incubation with S. aureus. Early and late killing was measured after 20-
min or 30-min incubation with bacteria



Taken together, our study extends the results obtained pre-
viously in human PMN where iPLA2 activation by neuropep-
tides was associated with secretion of a number of peptides
associated with innate immunity [6]. These peptides detected
by proteomic analysis were found to have anti-microbial and
anti-inflammatory properties and similarly to our results were
stored in the 3 types of granules including the primary gran-
ules, the most difficult ones to mobilize. The ability of R-BEL
but not S-BEL to upregulate CD35 membrane expression and
our results indicating that R-BEL activate iPLA2 support the
hypothesis that iPLA2γ rather than iPLA2β plays a role in
myeloid granular exocytosis.

Besides being the first line of defense against invading path-
ogens, PMN are also important in the orchestration of adaptive
immunity: PMN cross-talk with lymphocytes and antigen-
presenting cells via mediators contained in their granules [18].
Thus, modulation of neutrophil exocytosis by calmodulin bind-
ing molecules might also be of interest in non-infectious disor-
ders such as inflammation, auto-immunity, and cancer. In this
regard, we found that the high affinity IgG binding Fc receptor,
FcɣR1 or CD64, contained in the azurophilic granules and in-
volved in tumor cell killing [19] through antibody-dependent
cellular cytotoxicity, is also highly upregulated by W7.

W7 as an anti arrhythmic drug has been used successfully
in vivo in rodents and dogs without major toxicities [20].
However, W7 is associated with neuronal death in rabbits’
cultured cortical neurons [21]. Thus, more insight into long-
term W7 effects is necessary before its use as a potential ther-
apeutic drug. Of interest, potential therapeutic small-
molecules inhibitors of iPLA2 enzymes have been developed
and are now evaluated in clinical trials in order to treat inflam-
matory diseases [22].
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