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ABSTRACT

During brain or cardiac ischemia/reperfusion neutrophils are recruited and activated contributing to
inflammation and tissue damage. Neutrophils are removed from inflamed tissues by phosphatidylserine-
dependent phagocytosis. Production of reactive oxygen species by the neutrophil NADPH-oxidase is
known to affect phosphatidylserine externalization. Amiloride derivatives are inhibitors of the sodium-
proton exchanger providing substantial protection in animal models of brain and cardiac ischemia/
reperfusion injury; however their effects on neutrophils remain incompletely known. We investigated
the effect of 5-(N,N-hexomethylene)amiloride (HMA) on phosphatidylserine externalization in wild type
and NADPH-oxidase deficient PLB-985 cells differentiated into neutrophils. We show that HMA had a
dual effect: (1) 60 wM HMA induced phosphatidylserine externalization in at least 40% of the cells; (2)
20 M HMA had no direct effect but enhanced phosphatidylserine externalization induced by cell
activation with PMA or calcium ionophore A23187. Both effects were independent of the NADPH-oxidase
and were not due to changes in intracellular pH. 60 wM HMA induced a capacitative calcium entry which
was necessary for phosphatidylserine externalization. The HMA-induced PS externalization was
inhibited by salubrinal, an inhibitor of ER-stress-linked apoptosis. Lower HMA concentration enhanced
PMA or A23187 effects through PKC and calcium dependent pathways. The caspase inhibitor Z-VAD-FMK
weakly diminished phosphatidylserine externalization, suggesting that activation of caspases 7, 8, 9 and
3 was not involved. Increasing phosphatidylserine externalization by low concentrations of HMA
improved the engulfment of PMA-activated PLB-985 cells by macrophages, providing a novel therapeutic

strategy to limit the accumulation of neutrophils in injured tissues.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Ischemia/reperfusion injury plays a central role in the
development of tissue injury in cardiovascular, kidney and central
nervous system diseases, including acute stroke. Neutrophil
recruitment and activation are major components of ischemia/
reperfusion pathophysiology [1,2] and may be a target for
therapeutic intervention [3]. Sodium-proton exchanger (NHE)
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inhibitors have emerged as important therapeutic options for the
attenuation and treatment of organ failures during ischemia/
reperfusion [4-6]. Amiloride derivatives are efficient NHE-1
inhibitors and depending on their concentration have been also
implicated in the induction of apoptosis or growth inhibition [7,8].
However the physiopathologic and therapeutic effects of amiloride
derivatives on neutrophils have been poorly investigated. Neutro-
phil apoptosis induced by amiloride derivatives has been mainly
attributed to cytosolic acidification consecutive to the NHE
inhibition [9,10]. In endothelial cells, amiloride derivatives induce
endoplasmic reticulum (ER) calcium depletion and subsequent ER-
stress leading to apoptosis independent of NHE inhibition and
acidification [7]. ER-stress response acts to restore normal ER
homeostasis and is therefore cytoprotective. However, if ER-stress
is too strong or persistent, programmed cell death can be engaged,
a process that is implicated in hypoxia, ischemia/reperfusion
injury, neurodegeneration, heart disease, and diabetes [11].
IRE1, ATF6 and PERK are the three main ER-stress transducers.
They are inactive due to their binding to the ER chaperone BiP/
Grp78, which is a key regulator of the ER-stress response. When
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proteins misfold in the ER lumen, BiP dissociates from the ER-stress
transducers, leading to their activation. PERK activation induces
elF2a phosphorylation protecting against cell death. Conversely,
the GADD34/PP1 phosphatase complex leads to elF2a-P dephos-
phorylation and overexpression of GADD34 correlates with
apoptosis. Inhibition of the GADD34/PP1 phosphatase complex
(e.g. by salubrinal), enforcing elF2a phosphorylation, protects cells
against ER-stress-induced apoptosis. IRE1 association with TRAF2
activates ¢JUN NH,-terminal kinase (JNK) or caspase cascade via
caspase 12 (rodent) -4 (humans) cleavage, both pathways leading
to cell death. Bcl-2 family members also reside in the ER membrane
and influence apoptosis induced by ER-stress. The control of
apoptotic pathways activated downstream of ER-stress is not fully
known and how these processes might be manipulated to limit
tissue injury during inflammation has not been extensively
investigated [12,13].

Recognition and removal of apoptotic cells imply cell surface
modifications such as externalization of phosphatidylserine (PS).
Furthermore, PS-dependent recognition of dying cells by macro-
phages regulates the release of pro- or anti-inflammatory
cytokines in vitro and in vivo [14].

In quiescent cells, the distribution of major phospholipids in the
membrane bilayer is asymmetric. PS and phosphatidylethanol-
amine are sequestered in the inner leaflet whereas phosphatidyl-
choline and sphingomyelin are mainly in the outer leaflet.
Phospholipid asymmetry is maintained by an ATP-dependent
enzyme named aminophospholipid translocase (APLT) [15]. In
various physiological conditions (apoptosis, cell activation), phos-
pholipid asymmetry is lost and PS is exposed at the cell surface [16].
Mechanisms driving PS externalization are not yet entirely
elucidated and multiple pathways can be implicated depending
on the various physiopathologic conditions. Generally, PS externali-
zation slightly precedes apoptosis, however there is growing
evidence that PS externalization, which triggers cell recognition
and engulfment by macrophages, can be induced independently of
classical signs of apoptosis such as caspase activation and/or DNA
damages [17-25]. This potentially avoids loss of cell membrane
integrity and tissue damage. During acute and chronic inflamma-
tion, large numbers of neutrophils become activated and infiltrate
the inflamed tissue. Most of these cells will die rapidly and have to be
removed to end the inflammatory reaction.

In neutrophils, the production of reactive oxygen species (ROS)
through NADPH-oxidase activation is classically implicated in PS
externalization in neutrophils death process [26], also participat-
ing in cell removal by macrophages [27]. The NAPDH oxidase also
liberates large amounts of protons in the cytosol and the NHE has a
major role in the control of neutrophil cytosolic pH.

The human promyelocytic leukaemia cell line PLB-985 can be
differentiated to acquire major characteristics of mature neutro-
phils [28-30] in particular the capacity to produce large quantities
of ROS through NADPH-oxidase activation [28]. We have
investigated the impact of amiloride derivative treatment on PS
externalization and cell engulfment by macrophages in the
differentiated wild type PLB-985 or CGD-like (chronic granuloma-
tous disease) cell line in which the gene encoding for the NADPH-
oxidase subunit gp91P"°* was disrupted by homologous recombi-
nation [31].

In differentiated wild type or gp91P"°* knockout PLB-985 cells,
HMA induced in a dose-dependent manner a rapid PS externaliza-
tion. Remarkably, HMA at a dose that did not induce a direct effect,
drastically enhanced PS externalization induced by cell activation
with PMA or calcium ionophore A23187 in both types of cells,
suggesting a process independent of oxidative processes consecu-
tive to NADPH-oxidase activation. Consequently, we have investi-
gated the mechanisms of PS externalization specific to amiloride
derivatives in gp91P"* knockout cells.

2. Materials and methods
2.1. Materials

Phorbol-12-myristate-13-acetate (PMA), 5-(N-ethyl-N-isopro-
pyl)amiloride (EIPA), 5-(N,N-hexomethylene)amiloride (HMA),
BAPTA-AM, calcium ionophore (A23187), ionomycin, thapsigargin,
nigericin and propidium iodide (PI) were from Sigma (Saint
Quentin, France). PKC inhibitor 2-[1-(3-dimethylaminopropyl)-
1H-indol-3-yl]-3-(1H-indol-3-yl)-maleimide, GF109203X, salu-
brinal, JNK inhibitor SP600125 and general caspase inhibitor Z-
VAD-FMK were obtained from Calbiochem (VWR International, Val
de Fontenay, France). Calcium, ROS and pH probes, respectively
Fluo4-AM, carboxy-H,DCFDA-AM and BCECF-AM were from
Molecular Probes (Invitrogen, Cergy Pontoise, France). All other
chemical were purchased from PROLABO (VWR International, Val
de Fontenay, France).

2.2. Cell culture and differentiation of PLB-985 and gp91P"** knockout
PLB-985 cells

Both human myeloid leukaemia cell lines PLB-985 (a generous
gift from Dr. Stasia from Grenoble with the authorization of Dr.
Dinauer from Indiana) were cultured and differentiated as
previously described [28]. Efficiency of differentiation was
routinely estimated by measurement of the cell surface expression
of CD11b, CD32, and CD64 by using specific fluorescent antibodies
(ImmunoTools, Friesoythe, Germany) and flow cytometry.

In the various experimental conditions, differentiated cells
(2 x 10%/ml) were incubated at 37 °C in saline medium containing
140 mM NaCl, 5mM KCl, 0.5 mM MgCl,, 2mM CaCl,, 10 mM
glucose, 10 mM Hepes (pH 7.4) and 5% de-complemented fetal calf
serum. In calcium free medium, CaCl, was substituted by 500 .M
of EGTA. To impose intracellular pH cells were pre-incubated
30 min in the saline media adjusted at various pH (6.25-8) [32].

2.3. Flow cytometry analysis

For all experiments, fluorescent probes were excited at 488 nm
with an argon laser source, and emission was analyzed at 530 nm
(FL1) for FITC, carboxy-H,DCFDA, Fluo4- or BCECF; at 575 nm (FL2)
for phycoerythrine, at 630 nm (FL3) for propidium iodide. The
cytometer was a FACScan (Becton-Dickinson) driven by the
CellQuest software. All the measurements were made with a
constant photomultiplier gain and the percentage of gated-events
or geometric mean fluorescence was used to quantify the
responses.

2.4. Endogenous PS externalization

PS exposure was essayed with the binding of FITC-annexin V
(Bender MedSystems, Vienna, Austria) in the presence of PI (1 pg/
ml), a marker of plasma membrane integrity. When cells were
incubated in calcium free medium, 2 mM calcium was added just
before FITC-annexin V and cells were incubated 10 min at room
temperature. This subsequent addition of calcium did not
influence PS externalization as shown by the absence of FITC-
annexin V binding in cells treated with the calcium ionophore
A23187 in calcium free medium (see Section 3).

2.5. Cytosolic pH (pH;) and ROS measurement

Measurement of pH; was performed by using BCECF-AM and
flow cytometry as previously described [33]. PLB-985 cells
(2 x 10%/ml in saline media) were loaded with 2.7 wM BCECF-
AM (30 min at 37 °C). The response of the probe was calibrated by
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incubating the loaded cells in calibration media constituted with
high-potassium buffers at pH 6.5-8 in the presence of 2 uM
nigericin, which exchanged protons against potassium ions and
allowed to equilibrate extra- and intracellular pH.

ROS production was estimated by flow cytometry by using the
cell-permeant dye carboxy-H,DCFDA-AM. Cells (2 x 10%/ml) were
loaded for 30 min at room temperature with 250 nM of carboxy-
H,DCFDA-AM. Hydrogen peroxide (H,0,) produced in the
extracellular medium by dismutation of superoxide anion can
reach the cytosol through the plasma membrane and oxidizes
carboxy-H,DCFDA to a fluorescent compound (DCF, emission at
530 nm). Presence of ROS inside the cells was quantified by the
geometric mean of the fluorescence histogram.

2.6. Kinetic of cytosolic calcium variations

Cells were loaded with 2 wM of Fluo4-AM during 30 min at
37 °C, centrifuged and washed in saline medium containing 2 mM
calcium or 500 wM EGTA. After various times of incubation,
calcium and/or agonists were added and the fluorescence of the
cells was measured at 530 nm (FL1 channel) by flow cytometry in
time-lapse mode. Necrotic cells were identified by labelling with PI
and discarded by gating on the FL3 channel. The variations in
[Ca%*]; were calibrated from the equation: [CaZ*]; = K4[(F — Fmin)/
(Fmax — F)], where Ky is the dissociation constant of the Ca?*~Fluo4
complex (345 nM), Fi,ax the maximum fluorescence (obtained after
addition of 2 wM ionomycin in Ca medium), and Fp;, the minimum
fluorescence (obtained in cells loaded with 50 .M of BAPTA).

2.7. Phagocyetosis of activated PLB-985 cells by cultured
RAW 264.7 macrophages

RAW 264.7 macrophages were seeded onto coverslips in 24
well plates (5 x 10 cells/well) and cultured overnight in RPMI
1640 medium containing 10% FCS. Resting or activated PLB-985
cells were labeled with 6 uM Hoechst 33342 for 15 min at 37 °C.
Cells were then washed twice and co-cultured at 2 x 10° cells/ml
with macrophages for 1 h at 37 °C. After incubation, unbound cells
were washed three times with RPMI 1640 medium and three times
with PBS. Adherent cells were fixed with 1% formaldehyde. The
cells were examined under a Zeiss fluorescence microscope. A
minimum of 100 macrophages were analyzed per experimental
condition. To confirm a role of externalized PS in PLB-985
phagocytosis, activated PLB-985 cells were incubated 10 min at
37 °C with 2.5 g of annexin V before the co-culture with
macrophages. Results are expressed as the number of phagocy-
tozed PLB-985 cells per 100 macrophages.

2.8. Data analysis

Data are means +SE of a minimum of three independent
experiments. Differences between means were evaluated by
Student’s t-test with p < 0.05 being taken as the level of significance.
* means p < 0.05.

3. Results

3.1. HMA induced phosphatidylserine externalization independent of
NADPH-oxidase in differenciated-PLB-985

To study the mechanisms of PS externalization induced by
amiloride derivatives, FITC-annexin V binding and membrane
permeability were assessed by flow cytometry. In the wild type
(Fig. 1A) or gp91P"°* knockout PLB-985 cells (Fig. 1B), after 3 h of
incubation, HMA induced PS externalization in a dose-dependent
manner without loss of membrane integrity (PS+/PI- cells). PS

Fig. 1. Dose-dependent effect of amiloride derivative (HMA) on PS externalization in
wild type (A) or gp91P"°* knockout PLB-985 (B) cells. Cells were incubated 3 h at
37 °C in presence of increasing concentration of 5-(N,N-hexomethylene)amiloride
(HMA). PS externalization (% of PS+ PI— cells) and necrosis (% of PS+ PI+ cells) were
estimated by flow cytometry after binding of FITC-annexin V and addition of
propidium iodide (PI). Results are means + SE, n > 3.

externalization was not detectable at low concentrations (10 wM
or 20 wM) and became significant at 60 wM and remarkably,
100 wM HMA already induced signs of necrosis in a majority of
cells (PS+/PI+ cells). HMA at low or highest concentration did not
cause detectable ROS production as measured by flow cytometry
with the DCF probe (data not shown). In the same condition,
200 nM of PMA, which are able to fully activate NADPH-oxidase
[26], induced massive ROS production (basal fluorescence was
multiplied by 50) (data not shown).

HMA induced PS externalization in the same manner in wild
type or gp91P"°* knockout PLB-985 cells suggesting that the HMA
effect was independent of NADPH-oxidase activation.

3.2. At low concentrations, HMA enhanced phosphatidylserine
externalization induced by PMA or A23187 calcium ionophore

During ischemia/reperfusion, many neutrophils are recruited as
well as activated in affected tissues. So, we have studied the effect
of HMA on PS externalization in PLB-985 cells activated by PMA or
the calcium ionophore A23187.

In our conditions, after 3 h of incubation, 200 nM PMA induced
PS externalization in 20% (PS+/PI- cells) of the wild type cells
(Fig. 2A), whereas in the gp91P"* knockout PLB-985 cells PS
externalization was limited to about 5% of cells but not totally
suppressed (Fig. 2B). Remarkably, in presence of 20 wM HMA, the
effect of PMA was multiplied by 2.9 in the wild type cells and by 5.6
in the gp91P"* knockout PLB-985 cells (Fig. 2A and B).

This effect of HMA was also reproduced by other amiloride
derivatives such as EIPA or DMA (data not shown). Interestingly,
the effect of HMA was independent of NADPH-oxidase activation.
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Fig. 2. HMA amplifies PS externalization in cells activated by PMA or calcium
ionophore (A23187). Wild type PLB-985 cells (A) were incubated in presence of
200 nM of PMA with or without 20 WM of HMA and gp91P"°* knockout PLB-985
cells (B) were incubated in presence of 200 nM of PMA or 3 wM of A23187 with or
without 20 wM of HMA. PS externalization (% of PS+ PI— cells) was estimated as
described in the legend of Fig. 1, and percentages of cells were subtracted from their
respective controls. Results are means + SE, n > 3.

As PS externalization classically implicates an increase in the
concentration of the cytosolic calcium [16], we first investigated
whether HMA influences the effect of a calcium ionophore on PS
externalization. Treatment of gp91P"°* knockout PLB-985 cells
with 3 wM A23187, a concentration able to induce full phospho-
lipid scrambling [34], induced PS externalization in 10% of cells and
this effect was multiplied by 2.3 in presence of 20 M of HMA
(Fig. 2B). Thus, low concentrations of HMA increased PS
externalization due to at least two modes of cell activation.

3.3. HMA acted on PS externalization independently of its effect
on the intracellular pH

The sodium-proton exchanger (NHE) is known to be crucial for
the maintenance of cytosolic pH and amiloride derivatives are
commonly used as NHE inhibitors. In gp91P"°* knockout PLB-985
cells, inhibition of NHE with 20 wM HMA induced significant
acidification likely due to basal metabolism (Fig. 3A). To
investigate the role of intracellular acidification in PS externaliza-
tion, we have reproduced the effect of HMA on intracellular pH in
resting or activated cells, by manipulating the pH of the incubation
medium [32]. Incubation of gp91P"°* knockout PLB-985 cells in
medium buffered at a pH of 6.25 resulted in a stabilization of the
intracellular pH at about 6.5, a value comparable to the one
obtained with 20 wM HMA (Fig. 3A). Activation of cells with PMA
or A23187 alone did not significantly influence intracellular pH.
After incubation with both agonists in the presence of 20 uM HMA
or in pH 6.25 medium, the intracellular pH decreased to 6.8,

Fig. 3. Effect of imposed cytosolic acidification on PS externalization in gp91P"®*
knockout PLB-985 cells activated or not by PMA or A23187. Cytosolic acidification
was imposed by pre-incubation of gp91P"°* knockout PLB-985 cells 30 min at 37 °C
in acidified medium (pH 6.25), and cells were incubated without stimulation or
with 200 nM of PMA or 3 wM of A23187, with or without 20 wuM HMA. (A) In the
various experimental conditions, cytosolic pH (pH;) was measured after 120 min of
incubation by using BCECF-AM loaded cells and flow cytometry and comparison of
the fluorescence with that of a calibration range (pH 6.5-8). (B) In similar
experimental conditions, PS externalization (% of PS+ PI— cells) was estimated as
described in the legend of Fig. 1. Results are means + SE, n > 3.

reaching even 6.30 when the cells were activated by A23187 in pH
6.25 medium. Thus, incubation of cells in medium buffered at pH
6.25 mimicked the effect of HMA on the intracellular pH in resting
or activated cells.

As we were able to decrease the intracellular pH in a HMA
independent way, we looked at the consequences of the cytosolic
acidification on PS externalization. Fig. 3A and B show that
diminution of intracellular pH did not induce PS externalization by
itself and did not influence the effect of PMA or A23187 suggesting
that the acidification induced by HMA was not involved in PS
externalization.

Consequently, HMA triggered PS externalization by pathways
that are not directly dependent on the intracellular acidification
induced by NHE inhibition.

3.4. HMA triggered PS externalization through pathways
dependent on calcium influx

In endothelial cells, HMA induces an increase in calcium
concentration by capacitative calcium entry [7]. Here, we have
investigated the effects of HMA on the calcium homeostasis in the
resting or activated gp91P"°* knockout PLB-985 cells as a model of
phagocytes.
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Fig. 4. Effect of HMA on the cytosolic calcium concentrations. Kinetics of variations of cytosolic calcium concentration were estimated by fluorescence measurement of
gp91P"°* knockout PLB-985 cells loaded with Fluo4-AM by flow cytometry. The white line in each panel represents the geometric mean of Fluo4 fluorescence for each kinetic
point, calculated with WinMDI Freeware. Capacitative entry of calcium was characterized in cells incubated in calcium free medium by addition of 0.5 wM of thapsigargin (A)
or 30 wM of HMA (B) and subsequent addition of 2 mM calcium. Kinetics of calcium influx were measured in cells incubated in calcium medium and addition of HMA 20 M
(C),30 wM (D), 60 M (E) or HMA 20 M followed by 200 nM PMA (F). In each experimental condition, maximal fluorescence was estimated by addition of 2 wM ionomycine

at the end of the kinetic. In abscissa, time was indicated in seconds.

Kinetics of the variations of cytosolic calcium concentration
induced by HMA were evaluated by time-lapse measurement of
fluorescence of Fluo4-loaded PLB-985 cells by flow cytometry
[35,36]. For all the experimental conditions, aliquots of cells were
from a unique batch of Fluo4-loaded cells. In Fig. 4, the level of
minimal fluorescence was measured in presence of BAPTA
(Fmin=20) and the maximal response was obtained by final
addition of 2 M ionomycin (Fyax = 1256 + 55.9). The observation
of the fluorescence kinetics allows comparison of the cell response

between different experimental conditions. As a positive control,
capacitative calcium entry was triggered with 500 nM thapsigargin,
an inhibitor of ER calcium pumps. In calcium-deprived medium,
thapsigargin induced a transient calcium release from internal
calcium stores. Subsequent addition of 2 mM calcium induced an
increase in fluorescence level due to a calcium influx characteristic of
capacitative calcium entry (Fig. 4A). In comparison to thapsigargin,
30 wM HMA induced a smaller but more prolonged increase in
fluorescence due to calcium release, and addition of calcium induced
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Fig. 5. Effect of calcium influx on PS externalization. gp91P"** knockout PLB-985
cells were incubated during 3 h at 37 °C in medium containing 2 mM calcium (+Ca)
or 500 wM EGTA (—Ca). PS externalization (% of PS+ PI— cells) was estimated as
described in the legend of Fig. 1. Results are means + SE, n > 3.

capacitative calcium influx (Fig. 4B). In calcium containing medium,
20 wM HMA induced a small calcium increase and did not prevent
subsequent triggering by thapsigargin (Fig. 4C). However, 30 .M and
60 LM HMA induced a slow and sustained rise of the intracellular
calcium concentration (Fig. 4D and E). Interestingly, the very weak
increase in fluorescence induced by 20 puM HMA was only slightly
enhanced by a subsequent addition of 200 nM of PMA (Fig. 4F).

In parallel to the observation of the Fluo4 fluorescence
attributable to the variations of cytosolic calcium concentrations,
we studied the impact of calcium influx induced by HMA on PS
externalization by incubating the cells in calcium free medium.

Suppression of calcium influx drastically inhibited PS external-
ization induced by HMA (30 wM or 60 iM) (Fig. 5). In cells loaded
with the calcium chelator BAPTA, the effect of 60 uM HMA was
also suppressed, even in the presence of extracellular calcium
(preliminary data, not shown). The effect of PMA enhanced by
20 .M HMA, was only partially reduced by the absence of calcium
influx (Fig. 5), in correlation with the weak effect of HMA plus PMA
on cytosolic calcium increase shown above (Fig. 4C and F). Finally,
as expected, suppression of calcium in the medium suppressed PS
externalization induced by A23187, but also the co-stimulatory
effect of 20 wuM HMA.

The data suggest that PS externalization stimulated by HMA
alone was strongly calcium dependent whereas the co-stimulatory
effect of HMA on PMA activation had a major calcium independent
component.

3.5. Role of PKC in PS externalization induced or enhanced by HMA

Since 20 .M HMA enhanced the effect of PMA even in the
absence of calcium, it could have an additional role beyond the
stimulation of a calcium signal. We therefore investigated the
implication of PKCs in PS externalization by using a general PKC
inhibitor GF109203X [37]. Pre-incubation of the gp91P"°x
knockout PLB-985 cells with 500 nM GF109203X, a concentra-
tion sufficient to completely inhibit ROS production induced by
200 nM PMA in PLB-985 cells (data not shown), partially reduced
(22.4% of inhibition) PS externalization induced by 60 .M HMA
(Fig. 6). The combined effect of PMA plus 20 .M HMA was
substantially reduced (61.4% of inhibition) by GF109203X. The
effect of A23187 was not influenced by the PKC inhibitor,
whereas the combined effect of A23187 plus 20 wM HMA was
significantly inhibited by 35% (Fig. 6). Altogether these data
suggest that PKCs do not play a major role in PS externalization
by HMA alone. HMA may enhance PS externalization either
directly through the modulation of PKCs activated by PMA or

Fig. 6. Role of PKCs in PS externalization. gp91P"®* knockout PLB-985 cells
pretreated (+GF) or not (—GF) with 500 nM of GF109203X were incubated at 37 °C
for 3 h, with 60 wM of HMA, 200 nM PMA or 3 wM A23187 with or without 20 uM
HMA. PS externalization (% of PS+ PI— cells) was estimated as described in the
legend of Fig. 1. Results are means + SE, n > 3.

calcium ionophore or through regulation of a pathway down-
stream of PKC activation.

3.6. elF2a phosphorylation but not cJUN NH»-terminal kinase (JNK)
was involved in PS externalization downstream of HMA treatment

We have investigated the implication of ER-stress, potentially
induced by HMA, in PS externalization, by using 30 uM of
salubrinal or 5uM of SP600125, which inhibit respectively
elF2a-P dephosphorylation [12,38] or JNK activation [39].

Pre-incubation of gp91P"°* knockout PLB-985 cells with 30 LM
of salubrinal drastically inhibited PS externalization induced by
60 WM HMA (Fig. 7A) whereas the combined effect on PS
externalization induced by 20 uM HMA plus PMA or A23187
was not modified. Fig. 7B shows that the JNK inhibitor (SP600125)
did not influence PS externalization by HMA alone or in
combination with PMA or A23187. These data suggest that high
concentrations of HMA induced PS externalization via ER-stress
pathways implicating PERK activation and elF2a phosphorylation,
but independently of JNK activation. However, low concentrations
of HMA in addition to PMA or A23187 seem to act independently of
ER-stress.

3.7. Z-VAD-FMK did not inhibit PS externalization

As PS externalization can be linked to caspase activation
associated or not with apoptosis, we have investigated the role of
caspases in the effect of HMA on PS externalization. In gp91PPox
knockout PLB-985 cells, the general caspase inhibitor Z-VAD-FMK
at 10 wM, a concentration generally sufficient to specifically
inhibit caspases [40,41], had no inhibitory effect on PS externali-
zation (Fig. 8). However, at a 10-fold higher concentration, Z-VAD-
FMK partially inhibited PS externalization induced by 60 wM HMA
and the co-stimulatory effect of 20 uM HMA together with
A23187. This result may indicate that caspases less sensitive to Z-
VAD-FMK could be involved, such as caspase 4 [12]. Z-VAD-FMK
slightly increased the effect of 20 wM HMA and PMA.

3.8. Externalized PS increased the engulfment of PLB-985 cells by RAW
264.7 macrophages

As PS plays an important role in the elimination of apoptotic
cells by macrophages, participating in the regulation of inflamma-
tion, we investigated whether HMA increased the capacity of
macrophages to engulf PLB-985 cells. RAW 264.7 macrophages
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Fig. 7. Effect of inhibitors of elF2ac dephosphorylation or JNK dependent apoptotic
pathways downstream of ER-stress on PS externalization. gp91P"°* knockout PLB-
985 cells pretreated or not with 30 WM of salubrinal (A) or 5 .M SP600125 (B) were
incubated at 37 °C for 3 h, with 60 uM of HMA, 200 nM PMA or 3 uM A23187 with
or without 20 wM HMA. PS externalization (% of PS+ PI— cells) was estimated as
described in the legend of Fig. 1. Results are means + SE, n > 3.

engulfed significantly more wild type and gp91P"* knockout PLB-
985 cells activated by PMA than unstimulated PLB-985 cells
(Table 1). This uptake was further enhanced when PS externaliza-
tion was increased by a treatment with HMA. The key role of PS in
the engulfment process was shown by the capacity of annexin V to
bind to externalized PS and largely decrease uptake. Interestingly,
HMA treatment favoured similarly the engulfment of wild type and
CGD-like cells such as gp91P"* knockout PLB-985.

4. Discussion
Amiloride derivatives are NHE inhibitors and potential thera-
peutic agents in ischemia/reperfusion injury. However, depending

on their concentration they can induce cell death in various types
of tissues [7,9,10,42]. PS externalization plays an essential role in

Table 1

Fig. 8. Effect of caspase inhibition on PS externalization. gp91P"°* knockout PLB-985
cells pretreated or not with 10 wM or 100 wM of Z-VAD-FMK were incubated at
37 °C for 3 h, with 60 uM of HMA, 200 nM PMA or 3 uM A23187 with or without
20 wM HMA. PS externalization (% of PS+ PI— cells) was estimated as described in
the legend of Fig. 1. Results are means + SE, n > 3.

reconnaissance and removal of undesirable cells, a process
designed as efferocytosis [14,27]. This phenomenon is particularly
important to remove large numbers of neutrophils from blood
circulation and infected or inflamed tissues. We therefore
investigated the effect of HMA in a useful range of concentrations
[5,7,9] on PS externalization in neutrophil-like human PLB-985
cells. We identified a dual concentration-dependent effect of HMA.
(i) 60 M HMA stimulated PS externalization and (ii) 20 M HMA
acted as co-stimulator for PMA- or A23187-induced PS externali-
zation. These effects appeared rapidly within 3 h of treatment. This
stimulatory effect of an amiloride derivative on PS externalization
was efficient to increase the phagocytosis of PLB-985 cells by
macrophages. Thus HMA may be useful to accelerate neutrophil
elimination from an inflammatory environment.

HMA specifically inhibits the sodium-proton exchanger NHE
[5,8] inducing cytosolic acidification. Although acidification
generally accompanies apoptosis, the role attributed to pH; in
apoptosis is controversial, the mechanisms are not yet elucidated
and the impact of pH; on PS externalization is rarely reported
[43,44] in leukocytes and other cells. Modulation of cytosolic
acidification due to the activity of NHE, has been implicated in
stimulation [9,33] or inhibition of apoptosis [42]. In leukaemic
cells, a constitutive cytosolic alkalinization was correlated with
tumorigenicity and inhibition of NHE restored apoptosis [10]. Our
data show that cytosolic acidification, induced by cell activation
and modulated by HMA, positively correlated with PS exposure
induced by PMA or A23187 in wild type (not shown) or gp91Phox
knockout cells. However, as shown in gp91P"°* knockout cells,
cytosolic acidification imposed by NH4Cl treatment (data not
shown) or by pre-incubation in pH 6.25 medium (Fig. 3) did not by
itself trigger PS externalization in resting cells and did not mimic
the effect of HMA in cells activated by PMA or A23187. These data,

Effect of HMA on PS externalization and cell engulfment by cultured macrophages. Wild type (WT) or gp91P"°* knockout PLB-985 cells (KO) were treated for 3 h at 37 °C with
PMA, in the presence or not of 20 wM of HMA, stained with Hoechst 33342 and co-cultured with RAW 264.7 macrophages. A minimum of 100 macrophages per condition
were counted and the results are expressed as the number of phagocytozed PLB-985 cells per 100 macrophages. To confirm the role of PS, PLB-985 cells were pre-incubated
with annexin V (A5) before co-incubation with macrophages. Results are means + SE, n > 3. nd, no determined.

Control HMA PMA PMA +HMA PMA+HMA+A5
Engulfed PLB-985 cells per 100 macrophages
Wt 7.89+2.98 7.12+3.62 20.48 +3.24° 30.65 +4.08% 13.30+4.27*
KO 9.00+2.18 12.45+1.94" 13.56 +3.47 17.354+3.05% nd

" Significantly different from control.
§ Significantly different from PMA-stimulated cells.
* Significantly different from (PMA +HMA)-stimulated cells.
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in agreement with recent work on endothelial cells [7], suggest
that HMA could influence PS externalization by pathways other
than NHE inhibition and cell acidification.

Park and colleagues recently showed that HMA liberates
calcium from the endoplasmic reticulum and subsequently
initiates store operated calcium influx in endothelial cells. HMA
targets the same Ca* pool as thapsigargin and Ca®* depletion was
induced rapidly after HMA addition. At maximal concentration,
100 wM HMA, the amplitude and the kinetics were similar to those
induced by thapsigargin [7]. Our data show that HMA had a similar
dose-dependent effect on calcium signals in PLB-985 cells.
Furthermore, PS externalization induced by HMA 60 pM was
drastically diminished by suppression of Ca influx.

Calcium depletion from ER is a major cause of ER-stress and
HMA has been shown to cause calcium release from the ER and
increased transcription of the ER-stress genes [7]. In PLB-985 cells,
PS externalization induced by 60 uM HMA was inhibited by
calcium deprivation and by salubrinal, an inhibitor of an ER-stress
dependent apoptosis pathway, suggesting that calcium and ER-
stress were implicated. The HMA effect was superior to that of
calcium ionophore, despite the much higher calcium increase
caused by the ionophores. Thus ER-stress and calcium acted
together on PS externalization.

However, the presence of 20 wM HMA amplified the effect of
A23187 leading to PS externalization in 30-40% of cells entirely
dependent on Ca influx but not inhibited by salubrinal. Conse-
quently, the amplification of the A23187 effect by 20 uM HMA
could be explained by an increased sensitivity for calcium-induced
PS externalization.

PS externalization has been previously described as dependent
on phosphorylation of scramblase by PKCS [45] and during
spontaneous apoptosis of neutrophils, inhibition of PKCs abolished
PS externalization [46]. We have investigated the implication of
PKC in PS externalization in the various conditions by using a
general PKC inhibitor, GF109203X. Our data suggest that activation
of PKCs by HMA alone contributed moderately to PS externaliza-
tion. GF109203X substantially inhibited the amplifier effect of
HMA on PS externalization in cells activated by PMA or A23187.
This suggests that HMA acted either directly through the
modulation of PKC activation or through a regulation of pathways
downstream of PKC activation.

We investigated the potential role of caspases in PS externaliza-
tion by using the general caspase inhibitor Z-VAD-FMK. At a
standard concentration of 10 wM, Z-VAD-FMK had no effect on PS
externalization in PLB-985 cells. These data suggest that PS
externalization was not linked to a caspase dependent apoptosis
pathway. Only at 10-fold higher concentration Z-VAD-FMK partly
inhibited PS externalization induced by 60 uM HMA and the
amplifier effect of 20 wuM HMA with A23187, whereas surprisingly,
the effect of PMA together with HMA was slightly increased. Caspase
12 inrodents and caspase 4 in humans are potentially activated by a
calcium-activated calpain downstream of ER-stress [12]. These
caspases being less sensitive to inhibition by Z-VAD-FMK, the data
suggest that caspase 4 could contribute to PS externalization.

Our data are in agreement with previous reports of apoptotic
cell death and PS externalization without caspase activity [19].
Furthermore, in several types of cells, PS externalization was
shown to be independent of apoptosis [21,22]. There is growing
evidence that non-apoptotic processes also contribute to regulate
neutrophil homeostasis. Whereas neutrophils undergo rapid
spontaneous apoptosis in vitro, the exact role of apoptosis in their
elimination remains unclear [22] and their clearance after
pathogen phagocytosis is reported as caspase-independent
[18,20,23,25].

In conclusion, treatment of neutrophil-like PLB-985 cells with
60 .M of the amiloride derivative HMA stimulated rapid

externalization of PS. The stimulation did not require NADPH-
oxidase activation and could not be explained by cytosolic
acidification. Our results suggest that HMA liberates calcium from
the ER, causes store operated calcium influx as well as ER-stress.
Calcium and ER-stress together appear to promote PS externaliza-
tion partially dependent on PKC activation. At a threefold lower
concentration, HMA did not directly stimulate PS externalization
but enhanced substantially PS externalization in cells activated by
either PMA or calcium ionophores. This is the first description of a
co-stimulatory activity of 20 wM HMA that apparently did not
require calcium release or induction of ER-stress. However, it
required PKC activity.

Treatment with HMA amplified PS externalization and en-
hanced engulfment by macrophages of wild type and CGD-like
PLB-985 cells. Amiloride derivatives have been used in preclinical
trials for treatment of ischemia-reperfusion injury, we show that
they could have previously unexpected effects on leukocytes. We
propose that amiloride derivatives could provide a novel
therapeutic strategy in inflammatory diseases to favour removal
of activated neutrophils from injured tissues.
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