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Role of reactive oxygen species in neutrophil apoptosis following ingestion of

heat-killed Staphylococcus aureus
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SUMMARY

Neutrophils, short-lived leucocytes that die by apoptosis, play an important role in the first stage of
defense against bacterial infections. It has been reported that phagocytosis of intact bacteria or Candida
albicans can accelerate neutrophil apoptosis. However, the mechanism of phagocytosis-mediated neu-
trophil apoptosis is not well characterized. In this study, we evaluated whether ingestion of heat-killed
Staphylococcus aureus (S. aureus) enhances neutrophil apoptosis and whether this type of apoptosis is
mediated by oxidative stress by using antioxidants and polymorphonuclear leucocytes (PMNs) from
patients with chronic granulomatous disease (CGD). Co-culture of PMNs with varying doses of S.
aureus resulted in accelerated PMN death in a dose- and time-dependent manner. Increased PMN
apoptosis was observed by both Annexin V and PI staining. Similar results were observed in PMNs of
CGD patients. Dimethyl sulphoxide (DMSO, an OH" scavenger) did not significantly inhibit either S.
aureus-ingested PMN apoptosis or spontaneous PMN apoptosis. On the other hand glutathione (GSH,
an H,0, scavenger) significantly inhibited both types of apoptosis.

Our findings suggest that oxygen-independent pathways may mainly operate in the process of

phagocytosis-induced apoptosis.
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INTRODUCTION

Polymorphonuclear leucocytes (PMNs) die rapidly in circulation
by the process of apoptosis [1]. When microorganisms invade a
living body, PMNs adhere to blood vessels, transmigrate through
the endothelial layer and locomote to the extravascular space to
ingest bacteria and kill the ingested bacteria using reactive oxygen
species. However, this defence function may often injure even
normal tissues. Therefore PMNs need to be disposed of quickly
when they have performed their function. It has been demon-
strated that PMN apoptosis occurs at sites of inflammation and
that PMNSs are then phagocytosed by the surrounding cells [1]. It
has also been reported that PMN phagocytosis of live E. coli
or heat-killed Candida albicans could accelerate neutrophil
apoptosis [2,3]. Although the processes of spontaneous and
Fas-mediated apoptosis are well known [4], the mechanism of
phagocytosis-induced apoptosis has not been well characterized.
William et al. [2] reported that ingestion of E. coli induces PMN
apoptosis through an oxygen-dependent mechanism.
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In the present study, we tried to determine whether the inges-
tion of S. aureus enhances PMN apoptosis and whether this type
of apoptosis is mediated by oxidative stress by using antioxidants
and PMNs from patients with chronic granulomatous disease
(CGD).

MATERIALS AND METHODS

Reagents

RPMI1640, penicillin G and streptomycin were purchased
from Gibco BRL (Santa Clara, CA, USA). Propidium iodide
(PI), glutathione (GSH), Histopaque 1077, human AB serum
were purchased from Sigma Chemical Co (St. Louis, MO, USA);
DMSO and methanol were purchased from Wako Chemicals
(Osaka, Japan); dextran T-500 from Amersham Biosciences Co.,
Piscataway, NJ, USA); PBS from Takara Shuzo Co Ltd (Shiga,
Japan); Annexin V from Immunotech, Beckman Coulter Co
(Marseille, France); S. aureus (ATCC25923) was kindly supplied
by the Shionogi Pharmaceutical Co. (Osaka, Japan).

Isolation and culture of human PMNs
PMNs were isolated from heparinized venous blood of 7 healthy
adult donors and 5 patients (average age of patients 6-2 year £ 5-2
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SD) with X-linked gp91-phox-defective CGD by a combina-
tion of dextran sedimentation and centrifugation through a
Ficoll-Hypaque gradient as previously described [5]. Informed
consent was obtained from the parents of the patients or directly
from the normal controls, and our study was approved by the
Human Ethical Committee of the Kansai Medical University. All
5 patients with CGD were diagnosed by simultaneous measure-
ment of phagocytosis and hydrogen peroxide production of neu-
trophils in whole blood by flow cytometry [6] and Western blot
analysis with a gp91-phox-antibody [7], kindly donated by Dr
Hiroyuki Nunoi (Department of Paediatrics, Miyazaki Medical
University, Miyazaki, Japan). All patients received good medical
attention, were free from infections, and were not on interferon-
7. Their leucocyte counts and differentials were normal.

Five hundred microliters of isolated PMNs (1 x 10°ells/ml)
were suspended in RPMI 1640 medium supplemented with 10%
human AB serum, 1% glutamine, and 1% penicillin G and strep-
tomycin with or without heat-killed S. aureus at different ratios
ranging from 1:3 to 1:30. The cells were incubated in polypropy-
lene tubes at 37°C in an humidified incubator containing 5% CO,
in air for the indicated periods of time. PMN viability was assessed
by trypan blue exclusion.

Quantification of apoptotic cells

Apoptosis of cultured neutrophils was measured, following either
staining with propidium iodide (PI, 100 ug/ml) [8] or an Annexin
V FITC kit [9,10], by flow cytometry. Briefly, cell pellets obtained
by centrifugation were treated with 2 ml of cold 70% ethanol and
fixed at —20°C for more than 2h. After washing, the cells were
suspended in 0-5ml phosphate-buffered saline. Then 500 ul
RNase (1 mg/ml) and 1ml PI (100 ug/ml) were added, and the
mixtures were kept at 4°C in the dark until examined. We used
an Annexin V FITCKkit to detect early apoptotic changes. The cell
samples were washed with ice-cold culture medium or PBS after
centrifugation for Smin at 500 x g at 4°C. The cells were finally
resuspended in ice-cold, diluted binding buffer at a concentration
of 10°~10°ells/ml. Five microliters of Annexin V FITC and 5 ul
of PI solution were added to the cell pellet along with 490 ul
of binding buffer, and were mixed gently. The tubes were kept
on ice and incubated for 10min in the dark. Fluorescence of
individual cells was measured with a flow cytometer (EPICS-XL;
Coulter Corp).

Statistical analysis

Data were presented as mean + SEM with the number of
experiments indicated. Data were analysed by Wilcoxon’s or
Mann-Whitney’s signed rank test. Differences were considered
significant when P < 0-05.

RESULTS

Co-culture of PMNs with S. aureus resulted in accelerated cell
death in a dose- and time-dependent manner (Fig. 1). To eluci-
date whether cell death is due to apoptosis or necrosis, two stain-
ings — PI staining for hypodiploid DNA and Annexin staining for
assessing early apoptotic changes on the cell surface [9,10] — were
employed. Increased PMN apoptosis was observed following
ingestion of S. aureus by both methods (Fig. 2). This effect was
dependent on S. aureus doses (Fig. 2), and was confirmed by
microscopy (Fig. 3).

To clarify whether the above findings were mediated by
oxygen radicals, we compared S. aureus-induced PMN apoptosis
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Fig. 1. Viability (by trypan blue exclusion) of PMNs when incubated with
different concentrations of S. aureus. The ratios of PMN: S. aureus of 1:10
and 1:30 resulted in significant increases in PMN apoptosis after incuba-
tion for 12 h and 24 h. *P < 0-05 versus control. Control PMN [J; PMN + S.
aureus (1:30) @, (1:10) W, (1:3) A.
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Fig. 2. Increased PMN apoptosis following ingestion of different concen-
trations of S. aureus when evaluated by PI (a) and Annexin V (b) stain-
ing. Ratio of PMN:S. aureus of 1:10 and 1:30 resulted in significant
increases in apoptosis. *P < 0-05 versus control:.Control PMN [J; PMN +
S. aureus (1:30) @, (1:10) W, (1:3) A.
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Fig. 3. Morphological features of apoptotic PMNs cultured with medium only (spontaneous) (a) and medium plus S. aureus (1:30)
(b) for 6 h. A May-Griinwald-Giemsa stained preparation was photographed at a microscope magnification x 1000. PMNs indicate nuclear

condensation (b).

between normal and CGD PMNs. PMN apoptosis in both cell
types, cocultured for 18 h with a PMN : S. aureus ratio of 1:30, was
significantly enhanced compared to the spontaneous rate (Fig. 4).
This observation appears to indicate that accelerated PMN apop-
tosis following ingestion of S. aureus is not only mediated by an
oxygen-dependent pathway but also an oxygen-independent
pathway and possibly other unknown factors. To confirm this
hypothesis, we then evaluated the effect of antioxidants (DMSO
and glutathione) on both spontaneous and phagocytosis-related
apoptosis. Briefly, DMSO did not inhibit spontaneous or bacte-
ria-ingested apoptosis of either normal or CGD PMNs (data not
shown). Glutathione significantly inhibited bacteria-ingested
apoptosis in normal PMNs, although it also inhibited spontaneous
apoptosis in these cells (Fig. 5a). To exclude a non specific effect
of GSH, the effect of GSH on CGD neutrophil apoptosis was
evaluated. GSH did not significantly decrease spontaneous or S.
aureus-induced apoptosis in such cells (Fig. 5b).

To evaluate the effect of S. aureus-ingestion on intracellular
free radical production, the respiratory burst of PMNs was
assessed 1h after the addition of S. aureus to the PMN culture
according to the method described by Hasui et al. [6]. Although
DMSO did not inhibit hydrogen peroxide production following
the addition of S. aureus, glutathione remarkably reduced its
production (Fig. 6a).

DISCUSSION

In the present study, we confirmed the previous finding that spon-
taneous neutrophil apoptosis is due to an oxygen-dependent
process [4]. We further extended the finding to indicate that
S. aureus-induced neutrophil apoptosis is mainly due to oxy-

gen radical independent pathways, by using CGD PMNs and
antioxidants.

The effect of S. aureus on PMN apoptosis was assessed by
both PI and Annexin V staining. PI stains DNA and discriminates
hypodiploid DNA, and can be used to measure the percentage of
apoptotic PMNs [11]. Annexin V has only a very low affinity for
phospholipid species such as phosphatidylethanolamine, sphin-
gomyelin and phosphatidyl-choline. The phospholipid-binding
property makes Annexin V as a powerful and selective tool for
the detection of apoptotic cells, and is particularly suited to
detecting early apoptotic changes. Our results from Annexin V
staining, however, showed a lower percentage of apoptoic cells
than that obtained by PI staining. Cell membrane changes during
apoptosis occur through ICE/CED-3, one of the caspase families,
once DNA fragmentation has started during apoptosis [12]. It is
therefore possible that DNA fragmentation precedes apoptotic
changes in the cell membrane. Moreover a previous article has
demonstrated that data obtained by of PI staining (70% ) showed
a much higher percentage of apoptotic cells than that obtained by
Annexin V binding (50%) [13].

In this study, we used both PI and Annexin staining to show
that the death of PMNs was apoptotic not necrotic. Addition of
S. aureus to neutrophil cultures resulted in increased neutrophil
apoptosis as compared with the controls (i.e. neutrophils cultured
alone), and this effect was dose- and time dependent. This
phenomenon implies that phosphatidylserine binding, which
binds to Annexin V, is expressed earlier on apoptotic neutrophils
following the ingestion of bacteria, thus facilitating phagocytosis
of the apoptotic cells by phosphatidylserine receptor bearing
macrophages [14]. Similarly, another report indicated that neu-
trophil apoptosis was accelerated following the ingestion of E. coli
[2] when compared with spontaneous apoptosis. Taking these
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Fig.4. PMN apoptosis of both normal and CGD PMNs cocultured with
S. aureus for 18 h was significantly enhanced compared to that without
S. aureus, respectively. (a) PI, (b) Annexin V.*P < 0-05.

findings together, it could be concluded that neutrophils, follow-
ing ingestion of bacteria, die easily by apoptosis and that this
event is beneficial for a living body to ensure that the surround-
ing tissues are not damaged by toxic neutrophil products.

CGD is a rare hereditary disorder characterized by a dimin-
ished or absent production of oxygen radicals due to a defect
in any one of the components of the NADPH oxidase system.
Patients with CGD suffer from severe, recurrent bacterial and
fungal infections because of the inability of their granulocytes
to kill ingested microorganisms. Patients with CGD also show
granulomatous formation at infection sites and have widespread
infection-unrelated complications subsequent to tissue injury.

The pathogenesis of granuloma formation in CGD patients is
unclear. Kasahara et al. [4] have reported that the lack of oxygen
radical production by neutrophils of CGD patients may cause
neutrophils to fail to apoptose and remain alive at inflammation
sites, thus leading to an absence of phagocytosis by tissue
macrophages. They also emphasized that live CGD neutrophils
were related to granuloma formation. However, they only
described spontaneous apoptosis, not phagocytosis-induced apop-
tosis. In our study, apoptosis of CGD PMNs cocultured with S.
aureus was decreased in comparison with that of control PMNs.
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Fig.5. Apoptosis of PMNs cocultured with S. aureus (1:30) and
glutathione (GSH). (a) In normal PMNs, GSH1 (25mM) significantly
inhibited apoptosis of S. aureus-ingested PMNs, although it also inhibited
spontaneous PMN apoptosis. (b) In CGD PMNs, however, GSH did not
significantly decrease spontaneous or S. aureus-induced apoptosis.
*P < 005, ns: not significant. GSH 1: glutathione 25mM, GSH 2:
glutathione 12-5 mM.

This observation certainly implies that CGD neutrophils, follow-
ing phagocytosis of bacteria, remain alive at inflammatory sites
and that they could subsequently release several cytokines
responsible for the formation of granuloma.

The antioxidants DMSO and glutathione were used in this
study to evaluate the possible participation of reactive oxygen
species in phagocytosis-induced apoptosis. These two reagents are
supposed to be intracellular oxygen scavengers. The antioxidants
catalase and superoxide dismutase were not used because of their
inability to traverse the cell membrane [15]. The effects of DMSO
and glutathione are different. DMSO is an OH" scavenger [16],
while glutathione is an H,0, scavenger [2]. Our results indicate
that the signal transduction pathway involved in spontaneous
apoptosis may be mediated not by the OH"®, but by the H,O,,
radical.

Interpretation of the mechanism of spontaneous neutrophil
apoptosis is conflicting [4,17-22]. However, it may be mediated
by oxygen radicals, particularly H,O, based on the decreased
rate of spontaneous apoptosis in CGD neutrophils and the
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Fig. 6. Effect of GSH and DMSO on (a) hydrogen peroxide production
(DCF) and (b) phagocytosis (PI) of PMNs cocultured with S. aureus
(1:30). DMSO neither inhibited hydrogen peroxide production nor
phagocytosis. GSH reduced the production but did not alter phagocytosis.
Ordinate: mean PI and DCF intensity/cell *P < 0-01 GSH, glutathione;
DMSO, dimethyl sulphoxide; DCEF, 2’,7’-dichlorofluorescein; PI, propid-
ium iodide.

inhibition of spontaneous apoptosis by glutathione. William et al.
[2] reported that E. coli induces neutrophil apoptosis. They also
showed that DMSO and GSH significantly reduced E. coli-
mediated neutrophil apoptosis but these antioxidants had
no effect on spontaneous apoptosis. They concluded that E. coli-
induced neutrophil apoptosis is mainly due to an oxygen-
dependent signal. Their conclusion is the opposite to our results.
The discrepancy may be explained by the fact that they used live
E. coli and a different method for detecting apoptosis. Although
E. coli-mediated phagocytosis is due mainly to the C3bi receptor,
S. aureus-mediated phagocytosis occurs through Fcylla and
FcyIIIb [23]. In addition, they mainly assessed apoptosis by mor-
phology and FcyRIII expression, while we used PI and Annexin
V staining. These distinctions allowed us to draw the conclusion
that S. aureus-induced apoptosis is not primarily due to H,O, but
to other oxygen-independent signals.

It has also been reported that phagocytosis of Candida albi-
cans stimulates increased apoptosis mediated by the redox state
[3]. An oxygen-independent pathway was indicated for immune
complex mediated neutrophil apoptosis through the FcyIl mole-
cules [24]. There has been no report, however, about the mecha-
nism of S. aureus-induced neutrophil apoptosis. In addition to the
antioxidant studies, we also compared S. aureus-induced apopto-
sis between CGD and normal neutrophils to determine whether
and how hydrogen peroxide, which is not produced in CGD leu-
cocytes after phagocytosis of bacteria, might have any effect on
apoptosis. The distinctions between normal and CGD leucocytes
in our experiments are as follows:

e Jower spontaneous apoptosis of CGD leucocytes compared
with normals as has been reported previously [4];

e significantly increased S. aureus-induced apoptosis is observed
in CGD neutrophils in comparison to spontaneous apoptosis
in both normal and CGD neutrophils; the ratio of the
S. aureus-induced increase is eventually larger in CGD than
normal neutrophils;

e although GSH significantly decreased both spontaneous and S.
aureus-induced apoptosis in normal neutrophils, GSH did not
significantly decrease such apoptosis in CGD neutrophils;

e with PI staining S. aureus-induced apoptosis in CGD neu-
trophils showed a significantly lower rate than that in normal
neutrophils.

These observations lead us to conclude that S. aureus-induced
apoptosis is not primarily due to H,O, but to other oxygen
independent signals, although we cannot completely exclude
the possibility of oxygen-related signals participating. Further
studies will be needed to elucidate the precise process of PMN
apoptosis.
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