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NADPH oxidase is a crucial element of phagocytes involved in microbicidal mechanisms. It becomes active
when membrane-bound cytochrome b558, the redox core, is assembled with cytosolic p47phox, p67phox,
p40phox, and rac proteins to produce superoxide, the precursor for generation of toxic reactive oxygen
species. In a previous study, we demonstrated that the potential second intracellular loop of Nox2 was
essential to maintaining NADPH oxidase activity by controlling electron transfer from FAD to O2. Moreover,
replacement of this loop by the Nox4-D-loop (D-loopNox4-Nox2) in PLB-985 cells induced superoxide
overproduction. In the present investigation, we demonstrated that both soluble and particulate stimuli were
able to induce this superoxide overproduction. Superoxide overproduction was also observed after
phosphatidic acid activation in a purified cell-free-system assay. The highest oxidase activity was obtained
after ionomycin and fMLF stimulation. In addition, enhanced sensitivity to Ca2+ influx was shown by
thapsigargin, EDTA, or BTP2 treatment before fMLF activation. Mutated cytochrome b558 was less dependent
on phosphorylation triggered by ERK1/2 during fMLF or PMA stimulation and by PI3K during OpZ
stimulation. The superoxide overproduction of the D-loopNox4-Nox2 mutant may come from a change of
responsiveness to intracellular Ca2+ level and to phosphorylation events during oxidase activation. Finally
the D-loopNox4-Nox2-PLB-985 cells were more effective against an attenuated strain of Pseudomonas
aeruginosa compared to WT-Nox2 cells. The killing mechanism was biphasic, an early step of ROS production
that was directly bactericidal, and a second oxidase-independent step related to the amount of ROS produced
in the first step.
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1. Introduction

Polymorphonuclear neutrophils play a key role in host defenses
against intrusive microorganisms and have a major function in
inflammation. Indeed, in response to a variety of agents, neutrophils
release large quantities of superoxide anions (O2

⋅−) and other reactive
oxygen species (ROS) in a phenomenon known as the respiratory burst.
The NADPH oxidase complex of phagocytes is responsible for O2

⋅−

production [1]. The central importance of the phagocyteNADPHoxidase
to innate host defense is illustrated in chronic granulomatous disease
(CGD), a rare genetic disorder characterized by severe and recurrent
infections due to the inability of phagocytes to produce ROS to kill
invading bacteria and fungi. CGD arises from mutations in one of the
CYBB, NCF1, NCF2, and CYBA genes encoding Nox2, p47phox, p67phox, and
p22phox proteins, respectively [2]. NADPH oxidase is a multicomponent
enzyme composed of a membrane-bound flavocytochrome b558 (cyt
b558), cytosolic proteins p67phox, p47phox, p40phox, and two small GTP-
binding proteins and Rac1/2. Cyt b558, the catalytic core that transfers
electrons from cytosolic NADPH across the plasma membrane to a
phagolysosomal or an extracellular O2, consists of a heavily glycosylated
large β subunit (gp91phox or Nox2) and a small α subunit (p22phox) [3].
Hydropathyplots and sequence alignmentofNox2withmembers of the
ferredoxin-NADP+ reductase family demonstrate the presence of six
transmembrane α-helices in the N-terminal hydrophobic region,
cytosolic regions: the 1MGNWVAVNEGL11sequence, the B loop
70PVCRNLLSFLRGSSACCSTRIRRQLDRNLTFHK102, the D loop
191TSSTKTIRRS200, and a C-terminal region containing binding sites for
FADandNADPH [4–6]. Recently, two families ofNoxhomologs, Nox (for
NADPH oxidase) and Duox (for dual oxidase), expressed in several
tissues and cells and involved in different pathological processes, have
been identified. They can generate low amounts of O2

⋅− and are
suggested to be involved in cell signaling, host defense and hypoxia
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response. Of all the family members in humans, Nox1, Nox3, and Nox4
are the most homologous to Nox2 [7–9].

In unstimulated phagocytes, the NADPH oxidase components are
segregated into membrane and cytosolic locations. Upon activation,
some cytosolic components (p67phox, p47phox, and p40phox) become
phosphorylated and migrate to the membrane-bound cyt b558 to form
an active NADPH oxidase complex able to reduce molecular O2 to O2

⋅−

[10–13]. Phosphorylation of NADPH oxidase subunits triggers estab-
lishment of a new network of protein–protein and protein–lipid
interactions, resulting in activation of the oxidase. Activation requires
phosphorylation events mainly on serine and threonine residues of
p47phox, p67phox, p40phox, p22phox, and Nox2 via several kinases
depending on the stimuli used [14–18]. In the case of p47phox, it is
well established that multiple phosphorylation events are required to
relieve the self-inhibited structure and cause a conformational change
in the protein, which leads to binding the membrane phosphoinosi-
tides and the proline-rich region (PRR) of p22phox with its PX and SH3
domains, respectively [19,20]. p22phox seems to be a docking site for
p47phox [15,21–23]. Phosphorylated p47phox mediates p67phox and
p40phox translocation to cyt b558, with p67phox interacting simulta-
neously with p47phox and p40phox [24,25]. The p67phox subunit is also
phosphorylated during the time course of NADPH oxidase assembly
and activation, independently of p47phox [26]. In addition, there is
some evidence for direct interaction between p67phox and cyt b558
during oxidase activation promoted by Rac-p67phox binding [27–33].
p67phox was shown to be involved in both assembly and activation of
the oxidase complex, while p47phox proceeded as a positive effector
and increased the affinity of p67phox with cyt b558 [34]. The role of
p40phox and Rap1A is not clearly elucidated. PKCs play a dominant
role, whatever the activation pathway involved, and are able to
directly phosphorylate p47phox and/or p67phox [22,33,35]. Recently, it
has been demonstrated that the potential cytosolic tail of Nox2 was
phosphorylated during PMA activation by a PKC-dependent mecha-
nism [18]. This is a new mechanism of NADPH oxidase activity's
regulation by PKC phosphorylation events. MAPKs p38 and ERK1/2
are also involved in cytosolic factor phosphorylation, especially after G
protein-coupled receptor-induced signal transduction (cytokines,
fMLF) [14,36–38]. Specific synthesis of phosphoinositides is also a
main regulatory mechanism in NADPH oxidase activation. Phosphoi-
nositide-3-kinase (PI3K) plays a key role via synthesis of several
intermediate phosphoinositides. Indeed, some protein kinases in-
volved in phosphorylation of p47phox are directly or indirectly
regulated by phosphoinositides [39,40]. Moreover, PI3K products,
synthesized at the phagolysosomal membrane, can bind to p47phox

and p40phox and thus take part in oxidase assembly and activation via
the FcγR-dependent activation pathways [41]. Many agonists that
stimulate superoxide anion production in phagocytes cause the
release of arachidonic acid from membrane phospholipids by
phospholipase A2 (PLA2) [42]. Recently, cPLA2 has been described as
a new partner for oxidase complex activation with direct binding to
p47phox after the assembly of the NADPH oxidase complex [43].

Intracellular free calcium Ca2+ elevation is also a key regulating
element in NADPH oxidase signaling pathways [44]. Indeed, activation
of neutrophils by G protein-coupled receptors, such as fMLF, involves a
rapid and transient elevation of cytosolic Ca2+ concentration, mainly
fromstore-operatedCa2+ entry (SOCE). SOCE is amechanismbased on
the depletion of endoplasmic reticulum (ER) Ca2+ stores, followed by
extracellular Ca2+ entry through plasma membrane Ca2+ channels.
This store depletion is mediated by the synthesis of inositol 1,4,5
triphosphate (InsP3), a Ca2+-mobilizing secondmessenger, leading to
the activation of channels located in the ER membranes: sarco(endo)
plasmic reticulum Ca2+-ATPase (SERCA) pumps. In addition, NADPH
oxidase activation by fMLF requires a second Ca2+-independent signal
acting in synergy with Ca2+ influx from SOCE [45]. NADPH oxidase
activation by Ca2+ influx during phagocytosis of opsonized particles is
less well understood. According to Hallett's group, it requires Ca2+
signals divided in two temporally separated phases [46]. During
NADPHoxidase activation, Ca2+ changes can regulate several potential
targets in neutrophils. Ca2+ changes and phosphorylation are related
events that are essential to the NADPH oxidase activation process.
Conventional PKCs (a, βI, βII, and γ) require Ca2+ for cytosolic factor
phosphorylation during NADPH oxidase activation by fMLF and
opsonized particles [47]. In addition, some PLA2 isoforms are activated
by increased Ca2+ concentration and phosphorylation by MAPK [48].
Finally, phosphorylation probably influences not only the affinity of
the subunits for each other, but also the stability of the NADPH oxidase
complex [49]. Indeed, phosphorylation and hyperphosphorylation
of NADPH oxidase components were proposed to trigger burst
termination [50].

A recent study from our laboratory demonstrated the importance
of the second intraplasmic D-loop of Nox2 (191TSSTKTIRRS200), i.e.,
three positively charged amino acids (Lys195, Arg198 and Arg199) in
maintaining NADPH oxidase activity by controlling the electron
transfer from FAD to O2 in the transfected PLB-985 cells model [51].
In addition, replacing the D-loop of Nox2 by another D-loop of Nox1,
Nox3, and Nox4 gave functional proteins. Moreover, the chimeric
Nox2 protein containing the D-loop (191TASTYAIRVS200) of Nox4 (D-
loopNox4-Nox2) supports superoxide overproduction compared to the
wild type (WT) Nox2-transfected PLB-985 cells after PMA and fMLF
stimulation. This suggests that the D-loopNox4 mutation optimizes
NADPH oxidase activity. The aim of the present study was to
characterize the superoxide overproduction in the D-loopNox4-Nox2
mutant upon stimulation of cells with different agonists and in a fully
purified in vitro activation system. In addition, we have investigated
whether the superoxide overproduction of this mutant was more
effective against several microorganisms than the oxidase of the WT
PLB-985 cells.

2. Materials and methods

2.1. Materials

Phorbol 12-myristate 13-acetate (PMA), dimethylformamide
(DMF), diisopropylfluorophosphate (DFP), horseradish peroxidase
(HRPO), formyl methionyl-leucyl-phenylalanine (fMLF), N-alpha-
tosyl-L-lysyl-chloromethyl ketone (TLCK), zymosan, latex beads,
ionomycin, diphenylene iodonium (DPI), luminol, and isoluminol
were obtained from Sigma Chemical Co. (St Louis, MO, USA).
Guanosine 5'-O-(3-thiotriphosphate) (GTPγS), NADPH, leupeptin,
and pepstatin were from Roche (Meylan, France). Fetal bovine
serum, RPMI 1640, Genistein, Alexa Fluor 633 goat-F(ab')2 fragment
anti-mouse IgG1 (H+L), dihydrorhodamine 123 (DHR) were from
Invitrogen (Cergy Pontoise, France). Pseudomonas Isolation Agar
(PIA) was from Difco, BD (Le Pont de Claix, France). Kinase inhibitors
were from Calbiochem (Nottingham, UK). Monoclonal antibody
specific for gp91phox 7D5 was purchased from MBL Medical and
Biological Laboratories (Nakaku Nagoya, Japan).

2.2. Cell culture and granulocyte differentiation

WT, X-CGD PLB-985 cells and transfected X-CGD PLB-985 cells
were maintained in RPMI-1640 containing 10% (v/v) heat-inactivated
fetal bovine serum and 2 mM L-glutamine at 37 °C in a 5% CO2

humidified atmosphere. After selection of transfected X-CGD PLB-985
cells, 0.5 mg/ml Geneticin was added to maintain the selection
pressure. To induce granulocyte differentiation and expression of
endogenous NADPH oxidase components, PLB-985 cells (2×105 cells/
ml) were differentiated for 6 days with 0.5% (v/v) DMF. X-CGD PLB-
985 cells correspond to CYBB knock-out PLB-985 cells as described by
Dinauer's group [52]. WT Nox2 cells and D-loopNox4-Nox2 cells are X-
CGD PLB-985 cells transfectedwithWTNox2 cDNA andmutated Nox2
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cDNAwhere the D-loop of Nox2was replacedwith the D-loop of Nox4
as previously described [51].

2.2.1. Human neutrophil isolation
Human neutrophils were purified from heparin blood samples of

healthy donors after their informed consent, by sequential Ficoll-
Hypaque differential density centrifugation as described elsewhere
[53]. Neutrophils were resuspended in phosphate-buffered saline
solution (PBS).

2.3. Cytosol and membrane fraction preparation from transfected
PLB-985 cell lines

5.108 PLB-985 cells were treated with 3 mM DFP for 15 min on ice
and resuspended in 1 ml PBS containing 1 mM phenylmethyl sulfonyl
fluoride, 2 μM leupeptin, 2 μM pepstatin, and 10 μM TLCK. The cells
were disrupted by sonication and the homogenate was centrifuged at
1000g for 15 min at 4 °C to remove unbroken cells and nuclei. The
supernatant was withdrawn and centrifuged at 200,000g for 1 h at
4 °C. This high-speed supernatant was referred to as the cytosol and
the pellet consisting of crude membranes was resuspended in the
same buffer, as described before [51].

2.4. Purification and relipidation of cytochrome b558 from transfected
PLB-985 cells

Cyt b558 was purified from transfected PLB-985 cells and
relipidated accordingly, exactly as described [54]. In brief, purified
cyt b558 was relipidated with 99% L-α-phosphatidylcholine (type XVI-
E, Sigma-Aldrich) and 18:1 phosphatidic acid (DOPA). Cyt b558 purity
was assessed using silver-stained SDS-PAGE andWestern blotting. Cyt
b558 was quantified by reduced-minus-oxidized difference spectros-
copy using Soret band absorption at 426 nm. Liposomes were stored
at −80 °C. The extinction molecular coefficient of oxidized cyt b558 at
414 nm ε is 131,000 M−1 cm−1.

2.5. Purification of recombinant p67phox, p47phox, and Rac1

Full-length cDNAs encoding p67phox, p47phox, and Rac1 were
expressed in Escherichia coli as a glutathione S-transferase fusion
protein using pGEX-2T. Protein expression was induced with
isopropyl-1-thio-β-D-galactopyranoside (0.2 mM at 20 °C for p67phox

and p47phox, 0.1 mM at 37 °C for Rac1) for 3 h. Fusion proteins were
purified by affinity on glutathione-Sepharose and were cleaved
directly on the matrix using thrombin for p47phox and Rac1 [55,56].
p67phox was used without cleavage. The purity and cleavage of
recombinant proteins were checked by SDS PAGE and Coomassie blue
staining. The efficiency of enzymatic cleavage was more than 90% and
the purity was over 95%. Recombinant proteins were stored at−20 °C
until used.

2.6. Measurement of NADPH oxidase activity and Nox2 expression in
intact cells

2.6.1. Simultaneous assessment of Nox2 protein expression and oxidase
activity by flow cytometry

Differentiated transfected X-CGD PLB-985 cells (5×105) were
resuspended in 100 μl of PBS containing 0.2% (p/v) bovine serum
albumin and 1 mM CaCl2. The cells were incubated with 5 μg/ml mAb
7D5 directed against an external epitope of Nox2 or irrelevant
monoclonal IgG1 for 30 min on ice. The cells were washed twice and
were incubated with Alexa Fluor 633 goat-F(ab')2 fragment anti-
mouse IgG1 (H+L) for 30 min on ice. The cells were washed again in
PBS supplemented with 0.9 mM CaCl2 and 0.5 mM MgCl2. Next, the
cells were resuspended in 490 μl of PBS containing 0.9 mM CaCl2 and
0.5 mM MgCl2, 0.02% azide, and 20 mM glucose. Cells were incubated
10 min at 37 °C with 0.5 μMdihydrorhodamine (DHR) in the presence
or absence of 5 μM DPI. Then the cells were activated with 80 ng/ml
PMA 15 min at 37 °C. Finally, the cells were washed and kept on ice
until flow cytometry analysis (FACScalibur, Becton Dickinson, Le Pont
de Claix, France). Data were collected from 10,000 events and
analysed using CellQuest software (BD PharMingen). All experiments
were done in triplicate.

In some experiments Nox2 expression was evaluated by flow
cytometry with the mAb 7D5 or irrelevant monoclonal IgG1, without
(−) or with (+) permeabilization using 0.01% saponin (p/v) after
fixation with 2% paraformaldehyde. The expression of cyt b558 was
also examined by Western blot using mAb 48 and mAb 449 directed
against Nox2 and p22phox, respectively as previously described [51].

2.6.2. Measurement of H2O2 production by chemiluminescence
Differentiated PLB-985 cells or human neutrophils (5×105 cells/

well in a 96-well plate) in PBS containing 0.9 mM CaCl2, 0.5 mM
MgCl2, 20 mM glucose, 20 μM luminol, and 10 U/ml HRPO were
stimulated with PMA (80 ng/ml), fMLF (4.10−7 M), ionomycin
(2 μM), serum-opsonized zymosan OpZ (0.64 mg/ml) and Ig-opso-
nized latex beads (3.5.108 particles, 0.8 μm Ø). Relative light units
(RLUs) were recorded at 37 °C over a time course of 15 min every 5 s
or 60 min every 30 s in a luminoscan luminometer (Labsystems,
Helsinki, Finland) connected to a computer. To determine the external
H2O2 production, 20 μM luminol were replacedwith 20 μM isoluminol
(non-membrane-permeable) [57]. In some experiments, 5×105 cells
were preincubated in PBS with kinase inhibitors Ro 31-8220 (1.25–
20 μM) or wortmannin (6.25–100 nM) for 15 min, LY 294002 (6.25–
100 μM), SB 203580 (5–20 μM), or genistein (25–200 μM) for 30 min
at 37 °C before stimulation. Differentiated cells were also treated with
PD 98059 (10–40 μM) overnight in a six-well plate in RPMI-1640
containing 10% (v/v) heat-inactivated fetal bovine serum and 2 mM L-
glutamine at 37 °C in a 5% CO2 humidified atmosphere. In other
experiments, the cells were treated with GM-CSF (12 ng/ml) or TNFα
(10 ng/ml) at 37 °C for 15 min in the chemiluminescence medium
before activation with OpZ or fMLF [58].

2.7. NADPH oxidase activity in a cell-free system assay (CFS)

In vitro NADPH oxidase was measured using plasma membranes
(30 μg and 100 μg) obtained from differentiated transfected PLB-985
cells and increasing amount of cytosol (50 to 300 μg) from human
neutrophils, in a reaction mixture 20 μM GTPγS, 5 mM MgCl2, and an
optimal amount of arachidonic acid in a final volume of 100 μl. After
incubation for 10 min at room temperature, oxidase activity was
measured in the presence of 100 μM cytochrome c and 150 μM
NADPH. The specificity of the O2

⋅− production was checked by adding
50 μg/ml superoxide dismutase, which stopped the cytochrome c
reduction [59]. Diaphorase activity was determined in the same
conditions, except that cytochrome c was replaced with 50 μM
iodonitrotetrazolium (INT) [60]. In some experiments, plasma
membranes of PLB-985 cells and cytosol of neutrophils were replaced
by purified cyt b558 (5 nM) and purified recombinant proteins p67phox,
p47phox, and Rac1 preloaded with GTP-γ-S (1 μM). We added 10 μM
FAD to the reactionmediumwhen purified cyt b558 was used [31]. The
oxidase activity was measured in presence of increasing amounts of
arachidonic acid or of 10:0 phosphatidic acid [61].

2.8. Killing assay by human neutrophils and differentiated PLB-985 cells

Attenuated Pseudomonas aeruginosa strains (PAO-1) were selected
from single colonies grown on Pseudomonas Isolation Agar (PIA)
plates, transferred to Luria–Bertani (LB) broth medium and grown
overnight at 37 °C [62]. Bacteria culture was restarted at 37 °C in LB
broth until the exponential phase of bacterial growth followed on the
basis of change in optical density (OD) at 600 nm. PAO-1 strains were
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collected by centrifugation at 8500g for 5 min, washed twice in
modified HEPES-buffered saline solution (15 mM HEPES, pH 7.4,
8 mM glucose, 4 mM KCl, 140 mM NaCl, 1 mM MgCl2, 1 mM CaCl2)
and suspended at 5×107 or 5×108 PAO-1/ml; 2.5×106 cells were
mixed with 2.5×106 or 2.5×107 colony forming units (CFUs) of PAO-
1 (MOI, 1 or 10) in a final volume of 500 μl of modified HEPES-
buffered saline solution supplemented with 10% (v/v) pooled human
serum and shaken at 250 rpm at 37 °C. During incubation, 50-μl
samples of the coincubation medium were collected, serially diluted
in LB broth, and final samples were plated in duplicate on PIA plates.
Colonies were counted after an overnight incubation at 37 °C. The
microbicidal activity of cells against Staphylococcus aureus and
Candida albicans was assessed according to a recently described
method [63]. Briefly, neutrophils (4×106/ml) were incubated at 37 °C
with serum-opsonized S. aureus (strain 502 A, ATCC 27217) and C.
albicans from a clinical source at a microorganism/neutrophil ratio of
3:1 and 2:1, respectively, in HEPES-buffered saline solution containing
X-CGD 

WT-Nox2 

D-loopNox4-Nox2 

75D

D
H

R
 

D
H

R
 

D
H

R
 

None A 

Fig. 1. Expression and NADPH oxidase activity of WT-Nox2 and D-loopNox4-Nox2 PLB-985 ce
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2.10. Statistics

All results are expressed as mean ± SD or SEM. Significant
differences were identified using the Mann–Whitney test; pb0.05
was considered significant.

3. Results

3.1. Preferential superoxide overproduction of the D-loopNox4-Nox2
mutant cells with soluble versus particulate stimuli

We developed a useful method using FACS analysis to measure
NADPH oxidase activity and Nox2 expression in transfected PLB-985
cells simultaneously, as described in Materials and Methods. NADPH
oxidase activity was three to four times higher in the D-loopNox4-Nox2
mutant activated by PMA than in the WT-Nox2 transfected cells
(Geometric (G) mean of 162.9±37.9 and 491.9±80.7, respectively),
whereas Nox2 expression was equivalent in both cell types (G mean
of 17.4±4,0 and 22.1±5.3, respectively) (Fig. 1A). NADPH oxidase
was inhibited by 5 μM DPI, an inhibitor of cyt b558. This control
measurement was systematically performed every 3 months for
defrosted clones of transfected PLB-985 cells. The same Nox2
expression was found in both cells types by western blotting
(Fig. 1B). In addition the same intra and extracellular Nox2 expression
in the WT-Nox2 and D-loopNox4-Nox2 cells was found by flow
cytometry analysis with or without permeabilization by 0.01%
saponin (p/v) (Fig. 1C).

H2O2 production in intact differentiated D-loopNox4-Nox2 mutant
cells was measured using luminol-amplified chemiluminescence after
soluble and particulate stimuli activation (Fig. 2; Table 1). All the
experiments were done in triplicate and reproduced at least four
times with each stimulus (n=4–12). H2O2 overproduction was
always observed in the D-loopNox4-Nox2 cells activated by soluble
(PMA, fMLF, and ionomycin) and particulate [IgG-opsonized latex
beads (IgG-LB), serum-opsonized zymosan (OpZ)] stimuli compared
to the WT-Nox2-transfected cells (Fig. 2). However, although the



Fig. 2. NADPH oxidase activity in intact PLB-985 cells and human neutrophils induced by various soluble or particulate agonists. (A) Kinetics and total H2O2 production measured by
luminol-amplified chemiluminescence from 5×105 differentiated transfected X-CGD PLB-985 cells and human neutrophils after activation with soluble agonists PMA for 60 min,
and fMLF or ionomycin for 15 min (B) after activation with particulate agonists OpZ (0.64 mg/ml) and IgG-opsonized latex beads (3.5.108 particles) as described in Materials and
Methods. Kinetics presented are mean±SD of a triplicate from one experiment representative of at least four independent determinations. Total H2O2 production results represent
the mean±SD of H2O2 production of independent experiments (n=4–12).
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Table 1
NADPH oxidase activity in transfected PLB-985 cells and human neutrophils induced by various agonists. H2O2 production was measured by luminol-amplified chemiluminescence
from 5×105 differentiated transfected PLB-985 cells and neutrophils for 60 min after PMA, OpZ, IgG-opsonized latex beads activation, and for 15 min after fMLF or ionomycin
stimulation. Values represent the mean±SD of at least four independent determinations (n=4–12). Total H2O2 production represents the sum of RLU measured over 15 or 60 min.
In the last column, this production is expressed as the percentage of the value obtainedwithWT-Nox2 cells. “Peak-RLUmax” indicates themaximal value obtained and Tmax the time
to reach the “peak-RLUmax.” The duration is the time between stimulation and a decrease to 10% of the peak value. With particulate agonists, the time results are expressed as a
percentage of the peak value at 60 min. NR: not relevant. D-loopNox4-Nox2 cells compared with WT-Nox2 cells: *pb0.05. Items under brackets represent the times of the NADPH
oxidase increase in each cell types against the oxidase activity of the WT-Nox2 cells.

Soluble stimuli Total H2O2

production (RLU)
Tmax (min) Peak-RLUmax

(RLU)
Duration (min) % of WT-Nox2 H2O2

production

PMA X-CGD 0.46±0.14 NR NR NR 0
WT-Nox2 119.57±4.94 6.45±0.72 2.61±0.44 58.1±3.9 100
D-loopNox4-Nox2 223.03±18.58 * (2×) 4.36±0.56 * 10.13±1.84 * (×4) 30.4±4.0* 187
Neutrophil 249.22±12.57* (2×) 3.38±0.22* 17.64±2.81* (×7) 20.9±1.4* 208

fMLF X-CGD 0.35±0,03 NR NR NR 1
WT-Nox2 29.69±6.64 0.65±0.16 1.59±0.48 2.8±0.3 100
D-loopNox4-Nox2 145.95±32.64* (×5) 0.67±0.15 8.28±1.51* (×5) 2.8±0.3 492
Neutrophil 341.92±146.35 (×11) 0.64±0.04 14.72±6.81 (×10) 4.7±1.4 1,152

Lonomycin X-CGD 0.37±0.19 NR NR NR 1
WT-Nox2 27.55±11.02 4.22±1.07 0.39±0.19 12.8±1.7 100
D-loopNox4-Nox2 218.71±81.98 * (×8) 5.25±0.93 3.03±1.34 * (×8) 14.1±1.1 794
Neutrophil 492.96±69.21 (×18) 6.61±0.48 4.04±0.40 (×10) N15 1,789

Particulate stimuli Total H2O2

production (RLU)
Tmax (min) Peak-RLUmax

(RLU)
% peak value
at 60 min

% of WT-Nox2 H2O2

production

Serum-OpZ X-CGD 0.33±0.14 NR NR NR 1
WT-Nox2 30.72±6.78 20.81±3.27 0.40±0.09 38.4±4.2 100
D-loopNox4-Nox2 48.84±9.30* (×1,5) 20.00±3.99 0.60±0.13 (×1,5) 36.1±8.6 159
Neutrophil 629.76±140.74 (×20) 16.50±3.08 8.39±1.81 (×21) 25.4±11.4 2,050

IgG-opsonized beads X-CGD 0.43±0.24 NR NR NR 10
WT-Nox2 4.04±0.95 18.75±3.42 0.06±0.02 26.9±5.2 100
D-loopNox4-Nox2 10.90±3.05* (×3) 22.90±1.16 0.13±0.04 * (×2) 42.3±1.8 * 270
Neutrophil 557.72±231.92 (×138) 18.90±5.48 6.79±2.44* (×113) 41.8±13.8 * 13,805

84 L. Carrichon et al. / Biochimica et Biophysica Acta 1808 (2011) 78–90
oxidase activity of the D-loopNox4-Nox2 cells stimulated with soluble
stimuli was of the same order to what we observed in human
neutrophils (Fig. 2A), the oxidase activity of this mutant measured
after particulate stimuli was approximately 20–60 times lower than
neutrophil oxidase activity (Table 1). In addition, H2O2 production
was highly dependent on serum or IgG opsonization. The Peak-Tmax
and the duration values for the PMA and fMLF activation of the D-
loopNox4-Nox2 mutant were also similar to the respiratory burst
kinetics of the human neutrophils. This was not the case, however, for
the WT Nox2-transfected PLB-985 cells (Table 1). The highest
superoxide-generating activity obtained with the D-loopNox4-Nox2
mutant was observed after fMLF and ionomycin stimulation. Indeed,
total H2O2 production and Peak-RLUmax of the D-loopNox4-Nox2
mutant were five and eight times higher, respectively, than for the
WT-Nox2 cells when stimulated with fMLF and ionomycin, respec-
tively and different activation kinetics, especially a shorter duration of
the burst compared to neutrophils (Fig. 2). In conclusion, H2O2

overproduction of the D-loopNox4-Nox2 mutant was evident with
soluble activators, particularly with ionomycin, where the Peak-
RLUmax was nearly comparable to that of human neutrophils.
Nevertheless, particulate stimuli and particularly IgG-LB, failed to
reasonably activate the NADPH oxidase in PLB-985 cells compared to
human neutrophils even if the H2O2 production of the D-loopNox4-
Nox2 mutant was even higher than WT-Nox2-transfected cell H2O2

production.
3.2. NADPH oxidase activity in a reconstituted cell-free system

We then evaluated the potential ability of themutated D-loopNox4-
Nox2 cyt b558 of plasma membranes to overproduce superoxide
anions in a cell-free system (CFS) assay in the presence of NADPH,
GTPγS, increasing amounts of human neutrophil cytosol, and an
adequate concentration of arachidonic acid (AA) (Fig. 3A). The NADPH
oxidase activity was identical in the membranes of the mutant D-
loopNox4-Nox2 as in the WT-Nox2 PLB-985 cells for all the cytosol
concentrations used (range, 0–300 μg). The same result was obtained
for diaphorase activity, which reflects the electron transfer from
NADPH to FAD (Fig. 3A). We tried to evaluate the reconstituted
oxidase activity with phosphatidic acid but some problems of
solubility were encountered with high concentration of membranes.
This was not found in the simplified CFS using purified cyt b558. Cyt
b558 was purified from 1010 WT-Nox2 or D-loopNox4-Nox2 PLB-985
cells with single-step immunoaffinity chromatography, as previously
described [54]. WT and mutated cyt b558 were purified with a yield of
6–9%, a purification factor of 180 with a specific activity of about
12,000 pmol/mg protein. The turnover ofWT andmutated purified cyt
b558 was measured in a CFS assay with optimal conditions in the
presence of saturating amounts of recombinant proteins p67phox,
p47phox, and Rac1 as described in Materials and Methods. When
purified and relipidated cyt b558 was used, the oxidase activity was
significantly higher for D-loopNox4-Nox2 than for WT Nox2
(p=0.04, n=5), only when PA was used as activating agent. In
contrast no significant difference was found with arachidonic acid
(Fig. 3B) In conclusion, PA mimics the activation process of the
superoxide overproduction of the D-loop-Nox2 mutant observed in
intact cells better than AA.
3.3. Effect of the cytosolic calcium increase on the NADPH oxidase
activity of D-loopNox4-Nox2 PLB-985 cells

As demonstrated above, ionomycin, a potent calcium ionophore,
was able to trigger the best superoxide overproduction in the D-
loopNox4-Nox2 cells compared to the WT-Nox2 cells (Fig. 2A). In
addition, intracellular Ca2+ is involved in the signaling pathway
during NADPH oxidase activation after fMLF stimulation, which also
produces a notable ROS overproduction in the D-loopNox4-Nox2 cells.
Then we studied the influence of Ca2+ variation on the oxidase
activity of the D-loopNox4-Nox2 cells. We found that an extracellular



Fig. 3. NADPH oxidase and diaphorase activity of transfected X-CGD PLB-985 cells in a cell-free system. (A) NADPH oxidase and diaphorase activity were reconstituted in a cell-free-
system (CFS) with purified plasma membranes from transfected X-CGD PLB-985 cells in the presence of decreasing amounts of neutrophil cytosol and activated with GTPγS and
arachidonic acid as described in Materials and Methods. Oxidase activity was measured in the presence of 100 μM cytochrome c and diaphorase activity in the presence of 50 μM
iodonitrotetrazolium (INT). Data are presented as mean±SD and representative of three independent experiments (n=3–7). (B) NADPH oxidase activity was reconstituted in a CFS
using purified and relipidated cyt b558 (5 nM) from differentiated transfected X-CGD PLB-985 cells as described in [54] and recombinant cytosolic proteins p47phox, p67phox, and Rac1
(1 μM) activated by increasing amounts of AA or PA. Results are representative of one experiment in three.
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deprivation of calcium, achieved by increasing extracellular EGTA,
decreased oxidase activity in both loopNox4-Nox2 and WT-Nox2 cells.
However, the oxidase activity of the D-loopNox4-Nox2mutant was less
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affected by EGTA than the WT-Nox2 cells, especially at the 0.5-mM
concentration (Fig. 4A). This result was confirmed by experiments
done with BTP2, an inhibitor of SOCE that blocks calcium influx.
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Fig. 5. Effect of phosphorylation events on NADPH oxidase activity of differentiated transfected X-CGD PLB-985 cells—Kinetics of H2O2 production was measured by luminol-
amplified chemiluminescence from 5×105 transfected PLB-985 cells preincubated with increasing amounts of Wortmannin (A), SB 203580 (B), or PD 98059 (C), and activated with
fMLF (4×10−7 M), PMA (80 ng/ml) or OpZ (0.64 mg/ml) as described in Materials and Methods. Results are expressed in percentages by dividing the total RLU value obtained for
each type of cell in the presence of inhibitors by the value obtained without inhibitors and represent the mean±SD of three to five independent experiments.
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Indeed, in the presence of 10 μM BTP2 the oxidase inhibition of the D-
loopNox4-Nox2 cells was 40% versus 80% for the WT-Nox2 cells
(Fig. 5B). The intracellular Ca2+ store depletion that secondarily
activates Ca2+ influx through SOCE is obtained by thapsigargin (TG)
treatment. We found that the oxidase activity was approximately 2.5–
4 times higher in the D-loopNox4-Nox2 cells than in theWT-Nox2 cells
after stimulation by 1 or 0.3 μM TG, respectively (Fig. 5D). After fMLF
activation of pretreated PLB-985 cells with 1 μM thapsigargin, D-
loopNox4-Nox2 cells still showed a superoxide overproduction
Table 2
Effect of kinase inhibitors on fMLF, PMA and OpZ induced ROS production in differentiated tr
8220 orWortmannin for 15 min, SB 203580 for 30 min, or PD 98059 overnight, then activated
a percentage of inhibition of control production without inhibitors. Data are presented as m
loopNox4-Nox2 cells compared with WT-Nox2 cells: *pb0.05.

Ro 31-8220

Concentration (μM) WT-Nox2 D-loopNox4-Nox2

OpZ 5 1.6±5.5 4.4±7.6
10 26.1±8.1 29.0±6.5
20 94.3±0.4 89.8±0.8

PMA 1.25 39.5±4.3 35.0±1.8
2.5 78.0±3.2 82.0±4.1
5 99.6±0.1 99.3±0.3

fMLF 1.25 20.3±7.1 7.6±7.2
2.5 35.7±11.6 28.9±13.0
5 95.0±2.9 88.1±5.1

PD 98059

Concentration (μM) WT-Nox2 D-loopNox4-Nox2

OpZ 10 24.7±6.3 19.3±2.6
20 32.2±7.7 24.6±3.8
40 39.6±4.1 30.5±2.7

PMA 10 25.3±3.6 7.8±1.8*
20 32.2±2.5 10.2±2.1*
40 40.3±2.2 7.9±1.9*

fMLF 10 70.2±5.0 46.5±6.0*
20 76.8±4.4 54.7±4.8*
40 79.9±5.3 58.6±0.5*
(Fig. 5C). In conclusion, the superoxide overproduction of the D-
loopNox4-Nox2 cells after fMLF and ionomycin activation can be
explained in part, by a change in Ca2+ sensitivity.

3.4. Influence of phosphorylation events on the NADPH oxidase activity
of the D-loopNox4-Nox2 PLB-985 cells

We demonstrated above that the superoxide overproduction of
the D loopNox4-Nox2 mutant was related to a change in Ca2+ increase
ansfected PLB-985 cells. 5×105 PLB-985 cells were incubated in PBS at 37 °C with Ro31-
with fMLF (4×107 M), PMA (80 ng/ml) and OpZ (0.64 mg/ml). Values are expressed as

ean±SD and representative of at least three independent determinations (n=3–5). D-

Wortmannin

Concentration (nM) WT-Nox2 D-loopNox4-Nox2

6.25 80.4±7.1 50.9±9.1*
12.5 88.9±3.3 64.9±6.7*
25 96.9±0.9 87.2±3.6*
25 5.0±3.7 −5.1±1.5
50 3.5±1.6 −3.4±1.7

100 3.9±1.3 −5.8±2.4
25 47.0±6.6 45.5±5.3
50 53.6±4.7 52.7±4.1

100 63.8±4.6 63.9±3.2

SB 203580

Concentration (μM) WT-Nox2 D-loopNox4-Nox2

5 −2.6±6.6 −5.7±7.1
10 −7.4±6.5 −12.9±4.7
20 −12.0±4.8* −24.6±3.5*
5 4.2±5.4 0.6±2.4

10 6.9±3.2 4.0±2.5
20 8.5±1.2 5.3±1.2
5 38.2±6.4 55.4±3.7

10 53.6±4.9 62.9±2.9
20 63.7±2.5 71.2±5.8
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sensitivity. As the majority of phosphorylation events occurring
during fMLF or ionomycin or OpZ-dependent NADPH oxidase
activation require an increase of intracellular Ca2+, we examined
the involvement of the phosphorylation events on superoxide
overproduction by the D-loopNox4-Nox2 mutant. We used increasing
amounts of specific kinase inhibitors in a chemiluminescence assay as
described in Materials and Methods. A similar inhibitory effect of
Ro31-8220, which substantially inhibits the two conventional iso-
forms PKCα and PKCβ, was shown in both D-loopNox4-Nox2 cells and
WT-Nox2 cells after PMA, fMLF, and OpZ activation (Table 2). Then
the implication of the PI3K pathway was tested using Wortmannin or
LY-294002. Even with high concentrations of both, no inhibition of
oxidase activity was observed in either cell type after PMA activation.
With fMLF, the inhibition was partial and equivalent in both cell types
(Table 2). The most interesting result regarding the effect of these
inhibitors was observed after OpZ activation. With the smallest
concentrations of both drugs, a drastic inhibitory effect was detected
on oxidase activity of the WT-Nox2 cells (50–80% inhibition,
Wortmannin-LY-294002), whereas in the D-loopNox4-Nox2 cells the
inhibition was less pronounced (25–50%) (Fig. 5A). This difference
was still observed with increasing amounts of PI3K inhibitors. Then
PLB-985 cells were incubated overnight with 10, 20, or 40 μM
PD98059, an ERK1/2MAPK inhibitor. The first striking observation
was that no inhibitory effect of PD98059 on oxidase activity was
observed in the D-loopNox4-Nox2 cells stimulated with PMA, whereas
40% inhibition was obtained in the WT-Nox2 cells with a maximal
PD98059 concentration (40 μM) (Fig. 5C). Similarly, after fMLF
stimulation, PD98059 was more efficient in inhibiting the oxidase
activity of the WT Nox2 cells, than that of the D-loopNox4-Nox2 cells
(Fig. 5C). However, a slight but similar inhibitory effect of PD98059
was seen in both cell types activated by OpZ (Table 2). The same
inhibitory effect was obtained using U0126, another ERK1/2MAPK
inhibitor (data not shown). Finally, we used SB203580, which
prevents p38 MAPK activation, to compare the role of this kinase
pathway on the D-loopNox4-Nox2 and the WT-Nox2 oxidase activa-
tion. According to our results, p38MAPK was not involved in PMA-
induced oxidase activity of the D-loopNox4-Nox2 and the WT-Nox2
cells, although it occupies an important place in fMLF-induced oxidase
activity, but its effect was comparable in both cell types (Table 2).
Surprisingly, p38 MAPK inhibition triggered an enhancement of total
H2O2 production in PLB-985 cells stimulated with OpZ and more
pronounced in the D-loopNox4-Nox2 cells (Fig. 5B).

3.5. Killing power of the D-loopNox4-Nox2 PLB-985 cells against
microorganisms

To determine whether ROS overproduction of the D-loopNox4-
Nox2 PLB-985 cells improves their microbicidal power, the killing
activity against microorganisms was evaluated. We took care to
cultivate the transfected and KO PLB-985 cells without antibiotics
during at least 3 weeks before the killing experiments. The killing
activity of the D-loopNox4-Nox2, WT-Nox2, X-CGD PLB-985 cells, and
human neutrophils against an attenuated strain of P. aeruginosa PAO-
1 was measured for 60 min with an MOI of 1 and 10 for PLB-985 cells
and neutrophils, respectively (Fig. 6). As expected, the bactericidal
power of the PLB cells was clearly below that of the neutrophils.
However, the killing activity of the D-loopNox4-Nox2 PLB-985 cells,
over 15–60 min of incubation, was always significantly higher than
that of the WT-Nox2 PLB cells. In addition we controlled that the
bactericidal power of the WT-Nox2 PLB-985 cells was comparable to
that of the original WT PLB-985 cells (data not shown). X-CGD PLB-
985 cells, in spite of a lack of Nox2 protein, were able to kill P.
aeruginosa at 45 min and 60 min of contact, suggesting a NADPH
oxidase-independent killing mechanism against this bacterium.
Nevertheless, the killing activity of X-CGD PLB-985 cells was always
lower than that observed in the WT-Nox2 and the D-loopNox4-Nox2
PLB-985 cells. Regarding S. aureus and C. albicans killing, the ROS
production of the PLB-985 cells (mutant or WT) was not sufficient to
eliminate them efficiently after 10 min of incubation (data not
shown).

4. Discussion

The NADPH oxidase of professional phagocytes is a crucial
component of the innate immune response due to its fundamental
role on reactive oxygen species production as powerful microbicidal
agents. Nox2 is the essential catalytic element for electron transfer
from NADPH to FAD and to finally reduce molecular oxygen, after
optimal association of cytosolic factors with cyt b558 in the plasma
membrane.We previously demonstrated that the second intraplasmic
D-loop 191TSSTKTIRRS200 of Nox2, i.e., charged amino acids, were
essential for electron transfer from FAD to oxygen. Moreover,
replacement of the D-loop of Nox2 with the D-loop of its homolog
of nonphagocytic oxidase Nox4 overproduced ROS compared to WT
PLB-985 cells after PMA and fMLF stimulation. This was the first
description of mutations leading to an abnormal increase of oxidase
activity [51].

In this work we show a superoxide overproduction of the D-
loopNox4-Nox2 PLB-985 cells with particulate stimuli (OpZ and IgG-
LB). However the oxidase activity was particularly low with IgG
opsonized latex beads in wild type and mutant PLB-985 cells (about
60 times less than that in human neutrophils). A low NADPH oxidase
activity after Fcγ-stimulated activation by IgG-latex in PLB-985 cells
was also recently reported [41]. Several explanations can be given, the
first one being that DMF-differentiated PLB-985 cells show a defect in
the phagocytic process of IgG opsonized particles. This can be ruled
out because we and others have shown perfect phagocytosis of IgG-LB
or OpZ by PLB-985 cells using confocal microscopy [31,51,66]. The
more probable explanation is that one or several molecules of the IgG-
LB signaling pathway are missing leading to partial activation of the
NADPH oxidase complex in differentiated PLB-985 cells. A striking
point was that the H2O2 overproduction in the D-loopNox4-Nox2 PLB-
985 cells is preferentially obtained after soluble stimuli activation
(X5-8) compared to particulate stimuli (X2). The absence of specific
granules containing cyt b558 could explain the low NADPH oxidase
activity seen in PLB-985 cells specially when activated by particulate
stimuli where the intraphagosomal NADPH oxidase activity must be
supplied longer than in the case of soluble stimuli [50]. The presence
of specific granules in differentiated PLB-985 cells is controversial
[67,68]. In our hands we did not find lactoferrin and gelatinase
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(markers of specific granules) after differentiation of PLB-985 cells in
presence of Nudridoma SP (manuscript in preparation). In addition a
recent paper shows that specific granules were present only after
dibutiryl AMPc differentiation [69]. In a previous work we also found
that PLB-985 cells contained seven to ten times less cyt b558 than
human neutrophils [31]. This may be due to the lack of specific
granules containing cyt b558 in DMF-differentiated PLB-985.

Maximal superoxide overproduction was obtained with soluble
stimuli and more specifically with ionomycin and fMLF in D-loopNox4-
Nox2 PLB-985 cells. As we know both stimuli activate the NADPH
oxidase by Ca2+-dependent signaling pathways. Superoxide overpro-
duction was probably related to Ca2+-dependent mechanisms.
Indeed, superoxide overproduction was detected after thapsigargin
treatment, which induces intracellular Ca2+ store depletion and
secondarily activates Ca2+ influx through SOCE, as if the D-loopNox4-
Nox2 mutant was more sensitive to an intracellular Ca2+ increase
than the WT-Nox2 cells. In contrast, external deprivation of Ca2+,
using a moderate amount of EGTA or blockage of the SOCE by BTP2,
which inhibits calcium influx, has a less inhibitory effect on the
oxidase activity of the mutant compared to the WT-Nox2 cells.
Probably the high sensitivity of the D-loopNox4-Nox2 mutant to Ca2+

to trigger the oxidase activation lowers the amount of Ca2+ needed. It
can be hypothesized that the conformation of the D-loopNox4-Nox2
mutant favors the assembly process even in presence of calcium
traces.

Although an intracellular calcium increase is not sufficient to reach
full activation of the NADPH oxidase complex (as demonstrated by the
low oxidase activation level with thapsigargin alone), a second signal
in combination with Ca2+ influx is most of the time necessary to fully
activate the NADPH oxidase complex [45]. The main additional event
related to intracellular Ca2+ increase required to activate the NADPH
oxidase complex is phosphorylation [44], which can be Ca2+-
dependent and takes place mainly on cytosolic factors p47phox,
p67phox, and p40phox via kinases such as PKCs, p38MAPK, ERK1/2,
and PI-3K [14]. In addition it was recently demonstrated that Nox2 is
phosphorylated by PKC [18]. We decided to evaluate the effect of
phosphorylation events on the superoxide overproduction by the D-
loopNox4-Nox2 mutant. We used inhibitors of the different kinases
involved in the signaling pathway of the oxidase activation by fMLF,
ionomycin, PMA and OpZ. PKC phosphorylation events were not
involved in the process of superoxide overproduction by the D-
loopNox4-Nox2 mutant whatever stimuli used. During OpZ activation,
NADPH oxidase activity of the D-loopNox4-Nox2 mutant was less
affected by PI3K inhibitors (Wortmaninn and LY-294002) than the
WT-Nox2 control cells (50% versus 80% of inhibition). In addition,
inhibition of phosphorylation events triggered by the p38 MAPK
pathway enhanced oxidase activity of the D-loopNox4-Nox2 mutant
activated by OpZmore than theWT-Nox2 cells. PI3K is involved in the
OpZ signaling pathway during NADPH oxidase activation and could
control phosphorylation of cytosolic factors [70]. PI3K is also involved
in the OpZ signaling pathway. PI3K inhibitors could inhibit (less in the
D-loopNox4-Nox2 mutant than the WTNox2 cells) secondary phos-
phorylation events of cytosolic factors possibly triggered by PKD1,
PKB, or nonconventional PKC and/or could inhibit the PI3K/p38/Rac
pathway involved in the NADPH oxidase activation by OpZ [71,72].
PI3K is also a key regulatory kinase during the first step of signaling
events mediated by G protein-coupled receptors (C5a, PAF, fMLF)
[70,71]. In fMLF activation, preincubation with PD98059, an ERK1/2
MAPKs inhibitor has a less significant inhibitory effect on NADPH
oxidase of the D-loop-Nox2 mutant than on the WT-Nox2 cells as it
was found with both PI3K inhibitors after OpZ activation. Moreover,
PD-98059 was totally ineffective in inhibiting the oxidase activity of
the mutant cells during PMA activation, while the oxidase activity of
theWT cells was inhibited by 40%. According to several studies, one of
the cascades of phosphorylation triggered by fMLF involved PI3K
activation leading to PKC activation (via PDK1) and finally to activated
ERK1/2 [16]. PMA can directly activate PKC but can also initiate PKC-
dependent Raf/ERK1/2 activation. ERK1/2 MAPKs are responsible for
direct phosphorylation of p47phox or p67phox during fMLF, Fcγ
receptors, and PMA stimulation [16,26,72]. Then the D-loopNox4-
Nox2 mutant seems to be less sensitive to phosphorylation events
triggered by ERK1/2 during PMA and fMLF activation. Finally we
showed that whatever stimuli used, the oxidase activity in the D-
loopNox4-Nox2 PLB-985 was less sensitive to the inhibition of
phosphorylation events than the WT PLB-985 cells. This could be
explained by a possible change in the mutated Nox2 conformation
that modifies the oxidase complex assembly parameters. Perhaps the
difference of the D-loop sequence between Nox2 and Nox4 could
partially explain the active conformation of Nox4 which is indepen-
dent of phosphorylated cytosolic factors assembly.

The in vitro NADPH oxidase and the INT reductase activities
measured after AA activation in the plasma membranes from the
mutant PLB-985 and the WT-Nox2 cells were identical even with
increasing amounts of human neutrophil cytosol. This demonstrated
that the Ca2+ influx and/or phosphorylation events related to the
overproduce ROS in the D-loopNox4-Nox2 mutant ex vivo are not
mimicked by AA treatment in vitro. Then the in vitro oxidase activity
was measured in a simplified CFS assay with purified mutant andWT-
Nox2 cyt b558, and recombinant p47phox, p67phox, and Rac proteins. The
same result was obtained after AA activation as in the non purified CFS
namely an absence of superoxide overproduction. Nevertheless, the
activation by PA reveals the superoxide overproduction of the D-
loopNox4-Nox2 cytb558, as if PA triggered a more physiological
activation than AA. Fluorescence spectroscopy approaches revealed
that anionic amphiphile such as sodium dodecyl sulphate or AA act
directly on p47phox to change its conformation [73,74], whereas PA can
react directly with cyt b558, in a cytosol-independent manner [75]. In
conclusion, PA activation seems to trigger an optimal conformation of
the mutant cytb558 assembly with cytosolic factors in vitro, mimicking
what happens in whole D-loopNox4-Nox2 mutant cells.

Finally, we demonstrated that ROS overproduction by the D-
loopNox4-Nox2 mutant was responsible for a significantly higher
killing activity against attenuated P. aeruginosa strain than the WT-
Nox2 cell mutant. This is an encouraging result for future protein
therapy of CGD because the mutation introduced in Nox2 renders the
killing activity more efficient against pathogens. In addition Pseudo-
monas is a catalase positive germ often responsible for infections of
CGD patients. However, the mutated or WT-Nox2 PLB-985 cells were
much less effective against S. aureus ATCC 27217 and C. albicans
(clinical isolate) than neutrophils, probably more virulent micro-
organisms than the attenuated strain of P. aeruginosa (data not
shown). This can be explained by the cyt b558 content in the PLB-985
cells which is about ten fold lower than in the human neutrophils
[31,51]. We demonstrated that ROS overproduction of the D loopNox4-
Nox2mutant cells has an immediate role in the elimination of bacteria
that is more effective than that of the WT-Nox2 (pb0.05) in the first
period of contact (b30 min), but it also triggers or induces a more
active oxidase-independent killing mechanism than that of the WT
Nox2 cells (pb0.01). This biphasic killing of neutrophils could be
related to the previously described dual role of NADPH oxidase in
bacterial killing [76]. In addition, XCGD-PLB-985 cells were able to kill
bacteria in a NADPH oxidase-independent way only after a 30-min
period of incubation. This highlights that the NADPH oxidase-
dependent killing takes place in the early phase of contact
(b30 min). In conclusion, early ROS overproduction by the NADPH
oxidase in neutrophils is the essential starting point event that
controls the efficacy of the killing of bacteria.

The next step will be to produce ex vivo, in yeast [77], the modified
Nox2 protein including the D-loopNox4 and/or the R199Q mutation
[51] to obtain a superactive protein used for structural and functional
studies. Preliminary results obtained recently support the concept of
cell-free expression technology for producing recombinant
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proteoliposomes and their use for functional and structural studies or
protein therapy by complementing Nox2-deficient cells [78].
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