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KEY PO INT S

� Phosphorylation
of the NADPH oxidase
component p47phox
is decreased in
neutrophils from
p67phox-deficient
patients with CGD.

� p67phox and p40phox
are novel regulators
of p47phox-
phosphorylation.

Superoxide production by the phagocyte reduced NAD phosphate (NADPH) oxidase is
essential for innate immunity as shown in chronic granulomatous disease (CGD), an
immunodeficiency disease resulting from mutations in 1 of its genes. The NADPH oxidase is
composed of 2 membrane proteins (gp91phox/NOX2 and p22phox) and 4 cytosolic
proteins (p47phox, p67phox, p40phox, and Rac1/2). The phosphorylation of p47phox is
required for NADPH oxidase activation in cells. As p47phox and p67phox can form a tight
complex in cells, we hypothesized that p67phox could regulate p47phox phosphorylation.
To investigate this hypothesis, we used phospho-specific antibodies against 5 major
p47phox-phosphorylated sites (Ser304, Ser315, Ser320, Ser328, and Ser345) and neutrophils
from healthy donors and from p67phox2/2 CGD patients. Results showed that
formyl-methionyl-leucyl-phenylalanine and phorbol myristate acetate induced a time- and a
concentration-dependent phosphorylation of p47phox on Ser304, Ser315, Ser320, and
Ser328 in healthy human neutrophils. Interestingly, in neutrophils and Epstein-Barr

virus-transformed B lymphocytes from p67phox2/2 CGD patients, phosphorylation of p47phox on serine residues was
dramatically reduced. In COSphox cells, the presence of p67phox led to increased phosphorylation of p47phox. In vitro
studies showed that recombinant p47phox was phosphorylated on Ser304, Ser315, Ser320, and Ser328 by different
PKC isoforms and the addition of recombinant p67phox alone or in combination with p40phox potentiated this process.
Thus, p67phox and p40phox are required for optimal p47phox phosphorylation on Ser304, Ser315, Ser320, and Ser328
in intact cells. Therefore, p67phox and p40phox are novel regulators of p47phox-phosphorylation.

Introduction
Polymorphonuclear neutrophils are the most numerous circulat-
ing leukocytes and play an important role in innate immunity
and inflammation.1,2 During phagocytosis, neutrophils are acti-
vated to produce high quantities of superoxide anion that gen-
erates other reactive oxygen species (ROS) such as hydrogen
peroxide, hydroxyl radical, and hypochlorous acids.3,4 The
enzyme responsible for superoxide anion production by neutro-
phils is called the phagocyte reduced NAD phosphate (NADPH)
oxidase.5-7 This enzyme complex is composed of 2 membrane-
bound proteins, p22phox and gp91phox/NOX2, which form the
cytochrome b558, and 4 cytosolic proteins, p47phox, p67phox,
p40phox, and Rac2.5-7 In resting cells, these proteins are distrib-
uted between the cytosol and membranes of granules and the
plasma membrane. Upon activation, p47phox, p67phox,

p40phox, p22phox, and gp91phox are phosphorylated, Rac2 is
activated, and the system assembles into an active complex.8-11

ROS production is required for host defense, as illustrated by
the genetic immunodeficiency disease called chronic granulo-
matous disease (CGD), in which phagocytes do not produce
ROS and affected patients have more fatal infections than
healthy individuals.12-16 CGD is a rare disease found in 1 of
200000 to 250000 individuals. It is caused by a gene mutation
in 1 of the NADPH oxidase components, the most frequent
CGD form being caused by mutations in the gp91phox/CYBB
gene (65%), followed by mutation in the p47phox/NCF1 gene
(20%), the p22phox/CYBA gene (,5%), the p67phox/NCF2
gene (,5%), the p40phox/NCF4, and Rac2/NCF3 genes (both
forms ,5%).12-16
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In addition to host defense, ROS production can participate in
tissue injury and excessive inflammation if not well con-
trolled.10,17-19 Thus, activation of the phagocyte NADPH oxidase
must be tightly regulated to ensure that ROS are produced only
when and where required. One mechanism by which the
NADPH oxidase is regulated is the phosphorylation of its
organizer subunit, p47phox.10,11 Stimulation of neutrophils by
the chemotactic peptide formyl-methionyl-leucyl-phenylalanine
(fMLF) or the protein kinase C (PKC) activator phorbol myristate
acetate (PMA) induces NADPH oxidase activation via p47phox
phosphorylation.20-23 This phosphorylation occurs on several ser-
ine residues localized in the C-terminal p47phox sequence (Ser
303-379), and phosphorylation of specific serines is required for
NADPH oxidase activation, as shown by site-directed mutagene-
sis and transfection of Epstein-Barr virus (EBV)-transformed B
lymphocytes.22,23 In contrast to activating agents, priming
agents such as the proinflammatory cytokines, tumor necrosis
factor-a (TNF-a) and granulocyte-macrophage colony-stimulat-
ing factor, and the Toll-like receptor agonist, lipopolysaccharide,
do not stimulate ROS production and only induce partial
p47phox phosphorylation on Ser345.24-27 Phosphorylated
Ser345 has been shown to be a docking site for the proline
isomerase Pin1, which induces p47phox conformational changes
and facilitates p47phox phosphorylation by various protein
kinases.27-29

In resting cells, p47phox can be found in a free form or in a
complex with p67phox and p40phox.30-32 The interaction
between p47phox and p67phox is mediated via binding of SH3
domains to a polyproline region.33-35 We sought to investigate
the role of p67phox in p47phox phosphorylation using site-
specific anti-phospho-p47phox antibodies and neutrophils from
p67phox2/2 patients with CGD. We observed that fMLF and
PMA induced phosphorylation of Ser304, Ser315, Ser320, and
Ser328 of the p47phox subunit in human neutrophils but phos-
phorylation of all sites was dramatically impaired in neutrophils
from p67phox-deficient patients with CGD.

Methods
Materials
Phosphate-buffered saline, Hanks balanced salt solution (HBSS),
PMA, fMLF, diisopropylfluorophosphate, reduced glutathione,
proteases, and kinases inhibitors were from Sigma Chemical (St.
Louis, MO). Dextran and Ficoll were from GE-Healthcare.
Reagents for sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and western blotting were purchased from
Bio-Rad (Richmond, CA). Polyclonal phospho-specific antibodies
were produced by our group as previously described.23,28 The
anti-p47phox, anti-p67phox, and anti-gp91phox were from
Santa Cruz Biotechnologies. Peroxidase-labeled goat anti-rabbit
antibody was purchased from Jackson Laboratories. Blotto dry
milk and Luminol reagents for protein detection were purchased
from Santa Cruz Biotechnologies.

Ethics statement
Neutrophils were isolated from the venous blood of healthy vol-
unteers and from 2 unrelated p67phox-deficient patients with
CGD after written informed consent was obtained. The study
was approved by the institutional review boards and ethics com-
mittee of INSERM (EFS convention number 2018010827). All

procedures were conducted in accordance with the 1975 Decla-
ration of Helsinki, as revised in 2013. Data collection and analy-
ses were performed anonymously.

Preparation of human neutrophils
Human neutrophils from venous blood were obtained by Dex-
tran sedimentation and Ficoll centrifugation.36,37 Neutrophils
were 96% pure and 99% viable. The cells (5 3 107/mL) were
suspended in phosphate-buffered saline and treated with the
serine protease inhibitor diisopropylfluorophosphate (2.7 mM)
for 20 minutes at 4�C, then washed and resuspended in HBSS
buffer containing 1.2 mM Ca11, 1.2 mM Mg11, and 5 mM
D-glucose.

Neutrophil stimulation and lysis
For the phosphorylation experiments, neutrophils resuspended
at 15 3 106 cells/0.4 mL of HBSS were incubated for 10 minutes
at 37�C before stimulation with PMA or fMLF for the indicated
times and concentrations. The reaction was stopped by adding
53 modified Laemmli sample buffer37,38 containing 5 mmol/L
Na3VO4, 2.5 mmol/L p-NPP, 10 mmol/L NaF, 5 mmol/L EDTA,
5 mmol/L EGTA, 20 mg/L leupeptin, 20 mg/L pepstatin, and 20
mg/L aprotinin. Samples were then incubated for 2 minutes in
boiling water (100�C) and stored at 280�C until use.

EBV-transformed B-lymphocyte preparation and
stimulation
Peripheral blood from healthy donors and p67phox-deficient
patients with CGD was subjected to fractionation by Ficoll cen-
trifugation. Mononuclear cells were collected, washed twice,
and cultured in RPMI1640 medium supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/mL penicillin, and
100 mg/mL streptomycin in the presence of supernatants from
the EBV-producing cell line, B95-8.23 Three weeks later, EBV-
transformed B lymphocytes (EBV-L) had proliferated and repre-
sented more than 90% of the cultured cells as determined by
flow cytometry. For the phosphorylation experiments, EBV-
transformed lymphocytes were stimulated with PMA and pre-
pared as described previously for neutrophils.

ROS production assay
ROS production was measured by the luminol and horse radish
peroxidase (HRP)-enhanced chemiluminescence method.39 Neu-
trophils (0.5 3 106 cells) or EBV-L (2 3 106 cells) were resus-
pended in 500 mL HBSS containing 10 mM luminol and 10 U
HRP, preheated at 37�C in the thermostated chamber of the
luminometer (Biolumat LB937; Berthold) for 10 minutes, and
then stimulated with different concentrations of fMLF or PMA
and chemiluminescence was recorded. In the presence of HRP,
chemiluminescence was completely inhibited by SOD as we pre-
viously showed,39 indicating that this method detects superox-
ide anion production.

COSphox cells
The COSphox stable cell lines, which had been transfected
with the NADPH oxidase components (gp91phox, p22phox,
p47phox, and p67phox) or without p67phox, were maintained
at 37�C with 5% CO2 in Dulbecco’s modified Eagle medium
supplemented with 10% heat-inactivated fetal bovine serum, 2
mM L-glutamine, 100 IU/mL penicillin, 50 mg/mL streptomycin,
and other antibiotics for selection as detailed previously.40 For
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small interfering RNA (siRNA) knockdown, COSphox cell line
expressing gp91phox, p22phox, p47phox, and p67phox were
transiently transfected with either p67phox siRNAs (sc-36163) or
scramble siRNA control (sc-37007), using the siRNA transfection
reagent and protocol recommended by the manufacturer. Forty-
eight hours after transfection, the effect of siRNA-mediated
knockdown was determined using western blotting with anti-
p67phox antibody. Two million cells were resuspended in HBSS,
preheated, and then treated with PMA (200 ng/mL) for 30
minutes at 37�C, lysed, and proteins denatured.

Expression of recombinant p47phox, p67phox,
and p40phox
For recombinant protein expression, the pGEX-6P1 plasmids
containing complementary DNA (cDNA) encoding glutathione
S-transferase (GST)-p47phox, GST-p67phox or pET-p40phox
plasmid were transformed into BL21 Escherichia coli, and the
cells were cultured overnight in 100 mL of bacterial culture
medium containing ampicillin (100 mg/mL) at 37�C. The over-
night culture was then diluted 10-fold and allowed to grow until
the optical density reached 0.8 at 600 nm. Expression of the
proteins was induced by incubation with isopropyl-b-D-thiogalac-
toside (20 mM) for 3 hours at 37�C. Cells were pelleted by cen-
trifugation at 2500g for 25 minutes, lysed by sonication in lysis
buffer (50 mM NaCl; 5 mM MgCl2; 50 mM Tris-HCl, pH 7.5; 1
mM DTT; 1% Triton X-100; and a mixture of protease inhibitors),
and centrifuged at 10000g for 20 minutes at 4�C. The soluble
GST-p47phox, GST-p67phox, and His-Tagged-p40phox were
affinity-purified by incubation of the supernatant with
glutathione-Sepharose 4B beads or nickel affinity chromatogra-
phy, respectively, as previously described.36

In vitro phosphorylation of p47phox by
PKC isoforms
Phosphorylation by PKC was performed as previously
described.36,41 Briefly, the reaction mixture contained 1 mg
p47phox recombinant protein in the absence or presence of
p67phox and p40phox, and 25 ng purified PKC in 40 mM N-2-
hydroxyethylpiperazine-N9-2-ethanesulfonic acid, 10 mM MgCl2,
1 mM DTT, 5 mg/mL diacylglycerol, 150 mg/mL phosphatidylser-
ine, 3 mM CaCl2, and 50 mM adenosine triphosphate (ATP) in a
total volume of 50 mL. The reactions were incubated for 30
minutes at 30�C and terminated at the indicated times by addi-
tion of 10 mL of 53 Laemmli sample buffer and denaturation at
100�C.

Electrophoresis and blotting
Heat-denatured cell samples were sonicated twice for 5 seconds
to break down DNA and centrifuged at 2000g for 8 minutes.
The samples (1 million cell-equivalent) were subjected to 10%
SDS-PAGE using standard techniques.37,38,42 The separated pro-
teins were transferred to nitrocellulose membranes, which were
blocked with 5% milk in Tris-buffered saline containing Tween
20 for 1 hour. After blocking, the membranes were probed
with the anti-phospho-Ser304-p47phox (1:2000), anti-phospho-
Ser315-p47phox (1:2000), anti-phospho-Ser320-p47phox (1:2000),
anti-phospho-Ser328-p47phox (1:2000), anti-phospho-Ser345-
p47phox (1:10000), and anti-p47phox (1:5000) antibodies for 1
hour at room temperature or overnight at 4�C. Membranes were
then washed and incubated with HRP-labeled goat anti-rabbit anti-
body (1:10000) for 1 hour at room temperature. The anti-gp91phox

and anti-p67phox antibodies were used at 1:5000 and 1:2000,
respectively. The protein bands were revealed using enhanced
chemiluminescence reagents. Quantification of protein bands was
performedby densitometry using Image J software analysis (Wayne
Rasband, National Institutes of Health). Phosphorylated p47phox
was quantified after correction for the total amount of p47phox
protein.

Statistical analysis
All results are expressed as means 6 standard deviation. Data
were analyzed with GraphPad Prism 7 software (GraphPad Soft-
ware, San Diego, CA). Differences between groups were ana-
lyzed by 1-way analysis of variance test with Tukey's multiple
comparison posttest. *P , .05, **P , .01, and ***P , .001 val-
ues were considered as significant.

Results
fMLF induced a rapid and transient
phosphorylation of p47phox on Ser304, 315, 320,
and 328 in human neutrophils
To investigate the possible role of p67phox in the phosphoryla-
tion of p47phox, we used neutrophils from very rare patients
with CGD who are deficient for p67phox (,1 case per 5000000
individuals), and very sensitive site-specific anti-phospho-
p47phox antibodies that we developed in our laboratory.23,28

We first determined the optimal kinetics and concentrations of 2
different agonists, the bacterial peptide fMLF and the PKC acti-
vator PMA using neutrophils from healthy donors. Neutrophils
were denatured in a 53 modified Laemmli sample buffer, soni-
cated and centrifuged at low speed, and the supernatants were
used for SDS-PAGE and western blotting as previously
described.37 Under those conditions, p47phox was fully solubi-
lized and only detected in the supernatant (supplemental Figure
1 on the Blood Web site). Results show that fMLF (at 1 mM)
induced the phosphorylation of p47phox on Ser304, 315, 320,
and 328 very rapidly because it was detected as soon as 5 sec-
onds, the shortest time at which we could stimulate and stop
the reaction (Figure 1A). Phosphorylated p47phox from different
experiments was quantified and corrected for the total amount
of p47phox protein by densitometry as described in the Meth-
ods. The mean of these experiments (supplemental Figure 2)
shows that fMLF-induced p47phox phosphorylation on Ser304,
315, 320, and 328 reached a peak at 10 seconds, followed by a
decline, likely because of dephosphorylation as the total amount of
p47phox did not change over time. Ser345, a site known to be
phosphorylated in TNF-a-, granulocyte-macrophage colony-
stimulating factor-, or lipopolysaccharide-treated neutrophils,26,27

was already phosphorylated in nonstimulated neutrophils, and
fMLF barely increased its phosphorylation. The 4 phosphorylated
serines were almost completely dephosphorylated after a
90-second stimulation. Interestingly, the kinetics of fMLF-induced
p47phox-phosphorylation precede those of the NADPH oxidase
activation (Figure 1B). fMLF-induced phosphorylation of Ser304,
315, 320, and 328 was concentration-dependent (Figure 1C; sup-
plemental Figure 3), starting between 1029 and 1028 M, and
reaching its maximal effect at 1026 M, which is the optimal fMLF
concentration to induce NADPH oxidase activation (Figure 1D).
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PMA induced a less rapid but more sustained
phosphorylation of p47phox on Ser304, 315, 320,
and 328 than fMLF in human neutrophils
PMA is a known strong activator of the NADPH oxidase and an
inducer of p47phox phosphorylation in human neutrophils.
PMA-induced neutrophil activation occurs by direct activation of
PKC.43 To evaluate the PMA optimal concentration and time
course, we stimulated healthy neutrophils between 1 and 12
minutes at concentrations ranging from 10 to 200 ng/mL. We
show that PMA (at 200 ng/mL) induced the time-dependent
phosphorylation of p47phox on Ser304, 315, 320, and 328 (Fig-
ure 2A). PMA induced only a moderate increase in the phos-
phorylation of Ser345. Phosphorylated p47phox from different
experiments was quantified by densitometry and corrected for
total p47phox amount as described in the "Methods." The
mean of these experiments (supplemental Figure 4) shows that
PMA-induced phosphorylation occurs after a 2-minutes lag time,
then increased and plateaued over time. In contrast to what we
observed with fMLF, dephosphorylation was not observed within
the 12-minute time frame tested. Interestingly, the kinetics of
PMA-induced p47phox-phosphorylation parallel the kinetics of
NADPH oxidase activation (Figure 2B). PMA-induced phosphor-
ylation of Ser304, 315, 320, and 328 was concentration
dependent (Figure 2C; supplemental Figure 5), starting at 10 to

50 ng/mL and reaching its maximal effect at 100 ng/mL and
higher, which are the optimal concentrations to induce NADPH
oxidase activation (Figure 2D).

Phosphorylation of p47phox on Ser304, 315, 320,
328, and 345 in neutrophils and EBV-transformed
lymphocytes from p67phox-deficient patients
with CGD is dramatically reduced
To investigate the possible role of p67phox in the phosphoryla-
tion of p47phox, we isolated neutrophils from a unique cohort
of 2 patients with CGD deficient for p67phox. The 2 patients
are not related and they have the same p67phox/NCF2 gene
mutation [c.36411G.A],12 which results in the absence of the
p67phox protein (Figure 3A). We first confirmed that neutrophils
from these patients did not produce ROS under resting condi-
tions and after stimulation with PMA and fMLF (supplemental
Figure 6). Furthermore, western blot analysis confirmed that the
p67phox protein was absent (Figure 3A). In addition, the
p40phox subunit was barely expressed (12.5%), whereas
g91phox, p47phox, and p22phox were all normally expressed.
Interestingly, when we investigated p47phox phosphorylation in
resting and fMLF- and PMA-stimulated neutrophils, we observed
that the phosphorylation of p47phox on Ser304, Ser315,
Ser320, and Ser328 was dramatically reduced in neutrophils

P-Ser 304

P-Ser 315

P-Ser 320

P-Ser 328

P-Ser 345

p47phox

0 5 10 15 30 45 60 90 
fMLF (10–6 M)

(sec)

A
nt

ib
o

d
y 

us
ed

 

A 

P-Ser 304

P-Ser 315

P-Ser 345

P-Ser 328

P-Ser 320

p47phox

10–9 10–8 10–7 10–6 10–50 

fMLF (10 sec) 

A
nt

ib
o

d
y 

us
ed

 

B 

(M) 

0 10–9 10–8 10–7 10–6 10–5
0

1000

2000

3000

4000

5000

0
0 1 2 3 4 5

Resting
fMLF 10–6 M

10

20

30

40

50

60

RO
S 

pr
od

uc
tio

n 
(%

 o
f c

on
tro

l)
Ch

em
ilu

m
in

es
ce

nc
e 

(cp
m

 ×
10

6 )

Time (min)

fMLF (M)

C D 

Figure 1. Kinetics and concentration-dependent effect of fMLF on p47phox phosphorylation and ROS production in human neutrophils. (A) Human neutrophils
(15 3 106/400 mL) were incubated with fMLF (1 mM) for different times and the reaction was stopped by denaturation with 100 mL hot Laemmli sample buffer (53).
Homogenates were subjected to SDS-PAGE and western blotting using different anti-phospho-p47phox antibodies: anti-phospho-Ser304, anti-phospho-Ser315, anti-
phospho-Ser320, anti-phospho-Ser328, and anti-phospho-Ser-345 antibodies and anti-p47phox antibody. (B) Neutrophils (0.5 3 106/500 mL) were incubated in HBSS for
5 minutes in the presence of 10 mM luminol at 37�C and stimulated with fMLF (1 mM); ROS production was measured by luminol-amplified chemiluminescence over
time. (C) Human neutrophils (15 3 106/400 mL) were incubated with different concentrations of fMLF for 10 seconds and the reaction was stopped by denaturation with
100 mL hot Laemmli sample buffer (53). Homogenates were subjected to SDS-PAGE and western blotting using the same antibodies as in panel A. (D) ROS production
of neutrophils (0.5 3 106/500 mL HBSS) was measured as in panel B. Experiments were repeated 3 times (n 5 3, mean 6 standard error of the mean [SEM]).
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from p67phox2/2 patients with CGD compared with controls
(Figure 3B; supplemental Figure 7). These results were similar in
neutrophils from both patients with CGD. Given the rarity of
p67phox deficiency,12-16 we used EBV-L to confirm these results.
Western blot analysis of EBV-L showed that the p67phox protein
was completely absent in p67phox2/2-patient-derived EBV-L
compared with control, whereas gp91phox and p47phox were
normally expressed (Figure 4A). As observed in neutrophils from
p67phox2/2patients with CGD, PMA-induced phosphorylation
of p47phox on Ser304, Ser315, and Ser328 in EBV-L was dra-
matically reduced (Figure 4B). Interestingly, the phosphorylation
of Ser345 in the absence or presence of PMA was also reduced
in p67phox2/2-patient-derived EBV-L. Unexpectedly, Ser320
was not phosphorylated in PMA-stimulated EBV-L. Altogether,
these data suggest that p67phox is required for optimal phos-
phorylation of p47phox in neutrophils and EBV-L.

Knockdown of p67phox expression or its absence
in COSphox cells impaired phosphorylation
of p47phox
To confirm the results obtained with neutrophils and EBV-L, we
used an siRNA approach to inhibit p67phox expression in
COSphox cells. Results show that the siRNA against p67phox

dramatically decreased the expression of the protein in these
cells (Figure 5A), which resulted in the significant decrease of
PMA-stimulated p47phox phosphorylation on Ser304, 315, and
328 (Figure 5A-B). Interestingly, Ser320 and 345 showed only a
marginal increase in p47phox phosphorylation, and absence of
p67phox had no effect on their phosphorylation. To confirm the
siRNA data, we used COSphox cells with or without p67phox
expression. As expected, the phosphorylation of p47phox was
lower in cells expressing only gp91phox, p22phox, and
p47phox compared with cells also expressing p67phox
(Figure 5C-D).

Lack of p67phox does not alter the
phosphorylation of proteins unrelated to the
NADPH oxidase, and NADPH oxidase-derived
ROS are not involved in p47phox phosphorylation
in normal neutrophils
To check if the absence of p67phox specifically affects the phos-
phorylation of p47phox, we analyzed the phosphorylation
p38MAPKinase and ERK1/2, which are not part of the NADPH
oxidase complex, and showed that their phosphorylation was
not affected in neutrophils from p67phox2/2 patients with CGD
(supplemental Figure 8). Because neutrophils from p67phox2/2
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Figure 2. Kinetics and concentration-dependent effect of PMA on p47phox phosphorylation and ROS production in human neutrophils. (A) Human neutrophils
(15 3 106/400 mL) were incubated with PMA (200 ng/mL) for different times and the reaction was stopped by denaturation with 100 mL hot Laemmli sample buffer (53).
Homogenates were subjected to SDS-PAGE and western blotting using different anti-phospho-p47phox antibodies: anti-phospho-Ser304, anti-phospho-Ser315, anti-
phospho-Ser320, anti-phospho-Ser328, and anti-phospho-Ser-345 antibodies and anti-p47phox antibody. (B) Neutrophils (0.5 3 106/500 mL) were incubated in HBSS for
5 minutes in the presence of 10 mM luminol at 37�C then stimulated with PMA (100 ng/mL); ROS production was measured by luminol-amplified chemiluminescence
over time. (C) Human neutrophils (15 3 106/400 mL) were incubated with different concentrations of PMA for 10 minutes and the reaction was stopped by denaturation
with 100 mL hot Laemmli sample buffer (53). Homogenates were subjected to SDS-PAGE and western blotting using the same antibodies as in panel A. (D) ROS pro-
duction of neutrophils (0.5 3 106/500 mL in HBSS) was measured as in panel B. Experiments were repeated 3 times (n 5 3, mean 6 SEM).
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patients with CGD do not express the p67phox protein and do
not produce ROS, the impairment of p47phox phosphorylation
could be due either to the absence of p67phox or the lack of
ROS. To investigate whether ROS produced by the NADPH oxi-
dase are involved in p47phox phosphorylation, we isolated neu-
trophils from healthy donors and treated them with the NADPH

oxidase inhibitor DPI, or the superoxide- and H2O2-catabolizing
enzymes, SOD and catalase, in the presence or absence of PMA.
Results showed that DPI completely inhibited ROS production
and that SOD1catalase had a strong antioxidant effect (supple-
mental Figure 9); however, their addition failed to impair PMA-
induced phosphorylation of p47phox (supplemental Figure 9).
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Similar results were obtained with fMLF as the stimulus (data not
shown). Altogether, these results demonstrate that NADPH
oxidase-derived ROS are not involved in p47phox phosphoryla-
tion and suggest that the decrease in p47phox phosphorylation
observed in p67phox2/2 cells is not due to the absence of ROS,
but rather to the absence of p67phox or associated proteins.

Recombinant p67phox and p40phox enhance
the phosphorylation of p47phox by PKC
isoforms in vitro
To investigate whether p67phox could enhance the p47phox
phosphorylation, we performed in vitro phosphorylation experi-
ments using the PKC isoforms expressed in neutrophils in the
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presence or absence of p67phox. Results showed that recombi-
nant p47phox alone was weakly phosphorylated by PKC a, b, d,
and z; however, the addition of recombinant p67phox enhanced
p47phox phosphorylation (Figure 6). Because p40phox was also
depleted in p67phox2/2 neutrophils, we performed the same
in vitro phosphorylation experiments in the absence or presence
of p40phox. In the presence of p40phox, p47phox phosphoryla-
tion by PKC a, b, d, and z was also mildly enhanced; however,
when both p40phox and p67phox were present, p47phox phos-
phorylation was strongly increased (Figure 6). These results sug-
gest that both p67phox and p40phox are required for optimal
p47phox phosphorylation on Ser304, Ser315, Ser320, and
Ser328. In addition, we observed that the effect of p67phox on
p47phox phosphorylation was dose dependent (Figure 7).

Interestingly, heat denaturation of p67phox resulted in reduction
of its enhancing effect on PKC-mediated phosphorylation of
p47phox, suggesting that the native p67phox is required
(Figure 7). Although we only show here the phosphorylation of
Ser328, the same results were obtained for the phosphorylation
of the other serines (data not shown). In addition, bovine serum
albumin, a protein unrelated to the NADPH oxidase and with
the same molecular weight as p67phox, had no effect on the
phosphorylation of p47phox (supplemental Figure 10).

Discussion
Superoxide production by the phagocyte NADPH oxidase is a
tightly regulated process, which requires translocation of the
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cytosolic subunits to the membrane, leading to enzyme activa-
tion.8,10 Among the different processes required for NADPH oxi-
dase activation and ROS production, p47phox phosphorylation
is a key step in intact cells.10,11 In the current study, we deter-
mined the optimal conditions for the phosphorylation of
p47phox in neutrophils stimulated by fMLF and PMA using
phosphosite-specific antibodies and investigated the role of
p67phox in this process. Stimulation with fMLF and PMA
induced the phosphorylation of p47phox on Ser304, Ser315,
Ser320, and Ser328, although with different time course. In con-
trast, Ser345 phosphorylation appeared to be already present at
steady state and was only slightly increased by both stimuli.
Interestingly, we observed a strong reduction of p47phox phos-
phorylation in neutrophils from p67phox2/2 patients with CGD.
Furthermore, in vitro studies showed that the addition of recom-
binant p67phox alone or to a lesser extent that of p40phox
alone, enhanced p47phox phosphorylation on Ser304, Ser315,
Ser320, and Ser328, an effect that was further enhanced when
both were combined.

It has been known for some time that p47phox is phosphory-
lated on several serines localized in the carboxy-terminal
region.20-22 The initial studies on p47phox phosphorylation
in intact neutrophils were performed using [32P]-labeled
orthophosphoric acid.20,21 This technique is cumbersome
and requires high amounts of radioactive materials, many
cells, and a specific antibody capable of immunoprecipitat-
ing p47phox. In addition, this technique does not give any
information about the individual phosphorylated sites,
unless used in tandem with site-directed mutagenesis and
2-dimensional phosphopeptide mapping, 2 very time-
consuming techniques. To allow the study of p47phox phos-
phorylation in cell lysates without the need of radioactivity
and immunoprecipitation, we have developed anti-p47phox
antibodies highly specific for each serine phosphorylated
upon stimulation. These antibodies allow investigation of
p47phox phosphorylation by western blotting using few
cells, which is an advantage in the case of children with rare
diseases.

In this study, we have optimized the experimental protocol to
allow for the dynamic capture of p47phox phosphorylation in
fMLF- and PMA-stimulated neutrophils. Phosphorylation of
Ser304, Ser315, Ser320, and Ser328 from fMLF-stimulated neu-
trophils reached a peak after only 10 seconds and decreasing
over time. This fast and transient phosphorylation of p47phox is
consistent with the fast and transient activation of fMLF-induced
ROS production by neutrophils. However, the stimulatory effect
of PMA on the phosphorylation of Ser304, Ser315, Ser320, and
Ser328 occurred more slowly and was sustained for up to 20
minutes (data not shown). Both agonists induced little or no
increase in the phosphorylation of Ser345 over that at steady
state.

In resting cells, p47phox is in the cytosol either in a free form
or in a complex with p67phox.30,31 Indeed, p47phox has 2
SH3 domains and a proline-rich region, whereas p67phox has
2 SH3 domains, with 1 p67phox-SH3 domain interacting with
the p47phox proline-rich sequence.32-35 In this study, we had
a unique cohort of p672/2phox patients with CGD, which
allowed us to demonstrate for the first time that the absence
of p67phox in neutrophils results in a decrease of p47phox

phosphorylation. These data were confirmed in patient-derived
EBV-transformed lymphocytes and in COSphox cells lacking
p67phox, suggesting that p67phox, or an associated protein,
is required for optimal p47phox phosphorylation. The
decrease of p47phox phosphorylation was less pronounced in
COSphox cells than in neutrophils and EBV-L possibly
because COSphox cells do not express the same protein kin-
ases and the same PKC isoforms as neutrophils.44,45 Indeed,
PKC bII and PKCd, 2 major PKC isoforms in neutrophils, are
not expressed in COSphox cells. Investigation whether the
phosphorylation of p47phox by other PKC isoforms or other
kinases does not require p67phox would be of interest in the
future.

We demonstrated that the effect of p67phox was not observed
when cells were deprived of ROS, either by SOD/catalase com-
bination or by pharmacological inhibition of the NADPH oxidase
by DPI, suggesting that p67phox is most likely responsible for
the increase in p47phox phosphorylation. This critical finding
was not reported in previous studies on p67phox2/2 patients
with CGD using 32P-labeling,46 probably because this technique
does not allow to detect each phosphorylated serine but rather
reflects the overall phosphorylation. The anti-p47phox antibod-
ies against each phosphorylated site are sensitive and easier to
use and may allow to uncover new mechanisms for p47phox
phosphorylation. Interestingly, in line with our observation, previ-
ous studies reported that phosphorylation of p47phox was also
altered in neutrophils from gp91phox-deficient patients with
CGD.47,48

We observed that the p40phox subunit was also dramatically
depleted in neutrophils from p67phox2/2 patients with CGD, as
previously described.32,49 In vitro phosphorylation experiments
clearly showed that both p67phox and p40phox alone or in
combination increased p47phox phosphorylation by PKC iso-
forms. In addition, we observed that when p67phox was dena-
tured, its effects on p47phox phosphorylation were lost. The
decreased phosphorylation of p47phox could be observed in
the combined absence of p67phox and p40phox, either in
p67phox2/2 neutrophils or in p67phox siRNA-treated COSphox
cells that do not express p40phox. These results suggest that a
p47phox/p67phox/p40phox interaction may favor p47phox
phosphorylation. Alternatively, a protein associated with
p67phox and p47phox may be involved; thus, the mechanism
of this impairment should be studied in more detail in future
studies. In line with our observations, p67phox and p40phox
were shown to enhance NADPH oxidase activation in a cell-free
activation system.50-54

In summary, this study characterized the phosphorylation of
p47phox in fMLF- and PMA-stimulated neutrophils on
Ser304, Ser315, Ser320, and Ser328 by using anti-phospho-
p47phox antibodies and showed that p67phox and p40phox
are novel regulators of p47phox-phosphorylation in human
neutrophils. This study and the developed tools may facilitate
investigations on the role of phosphorylation in NADPH oxi-
dase activation.

Acknowledgments
The authors thank Martine Torres for her editorial assistance.

2520 blood® 21 APRIL 2022 | VOLUME 139, NUMBER 16 BELAMBRI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/16/2512/2055939/blood_bld-2021-011134-m

ain.pdf by guest on 06 M
ay 2024



This work was supported by grants from INSERM, CNRS, Univer-
sity de Paris, the Labex Inflammex, VLM (vaincre la mucovisci-
dose), the Algerian Ministry of Research (Fellowship for S.A.B.), and
the Shenzhen Bay Laboratory Open Project SZBL2020090501011
(R.D.Y.).

Authorship
Contribution: S.A.B. designed and conducted the experiments and wrote
the manuscript; V.M., M.H.-N., C.P., Y.L., S.L., and T.B. conducted
experiments and wrote the manuscript; M.-A.G.-P. wrote the manuscript;
R.D.Y. and P.M.-C.D. designed experiments and wrote the manuscript;
and J.E.-B. designed and supervised experiments and wrote the
manuscript.

Conflict-of-interest disclosure: The authors declare no competing finan-
cial interests.

ORCID profiles: V.M., 0000-0001-9410-0835; M.H.-N., 0000-0001-
9681-7653; C.P., 0000-0002-2371-4968; Y.L., 0000-0001-7575-8260;
T.B., 0000-0002-9797-608X; M.-A.G.-P., 0000-0002-8440-6993; R.D.Y.,

0000-0002-2164-5620; P.M.-C.D., 0000-0002-7138-1037; J.E.-B., 0000-
0001-5733-216X.

Correspondence: Jamel El-Benna, Facult�e de M�edecine Xavier Bichat,
Centre de Recherche sur l’Inflammation, INSERM-U1149, 16 rue Henri
Huchard, Paris F-75018, France; e-mail: jamel.elbenna@inserm.fr.

Footnotes
Submitted 3 February 2021; accepted 10 December 2021; prepub-
lished online on Blood First Edition 2 February 2022. DOI 10.1182/
blood.2021011134.

*P.M.-C.D. and J.E.-B. contributed equally to this study.

The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page
charge payment. Therefore, and solely to indicate this fact, this article
is hereby marked “advertisement” in accordance with 18 USC section
1734.

REFERENCES
1. Nauseef WM, Borregaard N. Neutrophils at

work. Nat Immunol. 2014;15(7):602-611.

2. Ley K, Hoffman HM, Kubes P, et al.
Neutrophils: new insights and open
questions. Sci Immunol. 2018;3(30):
eaat4579.

3. Nauseef WM. How human neutrophils kill
and degrade microbes: an integrated view.
Immunol Rev. 2007;219(1):88-102.

4. Winterbourn CC, Kettle AJ. Redox reactions
and microbial killing in the neutrophil
phagosome. Antioxid Redox Signal. 2013;
18(6):642-660.

5. Babior BM. NADPH oxidase: an update.
Blood. 1999;93(5):1464-1476.

6. El-Benna J, Dang PMC, Gougerot-Pocidalo
MA, Elbim C. Phagocyte NADPH oxidase: a
multicomponent enzyme essential for host
defenses. Arch Immunol Ther Exp (Warsz).
2005;53(3):199-206.

7. Nauseef WM. The phagocyte NOX2 NADPH
oxidase in microbial killing and cell
signaling. Curr Opin Immunol. 2019;60:130-
140.

8. Groemping Y, Rittinger K. Activation and
assembly of the NADPH oxidase: a structural
perspective. Biochem J. 2005;386(Pt 3):401-
416.

9. DeLeo FR, Quinn MT. Assembly of the
phagocyte NADPH oxidase: molecular
interaction of oxidase proteins. J Leukoc
Biol. 1996;60(6):677-691.

10. El-Benna J, Hurtado-Nedelec M, Marzaioli V,
Marie JC, Gougerot-Pocidalo MA, Dang PM.
Priming of the neutrophil respiratory burst:
role in host defense and inflammation.
Immunol Rev. 2016;273(1):180-193.

11. Belambri SA, Rolas L, Raad H, Hurtado-
Nedelec M, Dang PM, El-Benna J. NADPH
oxidase activation in neutrophils: role of the
phosphorylation of its subunits. Eur J Clin
Invest. 2018;48(suppl 2):e12951.

12. Kannengiesser C, G�erard B, El Benna J,
et al. Molecular epidemiology of chronic

granulomatous disease in a series of 80
kindreds: identification of 31 novel
mutations. Hum Mutat. 2008;29(9):E132-
E149.

13. Roos D, Kuhns DB, Maddalena A, et al.
Hematologically important mutations: the
autosomal recessive forms of chronic
granulomatous disease (second update).
Blood Cells Mol Dis. 2010;44(4):291-299.

14. Roos D. Chronic granulomatous disease. Br
Med Bull. 2016;118(1):50-63.

15. Dinauer MC. Inflammatory consequences of
inherited disorders affecting neutrophil
function. Blood. 2019;133(20):2130-2139.

16. Marciano BE, Spalding C, Fitzgerald A, et al.
Common severe infections in chronic
granulomatous disease. Clin Infect Dis.
2015;60(8):1176-1183.

17. Charlton A, Garzarella J, Jandeleit-Dahm
KAM, Jha JC. Oxidative stress and
inflammation in renal and cardiovascular
complications of diabetes. Biology (Basel).
2020;10(1):E18.

18. Irazabal MV, Torres VE. Reactive oxygen
species and redox signaling in chronic
kidney disease. Cells. 2020;9(6):1342.

19. Wegner AM, Haudenschild DR. NADPH
oxidases in bone and cartilage homeostasis
and disease: a promising therapeutic target.
J Orthop Res. 2020;38(10):2104-2112.

20. el Benna J, Faust LP, Babior BM. The
phosphorylation of the respiratory burst
oxidase component p47phox during
neutrophil activation. Phosphorylation of
sites recognized by protein kinase C and by
proline-directed kinases. J Biol Chem. 1994;
269(38):23431-23436.

21. El Benna J, Faust RP, Johnson JL, Babior
BM. Phosphorylation of the respiratory burst
oxidase subunit p47phox as determined by
two-dimensional phosphopeptide mapping.
Phosphorylation by protein kinase C, protein
kinase A, and a mitogen-activated protein
kinase. J Biol Chem. 1996;271(11):6374-
6378.

22. Faust LR, el Benna J, Babior BM, Chanock
SJ. The phosphorylation targets of p47phox,
a subunit of the respiratory burst oxidase.
Functions of the individual target serines as
evaluated by site-directed mutagenesis.
J Clin Invest. 1995;96(3):1499-1505.

23. Belambri SA, Hurtado-Nedelec M, Senator
A, et al. Phosphorylation of p47phox is
required for receptor-mediated NADPH oxi-
dase/NOX2 activation in Epstein-Barr virus-
transformed human B lymphocytes. Am
J Blood Res. 2012;2(3):187-193.

24. Dang PM, Dewas C, Gaudry M, et al.
Priming of human neutrophil respiratory
burst by granulocyte/macrophage colony-
stimulating factor (GM-CSF) involves partial
phosphorylation of p47(phox). J Biol Chem.
1999;274(29):20704-20708.

25. Dewas C, Dang PM, Gougerot-Pocidalo MA,
El-Benna J. TNF-alpha induces
phosphorylation of p47(phox) in human
neutrophils: partial phosphorylation of
p47phox is a common event of priming of
human neutrophils by TNF-alpha and
granulocyte-macrophage colony-stimulating
factor. J Immunol. 2003;171(8):4392-4398.

26. Dang PMC, Stensballe A, Boussetta T, et al.
A specific p47phox-serine phosphorylated
by convergent MAPKs mediates neutrophil
NADPH oxidase priming at inflammatory
sites. J Clin Invest. 2006;116(7):2033-2043.

27. Liu M, Bedouhene S, Hurtado-Nedelec M,
et al. The prolyl isomerase Pin1 controls
lipopolysaccharide-induced priming of
NADPH oxidase in human neutrophils. Front
Immunol. 2019;10:2567.

28. Boussetta T, Gougerot-Pocidalo MA, Hayem
G, et al. The prolyl isomerase Pin1 acts as a
novel molecular switch for TNF-alpha-
induced priming of the NADPH oxidase in
human neutrophils. Blood. 2010;116(26):
5795-5802.

29. Makni-Maalej K, Boussetta T, Hurtado-
Nedelec M, Belambri SA, Gougerot-
Pocidalo MA, El-Benna J. The TLR7/
8 agonist CL097 primes N-formyl-methionyl-
leucyl-phenylalanine-stimulated NADPH
oxidase activation in human neutrophils:

p67phox REGULATES p47phox PHOSPHORYLATION blood® 21 APRIL 2022 | VOLUME 139, NUMBER 16 2521

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/16/2512/2055939/blood_bld-2021-011134-m

ain.pdf by guest on 06 M
ay 2024

http://orcid.org/0000-0001-9410-0835
http://orcid.org/0000-0001-9681-7653
http://orcid.org/0000-0001-9681-7653
http://orcid.org/0000-0002-2371-4968
http://orcid.org/0000-0001-7575-8260
http://orcid.org/0000-0002-9797-608X
http://orcid.org/0000-0002-8440-6993
http://orcid.org/0000-0002-2164-5620
http://orcid.org/0000-0002-7138-1037
http://orcid.org/0000-0001-5733-216X
http://orcid.org/0000-0001-5733-216X
mailto:jamel.elbenna@inserm.fr


critical role of p47phox phosphorylation and
the proline isomerase Pin1. J Immunol.
2012;189(9):4657-4665.

30. Park JW, Benna JE, Scott KE, Christensen
BL, Chanock SJ, Babior BM. Isolation of a
complex of respiratory burst oxidase
components from resting neutrophil cytosol.
Biochemistry. 1994;33(10):2907-2911.

31. Iyer SS, Pearson DW, Nauseef WM, Clark
RA. Evidence for a readily dissociable
complex of p47phox and p67phox in cytosol
of unstimulated human neutrophils. J Biol
Chem. 1994;269(35):22405-22411.

32. Tsunawaki S, Mizunari H, Nagata M,
Tatsuzawa O, Kuratsuji T. A novel cytosolic
component, p40phox, of respiratory burst
oxidase associates with p67phox and is
absent in patients with chronic
granulomatous disease who lack p67phox.
Biochem Biophys Res Commun. 1994;199(3):
1378-1387.

33. Finan P, Shimizu Y, Gout I, et al. An SH3
domain and proline-rich sequence mediate
an interaction between two components of
the phagocyte NADPH oxidase complex.
J Biol Chem. 1994;269(19):13752-13755.

34. Leto TL, Adams AG, de Mendez I. Assembly
of the phagocyte NADPH oxidase: binding
of Src homology 3 domains to proline-rich
targets. Proc Natl Acad Sci USA. 1994;91
(22):10650-10654.

35. Sumimoto H, Kage Y, Nunoi H, et al. Role of
Src homology 3 domains in assembly and
activation of the phagocyte NADPH oxidase.
Proc Natl Acad Sci USA. 1994;91(12):5345-
5349.

36. Raad H, Paclet MH, Boussetta T, et al.
Regulation of the phagocyte NADPH
oxidase activity: phosphorylation of
gp91phox/NOX2 by protein kinase C
enhances its diaphorase activity and binding
to Rac2, p67phox, and p47phox. FASEB
J. 2009;23(4):1011-1022.

37. Belambri SA, Dang PM, El-Benna J.
Evaluation of p47phox phosphorylation in
human neutrophils using phospho-specific
antibodies. Methods Mol Biol. 2014;1124:
427-433.

38. Laemmli UK. Cleavage of structural proteins
during the assembly of the head of

bacteriophage T4. Nature. 1970;227(5259):
680-685.

39. Bedouh�ene S, Moulti-Mati F, Hurtado-
Nedelec M, Dang PM, El-Benna J. Luminol-
amplified chemiluminescence detects mainly
superoxide anion produced by human
neutrophils. Am J Blood Res. 2017;7(4):
41-48.

40. Price MO, McPhail LC, Lambeth JD, Han
CH, Knaus UG, Dinauer MC. Creation of a
genetic system for analysis of the phagocyte
respiratory burst: high-level reconstitution of
the NADPH oxidase in a nonhematopoietic
system. Blood. 2002;99(8):2653-2661.

41. Dang PM, Fontayne A, Hakim J, El Benna J,
P�erianin A. Protein kinase C zeta
phosphorylates a subset of selective sites of
the NADPH oxidase component p47phox
and participates in formyl peptide-mediated
neutrophil respiratory burst. J Immunol.
2001;166(2):1206-1213.

42. Towbin H, Staehelin T, Gordon J.
Electrophoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl
Acad Sci USA. 1979;76(9):4350-4354.

43. Wolfson M, McPhail LC, Nasrallah VN,
Snyderman R. Phorbol myristate acetate
mediates redistribution of protein kinase C
in human neutrophils: potential role in the
activation of the respiratory burst enzyme.
J Immunol. 1985;135(3):2057-2062.

44. Cheng N, He R, Tian J, Dinauer MC, Ye RD.
A critical role of protein kinase C delta
activation loop phosphorylation in formyl-
methionyl-leucyl-phenylalanine-induced
phosphorylation of p47(phox) and rapid
activation of nicotinamide adenine
dinucleotide phosphate oxidase. J Immunol.
2007;179(11):7720-7728.

45. He R, Nanamori M, Sang H, Yin H, Dinauer
MC, Ye RD. Reconstitution of chemotactic
peptide-induced nicotinamide adenine dinu-
cleotide phosphate (reduced) oxidase activa-
tion in transgenic COS-phox cells.
J Immunol. 2004;173(12):7462-7470.

46. Okamura N, Babior BM, Mayo LA, Peveri P,
Smith RM, Curnutte JT. The p67-phox cyto-
solic peptide of the respiratory burst oxidase

from human neutrophils. Functional aspects.
J Clin Invest. 1990;85(5):1583-1587.

47. Okamura N, Curnutte JT, Roberts RL, Babior
BM. Relationship of protein phosphorylation
to the activation of the respiratory burst in
human neutrophils. Defects in the
phosphorylation of a group of closely
related 48-kDa proteins in two forms of
chronic granulomatous disease. J Biol
Chem. 1988;263(14):6777-6782.

48. Rotrosen D, Leto TL. Phosphorylation of
neutrophil 47-kDa cytosolic oxidase factor.
Translocation to membrane is associated
with distinct phosphorylation events. J Biol
Chem. 1990;265(32):19910-19915.

49. El Benna J, Dang PM, Andrieu V, et al.
P40phox associates with the neutrophil
Triton X-100-insoluble cytoskeletal fraction
and PMA-activated membrane skeleton: a
comparative study with P67phox and
P47phox. J Leukoc Biol. 1999;66(6):
1014-1020.

50. Uhlinger DJ, Taylor KL, Lambeth JD. p67-
phox enhances the binding of p47-phox to
the human neutrophil respiratory burst oxi-
dase complex. J Biol Chem. 1994;269(35):
22095-22098.

51. Han CH, Freeman JL, Lee T, Motalebi SA,
Lambeth JD. Regulation of the neutrophil
respiratory burst oxidase. Identification of an
activation domain in p67(phox). J Biol
Chem. 1998;273(27):16663-16668.

52. Nisimoto Y, Motalebi S, Han CH, Lambeth
JD. The p67(phox) activation domain
regulates electron flow from NADPH to
flavin in flavocytochrome b(558). J Biol
Chem. 1999;274(33):22999-23005.

53. Dang PM, Cross AR, Quinn MT, Babior BM.
Assembly of the neutrophil respiratory burst
oxidase: a direct interaction between
p67PHOX and cytochrome b558 II. Proc
Natl Acad Sci USA. 2002;99(7):4262-4265.

54. Dang PM, Cross AR, Babior BM. Assembly
of the neutrophil respiratory burst oxidase: a
direct interaction between p67PHOX and
cytochrome b558. Proc Natl Acad Sci USA.
2001;98(6):3001-3005.

© 2022 by The American Society of Hematology

2522 blood® 21 APRIL 2022 | VOLUME 139, NUMBER 16 BELAMBRI et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/139/16/2512/2055939/blood_bld-2021-011134-m

ain.pdf by guest on 06 M
ay 2024


	Impaired p47phox phosphorylation in neutrophils from patients with p67phox-deficient chronic granulomatous disease
	Introduction
	Methods
	Materials
	Ethics statement
	Preparation of human neutrophils
	Neutrophil stimulation and lysis
	EBV-transformed B-lymphocyte preparation and stimulation
	ROS production assay
	COSphox cells
	Expression of recombinant p47phox, p67phox, and p40phox
	In vitro phosphorylation of p47phox by PKC isoforms
	Electrophoresis and blotting
	Statistical analysis

	Results
	fMLF induced a rapid and transient phosphorylation of p47phox on Ser304, 315, 320, and 328 in human neutrophils
	PMA induced a less rapid but more sustained phosphorylation of p47phox on Ser304, 315, 320, and 328 than fMLF in human neutrophils
	Phosphorylation of p47phox on Ser304, 315, 320, 328, and 345 in neutrophils and EBV-transformed lymphocytes from p67phox-deficient patients with CGD is dramatically reduced
	Knockdown of p67phox expression or its absence in COSphox cells impaired phosphorylation of p47phox
	Lack of p67phox does not alter the phosphorylation of proteins unrelated to the NADPH oxidase, and NADPH oxidase-derived ROS are not involved in p47phox phosphorylation in normal neutrophils
	Recombinant p67phox and p40phox enhance the phosphorylation of p47phox by PKC isoforms in vitro

	Discussion
	Acknowledgments
	Authorship
	REFERENCES


