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Production of superoxide anion and other reactive oxygen species (ROS) by neutrophils

has a vital role in host defense against microbes. However, over-production can induce

cell injury participating to inflammation. Superoxide anion is produced by the phagocyte

NADPH oxidase/NOX2, a multicomponent enzyme system consisting of six proteins:

two trans-membrane proteins (gp91phox and p22phox) and four soluble cytosolic proteins

(p40phox, p67phox, p47phox, and the small G-proteins, Rac1/2). Phosphorylation of

p47phox on several serines regulates NADPH oxidase activation. LPS released by gram

negative bacteria can enhance or prime neutrophil superoxide production in combination

with other agonists such as the bacterial peptide formyl-Met-Leu-Phe (fMLP). Since

the pathways involved in LPS-induced priming are not completely understood, we

investigated the role of the prolyl cis/trans isomerase Pin1 in this process. Two different

Pin1 inhibitors, PiB, and Juglone are able to block LPS-induced priming of ROS

production by human neutrophils in a concentration dependent manner. PiB and

Juglone did not inhibit LPS-induced CD11b translocation neither CD62L shedding. LPS

induced an increase of Pin1 activity in neutrophils similar to TNFα and fMLP. Since

the phosphorylation of p47phox on Ser345 is critical for NADPH oxidase up-regulation,

we investigated the effect of LPS on this process. Results show that LPS induced

the phosphorylation of p47phox mainly on serine 345 and induced the activation of

p38MAPKinase and ERK1/2. These results suggest that the prolyl cis/trans isomerase

Pin1 may control LPS-induced priming of superoxide production in human neutrophils.

Pharmacological targeting of Pin1 could be a valuable approach in sepsis.
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INTRODUCTION

Polymorphonuclear neutrophils (PMN) are the most abundant immune cells in human blood (1).
PMN have a central role in host defense against pathogens and in inflammation (1, 2). Upon
inflammation and infection, PMN are the first circulating cells to reach the inflammatory and
infection site (3, 4). They are attracted by a variety of peptides, chemokines and lipids such as
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the C5a, N-formyl-methionyl-leucyl-phenylalanine (fMLF or
fMLP), interleukin 8 (IL-8), LTB4, and platelet activating
factor (PAF). Then they recognize microbes by their TLR
receptors, engulf them and release huge number of anti-bacterial
agents such as reactive oxygen species (ROS), myeloperoxidase,
proteases, glucosidases, and anti-bacterial peptides in order to kill
and eliminate microbes (3–6).

The enzyme responsible for ROS production is the
nicotinamide adenine dinucleotide phosphate reduced form
(NADPH) oxidase, also referred as NOX2 (7, 8); which produces
superoxide anion (O•−

2 ), the source of other ROS molecules such
as hydrogen peroxide (H2O2) which is used by myeloperoxidase
to produce hypochlorous acid (HOCl), all of which cause the
destruction and death of pathogens in the phagosome (6–9).

The phagocyte NADPH oxidase/NOX2 is a multicomponent
enzyme system consisting of six proteins: two transmembrane
proteins (gp91phox and p22phox) and four soluble cytosolic
proteins (p40phox, p67phox, p47phox, and the small G-proteins,
Rac1/2) (7, 8). In resting cells, NOX2 is in a dormant state
with spatial separation of the components. After neutrophil
stimulation by different agents such as fMLP or phorbol
myristate acetate (PMA), the cytosolic subunits p47phox, p67phox,
and p40phox are phosphorylated and migrate to associate with
gp91phox and p22phox in the membrane to assemble the active
NADPH oxidase (10). Phosphorylation of p47phox on several
serines (Ser303-379) located in the C-terminal portion of the
protein plays an important role in NADPH oxidase activation
(10, 11).

In addition to resting and activated state, NOX2 can
be found in a primed state, a ready-to-go state which
enhances its activation and thus ROS production (8, 12, 13).
Neutrophil ROS production is primed by various mediators
such as TNFα, GM-CSF, IL-8, and TLR agonists such as
Lipopolysaccharides (LPS) and CL097 (8, 12–20). Physiological
priming of the neutrophil NOX2 is believed to have many
beneficial effects, such as efficient anti-bacterial and anti-fungal
elimination (8, 21, 22). However, excessive priming of NOX2
results in excessive ROS production contributing to tissue
damage involved in inflammatory diseases (8, 23–28). LPS is
a main component of the outer membrane of gram-negative
bacteria and it is released during bacterial infection. LPS is
one of the most pathogenic molecules inducing immune cell
activation and inflammation via TLR4 receptor (21, 29). LPS is
known to induce NADPH oxidase priming in neutrophils by
inducing NOX2 translocation to the membranes and p47phox

phosphorylation (14–17).
The peptidyl-prolyl cis-trans isomerase (PPIase), Pin1 is an

enzymewhich catalyzes the isomerization of prolyl peptide bonds
from cis-conformation to trans-orientation (30). Pin1 recognizes
a phosphor-Ser/Thr-Pro sequence and has been demonstrated
to be a crucial regulator of many proteins phosphorylated on
serine/threonine (31). Pin1 plays significant roles in a range
of pathologies, including cancer, cardiovascular disease, and
Alzheimer disease (32). We have shown that Pin1 was involved
in TNF- and CL097 (a TLR7/8 agonist)-induced priming of
NADPH oxidase in human neutrophils (18, 19, 33). However, the
role of Pin1 in LPS-induced priming of NOX2 in neutrophils is

not known. In this study we show that Pin1 is a key enzyme in
LPS-induced priming of NOX2 in human PMN. Targeting Pin1
could be a new approach to treat inflammation and sepsis.

MATERIALS AND METHODS

Reagents
Lipopolysaccaride (LPS) from E. Coli O111:B4 strain, Juglone,
PiB, Phosphate Buffered Saline (PBS), Hanks’ Balanced Salt
Solution (HBSS), protease and phosphatase inhibitors were
obtained from Sigma Aldrich (Saint Quentin Fallavier, France).
Dextran T500 and Ficoll was from GE healthcare (Orsay,
France). Sodium dodecyl-sulfate polyacrylamide (SDS-PAGE)
and western blotting reagents were supplied by Bio-Rad
(Hercules, CA, USA). The rabbit polyclonal antibodies against
phospho-p47phox sites (phospho-Ser345, phospho-Ser320,
phospho-Ser304, phospho-Ser315, phospho-Ser328), p67phox,
and p47phox were produced by our lab as described elsewhere
(18, 33). Anti-phospho(P)-ERK1/2, ERK1/2, P-p38, and p38
were from cell signaling Technology (Boston, MA, USA). HRP-
conjugated goat anti-mouse were from Santa Cruz Biotechnology
Inc. (Heidelberg, Germany).

Ethics Statement
Neutrophils were isolated from healthy volunteers’ venous
blood with their signed informed consent. The collection and
analyses of data were performed anonymously. All experiments
were supported by the Inserm Institutional Review Board and
ethics committee.

Isolation of Human PMN
Neutrophils were isolated from blood of healthy volunteers
as described previously (18, 33, 34). After hypotonic lysis of
erythrocytes, the neutrophil pellets were collected and washed in
PBS before cell counting. Viability was tested using Trypan Blue
dye exclusion. This isolation method consistently yielded PMN
with 96% pure and 99% viable.

Luminol-Enhanced Chemiluminescence
To determine ROS production we used luminol-enhanced
chemiluminescence method (33, 34). Neutrophils (2.5 × 105)
were resuspended in 0.5mL of HBSS containing 10µM of
luminol with or without different concentrations of agents
(PiB or juglone) for 20min at 37◦C, LPS was added for
another 20min; then fMLP (10−7 M) was used to stimulate the
cells. Chemiluminescence was recorded using a luminometer
(LB937; Berthold-Biolumat).

Determination of CD11b-Expression and
CD62L Shedding at the Neutrophil Surface
Neutrophils (10 × 106 /ml) were incubated at 37◦C in HBSS
alone (control) or in the presence of PiB (50µM) or Juglone
(400 nM) for 30min at 37◦C. Samples were then incubated with
LPS (1µg/ml) or PBS (control) for another 20min. A total
of 100 µL of each sample was then stained with 10 µL of
PE-conjugated anti-human CD11b monoclonal antibody (BD
Biosciences, San Jose, CA) or 10 µL of fluorescein isothiocyanate
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(FITC)-conjugated anti-human CD62L monoclonal antibody
for 30min at room temperature in the dark. Cells were
resuspended in 1% paraformaldehyde-PBS and kept on ice
until flow cytometry. Non-specific antibody binding was
determined on cells incubated with the same concentration of
an irrelevant antibody of the same isotype. Forward and side
scatter were used to identify the neutrophil population and
to gate out other cells and debris in a FACS CantoII (BD
Biosciences). The purity of the gated cells was assessed by
using monoclonal anti-CD15 antibodies (BD Biosciences). The
mean fluorescent intensity of ethidium, CD11b-positive cells
and CD62L-positive cells was then determined in the neutrophil
populations. Five thousand events per sample were analyzed,
and all results were obtained with a constant photomultiplier
gain value. Results were expressed as mean fluorescence
intensity (MFI).

Pin 1 Activity Assay
Pin1 activity was determined as previously described (18, 30, 33)
with some modifications. In short, neutrophils were resuspended
in an ice cold lysis buffer containing 50mM HEPES pH 7.5,

0.25% CHAPS, 100mM NaCl, 1mM β-glycerophosphate, 5mM
NaF and 1mM EGTA, at 107/ml, and lysed with several a
2 ml-syringe pressures. The assay mixture contains 369 µL
HEPES buffer (50mM HEPES (pH 7.8), 25 µL (60 mg/ml)
chymotrypsin solution (Sigma-Aldrich), 6 µL (6mM) of the
peptide Suc-Ala-Glu-Pro-phe-pNA (BACHEM), and 50 µL cell
lysate (106 cell equivalent). The absorbance change due to pNA
release was monitored at 410 nm at 4◦C by spectrophotometer
(18, 30, 33) and the results were expressed as OD/min/1
million cells.

SDS-PAGE and Western Blotting
Neutrophils (107 cells in 500 µl of HBSS) were incubated with
or without increasing LPS concentrations for 20min at 37◦C.
The reaction was stopped by adding 125 µl of concentrated
modified Laemmli sample buffer (5X) (35) containing 50µg/mL
pepstatin, 50µg/mL leupeptin, 25mM NaF, 12.5mM Na3VO4,
12.5mM EDTA, 12.5mM EGTA, 6.25mM p-NPP, and 50µg/mL
aprotinin. Samples were denatured in boiling water (100◦C)
for 3min and stored at −80◦C until use. Samples were
thawed and sonicated for 10 s before use and then they were

FIGURE 1 | Effect of LPS alone or in combination with fMLP on ROS production by human neutrophils. (A) Human neutrophils (1 × 106/ml) were incubated in HBSS

without or with different concentrations of LPS for 20min at 37◦C. ROS production was measured using a luminol-amplified chemiluminescence technique. (B) Total

chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3 different experiments as compared to untreated cells (control

100%). (C) Human neutrophils (1 × 106/ml) were incubated in the presence or absence of increasing concentrations of LPS for 20min at 37◦C, then stimulated with

fMLP (10−7M). (D) Data are mean plus or minus SEM of 5 experiments as compared to fMLP only (control 100%) (**p < 0.05, ****p < 0.01).
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subjected to 10% SDS–PAGE with classical techniques (35). The
separated proteins were transferred to nitrocellulose membranes
(35). Nitrocellulose membranes were blocked with 5% non-
fat dry milk in a mixture of tris-bufferd saline and tween-20.
The membranes were incubated overnight at 4◦C in solution
containing specific relevant primary antibodies; anti-phospho-
S345 (1:10,000), anti-phospho-S328 (1:2,500), anti-phospho-
S304 (1:2,500), anti-phospho-S315 (1:2,500), anti-phospho-
S320 (1:2,500), anti-phospho-ERK1/2 (1/2,000), anti-phospho-
p38 (1:2,000), and p47phox(1:5,000) following by incubation
in secondary antibodies (Santa Cruz, Heidelberg, Germany).
Blots were visualized by using ECL Western blotting reagents
(Amersham Pharmacia).

Statistical Analysis
Experiments were repeated at least three times. All results are
reported as means± SEM. Significant differences (p< 0.05) were
evaluated with Student’s t tests and one-way ANOVA followed by
Tukey’s post-hoc test using Prism 8.0 software (GraphPad).

RESULTS

LPS-Induced Priming of fMLP-Induced
ROS Production in Human Neutrophils Is
Impaired by Two Different Pin1 Inhibitors
PiB and Juglone
In this study we used LPS from E. Coli O111:B4 strain, we wanted
first to check its effect on ROS production by using the luminol-
enhanced chemiluminescence assay, a very sensitive technique.
Results show that LPS alone had no effect on ROS production
by neutrophils at low concentrations and we found a weak but
significant increase in ROS production starting from 1µg/ml
of LPS (Figures 1A,B). However, when neutrophils were treated
by LPS and stimulated with fMLP (10−7 M), ROS production
was markedly enhanced compared to neutrophils stimulated
with fMLP alone (Figures 1C,D). The priming effect of LPS on
fMLP-stimulated neutrophils is dose-dependent, and starts to be
significant at 1µg/ml in our conditions.

After confirming the priming effect of LPS on fMLP-induced
ROS production in our experimental conditions, we next

FIGURE 2 | Effect of PiB, a Pin1 inhibitor on fMLP-induced and LPS-primed ROS production by human neutrophils. (A) Human neutrophils (1 × 106/ml) were

incubated in the absence or presence of increasing concentrations of PiB for 20min at 37◦C, then stimulated with fMLP (10−7 M). ROS production was measured

with a luminol-amplified chemiluminescence technique. (B) Total chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3

experiments. **p < 0.05 and ***p < 0.01 as compared with fMLP alone (control 100%). (C) Human neutrophils (1 × 106/ml) were incubated in the absence or

presence of increasing concentrations of PiB for 20min at 37◦C, then LPS (1µg/mL) was added for another 20min before stimulation with fMLP (10−7 M). ROS

production was measured with a luminol-amplified chemiluminescence technique. (D) Total chemiluminescence in each experimental condition is expressed as mean

plus or minus SEM of 3 experiments. **p < 0.05, ****p < 0.001 as compared with control (100%).
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investigated the role of Pin 1 in LPS-induced priming of ROS
production. In order to do so, we used two known Pin 1
selective inhibitors: PiB (36) and Juglone (37). Neutrophils were
incubated with PiB (10–50µM) or Juglone (100–400 nM) for
20min, treated with LPS (0.1–5µg/ml) for another 20min,
then stimulated with fMLP (10−7µM). ROS production was
measured with luminol-enhanced chemiluminescence assay.
Results show that PiB exhibited a significant inhibition of
fMLP-induced ROS production in unprimed neutrophils
(Figures 2A,B). In LPS primed cells, the inhibition was
obtained at lower PiB concentrations (Figures 2C,D).
Indeed at 25µM, PiB was able to completely abolish the
priming effect of LPS but did not completely inhibit fMLP-
stimulated neutrophils. Juglone at 100–400 nM, showed a
similar inhibition pattern as PiB on fMLP- and LPS-primed
neutrophils (Figure 3). These results suggest a potential role of
Pin 1 in fMLP-induced and LPS- primed ROS production in
human neutrophils.

Pin1 Inhibitors PiB and Juglone Do Not
Inhibit LPS-Induced CD11b Plasma
Membrane Translocation and CD62L
Shedding
LPS is known to induce neutrophil degranulation, an other key
neutrophil function (15, 16). We thus wanted to investigate
the effect of Pin1 inhibitors on this function using flow

cytometry to detect CD11b (a marker of specific and gelatinase

marker) expression at the plasma membrane and CD62L
plasma membrane shedding. Results show that LPS induced a

clear CD11b expression at the plasma membrane and a clear

shedding of CD62L compared to control untreated neutrophils
(Figure 4). PiB did not affect CD11b expression nether CD62L
shedding (Figure 4). However, Juglone did not inhibit these
processes, rather it has an unexpected stimulatory effect. These
results suggest that Pin1 is not involved in LPS-induced
neutrophil degranulation.

FIGURE 3 | Effect of Juglone, a Pin1 inhibitor on fMLP-induced and LPS-primed ROS production by human neutrophils. (A) Human neutrophils (1 × 106/ml) were

incubated in the absence or presence of increasing concentrations of Juglone for 20min at 37◦C, then stimulated with fMLP (10−7 M). ROS production was measured

with a luminol-amplified chemiluminescence technique. (B) Total chemiluminescence in each experimental condition is expressed as mean plus or minus SEM of 3

experiments. **p < 0.05 and ***p < 0.001 as compared with fMLP alone (control 100%). (C) Human neutrophils (1 × 106/ml) were incubated in the absence or

presence of increasing concentrations of Juglone for 20min at 37◦C, then LPS (1µg/mL) was added for another 20min before stimulation with fMLP (10−7 M). ROS

production was measured with a luminol-amplified chemiluminescence technique. (D) Total chemiluminescence in each experimental condition is expressed as mean

plus or minus SEM of 3 experiments. **p < 0.01 as compared with control (100%).
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LPS Is Able to Induce Pin1 Activation in
Human Neutrophils
To further investigate the implication of Pin1 in the priming
effect of LPS on neutrophil ROS production, we investigated
the effect of LPS on Pin1 activation. Neutrophils were incubated
with LPS for 20min, in the absence and presence of Juglone,
then lysed. TNFα and fMLP were used as positive controls
(18, 33). The activity of Pin 1 was determined by measuring
the absorbance of free pNA resulted from the cleavage of
Suc-Ala-Glu-Pro-Phe-pNA after it cis to trans conformational
changes. Results presented in Figure 5 show that LPS strongly
increased Pin1 activity (P < 0.0001 compared to resting cells).
The activation effect of LPS on Pin1 was very similar to the one
exhibited by fMLP (Figure 5) and TNFα (data not shown) which
are strong enhancers of Pin 1 activity (33). Treatment of cells
with Juglone markedly reduced LPS-induced activation of Pin 1,
showing that this assay is specific for Pin1 (P < 0.001 compared
to cells treated with LPS alone). Interestingly, Pin1 activity in
neutrophils treated with both LPS + fMLP is higher than the
activity in neutrophils treated with LPS alone or fMLP alone
and Juglone inhibited this process. The results obtained suggest a
key role of Pin 1 in LPS-induced priming of ROS production by
human neutrophils in response to fMLP.

LPS Induces Phosphorylation of p47phox

Mainly on Serine 345, a Pin1 Binding Site
Priming of the NADPH oxidase in neutrophils is controlled
by different pathways, mainly the phosphorylation of p47phox

and the translocation of NOX2 from granules to the plasma
membrane (8, 33). To further understand the mechanisms of
LPS induced priming of ROS production by neutrophil, we
studied the phosphorylation of different sites of p47phox. Results

show that stimulation of neutrophils with LPS (0.1, 0.5, 1
and 5µg/mL) induced a significant (p < 0.05) dose-dependent
phosphorylation of p47phox mainly on Ser345 and at lower level
on Ser328 (Figures 6A,B). However, no phosphorylation effect
was exerted on Ser304, Ser315, and Ser320 of p47phox. Kinetic

FIGURE 5 | Pin1 is activated by LPS, fMLP, and LPS + fMLP in neutrophils

and Juglone markedly decreased Pin 1 activity. Neutrophils were incubated in

the absence and presence of Juglone (400 nM for 20min) and then treated

with LPS (5µg/mL), fMLP (10−7 M), or LPS + fMLP before lysis. Pin1 activity

was determined by measuring the absorbance of free pNA cleaved from

Trp-Phe-Tyr-Ser (PO3H2)-Pro-Arg-pNA Suc at 410 nm. Results are expressed

as Optical Density (OD)/min/million cells. Data are mean plus or minus SEM of

8 experiments. p < 0.01 as LPS and fMLP compared to resting cells (*); Cells

treated with juglone compared to untreated cells (**); and LPS+fMLP as

compared to LPS alone or fMLP alone (***).

FIGURE 4 | Effect of PiB and Juglone on LPS-induced CD11b expression on neutrophil plasma membrane and CD62L shedding. Human neutrophils (10 × 106/ml)

were incubated in the absence or presence of PiB (50µM) or Juglone (400 nM) for 20min at 37◦C, then treated by LPS (1µg/ml) for another 20min. CD11b (Left)

and CD62L (Right) expression at the plasma membrane was determined by flow cytometry using specific antibodies. Data are mean ± SEM of three experiments. *p

< 0.005 when LPS treated cells were compared to control untreated cells.
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FIGURE 6 | Effect of LPS on p47phox phosphorylation in neutrophils. (A) Neutrophils (10 × 106 cells/mL) were incubated with various concentrations of LPS (0, 0.1,

0.5, 1, 5µg/mL) for 20min at 37◦C and the cells were lyzed. Proteins were analyzed by SDS-PAGE and western blot using anti-phospho-Ser-345,

anti-phospho-Ser-320, anti-phospho-Ser-328, anti-phospho-Ser-304, anti-phospho-Ser-315, and anti-p47phox antibodies. (B) Western blots from different

experiments were scanned and quantified. The intensity of bands was expressed relative to total p47phox amount. The cumulated data of phospho-Ser-345 is shown

in the histogram as percentage to control (Resting 100%). (C) Neutrophils (10 × 106 cells/mL) were incubated with LPS (1µg/mL) for indicated times (0, 5, 10, 20,

30min). Cells were analyzed by SDS-PAGE and immunoblotting with anti-phospho-Ser-345, anti-phospho-Ser-320, anti-phospho-Ser-328, anti-phospho-Ser-304,

anti-phospho-Ser-315, and anti-p47phox antibodies. (D) Western blots from different experiments for the kinetic effect were scanned and quantified. The intensity of

bands was expressed relative to total p47phox amount. Data are mean ± SEM of three or more separate experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 as

compared to control (100%).

study of LPS induced phophosrylation of p47phox showed that
LPS (1µg/mL) rapidly induced phosphorylation Ser345 up to
30min (Figures 6C,D). The phosphorylation of Ser328 was also
weakly induced but not the phosphorylation of Ser304, 315, and
320 even at 30min of incubation. These results clearly show that
LPS induced p47phox phosphorylation on Ser345, a binding site
for Pin1 in human neutrophils (33, 38).

LPS Induces Activation of p38MAPK and
ERK1/2 Signaling Pathways in Human
Neutrophils
Ser345 of p47phox is located in a MAPKinase phosphorylated site
(-PGPQS(345)PG-) and is phosphorylated in vitro by p38MAPK
and ERK1/2 (38). To investigate the kinase(s) involved in
LPS-induced phosphorylation of Ser345 we first studied the

phosphorylation (which reflects the activation) of different

MAPKinases in LPS stimulated neutrophils. Our results show

that neutrophils treatment with different concentrations of LPS
induced a significant phosphorylation of p38MAPK in a dose-

dependent manner. This phosphorylation was 6–8 folds higher
than the basal one (Figures 7A,B). The kinetic study shows a
retarded effect of LPS on p38MAPK (later than 10min), with a

maximum effect at 30min (Figures 7C,D). Results also showed

that LPS induced ERK1/2 phosphorylation in neutrophils in
a concentration-dependent manner (Figures 8A,B). Likely to

p38MAPK, kinetic study showed a retarded effect of LPS on

ERK1/2 activation, starting at 10min and which is potentiated till
30min of treatment (Figures 8C,D). We also studied the effect of
LPS on JNK1/2 phosphorylation in human neutrophils, results
showed that LPS did not induce JNK phosphorylation (data
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FIGURE 7 | LPS induces p38 MAPK activation in human neutrophils. (A) Neutrophils (10 × 106 cells/mL) were incubated with various concentration of LPS (0, 0.1,

0.5, 1, 5µg/mL) for 20min at 37◦C. Cells were analyzed by SDS-PAGE and western blot using anti-phospho-p38 and anti-p38 antibodies. (B) Western blots from

different experiments were scanned and quantified, total p38 were quantified by densitometry, and the intensity of phosphorylated p38 was corrected for the protein

amount of p38. (C) Neutrophils (10 × 106 cells/mL) were incubated with LPS (1µg/mL) for indicated times (0, 5, 10, 20, 30min). Cells were analyzed by SDS-PAGE

and immunoblotting with anti-phospho-p38 and anti-p38 antibodies. (D) Western blots from different experiments for the kinetic effect were scanned and quantified,

total p38 were quantified by densitometry, and the intensity of phosphorylated p38 was corrected for the protein amount of p38. Data are mean ± SEM of three or

more separate experiments. p < 0.005 as compared to control (100%). *p < 0.05, **p < 0.01 and ***p < 0.001.

not shown). Taken together, these results confirmed data from
the literature (39, 40) and suggest that p38MAPK and ERK1/2
signaling pathways might be important effectors in LPS mediated
priming of NOX2 in human PMN.

DISCUSSION

LPS or endotoxin is released by gram negative bacteria at sites of
infection. It induced several neutrophil functions such as priming
of superoxide production in combination to other stimuli such
as the bacterial peptide fMLP. This LPS-induced priming of
superoxide production was known since several years but the
pathways involved in this process are unknown. Here we show
that the peptidylprolyl cis/trans isomerase is a key enzyme of the
LPS-induced NADPH oxidase priming.

This study, confirmed that LPS alone was not able to
induce superoxide production as measured by luminol-
amplified chemiluminescence as shown in Figure 1. At higher

concentrations of LPS (>5µg/ml) a weak superoxide production
was observed but was not detected by an other specific technique
such as cytochrome C reduction assay (data not shown).
However, LPS even at low concentrations was able to enhance
fMLP-induced superoxide production confirming its ability to
prime this function.

To study the role of Pin1 in LPS-induced priming of
superoxide production by neutrophils, we used two Pin1
inhibitors, PiB and Juglone as neutrophils are resistant to
transfection. Both molecules inhibited LPS-induced priming of
superoxide production and higher concentrations they inhibited

also fMLP-induced activation. To check if Pin1 is also involved
in LPS-induced degranulation and shedding to other neutrophil
function, we tested the effect of PiB and Juglone on LPS-induced
CD11b externalization from specific and gelatinase granules
at the plasma membrane and the release of CD62L from the
plasma membrane. PiB at high concentration (50µM) did not
have any effect, however Juglone stimulated this function. The
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FIGURE 8 | LPS induces ERK1/2 (p44/42 MAPK) activation in human neutrophils. (A) Neutrophils (10 × 106 cells/mL) were incubated with various concentration of

LPS (0, 0.1, 0.5, 1, 5µg/mL) for 20min at 37◦C. Cells were analyzed by SDS-PAGE and western blot using anti-phospho-ERK1/2 and anti-ERK1/2 antibodies. (B)

Western blots from different experiments were scanned, total ERK1/2 were quantified by densitometry, and the intensity of phosphorylated ERK 1/2 was corrected for

the protein amount of ERK1/2. (C) Neutrophils (10 × 106 cells/mL) were incubated with LPS (1µg/mL) for indicated times (0, 5, 10, 20, 30min). Cells were analyzed

by SDS-PAGE and immunoblotting with anti-phospho-ERK1/2 and anti-ERK1/2 antibodies. (D) Western blots from different experiments for the kinetic effect were

scanned and phosphorylated, total ERK1/2 were quantified by densitometry, and the intensity of phosphorylated ERK1/2 was corrected for the protein amount of

ERK1/2. Data are mean ± SEM of three or more separate experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 as compared to control (100%).

reasons for these contrasting results are unknown and should
be more investigated in the future. Juglone was shown to have
some other effects and PiB is believed to be more selective
for Pin1 (36, 41). CD11b is localized at the membrane of
the same granules as gp91phox/NOX2 and p22phox (15, 42–45),
thus these results suggest also that PiB does not inhibit NOX2
translocation at the plasma membranes and Pin1 is not involved
in this process.

To further investigate the role of Pin1 in LPS-treated
neutrophils, we showed that LPS is able to increase Pin1
activation. Pin1 is constitutively active in resting cells in
agreement with other reports and LPS was able to increase
this activation in a comparable manner of TNF and fMLP
(33). The pathways involved in the stimulation of Pin1 activity
by TLR4 activation are unknown. It was shown that Pin1
is phosphorylated in vitro and in cells by protein kinase A
(PKA) (46) and death-associated protein kinase 1 (DAPKinase
1) (47) and these phosphorylations inhibited its activity.
To check if LPS is able to induce Pin1 dephosphorylation
in human neutrophils, we tested different anti-phospho-Pin1

antibodies from different sources but the results were not
conclusive. New anti-phospho-Pin1 antibodies are needed to
study this pathway.

Upon activation Pin1 binds to phosphorylated Ser or
Thr near a Pro. The NADPH oxidase component p47phox

is phosphorylated on Ser345 which is a Pin1 recognition
motif (33, 38). We thus investigated the effect of LPS on
p47phox phosphorylation. Interestingly, LPS induced mainly
the phosphorylation of Ser345 and at lesser extent the
phosphorylation of Ser328. It is noteworthy that LPS alone did
not induce the phosphorylation of Ser304, Ser315, and Ser320
required for NADPH oxidase activation explaining the lack of
superoxide production with LPS alone. LPS also induced the
phosphorylation of p38MAPKinase and ERK1/2 that are able
to phosphorylate p47phox on Ser345. We tested the effect of
p38MAPK and ERK1/2 inhibitors which both inhibited p47phox
phosphorylation on Ser345 (data not shown), suggesting that
these MAPKinases converge to phosphorylate this site. In our
previous work (33), we showed that Pin1 facilitates p47phox

phosphorylation on Ser328 and other serines upon fMLP
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FIGURE 9 | A scheme of the involvement of Pin1 and p47phox phosphorylation

in LPS-induced priming of NOX2. LPS via TLR4 induces Pin1 and MAP

Kinases (p38MAPK and ERK1/2) activation in neutrophil cytosol. Active MAP

Kinases phosphorylate p47phox on serine 345 which is a binding site for

activated Pin1. Pin1 binds to phosphorylated Ser345 and induces

conformational changes of p47phox to facilitate its phosphorylation by other

Ser/Thr kinases and thus enhances NOX2 activation by a secondary agonist

such as bacteria or fMLP.

stimulation. To check if in LPS-primed neutrophils, Pin1 is able
to facilitate the phosphorylation of Ser328 we tested Juglone and
PiB on this process. Results showed that Juglone and PiB were
able to inhibit phosphorylation of p47phox on Ser328 (data not
shown), confirming our previous data.

LPS is the natural ligand of TLR4 (29). LPS induces
neutrophil NADPH oxidase hyper-activation and activation
of other immune cell functions mediating infection-induced
inflammation and sepsis (27, 48). The results presented in this
manuscript clearly show that Pin1 inhibitors inhibited LPS-
induced priming of neutrophil NADPH oxidase activation, LPS
induced Pin1 activation in human neutrophils and induced
the phosphorylation of p47phox on specific sites (Ser345 and
328) along with the activation of two MAPKinases p38 and
ERK1/2. These events were presented in a scheme in Figure 9.
Inhibitors of Pin1 at low concentrations could inhibit LPS-
induced excessive ROS production at inflammatory site and
might have anti-inflammatory effects while preserving the
physiological ability of the bacterial N-formyl peptides to
activate neutrophils.
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