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SUMMARY

We have previously reported that human neutrophils pretreated with tumour necrosis factor-a

(TNF-a) and then exposed to a variety of agents such as immune complexes, zymosan, phorbol

12-myristate 13-acetate (PMA), C5a, fMLP, or granulocyte–macrophage colony-stimulating

factor (GM-CSF), undergo a dramatic stimulation of apoptosis, suggesting that TNF-a is able

to prime an apoptotic death programme which can be rapidly triggered by different stimuli. We

report here that this response involves the participation of Mac-1 (CD11b/CD18), is dependent

on caspases 3, 8 and 9, and is associated with both a loss of mitochondrial transmembrane

potential and a down-regulation in expression of the anti-apoptotic protein, Mcl-1. Interest-

ingly, we also found that the anti-apoptotic cytokine interleukin-1 (IL-1) improves the ability of

TNF-a to promote apoptosis, supporting the notion than TNF-a, acting together with IL-1, may

favour the depletion of neutrophils from the inflammatory areas during the course of acute

inflammation.
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INTRODUCTION

As a first line of defence against bacterial and fungal
infections, neutrophils are rapidly recruited to inflamma-

tory sites, where the expression of their constitutive apop-
totic programme can be modified by a number of agents.1,2

It has been described that granulocyte–macrophage colony-

stimulating factor (GM-CSF), interleukin (IL)-1, IL-2,
leukotriene B4, C5a, lipopolysaccharide (LPS) and corti-
costeroids inhibit neutrophil apoptosis,3–10 whereas pro-
teolytic enzymes, immune complexes, bacteria and viruses

stimulate neutrophil apoptosis.11–14 Controversial results,
on the other hand, have been reported regarding the effects
of fMLP, granulocyte colony-stimulating factor (G-CSF)

and IL-6.3,6–8,10

Tumour necrosis factor (TNF-a) is a pluripotent cyto-
kine (produced by a variety of leucocytes) with the ability
to stimulate multiple inflammatory responses mediated by

neutrophils. TNF-a has been shown to enhance the
expression of CD11b ⁄CD18, increase neutrophil adhesion
to endothelium, trigger adherent neutrophils to release

large amounts of reactive oxygen intermediates (ROI),
and promote neutrophil degranulation, phagocytosis and
antibody-dependent cell-mediated cytotoxicity.15–19 These
responses appear to be involved not only in host defence,

but also in the development of inflammatory diseases such
as glomerulonephritis, sepsis and the adult respiratory
distress syndrome.20,21 However, TNF-a also appears to

play an important role in the resolution of inflammation, as
suggested by an enhanced inflammatory response observed
in TNF-a– ⁄– mice after bacterial infections.22,23 It has been

suggested that this effect involves the stimulation of neu-
trophil apoptosis by TNF-a.23,24 In vitro studies performed
in different laboratories, however, have described disparate

findings regarding the effects of TNF-a on neutrophil
apoptosis. It has been reported to stimulate, have no effect
on, and to delay neutrophil apoptosis.4,25–27 As suggested
by Murray et al.,28 these discrepant results could be
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attributed, at least in part, to differences in the time of
exposure of neutrophils to TNF-a. There is general agree-
ment that after 2–4 hr of culture, a subpopulation of neu-
trophils (20–30%) undergo apoptosis as a consequence of

TNF-a treatment. By contrast, when apoptosis was evalu-
ated after longer time-periods, i.e. 24–48 hr, TNF-a did not
increase apoptosis; in fact, at these time-points, a significant

delay of neutrophil apoptosis was observed in TNF-a-
treated cells compared with controls.4,25–28

While these results support the notion that neutrophils

are relatively resistant to TNF-a, in terms of apoptosis
induction, our recent results support another view. We
found that neutrophils pretreated with TNF-a and then

exposed to a variety of agents, such as immune complexes,
zymosan, phorbol 12-myristate 13-acetate (PMA), C5a,
the chemotactic peptide fMLP, and GM-CSF, undergo a
dramatic stimulation of apoptosis, suggesting that TNF-a
is able to prime an apoptotic death programme which can
be rapidly triggered by neutrophil activation.29 In the
present study, we analyse the mechanisms involved in this

response.

MATERIALS AND METHODS

Reagents
The following agents were used: human immunoglobulin G
(IgG), zymosan (Z), rhodamine 123 (Rh123), acridine
orange, ethidium bromide and propidium iodide (Sigma,

St Louis, MO). Zymosan-activated serum (ZAS), used as a
source of C5a, was prepared by incubating 15 mg of Z with
1 ml of fresh serum with end-over-end rotation for 1 hr at

37�. Then, serum was heat inactivated for 30 min at 56�.
After centrifugation (1000 g, 15 min, 4�), the supernatant
was collected and stored at )70�. Immobilized IgG (iIgG)

was prepared by incubating microplates (96-well flat-
bottom) with IgG (1 mg ⁄ml in saline) for 18 hr at 37�.
Before use, the plates were washed six times with saline.

Recombinant human TNF-a, IL-2, IL-6, IL-12 and inter-
feron-c (IFN-c) were purchased from Sigma, and IL-1,
IL-8, GM-CSF and the IL-1 receptor antagonist (IL-1RA)
were from R & D Systems (Minneapolis, MN). For

blocking studies we used the F(ab¢)2 fragment of IgG1 anti-
CD18 (from supernatants of hybridoma TS 1 ⁄18; ATCC,
Rockville, MD) and IgM anti-CD11b (Mo1; Immunotech,

Marseille, France). In these studies, neutrophils were pre-
incubated with the corresponding monoclonal antibody
(mAb) for 30 min at 4�. Concentrations of mAb three- to

fivefold higher than those needed to saturate all binding
sites (1–10 lg ⁄ml), as determined by fluorescence-activated
cell sorter (FACS) analysis, were used. The inhibitors of

caspases 3 (Z-DEVD-FMK), 8 (Z-IETD-FMK) and
9 (Z-LEHD-FMK) were from R & D Systems.

Blood samples
Blood samples were obtained from healthy donors who had
taken no medication for at least 10 days before the day of

sampling. Blood was obtained by venepuncture of the
forearm vein, and it was drawn directly into heparinized
plastic tubes.

Neutrophil isolation
Neutrophils were isolated by Ficoll–Hypaque gradient
centrifugation (Ficoll; Pharmacia, Uppsala, Sweden)
(Hypaque; Winthrop Products, Buenos Aires, Argentina)

and dextran sedimentation, as described previously.30 Cell
suspensions contained >96% neutrophils, as determined
by May–Grunwald–Giemsa-stained cytopreps, and the

levels of monocyte contamination were always <0Æ2%, as
evaluated by CD14 staining and flow cytometry. The cells
were suspended in RPMI-1640 (Invitrogen, Carlsbad, CA)

supplemented with 1% fetal calf serum (FCS) (Invitrogen).

Cell cultures

Aliquots of 0Æ10 ml of neutrophil suspensions (2Æ5 · 106 ⁄ml)
were placed in 96-well flat-bottom microplates. Unless
stated otherwise, neutrophils were treated with 10 ng ⁄ml of

TNF-a for 1–2 min at 37�. Then, cells were stimulated with
different agents. Apoptosis was evaluated after 3 hr of
culture at 37� in 5% CO2, as described below.

Quantification of cellular apoptosis and viability
by fluorescence microscopy

Quantification was performed, as previously described,31

using the fluorescent DNA-binding dyes acridine orange
(100 lg ⁄ml, to determine the percentage of cells that had

undergone apoptosis) and ethidium bromide (100 lg ⁄ml; to
differentiate between viable and non-viable cells). With this
method, non-apoptotic cell nuclei show ‘structure’, i.e. var-
iations in fluorescence intensity that reflect the distribution of

euchromatin and heterochromatin. By contrast, apoptotic
nuclei exhibit highly condensed chromatin that is uniformly
stained by acridine orange. In fact, the entire apoptotic

nucleus is present as bright spherical beads. To assess the
percentage of cells showing morphological features of
apoptosis, at least 200 cells were scored in each experiment.

Previous observations have demonstrated that morphologi-
cal assessment of neutrophil apoptosis closely correlates with
results obtained using othermethods to assay apoptosis, such

as propidium iodide staining and annexin V binding.32

Quantification of neutrophil apoptosis by propidium iodide

staining and flow cytometry
The proportion of neutrophils that display a hypodiploid
DNA peak, i.e. apoptotic cells, was determined using a

modification of the protocol of Nicoletti et al.33 Briefly, cell
pellets containing 2Æ5 · 106 neutrophils were suspended in
400 ll of hypotonic fluorochrome solution (propidium
iodide, 50 lg ⁄ml in 0Æ1% sodium citrate plus 0Æ1% Triton-

X-100) and incubated for 2 hr at 4�. The red fluorescence of
propidium iodide in individual nuclei was measured using
a FACScan flow cytometer (Becton Dickinson, San Jose,

CA).

Analysis of mitochondrial permeability transition

by flow cytometry
Mitochondrial permeability transition was performed by
flow cytometry, as previously described, using Rh123, a cell-

permeant, cationic, fluorescent dye that is readily sequestered
by active mitochondria without inducing cytotoxic effects.34
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Loss of mitochondrial transmembrane potential results in a
diminished cell ability to accumulate the green fluorochrome
Rh123. In all cases, Rh123 (0Æ1 lg ⁄ml) was added to cultures
for 30 min before analysis by flow cytometry.

Analysis of the expression of intracellular Mcl-1

by flow cytometry
Neutrophils (1 · 106) were fixed with 2% formaldehyde for
15 min at 4�, washed with saline and permeabilized with
0Æ1% saponin for 15 min. Then, cells were resuspended in

saline supplemented with glycine (0Æ1 mg ⁄ml), incubated
with anti-Mcl-1 IgG1 (Pharmingen, San Diego, CA, USA)
or mouse IgG1 (an isotype-control antibody) (Sigma), and

intracellular expression of Mcl-1 was analysed by flow
cytometry using fluorescein isothiocyanate (FITC)–rabbit
anti-mouse IgG.

Analysis of the expression of intracellular Mcl-1
by Western blotting

Cell were harvested after different treatments and washed
twice with cold phosphate-buffered saline (PBS). Whole-cell
lysates were prepared using a 3% sodium dodecyl sulphate

(SDS) lysis buffer [10 mm HEPES, pH 8Æ0, 1Æ5 mm MgCl2,
10 mm KCl, 1 mm dithiothreitol (DTT), 0Æ5 mm phenyl-
methylsulphonyl fluoride (PMSF), 0Æ1% Nonidet P-40

(NP-40), 3% SDS, and complete protease inhibitors]
(Boehringer Mannheim, Mannheim, Germany). Lysates
were boiled for 5 min and protein was quantified using the
bicinchoninic acid (BCA) protein assay (Pierce, Rockford,

IL). Samples were then frozen at )80� until use. Proteins
(25 lg per sample) were separated by SDS-polyacrylamide
gel electrophoresis (PAGE) on a 12% SDS polyacrylamide

gel. After electrophoresis, proteins were transferred to
poly(vinylidene difluoride) (PVDF) membranes (Sigma).
Membranes were blocked for 1 hr at room temperature in

PBS ⁄Tween-20 containing 5% (w ⁄v) bovine serum albumin
(BSA). A rabbit polyclonal anti-Mcl-1 immunoglobulin
(Pharmingen) was added at a dilution of 1 : 200 in PBS

containing 2% BSA and incubated overnight at 4�. Mem-
branes were then washed and incubated for 1 hr with a goat
antirabbit-horseradish peroxidase (HRP) secondary anti-
body at a dilution of 1 : 3500 in PBS ⁄Tween-20 contain-

ing 2% non-fat dry milk. Protein bands were visualized by
enhanced chemiluminescence (ECL) (Amersham).

Statistical analysis
The Student’s paired t-test was used to determine the sig-
nificance of differences between means, and a value of

P < 0Æ05 was taken as indicating statistical significance.

RESULTS

Involvement of Mac-1 in the promotion of neutrophil

apoptosis by TNF-a

The leucocyte aMb2 integrin (also known as Mac-1, com-
plement receptor type 3 and CD11b ⁄CD18) plays a critical

role in neutrophil adhesion, migration, phagocytosis and
cytotoxicity.35,36 Moreover, Mac-1 has been proposed to

act as a ‘signalling partner’ for other leucocyte receptors.37

Controversial data have been reported regarding the role
of Mac-1 in the stimulation of neutrophil apoptosis by
TNF-a. Walzog and colleagues38 demonstrated that Mac-1

aggregation, induced by antibody cross-linking, potentiates
induction of apoptosis by TNF-a, while van den Berg
et al.39 and Avdi et al.40 showed that the proapoptotic

action of TNF-a is prevented by the blocking of CD11b. On
the other hand, Whitlock et al.41 showed that Mac-1
engagement on neutrophils can either inhibit or enhance

apoptosis triggered by TNF-a, depending on the activation
state of the integrin. Thus, clustering of inactive Mac-1
prevents stimulation of apoptosis by TNF-a, while an

increase in the rate of apoptosis was induced by the clus-
tering of activated Mac-1. Finally, Zhang et al.42 have
recently reported that TNF-a enhances neutrophil apop-
tosis after phagocytosis of complement-coated particles

through a mechanism dependent on Mac-1 activity.
To determine whether the observed increase in the

apoptotic rate of neutrophils pretreated with TNF-a and

then exposed to conventional agonists was dependent on
CD18, neutrophils were preincubated with F(ab¢)2 frag-
ments of a blocking antibody directed to CD18, the com-

mon b chain of leucocyte adhesion proteins, prior to
stimulation. Figure 1(a) shows that blocking of CD18 sig-
nificantly prevents not only the stimulation of neutrophil
apoptosis induced by TNF-a alone, but also the marked

increase in the apoptotic rate observed for neutrophils
cultured with TNF-a together with iIgG, ZAS (used as a
source of C5a) or GM-CSF, indicating that CD18 is

involved in the promotion of apoptosis. Similar results were
observed using a blocking antibody directed to CD11b
(Fig. 1b). As expected, no inhibitory effect was observed

using F(ab¢)2 fragments of mouse IgG as an isotype-
matched antibody (data not shown). Together, these results
support that stimulation of apoptosis triggered by conven-

tional agonists in TNF-a-pretreated neutrophils involves,
at least in part, a Mac-1-dependent pathway.

Promotion of neutrophil apoptosis by TNF-a involves

caspases 3, 8 and 9

Because recent studies have shown that TNF-a could sti-
mulate neutrophil apoptosis through both caspase-depend-

ent and -independent mechanisms,43,44 we examined
whether inhibition of caspases could prevent the promotion
of neutrophil apoptosis by TNF-a. In agreement with pre-

vious reports showing that stimulation of neutrophil apop-
tosis by TNF-a involves caspases 8 and 3,24,43 we observed
that specific inhibitors of caspase 8 (Z-IETD-FMK) and 3

(Z-DEVD-FMK) significantly delayed the apoptosis of
neutrophils cultured with TNF-a alone (Fig. 2). The inhib-
itor of caspase 9 (Z-LEHD-FMK) also delayed the apop-
tosis of neutrophils treated with TNF-a alone, although this

inhibition was not statistically significant. Of note, stimu-
lation of apoptosis of TNF-a-pretreated neutrophils trig-
gered by iIgG, Z, or GM-CSF was markedly prevented, not

only by the inhibitors of caspases 3 and 8, but also by the
inhibitor of caspase 9, suggesting that apoptosis involves
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activation of the mitochondrial-dependent death pathway.
The possible participation of this pathway was further

examined using Rh123, a positively charged probe that
accumulates in mitochondria, depending on its trans-
membrane potential.34,45,46 Figure 3 shows that TNF-a-
pretreated neutrophils incubated with iIgG, but not with

TNF-a or IgG alone, undergo an early and dramatic
reduction in the uptake of Rh123, supporting that the
induction of apoptosis is associated with a loss of the

mitochondrial transmembrane potential. Of note, the up-
take of Rh123 was assessed after 120 min of culture, a time-
point at which neutrophils treated with TNF-a plus iIgG

showed<30% apoptosis, supporting that the DYm collapse
is induced prior to DNA fragmentation.

Promotion of neutrophil apoptosis by TNF-a is associated

with a down-regulation in expression of the anti-apoptotic

protein Mcl-1

Apoptosis is regulated by the Bcl-2 family of proteins, with

certain members of this family acting to protect from

apoptosis (i.e. Bcl-2, Bcl-XL and Mcl-1), whereas others act
to promote apoptosis (i.e. Bax, Bcl-XS and Bad).47,48 Pre-

vious work has shown that the cellular levels of Mcl-1
(an anti-apoptotic protein with a very short half life) decline
as neutrophils undergo apoptosis and are enhanced by
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agents, such as GM-CSF, which promote neutrophil
survival.47,49–51 Taking this into account, we then analysed
whether promotion of apoptosis by TNF-a could be related
to a decreased expression of Mcl-1. The results of flow

cytometry (Fig. 4a–d) show a dramatic down-regulation of
Mcl-1 expression in neutropils cultured with TNF-a plus
iIgG. As expected, similar results were observed by Western

blot analysis in neutrophils cultured with TNF-a plus Z
(Fig. 4e).

Promotion of neutrophil apoptosis by TNF-a is increased

by IL-1

Various inflammatory cytokines are able to prolong the

survival of neutrophils by preventing apoptosis.4–7,9 While
GM-CSF seems to be the most potent anti-apoptotic agent
for neutrophils, we have shown that, in contrast to the anti-
apoptotic action exerted by GM-CSF on resting neu-

trophils, it stimulated apoptosis in TNF-a-pretreated
cells.29 Similar results have been published by Daigle
et al.52 We next investigated whether other anti-apoptotic

cytokines could modulate the stimulation of apoptosis
induced by TNF-a. Cells were treated with or without
TNF-a and ⁄or iIgG, in the presence or absence of the

anti-apoptotic cytokines IL-1, IL-2, IL-6, IL-8 and
IFN-c,4,7,9,53–55 and apoptosis was evaluated after 3 hr of
culture. Figure 5(a) shows that none of these cytokines was
able to modulate the rate of apoptosis of neutrophils trea-

ted with TNF-a alone, but IL-1a and IL-1b significantly
increased the rate of apoptosis of neutrophils pretreated
with TNF-a+iIgG. Moreover, in agreement with the

results of Fig. 1 (showing that promotion of apoptosis by
TNF-a involves a Mac-1-dependent pathway), we observed

that blocking of CD18 partially prevented the stimulation
of apoptosis in neutrophils cultured with IL-1a ⁄TNF-a
together with iIgG [% apoptosis ¼ 78 ± 9 versus 46 ± 6
for neutrophils cultured in the absence or presence of

F(ab¢)2 fragments of a blocking antibody directed to CD18,
respectively, and then exposed to IL-1a ⁄TNF-a and iIgG
(n ¼ 5, P £ 0Æ01)]. We then analysed whether the stimula-

tion of apoptosis induced by IL-1 was also associated with
a loss of Mcl-1 expression. Western blot analysis showed
that cells cultured with IL-1a ⁄TNF-a together with iIgG

undergo a marked down-regulation of Mcl-1 expression as
early as 90 min after treatment (Fig. 5b).

Unexpectedly, when the effect of the IL-1RA was

assessed, using concentrations able to block the binding of
IL-1 to neutrophil IL-1R,56 we observed not only that the
stimulation of apoptosis induced by exogenous IL-1 was
abrogated, but also that IL-1RA significantly decreased the

apoptosis of neutrophils cultured with TNF-a plus iIgG in
the absence of exogenous IL-1 (Fig. 5c). These results
support the notion that IL-1 produced by neutrophils

themselves is involved in the stimulation of neutrophil
apoptosis by TNF-a plus iIgG.

DISCUSSION

In spite of the large number of studies carried out to analyse
neutrophil apoptosis, little is known about how it is regu-
lated in vivo during the course of acute inflammation.

However, two lines of evidence support an important role
for TNF-a. First, observations made in mice lacking the
55-000 molecular weight type 1 TNF receptor (TNFR1)

and exposed to aerosolized Pseudomonas aeruginosa
showed an enhanced acute inflammatory response, which
was characterized by higher accumulation of neutrophils in

the lungs compared with control mice.23 Interestingly, the
concentration of chemotactic factors in the bronchoalveo-
lar lavage fluid was found to be lower in TNFR1-deficient

mice than in controls, supporting that the higher number of
neutrophils in the lungs of TNFR1-deficient mice could be
caused by an enhanced survival of neutrophils in the air
spaces rather than by an increased rate of neutrophil

recruitment.23 The second line of evidence arises from a
number of recent in vitro studies performed at different
laboratories. While all agree that neutrophils are relatively

resistant to TNF-a, in terms of induction of apoptosis
in vitro, they support the notion that TNF-a could play an
important role in the regulation of neutrophil apoptosis by

crosstalk with signalling cascades triggered by a variety of
stimuli. Experiments performed at Henson laboratory
showed that the activation of b2-integrins stimulates the

serine-threonine kinase, Akt, and thus inhibits neutrophil
apoptosis.41 By contrast, when activation of b2-integrins
occurs in the presence of TNF-a, it leads to an enhancement
of neutrophil apoptosis via SH2-containing inositol

5-phosphatase (SHIP) recruitment and inhibition of Akt
activity.41,57 Previous studies performed by us have shown
that neutrophil treatment with TNF-a enables not only pro-
apoptotic agents, such as immune complexes, Z and PMA,
but also anti-apoptotic agents, such as C5a and GM-CSF,
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to trigger a marked stimulation of apoptosis, suggesting
that TNF-a is able to prime an apoptotic death programme
which can be rapidly triggered by a variety of inflammatory
mediators.29 Finally, Simon and co-workers have reported

that TNF-a disrupts anti-apoptosis pathways triggered by
survival factors, such as GM-CSF and G-CSF, via Sac
homology domain 2 containing tyrosine phosphatase (SHP)

recruitment and inhibition of the tyrosine kinase Lyn.52,58

Together, these observations support the notion that, dur-
ing the course of inflammatory processes, TNF-a might

promote neutrophil apoptosis by virtue of its ability to
subvert the signalling cascades triggered by a variety of
stimuli.

In agreement with previous reports, we found that sti-
mulation of apoptosis in neutrophils cultured only with
TNF-a involves a Mac-1-dependent pathway.38–41 More-
over, we observed that stimulation of apoptosis, triggered

by a variety of stimuli in TNF-a-pretreated neutrophils,
also depends, at least in part, on a Mac-1-dependent
pathway.

Two very recent studies have shown that stimulation of
neutrophil apoptosis by TNF-a involves not only caspase-
dependent mechanisms, but also caspase-independent

mechanisms. Maiansky et al.43 reported that neutrophil
death induced by TNF-a was also observed when caspases
were completely inhibited. This type of cell death lacks
nuclear features of apoptosis, such as DNA laddering, and

demonstrated no Bax redistribution, but it showed mito-
chondria clustering and plasma membrane phosphatidyl
serine (PS) exposure. On the other hand, Liu et al.44

reported that broad-spectrum caspase inhibition suppres-
ses exacerbation of apoptosis triggered by cycloheximide
in TNF-a-treated cells but, paradoxically, augments the

death of neutrophils cultured with TNF-a alone, which
was associated with both apoptotic-like and necrotic-like
features. Our present results showed that inhibition of

caspases 3 and 8, but not caspase 9, significantly inhibit
the stimulation of apoptosis of neutrophils cultured with
TNF-a alone. Interestingly, the exacerbation of apoptosis
triggered by different inflammatory stimuli in TNF-a-
pretreated neutrophils was dramatically suppressed, not
only by inhibition of caspases 3 and 8, but also by inhi-
bition of caspase 9, supporting a critical role for caspases

in the promotion of cell death. Moreover, the strong
inhibition induced by the caspase 9 inhibitor supports the
notion that exacerbation of apoptosis involves the parti-

cipation of the mitochondrial-death pathway, which was
confirmed by the loss of the mitochondrial transmembrane
potential, evaluated by using the Rh123 method. Of note,
the collapse of the mitochondrial transmembrane poten-

tial, as well as the marked decrease in the levels of Mcl-1
found in neutrophils pretreated with TNF-a and then
exposed to triggering stimuli, were not found in neu-

trophils cultured with TNF-a alone, thus supporting the
idea that both phenomena may be responsible for the
exacerbation of apoptosis.

We also examined whether a number of anti-apoptotic
cytokines were able to modulate the apoptosis of neu-
trophils pretreated with TNF-a and then incubated with
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Figure 5. Promotion of neutrophil apoptosis by tumour necrosis

factor-a (TNF-a) is increased by interleukin (IL)-1. (a) Neutrophils

(2Æ5 · 106 ⁄ml) were cultured for 1–2 min at 37�, with or without

TNF-a (10 ng ⁄ml), in the presence or absence of IL-1a, IL-1b, IL-2,
IL-6, IL-8, or interferon-c (IFN-c) (50 ng ⁄ml). Then, the cells were

treated with immobilized immunoglobulin G (iIgG) for 3 hr and

apoptosis was revealed by fluorescence microscopy. (b) Neutrophils

(2Æ5 · 106 ⁄ml) were cultured for 1–2 min at 37�, with or without

TNF-a (10 ng ⁄ml), in the presence or absence of IL-1a (50 ng ⁄ml),

and then treated with iIgG for 90 min. Then, the expression of

Mcl-1 was assessed by Western blotting. A representative experi-

ment is shown (n ¼ 4). (c) Neutrophils (2Æ5 · 106 ⁄ml) were

cultured for 1–2 min at 37�, with or without TNF-a (10 ng ⁄ml), in

the presence or absence of the IL-1 receptor antagonist (IL-1RA)

(1 lm) and ⁄or IL-1a (50 ng ⁄ml). Cells were then treated with iIgG

for 3 hr and apoptosis was revealed by fluorescence microscopy.

Results are expressed as the mean ± standard error of the mean

(SEM) of four to six experiments. *Statistical significance

(P < 0Æ05): IL-1a and IL-1b versus control (a); IL-1RA versus

control and IL-1RA+IL-1 versus IL-1a (c).
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iIgG. Unexpectedly, we found that the addition of IL-1a
and IL-1b did not reduce apoptosis, but rather significantly
increased it, without modifying the apoptotic rate of neu-
trophils cultured with TNF-a or iIgG alone. Interestingly,

IL-1RA not only abrogated the proapoptotic effect induced
by the addition of exogenous IL-1, but significantly
decreased the apoptosis of neutrophils cultured with TNF-a
plus iIgG in the absence of exogenous IL-1 (Fig. 5), thus
supporting that the production of IL-1 by neutrophils
themselves is required to allow maximal levels of neutrophil

apoptosis after treatment with TNF-a plus iIgG.
Subversion of the anti-apoptotic signals induced by

cytokines and other inflammatory agents appears to be the

most important pathway through which TNF-a promotes
neutrophil apoptosis. Does this mechanism play a role in
the resolution of acute inflammatory processes? Further
studies are required to answer this question. Special

attention should be given to the temporal sequence at
which the different inflammatory mediators appear during
the course of inflammation. This point seems to be rele-

vant in view of our previous results, which showed, in
contrast to the observations made in resting neutrophils
pretreated with TNF-a and then exposed to conventional

agonists, no stimulation of apoptosis by TNF-a when it
was added to previously activated neutrophils,29 an effect
that could be explained, at least in part, by the dramatic
shedding of TNF-a receptors that occurs after neutrophil

activation.59
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