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Neutrophils are important effector cells in immunity to microor-
ganisms, particularly bacteria. Here, we show that the process of
neutrophil apoptosis is delayed in several inflammatory diseases,
suggesting that this phenomenon may represent a general feature
contributing to the development of neutrophilia, and, therefore, in
many cases to host defense against infection. The delay of neu-
trophil apoptosis was associated with markedly reduced levels of
Bax, a pro-apoptotic member of the Bcl-2 family. Such Bax-deficient
cells were also observed upon stimulation of normal neutrophils
with cytokines present at sites of neutrophilic inflammation, such
as granulocyte and granulocyte–macrophage colony-stimulating
factors, in vitro. Moreover, Bax-deficient neutrophils generated by
using Bax antisense oligodeoxynucleotides demonstrated delayed
apoptosis, providing direct evidence for a role of Bax as a pro-
apoptotic molecule in these cells. Interestingly, the Bax gene was
reexpressed in Bax-deficient neutrophils under conditions of cyto-
kine withdrawal. Thus, both granulocyte expansion and the reso-
lution of inflammation appear to be regulated by the expression of
the Bax gene in neutrophils.

The balance between production and death of cells is impor-
tant in the control of cell numbers within physiologically

appropriate ranges. Inflammatory disorders are characterized by
an expansion of hematopoietic effector cells. Such cell accumu-
lation may be the consequence of either increased cell produc-
tion or decreased cell death. Apoptosis is the most common form
of physiologic cell death (1–3) and is characterized by a series of
distinct morphological changes of the dying cell (4–6). Whereas
the concept of increased cell production in inflammation is well
established (7, 8), the contribution of decreased apoptosis
remains to be determined.

Apoptosis of neutrophils in vitro can be modulated by survival
(9, 10) and death (11, 12) factors, although their contribution to
the apoptosis regulation in vivo is not clear. Moreover, the
intracellular mechanisms by which these factors regulate neu-
trophil apoptosis are not completely understood. Although it is
clear that neutrophils express some members of the Bcl-2 (13,
14) and caspase (15) families, their functional role as potential
apoptosis regulators has not been investigated in these inflam-
matory effector cells under in vivo or ex vivo conditions.

The Bcl-2 family consists of members with either anti-apo-
ptotic or pro-apoptotic function (16). Bax is a member of the
Bcl-2 family and functions as a death agonist within apoptotic
pathways (17–19). It has been shown that Bcl-2 antagonizes the
pro-apoptotic activity of Bax by forming heterodimers with it
(20). Since Bax (14), but not Bcl-2 (13), was reported to be
expressed in neutrophils, it is likely that neutrophils contain
functional Bax homodimers, which are, at least partially, respon-
sible for the short lifespan of these cells. The pro-apoptotic
activity of Bax might be mediated by the release of cytochrome
c from mitochondria, perhaps by forming channels (19, 21), with
subsequent activation of the caspase cascade (22).

In this study, we demonstrate evidence for delayed neutrophil
apoptosis in several neutrophilic inflammatory diseases. De-
layed neutrophil apoptosis was associated with increased expres-
sion of neutrophil survival factors and markedly reduced intra-
cellular Bax levels. The important functional role of Bax in
regulating neutrophil apoptosis was directly demonstrated by
using specific Bax antisense oligodeoxynucleotides. Therefore,
cytokine-mediated reduction of intracellular Bax levels appears
to be a key mechanism in many inflammatory disorders, result-
ing in the expansion of neutrophils.

Materials and Methods
Antibodies. Anti-Bcl-2 monoclonal antibody (mAb), control IgG1
mAb, swine anti-rabbit f luorescein isothiocyanate (FITC)-
conjugated secondary IgG Ab, and control rabbit IgG were from
Dako. FITC-conjugated anti-Bcl-2 mAb was from Ancell (Bay-
port, MN). Polyclonal rabbit Abs against Bcl-x and Bax were
purchased from Santa Cruz Biotechnology. Polyclonal rabbit
anti-Bcl-xS Ab was from Calbiochem–Novabiochem. Goat anti-
rabbit and anti-mouse horseradish peroxidase (HRP)-labeled
secondary Ab were obtained from Amersham. FITC-conjugated
control IgG1 mAb was from Coulter. mAb to granulocyte
colony-stimulating factor (G-CSF) was obtained from R & D
Systems. mAb to granulocyte–macrophage colony-stimulating
factor (GM-CSF) was purchased from Genzyme for immuno-
histochemistry and from R & D Systems for neutralization
experiments.

Neutrophil Purification. Peripheral blood neutrophils were puri-
fied from patients with various inflammatory diseases (cystic
fibrosis, idiopathic fibrosis, acute pneumonia, and cancer asso-
ciated with neutrophilia) and healthy control individuals as
previously described (23). Tissue neutrophils from bronchoal-
veolar lavage (BAL) fluids and sputum were directly analyzed
because the investigated cell populations used in this study
contained .95% neutrophils. For cytokine measurements, BAL
cells from three patients with allergic alveolitis and two control
individuals were used for comparison.

Neutrophil Cultures. Neutrophils were cultured at 1 3 106 per ml
in the presence or absence of cytokines andyor Bax antisense
oligodeoxynucleotides for the indicated times in complete cul-
ture medium (RPMI medium 1640 supplemented with 10% fetal
calf serum). GM-CSF was a kind gift from T. Hartung (Univ. of
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Konstanz, Konstanz, Germany). G-CSF, interleukin (IL)-3,
IL-8, interferon (IFN)-g, and tumor necrosis factor a (TNF-a)
were obtained from R & D Systems. LPS (Escherichia coli
O55:B5) was from Calbiochem–Novabiochem. The final cyto-
kine and LPS concentrations were 25 ngyml. Bax antisense and
scrambled oligodeoxynucleotides with a natural phosphodiester
backbone were synthesized by Microsynth (Balgach, Switzer-
land). Sequences used were according to previously published
work (24): antisense Bax, 59-TCG ATC CTG GAT GAA ACC
CT-39 and 59-TCC CCC CCC ATT CGC CCT GC-39; and
scrambled Bax, 59-TCA GTC CTG GTA GAA CAC CT-39 and
59-CTC CCC CCA CTT CGC CTC GC-39. Inhibition of Bax
protein expression was achieved by using a mixture of the two
antisense molecules, both at a final concentration of 5 mM. The
two control oligodeoxynucleotides were used in the same way.
The oligodeoxynucleotides were added either into cultures of
freshly purified or 32-h GM-CSF-pretreated neutrophils,
whereby the initial first hour of incubation was performed in
medium without serum to increase the uptake of these mole-
cules. For cytokine neutralization experiments, supernatants
from BAL cells were added to neutrophil cultures from control
individuals, and the effects on cell death were analyzed in the

presence or absence of a mixture of 5 mgyml anti-G-CSF and 5
mgyml anti-GM-CSF mAbs.

Protein Expression of Bcl-2 Family Members. Bcl-2, Bcl-xL, Bcl-xS,
and Bax protein expressions were studied by immunofluores-
cence, immunocytochemistry, and immunoblotting as previously
described (25).

mRNA Expression of Bax. mRNA expression of Bax was studied
using Southern blot analysis linked to reverse transcription
(RT)-PCR as previously described (25).

Cytokine Protein Expression. G-CSF and GM-CSF protein expres-
sions in inflammatory tissues (cystic fibrosis lungs and cancer) were
studied by immunohistochemistry using the alkaline phosphatase–
anti-alkaline phosphatase (APAAP) method as previously de-
scribed (25). Moreover, BAL cells (1 3 106 per ml) were cultured
in RPMI medium 1640 plus 10% fetal calf serum for 24 h, and
supernatants were harvested. Cytokine concentrations were mea-
sured by ELISA using commercial kits (R & D Systems).

Fig. 1. Delayed neutrophil death is a general feature of neutrophilic inflam-
mation. Blood and BAL neutrophils from adult patients with three different
inflammatory lung diseases (cystic fibrosis, n 5 13; pneumonia, n 5 1; and
idiopathic pulmonary fibrosis, n 5 2) associated with neutrophilia were cul-
tured in the presence and absence of the neutrophil survival factor GM-CSF for
the indicated times before cell death was measured by flow cytometry. The
results were compared with blood neutrophils from normal control individ-
uals (n 5 10) and cancer patients with associated blood neutrophilia (n 5 2).
Values are means 6 SEM (SEM is mostly concealed by the symbols). n.d., not
done.

Fig. 2. Bax levels are reduced in neutrophils under inflammatory conditions.
(A) Flow cytometry. Freshly purified normal blood neutrophils expressed
significant amounts of Bcl-xL and Bax, but no Bcl-2 or Bcl-xS protein. In contrast
to normal neutrophils, inflammatory diseases neutrophils (cystic fibrosis and
cancer with associated neutrophilia, see also Fig. 6B) expressed little or no
detectable Bax protein. (B) The markedly reduced Bax expression in inflam-
matory diseases neutrophils (cystic fibrosis) was confirmed by immunoblot-
ting. (C) Semiquantitative RT-PCR. Bax protein expression correlates with the
expression of Bax mRNA. Inflammatory diseases neutrophils (cystic fibrosis)
had markedly reduced Bax mRNA levels. Numbers of PCR cycles are given at
the top. Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) control ampli-
fications were performed demonstrating equal quality of the cDNA prepara-
tions derived from blood, BAL, and sputum neutrophils (not presented). Data
are representative of at least five independent experiments.
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Determination of Neutrophil Death and Apoptosis. Cell death of
neutrophils was assessed by uptake of 1 mmolyliter ethidium
bromide and flow cytometric analysis (EPICS XL) as previously
described (24–31). Oligonucleosomal DNA fragmentation, a
characteristic feature of cells undergoing apoptosis, was assessed
by flow cytometry (30, 31). To determine whether neutrophil
death was apoptosis, neutrophils were also morphologically
examined. Cytospin preparations were made, stained with Diff-
Quik (Baxter, Düdingen, Switzerland), and analyzed by light
microscopy.

Results and Discussion
Delayed Neutrophil Apoptosis Is a General Feature of Neutrophilic
Inflammation. As shown in Fig. 1, purified blood and lung
neutrophils from patients with inflammatory and cancer diseases

associated with neutrophilia demonstrated, compared with
blood neutrophils obtained from control individuals without
evidence for an ongoing inflammation, a marked delay of cell
death ex vivo. BAL neutrophils died even slower compared with
blood neutrophils derived from the same patient. Moreover,
because the neutrophil death was already inhibited in the
absence of a survival factor, GM-CSF had only little anti-death
effect, especially in BAL neutrophils, under chronic inflamma-
tory conditions (Fig. 1). To investigate whether the observed cell
death was apoptosis, a DNA fragmentation assay and morphol-
ogy assessments were performed (data not presented). Although
different inflammatory diseases were studied, we consistently
observed delayed neutrophil apoptosis, suggesting that the
mechanism of delayed apoptosis may represent a general feature
of these pathologic conditions.

Bax Levels Are Reduced in Neutrophils under Inflammatory Condi-
tions. The family of Bcl-2-related proteins is involved in the
regulation of apoptosis in many different cells (16). Therefore,
we investigated the expression of anti-apoptotic and pro-apo-
ptotic members of this family in blood and tissue neutrophils
(BAL fluid and sputum neutrophils) under inflammatory con-

Fig. 3. Bax-deficient neutrophils can be generated by exposure of normal
neutrophils to survival factors in vitro. (A) Flow cytometry. Normal neutrophils
were cultured in the presence or absence of cytokines and LPS. (B) The effects
of GM-CSF and G-CSF on Bax protein levels in normal neutrophils were
confirmed by immunoblotting. (C) RT-PCR. GM-CSF exposure of normal neu-
trophils rapidly reduced Bax mRNA levels. Data from A–C are representative of
at least five independent experiments. (D) Cell death assay. Neutrophils were
cultured in the presence or absence of cytokines and LPS, respectively, for 72 h
before cell death was measured by flow cytometry. Values are means 6 SEM
of six independent experiments (*, P , 0.05).

Fig. 4. Bax antisense (as Bax) but not scrambled oligodeoxynucleotides (sc
Bax) reduce Bax protein expression in neutrophils. (A) Flow cytometry. Control
and inflammatory diseases neutrophils (cystic fibrosis) were cultured in the
presence of as Bax or sc Bax for 48 h. (B) Immunocytochemistry. (31,000.)
Control neutrophils were cultured in the presence of GM-CSF, sc Bax, and as
Bax for 48 h. Data are representative of at least three independent experi-
ments.
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ditions (cystic fibrosis). As assessed by flow cytometry, normal
neutrophils significantly expressed Bcl-xL and Bax, but no Bcl-2
or Bcl-xS (Fig. 2A). Interestingly, compared with normal neu-
trophils, inflammatory diseases neutrophils expressed little or no
Bax protein (Fig. 2 A and B). In contrast, Bcl-2, Bcl-xL, and Bcl-xS

levels did not appear to be different between these two neutro-
phil populations. To determine whether the reduced Bax protein
levels were the consequence of transcriptional changes, we
investigated Bax mRNA levels by semiquantitative RT-PCR. As
shown in Fig. 2C, Bax mRNA levels were markedly reduced in
neutrophils from neutrophilic patients compared with normal
neutrophils. We conclude that Bax deficiency occurs at both
mRNA and protein levels and appears to be a general hallmark
of neutrophils associated with delayed apoptosis under inflam-
matory conditions. Moreover, these data confirm previously
published work performed in epithelial cancer cells (32) and

Bax-deficient mice (17, 18), suggesting that lack of functional
Bax is associated with a defect in apoptosis.

Bax-Deficient Neutrophils Can Be Generated in Vitro. Cytokines are
important mediators of inflammatory responses (33–35). To
determine whether cytokines might also be involved in the
development of Bax-deficient neutrophils, we investigated the
effects of several cytokines on the expression of Bax in vitro. As
assessed by flow cytometry, GM-CSF, IL-3, G-CSF, and IFN-g
stimulations for 30–50 h markedly down-regulated the expres-
sion of Bax in normal neutrophils (Fig. 3A). In contrast, IL-8,
LPS, and TNF-a stimulations had no effect on Bax levels in these
cells. Cytokine-mediated Bax deficiency in normal neutrophils
was also observed when immunoblotting (Fig. 3B) or RT-PCR
(Fig. 3C) was used. Only 4 h of survival factor incubation were
needed to markedly down-regulate Bax mRNA levels in these
cells (Fig. 3C). Furthermore, whereas the neutrophil survival
factors (9, 10) GM-CSF, IL-3, G-CSF, and IFN-g delayed
neutrophil death, other mediators previously described as being
involved in neutrophilic inflammation, such as IL-8, LPS, and

Fig. 5. Bax antisense (as Bax) but not scrambled oligodeoxynucleotides (sc
Bax) block neutrophil apoptosis in vitro. (A) Cell death assay. Control neutro-
phils were cultured at the indicated conditions for 48 h before cell death was
measured by flow cytometry. (Right) DNA fragmentation (black) was mark-
edly reduced in as Bax-treated compared to sc Bax-treated neutrophils, sug-
gesting delayed apoptosis in Bax-deficient cells. (B) Cell death assay. Control
neutrophils were pretreated with GM-CSF for 32 h to reduce Bax levels (see Fig.
3A). Bax-deficient neutrophils were then cultured under the indicated condi-
tions for an additional 48 h before cell death was measured by flow cytometry.
(Right) DNA fragmentation (black) is markedly reduced in as Bax-treated
compared to sc Bax-treated neutrophils, suggesting delayed apoptosis in
neutrophils where Bax reexpression was prevented. Values in the cell death
assays are means 6 SEM of three independent experiments (*, P , 0.05).

Table 1. Cytokine release by BAL cells derived from individuals
with various neutrophilic lung diseases and control individuals

Individual Cytokine conc., pgyml

No. Description G-CSF GM-CSF IL-3 IFN-g

Individuals with neutrophilic lung inflammation
1 Cystic fibrosis 500 319 ,5 ,10
2 Cystic fibrosis 406 29 ,5 ,10
3 Idiopathic fibrosis 220 24 ,5 ,10
4 Pneumonia 417 76 ,5 ,10
5 Acute allergic alveolitis 5,362 1,076 ND ND

Individuals without neutrophilic lung inflammation
6 Control, no lung disease ,5 ,5 ND ND
7 Control, no lung disease ,5 ,5 ND ND
8 Chronic allergic alveolitis 6 ,5 ND ND
9 Chronic allergic alveolitis ,5 7 ND ND

Cytokine concentrations were measured by ELISA in supernatants from
untreated BAL cells (106 per ml) after a 24-h culture period. ND, not deter-
mined.

Table 2. Supernatants of BAL cells containing G-CSF and GM-CSF
delay death of control neutrophils in vitro that is blocked after
cytokine neutralization

Exp. Conditions
Neutrophil
death, %

1 No treatment 47
GM-CSF 61
Supernatant of patient 1 63
Supernatant of patient 1 1 anti-G-CSFyanti-GM-CSF 41
Anti-G-CSFyanti-GM-CSF 46

2 No treatment 50
GM-CSF 71
Supernatant of patient 4 60
Supernatant of patient 4 1 anti-G-CSFyanti-GM-CSF 53
Anti-G-CSFyanti-GM-CSF 47

3 No treatment 53
GM-CSF 67
Supernatant of patient 5 66
Supernatant of patient 5 1 anti-G-CSFyanti-GM-CSF 55
Anti-G-CSFyanti-GM-CSF 49

Control neutrophils were cultured at the indicated conditions for 36 h before
neutrophil death measurements. The patient numbers correspond to those in
Table 1. The concentration of the neutralizing mAbs was 5 mgyml each.
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TNF-a, did not increase neutrophil viability in vitro (Fig. 3D).
This result suggests that Bax down-regulation is an anti-apoptotic
event in neutrophils.

Reduced Bax Levels Mediate Delayed Neutrophil Apoptosis. To test the
hypothesis that decreased levels of the pro-apoptotic Bax molecule
mediate delayed apoptosis in neutrophils, we used Bax antisense
oligodeoxynucleotides to specifically decrease intracellular Bax
levels. The molecules used have previously been applied to inhibit
Bax protein expression in HL-60 cells (24). As demonstrated in Fig.
4 A and B, control neutrophils exposed to an optimal dose of Bax
antisense oligodeoxynucleotides for 48 h expressed markedly re-
duced Bax protein levels that were similar to those observed after
GM-CSF treatment. In contrast, Bax scrambled oligodeoxynucle-
otides did not alter Bax protein levels. Moreover, Bax antisense
molecules prevented reexpression of Bax (see below) in inflamma-
tory diseases neutrophils (Fig. 4A Lower), further confirming the
efficiency of the oligodeoxynucleotides in reducing Bax levels. The
ability of the Bax antisense molecules to decrease intracellular Bax
levels allowed exploration of the role of Bax in the regulation of
neutrophil apoptosis. As shown in Fig. 5A, Bax antisense, but not
scrambled oligodeoxynucleotides, added to freshly purified control
neutrophils delayed cell death and apoptotic DNA fragmentation
in this system. The anti-apoptotic effects of the Bax antisense
molecule and GM-CSF were in the same range. Treatment of in
vitro generated Bax-deficient neutrophils with Bax antisense and

control oligodeoxynucleotides revealed similar effects (Fig. 5B).
These data suggest that reduction of Bax levels in neutrophils is a
key mechanism within the anti-apoptotic pathway mediated by
cytokines that significantly contributes to neutrophil expansion
under inflammatory conditions.

G-CSF and GM-CSF Are Important Neutrophil Survival Factors in Vivo.
To determine which cytokines are responsible for delayed
neutrophil apoptosis in vivo, we investigated cytokine levels
produced by BAL cells derived from patients with various
inflammatory lung diseases. As shown in Table 1, in diseases
associated with neutrophilia, BAL cells released large amounts
of G-CSF and GM-CSF, but no significant IFN-g and IL-3 levels
were detected. In contrast to neutrophilic patients, BAL cells
from control individuals without neutrophilic lung inflammation
did not release significant amounts of G-CSF or GM-CSF. The
same results were obtained with RT-PCR for cytokine measure-
ments (not presented). To prove the functional activity of G-CSF
and GM-CSF released by BAL cells, the supernatants were
added to control neutrophils in the presence or absence of
neutralizing mAbs. As shown in Table 2, the supernatants
containing significant amounts of G-CSF and GM-CSF delayed
neutrophil death as much as an optimal dose of recombinant
GM-CSF. The anti-apoptotic effect of the supernatants was
completely blocked with a mixture of anti-G-CSF and anti-GM-
CSF mAbs, suggesting that no further neutrophil survival factor

Fig. 6. G-CSF and GM-CSF are significantly expressed in inflammatory responses associated with neutrophilia in vivo. (A) Immunohistochemical staining of cystic
fibrosis lung tissues with the indicated antibodies. (3400.) G-CSF and GM-CSF were highly expressed in epithelial cells, macrophages, and neutrophils in patients
with cystic fibrosis. (Upper) Central lung sections. (Lower) Lung alveoli. (B) Staining of tissue infiltrated by hypopharynx cancer cells. (3400.) The cancer cells
demonstrated high G-CSF and GM-CSF expression. As a consequence, the patient developed a neutrophilia (during the time of these investigations, the peripheral
blood neutrophil numbers were between 49,920 and 57,134 per ml of blood).
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was present. This finding suggests that G-CSF and GM-CSF are
relevant cytokines produced by BAL cells that down-regulate
Bax levels in neutrophilic inflammatory responses.

To assess G-CSF and GM-CSF protein localization, we per-
formed immunohistochemistry. As shown in Fig. 6A, cells mor-
phologically resembling epithelial cells, lung macrophages, and
neutrophils were seen to stain positive in lungs of cystic fibrosis
patients. Similar experiments were performed with tissues from
cancer patients with associated neutrophilia. In these tissues, we
also observed high G-CSF and GM-CSF levels, although the
cellular source of cytokine production was different (cancer
cells; Fig. 6B). Taken together, these data suggest that overpro-

duction of G-CSF and GM-CSF is an important feature of
neutrophilic inflammation in vivo.

Bax Is Reexpressed in Neutrophils under Conditions of Survival Factor
Withdrawal. It has been previously suggested that neutrophil
apoptosis is an important process for the resolution of an
inflammatory response (4–6). It is likely that the resolution of
inflammation is associated with decreased cytokine gene ex-
pression. Therefore, we investigated whether Bax-deficient in-
f lammatory disease neutrophils may reexpress Bax under in vitro
conditions without cytokine support. Moreover, we created
Bax-deficient neutrophils from normal donors by stimulation
with G-CSF and GM-CSF in vitro, and we measured Bax levels
after cytokine withdrawal. As shown in Fig. 7 A and B, both
neutrophils from patients with cystic fibrosis and cytokine-
stimulated normal neutrophils started to reexpress significant
Bax levels 12–20 h after cytokine removal. Normal neutrophil
Bax expression was observed after 20–36 h in these experiments.
These data suggest that, in the resolution of an inflammatory
response when little or no survival factors are present, neutro-
phils activate the Bax gene and undergo apoptosis, leading to the
normalization of neutrophil homeostasis.

In summary, this study demonstrates the important role of
delayed apoptosis in inflammatory responses. This process is reg-
ulated by cytokines that abolish intracellular Bax, resulting in the
expansion of neutrophils. The described cascade of events likely
contributes to host defense against infection. In addition, the
inflammatory scenario of cytokine overexpression, Bax-deficient
neutrophils, and delayed neutrophil apoptosis observed in neutro-
philic inflammation can be mimicked in vitro. Moreover, it appears
that the resolution of inflammatory responses is also regulated by
changes in the levels of Bax. The intracellular mechanism by which
Bax transcription is suppressed after the exposure of neutrophils to
survival factors remains to be established.
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neutrophils (0; cystic fibrosis, see Fig. 2A) were cultured without cytokine
support for the indicated times, and Bax protein expression was determined
by flow cytometry. (B) Freshly purified normal neutrophils (0) were cultured in
the presence of G-CSF for 30 h to down-regulate intracellular Bax protein
levels (see Fig. 3A). Data are representative of five independent experiments.
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