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Abstract 
Clearance of apoptotic neutrophils by alveolar macro- 
phages plays an important role in the resolution phase of 
lung inflammation. If not cleared, apoptotic neutrophils 
are postulated to release histotoxic granular contents. 
Since numerous cellular proteins are degraded during 
apoptosis, we sought to determine whether functional 
serine proteinases are indeed released by apoptosing 
neutrophils in vitro. In a coculture system, eytokine-aeti- 
rated neutrophils induced detachment in the human epi- 
thelial cell line, A549. This process was CD18- and serine 
proteinase-dependent. Early apoptotic neutrophils in- 
duced significant detachment, but live, senescent, rest- 
ing neutrophils and terminal, secondary necrotic neutro- 
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phils had a different effect. This detachment process was 
CD18-independent but serine proteinase-dependent. 
Similarly, detachment occurred with primary human 
small airway epithelial cells. Notably, epithelial cell de- 
tachment correlated with the transition of early apoptotic 
neutrophils to secondary necrosis and with the accumu- 
lation of elastase in the supernatant. The membrane 
integrity of lung epithelial cells was damaged in advance 
of significant cell detachment. These observations sug- 
gest that not only live activated neutrophils but also 
apoptosing neutrophils can reveal functional elastase 
activities. Furthermore, the rapidity of the transition em- 
phasizes the importance of the prompt clearance of 
apoptotic neutrophils before they progress to secondary 
necrosis at the site of lung inflammation. 

Copyright © 2003 National Science Council, ROC and S. Karger AG, Basel 

Introduction 

The utilization of neutrophilic proteinase is an impor- 
tant host defense mechanism against pathogenic microor- 
ganisms [7, 41, 53]. However, abundant literature docu- 
ments the potential hazards of these proteolytic enzymes 
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in the pathogenesis of inflammatory organ injury. Circu- 
lating mature human neutrophils are committed to die, 
even when their life spans are prolonged by various 
endogenous and exogenous factors. Apoptotic neutrophils 
are recognized by professional phagocytes and semipro- 
fessional phagocytic parenchymal cells. Although defini- 
tive in vivo studies are lacking, apoptosing neutrophils are 
postulated to be removed without further augmentation 
of the existing inflammation [49, 50]. This process is 
believed to be rapid, efficient and important during the 
resolution phase of inflammation [10, 19]. Coincident 
with the highly controlled process of neutrophil apoptosis 
is the shutdown of the degranulation response [24]. If not 
phagocytosed, apoptotic neutrophils will undergo second- 
ary necrosis, an end-stage cellular disintegration charac- 
terized by breached membrane integrity. Consequently, 
proteinases residing in apoptotic neutrophils may be pas- 
sively released and, in turn, contribute to tissue injury. 

Granulocyte-macrophage colony-stimulating factor 
(GM-CSF) and tumor necrosis factor (TNF)-a, both com- 
mon at inflammation sites, accelerate macrophage clear- 
ance of neutrophils undergoing apoptosis in vitro [6, 18, 
46, 51]. However, several factors associated with chronic 
inflammatory diseases can markedly inhibit the ability of 
macrophages to recognize and engulf apoptotic neutro- 
phils. For example, a number of granulocyte enzymes 
with an extracellular presence in inflammatory diseases 
are extremely cationic [41]. These cationic molecules, 
along with a low pH, are common features of chronic 
inflammation and have been demonstrated to significant- 
ly inhibit recognition of apoptotic neutrophils by macro- 
phages [50]. In patients with cystic fibrosis, Pseudornonas 
aeruginosa products have been reported to inhibit macro- 
phage phagocytosis [36, 37]. Moreover, the ability of 
alveolar macrophages to phagocytose apoptotic neutro- 
phils was found to be significantly impaired in smoke 
inhalation injury, a condition associated with a high inci- 
dence of both bacterial pneumonia and adult respiratory 
distress syndrome (ARDS) [26], and in children suffering 
recurrent respiratory tract infections [43]. Other investi- 
gations have suggested that macrophages which had pre- 
viously ingested apoptotic cells subsequently have im- 
paired ingestion capacity [ 18]. In this situation, apoptotic 
neutrophils can undergo secondary necrosis, presumably 
resulting in the release of histotoxic granular contents 
[52]. If the proteinases released remain functional, they 
can then escalate the inflammatory response and exacer- 
bate lung injury. Surprisingly, few studies have examined 
the release of functional proteinases from apoptotic neu- 
trophils. 

Neutrophils express several serine proteinases, includ- 
ing neutrophil elastase, cathepsin G and proteinase 3. 
Among these, elastase is the major proteinase, and has 
been demonstrated to be critical in neutrophil-mediated 
tissue injury and extracellular proteolysis [1, 8, 34, 40]. 
Previous studies showed that serine proteinase inhibitors 
blocked A549 cell detachment induced by activated neu- 
trophils, and that exogenous elastase restored this detach- 
ment [3]. Because the disruption and desquamation of 
airway and lung epithelial cells have been widely observed 
in a variety of immunological, infectious and inflammato- 
ry pulmonary diseases [2, 8, 10, 23], we used lung epithe- 
lial cell detachment as a bioassay in this study [9] to inves- 
tigate the effect of early apoptotic neutrophils on airway 
epithelial cells and the role of elastase activity in causing 
the effect. Because CD 18 is a f~2 integrin subunit critical 
to the firm adhesion and the subsequent degranulation 
response of activated neutrophils [5, 57], and because 
apoptotic neutrophils have been demonstrated to accu- 
mulate CD 18 on the cell surface [16], we also investigated 
the role of the integrin CD 18 in the cytotoxic effect of 
apoptosing neutrophils. 

Methods 

Reagents 
Secretory leukocyte proteinase inhibitor (SLPI), TNF-a and GM- 

CSF were purchased from R&D Systems (Minneapolis, Minn., 
USA). The caspase inhibitor zVAD-fmk and the calpain inhibitors 
zLLY-fmk and PF150606 were purchased from Calbiochem (San 
Diego, Calif., USA). Human CD 18 blocking monoclonal antibody 
(mAb) 60.3 is a mnrine IgG2a which was obtained from Serotec (Ra- 
leigh, N.C., USA) [44]. All culture medium and additives were pur- 
chased from BioWhittaker (Walkersville, Md., USA) unless other- 
wise specified. 

Neutrophil Isolation 
Human neutrophils were isolated from freshly drawn heparinized 

blood by dextran sedimentation and centrifugation on a Ficoll-Paque 
gradient (Amersham Pharmacia Biotech, Uppsala, Sweden), as pre- 
viously described [17]. Additionally, contaminating erythrocytes 
were lysed using 0.9% buffered ammonium chloride. Purified neu- 
trophils of varying concentrations were then suspended in RPMI 
with or without 10% heat-inactivated fetal bovine serum (FBS; 
HyClone Sterile, Logan, Utah, USA), depending on assay conditions. 
Isolated neutrophils were consistently > 98 % pure according to Luko- 
stat staining (Fisher Scientific, Pittsburgh, Pa., USA), and > 99 % via- 
ble according to the trypan blue exclusion test. 

Cell Culture 
A549, a human bronchoalveolar carcinoma cell line, was pur- 

chased from the American Type Culture Collection (Rockville, Md., 
USA). Cells were then maintained in minimum essential Eagle 
medium supplemented with 10% FBS, 5 n~gglutamine (Life Tech- 
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nologies, Carlsbad, Calif., USA), 1.9 rm~ sodium pyruvate and 
0.1 mM nonessential amino acids at 37 °C in a 5% CO2 incubator. 
The cells were passaged at 80-100°/o confluence using 0.25% trypsin. 
Human primary small airway epithelial cells (SAECs) were pur- 
chased from Clonetics (Walkersville, Md., USA). The SAECs were 
expanded and maintained in SAEC basal medium supplemented 
with bovine pituitary extract, hydrocortisone, human recombinant 
epidermal growth factor, epinephrine, insulin, retinoic acid, triiodo- 
thyronine, gentamicin, amphotericin B and bovine serum albumin 
(termed SAEC growth medium) at 37°C in a 5% C02 incubator. To 
minimize the phenotypic changes in epithelial cells, SAECs were 
used in a maximum of 3 passages. Screening tests for Mycoplasma 
contamination at the beginning and at the end of this study showed 
no positive reaction. All cells used in this study grew well for the 
determined times. 

Detachment Assay 
A549 cells were plated in 96-well plates at 4 x 10 4 cells/well in 

100 gl of minimum essential Eagle medium supplemented with 10% 
FBS. Following overnight culturing, confluent cells were labeled with 
20 ttM CellTracker Green CMFDA (Molecular Probes, Eugene, 
Oreg., USA) for 30 rain at 37 °C and in darkness. Cells were washed 
twice and incubated in fresh medium for another 30 rain at 37 °C. At 
this point, the culture medium was replaced with 200 gl of superua- 
tant from neutrophils cultured in phenol red-free, serum-free RPMI- 
1640 medium. Alternatively, fresh or cultured neutrophils resus- 
pended at varying concentrations in fresh medium were added to the 
A549 cell monolayer. Following 6 h of coincubation, the fluorescence 
intensity (FI) in the wells was measured using CytoFluor (PerSeptive 
Biosystems, Framingham, Mass., USA) (with excitation at 485 nm 
and emission at 530 rim). Detached and loosely adherent cells were 
then removed by gently washing the plate 3 times with phenol red- 
free medium. Next, the remaining fluorescence in the wells was 
determined. After subtracting background fluorescence (phenol red- 
free medium alone without cells), detachment was computed using 
the following formula: 

FI in test well after washing/FI in test well before washing 
1 - FI in ~ ~ i n g J  ! x 100%, 

where the control well contained the A549 monolayer with RPMI- 
1640 supplemented with 10% FBS for A549 cells and SAEC growth 
medium for SAECs. Detachment of the SAEC monolayer was deter- 
mined similarly, except that SAEC growth medium was used. 

Annexin V-Based Fractionation of Cultured Neut~vphils 
For spontaneous apoptosis, freshly isolated neutrophils were sus- 

pended in RPMI-1640 supplemented with 10% FBS and incubated 
at a concentration of 5 x 106 cells/ml in 6-well tissue culture plates 
for 16 h. Apoptotic neutrophils were isolated using a MACS apoptot- 
ie cell isolation kit (Miltenyi Biotech, Auburn, Calif., USA) according 
to the instructions of the manufacturer. Briefly, neutrophits in cul- 
ture were resuspended in 80 gl of binding buffer and 20 gl of annexin 
V-conjugated paramagnetic microbeads/107 cells. Cells were then 
incubated for 15 rain at 6 °C. After a single washing, cells resus- 
pended in 1 ml of binding buffer were loaded onto a Midi-MACS 
column, and the column was then irrigated with binding buffer. Both 
the annexin V-selected (with a magnet) and flow-through fractions 
were collected. 
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Fig. 1. Fresh neutrophils in serum-free media. When fresh neutro- 
phils at a concentration of 2 x 106/ml were cultured in serum-free 
media, approximately 50% of cells lost their membrane integrity 
within 36 h, based on positive trypan blue staining, and 95% of cells 
did within 72 h. 

To ensure quality control, the purity of each fraction was deter- 
mined in parallel with experiments by double labeling with annexin 
V-FITC (PharMingen, San Diego, Calif., USA) and propidium 
iodide (Molecular Probes). Briefly, neutrophils in each fraction were 
washed once with phosphate-buffered saline (PBS). Cells were then 
incubated with annexin V-FITC and propidium iodide in binding 
buffer containing 10 mMHEPES, 1.5 mMMgC12 and 2.5 mMCaC12 
in normal saline for 15 min at room temperature, and analyzed by 
flow cytometry (Epics XL, Coulter, Hialeah, Fla., USA). 

Neutrophil Elastase Activity Assay 
Elastase activity in cell-free superuatant was assessed by a modi- 

fied method described previously [13] using methoxysuccinyt-Ala- 
Ala-Val-7-amid-4-methyl-coumarin (Calbiochem). Sample activity 
was then compared with a standard curve determined using known 
concentrations of purified human neutrophil elastase (Calbiochem). 

Propidium Iodide Staining and Flow Cytometric Analysis 
To determine the cell membrane integrity of the adherent lung 

epithelial cells, propidium iodide staining was used [9]. At each eval- 
uation point, floating cells were removed. The remaining adherent 
cells were washed twice with PBS and stained with propidium iodide 
(5 gg/ml in RPMI-1640) for 5 rain at 37°C. After 2 gentle washes, 
cells were examined with fluorescence microscopy using a 590-nm 
filter and then trypsinized for flow cytometric analysis (with excita- 
tion at 488 nm and emission at 585 nm). The percentage ofpropid- 
ium iodide-stained cells in the gated lung epithelial cell region on 
flow cytometric plots was determined in order to quantify the dam- 
age to cell membrane integrity. 

Statistical Analysis 
Data are expressed as the mean + SEM. For normally distributed 

data, a t test was used to evaluate differences between sets. For non- 
normally distributed data, the Mann-Whitney U test was used. 
GraphPad Prism (version 2.0 I, GraphPad Software, San Diego, Cal- 
if., USA) was used for all statistical analyses. Statistical significance 
was defined as p < 0.05. 
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Fig. 2. Fresh neutrophils cultured with a human lung epithelial cell line. A, B When cocultured on a monolayer of a 
human lung epithelial cell line (A549, in 96-well plates), fresh neutrophils (1 x t06) were found to induce epithelial 
detachment within 24 h. C Moreover, the time required for comparable detachment to occur was significantly 
reduced to 6 h if the neutrophils had previously been cultured for 36 h. Solid arrows indicate neutrophils; open arrows 
indicate A549 cells. Original magnification x 400. 

R e s u l t s  

Resting Cultured Neutrophils Induce A549 Lung 
Epithelial Cell Detachment 
When cultured in serum-free media, approximately 

50% of the fresh neutrophils lost their membrane integrity 
with positive trypan blue staining within 36 h, and 95% of 
cells within 72 h (fig. 1). Fresh neutrophils, when cocul- 
tured on a monolayer of  the human lung epithelial cell 
line A549, were found to induce epithelial detachment 
within 24 h (fig. 2A, B). Moreover, the time required for 
comparable detachment to occur was significantly re- 
duced to 6 h if the neutrophils had previously been cul- 
tured for 36 h (fig. 2C), suggesting a process related to 
neutrophil senescence and possibly cell death. Next, the 

underlying mechanism was examined to determine 
whe th er  it was soluble factor-dependent. As shown in fig- 
ure 3A, supernatant from neutrophils cultured for 36 h 
induced A549 cell detachment after 6 h of  coculturing. 
Supernatant from neutrophils cultured for 72 h also 
caused significant detachment. In parallel experiments, 
freshly isolated neutrophils or neutrophils cultured for 
72 h and resuspended in fresh serum-free medium in- 
duced minimal detachment. In contrast, neutrophils cul- 
tured for 36 h induced significant A549 cell detachment 
in a cell number-dependent manner  without exogenous 
neutrophil-activating stimuli (fig. 3B). 

There  was prominent A549 cell detachment within 6 h 
when freshly isolated neutrophils were activated with 
TNF-a (fig. 4). In this coculture system, detachment was 
noted to be almost completely abrogated by mAb 60.3, a 
CD 18-blocking antibody. To determine whether detach- 
ment induced by resting cultured neutrophils requires 
CD18 engagement, the effect of mAb 60.3 on A549 celt 
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Fig. 3. Cultured resting neutrophils induce A549 cell detachment. 
Neutrophils were cultured in serum-free medium at the indicated cell 
densities in order to induce spontaneous apoptosis. After centrifuga- 
tion, the supernatant (A) or cultured neutrophils resuspended in the 
same volume of serum-free fresh medium (B) were added onto a fluo- 
rescence-labeled A549 cell monolayer. Detachment of A549 cells was 
measured after 6 h of coincubation. Results are expressed as the 
mean + SEM of 4 experiments performed in triplicate. * p < 0.05, 
• * p < 0.01 compared with medium alone. 
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Fig. 4. Detachment of A549 cells by cultured neutrophils is CD18- 
independent. Neutrophils (5 x 106/ml) were cultured in serum-free 
medium for 36 h and then collected and centrifuged. Cells were 
resuspended in the same volume of serum-free fresh medium. Two 
hundred microliters of cell suspension was added to each well (1 x 
106 cell equivalents/well) and cocultured with A549 cells in the pres- 
ence or absence ofmAb 60.3 (10 gg/ml). Fresh neutrophils (1 x 106/ 
well) stimulated with 10 ng/ml TNF-a were also cocultured with 
A549 cells in both the presence and absence ofmAb 60.3 (10 gg/ml). 
Detachment was measured after 6 h of incubation. Results are 
expressed as the mean + SEM of 4 experiments performed in tripli- 
cate. *p < 0.01 compared with medium alone. ** p < 0.01 compared 
with neutrophils treated with TNF-a alone. 

F i g .  5. Annexin V-conjugated magnetic beads separate cultured neu- 
trophils into fractions enriched with nonapoptotic and early apoptot- 
ic neutrophils. Freshly isolated neutmphils were cultured for 16 h in 
order to induce spontaneous apoptosis. Neutrophils were then sepa- 
rated into fractions enriched with either early apoptotic neutrophils 
(A) or nonapoptotic ones (B) using annexin V-conjugated paramag- 
netic beads. Following double staining with annexin V-FITC and 
propidium iodide, cells were analyzed by flow cytometry. A represen- 
tative flow cytometric analysis is displayed. The lower left quadrant 
represents live, nonapoptotic cells, while the lower right quadrant 
represents early apoptotic cells, and the upper right quadrant repre- 
sents secondary necrotic cells. 

detachment was tested. Figure 4 confirms the suspicion 
that A549 cell detachment induced by resting neutrophils 
cultured for 36 h was not affected by mAb 60.3. 

Annexin V-Enriched Apoptotic Neutrophils Induce 
Detachment of Human Lung Epithelial Cells 
Neutrophils incubated in vitro undergo apoptosis con- 

stitutively. Flow cytometric analysis of the approximately 
50% trypan blue-positive neutrophils cultured for 36 h 
revealed that over 90% of cells were annexin V positive. 
Thus, we hypothesized that apoptotic neutrophils, if al- 
lowed to undergo secondary necrosis, would contribute to 
A549 cell detachment. To test this hypothesis, neutrophils 
cultured for 16 h were separated into an annexin V-select- 
ed fraction and a flow-through fraction, each of which was 
then cocultured with A549 cells for 6 h. Neutrophils in the 
annexin V-selected fraction mainly occurred early in 
apoptosis (>80% annexin V positive, propidium iodide 
negative, fig. 5A) and induced significant detachment 
within 6 h of coculturing in a cell number-dependent 
manner. Meanwhile, >85% of neutrophils in the flow- 
through fraction were alive (annexin V negative, propid- 

ium iodide negative, fig. 5B) and had a minimal effect at 
best (fig. 6A). Utilizing human primary- lung epithelial 
cells, SAECs, also revealed significant detachment 
(fig. 6B). This detachment was not affected by mAb 60.3 
(fig. 7). However, the apoptosing neutrophil-induced de- 
tachment of airway epithelial cells was completely abro- 
gated by exogenous SLPI, a specific inhibitor of serine 
proteinases (fig. 7A). Additionally, the supernatant from 
the apoptosing neutrophils was able to induce A549 cell 
detachment, which could be attenuated by SLPI (fig. 7B). 

Apoptosing Neutrophits Release Functional Elastase 
Activity 
To determine whether early apoptotic neutrophils re- 

lease functional elastase, we examined elastase activity in 
supernatant from the annexin V-selected fraction cul- 
tured in vitro, and the data revealed that elastase activity 
continually increased with time (fig. 8A). Parallel to the 
determination of elastase activity, the membrane integri- 
ty of cells was evaluated using trypan blue. The release of 
functional elastase activity from apoptosing neutrophils 
was temporally correlated with the progression to second- 
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Fig. 6. The fraction enriched with early apoptotic neutrophils 
induces A549 cell and SAEC detachment. Following annexin V 
(AV)-conjugated paramagnetic bead-mediated separation, neutro- 
phils cultured for 16 h in each fraction were resuspended in serum- 
free RPMI-1640 or SAEC growth medium, and added to an A549 
cell (A) or an SAEC (B) monolayer, respectively. Detachment was 
measured aider 6 h of incubation. Results are expressed as the mean 
-2-- SEM of 4 experiments performed in triplicate. * p < 0.05 com- 
pared with neutrophils at the same cell density in the flow-through 
fraction. ** p < 0.01 compared with medium alone. 

Fig. 7. Early apoptotic neutrophil-induced A549 cell detachment is 
CDt8-independent and serine proteinase-dependent. Neutrophils 
cultured for 16 h in the annexin V (AV)-selected fraction were resus- 
pended in serum-free medium at a concentration of 5 x 106/ml. Two 
hundred microlitersofcellsuspension(t x 106/well)(A)orsupema - 
tant from the annexin V-selected fraction cultured for a further 6 h 
(B) was added to each welt and cocultured with A549 cells in both the 
presence and absence of mAb 60.3 (10 gg/ml) or SLPI (10 ~tg/ml). 
Detachment was measured after 6 h of incubation. Results are 
expressed as the mean - SEM of 4 experiments performed in tripli- 
cate. * p < 0.01 compared with medium alone. ** p < 0.01 compared 
with the annexin V-selected fraction. 

ary necrosis (fig. 8B). In separate dose-response experi- 
ments using purified human neutrophil elastase, it was 
observed that a threshold concentration of 1.25 pg/ml was 
required to induce significant A549 cell detachment with- 
in 6 h. In our experiments, elastase activity in the super- 
natant of the annexin V-selected fraction reached this lev- 
el after only 4 h. Although the annexin V-negatively 
selected flow-through fraction also released elastase, the 
level of its activity was below the threshold concentration 
(fig. 8A, B). 

The Cell Membrane Integrity o fLung Epithelial Cells 
Was Damaged by Apoptotic Neutrophils in Advance of 
Cell Detachment 
To further explore the effect of early apoptotic neutro- 

phils on adherent lung epithelial cells, the annexin V- 
selected fraction ofneutrophils cultured for 16 h was coin- 
cubated with A549 cells for 6 h. As shown in figure 9, the 
percentage of propidium iodide-stained adherent A549 
cells increased with time, in advance of significant cell 
detachment, suggesting that early apoptotic neutrophils 

Apoptotic Neutrophils Induce Epithelial 
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Fig. 8. Release of functional elastase activity from apoptosing neu- 
trophils is temporally correlated with progression to secondary necro- 
sis. Neutrophils cultured for 16 h in both the annexin V (AV)-selected 
and flow-through fractions were resuspended in serum-free medium 
at a concentration of 5 x 106/ml. Furthermore, elastase activity in 
the supernatant (A) and membrane integrity (B) were determined 
after incubation for various periods. The etastase activity of the sam- 
ples was then compared with a standard curve determined using 
known concentrations of purified elastase. Membrane integrity was 
assessed by trypan blue staining. Data are expressed as the mean of 
triplicates, and the results displayed are representative of 4 experi- 
ments. 

are able to breach the ceil membrane integrity and possi- 
bly, in turn, cause cell detachment. 

Discussion 

Our study demonstrates that early apoptotic neutro- 
phils induce lung epithelial cell detachment. This detach- 
ment is strictly serine proteinase-dependent and CD18- 
independent. It also correlates with an increase in elastase 

activities in the extracellular milieu and the toss of mem- 
brane integrity in adherent lung epithelial cells. 

A healthy human adult turns over almost 1 × 109 neu-  

trophils/kg of body mass daily [ 11 ]. Once recruited to an 
inflammatory site, neutrophit life spans were demon- 
strated to be extended ex vivo [ 14, 35]. Notwithstanding, 
mature neutrophils are committed to undergoing apopto- 
sis. Apoptosis is an intracellular remodeling process with 
initially limited autoproteolysis and oligonucleosomal 
cleavage which is accompanied by downrcgulation ofneu- 
trophil inflammatory responses [29, 30, 59]. This process 
eventually leads to cellular disintegration, with the breach 
in cellular membrane integrity (secondary necrosis). Al- 
though histotoxic neutrophilic granular contents have 
been widely stated to be released under this scenario, an 
exhaustive literature search yielded surprisingly few peer- 
reviewed original studies that characterized the release of 
functional proteinase activities from these shrinking, au- 
toproteolysing neutrophits. Utilizing annexin V-conju- 
gated paramagnetic beads that selectively bind to exposed 
cell surface phosphatidylserine residues present on apo- 
ptotic but not live neutrophils [22, 31, 55], this study 
revealed more accelerated release of functional elastase 
activity from predominantly early apoptotic neutrophils, 
compared to that from predominantly live, senescent, 
resting neutrophils. Furthermore, the timing of this re- 
lease correlates with the progression of early apoptotic 
neutrophils to secondary necrosis and lung epithelial cell 
detachment in vitro. Thus, this study clearly confirms 
that resting apoptosing neutrophils release functional 
elastase activity in vitro. 

Early apoptotic neutrophils differ from live, selectively 
activated neutrophils in that despite increased cell surface 
CD 18, they do not require the participation of the 132 inte- 
grin, CD 18, for the adhesion and release of granule con- 
tents [16]. On the other hand, SLPI, one of the endoge- 
nous serine proteinase-specific antiproteinase defenses, 
abrogates both live, activated neutrophil- and apoptosing 
neutrophil-induced lung epithelial cell detachment. Im- 
portantly, exogenous SLPI does not protect the mem- 
brane integrity of apoptosing neutrophils. 

There are relatively few investigations which have 
quantified the occurrence of apoptotic neutrophils in the 
course of acute inflammatory lung diseases in vivo. Thus, 
the role of dying neutrophils in lung injury is unclear. In 
patients with ARDS, apoptotic neutrophils in bronchoal- 
veolar lavage fluid are not abundantly identifiable mor- 
phologically but are present during the first few days of 
the initial onset of disease [35]. This phenomenon may be 
consistent with the prevailing concept that apoptotic neu- 
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Fig. 9. Apoptosing neutrophils d amaged the cell membrane integrity of A549 cells before inducing detachment. The 
annexin V-selected fraction ofneutrophils cultured for 16 h (1 x 106/well in 200 gl of culture medium) was coincu- 
bated with A549 cells for 6 h. A Cells were observed using fluorescence microscopy. LM = Light microscope; FM = 
fluorescence microscope. Original magnification x 400. B, C The percentage of propidium iodide-stained adherent 
A549 cells (B) and cell detachment (C) were determined hourly for 6 h. Data are expressed as the mean + SEM of 4 
experiments performed in triplicate. * p < 0.05 compared with the data 1 h earlier. 

trophils are rapidly recognized and ingested by profes- 
sional and semiprofessional phagocytic cells [49, 50]. 
Alternatively, the rapid transition from early apoptosis to 
apoptotic body- tbrmation, secondary necrosis and 
eventual total cellular disintegration may lead to a certain 
degree of underestimation. Furthermore, current histo- 
chemical techniques and in vitro phagocytosis assays do 
not distinguish whether the clearance of dying neutrophils 
occurs before or after the breach of membrane integrity. 

One recent study observed that numerous, persistent apo- 
ptotic neutrophils are present in lung abscesses formed in 
experimental pneumonia in vivo [28]. This important 
observation implies that the balance between neutrophil 
apoptosis and their phagocytic clearance can be dis- 
turbed. Indeed, this possibility is supported by two fur- 
ther ex vivo studies that specifically verified the function- 
al impairment of alveolar macrophages, both in clearing 
apoptotic neutrophils in children suffering from recurrent 
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respiratory tract infections, and in an animal model of 
experimental smoke inhalation injury [26, 43]. 

Although this study used a lung epithelial cell detach- 
ment assay as an in vitro bioassay to characterize the ser- 
ine proteinases released from dying neutrophils, the bio- 
logical effects of neutrophil proteinases are wide-ranging. 
For example, besides a direct role of neutrophil protein- 
ases in experimental lung injury [23, 38, 45], elastase can 
activate neutrophil matrix metalloproteinase-9 [21], 
which is capable of solubilizing the human alveolar extra- 
cellular matrix [ 15, 42] and is increased in epithelial lin- 
ing fluid from patients with ARDS [38]. Cathepsin G can 
also augment inflammation through platelet activation 
via pmteinase-activated receptor-4 activation [47]. Fur- 
thermore, neutrophil elastase and a-defensins can stimu- 
late lung epithelial cell production of IL-8 and/or GM- 
CSF in vitro [39, 54]. Conceivably, during the resolution 
phase of an acute inflammatory insult, functional protein- 
ases released from apoptosing neutrophils that have es- 
caped timely phagocytic clearance may perpetuate in- 
flammation and contribute to tissue injury. 

Numerous in vitro investigations have suggested that 
neutrophils contribute not only to host defenses against 
pathogenic organisms but also to defense against tissue 
injury. NeutrophiI proteinases are among the essential 
causes of these dual effects. Moreover, the realization that 
robust, endogenous antiproteinase systems are generally 
in place further leads to the conclusion that maintaining a 
certain proteinase/antiproteinase balance in vivo is a bio- 
logical necessity. The current paradigm of a self-limiting, 
neutrophil-mediated inflammatory" process entails not 
only the timely recruitment of neutrophils capable of 
active phagocytosis and degranulation, but also their sub- 
sequent efficient removal from inflammatory sites [25]. 
The appreciation that multiple recognition mechanisms 
exist, whereby effete granulocytes are eliminated by both 
professional and semiprofessional phagocytes, further in- 
dicates the critical importance of this process [ 12, 20, 48, 
56]. However, confirmatory in vivo experiments that di- 
rectly test the importance of neutrophil apoptosis in the 
resolution phase of this paradigm are not yet available. 

Our data showed that the cell membrane integrity of 
A549 cells was significantly disrupted in advance of 
detachment. The molecular mechanisms of detachment 
of A549 cells or airway epithelial cells are complex and 
not completely known. The disruption of cell-matrix ad- 
hesion and cell-cell tight junctions, and the induction of 
apoptosis-necrosis have been observed on or in A549 cells 
[3, 9, 10, 27, 32, 33]. The mechanisms are inducer-specific 
in part. The disruption and desquamation of airway and 

lung epithelial cells resulting from cellular damage can 
increase the permeability of the lung parenchyma to fluid 
and cells [2, 4, 58]. Many biological cascades follow, 
resulting in acute airway narrowing and pulmonary in- 
flammatory edema or chronic airway remodeling and 
lung fibrosis [2, 4, 58]. Related symptoms, including dys- 
pnea, cough and wheezing, can occur. The pulmonary 
function test will reveal airway obstruction, limited lung 
expansion and decreased gas diffusion [2, 4, 48]. 

In conclusion, this study demonstrates that apoptosing 
neutrophils release, at least, functional elastase activity 
during secondary necrosis and induce a cytotoxic effect 
on airway epithelial cells. As this process is rapid, our 
results indicate that neutrophil apoptosis may not neces- 
sarily be benign, and emphasize the importance of remov- 
al of these disintegrating cells promptly by phagocytic 
cells. Clearly, further study is needed to explore the 
molecular mechanisms of epithelial celt detachment in- 
duced by apoptotic neutrophils and to document the 
occurrence of neutrophil apoptosis and the kinetics of 
apoptotic neutrophil removal in various disease states. 
Finally, our results suggest that a therapeutic strategy for 
inducing granulocyte apoptosis en masse so as to attenu- 
ate active lung inflammation should consider the simulta- 
neous enhancement of clearance mechanisms for apop- 
tosing granulocytes. 
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